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Abstract

Background: The linear energy transfer (LET) correlates with the relative bio-
logical effectiveness (RBE); thus, the increase of LET in depth in proton therapy
leads to elevated RBE and a higher risk of toxicity in healthy tissue beyond the
target. Jointly optimized combined proton—photon treatments may serve as a
means to redistribute LET and avoid high-LET regions in organs at risk (OARSs).
Purpose: To mitigate LET-related toxicity in OARs, this work leverages com-
bined treatments by direct integration of LET in the joint optimization process.
To this end, LET-modifying objective functions and variable RBE models are
used within a joint optimization framework for combined proton—photon treat-
ments. This approach combines the properties of both modalities to achieve
LET-shaping and satisfy biological dose objectives in the target and OAR.
Methods: LET-modifying objective (LMO) functions based on the dose-
weighted LET (LETxDose) and on dirty dose—defined as high-LET dose above
a defined LET-threshold— were integrated into joint optimization within the open
source toolkit matRad (v2.10.1). Treatment plans with phantom and clinical test
cases were optimized and evaluated, consistently using the same dose objec-
tives in each plan. The compared plans use the following: (1) constant RBE
model, (2) variable RBE models, (3) dirty dose objectives, (4) LETxDose (LxD)
objectives. Furthermore, sensitivity analysis was performed for various penalty
weights, different proton beam angles and a—{ ratios. The plans were assessed
for target coverage, dose conformity,and LET reduction in OARs, combining five
proton fractions with 25 photon fractions.

Results: LET-modifying objectives enabled localized reduction of high-LET
exposition in OARs by redistributing dose contributions of both modalities. Pro-
tons provided superior tumor-targeted dose delivery and reduced integral dose,
while photons mitigated high-LET at the distal edge without compromising dose
conformity in the tumor. Beam alignment had a greater influence on enhancing
the LMO effect than the number of proton beams. The dirty dose to 2% of brain
stem volume was reduced when using joint LET optimization approaches. LET-
modifying squared underdosing objectives increased the dirty dose in the GTV
by up to 102% compared with the reference joint plan, whereas squared overdos-
ing objectives reduced the dirty dose in the brain stem by 96%. Their combination
achieved a 94% increase of dirty dose in the GTV with a corresponding reduc-
tion in the brain stem. Despite 2 Gy per fraction, the proton-only plan resulted
with a 7.5 times higher dirty dose per fraction in a joint optimized plan using
dirty dose objectives, approximately 5 Gy locally per fraction. Using LETxDose
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1 | INTRODUCTION

In a proton beam, the linear energy transfer (LET)
increases with depth and is highest at the distal
edge of the Bragg peak. Although clinical guidelines
apply a constant radiobiological effectiveness (RBE)
of 1.1 to convert the absorbed physical dose into a
biologically equivalent photon dose, evidence shows
that RBE increases with LET."® Accounting for the
increased differential biological effectiveness is advan-
tageous for enhancing tumor control at the target site.
However, this elevated effectiveness is potentially detri-
mental when high-LET regions extend into surrounding,
target-adjacent organs at risk (OARs)*®> Moreover, the
biological effectiveness of protons at the end-of-range
remains uncertain, as no consensus exists on the appro-
priate RBE in these regions, leading to uncertainties in
the predicted RBE within OARS®

These uncertainties in RBE modeling suggest the
direct integration of LET into treatment plan optimiza-
tion as a surrogate for RBE estimation.”® Griin et al.'”
demonstrated that the dose-averaged LET can serve as
a reliable predictor of RBE, particularly in regions with
a narrow LET spectrum. The integration of LET-based
objectives in conjunction with RBE-weighted optimiza-
tion has also been proposed as a strategy to reduce
interpatient variability in the biological effectiveness of
proton treatment plans®’1"-'4 Additionally, optimiza-
tion approaches have been introduced to explicitly steer
the placement of proton track-ends away from criti-
cal structures.”® Within the target volume, LET-based
treatment planning has been explored through LET
painting techniques, aiming to enhance tumor control
probabilities in radio-resistant, hypoxic tumors.'61”

In parallel to the developments in LET painting strate-
gies, joint optimization approaches were proposed to
exploit biological properties of different modalities'’~2°
and better usage of limited availability of proton slots.?®
These approaches differ in complexity of the applied
biological models depending on the modalities com-
bined. Still, they utilize an RBE-weighted dose'’~%° or
biological effect formulation for their optimization prob-
lem, only indirectly steering LET. In this context, LET is

objectives, it was 3.3 times higher. Dirty dose objectives provided more explicit
LET control than LETxDose, with minimal compromise in target coverage.
Conclusion: Integrating LET-based objectives into a jointly optimized proton—
photon system allows for direct steering of the combined LET, improving dose
conformity and reducing high-LET exposure in critical regions. This approach
leverages modality-specific strengths and offers a practical route toward LET-
optimized multimodality radiotherapy for safer, more effective treatments.

combined treatments, dirty dose, LET-modifying joint optimization, spare OAR

decisive for the biological effect of radiation on tissue
and should be considered directly. The aforementioned
studies provide convincing arguments for combined
radiation planning, an approach that enables direct LET
steering in order to shift the RBE correlated LET to
correspond to the individual treatment plan.

This work proposed to apply the recent develop-
ments in proton LET painting to the joint optimization
approach combining existing photon therapy resources
and proton therapy resources, guided by LET-modifying
objectives, that can address the limitations of proton-
only LET-based optimization regarding the need of
multiple beam configurations 2’ For instance, LET-based
objectives within the target volume can lead to increased
integral dose due to higher entrance doses and reduced
conformity of the high-dose region,* which cannot be
compensated for by protons alone, using standard clin-
ical techniques?’ Combined proton—photon planning
allows existing technology to be easily used to directly
control LET distributions. The combined mixed-modality
approach presented in here employs combined simulta-
neous optimization of photon beamlet and proton spot
intensities in order to deliver the prescribed cumulative
dose, with each treatment fraction assigned to a single
modality.'8-2

In this study, jointly optimized mixed-modality proton—
photon treatment plans are employed to the following:

1. Systematically compare the approaches of LET-
weighted dose optimization, dirty dose?® optimiza-
tion, and variable RBE-based optimization strate-
gies for mitigating elevated end-of-range biological
effects in target-adjacent OAR, and

2. demonstrate the potential of mixed-modality plan-
ning to achieve more homogeneous distributions of
LET-weighted dose and dirty dose within the target
volume.

This metric is based on the premise that biological dam-
age is more likely for the high-LET component of the
absorbed dose. Dirty dose refers to the component of
dose delivered by particles with LET values exceeding a
predefined threshold. Both approaches use LET-based
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objectives, which are collectively henceforth referred to
as LET-modifying objectives (LMOs).

2 | METHODS AND MATERIALS

21 | Joint optimization problem

This work is based on joint optimization of the total
effect of photon and proton contributions.'®'® The total
effect ¢ is accumulated as the sum of the effect of each
photon and proton fraction ¢ = ny(ocd+,8d2), derived

from the given survival fraction S = e *9—#% based
on the linear-quadratic (LQ) model252° This formula-
tion enables consistent accumulation of heterogeneous
fraction doses within the framework of the LQ model.
The corresponding optimization problem can be stated
as follows:

minimize  F(w) = Y’ pyn fin(e™% (W)

subjectto €@ = n’el + nPel Vi
2
y _ 7 VARYY 4 4 4 Y H
E,_a,zo,.j.vvjm,.(zo,jwj) v
j J
2

P_ PAP WP PAP P ;
& = Z Dy wy + <2 BiDi Wk) vi
K K

W;/ >0 vj
W,I:ZO vk
(1)

The objective function F(w), composed of weighted
individual objectives f,,(¢ @ (w)), each representing a
planning goal and scaled by a penalty parameter p,,.
The total biological effect in voxel i, denoted £7°% is
calculated as the sum of photon sf.’ and proton 5/’.’ frac-
tion biological effects, each multiplied by their respective
number of fractions, n” and n”.

The intensity of a given photon beamlet j is repre-
sented by wj?’, with the dose contribution to voxel i per

unit intensity defined by the dose influence matrix DZ

Similarly, WI,: denotes the intensity of proton spot, and
its corresponding physical dose contribution to voxel i is
represented by D', The LQ model coefficients a/ and 8/
represent reference photon parameters, while the effec-
tive proton LQ coefficients, a/, and g, vary spatially
along the path of proton beamlet k.
Under the assumption of a constant RBE for proton
therapy, effective « and § values were equated to the
photon parameters, and the proton dose was scaled by a
factor of 1.1. The optimization process solved for the set
of photon beamlet (wj?’) and proton spot (wlf’) intensities
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that result in an optimal spatial distribution of the total
biological effect.

This study evaluates objective functions (f,,) based
on both biological effect and LET-dependent met-
rics, specifically dirty dose and LET-weighted dose
(LETxDose).

2.2 | Introducing LET-modifying
objectives

For the purpose of this work, two LET-painting strategies
were found of interest. The first approach optimized on
dose-weighted LET. The second approach utilized the
concept of dirty dose, which was recently introduced to
have a dose-like metric indicating high-LET regions.?®
LET was reported as dose-averaged LET (LETd),and as
such also used when computing variable RBE-models.
LETd was employed, which accounts for energy strag-
gling and the production of secondary particles during
beam-medium interactions and is the most commonly
used definition of LET for RBE models."'®> The LET
spectrum was approximated using precomputed look-
up tables based on Monte Carlo simulations available
within matRad for all available energies of protons. This
model assumed a simplistic constant lateral LET for
steps in depth. The LET contribution matrix LET; was
used for all LMOs."?

2.21 | LET-weighted dose (LETxDose)
LETxDose is defined as the LET scaled by absorbed
dose. For computational efficiency, the LET-weighted
dose contributions were stored in a matrix (L;):

Lj=LET;- Dy )

Here L;; is the LET-weighted dose contribution of beam-
letj in voxel i resulting from the LET matrix LET; and the
dose influence matrix D;.

Unlike dose, LET is a radiation-specific characteristic
and cannot be offset against the number of fractions. To
approximate total LET value, a treatment-averaged LET
was computed, termed quasi-LETd, by averaging over
dose:

n’l” - w’ +nPLEwWP
i i 3)
n'D’ - w’ + nPDPwP
i i

LETdas —
I

where additional the index P denotes the particle ther-
apy modality component, while the index y defines the
photon component. The variable n stands for the num-
ber of fractions of the respective beam type, while w
defines the intensity of the given beamlet. LET quan-
tities have a positive correlation to biological effect.
Typical LET optimized cases look at a constant LET
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FIGURE 1 Dirty dose component (LET threshold = 2keV /um)

of physical dose in a spread out Bragg peak optimized with the
McNamara variable RBE model. Also shown on the axis on the right,
dose averaged LET of protons and the constant LET assumed for
photon beams.

value over all fractions; however, in our case, LET varies
over fractions and there exists no way to sum them or
biologically interpret a summation. Therefore, the quasi
LETd offered a simple accumulation of varying LET over
various fractions.

2.2.2 | Dirty dose (DD)

Dirty dose (DD) is the component of the physical dose
delivered by high-LET (LETd) areas of a proton beam-
let, as visualized in Figure 1. The DD concept is from
Heuchel etal.® the DD used here depends solely on an
LET-threshold. The dirty dose influence matrix (DPY)
can be written mathematically as follows:

DRIy _ Dj for LET; > kPirty 4
y 0 else

in which D?irty describes the dirty dose contribution for

each voxel i from pencil beam ;. D?"ty was obtained by

applying a threshold to the LET contribution matrix LET;
and sampling the dose contributions D;; for voxel—pencil
beam (i, j) pairs with LET contributions greater than the
LET threshold k2.

2.3 | Treatment planning

2.3.1 | AAPM TG119 phantom case

Initial testing and sensitivity analysis for the LET objec-
tives were investigated for the AAPM TG1193° phantom.
The proton and photon combinations were optimized on

TABLE 1 Basic dose objectives (SD or SO) of the structures of
the AAPM TG119 phantom, target, body and OAR, that remain the
same for each treatment plan for the initial test and the sensitivity
analysis. In addition, a MD objective is added as a secondary
objective for the body in order to control the integrated dose of the
protons to the surrounding tissue (body). The first number in
parentheses represents the penalty, while the second number
reflects the prescribed dose.

Structure Dose objective [Gy]
Target SD(800,60)
OAR S0O(100,30)
Body S0O(100,30)

MD(100,0)

the physical dose optimization. Standard objective func-
tions were used for this purpose. These include squared
deviation (SD), squared overdosing (SO), and the mean
dose (MD) objective. While SD aims to achieve the ref-
erence value and is therefore mostly used for tumor
regions, SO seeks to achieve the minimum value, mak-
ing it a popular choice for OAR. MD was used to reduce
the integral dose in the body. For the TG119 phantom,
three different kinds of plans optimized on physical dose
were observed as follows:

1. Reference jointly optimized plan (proton and photon),
only using dose objectives.

2. Joint + DD plans using dose objectives and additional
different dirty dose objectives in the OAR.

3. Joint + LET plans using dose objectives and addi-
tional different LETxDose (LxD) objectives in the
OAR.

All plans used a constant RBE of 1.1 and a dose grid
resolution of 3 mm. The objective settings for the sensi-
tivity analysis are shown in Table 1. Additional dirty dose
and LETxDose objectives with a prescribed dose of 0 Gy
were added to the joint optimized plans using different
penalty weightings (DD: 10, 30, 100, 300 and LxD: 6, 10,
30, 100) to provide a qualitative evaluation of the objec-
tive function’s behavior. Nine equidistant photon beams
and three proton beams were employed.

Additionally, to study the impact of nhumber of proton
beams, three different proton beam angle settings ((0°),
(—45°, 45°) and (—45°, 0°, 45°)) for the joint + DD plan
were also investigated. The LMOs penalty weight was
kept fixed at 100.

The dose objectives remained the same for each
plan, while LMOs varied with each plan. Both dirty
dose and LETxDose objectives were applied to OARs
and are described in more detail in Figures 2 and 3.
The difference in unit dimensionality between LETx-
Dose and dirty dose was taken into account by applying
an additional objective penalty of 6keVGyum~" for
LETxDose, as the physical dose affects the objectives.
The objective penalty weight of 6keVGyum~! was
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determined by dividing the standard penalty factor of
100 by the squared proton LET of 4keVum~" at the
Bragg peak (i.e., 100/42 = 6.25), which was rounded to
the nearest integer.

The open-source treatment planning platform
matRad (v2.10.1)3"-33 was used to implement joint
optimization of combined treatments and LET-based
optimization objectives.'®?> The optimization problem
was solved using the interior point optimizer (IPOPT).34

2.3.2 | Clinical case

Following initial validation using the TG119 phantom,
the developed methods were applied to a clinically rel-
evant case, an anaplastic astrocytoma patient from the
glioma image segmentation dataset (GLIS-RT).2° This
patient case was selected due to the proximity of the
gross tumor volume (GTV) to the brain stem, a scenario
where LET-based modulation could be particularly ben-
eficial. The GTV was treated as a boost volume with an
integrated boost strategy.

Five fractions of intensity-modulated proton therapy
(IMPT) delivered at 265° and 285°, and 25 fractions of
photon-intensity-modulated radiotherapy (IMRT) using
nine equidistant coplanar beams were considered. The
number of fractions assigned to each modality was pre-
defined, rather than optimized, and was selected based
on clinical precedent for boost treatments 3® The fraction
allocation decision was made based on a clinical trial of
particle therapy boost treatments for glioblastoma.3®

The following treatment plans were generated and
compared:

1. Proton-only plan using a constant RBE model, repre-
senting standard clinical practice and the lower limit
on dose conformity and LET shaping.

2. Jointly optimized reference plan (Ref Joint) using
the McNamara variable RBE model for protons ? this
establishes the baseline impact of joint optimization
and upper limit on dose shaping and conformity.

3. Joint + LMOs for OAR comparing dirty dose objec-
tives and LET-weighted dose objectives for OAR.

4. Joint + LMOs for OAR comparing dirty dose objec-
tives and LET-weighted dose objectives for target.

5. Joint + DD or LET plan incorporating MinMax
objectives.

7. Each plan (1-5) again with a different a—g ratio

The dose grid resolution for optimization was 5mm
in all directions. The energy range for proton beams
spanned 31.729 — 236.107 MeV, while photons were
modeled using a clinically standard 6 MV energy.

In addition, a photon-only plan was incorporated into
the comparison in order to demonstrate the advan-
tages of the modalities and mixed planning, as shown

TABLE 2 Primary treatment planning objectives for physical
dose (same for all plans) and for the reference proton-only plan. SD
was used for the tumor structures and SO was used for the healthy
tissue. Additionally, a MD objective was added to the body.

Structure Objectives Penalty Prescribed dose [Gy]
CTVv SD 800 60

GTV SD 1000 68

Brain stem SO 100 50

Chiasm SO 200 30

Body SO 100 30

MD 100 0
TABLE 3 LMOs as SO objectives that were added to the

treatment plans, joint-optimized dirty dose, and L x D plan, in the
brain stem, as well as a MD objective that was added to the brain
stem in the reference (Ref) joint-optimized plan. Also, LMOs as SU
objectives were added for the GTV in separate treatment plans.

Plan type OAR Objectives Penalty Prescribed dose [Gy]

Ref joint  Brain stem MD 100 0
DD joint  Brain stem DD SO 100 0
LET joint Brain stem LxD SO 100 20
DD joint GTV DD SU 100 18
LET joint GTV LxD SU 100 90

in Table 7. The photon plan also used the objectives
mentioned in Table 2 and applied 30 fractions.

In order to maintain the readability of the plans
and reduce the number of variables for the analy-
sis in this work, no fractionation benefit was assumed
(a/BHeaithy = /Bumor)- Photon LQ model parameters

were set to o = 0.1 Gy_1 and 8 = 0.05 Gy_2 for both
tumor and healthy tissue. Conversely, the clinical case
was intended to represent actual clinical situations, and
therefore a/Breaitny < &/Bumor Must also be consid-
ered. 6 Gy was an assumed average value of Grades 3
and 4 of malignant glioma from the in vitro data in Table
2 from Qi et al3” Therefore, an « value of 0.25Gy ™' and
a 3 value of 0.0417 Gy_2 were specified for the GTV and
CTV38_40

Dose objectives for the reference plan are listed in
Table 2. SD objectives were applied to the tumor vol-
umes, SO objectives to OARs, and a MD objective to
the body to limit integral dose3"-3? This reference plan
contained standard objectives that remained in every
plan (Table 2). No additional biological dose constraints
were imposed.

LMOs were integrated depending on the plan type. SO
objectives were used for OARs and squared underdos-
ing (SU) objectives were applied in the GTV (Table 3).
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0 saowerisage = 1. 3" 0(q,(LET, o) - g (LET, d)

S jes

(9" (LET;, d) - qi(LET;, d}))* (5)

fLMO sq underdosage _ 1
Ns ieS

(q"/(LET;, d)) — qi(LET;, d)))* (6)

where ¢;(LET;, d;) is the LET-modifying quantity in
voxel i. For dirty dose, q(LET;, d;) = DE"”VW, and for
LET-weighted dose q;(LET;, d;) = Ljw;. Ns describes
the number of voxels in the structure and q® the
prescribed dose.

A dirty dose threshold of 2keV/um was used, con-
sistent with the suggested range for protons (1 -—
4keV/um).28 A value of 2keV um~" was selected as it
corresponds to a point on the rising slope, at approx-
imately 66% of the maximum dose, of an individual
proton Bragg peak. This approach ensured adequate
tumor coverage while enabling the preferred extrac-
tion of dose based on high-LET contributions from
the surrounding healthy tissue. For photons, a constant
LET value of 0.3keV/um was assumed, representing
secondary electrons interactions '

3 | RESULTS

3.1 | Sensitivity analysis with the TG119
phantom

To assess the contribution of each modality, proton
and photon, and the impact of LMOs, cumulative dose
distributions (over all fractions) and LET metrics were
compared across plans. Figure 2 presents reference
and LET-modifying plans, including those with dirty dose
objectives applied to a standard core and an extended
region (core-big).

According to the reference plan for the joint treat-
ment, the majority of the target dose is delivered by the
three proton beams, with photons contributing merely
a minor portion. The incorporation of dirty dose objec-
tives to reduce high-LET exposure in the OAR shifts
the modality balance, resulting in an increased photon
dose contribution in the vicinity of the OAR, as shown
in Figure 2. This effect becomes more pronounced with
increasing penalty weighting, yielding a progressively
higher photon contribution in these regions.

A comparison is also made for additional plans with
LETxDose objectives, seen in Figure 3. The cumu-
lative physical dose is compared over the different
plans.

Similar to the application of dirty dose objectives, the
usage of LETxDose objectives leads to an increased

=+ O(q*(LET, d)) - q(LET;, d))-

photon dose fraction. In contrast to the dirty dose
approach, however, the effect of LETxDose objectives
is already pronounced at low penalty weights and yields
a more pronounced reduction of the high LET dose in
the vicinity of the OAR.

3.1.1 | Analysis of the impacts on
LET-modifying objectives for a different
number of proton beams

In order to verify the influence of the proton angles on
the strength of the LMOs, after verifying the impact of
different penalty weights in Figures 2 and 3, the plans
for one, two, and three proton beams were analyzed. The
joint reference plan as well as the joint dirty dose plan
and the joint LETxDose plans with prescribed dose of
0Gy and a penalty of 100 are compared for the total
physical dose in Table 4 and for the total dirty dose in
Table 5.

While the prescribed target dose remains almost
constant, the physical dose delivered to healthy tissue
increases. However, no clear correlation with the num-
ber of proton beams can be observed. Furthermore,
the dirty dose in healthy tissue decreases substan-
tially, accompanied by a slight increase within the target
area.

A comparison of a single proton beam (0°) with
three beams (—45°, 0°, 45°) demonstrates a more
pronounced reduction in dirty dose when using three
beams, whereas the effect is less pronounced with
two beams (—45°, 45°), indicating a dependence on
beam arrangement.

For all beam configurations, the LETxDose objective
provides greater sparing of the OAR (core) compared
to the dirty dose objective, both in terms of physi-
cal dose and dirty dose. This improved sparing comes
at the cost of increased dose delivery to surround-
ing healthy tissue and a partial reduction in target
coverage.

3.2 | LET-modifying objectives in the
OAR for the clinical case

3.2.1 | Reference plans

The proton-only plan for the clinical case delivers a uni-
form dose of 2 Gy to the CTV and 2.26 Gy to the GTV
with an integrated boost. As expected, it results in the
lowest MD to surrounding tissue due to the absence of
photon contributions.

In contrast, the reference jointly optimized plan deliv-
ers the majority of the dose through five proton fractions,
while the photon fractions are used to enhance dose
conformity and reduce the dose contribution from the
proton entrance channel. The improvement in dose
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FIGURE 2 Comparison of proton and photon physical dose contribution to the total dose considering dirty dose SO objectives with varied
penalty and constant prescribed dirty dose of 0 Gy with regard to the reference plan. The dose objectives applied are listed in Table 1.

conformity enabled by the additional degrees of free-
dom in the joint optimization is reflected in the reduced
near-maximum dose in the brain stem (BED,q), as
shown in Table 6.

3.22 |
plans

LET-modifying jointly optimized

All plans yield comparable target dose coverage, as
illustrated by the cumulative BED—volume histograms in
Figure 4.

In the jointly optimized plans that incorporate LMOs,
the interface between the CTV and the brain stem
receives increased photons dose. At this interface
region, both proton and photon contributions are of
similar magnitude, delivering approximately 2 Gy per
fraction. The cumulative BED,, in the brain stem for both
LMO plans is similar to that observed in the proton-only
plan. However, due to the increased reliance on photons,
the LMO-based plans appear to trade LET reduction for
a higher MD in the brain stem. .

The dirty dose to 2% of the brain stem volume (DZD,'%[ty)
accumulated over 30 fractions is substantially higher in
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proton dose
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LxD(100,0)

photon dose

in Gy

total dose

30

FIGURE 3 Comparison of proton and photon physical dose contribution to the total dose considering L x D SO objectives with varied
penalty and constant prescribed L x D of 0 Gy with regard to the reference plan. The dose objectives applied are listed in Table 1.

the proton-only plan compared to the Joint + DD and
Joint + LET plans (both computed over five fractions).
Although the proton-only plan delivers 2 Gy per frac-
tion and the LMO joint plans deliver approximately 5 Gy
to the target, one might initially expect the proton-only
plan to yield a lower dirty dose. However, the per-fraction
dirty dose in the proton-only plan exceeds that of the
Joint + DD and Joint + LET plans by factors of 7.5 and
3.3, respectively. These results suggest a clear benefit
of incorporating LMOs. An overview of cumulative BED
and dirty BED quality metrics for all plans is provided

in Table 6. Dirty BED refers to the biologically effective
dose (BED) resulting from the dirty dose component of
the dose.

Figure 5 compares the joint treatment plans per frac-
tion for the clinical case incorporating LMOs for OARs
with the reference plans (proton-only and reference
joint), as defined in Table 3.

The observed contributions of the photon and proton
doses are consistent with the LMO behavior identified in
the sensitivity analyses using the TG119 phantom. In the
proton-only plan,the proton dose fraction is reduced and
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TABLE 4 Comparison of the total physical dose between the reference joint plan, joint + DD (100,0), and joint + LET (100,0) for three
different numbers of proton beams (1,2, and 3) for the TG119 phantom’s different structures. Each stated dose is in gray.

Physical dose [Gy]

Number of beams Plan Structure Mean Max Min Ds Dys
Reference Core 5.12 16.36 1.01 m
Target 59.79 63.00 44.82 6140  [NE751
Body EEE e300 0.00 21.27 0.00
1 DD(100,0) Core 11.56 21.66 2.49 s so
Target 59.76 63.29 45.71 6140  [1156198
Body P 6320 0.00 27.10 0.00
LxD(100,0) Core 6.55 13.04 2.31 BT k03
Target 59.68 64.04 43.79 6180  [1115603
Body a6 es04 0.00 27.57 0.00
Reference Core 7.97 24.71 0.97 e 146
Target 59.81 63.70 42.90 6136 [N67:54
Body s 630 0.00 26.25 0.00
2 DD(100,0) Core 12.03 21.79 2.15 7se 26
Target 59.78 63.21 45.84 6150  [NE787
Body Do 6306 0.00 24.55 0.00
LxD(100,0) Core 7.11 13.81 2.60 e a5
Target 59.67 63.89 44.26 6182 [1115668
Body [ 0.00 28.80 0.00
Reference Core 5.88 21.86 0.62 e 0.8
Target 59.82 63.28 4142 DREREN
Body S 6328 0.00 23.02 0.00
3 DD(100,0) Core 11.06 18.87 1.96 eS0T 266
Target 59.79 62.98 45.50 6141 [5754
Body PEE 6208 0.00 24.26 0.00
LxD(100,0) Core 6.47 12.82 2.27 i 2o
Target 59.69 63.81 4433 6180  [15687
Body _ 63.81 0.00 2755 0.00
100 : N ——Brainstem
: ‘\\ ~——Chiasm
80 \ —GTV
. \ —cCv
2 5 —BODY
e —joint DD
= - - -joint LxD
2 40 - only Proton
= .. [ Ref. Joint
20
0 s . |,
0 100 20 40 60
BED [Gy] Dirty BED [Gy]

FIGURE 4 Modified dose—volume histograms for plans with LMOs (joint DD and joint LxD), as well as the proton-only plan and the reference
joint plan. Squared overdosing objectives for OAR in a (a) BED—volume histogram and a (b) dirty dose—volume histogram for the brain stem.
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TABLE 5 Comparison of the total dirty dose between the reference joint plan, joint + DD (100,0), and joint + LET (100,0) for three different
numbers of proton beams (1, 2, and 3) for the TG119 phantom’s different structures. Each stated dose is in gray.

Dirty dose [Gy]
Number of beams Plan Structure Mean Max Min Ds Dgs
Reference Core 1.34 10.88 0.00 m
Target 19.85 50.50 0.26 418 8290
Body P0E 5050 0.00 0.00 0.00
1 DD(100,0) Core 0.03 0.40 000 [NEHETEE 0.0
Target 12.57 38.17 1.13 2614 [T
Body ez ssa7 0.00 0.00 0.00
LxD(100,0) Core 0.00 0.00 000 [NEGOTE 0.0
Target 10.55 46.46 0.00 2033 [0H8)
Body 025 4646 0.00 0.00 0.00
Reference Core 2.85 19.59 000 [N o014
Target 24.00 56.03 6.53 4163  [H143
Body P04 s6.03 0.00 0.00 0.00
2 DD(100,0) Core 0.13 1.64 000 [NEBOTE 0.0
Target 15.74 49.28 1.76 2007 |88
Body P0saE 4028 0.00 0.00 0.00
LxD(100,0) Core 0.00 0.00 000 [NEOTTE 0.0
Target 7.98 32.98 0.00 1958 [N0I67
Body 022 4068 0.00 0.00 0.00
Reference Core 2.69 18.95 000 [0 0.8
Target 26.32 57.78 5.20 a900  [IOH0
Body oSS srs 0.00 0.00 0.00
3 DD(100,0) Core 0.12 1.54 000 [NEEATEE 0.0
Target 17.87 49.44 1.97 3251 664
Body PosEE 4044 0.00 0.01 0.00
LxD(100,0) Core 0.00 0.00 000 [NEGONTE 0.0
Target 11.67 48.02 0.00 3185 [0S
Body _ 48.02 0.00 0.00 0.00

TABLE 6 Table of treatment plan quality indicators based on cumulative BED and cumulative dirty dose for plans with LMO applied to OAR
(brain stem). Each value is given in gray.

Cumulative BED [Gy] Only proton Reference Jointly Opt. Jointly Opt. DD Jointly Opt. LxD
GTV Dgsy 1313 131.9 129.6 129.7
CTV Dgs, 96.3 97.6 94.6 94 .4
Brain stem Dy, 83.9 69.4 87.8 85.8
Brain stem mean 9.5 6.8 21.3 20.6
Body mean 2.7 3.8 3.6 3.5
Cumulative dirty BED [Gy]

Brain stem mean 7.6 1.6 0.1 0.4
Brain stem Dy, 62.4 19.9 0.9 2.3
Brain stem std. dev. 15.9 5.2 0.3 0.7
GTV mean 324 20.2 72.2 23.4
GTV Dyy 64.7 47.9 95.7 54.1
GTV std. dev. 124 111 16.9 11.6
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FIGURE 5 Visualized photon fractions (d, h, I), proton fractions (a, e, i, m), cumulative BED (b, f, j, n) and dirty dose (c, g, k, o) for a
proton-only plan (a—c), a reference jointly optimized plan (d—g), a joint plan with a DD overdosing objective (h—k), and a jointly optimized plan
with an LET overdosing objective (I-0). Dirty dose shown here is also dependent on the fraction dose, hence the proton-only plan (2 Gy per

fraction) has an adjusted color scale for dirty dose seen in subfigure (c).

dirty dose is lower compared to the reference joint opti-
mized plan, resulting in an increased cumulative BED
along the beam entry path.

3.3 | LET-modifying objectives in the
target for the clinical case

As in the previous analysis, these plans are compared
to a 30-fraction proton-only treatment and a basic jointly
optimized proton—photon plan (Figure 5). The resulting
plans integrating LMOs for the GTV are presented in
Figure 6, visualizing the photon and proton fractions.
In these cases, the proton dose is concentrated at the
proximal side of the GTV. The associated dose fall-off
across the target leads to elevated LET in the GTV, but
also results in cold spots, regions with insufficient dose.

Photon dose is used to compensate for under-irradiated
regions where protons are not contributing.

Although the proton-only plan exhibits a higher
cumulative near-maximum dose in the GTV, the plans
incorporating LMOs demonstrate reduced variability in
high-LET dose within the target. Notably, the Joint +
DD SU plan achieves a higher mean dirty dose, while
the Joint + LET plan yields the lowest dirty dose
values, as the LETxDose objective does not explic-
itly suppress the high-LET component of the dose
distribution.

The cumulative dosimetric quality indicators for these
plans are summarized in Table 7.

All plans for achieving high-LET in the GTV yield
comparable target dose coverage but more pronounced
doses in healthy tissue, as illustrated by the cumulative
BED-volume histograms in Figure 7.
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TABLE 7

Table of treatment plan quality indicators based on cumulative BED and cumulative dirty dose for plans with LMO applied to the

target (GTV). Each value is given in gray. Additionally, a comparison between the different plans and an only photon plan is made.

Cumulative BED [Gy] Only proton Only photon Reference Jointly Opt. Jointly Opt. DD Jointly Opt. LxD
GTV Dysy, 131.3 1321 132.0 131.9 132.2
CTV Dgsq, 96.3 95.2 97.6 102.0 98.5
Brain stem Dy, 83.9 96.2 69.4 941 93.6
Brain stem mean 9.5 38.4 6.8 211 31.5
Body mean 2.7 8.5 3.8 4.2 52
Cumulative dirty BED [Gy]

Brain stem mean 7.6 0.0 1.6 0.2 1.1
Brain stem Dy, 62.4 0.0 19.9 3.1 6.1
Brain stem std. dev. 15.9 0.0 5.2 1.2 1.7
GTV mean 324 0.0 20.2 40.9 18.6
GTV Dy, 64.7 0.0 47.9 52.4 27.9
GTV std. dev. 124 0.0 11.1 7.7 3.8

TABLE 8 Table of treatment plan quality indicators based on cumulative BED and cumulative dirty dose for plans with LMO (MinMax: SO in
OAR and SU in target) applied to the target and the brain stem. Each value is given in gray.

Contribution

Contribution

Cumulative BED [Gy] MinMax DD Proton Photon MinMax LxD Proton Photon
GTV Dgsy, 131.5 — — 129.8 — —
CTV Dgs¢, 103.6 — — 95.8 — —
GTV mean 1431 111.0 32.0 141.6 78.9 62.7
Brain stem Dy, 94.2 — — 92.5 — —
Brain stem mean 24.0 0.3 23.6 25.0 0.3 24.6
Body mean 4.4 2.0 2.4 4.1 1.5 2.6
Cumulative Dirty BED [Gy]

GTV mean 39.1 39.1 0.0 23.8 23.8 0.0
GTV Dy 53.8 — — 46.5 — —
GTV std.dev 8.3 8.3 0.0 8.3 8.3 0.0
Brain stem Mean 0.1 0.1 0.0 0.1 0.1 0.0
Brain stem Dy, 1.3 — — 1.1 — —
Brain stem std.dev. 0.4 0.4 0.0 0.4 0.4 0.0
3.4 | Combined LET-modifying the Dgsq, values for the GTV as well as the Dy, for the

objectives

In order to highlight the effect of combining both LMOs
in OAR (SO) and target (SU) for each joint plan, the
dose—volume histogram is also considered (Figure 8)
using these combined plans. The standard objectives
from Table 2 are retained. The extent to which the
combined plan differs from the pure application to the
target is also addressed in the dose—volume histogram.
While Figure 8a,b shows the different plans in terms of
dirty dose in the brain stem and the GTV, Figure 8c,d
focuses on the LETxDose. The comparison is made to
analyze the combined objective planning using MinMax
objectives in brain stem and GTV (Table 8). In order
to compare the contributions of protons and photons,

brain stem must be omitted from Table 8, as no accurate
contributions can be derived therefrom.

Figure 4 shows that the proton-only treatment plan
has the highest dirty BED values, while all LMOs con-
sistently reduce the dirty BED in the brain stem. In
Figure 8, the combination plans (MinMax) also lead to
increased BED for the GTV and CTV. A specific behav-
ior can be observed with regard to dirty BED: The
combination plans with dirty dose optimizations show
higher dirty BED compared to LETxDose optimized
plans. In contrast, the MinMax-DD joint plan presents
a lower dirty BED as the joint DD SU plan, while the
LETxDose MinMax combination plan produces a higher
dirty BED compared to the joint LET SU plan in the
target.
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FIGURE 6 Visualized photon fractions (a, e), proton fractions (b,
f), cumulative BED (c, g), and dirty dose (d, h) for a jointly optimized
plan with a DD underdosing objective (a—d) and a jointly optimized
plan with a LETxDose underdosing objective (e—h).

3.5 | Clinical @ — g ratio

As representative of intracranial tumors, the a—g ratio for
the tumor was assumed as 6 Gy instead of 2 Gy, while
2 Gy remains for the OAR.

Similar to the previous analyses, the plans (joint + DD
and joint + LET) are compared with a 30-fraction proton-
only treatment and a jointly optimized proton—photon
plan (Figure 9). In these cases, the proton dose is con-
centrated on the proximal side of the GTV in order to
reduce the high-LET doses in the brainstem. By using
a higher a—f ratio in the tumor, the fractionation effect
is taken into account. This allows the dirty dose to be
reduced more sharply. The photon dose is used to com-
pensate for under-irradiated areas where protons do not
contribute and receives a larger proportion compared

MEDICAL PHYSICS 222

to an a—f ratio that is the same between the tumor
and OAR.

To highlight the effect of combining both LET-
modifying targets in OAR (SO) and target (SU) for each
joint plan, the dose—volume histogram (Figure 10) using
these combined plans is also considered. The standard
objectives from Table 2 are retained. While Figure 10a,b
shows the different plans in terms of dirty dose in the
brainstem and GTV, Figure 10c,d focuses on LETxDose.

4 | DISCUSSION

This study is not intended as a quantitative compari-
son of optimization strategies on a case-by-case basis.
Instead, it seeks to introduce and characterize the
behavior of LMOs in the context of combined proton—
photon therapy. The quadratic property of the LMOs and
the associated trade-off between LET modulation and
physical dose distribution lead to a variety of possible
behaviors depending on the penalty and prescription of
LET and dirty dose.

This study investigates the implementation of LET-
based objectives (LMOs) for both OAR and the target
volume within a jointly optimized mixed proton-photon
treatment framework. For this purpose, a phantom
and a patient case were examined. Two reference
plans were evaluated: (1) a proton-only plan with an
integrated boost, representing current state-of-the-art
proton therapy;and (2) a jointly optimized proton—photon
plan, representing an idealized mixed-modality scenario
unconstrained by modality-specific planning limitations.
In the jointly optimized plan, the MD objective applied
to the body promotes a proton-dominant solution to
minimize the integral dose. Photon beamlets are primar-
ily employed to enhance dose conformity and reduce
dose contributions in the proton entrance channel, lever-
aging the additional degrees of freedom provided by
dual-modality planning.

4.1 | Requirements for comparison

Initial simplified comparisons on the TG119 phantom
are based on physical dose and meant only to study
the impact of LMOs on the tradeoffs between physi-
cal dose and LET. However, the heterogeneity of fraction
doses achieved by joint optimization cannot be trivially
summed up. Hence, the LQ model is used to sum the
biological effects of individual fractions. Here, however,
the proton versus photon dose contributions are affected
by the a—f ratios of the target and surrounding tissue.
This makes it difficult to ascertain the source of shown
local tradeoffs of being from differential fractionation or
from LMOs. In order to compare the various plans, the
complex biological implications of differential fraction-
ation were initially avoided. A simplifying assumption
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reference joint plan.

was made: a/Brarget <= &/BNormarTissue- This prevents
photons from being preferentially assigned to subvol-
umes within the target, particularly near critical structure
interfaces such as the brain stem.'®1922 Although, no
discernible fractionation effect may be observed, pho-
ton irradiation continues to have a substantial role in
shaping the physical dose distribution by improving dose
conformity and to make-up for the trade-offs made
in proton fractions. When there exists a fractionation
benefit (a/ﬁTarget > a/BNormaiTissue), the optimizer has
the incentive to distribute fraction doses equally over
all fractions (both photon and proton fractions). This
increased photon contribution at all regions at the inter-

face between the target and normal tissue. Since photon
usage is often confined to small volumes at the end of
range of the particle therapy beams, this strategy may
be especially suitable for implementation in stereotactic
and radiosurgical workflows to improve dose conformity.
Photon contribution can be modulated via adjustment of
the objectives strength or prescribed LET-based dose
levels. The contribution of photon dose to cumulative
dose distributions is influenced directly by the penalty
applied to the LMOs.

In addition, uniform or high LET must be achieved
within the target volume, which poses a considerable
challenge, especially in the case of large or complex
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FIGURE 9 Visualized photon fractions (d, h, I), proton fractions (a, e, i, m), cumulative BED (b, f, j, n), and dirty dose (c, g, k, o) for a
proton-only plan (a—c), a reference jointly optimized plan (d—g), a joint plan with a DD overdosing objective (h—k), and a jointly optimized plan
with a LET overdosing objective (I-0). Dirty dose is shown as fraction dose, delivered from protons only. The color scales are in gray.

tumor geometries. To address this, multi-ion treatments,
which combine ion beams of different qualities within a
single treatment fraction, have been investigated as a
means to enhance LET distributions in the target.!” 42
These approaches exploit the distinct radiation qual-
ities and LET characteristics of different ion species,
providing increased flexibility in shaping the intratu-
moral LET distribution. The concept of a “quasi” LETd
is an artificial quantity to approximate a total LET value
(Equation 3). However, it enables the accumulation and
averaging of LET values over multiple heterogeneous
fractionation schemes, providing a convenient strategy
to compare treatments. It should also be noted that
the current implementation approximates LET as a sin-
gle average value per voxel, rather than modeling its
full energy-dependent spectrum. While this simplifica-
tion leads to approximation errors, this error is expected

to be small and acceptable for current purposes due
to the absence of a fragmentation tail in proton
beams.

4.2 | Sensitivity analysis with the TG119
phantom

The sensitivity analysis with the TG119 phantom also
shows clear differences in dose distribution when using
the two LMOs. Figures 2 and 3 illustrate a redis-
tribution of dose contribution between protons and
photons, while maintaining consistent target coverage.
As the LET-modifying objective penalty increases, pho-
ton involvement rises and proton contribution decreases,
reflecting the reduction of undesirable proton dirty
dose in the OAR situated beyond the target. This
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optimized plans to the reference joint plan.

results in strategic LET redistribution that spares healthy
tissue while maintaining target coverage. High-LET
dose is effectively replaced by lower-LET dose com-
ing from photons. The sharp-edged distributions of the
physical dose of protons, using LETxDose, shown in
Figure 3, are due to the nature of the LETd tables
used in this study that average LET over every step of
depth.

The selection of proton beam angles critically influ-
ences the outcome and effectiveness of LMOs. By
increasing the number of proton beams and arranging
for the distal falloff of the beam to be in close proximity
to an OAR, the ability of these objectives to reduce the
dose contributions associated with increased LET within
the organ is improved.

Photon contribution in joint optimization is also influ-
enced by beam angle selection, primarily for proton
beams, due to their spatially variable LET. Beam angles
whose distal edge does not terminate near OARs are
less affected by LET-based objectives, suggesting that
beam configuration remains a critical planning consider-
ation.

4.3 | Analysis of LET-modifying
objectives

When LMOs are introduced in the OARs, photons are
employed to displace high-LET regions produced by
proton beams near the brain stem in the patient case.

Both dirty dose-based and LETxDose-based objectives
appear to be similarly effective in this role, with photon
dose substituting for high-LET proton dose in regions
near critical structures as the brain stem.

Compared to the reference plans, both LMOs show a
big drop in dirty dose delivered to the brain stem. The
dirty dose SO plan and the LETxDose SO plan show a
99 % and 95.4 % decrease in cumulative dirty dose as
compared to the clinical standard proton-only plan. This
is achieved by using photons at the distal end of the
proton beam located at the interface between the target
and the brain stem, which reduces the dirty dose in the
brain stem by approximately 6 Gy. However, the cost of
this dramatic change is the increased MD in the brain
stem and surrounding tissue from the photon fractions
and a decrease of Dgsq in the GTV by around 1.7 %,
reflecting the redistribution of dose to spare the OAR.
As presented in Table 7, the intensity modulated only
photon treatment plan (IMRT) attains target coverage
similar to that of the proton-only plan but at the cost of
elevated doses to the brain stem and adjacent normal
tissue. The integration of both modalities enables highly
conformal target irradiation while minimizing the dose
delivered to OAR, as evidenced by the reference jointly
optimized plan.

The LETxDose prescription of 90 Gy keV/um, which
was used for underdose objectives in the GTV, also
shows substantial differences to the reference plans and
was based on the assumption that half of the prescribed
target dose (30 Gy) would be delivered with an LET of
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approximately 3 Gy keV/um, which corresponds to the
values observed at the Bragg peak. The underdosing
objectives in Table 7 reveal pronounced differences in
dirty dose application in the GTV. The cumulative dirty
BED in particular indicates that the dirty dose in the GTV
is 31% for joint optimization with dirty dose objectives,
whereas only 24% is applied for the proton-only plan.
Furthermore, this was achieved with a lower standard
deviation in the cumulative dirty BED within the target.
Naturally, such gains come at the cost of increased low-
LET dose in the OARs and surrounding tissue. This low
dose comes from photons used to maintain dose homo-
geneity and from the increase dose in proton entrance
channels, related to LET painting. The reference jointly
optimized plan shows the best achievable conformity
and highlights the impact of the LMO on conformity.
Joint DD exhibits superior optimization efficiency over
joint LETxDose, primarily because the dose-weighting
term in LETxDose limits the extent of LET-induced dose
redistribution and reduction due to its dose component
that must be taken into account.

In order to exploit the properties of SO and SU opti-
mization to spare OAR and achieve maximum tumor
damage, the combination of both objectives was inves-
tigated. The MinMax plans shown in Figure 8 and
Table 8 utilize both minimum (SU) and maximum (SO)
dose objectives. In addition, the proton and photon
contributions were considered, which clearly show that
the proton contribution, which has the higher biologi-
cal effectiveness, predominates in the tumor, while the
photon-dose contribution in the OAR is substantially
higher. This effect is hardly noticeable in the tumor
region when using LETxDose, as the photon contribu-
tion, due to the stronger shift in LET, has a greater
impact as compared to dirty dose objectives. However,
an assessment of the doses within a specific volume
must be considered as a combined unit, as the dose dis-
tribution within the tissue volume is inseparably linked
and a division into different modalities would not yield
meaningful results.

Here the dirty dose MinMax plan shows plan quality
indicators that are quite close to those of the indi-
vidual dirty dose SU and dirty dose SO plans, which
indicates that, though there are some trade-offs, there
are sufficient degrees of freedom to almost achieve
the cumulative results of the individual objectives. The
dirty dose objectives behave quite predictably in the
target and OAR. In this case, the minimum dose and
maximum dose objectives compete as the GTV is in
close proximity to the brain stem, in cases with more
spatial separation, the objectives would be more eas-
ily achieved as the objectives would not compete for the
same voxels. MinMax plans using LETxDose objectives,
as mentioned before, do not produce as desirable results
in the target. The further introduction of the SO objective
to this increases the standard deviation of dirty dose in
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the target. Within the brain stem, the MinMax LETxDose
plan does achieve similar dirty dose distribution as that
seen for the individual SO LETxDose plan.

Finally looking at the plan using clinical «-3 ratios,
shown in Figure 9, clear increase in photon contribu-
tion is observed that stems from the optimizers incentive
to apply photons to target-surrounding tissue interfaces.
This behavior is in line with that seen for SO LMOs
and does not compete. With regard to the target, how-
ever, the SU LMO and differential fractionation would
be in competition. In the case shown above, the con-
flict is most seen at regions where the CTV and GTV
delineations are closer in proximity dues to anatomical
constraints.

4.4 | Objectives challenges

In addition, the dirty dose objective guarantees a mini-
mal LET threshold of 2 Gy keV/um within the GTV. This
highlights that dirty dose may provide a more pragmatic
approach to LET-based and biologically inspired treat-
ment optimization. Currently, the chosen LET threshold
(2 Gy keV/um) for classifying dirty dose is a conserva-
tive choice within the range stated in earlier studies?® A
more biologically justified threshold could be identified
through retrospective analyses that correlate treatment
outcomes or toxicities with LET distributions 35 Ulti-
mately, this could point to location-specific thresholds
that are optimized for clinical relevance.

Initially, when optimization is performed solely in the
proton-only plan and reference joint optimized plan
without LET objectives, substantial fluctuations in dirty
dose are observed in the target (GTV), as shown in
Figure 5c,g. However, when LMOs are added, a more
uniform distribution of the dirty dose within the GTV is
observed. This suggests that LMOs can serve as effec-
tive instruments for ensuring a consistent baseline for
the high-LET dose in the target area. Such uniformity
could theoretically decrease the risk of local recurrence
by maintaining a minimal biological effect that is not
achievable with current RBE models. LETxDose objec-
tives are of limited applicability, especially in larger target
volumes because their nonspecificity allows the opti-
mizer to satisfy the objective by delivering an additional
dose from low-LET protons, which may compromise
both the integral dose delivered in the entrance channel
and the LET in the target. LETxDose objectives, however,
did reduce variance in the delivered LETd in the target.

Observing the objectives, the quantification of objec-
tive strength is not trivial and cannot be converted into
comparable penalties or a biologically equivalent met-
ric, which complicates standardization across studies.
The influence of an LMO depends strongly on its rel-
ative penalty strength, exact formulation and potential
normalization of the corresponding objective functions.
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4.5 | LET-modifying objectives
evaluation

The results of this study show that combining both
optimization strategies has a reinforcing effect on the
distribution of the dirty dose with regard to either
objective. However, this advantage is accompanied by
an increased dose to the OAR, which is due to the
additional contribution of photons. In comparison, bio-
logically optimized plans based solely on variable RBE
do not suppress the high-LET dose contributions in
OARs as effectively. The reference jointly optimized
plan also shows upper limit of the ability of a variable
RBE model to spare healthy tissues as its usage of
protons is to reduce integral dose in surrounding tis-
sue and photons to improve conformity. Here it can be
inferred that a proton-only plan using a variable RBE
model would lie in the region between the two refer-
ence plans. The redistribution, when using LMOs in a
joint plan, enhances the SU effect and underscores
the strong correlation between physical and biological
optimization parameters. In comparison, this effect is
inverted when dirty dose optimization is performed, as
no direct physical dose component is included in the
optimization. Additionally, the inclusion of SO in the OAR
indicates a secondary redistribution of the dirty dose,
reducing its contribution in the adjacent GTV. These
results demonstrate that the optimization method sig-
nificantly influences not only the distribution of the BED
but also the trade-off between target coverage and the
preservation of the surrounding normal tissue. Since
high-LET radiation increases the probability of complex
DNA damage, limiting LET deposition in sensitive tis-
sues such as the brain stem could reduce the risk of
toxicity, even if the local physical dose is controlled and
results in an increased average dose in healthy tissue.
This is a trade-off that must be evaluated by clinicians
to safely utilize this tool.

This irradiation strategy represents a clinically rele-
vant advancement of conventional dose-based planning
by incorporating a biological dimension. This approach
offers the potential not only to improve tumor control, but
also to reduce toxicity risks, address RBE-related uncer-
tainties, and facilitate the exploration of more advanced
modality-based treatment strategies.

For anatomically complex or high-risk regions in
particular, LET-based optimization enables the delib-
erate redistribution of high-LET to target volumes
where improved biological efficacy is desired, while
sparing OAR.

4.6 | Outlook

Larger and more varied examinations, as well as stan-
dardized objective formulations are required to better
quantify and benchmark these in this study examined

effects. The flexibility of mixed-modality treatment opti-
mization offers a unique platform to investigate these
trade-offs without sacrificing target coverage.

Combined treatments with heterogeneous dose distri-
butions, as proposed here, may be more susceptible to
deterioration in plan quality from range and setup uncer-
tainties. While this is less problematic for intracranial
targets, as in the case of anaplastic astrocytoma studied
here, robust optimization strategies will be indispensable
for wider clinical applications?’ A robustness analysis
is provided in the supplementary material for the plans
shown in this work. Figure 11 describes the robust-
ness analysis for the TG119 phantom, while Figure 12
examines the clinical case. From a mono-modal treat-
ment planning perspective, a larger number of proton
beams offer more degrees of freedom in shaping the
dose and LET, reducing the impact of a potential photon
component*® Proton arc therapy, for example, facilitates
LET painting.*"® Alternatively, the photon beams used
in this work could be replaced with proton shoot-through
techniques: Similar planning geometries with compara-
ble OAR sparing might be possible by utilizing the sharp
penumbra of transmission beams*° At the same time,
they could enable the introduction of range verification®°
and use of the FLASH effect®’ Yet, the advantage of
the much larger availability of photons may support
effective LET-shaping for a larger group of patients by
potentially reducing the number of required proton frac-
tions or treatment time compared to mono-modal proton
approaches at similar quality of the LET-distributions.
Such comprehensive comparisons may be the focus of
future studies.

Future works may investigate an efficient method to
navigate the described trade-off between LET manage-
ment and cost to conformity. Furthermore, in the future,
the use of LMOs in combined treatments using heav-
ier ions such as helium and carbon can be explored.
Unlike proton therapy, these modalities exhibit greater
variations in LET and RBE in the case of heavier ions
used in radiotherapy. Furthermore, heavier ions have
sharper Bragg peaks, enabling highly conformal dose
distributions. While overdosing LMOs may show a more
limited use, they could be particularly valuable for com-
plex geometries or difficult beam arrangements. That
said, objectives that focus on increasing and homog-
enizing LET and dirty dose in the target area can
have a similar effect to those used in multi-ion therapy
approaches.!’

5 | CONCLUSION

This study demonstrates the feasibility and potential of
incorporating LET-based objective functions into jointly
optimized proton—photon treatment plans. By leveraging
the complementary physical and biological properties
of each modality, these strategies manage a trade-off
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between dose conformity and high-LET delivered in
critical structures, enabling safer and potentially more
effective radiation therapy.

Both optimization of dose-weighted LET and dirty
dose proved effective, with the dirty dose objective
demonstrating more intuitive LET-painting capabilities
in the joint setting, especially when adding target
LET prescriptions.

The observed improvements in target coverage and
OAR sparing emphasize the potential of LET-based
mixed-modality optimization to extend the repertoire
of precise radiation therapy. These results point to
a promising path for the development of biologically
guided planning strategies that improve both the safety
and efficiency of particle therapy using existing treat-
ment resources.
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