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ABSTRACT 16 

Purpose: Linear energy transfer (LET)-guided methods have been applied to 17 

intensity-modulated proton therapy (IMPT) to improve its biological effect. However, 18 

using LET as a surrogate for biological effect ignores the topological relationship of the 19 

scanning spot to different structures of interest. In this study, we developed an 20 

optimization method that takes advantage of the continuing increase in LET beyond the 21 

physical dose Bragg peak. This method avoids placing high biological-effect values in 22 

critical structures and increases biological effect in the tumor area without compromising 23 

target coverage. 24 

Methods: We selected the cases of two patients with brain tumors and two patients with 25 

head and neck tumors who had been treated with proton therapy at our institution. Three 26 

plans were created for each case: a plan based on conventional dose-based optimization 27 

(DoseOpt), one based on LET-incorporating optimization (LETOpt), and one based on 28 

the proposed distal-edge avoidance-guided optimization method (DEAOpt). In DEAOpt, 29 

an L1-norm sparsity term, in which the penalty of each scanning spot was set according to 30 

the topological relationship between the organ positions and the location of the peak 31 

scaled LET-weighted dose (c LETxD) was added to a conventional dose-based 32 

optimization objective function. All plans were normalized to give the same target dose 33 

coverage. Dose (assuming a constant relative biological effectiveness value of 1.1, as in 34 

clinical practice), biological effect (c LETxD), and computing time consumption were 35 

evaluated and compared among the three optimization approaches for each patient case. 36 



Results: For all four cases, all three optimization methods generated comparable dose 37 

coverage in both target and critical structures. The LETOpt plans and DEAOpt plans 38 

reduced biological-effect hot spots in critical structures and increased biological effect in 39 

the target volumes to a similar extent. For the target, the c LETxD98% and c LETxD2% in 40 

the DEAOpt plans were on average 7.2% and 11.74% higher than in the the DoseOpt 41 

plans, respectively. For the brainstem, the c LETxDmean in the DEAOpt plans was on 42 

average 33.38% lower than in the DoseOpt plans. In addtion, the DEAOpt method saved 43 

30.37% of the computation cost over the LETOpt method. 44 

Conclusions: DEAOpt is an alternative IMPT optimization approach that correlates the 45 

location of scanning spots with biological effect distribution. IMPT could benefit from 46 

the use of DEAOpt because this method not only delivers comparable biological effects 47 

to LETOpt plans, but also is faster. 48 

 49 
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1. INTRODUCTION 52 

Proton beams deposit dose slowly along their incoming path before reaching a sharp peak 53 

known as the Bragg peak. Beyond the Bragg peak, the deposited dose rapidly falls to 54 

almost zero. This physical property of proton beams enables intensity-modulated proton 55 

therapy (IMPT): delivery of a highly conformal dose enclosing the tumor while sparing 56 

adjacent normal tissue.1 In addition, the biological effect of proton beams is greater than 57 

that of photons. Biological effect is usually measured by the relative biological 58 

effectiveness (RBE), i.e., the ratio of the doses of two types of ionizing radiation needed 59 

to reach the same biological effect.2,3 A constant RBE value of 1.1 (i.e., 10% more 60 

effective than a photon beam) is currently used in recommendations for clinical proton 61 

treatment planning from the International Commission on Radiation Units and 62 

Measurements.4 63 

 64 

RBE varies depending on linear energy transfer (LET), tissue-specific parameters 65 

(defined by α and β), dose per fraction, and other factors.2,5–8 However, existing 66 

experimental biological data are insufficient to clearly correlate RBE and dose per 67 

fraction or (α/β)x for in vivo endpoints.2,9,10 Therefore, use of these variable RBE models 68 

to evaluate proton treatment plans may lead to unwanted clinical consequences. For 69 

example, if the calculation of the target dose coverage is based on a variable 70 

RBE-weighted dose, the patient will be at risk of receiving a lower physical dose in parts 71 

of the tumor because variable RBE is assumed to be greater than 1.1 in areas of high LET. 72 



Critical structures are in danger of being exposed to a higher physical dose when the 73 

variable RBE is underestimated.11,12  74 

 75 

To resolve this problem, recent studies have attempted to optimize a biological dose 76 

approximated by both physcial dose and LET. This is because the biological effectiveness 77 

of a proton beam increases with the increase in LET toward the end of the proton 78 

range.11,13 LET can be predicted precisely using analytical methods or Monte Carlo 79 

simulations.14 Several studies have developed methods to take advantage of LET to 80 

maximize biological effectiveness in proton therapy. In order to increase LET to achieve 81 

a higher biological effect in radioresistant tumors, Bassler et al.15 introduced a 82 

“LET-painting” method that can generate mixed-modality treatment plans using protons 83 

and carbon ions to shape a high-LET region throughout the planning target volume. Fager 84 

et al.13 used multiple radiation fields to cover different segments of the target so that the 85 

dose prescriptions could be reduced by the increased LET in the target. Tseung et al.16 86 

took advantage of graphics processing unit acceleration to optimize the biological dose 87 

for head and neck cancer cases. To reduce the risk of normal tissue complications, 88 

Unkelbach et al.11 applied a two-step optimization method to avoid high scaled 89 

LET-weighted dose values in critical structures. To reduce LET and RBE in organs at risk 90 

(OARs), Traneus and Ödén17 noticed the location of the proton track-end and added it 91 

into an objective function. 92 

 93 



Various LET optimization techniques have also been developed to optimize the biological 94 

effect in both target volumes and critical structures, Giantsoudi et al.18 presented a 95 

multicriteria optimization method to find plans with higher dose-averaged LET (LETd) in 96 

tumor targets and lower LETd in normal tissue structures. Inaniwa et al.19 minimized the 97 

physical dose and LETd based on prescribed values in a quadratic cost function, while 98 

Cao et al.20 added two terms for maximizing LET-weighted dose in the target and 99 

minimizing it in OARs without considering any prescription. To deal with plan 100 

robustness under proton range and patient setup uncertainties, An et al.21 minimized the 101 

highest LET in OARs while maintaining the same dose coverage and robustness in tumor 102 

targets as the conventional robust IMPT treatment plan model, while Bai et al.22 103 

penalized the sum of the differences between the highest and lowest biological effect in 104 

each voxel, approximated by the product of dose and LET, to achieve robust biological 105 

effect and physical dose distributions in both target and critical structures. However, these 106 

approaches typically used optimization priorities to control the trade-off dynamic 107 

between dose and LET criteria. The interrelationship between dose and LET of protons 108 

was not incorporated in the objectives or constraints.  109 

 110 

Notably, LET keeps increasing beyond the location of the Bragg peak in the patient 111 

volume. This property could be explicitly considered in optimization. Therefore, we 112 

investigated the impact of directly including the scanning spot position in IMPT 113 

optimization. We introduced an influence index for each scanning spot based on its 114 



topological relationship to different organs of interest and added this index to a 115 

conventional dose-based objective function. Both physical dose and LET distributions 116 

can be optimized simultaneously in the proposed approach.  117 

 118 

2. MATERIALS AND METHODS 119 

This work evaluated the effectiveness of distal-edge avoidance-guided optimization 120 

(DEAOpt) by comparing its results with those of conventional dose-based optimization 121 

(DoseOpt) and LET-incorporating optimization (LETOpt) using four clinical cases.  122 

 123 

2.A. Distal-edge avoidance-guided optimization (DEAOpt) 124 

IMPT treatment planning using the 3D spot scanning technique23 can deposit physical 125 

dose 𝐷௜௝ and LET 𝐿௜௝ to voxel 𝑖 by the 𝑗௧௛ beamlet with unit intensity. The total dose 126 

(𝐷௜ሻ, LETௗ (𝐿௜), and LET-weighted dose or LETxD (𝐿𝐷௜) in the voxel 𝑖 are calculated 127 

by: 128 

𝐷௜ ൌ ∑ 𝐷௜௝𝑤௝
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and  131 

𝐿𝐷௜ ൌ ∑ 𝐷௜௝𝐿௜௝𝑤௝
ଶேಳ

௝                        (3) 132 

respectively, where 𝑤௝
ଶ is the intensity of beamlet 𝑗 among beamlet set 𝑁஻ to preserve 133 

the nonnegativity. The dose and LET calculations in this study were performed with 134 



matRad, an open-source treatment planning platform.24 Dose was calculated based on a 135 

pencil beam algorithm using tabulated depth dose curves for individual particle energies 136 

and Gaussian sigma for lateral broadening.25 Each voxel’s LET was also calculated based 137 

on an analytical algorithm for depth direction and with constant LET laterally.14   138 

 139 

For DoseOpt, a standard quadratic objective function was used to minimize the mean 140 

square deviation between the calculated dose distribution and the ideal prescription over 141 

the entire volume.26 Different weighting factors, 𝜆் and 𝜆ை஺ோ, and prescription values, 142 

𝐷଴,்and 𝐷଴,ை஺ோ, for the structures were applied to control the balance between target 143 

coverage and critical structure sparing. The objective function is given by27: 144 
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ଵ
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(4) 146 

Here, 𝑁் and 𝑁ை஺ோ are the sets of voxels in target volumes and OARs, respectively. 147 

The Heaviside function, denoted by 𝐻൫𝐷௜ െ 𝐷଴,ை஺ோ൯, is a discontinuous function whose 148 

value is zero if 𝐷௜ ൑ 𝐷଴,ை஺ோ and one if 𝐷௜ ൐ 𝐷଴,ை஺ோ. 149 

 150 

Because the scaled LETxD (c LETxD) can be regarded as the additional biological dose 151 

contributed by the LET effect,11 two LETxD terms were added to Function (4) to 152 

maximize the biological dose in the target and minimize it in the OARs for the 153 

LETOpt.11,19,20 The optimization weighting factors for the two objective terms were 𝜃் 154 

and 𝜃ை஺ோ. The cost function of LETOpt was formulated as shown in (5): 155 
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The scaling factor 𝑐 was set to 0.04 𝜇𝑚/𝐾𝑒𝑉 in this study. According to Unkelbach et 157 

al.,11 a threshold value 𝐿𝐷௥௘௙, such that 95% of the target volume receives 𝐿𝐷௜ values 158 

higher than 𝐿𝐷௥௘௙, can be used for normal tissues. In our case, we did not involve the 159 

prescriptions for the LETxD terms (𝐿𝐷௥௘௙) because there was a large difference in the 160 

LET distributions for different cases, and even for the same case with different beam 161 

angles. Our goal was to increase the biological dose in the target and reduce it in OARs 162 

as much as possible. Because increasing the biological dose in the target often comes at 163 

the cost of increasing the biological dose in the OARs, one can adjust the weighting 164 

factors (𝜃் and 𝜃ை஺ோሻ in Formulation (5) to find a balance between the target and the 165 

OARs. However, the threshold 𝐿𝐷௥௘௙can easily be added to Formulation (5) for both the 166 

target and critical structures. It should also be noted that setting the weighting factors for 167 

LETxD in LETOpt is based on trial and error, the same process whereas setting ones for 168 

dose in standard optimization (DoseOpt). The both types of factors (𝜆 and 𝜃) should be 169 

within the same scale. In practice, if standard optimization were performed first with 170 

preferred setting of 𝜆, one only needs to adjust 𝜃 and keep the same 𝜆 for LET 171 

optimization. 172 

 173 

The proton beam energy was chosen so that the Bragg peak of the depth dose curve 174 

coincided with the distal target edge.27 Since LET keeps rising beyond the Bragg peak, 175 

the highest value of the LETxD appeared at position 𝑝௝, which is a distance 𝑑௝ away 176 



from the scanning spot location 𝑠௝ along the beam direction 𝑏ఫ
ሬሬሬ⃗ . This distance depends 177 

on the beam energy and tissue type. 178 

𝑝௝ ൌ 𝑠௝ ൅ 𝑏ఫ
ሬሬሬ⃗ ∙ 𝑑௝                          (6) 179 

In order to limit high biological dose in the target area and protect critical structures, we 180 

examined the topological relationship between the peak LETxD position, the target 181 

location, and the critical structure locations in four situations, shown in Figure 1. For 182 

Situation A, the position of the peak LETxD value 𝑝௝ falls into the OAR areas and 183 

outside the target region; a penalty 𝜃஺ was assigned to this beamlet. For Situation B, 184 

where 𝑝௝ is in the overlap area of the target and OAR, 𝜃஻ was the assigned penalty. For 185 

Situation C, where a subregion formed by the center 𝑝௝ and semidiameter 𝑅௝ overlaps 186 

with an OAR but not the target area,28 the penalty was 𝜃஼. Finally, in Situation D, where 187 

the subregion is outside the OAR and overlaps with the target volume, the penalty was 188 

𝜃஽. 189 

 190 

Figure 1. Topological relationship between peak locations of scaled linear energy 191 

transfer-weighted dose and different structures.  192 

 193 



The semidiameter 𝑅௝ is the proximal 80% to distal width of the most distal peak of 194 

beamlet 𝑗.28,29 The values of penalty 𝜃 were set based on Formulation (7) and case 195 

preferences, i.e., 𝜃௝ ∈ ሼ𝜃஺, 𝜃஼, 𝜃஻, 𝜃஽ሽ. Note that the location of peak LETxD was 196 

determined according to calculated LETxD from 𝐷௜ and 𝐿௜ before optimization. 197 

                           𝜃஺ ൒ 𝜃஼ ൒ 𝜃஻ ൒ 𝜃஽                          (7) 198 

 199 

Thus, we added an L1-norm sparsity term, in which the penalty for beamlet intensity was 200 

based on the topological relationship shown above, to Formulation (4) to construct the 201 

objective function for the DEAOpt: 202 

𝐹ௌ൫𝑤௝൯ ൌ 𝐹ே൫𝑤௝൯ ൅ ଵ

ேಳ
∑ 𝜃௝𝑤௝

ଶேಳ
௝ୀଵ                  (8) 203 

The setting of 𝜃௝ for those spots flagged by the 4 situations described above is based on 204 

trial and error in order to adjust the tradeoff effect between this spot penalty with dose 205 

criteria, besides the order of possible values set by (7). For example, if the treating 206 

physician preferred to maintain a high biological dose in the area where the target and 207 

OARs overlap, a low value of 𝜃஻ was assigned. 208 

 209 

In this study, the DoseOpt, LETOpt, and DEAOpt models were solved by IPOPT,30 an 210 

optimizer based on interior-point methods for nonlinear optimization problems. 211 

 212 

2.B. Patient data and treatment planning 213 

 214 



Table 1. Patient information and treatment planning parameters 215 

Tumor 

location 

Prescription 

dose (Gy/fx) 

Number of 

fractions 

Beam angles 

(gantry, couch) 

Number of 

beamlets 

Volumes included in 

optimization 

1. Brain 1.8 (CTV) 30 (260, 0) 1813 CTV, PTV, brainstem,  

optic chiasm, spinal cord, brain    (100, 0) 1829 

   (180, 0) 1826 

2. Brain 1.8 (CTV) 30 (265, 90) 1417 CTV, PTV, brainstem, 

optic chiasm, spinal cord, brain    (260, 0) 1388 

   (100, 0) 1410 

   (180, 0) 1335 

3. H&N 2.0 (CTV) 33 (180, 0) 2505 CTV, parotid, larynx, spinal cord, 

mandible, cochlea, brainstem, 

esophagus 

   (65, 345) 2800 

   (300, 20) 2580 

4. H&N 2.0 (CTV) 33 (300, 15) 4123 CTV, parotid, larynx, spinal cord, 

mandible, cochlea, brainstem, 

esophagus 

   (60, 345) 4217 

   (180, 0) 4114 

Abbreviations: CTV, clinical target volume; PTV, planning target volume; H&N, head and neck 216 

 217 

We implemented the proposed DEAOpt method, the conventional DoseOpt method, and 218 

the LETOpt method in four clinical cases retrospectively selected from our patient 219 

database: two patients with brain cancer and two with head-and-neck (H&N) cancer. For 220 

brain tumor patients, a prescribed dose of 1.8 Gy (RBE = 1.1) per fraction to the target 221 

volumes was planned in 30 fractions. The prescription dose of 2.0 Gy (RBE = 1.1) per 222 

fraction to the target volumes was applied for H&N cancer patients in 33 fractions. To 223 

simplify the problem, the doses prescribed to OARs were set to 0 in the optimizations. 224 

For all patients, beam angles were the same as those used in the clinical treatment. 225 

Although the target volume and location varied among the patient cases, at least one 226 

critical structure was close to or overlapped with the clinical target volumes (CTVs) or 227 



the planning target volumes (PTVs) in each case. More planning details are listed in 228 

Table 1. 229 

 230 

2.C. Plan evaluation 231 

To evaluate the quality of the treatment plans generated by the three optimization 232 

methods, fixed RBE (1.1)-weighted dose-volume histograms (DVHs) and c 233 

LETxD-volume histograms were calculated and displayed. The D98% and D2% of the 234 

DVHs in the targets were used to reflect the dose coverage and homogeneity, meanwhile, 235 

the D2% and Dmean of the DVHs in the OARs were used to assess the risk of exposure. In 236 

this study, a given volume, v%, of a structure, receives a dose level, d, or higher could be 237 

shown as Dv% = d.To measure the improvement in the tumor volume coverage and 238 

protection of the OARs due to the biological effect, c LETxD98%, c LETxD2%, and c 239 

LETxDmean of the LVHs were compared. All the plans were normalized to have 98% of 240 

the CTV covered by the prescribed dose. 241 

 242 

3. RESULTS 243 

 244 

Figure 2 shows the dose-, LETd-, and c LETxD-volume histograms of the CTV and 245 

brainstem for the IMPT plans optimized by DoseOpt, LETOpt, and DEAOpt in the brain 246 

tumor cases. The doses in the CTV and brainstem generated by the three approaches were 247 

comparable. For case 1, the D2% in the CTV was 56.67 Gy for the DoseOpt plan, 56.71 248 



Gy for the LETOpt plan, and 56.72 Gy for the DEAOpt plan. The D2% in the brainstem 249 

was 56.95 Gy for the DoseOpt plan, 56.73 Gy for the LETOpt plan, and 56.75 Gy for the 250 

DEAOpt plan. The mean dose in the brainstem was 23.80 Gy, 23.44 Gy, and 23.77 Gy for 251 

the DoseOpt, LETOpt, and DEAOpt plans, respectively (Table 2).  252 

 253 

Figure 2. Dose-volume histograms (first column), LETd-volume histograms (second 254 

column), and scaled LET-weighted dose (c LETxD)-volume histograms (third column) of 255 

the clinical target volume (CTV; top row) and the brainstem (bottom row) for three 256 

intensity-modulated proton therapy plans in brain tumor patient case 1. DoseOpt plan 257 

(green line), LETOpt plan (blue dashed line), and DEAOpt plan (red line). 258 

 259 

Table 2. Dose and linear energy transfer (LET)-weighted dose (LETxD; scaled by c = 260 

0.04 µm keV−1) values in the clinical target volume (CTV) and the brainstem for two 261 

brain tumor cases optimized by DoseOpt, LETOpt, and DEAOpt approaches. 262 



Tissue Dosimetric  

parameters 

Brain tumor case 1  Brain tumor case 2 

DoseOpt LETOpt DEAOpt  DoseOpt LETOpt DEAOpt

CTV D98% (Gy[RBE]) 54.00  54.00  54.00   54.00  54.00  54.00  

D2% (Gy[RBE]) 56.67  56.71  56.72   55.24  55.65  55.76  

c LETxD98% (Gy) 5.36  6.08  5.63   4.97  5.94  5.33  

c LETxD2% (Gy) 9.06  9.59  9.63   7.30  7.75  8.79  

Brainstem D2% (Gy[RBE]) 56.95  56.73  56.75   56.54  56.73  57.97  

Dmean (Gy[RBE]) 23.80  23.44  23.77   36.42  36.83  35.57  

c LETxD2% (Gy) 12.31  11.22  10.99   9.66  7.53  8.51  

c LETxDmean (Gy) 4.76  3.70  3.19   5.21  3.27  3.45  

Calculation Time (s) 176.86  300.48  202.34   394.96  774.40  563.92  

Abbreviations: RBE, relative biological effectiveness 263 

 264 

In terms of biological effect, both LETOpt and DEAOpt improved the LETd in the CTV 265 

and spared it in the brainstem. Since the dose distributions in the target and critical 266 

structures were similar for all three methods, the biological effect distributions had the 267 

same character as the LETd distributions. The c LETxD98% in the CTV was 5.36 Gy for 268 

the DoseOpt plan, smaller than the 6.08 Gy for the LETOpt plan and 5.63 Gy for the 269 

DEAOpt plan. The c LETxD2% in the CTV was 9.06 Gy for the DoseOpt plan, compared 270 

to 9.59 Gy and 9.63 Gy for the LETOpt plan and the DEAOpt plan, respectively. For the 271 

brainstem, the c LETxD2% was 12.31 Gy for the DoseOpt plan, 11.22 Gy for the LETOpt 272 

plan, and 10.99 Gy for the DEAOpt plan. The mean value of c LETxD was 4.76 Gy for 273 

the DoseOpt plan, higher than the 3.70 Gy for the LETOpt plan and 3.19 Gy for the 274 



DEAOpt plan (Table 2).  275 

 276 

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

0.04 µm keV−1) values in the clinical target volume (CTV) and the organs at risk (OARs) 278 

for two head and neck (H&N) tumor cases optimized by DoseOpt, LETOpt, and DEAOpt 279 

approaches. 280 

Tissue Dosimetric 

parameters 

H&N tumor case 1  H&N tumor case 2 

DoseOpt LETOpt DEAOpt  DoseOpt LETOpt DEAOpt 

CTV D98% (Gy[RBE]) 66.00  66.00  66.00   66.00  66.00  66.00  

D2% (Gy[RBE]) 68.39  68.55  68.64   68.36  68.71  69.09  

c LETxD98% (Gy) 7.12  7.11  7.17   5.72  6.07  6.28  

c LETxD2% (Gy) 11.66  12.11  12.52   8.78  9.40  9.91  

Larynx D2% (Gy[RBE]) 53.13  52.90  53.43   66.45  66.69  66.72  

Dmean (Gy[RBE]) 5.37  5.12  5.11   10.84  10.92  11.12  

c LETxD2% (Gy) 7.13  6.54  6.49   9.90  8.39  8.36  

c LETxDmean (Gy) 0.96  0.81  0.78   1.76  1.38  1.25  

Right 

parotid 

D2% (Gy[RBE]) 67.21  67.16  67.22   71.09  71.85  72.27  

Dmean (Gy[RBE]) 6.74  6.67  7.06   17.90  17.99  18.34  

c LETxD2% (Gy) 8.38  8.26  8.56   10.94  10.93  10.63  

c LETxDmean (Gy) 0.81  0.81  0.80   2.43  2.39  2.12  

Left 

parotid 

D2% (Gy[RBE]) 10.01  9.57  9.29   0.14  0.13  0.07  

Dmean (Gy[RBE]) 0.77  0.70  0.67   0.02  0.02  0.02  

c LETxD2% (Gy) 0.93  0.76  0.63   0.01  0.01  0.01  

c LETxDmean (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  



Abbreviation: RBE, relative biological effectiveness 281 

 282 

The results for brain tumor patient case 2 are shown in Appendix A and Table 2. The 283 

differences in dose and c LETxD distributions among the three IMPT plans were similar 284 

for the two brain tumor cases.  285 

 286 

The improvement in the target coverage and reduction of c LETxD to the critical 287 

structures with the LETOpt and DEAOpt plans for the H&N cancer cases was modestly 288 

lower than for the brain tumor cases, as illustrated in Figure 3, Table 3, and Appendix B. 289 

Compared with DoseOpt plans, the DEAOpt plans reduced the mean value of c LETxD 290 

by an average of 23.87% in the larynx for the H&N cancer cases and by an average of 291 

33.38% in the brainstem for the brain tumor cases. Meanwhile, the DEAOpt plans 292 

increased the c LETxD98% by 5.25% and the c LETxD2% by 10.13% on average in the 293 

CTV for the H&N cancer cases, lower than the average increment rate of 7.24% for the c 294 

LETxD98% and 13.35% for the c LETxD2% in the brain tumor cases. Thus, the DEAOpt 295 

plans improved the biological effect to the same degree as the LETOpt plans in both 296 

types of cases. However, the plans were not exactly the same. For example, the LETOpt 297 

plan increased the c LETxD2% in the CTV to 7.75 Gy, while the DEAOpt plan increased it 298 

to 8.79 Gy in brain tumor case 2. In this case, the LETOpt plan achieved a c LETxD98% 299 

value of 5.94 Gy in the CTV, higher than the 5.33 Gy for the DEAOpt plan. 300 



 301 

Figure 3. Dose-volume histograms (first column), LETd-volume histograms (second 302 

column), and scaled LET-weighted dose (c LETxD)-volume histograms (third column) of 303 

the clinical target volume (CTV; top row) and parotid glands (bottom row) for three 304 

intensity-modulated proton therapy plans in head and neck cancer patient case 305 

2:.DoseOpt plan (green line), LETOpt plan (blue dashed line), and DEAOpt plan (red 306 

line ). 307 

Figure 4 shows the dose and biological effect distributions for brain tumor case 1. For 308 

physical dose, there was no difference among the three plans. Both the DEAOpt plan and 309 

LETOpt plan avoided the hot spots of c LETxD in the overlap area of the brainstem and 310 



the target. Comparison with the DoseOpt plan also shows that c LETxD in the target 311 

improved for both DEAOpt and LETOpt plans. However, it is noteworthy that the 312 

DEAOpt plan restricted the high biological effect inside the target border more 313 

effectively than did the LETOpt plan, which caused the normal tissue adjacent to the 314 

target to receive a lower biological effect. 315 

 316 

Figure 4. Plan comparison for brain tumor patient case 1. The top row (subfigure a, b and 317 

c) shows the dose distributions (based on a constant RBE of 1.1). The bottom row 318 

(subfigure d, e and f) shows the distributions of LET-weighted dose scaled by c = 0.04 319 

µm keV−1 (c LETxD). The gross target volume, clinical target volume, planning target 320 

volume, and brainstem are contoured by green, black, cyan, and blue, respectively. 321 

 322 

4. DISCUSSION 323 



Current LET-based optimization methods11,13,17,19–21 use LET as a surrogate for RBE 324 

optimization11,21 because of the considerable uncertainties in the validity of RBE models 325 

and the almost linear relationship between LET and RBE.18 In addition, the high degree 326 

of freedom of the IMPT plan makes it feasible to produce satisfactory dose distributions 327 

while achieving desirable LET distributions.20 However, a drawback to the existing 328 

methods is that they use the inverse planning approach to optimize the LET distribution, 329 

which adds extra complexity,27 requiring calculation and evaluation of LETd or LETxD in 330 

each iteration of the optimization process. To overcome this challenge, our method 331 

includes a regularization term for each scanning spot to reduce the complexity of the first 332 

and second derivatives.  333 

 334 

The runtime of DEAOpt was, on average, 30.37% faster than that of LETOpt and 24.52% 335 

slower than that of DoseOpt (Table 2 and Table 3). The boost of computing time did not 336 

sacrifice plan quality; the DEAOpt plan’s biological effect and physical dose distributions 337 

were comparable with those of the LETOpt plan. Regarding treatment plan quality, i.e., 338 

physical dose and biological effect distributions, DEAOpt performed similarly as, or 339 

slightly better than, LETOpt. Although the present feasibility study cannot render a 340 

statistical power on superiority of either method, DEAOpt is shown to be a 341 

straightforward alternative to other inverse LET optimization approaches in order to 342 

avoid high LET in critical structures and normal tissues.   343 

 344 



In proton beams, LET continues to increase beyond the Bragg peak. We classified the 345 

scanning spots into four categories according to the topological relationship between their 346 

peak LETxD positions and different organs of interest (Figure 1). In Situation A, the peak 347 

LETxD position falls into the OAR area and outside the target region, meaning that the 348 

dose intensity in this scanning spot may aggravate toxicities in critical structures. Of 349 

course, this scanning spot also contributes to the dose in the border of the target, but it 350 

can be replaced by other scanning spots from different beams. In Situation B, where the 351 

peak LETxD position is in the overlap area of the target and OARs, the priority of 352 

treatment planning decides the penalty set. For example, if the first priority is to kill the 353 

tumor cells, we allow for a high biological effect in this area, which makes the penalty in 354 

this scanning spot close to 0; if protecting critical structures is the priority, a high penalty 355 

should be assigned to this scanning spot to restrain the biological effect in this area. For 356 

other situations, the peak LETxD position’s radius may cover the edge of OARs or the 357 

target. When the irradiated region overlaps with the target, the corresponding scanning 358 

spot will guarantee the homogeneity and coverage of physical dose in the tumor. 359 

Sometimes, when the overlap is with OARs, we should limit the intensity in this scanning 360 

spot. If the peak LETxD position is far away from all OARs and target, a high penalty 361 

should be set for this scanning spot to protect healthy tissues. 362 



 363 

Figure 5. Comparisons of the intensity in each proton energy layer for three beams with 364 

the DEAOpt plan, LETOpt plan, and DoseOpt plan in head and neck tumor case 2.  365 

 366 

Regardless of the optimization approach used to optimize the physical dose and LET, the 367 

objective is achieved mostly by shifting LET hot spots to other regions nearby or inside 368 

the target. Conventional treatment planning usually places the Bragg peaks at the distal 369 

edge of the target to maintain the dose coverage, which inevitably causes the region of 370 

high LET to be located in the periphery of the target. To keep protons stopping within the 371 

target region, location of the scanning spot at the distal edge of the target should be 372 

avoided. This would protect the normal tissue adjacent to the target from the risk of side 373 

effects associated with high LET. As shown in Figure 5, the DEAOpt plan deposits lower 374 

intensity at the last two proton energies in each beam than do the LETOpt and DoseOpt 375 

plans. Points in these two energy layers have the potential to release LET outside of the 376 

target. Nonetheless, there was no substantial difference in total intensity among the three 377 



plans, for which their dose distributions were similar. In this example, the total spot 378 

intensity from all spots of all beams was 28477.4, 30498.6 and 29232.3 for the DoseOpt 379 

LETOpt and DEAOpt plan, respectively. In other words, the DoseOpt plan indicates 380 

slightly fewer monitor units delivered than the other plans.  381 

 382 

Our research confirmed that biological effect optimization can be achieved by optimizing 383 

the location of scanning spots directly instead of using the inverse optimization method. 384 

The effectiveness of DEAOpt is highly dependent on the geometry of structures and the 385 

spot arrangement. As shown by Figure 5, our method tends to avoid spots in the beam 386 

distal edge because of the trade-off effect between dose and LET. In our H&N cancer 387 

cases, the DEAOpt method made a smaller difference than in our brain tumor cases 388 

because more OARs need to be protected during irradiation of H&N tumors. This 389 

phenomenon was also observed with the LETOpt plans. 390 

 391 

Although variable RBE has not been adopted in the clinical setting of proton therapy,  392 

the DEAOpt method could be readily adapted to an efficient alternative to variable RBE 393 

optimization given a designated RBE model. To do so, peak positions of variable RBE 394 

weighted dose (RBExD), instead of LETxD, are evaluated and optimized. For example, 395 

Figure 6 shows predicted RBExD based on three phenomenological RBE models (Carabe 396 

et al6, Wedenberg et al7, McNamara et al8) and cLETxD at three proton energies. Because 397 

DEAOpt only needs to calculate RBE once prior to optimization iterations, its 398 



computational efficiency would be comparable to conventional optimization approaches 399 

(RBE=1.1) as demonstrated in this study. 400 

     401 

Figure 6. Predicted variable RBE weighted dose (RBExD) based on three 402 

phenomenological RBE models (Carabe, Wedenberg and McNamara) and cLETxD (c = 403 

0.04 µm keV−1) at three selected proton energies (56.8, 110.5 and 219.6 MeV) based on 404 

α/β = 2 and α/β = 10. 405 

 406 

One of the limitations of the DEAOpt method is that it does not explicitly optimize the 407 

biological effect, or LETxD, distribution in the target. In order to do so, this method may 408 

be extended by adding negative penalties to the spots that are not identified to have 409 

normal tissue LET penalties, i.e., increasing LET in target. More importantly, DEAOpt 410 

could be used to provide a good starting point for IMPT biological optimization when 411 

prescriptions in terms of LET or RBE are possible in future clinical use. 412 

 413 



Another limitation of DEAOpt in this study is the manual setting of penalty weights for 414 

spot locations. Future improvement is needed to automate these weights to mitigate 415 

human dependence and increase effenciency. Currently, from our experience, the 416 

trial-and-error iterations of setting optimization parameters for this method were, at least, 417 

not more than the LET-based method that we implemented. For parameters specific in the 418 

DEAOpt method (𝜃), we found that a good starting point for the set of parameters 419 

ሺ𝜃஺, 𝜃஼, 𝜃஻, 𝜃஽ሻ could be (5, 1, 0.2, 0.1) for the cases included in our study. Nevertheless, 420 

biological optimization methods are generally more complex than standard ones that only 421 

optimizes physical dose, in terms of setting more input parameters, because of the 422 

tradeoff effect between physical dose and biological effect. To overcome this issue, 423 

auto-planning approaches and multi-criteria optimization become even more important. 424 

 425 

It is worth noting that the present study is based on matRad’s analytical dose and LET 426 

calculations, as well as a specific optimizer. It is possible the findings may differ if we 427 

used a different system. In Appendix C, we observed differences in dose and LET 428 

between two plans optimized in matRad and in an in-house Monte Carlo system20. In 429 

addition, the accuracy of LET calculation in matRad is limited due to the assumption of 430 

constant LET in lateral direction and excluding secondary protons.; This could lead to 431 

inaccuracy in determining the peak positions of cLETxD calculated in DEAOpt. 432 

Nevertheless, the purpose of the present study was to explore an computationally efficient 433 

planning approach with considerations of proton biological effect, and the DEAOpt 434 



methodology is independent from dose/LET engines. We will test its generality in our 435 

in-house Monte Carlo simulation and optimization system20,22 in the next study. 436 

 437 

Furthermore, the plans optimized here were not necessarily robust to treatment delivery 438 

uncertainties, even though DEAOpt plans tend to avoid locating high-intensity spots near 439 

the interface region between target and OARs, which should be in favor of plan 440 

robustness especially against beam range uncertainty. Thus, incorporating DEAOpt into 441 

an IMPT robust optimization framework could be straightforward and will be 442 

investigated in our future work.    443 

 444 

5. CONCLUSION 445 

In this study, we proposed and developed a distal-edge avoidance-guided optimization 446 

method to optimize IMPT plans in terms of their LETxD distributions without degrading 447 

the physical dose distributions, which are comparable to those of LET optimization plans. 448 

We used an influence index to quantify the contribution of the biological effect from each 449 

scanning spot on the basis of its topological relationship to different organs of interest. 450 

This method could be especially beneficial for patient cases where critical structures are 451 

adjacent to the target area. In addition, the DEAOpt approach is less complex 452 

computationally and therefore faster than the LETOpt approach. 453 

  454 
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Appendices 564 

565 

Appendix A. Dose-volume histograms (first column), LETd-volume histograms (second 566 

column), and scaled LET-weighted dose (c LETxD)-volume histograms (third column) of 567 

the clinical target volume (CTV; top row) and the brainstem (bottom row) for three 568 

intensity-modulated proton therapy plans in brain tumor patient case 2. DoseOpt plan 569 

(green line), LETOpt plan (blue dashed line), and DEAOpt plan (red line). 570 

 571 



572 

Appendix B. Dose-volume histograms (first column), LETd-volume histograms (second 573 

column), and scaled LET-weighted dose (c LETxD)-volume histograms (third column) of 574 

the clinical target volume (CTV; top row) and the organs at risk (larynx, middle row; 575 

parotid gland, bottom row) for three intensity-modulated proton therapy plans in head and 576 

neck tumor patient case 1. DoseOpt plan (green line), LETOpt plan (blue dashed line), and 577 

DEAOpt plan (red line). 578 

  579 



 580 

581 

Appendix C. Dose-volume histograms (left), LETd-volume histograms (right) of the 582 

clinical target volume (CTV) and the brainstem of matRad (solid lines) and Monte Carlo  583 

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


