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Abstract

Purpose: To introduce a knowledge-based planning (KBP) framework for in-
tensity-modulated proton therapy (IMPT) that generates patient-specific
dose-volume histogram (DVH) objectives using a database of geometric and
dosimetric data from previously treated esophageal cancer patients. Methods:
The framework employs overlap-volume histogram (OVH) to quantify spatial
relationship between organs at risk (OARs) and targets. For a new patient,
OVH is calculated from DICOM CT and RT-structure and compared with
those in a reference database to derive individualized DVH objectives for
IMPT optimization. The reference database contains pre-calculated OVHs
and DVH data for targets and OARs from previously clinically delivered plans.
Eighteen patients with locally advanced esophageal cancer treated with IMPT
were retrospectively analyzed. KBPs were created using a leave-one-out ap-
proach: DVH objectives for each KBP were generated from the remaining 17
patients and applied in the RayStation TPS for IMPT optimization. KBPs were
compared with clinical plans (CPs: clinically delivered plans, manually created
by planners) in target coverage and OAR sparing. Results: KBPs achieved
comparable dosimetric quality to CPs in target coverage. OAR sparing was
generally similar, with a significantly reduced spinal canal dose in KBPs. Con-
clusions: This study demonstrates the feasibility of an OVH-driven KBP
framework for IMPT in esophageal cancer. By leveraging geometric-dosimet-
ric correlations from prior patients, the method enables the automatic gener-
ation of individualized planning objectives, achieving plan quality comparable
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to clinical standards.

Keywords

Knowledge-Based Planning, IMPT, Esophageal, Overlap-Volume Histogram

1. Introduction

The incidence of esophageal adenocarcinoma has been increasing over recent dec-
ades [1]-[5]. For patients with locally advanced disease, tri-modality therapy—
comprising chemotherapy, radiotherapy, and surgical resection—remains the
standard of care. Conventional radiotherapy, which employs megavoltage photon
beams delivered using three-dimensional conformal radiation therapy (3D-CRT),
intensity-modulated radiation therapy (IMRT), or volumetric modulated arc
therapy (VMAT), represents the established standard approach in radiotherapy
[6].

In the last decade, proton beam therapy (PBT) has emerged as an alternative
radiation modality [7]. The defining physical property of proton beams—the
Bragg peak—enables precise dose deposition with no exit dose, thereby improving
sparing of healthy tissues distal to the target volume. This characteristic represents
the principal dosimetric advantage of protons over photons [8]. Comparative
studies of PBT versus IMRT/VMAT for esophageal cancer have consistently
demonstrated significant reductions in radiation exposure to the heart and lungs
[8]-[13]. These findings underscore the potential of PBT to improve treatment
outcomes for tumors located near critical organs-at-risk (OARs), including the
lungs, heart, kidneys, bowel, stomach, and spinal canal.

As with IMRT, intensity-modulated proton therapy (IMPT) planning relies on
an iterative, trial-and-error optimization process that can be time-consuming and
subject to inter-planner variability. Enhancing planning efficiency and ensuring
consistent plan quality therefore remain major challenges in IMPT.

Knowledge-based planning (KBP) is a data-driven methodology originally de-
veloped for IMRT to improve planning efficiency and plan quality consistency
[14]-[19]. One KBP strategy developed by our group is the overlap-volume histo-
gram (OVH)-driven KBP method, whose feasibility and effectiveness have been
demonstrated across multiple anatomical sites [15]-[19]. Several commercial im-
plementations of KBP are now clinically available [20]-[22].

The present study extends the OVH-driven KBP approach to IMPT for esoph-
ageal cancer. Its primary objectives are:

e To apply the OVH-KBP methodology, originally developed for IMRT, to
IMPT in a cohort of esophageal cancer patients; and

e To evaluate whether the KBP-guided IMPT plans are comparable in quality
to manually created clinical plans (CPs) while improving planning efficiency.

Here, CPs refer to IMPT plans manually generated by planners and clinically
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delivered to patients.
As a side note, planning and optimization time for KBP generation was not
recorded in this study, as these metrics have been reported in our previous publi-
cations [15] [19].

2. Methods and Materials
2.1. Knowledge-Based Planning (KBP) Model

A well-established data-driven auto-planning methodology, originally developed
for IMRT [15]-[19], was adapted for IMPT planning. The central premise is that
patients with similar anatomical configurations of targets and OARs should
achieve similar dose-volume histograms (DVHs) in inverse planning. At the core
of this approach is the overlap-volume histogram (OVH), a one-dimensional
function v = OVH (r) that characterizes the spatial relationship between an OAR
and a target. The OVH quantifies the fractional volume v of an OAR (normalized
by the total OAR volume) that lies within a distance r from the target surface.

It is hypothesized that v = OVH (r) directly correlates with the OAR’s cumula-
tive DVH v’ = DVH (D), where v’ represents the fractional volume of the OAR
(normalized by the total OAR volume) receiving dose D or higher. Assuming that
OVH and DVH curves share the same factional volume axis v (or v’), a point-to-
point mapping between OVH distance r and DVH dose D can be established for
a specific OAR-and-target pair [19]. A database of OVH and DVH data from the
previously delivered clinical plans is then to establish the statistical correlation
between distance and dose. By comparing OVH of new patients to the established
correlation between distance and dose in the database, the OAR’s DVH objectives
of new patients are derived and utilized in planning. The details of our OVH-KBP
approach can be found in publications [15]-[19].

2.2. Patient Characteristics

DICOM sets of computed tomography (CT), RT-structure, and RT-dose from 18
patients previously treated with IMPT (age: 71.3 + 12.9 years, Male/Female: 11/7,
tumors located in the middle to lower third of the esophagus) in our institution
are selected for this study. Thirteen patients presented with advanced adenocarci-
noma (T3N1MO or T3N2MO), five patients with squamous cell carcinoma, and
one patient with T4 neuroendocrine carcinoma.

The gross tumor volume (GTV) was delineated based on initial staging PET/CT,
endoscopy findings, and planning CT according to institutional and consensus-
based guidelines on free-breathing CT [13]. The GTV encompassed the entire
esophageal wall involved by disease, as well as any PET/CT-avid or enlarged
lymph nodes. The clinical target volume (CTV) included peri-esophageal lymph
nodes (corresponding to a 3 - 4 cm superior-inferior expansion from the GTV
and a 1.0 - 1.5 cm radial expansion), as well as other at-risk regional lymph nodes

at the discretion of radiation oncologist. The lungs, heart, liver, kidneys, stomach,
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bowels, and spinal canal were contoured as OARs.

Dose prescriptions were 41.4 Gy (RBE: relative biological effectiveness) in 23
daily fractions (n = 4) or 45 Gy (RBE) in 25 daily fractions (n = 14), per institu-
tional practice. Patients were simulated using 4D-CT, and target and OARs were
contoured on average CT. Abdominal compression was routinely applied for tar-
get motion greater than 5 mm. Planning dose-volume objectives for target vol-
umes were: mean dose of 41.4 Gy (RBE) or 45 Gy (RBE) to the GTV and CTV
respectively. Target coverage required a minimum of Vg, = 98% for both CTV
and PTV. For all targets, the Dy was minimized as much as possible. Planning
objectives for OARs were as follows:

e  Lungs: mean dose < 32 Gy, V3o < 20%;

e  Heart: mean dose < 10 Gy, Vsogy < 10%;

e Liver: mean dose < 15 Gy;

¢ Kidneys: mean dose < 15 Gy, Vacy < 32%;

e  Other OARs: doses (Dmean Or Dig) were minimized as much as achievable

without compromising target coverage.

2.3. IMPT: KBPs and CPs Generation and Comparison Criteria

Eighteen patients with locally advanced esophageal cancer treated with IMPT
were retrospectively analyzed. KBPs were created using a leave-one-out approach:
DVH objectives for each KBP were generated from the remaining 17 patients and
applied in the RayStation-RS-11A version (RaySearch Laboratories, Sweden) TPS
for optimization. Therapeutic proton beams were delivered by a Mevion S250i
system with pencil beam scanning (Mevion Medical Systems, Littleton, USA) [23]
[24]. Dose distributions were optimized using the Monte Carlo engine with energy
layer spacing set at 1 and spot spacing at 0.6. The actual physical spacing between
layers and spots varied depending on beam energy: higher energies resulted in
larger layer separation, while lower energies had smaller separation; smaller spot
spacing increased spatial resolution. Multifield simultaneous spot optimization
was used, with a constant RBE of 1.1 applied.

For KBPs, a class solution geometry was used with two posterior oblique fields
at gantry angles of 140° and 220°. CPs had beam angles determined by individual
planners, generally around 140° and 220°. In both KBPs and CPs, robust optimi-
zation was applied to the CTV to account for setup and range uncertainties, con-
sidering +5 mm shifts in the isocenter along the x, y, and z axes and +3.5% in
beam range. Robust optimization ensures that plans meet clinical objectives under
various uncertainty scenarios.

Dosimetric evaluation was performed using DVH metrics, including mean dose
to targets and OARs; Dy: the dose covering x% of the OAR’s volume; Vy: the vol-
ume receiving at least x Gy. All doses are reported in Gy (RBE). Metrics were ex-
pressed in relative (%) or absolute in cc (cm?). Statistical comparisons between
CPs and KBPs were performed using Student’s t-test, with significance defined as
p <0.05.
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3. Results
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Figure 1. Average achieved DVHs for the GTV, CTV and OARs for CTV prescription of 41.4 Gy (RBE). Data is shown for CPs (red

line) and KBPs (blue line).
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Figure 2. Average achieved DVHs for the GTV, CTV and OARs for CTV prescription of 45 Gy (RBE). Data is shown for CPs (red

line) and KBPs (blue line).
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Figure 1 and Figure 2 present the achieved average DVHs for the CPs and KBPs
across target volumes and OARs for prescription levels 41.4 Gy and 45 Gy respec-
tively. Quantitative dose-volume parameters extracted from individual patient
DVHs are summarized in Tables 1-4, including mean values, clinical planning

goals, and interpatient standard deviations.

Table 1. Summary of the planning objectives of the CTV prescription of 41.4 Gy (RBE).

Objectives CPs KBPs p

GTV
Mean [Gy] 41.4 50.34 £ 4.46 45.61 = 0.76 0.21
Dis [Gy] Minimize 54 +3.92 4743 +1 0.17
Voso 298% 100% 100% 0.17

CTV
Mean [Gy] 41.4 49.05 + 4.03 44.97 £ 0.18 0.29
Dy [Gy] Minimize 51.78 £ 3.96 47.96 = 0.09 0.18
Vogo >98% 98.77 £ 2.19 96.18 +2.73 0.43
HI Minimize 1.02 £ 0.12 1.19 £ 0.53 0.05

Table 2. Summary of the planning objectives of the CTV prescription of 45 Gy (RBE).

Objectives CPs KBPs p

GTV
Mean [Gy] 45 53.16 + 4.89 46.84 + 0.69 <0.05
Dy [Gy] Minimize 54.79 £ 5.05 48.5+1.05 <0.05
Vosy >98% 100 99.27 + 1.81 0.17

CTV
Mean [Gy] 45 51.76 + 4.41 46.44 + 1.1 <0.05
Dy [Gy] Minimize 55.45 + 5.53 48.37 + 1.26 <0.05
HI Minimize 1.04 £ 0.09 1.09 £ 0.02 0.75
Voss >98% 99.76 + 0.29 97.76 £ 1.15 <0.05

Table 3. Summary of the average results for the OARs of the CTV prescription of 41.4 Gy

(RBE).
Objectives CPs KBPs P

Lungs
Mean [Gy] <12 8.07 + 3.62 7.04 +4.72 0.63
Vaocy [%] <20 14.71 £ 7.88 14.18 +£9.82 0.96

Whole Heart

Mean [Gy] 13.36 + 2.52 9.02 + 6.22 0.06
Voay 15.76 + 4.57 11.52 + 8.45 0.31
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Continued

Liver
Mean [Gy]
Left kidney
Mean [Gy]

Vaocy [%]
Right kidney
Mean [Gy]
Vaogy [%]
Stomach
Mean [Gy]
D [Gy]
D [Gy]
Bowels
Mean [Gy]
Dy [Gy]
Dice [Gy]
Spinal canal
D [Gy]
Do.cc [Gy]

Minimize
Minimize

Minimize

Minimize

Minimize

Minimize

Minimize

4.61 £1.98

7.43 £5.31
14.59 + 11.34

4.67 £5.49
8.41 +12.83

22.42 +10.66
50.23 £ 4.36
50.45 + 4.42

2.31+£0.23
28.84 +4.29
36.15+3.13

39.97 £3.79
40.58 + 4.01

3.35+3.64

3.2+3.94
5.62 + 8.51

7.94 + 8.66
16.41 + 23.56

14.81 + 13.66
35.03 +23.36
35.27 £ 23.51

0.33 +£0.42
4.89+72
6.29 + 8.7

31.01 = 8.79
32.52 +£8.01

0.98

0.37
0.60

0.78
0.47

0.77
0.10
0.10

0.50
0.75
0.49

0.02
0.03

Table 4. Summary of the average results for the OARs of the CTV prescription of 45 Gy

(RBE).
Objectives CPs KBPs P
Lungs
Mean [Gy] <32 7+194 7.08 £1.94 0.91
Vaoay [%] <20 12,91 £ 3.76 14.52 + 4.19 0.32
Whole Heart
Mean [Gy] <32 11.02 + 4.23 9.36 £ 4.91 0.37
Vioay [%] <10 13.17 £ 5.66 12.41 + 7.47 0.78
Liver
Mean [Gy] <15 394+ 1.6 4.57 + 3.03 0.58
Left kidney
Mean [Gy] <15 4.51 + 4.69 4.42 +5.04 0.97
Vaocy [%] <32 7.48 £ 10.81 10.58 + 14.83 0.62
Right kidney
Mean [Gy] <15 321+3.2 5.66 + 6.88 0.33
V2oay [%] <32 5.87 +7.28 15.04 + 18.57 0.18
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Continued
Stomach
Mean [Gy] Minimize 25.05 + 13.69 20.3 + 14.19 0.48
D% [Gy] Minimize 48.85 + 5.95 41.07 + 14.6 0.15
D1 [Gy] Minimize 48.7 £ 6.7 41.23 +14.72 0.18
Bowels
Mean [Gy] Minimize 4.95 + 4.96 4.52 + 8.22 0.91
D% [Gy] Minimize 34.86 £ 9.28 26.57 £ 15.8 0.26
Dicc [Gy] 43.1+5.2 39.41 £ 10.08 0.41
Spinal canal
Dix [Gy] Minimize 40.61 £ 5.36 3245+7.4 0.00
Do.iec [GY] Minimize 41.17 £ 5.32 33.67 £ 7.02 0.01

3.1. Prescription of 41.4 Gy (RBE)

As summarized in Table 1, no statistically significant differences were observed
between CPs and KBPs in GTV and CTV coverage. Both plans achieved clinical
target coverage objectives. Table 3 lists the average achieved dosimetric results for
OARs. No statistically significant differences were found between CPs and KBPs
for the combined lungs, whole heart, liver, kidneys, stomach, or bowels. However,
KBPs demonstrated statistically significant dose reductions to the spinal canal,
with mean decreases of 8.9 Gy for Diy and 7.9 Gy for Dy, compared with those
of CPs (p < 0.05).

3.2. Prescription of 45 Gy (RBE)

Statistically significant differences were observed in the mean dose and D,y for
both GTV and CTV, with higher values recorded in CPs (Table 2). Coverage re-
mained high for both planning strategies, with Vg, of the GTV equal to 100% for
CPs and 99.27% for KBP, and Vg of the CTV equal to 99.76% for CP and 97.76%
for KBP. No statistically significant differences were identified for OARs other
than the spinal canal, where KBP plans again yielded significantly lower D1y and
Doy.1 . than CPs (p < 0.05; Table 4).

4. Discussion

The aim of this study was to apply a KBP framework for IMPT in patients with
locally advanced esophageal cancer. The framework generated feasible DVH ob-
jectives using a database containing geometric and dosimetric information from
previously treated patients. The results demonstrate that the proposed KBP model
can efficiently generate IMPT plans with plan quality comparable to that of clini-
cally implemented, manually generated plans by human planners.

This work employed proton beams delivered by a Mevion $250i proton therapy
system, which utilizes an energy modulation mechanism distinct from those of
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other commercial systems [24]. The Mevion system produces proton energies
through the binary insertion of polycarbonate plates of varying thicknesses into
the beam path, whereas most other systems use magnetic dipoles or quadrupoles
for energy selection. Consequently, the Mevion S250i generally produces larger
spot sizes but achieves substantially shorter energy-switching times. To compen-
sate for the dosimetric effects of larger spot sizes, a spot-size-trimming device, the
Adaptive Aperture (AA), is employed to sharpen the beam penumbra. These
unique beam characteristics directly influence the dose distribution and differen-
tiate the Mevion system from other proton platforms. Therefore, the dosimetric
outcomes reported here may not be directly transferrable to other proton therapy
systems. Extending this KBP methodology to other systems would require the de-
velopment of a clinical plan database specific to proton platforms of comparable
beam design.

The database utilized in this study was relatively small and constructed from
plans generated at a single institution, which inevitably introduces some limita-
tions in terms of plan diversity and consistency. Expanding this database to in-
clude plans from multiple institutions—particularly those using the same proton
therapy system (e.g., Mevion $250i utilized in this study)—would enhance model
robustness and facilitate the generation of more consistent, high-quality plans
across diverse clinical environments. Such an expanded dataset would also im-
prove planning efficiency and reduce variability between planners.

Anatomical characteristics of the distal esophagus and adjacent structures in-
fluenced beam arrangement decisions, which typically consisted of right and left
posterior oblique beams at approximately 140" and 220°. Previous investigations
in liver treatment have indicated that minor variations in beam angles exert min-
imal influence on plan quality [14]. However, larger deviations from the modeled
gantry angles could lead to suboptimal optimization outcomes because robust op-
timization is highly dependent on the geometric relationships between beam
paths, targets, and OARs [25]. If different esophageal segments were considered,
alternative beam configurations—such as anterior oblique arrangements—may be
required. This further emphasizes the need for a larger and more diverse database
encompassing the full range of anatomical and geometric scenarios encountered
in clinical practice.

All treatment plans in this study were normalized to the mean dose to the CTV,
although other institutions may adopt different normalization practices. One of
the central aims of KBP is to standardize the planning process, thereby reducing
variability introduced by individual planner preferences and experience. Expand-
ing the database to encompass a broader range of target volumes and geometric
relationships between targets and OARs will strengthen the KBP model’s ability
to produce consistent, high-quality plans across varying patient anatomies. An-
other limitation of this study stems from the wide variation in esophageal length
among patients; in some cases, two isocenters and two fields per isocenter were

required to achieve full target coverage, rather than a single isocenter with two
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fields.

The favorable dosimetric outcomes demonstrated in this study, together with
the strong performance of our KBP framework, underscore the value of our pa-
tient database as a foundational resource for institutions aiming to implement
PBT for advanced esophageal cancer. Notably, the average spinal canal doses—
Dy.1icc and Dy—in the KBP-generated plans were approximately 8 Gy lower than
those in the CPs, suggesting a meaningful reduction in the risk of radiation-in-
duced myelopathy if KBP is integrated into IMPT planning. In addition, the KBP
plans achieved significantly lower mean dose and D,y for both the GTV and CTV.
A lower D,y indicates reduced hotspot regions within the targets, which can be
advantageous when a more homogeneous dose distribution is desired. However,
the broader applicability of our approach across institutions may be affected by
contouring heterogeneity among physicians and institutions. Because the OVH—
a key geometric descriptor in KBP—depends on the accuracy and consistency of
contour delineations, variations in contouring practices could influence model
performance. The next phase of this research will evaluate the KBP model using
datasets from multiple institutions to assess the impact of contouring variability
on plan quality and generalizability. This systematic investigation aims to eluci-
date the extent to which inter-institutional differences in contouring influence the
efficacy of KBP models and to inform strategies for harmonizing contouring

standards across centers.

5. Conclusion

This study demonstrates that the KBP methodology originally developed for
IMRT can be effectively adapted to IMPT. By leveraging geometric and dosimetric
data from previously delivered treatment plans, this approach enables an optimal
balance between target coverage and OAR sparing. The KBP framework provides
a reliable and consistent method for predicting clinically achievable DVH objec-
tives prior to optimization, thereby facilitating the generation of high-quality
treatment plans with minimal manual adjustment. These findings support the
clinical feasibility of KBP-based IMPT planning and underscore its potential to
enhance planning efficiency and standardization in proton therapy for esophageal
cancer. As a next step, we aim to validate the proposed KBP-IMPT strategy across

multiple institutions.
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