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Abstract

We have developed a robust optimization approach for intensity modulated proton

therapy treatment plans with multi-isocenter large fields. The method creates a low-

gradient field dose in the junction regions to mitigate the impact caused by misalignment

errors and is more efficient than the conventional junction shifting technique.

Keywords: craniospinal irradiation; mesothelioma; optimization; intensity modulated proton

therapy

Introduction
Proton therapy is being used for an increasing range of disease sites as a result of the

development of patient-specific planning and delivery techniques that improve the

therapeutic ratio by taking advantage of finite proton ranges in patients [1–6]. For large

and irregularly shaped tumors, such as those requiring craniospinal irradiation (CSI) [4, 5,

7] and mesothelioma irradiation [3], techniques are being developed at our center. In

those cases, the size of the target volume normally exceeds the mechanical limitations of

the treatment field size, and multiple fields with different isocenters must be matched

together to cover the target [8, 9]. Normally, the field dose in the junction area has a steep

gradient, which makes the treatment plan sensitive to misalignment errors, and even

small uncertainties can significantly affect dose uniformity. Traditionally, preventing the

risk of dose deviation in junction regions usually requires a manual shift of the field

junctions, which can be technically challenging.

In conjunction with the development of the ability to apply intensity-modulated proton

therapy (IMPT) to more disease sites, there has been major progress in the robust

optimization techniques [10–13]. Robust optimization methods have been developed for

mitigating the effects of proton range, setup, and anatomical motion uncertainties on dose

delivered to a patient. However, none of the robust optimization methods reported in the

literature are dealing with junction mismatch, which is special for large and irregular targets.

Here, we introduce a general robust optimization approach for IMPT plans with multi-

isocenter large fields. This approach incorporates field misalignment uncertainties during

the optimization process and generates a low-gradient field dose in junction regions.
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Materials and Methods

We selected one CSI case and one mesothelioma case to demonstrate the use of the proposed approach. Both patients

underwent the simulation in the supine position. Images were obtained from patients in the treatment position with a multi-slice

computed tomography scanner at a 2.5-mm slice thickness. Target structures and organs at risk were outlined by experienced

dosimetrists or radiation oncologists. The clinical target volume (CTV) in the CSI patient comprised the brain and spinal canal

and was extended caudally to just beyond the thecal sac. In the mesothelioma patient, the gross tumor volume encompassed

gross disease on the postsurgical positron emission computer tomography scan, the CTV was contoured by radiation

oncologist, and the planning target volume (PTV) was consist with a 0.5-cm margin expansion around the gross tumor volume

plus a 6-mm internal margin and a 1-cm external margin expansion on CTV.

For the CSI patient, a radiobiological equivalent dose of 36 Gy in 1.8-Gy fractions was prescribed for CTV. For the

mesothelioma patient, the prescription dose was 45 Gy in 1.8-Gy fractions to PTV. For contouring, spot arrangement, and

dose we used the Eclipse version 13.0 system (Varian Medical Systems, Palo Alto, California). The robust optimization was

performed using an in-house proton treatment planning system [10]. All plans were normalized to 95% of target volume (ie,

CTV for the CSI patient and PTV for the mesothelioma patient) received 100% prescribed dose. The homogeneity index

(homogeneity index¼D5/D95) was used to evaluate the target dose uniformity. The beam has a spot size with a diameter of

approximately 1.6–2.2 cm (full width half maximum).

Field Setup and Spot Arrangement

Figure 1A–C shows representative axial, sagittal, and coronal views with marked field projections for the CSI patient. Two

brain fields with the same isocenter are typically angled 158 posteriorly from the horizontal plane to reduce the dose to the lens

(Figure 1A). For each field, the corresponding CTV included the brain contour and a portion of the upper spine contour that

extended approximately 1 to 2 cm superior to the shoulders (Figure 1D). The spinal fields were equally spaced along the spine

axis, and the isocenters were designed to minimize the total number of spinal fields and maximize the field overlap region for

junctions (Figure 1B and C). The target covered by the spinal field immediately inferior to the brain fields may include the

upper spine as well as portions of the brain target (Figure 1E). The maximum field size of our system is 30 cm 3 30 cm; to

maximize junction size, we applied a 458 couch rotation for spinal fields (Figure 1C–F).

Figure 1G and H shows representative axial and sagittal views with marked field projections for the mesothelioma patient.

The PTV was covered by 4 fields (Figure 1G): 2 upper fields with 1 isocenter matched with 2 lower fields with another

isocenter (Figure 1H). The corresponding targets for the upper and lower fields are shown in Figure 1I and J.

For both patients, the spot arrangement volume of each field was expanded by 8 mm uniformly in all directions from the

corresponding target contour.

Robust Optimization and Uncertainty Setup

In our in-house proton treatment planning system, the worst-case dose algorithm is adopted for robust optimization. In this

algorithm, the dose distributions from different scenarios, including the nominal dose (ie, without uncertainties) and different

uncertainty setups, are computed. The worst-case dose distribution is represented by the maximum (for overdosage) or

minimum (for underdosage) dose from all computed dose distributions in each voxel corresponding to specific structures. The

formulation can be described as follows:

MinFRobust ¼
X

i�T

wT ;minðDi ;min � Dp;T Þ2

þ
X

i�T

wT ;maxðDi ;max � Dp;T Þ2

þ
X

i�OAR

wOARðDi ;max � Dp;OARÞ2þ

Where Di is the worst-case dose at voxel i, Dp is the prescription dose for the target or OAR, w is the penalty weight of the

specific structure; the step function (Di,max – Dp,OAR)þ equals (Di,max – Dp,OAR) if Di,max . Dp,OAR but zero if Di,max � Dp,OAR.

We designed 2 uncertainty scenarios for robust optimization to simulate misalignment errors that may occur at all field

junctions. In these scenarios, field isocenters shift 63 mm in the superior–inferior direction alternately. For example, for the
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CSI patient, 2 brain fields are shifted by�3 mm, and the first and second spinal fields are shifted byþ3 and�3 mm in scenario

I, respectively. In scenario II, the fields are shifted by 3 mm in the opposite direction with respect to scenario I.

Plan Robustness Evaluation

Robust optimized and conventional nonrobust IMPT plans were generated for both patients. Alternating isocenter shifts of 3

mm per field (6-mm total error) were performed to simulate the longitudinal mismatching error for robustness analysis. The

dose profiles in the junction regions were used to demonstrate the deviation caused by misalignment uncertainty. For the CSI

patient, robust IMPT plans with different junction sizes (8, 12, 16, and 26 cm) were generated to illustrate the relationship

between junction size and dose deviation, and the robustness of a robust optimized IMPT plan with a large junction size was

compared with that of a robust optimized treatment plan with a small junction and conventional junction shifting.

Results
First, we evaluated the robustness of the dose distribution in field junctions for the robust and conventional IMPT plans for the

CSI patient. As shown in Figure 2A, the field dose in the junction region has a low smooth gradient in the robust IMPT plan but

is irregular (not smooth) in the conventional IMPT plan (Figure 2B).The hot and cold doses were evenly distributed in the

junction region in the robust plan, and the deviation for the simulated error was around 5% (Figure 2A), which is significantly

Figure 1. Field arrangement for

the craniospinal irradiation

patient (A–F) and

mesothelioma irradiation

patient (G–J). (A) Two brain

fields. (B) Upper spine field.

(C) Lower spine field. (D–F)

Corresponding target volumes.

(G) Axial view. (H) Sagittal

view. (I, J) Target volumes

corresponding to the 2 upper

and 2 lower fields,

respectively. Field isocenters

are indicated (blue cross).
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smaller than the 20% deviation in the conventional plan (Figure 2B). Similar results were observed for the mesothelioma

patient (Figure 2C and D).

Figure 2E shows the dose profiles in robust IMPT plans for the CSI patient with different junction sizes (8, 12, 16, and 26

cm) and a 3-mm misalignment error. And the uncertainty yield was 9.9%, 5.4%, 4.5%, and 2.6% dose deviation in the junction

region for the IMPT plans with 8, 12, 16, and 26 cm junction size, respectively. For a given uncertainty level, the dose deviation

decreased as junction size increased. This result is also consistent with the results reported in previous studies [4, 5]. The

relationship between dose deviation, uncertainty, and junction size can be roughly simplified as follows:

Dose deviationð%Þ ¼ Uncertainty

Junction size
3 100%:

Figure 2F demonstrates 2 strategies to increase the robustness of the misalignment errors: a robust IMPT plan with an 18-

cm dose junction and a robust IMPT plan with a 7-cm dose junction and junction shifting. The second plan included 3

subplans, each delivering 1/3 of the total dose. The total lateral dose profiles for the 2 plans are quite similar. Each subplan in

the second plan has large dose deviations, but shifting the junction helps to spread the uncertainty. Thus, in general, the dose

deviations of the 2 plans are similar. This result suggests that if the overlapping region is sufficiently enlarged, the shifting of

junctions will not be necessary for the robust IMPT plan.

The dose-volume histograms of robust and nonrobust IMPT plans are illustrated in Figure 3. The tradeoff between target

uniformity and robustness between robust and nonrobust IMPT plans was within 1.5% for the 2 patients. For the CSI patient,

Figure 2. Dose color wash and

corresponding dose profiles of

the robust and conventional

intensity modulated proton

therapy (IMPT) plans for the

craniospinal irradiation patient

(A, B) and the mesothelioma

patient (C, D). The dose color

wash and dashed lines

represent the dosimetric

deviations resulting from a 3-

mm alternating misalignment

error (brain fields, �3 mm;

upper spine field, þ3 mm;

lower spine field, �3 mm). (E)

Dose profiles in junctions for

the craniospinal irradiation

IMPT plans with junction sizes

of 8, 12, 16, and 26 cm and a

longitudinal misalignment error

of 3 mm per field (total, 6 mm).

(F) Robustness comparison

between a robust IMPT plan

with a large dose junction (18

cm) and a robust IMPT plan

with a small dose junction (7

cm) and junction shifting for

the craniospinal irradiation

patient.
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the homogeneity index scores of the spinal cord, brain, and cribriform plans were 1.041, 1.051, and 1.030, respectively, in the

robust IMPT plan compared with 1.036, 1.045, and 1.025, respectively, in the nonrobust IMPT plan. And the mean doses of the

left lens and right lens were increased from 8.9 and 8.7 Gy to 10.3 to 10.1 Gy from the nonrobust plan to the robust plan,

respectively. For the mesothelioma patient, the robust IMPT plan achieved a plan of similar quality to the nonrobust plan in

nominal scenario.

Discussion
Robust optimization is aimed at reducing uncertainty in IMPT. Whereas previous studies only investigated setup errors in

single-isocenter treatment plans [10], the current study provides, to our knowledge, the first demonstration of efficient

integration of intrafractional setup errors for multi-isocenter fields into a general robust planning algorithm. Such robust

optimization is especially important for treatment planning for large, complex, and irregularly shaped targets.

Many strategies have been proposed to handle field misalignment errors during treatment. For CSI treatment planning, a

volumetric gradient dose optimization (GDO) methodology [14] was recently introduced for IMPT technology [4, 5]. The GDO

method, which was initially introduced for volume-modulated arc therapy (VMAT) planning [14], is a 2-step manual planning

approach. In this method, gradient volumes are generated in the overlap regions as 4 equally spaced sections. The first step is

to optimize the first volume field so that the 4 gradient volumes receive 80%, 60%, 40%, and 20% of the prescribed volume.

The second step is to optimize the second field separately so that the 4 gradient volumes receive 20%, 40%, 60%, and 80% of

the prescribed volume. This method, which produces a tapered dose distribution in the junction regions, has several

limitations: (1) in both VMAT and IMPT planning, the GDO method increases the optimization time significantly, since the

manual GDO requires delineation of structures for optimizing the dose in the junction and running extra optimizations; so, an

automatic process is desired; (2) in the GDO method, the assigned field dose in gradient volumes was not continuous, so it is

hard to produce a more general tapered dose distribution for large junction sizes; and (3) the GDO method applies single-field

optimization. This process cannot be used for mesothelioma cases since it often requires at least 2 fields for each isocenter. A

nonoptimal GDO solution for a large overlap region has been described for a VMAT optimization [14].

An important finding of the current study is that dose gradients that are low and tapered in field junctions can be achieved

through a robust optimization that is simpler and much more general than manual single-field optimization [4, 5]. Our approach

overcomes the limitations of the GDO method in that it (1) is automated, (2) can be used for any junction size, and (3) uses

multi-field optimization and can be used for large and complex targets. In addition, as the use of scanning beam proton therapy

is increasing, the robust optimization planning method is being implemented in commercially available treatment planning

systems, such as Eclipse V13.7 system (Varian Medical Systems). So, our general robust optimization method for multi-

isocenter large field treatment plan can be easily applied in other proton therapy center. Our work is the first to report the

utilization of this automatic process for 2 distinct disease sites.

As shown earlier, robust IMPT greatly improves the efficiency of treatment over conventional IMPT. For the CSI treatment,

one of the important results is that junction shifting was not necessary. For the mesothelioma treatment, the second isocenter

was set up simply by shifting the couch during treatment, since the plan is robust enough to accommodate intrafractional

junction shifting. Currently, our center uses the robust optimization planning approach for complex-target treatments and can

perform CSI or mesothelioma IMPT in 45-minute sessions.

Although robust optimization tools have been well developed, planners still lack experience in clinical application. The setup

of uncertainty scenarios is crucial for the use of robust optimization in clinical practice. The inclusion of too many scenarios will

Figure 3. Dose volume

histograms of robust and

nonrobust intensity modulated

proton therapy (IMPT) plans

for the craniospinal irradiation

patient (A) and the

mesothelioma patient (B).

Solid lines: robust IMPT plan;

Dashed lines: nonrobust IMPT

plan.
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increase the computation burden and thereby prevent optimization in an acceptable time frame, whereas the inclusion of too

few scenarios may not guarantee robustness. More experience is also needed in determining how to balance the plan’s

robustness and quality in nominal scenarios. For example, in determining how to increase the dose conformality in brain target

and keep taped dose in junction in a CSI case. The uncertainty scenarios can change to 2 brain fields, which are kept still, and

the first and second spinal fields are shifted by 63 mm. The dose-volume histograms of this uncertainty setting are

demonstrated in Figure 4. It shows that in the brain a target robust IMPT plan achieved the same plan quality of a nonrobust

IMPT plan in a nominal case. The selective robust optimization strategies [15] can also apply to increasing the dose uniformity

in nominal cases. In this study, we only discussed uncertainty scenarios to generate a robust field junction. The conventional

interfractional patient setup uncertainties and system range uncertainties can also be integrated into treatment plan

optimization.
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