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Abstract:
The purpose of this study was to investigate the feasibility of incorporating linear energy transfer (ILET)
into the optimization of intensity modulated proton therapy (IMPT) plans. Because increased LET
correlates with increased biological effectiveness of protons, high LETs in target volumes andilow LETSs
in critical structures and normal tissues are preferred in an IMPT plan. However, if not explicitly
incorporated into the optimization criteria, different IMPT plans may yieldssimilar physical dose

~
distributions but greatly different LET, specifically dose-averaged LET, distributions. Conventionally, the
IMPT optimization criteria (or cost function) only includes dose-based objectives in which the relative
biological effectiveness (RBE) is assumed to have a constant yalue,of 1.1.dn this study, we added LET-
based objectives for maximizing LET in target volumes and minimizing LET in critical structures and
normal tissues. Due to the fractional programming nature of‘the resttlting model, we used a variable
reformulation approach so that the optimization process is computationally equivalent to conventional
IMPT optimization. In this study, five brain tumor patientsswho had been treated with proton therapy at
our institution were selected. Two plans were,created for each patient based on the proposed LET-
incorporated optimization (LETOpt)rand the conventional dose-based optimization (DoseOpt). The
optimized plans were compared interms of both dose (assuming a constant RBE of 1.1 as adopted in
clinical practice) and LET. Both opt}nization approaches were able to generate comparable dose
distributions. The LETincorporated optimization achieved not only pronounced reduction of LET values
in critical organs, such.as brainstem and optic chiasm, but also increased LET in target volumes,
compared to the conventional dose-based optimization. However, on occasion, there was a need to
tradeoft the acceptability. of dose and LET distributions. Our conclusion is that the inclusion of LET-
dependentcriteria in.the IMPT optimization could lead to similar dose distributions as the conventional
optimization but superior LET distributions in target volumes and normal tissues. This may have

substantial advantage in improving tumor control and reducing normal tissue toxicities.
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1

2

2 40 1. Introduction

g 41  In clinical practice, proton therapy treatments to date have been prescribed at physical doses 10% lower

7

8 42  than those used in photon therapy. This paradigm is based on an assumption that doses.depositediby

9

10 43  protons are 10% more biologically effective than those by photons. In other words, the relative biological

11

12 44  effectiveness (RBE) of protons versus photons is considered to have a constant'value of 1:1. However, it

13

ig 45  is known that RBE is a complex variable dependent on many factors, including dose per fraction, linear
~

16 46  energy transfer (LET), tissue type, biological endpoint, etc. Nevertheless, proton therapy practitioners

19 47  continue to use the simplistic constant RBE due, in part, to the lack of reliable and accurate predictive
20

21 48  RBE models (Paganetti et al., 2002).

22

23 49

24

25 50 The LET, defined as the average energy transfer (ionization) per unit distance traveled by charged

27 51  primary particles (ICRU, 2011), increases slowly at first and:thén exponentially near the end of proton

ég 52  range. It is shown that increased LET leads to increased RBE, especially at the end of range of protons
g; 53  (Wilkens and Oeltke, 2004; Guan et al., 2015a), where the RBE value can be 1.3 or higher at the Bragg
22 54  peak and 1.6 or higher in the fall off region (in a few millimeters). Precautions in this respect have been
gg 55  taken into account in current proton treatment,planning by avoiding the use of beams whose distal edge
gé 56  may end up in or close to a critical structurés. In this way, the possible overshooting due to uncertainties

40 57  in dose distributions and the resulting damage of high LET/RBE protons to healthy tissues could be

58  prevented. However, this.measureay prevent the selection of potentially beneficial beam angles and

45 59  could diminish the'therapeutic value of proton therapy.

47 60

49 61  In passivelyscattered proton therapy (PSPT) and single field optimized intensity modulated proton

51 62  therapy (SEO-IMPT), high LET protons at the distal edge of each beam are unavoidably placed in normal
53 63  tissues just beyond the distal edges of target volumes. In multiple field optimized intensity modulated

64  proton therapy (MFO-IMPT), denoted as IMPT hereafter, intensities of beamlets from all incident beams

58 65, are simultaneously optimized to meet dosimetric requirements. IMPT thus has much higher degree of
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freedom for modulation than PSPT and SFO-IMPT. Previous studies have shown that highly modulated
fields in IMPT can produce equivalent physical dose distributions but greatly different LET distributions
(Grassberger et al., 2011; Giantsoudi et al., 2013). Therefore, in theory it is feasible for IMPT torproduce
satisfactory dose distributions while achieving desirable LET distributions, e.g., placement ofhigh LET
protons inside target volumes and away from critical normal tissues, guided by/innovative planning or

optimization techniques.

Although treatment planning and optimization methods that incorporate variable RBE of protons have
been explored (Wilkens and Oeltke, 2005; Frese et al., 2011), they.havemeot yet been implemented
clinically. This may be due to the reluctance to accept the resulting physical dose (i.e., RBE of 1.1)
distributions from such methods, which may not be consistent with‘€onventional practice. However,
recent clinical data have reported unforeseen normal tissue comiplications from proton treatments (Sabin
et al., 2013; Gunther et al., 2015) and their positive correlation with high LETs (Peeler ef al., 2016).
Subsequently, considering the RBE dependence on LET in treatment planning while preserving the
physical dose prescribed in current practice has been focused in recent studies (Bassler et al., 2010;
Giantsoudi et al., 2013; Bassler et/al., 2014; Fager et al., 2015; Unkelbach et al., 2016). We will discuss

these methods in the Discussioft sectiof:

The present study aimedto investigate the impact of incorporating LET criteria directly into IMPT
optimization. Both'dose and LET distributions could be optimized simultaneously in the proposed
approach. Dose-averaged LET was used to indicate LET values in this study. The goal of this
optimization'was set.te'not only produce satisfactory dose distributions but also to achieve reduced LET
distributions (thus lower biologically effective dose distributions) in critical structures and increased LET

in target volumes compared to plans created using conventional objectives.
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1

2

2 92 2. Methods and materials

2 93 2.1 LET-incorporated Optimization

7

8 94  The goal of LET-incorporated IMPT optimization in this study was to optimize dose and LET

9

10 95  distributions simultaneously. The objectives and constraints on doses were consistent with those used in

11

12 96  conventional IMPT optimization. The calculation and planning criteria of dosethere implicitly included a

13

ig 97 RBE of 1.1, as in current clinical practice. The optimization of variable RBEwas.not within the scope of
~

16 98 this study. The additive objectives of LET were, straightforwardly, maximization of LET in tumor targets

19 99 and minimization of LET in critical tissues and normal tissues.
20

21 100

22

23 101  Given that D;; and L;; indicate the dose and LET contribution, respectively, from beamlet j to voxel i in
25 102  unit intensity and w; indicates the intensity of beamlet j, the'total ddse D; and dose-averaged LET
og 103 (LETy) L; in voxel i are calculated as follows:

30 104 D; = Y ;D;jwj, (D

105 L= 2 DiLywj 2)

2jDijwj

35 106

37 107  The calculation of D;j and L;; was c{rried out by a previously validated fast Monte Carlo system (Yepes
40 108  etal,2016). Although LET is typically quantified in two averaging variants, i.e., track-averaged and

42 109  dose-averaged LET (Grassberger and Paganetti, 2011; Guan et al., 2015b), only the latter was used in this
44 110  study for consistency with most biological dosimetric analyses.

46 111

48 112 The general optimization model in radiation therapy including IMPT can be represented as follows in (3)-
113 (5):

53 114 min fp(w) = ”Ai(Di - Dipr)+||p 3)
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w; » 0. V) )
The minimization cost function is formulated by the deviation between the delivered (D;) and prescribed
(Dip ") doses of each voxel. Also a priority factor (4;) is assigned to each voxel or structure in order to
control the tradeoff between competing objectives. The lower and upper bounds of the doses are LB; and
UB;, which are adjusted for different structures and specific applications. It has been established that
quadratic (i.e., p = 2) and linear (i.e., p = 1) forms of the cost function (3) are eff\ective in optimizing
dose distributions for radiation therapy (Bortfeld, 1999; Chan et al., 2006; Jia et al., 2011; Cao et al.,
2013). In this study, a linear cost function (6) was used for performing the conventional dose-based

optimization (DoseOpt):

fow) =2

A A
er = D), ||+ (| (D& — Dier) Higfl@ico — DIZ5 )l + i IDienls, (©

where T, O, N are the set of voxels in target volumes, organs at risk (OARs), and normal tissues,
respectively. Optimization priority factors for penalizing.over-dosing and under-dosing on target, OAR

doses over the limit DJE8*, and normal tissue doses.are A+, A7, A, and Ay, respectively.

By adding two terms for maximizing dose-averaged LET in the target and minimizing it in OARs, the
cost function for LET-incorporated e@ptimization (LETOpt) was formulated as shown in (7). The

optimization priority factors for the two objectives are 8 and 8.

6 6
fiw) = fp(w) — |TT| ILierlly + |(;)| ILieoll1- (7
Note that threshold LET values and objectives for normal tissue LETs were not used in this study, but

they can be easily added forapplications. Constraints on doses were identical in DoseOpt and LETOpt.

Solving the L ET-incorporated optimization problem as formulated above essentially requires linear
fractional programming (LFP) techniques, because the LET component in the cost function is a ratio of

two linear questions, i.e., 3; D;;L;jw; and ¥ ; D; jw;, with regard to the optimization variable w;. Due to
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140  the linearity, the problem is quasiconvex and can be conveniently reformulated to a linear programming
141  (LP) problem. Here we apply the Charnes and Cooper variable transformation (Charnes and Cooper,

142 1962) by defining the original variable w; with two new variables x; and ¢, , e.g., w; =.x;/t. Assuming

©CoO~NOUTA,WNPE

10 143 x=w/D'wandt = 1/DTw for our problem analogically, where D! is the transposed dose ¢ontribution
12 144 vector for voxel i for computing one objective term in a cost function like (7),an equivalent linear cost

145 function can be formed as
15 ~

17 146 fu(x) = fp(x) —;9T—T|||ZjerDijLijxj||1 +%”Zjeo DijLijxj”l- (8)
o0 147

22 148  The reformulated LP model of LETOpt thus has an optimization variable x;, instead of the original

24 149  beamlet intensity wj, and an auxiliary variable t. Meanwhile, the d(Ee constraints defined by w; are

o7 150 changed to ones such as

29 151 tLB; K YjD;jxp<< tUB;, Vi ©)
31 152 x> 0. Vj (10)
153 After solving the reformulated LP{for LETOpt, 1.e.,(8)-(10), and obtaining the optimal solution of x;, the
36 154  beamlet intensity can be post-procéssed using w; = x;/t for the final dose and LET, calculation. In this
38 155  study, both DoseOpt and LETOpt models:were solved by the interior point method using a commercial
40 156  solver CPLEX v12.3 (IBM, NY{USA).

42 457

44 158 2.2 Patients and Freatment Planning

159  Five brain tumor patients that had been treated with proton therapy (PSPT or SFO-IMPT) at our

49 160 institution were selected for this study, including one glioblastoma, one anaplastic astrocytoma and three
51 161  ependymoma cases: Although the tumor size and location varied from one patient to another, in all cases,
53 162  ong or moresritical structures, e.g., brainstem or optic chiasm, were adjacent to or overlapped with gross
55 163  target volumes (GTVs) and clinical target volumes (CTVs). The prescriptions to target volumes and field

ST 164 arrangements were the same as those used in the clinical treatments. The doses prescribed to all OARs are
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set to zero in optimization. Table 1 lists patient information and specific treatment planning parameters

for the five patient cases.

Two IMPT plans were created for each patient case, one using the conventional dose-based optimization

and the other using the proposed LET-incorporated optimization. Each plan was based on:3D modulation

delivery (Lomax, 1999). The intensities of all beamlets from all treatment fields were simultaneously and
~

independently optimized, that is, MFO was applied. The simulation of plan-delivery and dose/LET

distributions was based on a discrete pencil beam scanning system commissiened at our institution (Gillin

et al.,2010).

It should be noted that all plans optimized by either DoseOpt or LETOpt were tailored to produce dose
distributions as similar as possible to those of the previous'clinical plans. If necessary, multiple
optimization runs were performed as trial and error, with-adjustment to criteria or priority factors, until
the plans were reviewed and found to be acceptable. “Our goal in this study was to investigate the impact
of LET-incorporated optimization omthe ability to manipulate LET distributions, not to improve dose
distributions. The detailed results of the patient studies, i.e., primarily the dosimetric data, are discussed in

the next section. N

3. Results

Table 2 summarizes six key indices each of dose and LET, based on the IMPT plans optimized by
DoseOpt and LETOpt for the five patient cases: dose and LET, for 1% and 99% of the GTV, the
maximum<ofdose anddL ET, for the brainstem, dose and LET, that are exceeded in 0.1 cc of the
brainstem,and the maximum and mean of dose and LETj, for the optic chiasm. There were only minor
differences (at most 4% averaged over all five patients) in all dose indices between the DoseOpt and
LETOpt plans. Meanwhile, there were pronounced differences in LET,y. The maximum LET, and LET, to

0tlcc of the brainstem were reduced from DoseOpt to LETOpt by an average of 19.4% and 23.7%,
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191  respectively. The maximum and mean LET for the optic chiasm were reduced by 21.1% and 21.9%,
192  respectively, and the LET, for 1% and 99% of the GTV were increased by 27.2% and 18.4%.

193

©CoO~NOUTA,WNPE

10 194  Plans optimized by DoseOpt and LETOpt for one glioblastoma case (Patient 1), are'.comparedin Figure 1.
12 195  Both the dose distributions and dose volume histograms (DVHs) confirmed that the dosesigenerated by
ig 196  the DoseOpt and LETOpt plans were comparable for this case. In terms of LETg; is shown by LET4

16 197 distributions and LET, volume histograms (LVHs), the sparing of the brainstem and the optic chiasm was
19 198 significantly improved. For the optic chiasm, the max LETy was reduced from 6.8 keV /um to 1.8 keV /
21 199  pm. However, the magnitude of the LET, increase in the GT Viwas,not as;pronounced as that of the LET4
23 200  decrease in the brainstem or the optic chiasm. Another comparison is shown in Figure 2 for one of the

25 201  ependymoma cases (Patient 3). The DoseOpt and LETOpt plans agdin had similar doses, although the

27 202 DoseOpt plan was worse for sparing of the brainstem in the low-dose region than the LETOpt plan was.
203  LETghotspots in normal tissues and the brainstem were greatly reduced by LETOpt, and LETOpt plans
32 204 had a larger area with high LET, distributed in the GTV and CTV than did DoseOpt plans. The DVHs

34 205 and LVHs for three other patient cases are included in Appendix A.

36 206

38 207  Optimized plans for the Patient 3 as}representative case are further compared in DVHs and LVHs in

40 208 Figure 2. One DoseOpt.plan and two LETOpt plans (1 and 2) are shown and compared. The ratio of the
209  optimization priority factor of the dose and LET objectives was set at one for the LETOpt plan 1 and ten
45 210 for LETOpt plan 2:In other words, plan 1 was optimized with ten times less priority given to dose

47 211  objectives, including ones for target volumes and critical normal tissues, than plan 2. For plan 1, although
49 212  the brainstéem'was not-well spared at low doses by LETOpt compared to DoseOpt, its exposure to high

51 213 LETs was greatly reduced with a decrease of 3 keV /um from the maximum LET,. Note that the similar

53 214  behavior wa§observed in Patient 4 and 5. For plan 2, the dose sparing of the brainstem was similar for

gg 215  LETOptand DoseOpt, but the benefit of LET sparing could not be achieved as it was in plan 1.

57

5g 216, Pronounced increases of LET, in target volumes were achieved by both LETOpt plans. However, the
59
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magnitude of increase was modestly lower for plan 2 than for plan 1 because higher optimization priority
was given to dose instead of LET in plan 2. The choice between plan 1 and 2 in clinic should be
determined by physician’s preference on different metrics such as maximum or mean dose to brainstem,
and boost in target dose, etc. We should note that the tradeoff effect between dose and LET metrics was
observed in all patient cases, while its magnitude and sensitivity to changing optimizationpriorities varied

among cases (as seen in examples shown in Figure 1, 2 and 4).

4. Discussion

Proton therapy is increasingly accessible to cancer patients (Chang.ef al32014; Schuemann et al., 2014).
Continuous improvement of this cutting-edge technology, including treatment planning, will allow its
theoretical benefits to be fully realized and its associated risks to be*minimized. Currently, the biological
uncertainties of protons remain a significant challenge to realize the full potential of proton therapy (Mitin
and Zietman, 2014). Despite extensive ongoing research toybetter understand the biological effectiveness
of protons and other heavy particles, including in vifro and in vivo animal studies as well as patient
response analyses, a variable RBE‘model, especially one dependent on tissue type and clinical endpoint,
has yet not been agreed upon for use in clinical treatment planning. From an alternative perspective,
incorporation of LET in treatment phnning assuming the dependence of RBE on LET, while ensuring no
or minimal changes to the.dose distributions used in current practice (with its simplistic constant RBE of
1.1), can be implemented. straightforwardly and immediately in the clinic to benefit patients. At our
center, we have begun evaluating the LET-incorporated optimization presented here in a clinical setting
for selected patientsiand expect to generate LET-optimized plans together with conventionally optimized

plans in the'clinical.routine for physicians to choose.

The presentstudy demonstrated that the LET-incorporated IMPT optimization can create preferred dose-
averaged LET distributions while maintaining satisfactory dose distributions. Optimization of LET, i.ec.,

maximization in target volumes and minimization in critical normal tissues as shown in our patient
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studies, is expected to boost the differential benefits of increasing the biological effect of protons in,tumor
and/or reducing it in healthy tissues compared to the current standard for brain tumor cases: Within dose-
exposed volumes, evaluation of LET can be used as another measure of plan quality, in additionitordose.
Moreover, one can also choose to use radiobiological models as additional indicators of plan quality, such
as the linear quadratic (LQ) cell survival model, tumor control probability (TCP), normal tissue
complication probability (NCTP), and RBE models. For example, Figure 3sshows the DVHs from

~
variable RBE-weighted doses based on a recently published RBE model (M¢Namara et al., 2015) for a
representative case (Patient 1). This demonstrates that the LET-incorporatedieptimization not only
increased the variable RBE-weighted dose for target volumes butialso reduced it for critical structures

compared to a plan conventionally optimized using constant RBE. Similar DVHs for other patient cases

can be found in Appendix B. v

LET painting approaches have been investigated for.ion (Bassler et al., 2010; Bassler et al., 2014) and
proton (Fager et al., 2015) therapies, in which planning methods such as splitting targets or adopting
opposite beam arrangements are used.to allocate the’high LET protons within target instead of normal
tissues. However, those techniques may require greater effort in planning, quality assurance, and delivery
than does the current practice because they use more planning volumes and beam angles. In contrast,
incorporating LET directly,intorthe optimization process may have certain practical advantages over the
LET painting techniques,and it.could be easily implemented in clinical settings. Such an approach as
presented in this work can adopt the same target volumes and beam arrangements that are used in
conventional PSPT and IMPT treatment plans. Meanwhile, ideas in LET painting such as avoiding the
distal edgesinitarget,boundary regions could be used to improve the benefits of LET-incorporated

optimization.

One recent study discussed a multi criteria optimization approach in which a set of IMPT plans were

created using various dose based objectives and constraints, then plans with superior dose and LET
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distributions were selected (Giantsoudi et al., 2013). While the advantage of this method is that multiple
competing plans can be generated, the disadvantage is that the performance on finding improved LET

distributions may be compromised because LET criteria are not included in optimizatien.

In another recent study, a two-step prioritized optimization approach was proposed: firsta;plan was
optimized using conventional dose criteria, and, in the second step, the plamwas optimized solely based
~
on the product of LET and dose as a surrogate of variable RBE weighted dese with constraints to limit the
change to physical dose distribution from the first step (Unkelbach et al., 2016). Prioritized optimization
may be an effective approach to managing the trade-off effect.bétween dese¢ and LET. However, the
optimality of LET optimization may be affected by the local minimum problem in nonconvex
optimization, as the second round of prioritized optimization uses:a®warm start. This is less of a problem
for simultaneous optimization approaches such as the one proposed in this study. However, our approach
has the drawback of requiring determination of good optimization priority factors to balance gains in dose

and LET. The comparison of the effectiveness and efficiency of different optimization strategies is also of

interest and will be an area of future study.

Our study confirms that the redistributed LET maps may compensate the cut of quality dose distributions
achieved by IMPT (Unkelbach et al., 2016). This was seen in Patient 3 and 5 where brainstem dose was
increased in the LET optimized plans at the low dose region compared to the dose optimized plan.
However, this is not always the case. For example, the LET optimized plan for Patient 1 in this study
achieved a greatly improved,LET distribution without degrading the physical dose distribution. The
varying magnitude,of the benefit of LET optimization may be attributed to patient anatomies and beam
arrangements. The trade-off effect between dose and LET merits should be thoroughly investigated in
future research. Methods such as multi-criteria optimization and beam angle optimization can be highly

helpful'in the search for superior dose and LET distributions.

Page 12 of 22
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295
296 5. Conclusion

297  In this study, a LET-incorporated IMPT optimization method was introduced. This method was able to

©CoO~NOUTA,WNPE

10 298  produce clinically satisfactory dose distributions while increasing dose-averaged LET in target.volumes
12 299  and reducing it in critical normal tissues for five selected brain tumor patient cases. The clinical

ig 300 application of this method requires no changes to the current treatment protocols ising a constant RBE

16 301  and therefore has a potential to bring an immediate improvement to IMPThin' enhancing tumor control and
19 302 reducing normal tissue toxicities.
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Table 1. Patient information and treatment planning parameters.

Patient Type of Prescription =~ Number of Number of Beams OARs included in
# Cancer Dose (Gy/fx)  Fractions  (non-coplanar) Optimization
1 Glioblastoma 2 (GTV) 30 2 Brainstem, Optic Chiasm,
1.67 (CTV) Rt Cochlea, Rt Optic
Nerve, Brain
2 Anaplastic 1.8 (GTV) 30 3 Brainstem, Optic Chiasm,
Astrocytoma 1.6 (CTV) Lt Cochlea, Lt Optic
Nerve, Brain
3 Ependymoma 1.8 (GTV) 30 3 Brainstem, Optic Chiasm,
Brain
4 Ependymoma 1.8 (GTV) 28 3 Brainstem, Optic Chiasm,
Rt Cochlea, Rt Temp
Lobe, Brain
5 Ependymoma 1.8 (GTV) 30 3 Brainstem, Rt
Hippocampus, Spinal
Cord, Brain
N
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396

397  Table 2. Dose (Gy) and Dose-averaged LET, i.e., LET,, (keV/um) indices of the IMPT plans optimized

398 by DoseOpt and LETOpt for five brain tumor patients. Max and mean values for doseand LETy arc based

©CoO~NOUTA,WNPE

10 399  onall voxels in corresponding structures, and the dose and LET to 0.11cc of the brainstem are reported.

12 400 Doseand LET, to 1% and 99% of the GTV are also reported.

15 Patient Dose Optimization LET Optimization
16 # Brainstem Chiasm GTV Brainstem Chiasm GTV
17 Max 0.lcc Max Mean 1% 99% Maxy,. 0.1cc /Max Mean 1% 99%

19 1  Dose |20 19 18 13 22 20 9 18 13 22 19
o LET, |81 71 68 49 35 14 18 14 37 16
22 2 Dose |20 18 20 12 21 18 |19 W18 20 12 21 18

LETy | 10.0 8.9 8.2 5.8 5.1 2.0 7.5 8.2 5.8 5.1 2.8

27 3 Dose [20 1.9 01 01 20 18 420 19 01 01 20 19
29 LET; |93 90 51 36 42 26 |68 63 45 33 70 3.0
31 4 Dose [20 19 02 01, 20,18 (20 19 03 02 20 18
LET, |51 47 44, 30 38 23 |46 43 35 21 51 23

36 5 Dose | 2.0 1.9 - - 2.0 1.7 2.0 1.9 - - 2.0 1.7

38 LET, | 13.5 12.4‘- N - 4.7 2.2 7.7 6.0 - - 6.1 2.7

40 Mean of % difference of LETy betweet DoseOpt and LETOpt | -19.4 -23.7 -21.1 219 272 184

42 401
45 402

47 403
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DoseOpt LETOpt

Brainstem

—=— DoseOpt
—*— LETOpt

Figure 1. Comparison of DoseOptiand LETOpt plans for Patient 1. Panels (a) and (b) show dose
distributions (based on a constant RBE of'1:1) for the DoseOpt and LETOpt plans. Panels (c) and (d)
show dose-averaged LET distributions:for the DoseOpt and LETOpt plans. Panels (¢) and (f) are dose-
and LET-volume histograms forthe GTV (red contour), CTV (yellow contour), brainstem (black

contour), optic chiasm (magenta contour).
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Figure 2. Dose (RBE=lnl).and dose-averaged LET volume histograms of the IMPT plans optimized by
DoseOpt (solid lines).and LETOpt (dashed lines) for Patient 3. Two LETOpt plans (1 and 2) are shown
here to illustrate thetrade-off effect between dose and LET objectives. Each LETOpt plan is compared to
the Dose@pt plan. The'ratio of the optimization priority factor between the dose and LET objectives is 1

for the LETOpt plan 1 and 10 for the LETOpt plan 2.
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Figure 3. Dose volume histograms of the IMPT plans optimized by4DoseOpt (solid lines) and LETOpt
(dashed lines) for Patient 1. The RBE here is variable and calculated based on a recently published RBE

model (McNamara et al., 2015). The required tissue parameters are obtained from literature (Frese ef al.,

2011).

AUTHOR SUBMITTED MANUSCRIPT - PMB-106298.R1

0.8F

0.6

0.41

0.2

Fraction of Volume

Dose Volume Histogram

S ——

CTV %

Optic Chiasm™_

0.5 1 1.5 2

Dose (Gy[RBE])

Page 20 of 22



Page 21 of 22 AUTHOR SUBMITTED MANUSCRIPT - PMB-106298.R1

432  Appendix A. DVH and LVH for plans optimized by DoseOpt and LETOpt for patient 2, 4 and 5.
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48 435 Figure 4. Dose- and LET;-volume histograms of the IMPT plans optimized by DoseOpt (solid lines) and
50 436  LETOpt{dashed lines) for Patient 2, 4 and 5.
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Appendix B. DVH in terms of variable RBE for plans optimized by DoseOpt and LETOpt for

patient 2, 3, 4 and 5.
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Figure 5. Dose volume histograms of the IMPT plans optimized by DoseOpt (solid lines) and LETOpt
(dashed lines) for Patient 2, 3, 4 and 5. The RBE here is variable and calculated based on a recently

published RBE model (McNamara et al., 2015). The required tissue parameters are obtained from

literature (Frese et al., 2011).
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