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Table 1. Comparison of delivery efficiency per fraction for MRPAT, Full-Arc, and IMPT plans.
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Proton arc therapy (PAT) has the potential to mitigate range uncertainties,
improve target coverage, and minimize dose to normal tissues by
optimizing treatment plans with a large number of beam angles. We
demonstrate the performance and feasibility of a monoenergetic-per-
beam-angle PAT planning strategy that enables potential continuous
dynamic arc delivery while ensuring safe delivery of both 𝐿𝐸𝑇𝑑 and RBE
within the central portion of the target tumor.

• MRPAT is designed to use a single energy layer
per beam direction, positioning the Bragg peak
near the central region of the target throughout
the entire arc delivery.

CONTACTS

• The spot intensity optimization and dose
calculation were performed using our in-house
planning toolkits [1-2], which enables very large
scale optimization without the need for pre-
calculated beamlets.

• We used the McNamara RBE model [3] to compute the RBE-
weighted dose, with ( Τ𝛼 𝛽)

𝑥
= 3 Gyfor normal tissues and

10 𝐺𝑦 for the target, and 𝐿𝐸𝑇𝑑 calculation was commissioned
and benchmarked using TOPAS.

[3] McNamara AL, Schuemann J, Paganetti H. (2015). Physics in 
Medicine & Biology.

• The total beam delivery time for MRPAT was comparable to that of IMPT in both
phantom and clinical cases.

• Compared to Full-Arc plans, the MRPAT plan utilized less than 5% of the energy layers and 
required only about 3% of the total beam delivery time. 
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Figure 1. Comparison of energy layers (unit:

cm), physical dose distribution, LETd and

RBE-weighted dose distribution of MRPAT,

Full-Arc, and IMPT plans for an ellipse

phantom with a C-shaped target, prostate,

spine, and HN cases, with corresponding

difference maps (Full-Arc – MRPAT).

Figure 2. Robustness analysis comparison of target coverage (𝐷𝑅𝐵𝐸)95% and (𝐷𝑅𝐵𝐸)2% for

seven OARs for the HN case. The robustness analysis was performed with a scenario-based

approach over 8 scenarios. The middle line in the box plot represents the median of the

distribution, the upper and lower lines represent the 5th and 95th percentile.

Figure 3. Scenario-based robustness analysis of physical dose DVHs for MRPAT, Full-Arc, and

IMPT plans for the HN case. The nominal solution is shown as a solid line, and the shaded band

represents the worst-case dose distributions across all range uncertainty and setup error scenarios.

Relative biological effectiveness:
MRPAT plans enhances 𝐿𝐸𝑇𝑑
within the central portion of the
target, resulting in a boosted
RBE-weighted dose at the tumor
core. In contrast, Full-Arc plans
produces potentially hazardous
𝐿𝐸𝑇𝑑 hotspots near the target
boundary, as observed in both
phantom and clinical cases, while
IMPT plans exhibits 𝐿𝐸𝑇𝑑
hotspots within adjacent OARs.

Physical dosimetric plan quality:
Although the MRPAT plan only
utilized one energy layer per
angle, it can achieve similar dose
objectives as the Full-Arc plan,
indicating that spot utilization is
highly redundant in arc beams
with full energy.

Robustness evaluation: Similar DVH bandwidths for both arc plans, whereas IMPT exhibited

broader DVH bandwidths for the parotid gland and spinal cord For most OARs, MRPAT

consistently exhibits lower worst-case and median 𝐷𝑅𝐵𝐸 2% values compared with Full-Arc and

IMPT plans. In addition, the spread of 𝐷𝑅𝐵𝐸 2% across uncertainty scenarios is generally smaller

for MRPAT, indicating reduced sensitivity to setup and range uncertainties.


