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ABSTRACT

Purpose: Linear energy transfer (LET)-guided methods have been applied to
intensity-modulated proton therapy (IMPT) to improve its biological effect. However,
using LET as a surrogate for biological effect ignores the topological relationship of the
scanning spot to different structures of interest. In this study, we developed an
optimization method that takes advantage of the continuing increase in LET beyond the
physical dose Bragg peak. This method avoids placing high biological-effect values in
critical structures and increases biological effect in the tumor area without compromising
target coverage.

Methods: We selected the cases of two patients with brain tumors and two patients with
head and neck tumors who had been treated with proton therapy at our institution. Three
plans were created for each case: a plan based on conventional dose-based optimization
(DoseOpt), one based on LET-incorporating optimization (LETOpt), and one based on
the proposed distal-edge avoidance-guided optimization method (DEAOpt). In DEAOpt,
an L;-norm sparsity term, in which the penalty of each scanning spot was set according to
the topological relationship between the organ positions and the location of the peak
scaled LET-weighted dose (c LETxD) was added to a conventional dose-based
optimization objective function. All plans were normalized to give the same target dose
coverage. Dose (assuming a constant relative biological effectiveness value of 1.1, as in
clinical practice), biological effect (c LETxD), and computing time consumption were

evaluated and compared among the three optimization approaches for each patient case.
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Results: For all four cases, all three optimization methods generated comparable dose
coverage in both target and critical structures. The LETOpt plans and DEAOpt plans
reduced biological-effect hot spots in critical structures and increased biological effect in
the target volumes to a similar extent. For the target, the c LETxDogy, and ¢ LETxDyy, in
the DEAOpt plans were on average 7.2% and 11.74% higher than in the the DoseOpt
plans, respectively. For the brainstem, the ¢ LETXDyyean in the DEAOpt plans was on
average 33.38% lower than in the DoseOpt plans. In addtion, the DEAOpt method saved
30.37% of the computation cost over the LETOpt method.

Conclusions: DEAOpt is an alternative IMPT optimization approach that correlates the
location of scanning spots with biological effect distribution. IMPT could benefit from
the use of DEAOpt because this method not only delivers comparable biological effects

to LETOpt plans, but also is faster.

Key words: IMPT, biological effect, LET, RBE
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1. INTRODUCTION

Proton beams deposit dose slowly along their incoming path before reaching a sharp peak
known as the Bragg peak. Beyond the Bragg peak, the deposited dose rapidly falls to
almost zero. This physical property of proton beams enables intensity-modulated proton
therapy (IMPT): delivery of a highly conformal dose enclosing the tumor while sparing
adjacent normal tissue.' In addition, the biological effect of proton beams is greater than
that of photons. Biological effect is usually measured by the relative biological
effectiveness (RBE), i.e., the ratio of the doses of two types of ionizing radiation needed
to reach the same biological effect.>” A constant RBE value of 1.1 (i.e., 10% more
effective than a photon beam) is currently used in recommendations for clinical proton
treatment planning from the International Commission on Radiation Units and

4
Measurements.

RBE varies depending on linear energy transfer (LET), tissue-specific parameters

2,5-8

(defined by a and B), dose per fraction, and other factors.”” "~ However, existing

experimental biological data are insufficient to clearly correlate RBE and dose per

2919 Therefore, use of these variable RBE models

fraction or (a/B)x for in vivo endpoints.
to evaluate proton treatment plans may lead to unwanted clinical consequences. For
example, if the calculation of the target dose coverage is based on a variable

RBE-weighted dose, the patient will be at risk of receiving a lower physical dose in parts

of the tumor because variable RBE is assumed to be greater than 1.1 in areas of high LET.
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Critical structures are in danger of being exposed to a higher physical dose when the

variable RBE is underestimated.'"'?

To resolve this problem, recent studies have attempted to optimize a biological dose
approximated by both physcial dose and LET. This is because the biological effectiveness
of a proton beam increases with the increase in LET toward the end of the proton
range.'""® LET can be predicted precisely using analytical methods or Monte Carlo
simulations.'* Several studies have developed methods to take advantage of LET to
maximize biological effectiveness in proton therapy. In order to increase LET to achieve
a higher biological effect in radioresistant tumors, Bassler et al."” introduced a
“LET-painting” method that can generate mixed-modality treatment plans using protons
and carbon ions to shape a high-LET region throughout the planning target volume. Fager
et al." used multiple radiation fields to cover different segments of the target so that the
dose prescriptions could be reduced by the increased LET in the target. Tseung et al.'®
took advantage of graphics processing unit acceleration to optimize the biological dose
for head and neck cancer cases. To reduce the risk of normal tissue complications,
Unkelbach et al." applied a two-step optimization method to avoid high scaled
LET-weighted dose values in critical structures. To reduce LET and RBE in organs at risk

(OARs), Traneus and Odén'’ noticed the location of the proton track-end and added it

into an objective function.



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Various LET optimization techniques have also been developed to optimize the biological
effect in both target volumes and critical structures, Giantsoudi et al.'® presented a
multicriteria optimization method to find plans with higher dose-averaged LET (LET,) in
tumor targets and lower LET, in normal tissue structures. Inaniwa et al."” minimized the
physical dose and LET, based on prescribed values in a quadratic cost function, while

Cao et al.%°

added two terms for maximizing LET-weighted dose in the target and
minimizing it in OARs without considering any prescription. To deal with plan
robustness under proton range and patient setup uncertainties, An et al.”' minimized the
highest LET in OARs while maintaining the same dose coverage and robustness in tumor
targets as the conventional robust IMPT treatment plan model, while Bai et al.**
penalized the sum of the differences between the highest and lowest biological effect in
each voxel, approximated by the product of dose and LET, to achieve robust biological
effect and physical dose distributions in both target and critical structures. However, these
approaches typically used optimization priorities to control the trade-off dynamic

between dose and LET criteria. The interrelationship between dose and LET of protons

was not incorporated in the objectives or constraints.

Notably, LET keeps increasing beyond the location of the Bragg peak in the patient
volume. This property could be explicitly considered in optimization. Therefore, we
investigated the impact of directly including the scanning spot position in IMPT

optimization. We introduced an influence index for each scanning spot based on its
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topological relationship to different organs of interest and added this index to a
conventional dose-based objective function. Both physical dose and LET distributions

can be optimized simultaneously in the proposed approach.

2. MATERIALS AND METHODS
This work evaluated the effectiveness of distal-edge avoidance-guided optimization
(DEAOpt) by comparing its results with those of conventional dose-based optimization

(DoseOpt) and LET-incorporating optimization (LETOpt) using four clinical cases.

2.A. Distal-edge avoidance-guided optimization (DEAOpt)
IMPT treatment planning using the 3D spot scanning technique® can deposit physical
dose D;; and LET L;; to voxel i by the j th beamlet with unit intensity. The total dose

(D;), LET; (L;), and LET-weighted dose or LETxD (LD;) in the voxel i are calculated

by:
D; = Y"B D, ;w? (1)
L Jj 1j"j
3P DyLyw}
L= "7 @
and
LDL = Zij DULUWJZ (3)

respectively, where sz is the intensity of beamlet j among beamlet set Ny to preserve

the nonnegativity. The dose and LET calculations in this study were performed with
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matRad, an open-source treatment planning platform.** Dose was calculated based on a
pencil beam algorithm using tabulated depth dose curves for individual particle energies
and Gaussian sigma for lateral broadening.”® Each voxel’s LET was also calculated based

on an analytical algorithm for depth direction and with constant LET laterally."*

For DoseOpt, a standard quadratic objective function was used to minimize the mean
square deviation between the calculated dose distribution and the ideal prescription over
the entire volume.*® Different weighting factors, A7 and A4z, and prescription values,
Dorand Dggag, for the structures were applied to control the balance between target
coverage and critical structure sparing. The objective function is given by”’:

Fu(W)) = 5= 217 (Di = Do) + oar o T H(Di = Dooar) X (Di = Dooar)’
4

Here, N and Njy,r are the sets of voxels in target volumes and OARs, respectively.
The Heaviside function, denoted by H(D; — Dy o4z ), is @ discontinuous function whose

value is zero if D; < Dyp4r and one if D; > Dy pag-

Because the scaled LETxD (¢ LETxD) can be regarded as the additional biological dose
contributed by the LET effect,'’ two LETxD terms were added to Function (4) to
maximize the biological dose in the target and minimize it in the OARs for the
LETOpt.""""*" The optimization weighting factors for the two objective terms were 6,

and 6,4z. The cost function of LETOpt was formulated as shown in (5):
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Fu(w;) = Fy(w;) = 07 - 500, cLD? + Ooar 3 — L5 cLD} (5)
The scaling factor ¢ was set to 0.04 um/KeV in this study. According to Unkelbach et
al.,'" a threshold value LD/, such that 95% of the target volume receives LD; values
higher than LD"®/, can be used for normal tissues. In our case, we did not involve the
prescriptions for the LETxD terms (LD"/) because there was a large difference in the
LET distributions for different cases, and even for the same case with different beam
angles. Our goal was to increase the biological dose in the target and reduce it in OARs
as much as possible. Because increasing the biological dose in the target often comes at
the cost of increasing the biological dose in the OARs, one can adjust the weighting
factors (8 and 6,,4z) in Formulation (5) to find a balance between the target and the
OARs. However, the threshold LD"®/ can easily be added to Formulation (5) for both the
target and critical structures. It should also be noted that setting the weighting factors for
LETxD in LETOpt is based on trial and error, the same process whereas setting ones for
dose in standard optimization (DoseOpt). The both types of factors (1 and 8) should be
within the same scale. In practice, if standard optimization were performed first with

preferred setting of A, one only needs to adjust 8 and keep the same A for LET

optimization.

The proton beam energy was chosen so that the Bragg peak of the depth dose curve
coincided with the distal target edge.”’” Since LET keeps rising beyond the Bragg peak,

the highest value of the LETXD appeared at position pj, which is a distance d; away
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from the scanning spot location s; along the beam direction bT This distance depends
on the beam energy and tissue type.

pj=s;+bd (6)
In order to limit high biological dose in the target area and protect critical structures, we
examined the topological relationship between the peak LETxD position, the target
location, and the critical structure locations in four situations, shown in Figure 1. For
Situation A, the position of the peak LETxD value p; falls into the OAR areas and
outside the target region; a penalty 6, was assigned to this beamlet. For Situation B,
where p; is in the overlap area of the target and OAR, 85 was the assigned penalty. For
Situation C, where a subregion formed by the center p; and semidiameter R; overlaps
with an OAR but not the target area,” the penalty was 6. Finally, in Situation D, where

the subregion is outside the OAR and overlaps with the target volume, the penalty was

0.
OAR Situation A Sjtuation B Situation C Situation D
v i <
-, s ‘b
Target

Figure 1. Topological relationship between peak locations of scaled linear energy

transfer-weighted dose and different structures.
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The semidiameter R; is the proximal 80% to distal width of the most distal peak of

2829 The values of penalty 6 were set based on Formulation (7) and case

beamlet j.
preferences, i.e., 8; € {0, 0, 0p, 0p}. Note that the location of peak LETxD was

determined according to calculated LETxD from D; and L; before optimization.

0,=>6;=>05=>06, (7)

Thus, we added an L;-norm sparsity term, in which the penalty for beamlet intensity was
based on the topological relationship shown above, to Formulation (4) to construct the
objective function for the DEAOpt:

Fs(w;) = Fu(w;) + - 2}2, 6w} (®)
The setting of 6; for those spots flagged by the 4 situations described above is based on
trial and error in order to adjust the tradeoff effect between this spot penalty with dose
criteria, besides the order of possible values set by (7). For example, if the treating
physician preferred to maintain a high biological dose in the area where the target and

OARs overlap, a low value of 85 was assigned.

In this study, the DoseOpt, LETOpt, and DEAOpt models were solved by IPOPT,* an

optimizer based on interior-point methods for nonlinear optimization problems.

2.B. Patient data and treatment planning



215

216

217

218

219

220

221

222

223

224

225

226

227

Table 1. Patient information and treatment planning parameters

Tumor Prescription Number of Beam angles Number of  Volumes included in

location dose (Gy/fx) fractions (gantry, couch) beamlets optimization

1. Brain 1.8 (CTV) 30 (260, 0) 1813 CTV, PTV, brainstem,
(100, 0) 1829 optic chiasm, spinal cord, brain
(180, 0) 1826

2. Brain 1.8 (CTV) 30 (265, 90) 1417 CTV, PTV, brainstem,
(260, 0) 1388 optic chiasm, spinal cord, brain
(100, 0) 1410
(180, 0) 1335

3. H&N 2.0 (CTV) 33 (180, 0) 2505 CTYV, parotid, larynx, spinal cord,
(65, 345) 2800 mandible, cochlea, brainstem,
(300, 20) 2580 esophagus

4. H&N 2.0 (CTV) 33 (300, 15) 4123 CTV, parotid, larynx, spinal cord,
(60, 345) 4217 mandible, cochlea, brainstem,
(180, 0) 4114 esophagus

Abbreviations: CTV, clinical target volume; PTV, planning target volume; H&N, head and neck

We implemented the proposed DEAOpt method, the conventional DoseOpt method, and
the LETOpt method in four clinical cases retrospectively selected from our patient
database: two patients with brain cancer and two with head-and-neck (H&N) cancer. For
brain tumor patients, a prescribed dose of 1.8 Gy (RBE = 1.1) per fraction to the target
volumes was planned in 30 fractions. The prescription dose of 2.0 Gy (RBE = 1.1) per
fraction to the target volumes was applied for H&N cancer patients in 33 fractions. To
simplify the problem, the doses prescribed to OARs were set to 0 in the optimizations.
For all patients, beam angles were the same as those used in the clinical treatment.
Although the target volume and location varied among the patient cases, at least one

critical structure was close to or overlapped with the clinical target volumes (CTVs) or
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the planning target volumes (PTVs) in each case. More planning details are listed in

Table 1.

2.C. Plan evaluation

To evaluate the quality of the treatment plans generated by the three optimization
methods, fixed RBE (1.1)-weighted dose-volume histograms (DVHs) and ¢
LETxD-volume histograms were calculated and displayed. The Dogy, and D,y of the
DVHs in the targets were used to reflect the dose coverage and homogeneity, meanwhile,
the Dy, and Dpean of the DVHs in the OARs were used to assess the risk of exposure. In
this study, a given volume, v%, of a structure, receives a dose level, d, or higher could be
shown as Dy, = d.To measure the improvement in the tumor volume coverage and
protection of the OARs due to the biological effect, c LETxDygy,, ¢ LETxD5, and ¢
LETxXDypean 0of the LVHs were compared. All the plans were normalized to have 98% of

the CTV covered by the prescribed dose.

3. RESULTS

Figure 2 shows the dose-, LETd-, and ¢ LETxD-volume histograms of the CTV and
brainstem for the IMPT plans optimized by DoseOpt, LETOpt, and DEAOpt in the brain
tumor cases. The doses in the CTV and brainstem generated by the three approaches were

comparable. For case 1, the Dy, in the CTV was 56.67 Gy for the DoseOpt plan, 56.71
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Gy for the LETOpt plan, and 56.72 Gy for the DEAOpt plan. The Dy, in the brainstem
was 56.95 Gy for the DoseOpt plan, 56.73 Gy for the LETOpt plan, and 56.75 Gy for the

DEAOpt plan. The mean dose in the brainstem was 23.80 Gy, 23.44 Gy, and 23.77 Gy for

the DoseOpt, LETOpt, and DEAOpt plans, respectively (Table 2).

Volume [%]

Volume [%]

Figure 2. Dose-volume histograms (first column), LET4-volume histograms (second

column), and scaled LET-weighted dose (¢ LETxD)-volume histograms (third column) of
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the clinical target volume (CTV; top row) and the brainstem (bottom row) for three

intensity-modulated proton therapy plans in brain tumor patient case 1. DoseOpt plan

(green line), LETOpt plan (blue dashed line), and DEAOpt plan (red line).

Table 2. Dose and linear energy transfer (LET)-weighted dose (LETxD; scaled by ¢ =

0.04 pm keV—1) values in the clinical target volume (CTV) and the brainstem for two

brain tumor cases optimized by DoseOpt, LETOpt, and DEAOpt approaches.
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Tissue Dosimetric Brain tumor case 1 Brain tumor case 2

parameters DoseOpt LETOpt DEAOpt DoseOpt LETOpt DEAOpt
CTV Dogo (GY[RBE]) ~ 54.00  54.00  54.00 5400 5400  54.00

Dy, (GY[RBE]) 5667 5671  56.72 5524 5565  55.76

¢ LETxDog, (Gy) 536 6.08 5.63 4.97 5.94 5.33

¢ LETXD, (Gy)  9.06 959  9.63 7.30 775 8.79
Brainstem D, (Gy[RBE]) 5695 5673  56.75 56.54 5673  57.97

Duen (Gy[RBE]) ~ 23.80 2344  23.77 3642 3683 35.57

¢ LETxD»y, (Gy) 12.31 11.22 10.99 9.66 7.53 8.51

¢ LETXDpean (Gy) ~ 4.76 370 3.19 521 327 345
Calculation Time (s) 176.86 300.48  202.34 394.96 77440  563.92

Abbreviations: RBE, relative biological effectiveness

In terms of biological effect, both LETOpt and DEAOpt improved the LETd in the CTV
and spared it in the brainstem. Since the dose distributions in the target and critical
structures were similar for all three methods, the biological effect distributions had the
same character as the LETd distributions. The ¢ LETxDyge, in the CTV was 5.36 Gy for
the DoseOpt plan, smaller than the 6.08 Gy for the LETOpt plan and 5.63 Gy for the
DEAOpt plan. The ¢ LETxD5q, in the CTV was 9.06 Gy for the DoseOpt plan, compared
to 9.59 Gy and 9.63 Gy for the LETOpt plan and the DEAOpt plan, respectively. For the
brainstem, the ¢ LETxD»q¢, was 12.31 Gy for the DoseOpt plan, 11.22 Gy for the LETOpt
plan, and 10.99 Gy for the DEAOpt plan. The mean value of ¢ LETxD was 4.76 Gy for

the DoseOpt plan, higher than the 3.70 Gy for the LETOpt plan and 3.19 Gy for the



275  DEAORpt plan (Table 2).

276

277  Table 3. Dose and linear energy transfer (LET)-weighted dose (LETxD; scaled by ¢ =

278  0.04 um keV—1) values in the clinical target volume (CTV) and the organs at risk (OARs)
279  for two head and neck (H&N) tumor cases optimized by DoseOpt, LETOpt, and DEAOpt

280  approaches.

Tissue Dosimetric H&N tumor case 1 H&N tumor case 2
parameters DoseOpt LETOpt DEAOpt DoseOpt LETOpt DEAOpt
CTV Dosy, (GY[RBE]) 66.00 66.00 66.00 66.00 66.00 66.00
D,¢, (Gy[RBE)) 68.39 68.55 68.64 68.36 68.71 69.09
¢ LETxDogy, (Gy)  7.12 7.11 7.17 5.72 6.07 6.28
¢ LETxD,q, (Gy) 11.66 12.11 12.52 8.78 9.40 9.91
Larynx D, (Gy[RBE]) 53.13 52.90 53.43 66.45 66.69 66.72
Dinean (Gy[RBE]) 5.37 5.12 5.11 10.84 10.92 11.12
¢ LETxDy, (Gy) 7.13 6.54 6.49 9.90 8.39 8.36
¢ LETXDpean (Gy)  0.96 0.81 0.78 1.76 1.38 1.25
Right D, (Gy[RBE]) 67.21 67.16 67.22 71.09 71.85 72.27
parotid Dinean (Gy[RBE]) 6.74 6.67 7.06 17.90 17.99 18.34
¢ LETxDy, (Gy) 8.38 8.26 8.56 10.94 10.93 10.63
¢ LETXDpean (Gy)  0.81 0.81 0.80 2.43 2.39 2.12
Left D, (Gy[RBE]) 10.01 9.57 9.29 0.14 0.13 0.07
parotid Dinean (Gy[RBE]) 0.77 0.70 0.67 0.02 0.02 0.02
¢ LETxDy, (Gy) 0.93 0.76 0.63 0.01 0.01 0.01
¢ LETXDpean (Gy)  0.07 0.06 0.05 0.01 0.01 0.00

Calculation Time (s) 357.34 600.75  402.73 581.58 1044.14 746.23
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Abbreviation: RBE, relative biological effectiveness

The results for brain tumor patient case 2 are shown in Appendix A and Table 2. The
differences in dose and ¢ LETxD distributions among the three IMPT plans were similar

for the two brain tumor cases.

The improvement in the target coverage and reduction of ¢ LETxD to the critical
structures with the LETOpt and DEAOpt plans for the H&N cancer cases was modestly
lower than for the brain tumor cases, as illustrated in Figure 3, Table 3, and Appendix B.
Compared with DoseOpt plans, the DEAOpt plans reduced the mean value of ¢ LETxD
by an average of 23.87% in the larynx for the H&N cancer cases and by an average of
33.38% in the brainstem for the brain tumor cases. Meanwhile, the DEAOpt plans
increased the ¢ LETxDogo, by 5.25% and the ¢ LETxDyo, by 10.13% on average in the
CTV for the H&N cancer cases, lower than the average increment rate of 7.24% for the c
LETxDoge, and 13.35% for the ¢ LETxD,q, in the brain tumor cases. Thus, the DEAOpt
plans improved the biological effect to the same degree as the LETOpt plans in both
types of cases. However, the plans were not exactly the same. For example, the LETOpt
plan increased the ¢ LETxD»y, in the CTV to 7.75 Gy, while the DEAOpt plan increased it
to 8.79 Gy in brain tumor case 2. In this case, the LETOpt plan achieved a ¢ LETxDogs,

value of 5.94 Gy in the CTV, higher than the 5.33 Gy for the DEAOpt plan.
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Figure 3. Dose-volume histograms (first column), LETd-volume histograms (second
column), and scaled LET-weighted dose (¢ LETxD)-volume histograms (third column) of
the clinical target volume (CTV; top row) and parotid glands (bottom row) for three
intensity-modulated proton therapy plans in head and neck cancer patient case
2:.DoseOpt plan (green line), LETOpt plan (blue dashed line), and DEAOpt plan (red
line ).

Figure 4 shows the dose and biological effect distributions for brain tumor case 1. For
physical dose, there was no difference among the three plans. Both the DEAOpt plan and

LETOpt plan avoided the hot spots of ¢ LETxD in the overlap area of the brainstem and
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the target. Comparison with the DoseOpt plan also shows that ¢ LETxD in the target
improved for both DEAOpt and LETOpt plans. However, it is noteworthy that the
DEAOpt plan restricted the high biological effect inside the target border more
effectively than did the LETOpt plan, which caused the normal tissue adjacent to the

target to receive a lower biological effect.

(a)

w

w

w

S
RBExD (Gy)

(d

¢ LETxD (Gy)
¢ LETxD (Gy)

Figure 4. Plan comparison for brain tumor patient case 1. The top row (subfigure a, b and
c¢) shows the dose distributions (based on a constant RBE of 1.1). The bottom row
(subfigure d, e and f) shows the distributions of LET-weighted dose scaled by ¢ = 0.04
pum keV—1 (c LETxD). The gross target volume, clinical target volume, planning target

volume, and brainstem are contoured by green, black, cyan, and blue, respectively.

4. DISCUSSION
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o use LET as a surrogate for RBE

Current LET-based optimization methods
optimization''*! because of the considerable uncertainties in the validity of RBE models
and the almost linear relationship between LET and RBE.'® In addition, the high degree
of freedom of the IMPT plan makes it feasible to produce satisfactory dose distributions
while achieving desirable LET distributions.”” However, a drawback to the existing
methods is that they use the inverse planning approach to optimize the LET distribution,
which adds extra complexity,”’ requiring calculation and evaluation of LET, or LETxD in
each iteration of the optimization process. To overcome this challenge, our method

includes a regularization term for each scanning spot to reduce the complexity of the first

and second derivatives.

The runtime of DEAOpt was, on average, 30.37% faster than that of LETOpt and 24.52%
slower than that of DoseOpt (Table 2 and Table 3). The boost of computing time did not
sacrifice plan quality; the DEAOpt plan’s biological effect and physical dose distributions
were comparable with those of the LETOpt plan. Regarding treatment plan quality, i.e.,
physical dose and biological effect distributions, DEAOpt performed similarly as, or
slightly better than, LETOpt. Although the present feasibility study cannot render a
statistical power on superiority of either method, DEAOpt is shown to be a
straightforward alternative to other inverse LET optimization approaches in order to

avoid high LET in critical structures and normal tissues.
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In proton beams, LET continues to increase beyond the Bragg peak. We classified the
scanning spots into four categories according to the topological relationship between their
peak LETxD positions and different organs of interest (Figure 1). In Situation A, the peak
LETxD position falls into the OAR area and outside the target region, meaning that the
dose intensity in this scanning spot may aggravate toxicities in critical structures. Of
course, this scanning spot also contributes to the dose in the border of the target, but it
can be replaced by other scanning spots from different beams. In Situation B, where the
peak LETxD position is in the overlap area of the target and OARs, the priority of
treatment planning decides the penalty set. For example, if the first priority is to kill the
tumor cells, we allow for a high biological effect in this area, which makes the penalty in
this scanning spot close to 0; if protecting critical structures is the priority, a high penalty
should be assigned to this scanning spot to restrain the biological effect in this area. For
other situations, the peak LETXD position’s radius may cover the edge of OARs or the
target. When the irradiated region overlaps with the target, the corresponding scanning
spot will guarantee the homogeneity and coverage of physical dose in the tumor.
Sometimes, when the overlap is with OARs, we should limit the intensity in this scanning
spot. If the peak LETxD position is far away from all OARs and target, a high penalty

should be set for this scanning spot to protect healthy tissues.
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364  Figure 5. Comparisons of the intensity in each proton energy layer for three beams with
365 the DEAOpt plan, LETOpt plan, and DoseOpt plan in head and neck tumor case 2.
366
367  Regardless of the optimization approach used to optimize the physical dose and LET, the
368  objective is achieved mostly by shifting LET hot spots to other regions nearby or inside
369 the target. Conventional treatment planning usually places the Bragg peaks at the distal
370  edge of the target to maintain the dose coverage, which inevitably causes the region of
371 high LET to be located in the periphery of the target. To keep protons stopping within the
372 target region, location of the scanning spot at the distal edge of the target should be
373 avoided. This would protect the normal tissue adjacent to the target from the risk of side
374  effects associated with high LET. As shown in Figure 5, the DEAOpt plan deposits lower
375 intensity at the last two proton energies in each beam than do the LETOpt and DoseOpt
376  plans. Points in these two energy layers have the potential to release LET outside of the
377  target. Nonetheless, there was no substantial difference in total intensity among the three
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plans, for which their dose distributions were similar. In this example, the total spot
intensity from all spots of all beams was 28477.4, 30498.6 and 29232.3 for the DoseOpt
LETOpt and DEAOpt plan, respectively. In other words, the DoseOpt plan indicates

slightly fewer monitor units delivered than the other plans.

Our research confirmed that biological effect optimization can be achieved by optimizing
the location of scanning spots directly instead of using the inverse optimization method.
The effectiveness of DEAOpt is highly dependent on the geometry of structures and the
spot arrangement. As shown by Figure 5, our method tends to avoid spots in the beam
distal edge because of the trade-off effect between dose and LET. In our H&N cancer
cases, the DEAOpt method made a smaller difference than in our brain tumor cases
because more OARs need to be protected during irradiation of H&N tumors. This

phenomenon was also observed with the LETOpt plans.

Although variable RBE has not been adopted in the clinical setting of proton therapy,

the DEAOpt method could be readily adapted to an efficient alternative to variable RBE
optimization given a designated RBE model. To do so, peak positions of variable RBE
weighted dose (RBExXD), instead of LETXD, are evaluated and optimized. For example,
Figure 6 shows predicted RBExD based on three phenomenological RBE models (Carabe
et al®, Wedenberg et al’, McNamara et al®) and cLETxD at three proton energies. Because

DEAOpt only needs to calculate RBE once prior to optimization iterations, its
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computational efficiency would be comparable to conventional optimization approaches

(RBE=1.1) as demonstrated in this study.
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Figure 6. Predicted variable RBE weighted dose (RBExD) based on three

phenomenological RBE models (Carabe, Wedenberg and McNamara) and cLETxD (¢ =

0.04 um keV—1) at three selected proton energies (56.8, 110.5 and 219.6 MeV) based on

o/f =2 and o/ = 10.

One of the limitations of the DEAOpt method is that it does not explicitly optimize the

biological effect, or LETxD, distribution in the target. In order to do so, this method may

be extended by adding negative penalties to the spots that are not identified to have

normal tissue LET penalties, i.e., increasing LET in target. More importantly, DEAOpt

could be used to provide a good starting point for IMPT biological optimization when

prescriptions in terms of LET or RBE are possible in future clinical use.
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Another limitation of DEAOpt in this study is the manual setting of penalty weights for
spot locations. Future improvement is needed to automate these weights to mitigate
human dependence and increase effenciency. Currently, from our experience, the
trial-and-error iterations of setting optimization parameters for this method were, at least,
not more than the LET-based method that we implemented. For parameters specific in the
DEAOpt method (8), we found that a good starting point for the set of parameters
(64,0¢,05,0p) could be (5, 1, 0.2, 0.1) for the cases included in our study. Nevertheless,
biological optimization methods are generally more complex than standard ones that only
optimizes physical dose, in terms of setting more input parameters, because of the
tradeoff effect between physical dose and biological effect. To overcome this issue,

auto-planning approaches and multi-criteria optimization become even more important.

It is worth noting that the present study is based on matRad’s analytical dose and LET
calculations, as well as a specific optimizer. It is possible the findings may differ if we
used a different system. In Appendix C, we observed differences in dose and LET
between two plans optimized in matRad and in an in-house Monte Carlo system®. In
addition, the accuracy of LET calculation in matRad is limited due to the assumption of
constant LET in lateral direction and excluding secondary protons.’ This could lead to
inaccuracy in determining the peak positions of cLETXD calculated in DEAOpt.
Nevertheless, the purpose of the present study was to explore an computationally efficient

planning approach with considerations of proton biological effect, and the DEAOpt
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methodology is independent from dose/LET engines. We will test its generality in our

. ) ) Lo 20,22
in-house Monte Carlo simulation and optimization system™

in the next study.
Furthermore, the plans optimized here were not necessarily robust to treatment delivery
uncertainties, even though DEAOpt plans tend to avoid locating high-intensity spots near
the interface region between target and OARs, which should be in favor of plan
robustness especially against beam range uncertainty. Thus, incorporating DEAOpt into
an IMPT robust optimization framework could be straightforward and will be

investigated in our future work.

5. CONCLUSION

In this study, we proposed and developed a distal-edge avoidance-guided optimization
method to optimize IMPT plans in terms of their LETxD distributions without degrading
the physical dose distributions, which are comparable to those of LET optimization plans.
We used an influence index to quantify the contribution of the biological effect from each
scanning spot on the basis of its topological relationship to different organs of interest.
This method could be especially beneficial for patient cases where critical structures are
adjacent to the target area. In addition, the DEAOpt approach is less complex

computationally and therefore faster than the LETOpt approach.
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Appendix A. Dose-volume histograms (first column), LET4-volume histograms (second
column), and scaled LET-weighted dose (¢ LETxD)-volume histograms (third column) of
the clinical target volume (CTV; top row) and the brainstem (bottom row) for three
intensity-modulated proton therapy plans in brain tumor patient case 2. DoseOpt plan

(green line), LETOpt plan (blue dashed line), and DEAOpt plan (red line).
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Appendix B. Dose-volume histograms (first column), LETd-volume histograms (second
column), and scaled LET-weighted dose (¢ LETxD)-volume histograms (third column) of
the clinical target volume (CTV; top row) and the organs at risk (larynx, middle row;
parotid gland, bottom row) for three intensity-modulated proton therapy plans in head and
neck tumor patient case 1. DoseOpt plan (green line), LETOpt plan (blue dashed line), and

DEAOpt plan (red line).
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582  Appendix C. Dose-volume histograms (left), LET4-volume histograms (right) of the
583  clinical target volume (CTV) and the brainstem of matRad (solid lines) and Monte Carlo

584  (dashed lines) optimized plans for brain tumor patient case 1.



