
Theoretical evaluation of a 
Sawtooth PAT planning algorithm 
across multiple treatment sites 

Sam Burford-Eyre

10/11/2023 PPRIG Workshop 2023 University of Manchester



Conflicts of Interest

➢ No disclosures

10/11/2023 Sam Burford-Eyre 2



Proton Arc Therapy (PAT) 
Introduction

10/11/2023 3PPRIG Workshop 2023

Courtesy: Yunzhou Xia
Tami Freeman. “Proton arc therapy: the next evolution in proton delivery?.” Physics world (Oct 2019)
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Outstanding questions:
1. Energy selection algorithm

2. Robustness to setup uncertainties

3. Suitability for different treatment sites

4. Biological effectiveness

5. Delivery time requirements on current PBT systems

6. QA devices

7. Interlock / safety procedures
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Energy Selection

Dose Calculation

Robust Optimisation

Spot Reduction

Final Plan Analysis

Sawtooth PAT Planning Algorithm
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Sawtooth PAT planning algorithm developed in matRad [1]:

➢ Beam model from experimental measurements in Christie Proton 
Research Room

➢ Step – and – shoot PAT with 1 energy per control point

➢ Robust optimisation using clinical dose objectives

➢ Field specific targets 

➢ Single, dual and partial arc delivery regimes

➢ Linear Energy Transfer (LET) analysis

[1] Wieser, Hans‐Peter, et al. "Development of the open‐source dose calculation and optimization toolkit 
matRad." Medical physics 44.6 (2017): 2556-2568.
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Applied Sawtooth PAT planning algorithm to multiple treatment 
sites under single and dual arc delivery regimes: 
➢ Abdominal CT phantom [2]
➢ 2 Brain (Ependymoma)
➢ 2 H&N (Oropharyngeal)
➢ 2 BoS (Chondrosarcoma)

IMPT plan generated for each case

# Fields / ‘teeth’ in PAT plan incrementally increased until either 
clinical standard achieved or no further improvement to plan 
quality

Dose and LET distribution comparison (IMPT vs PAT)

[2] Kalendralis, Petros, et al. "Multicenter CT phantoms public dataset for radiomics reproducibility tests." Medical 
physics 46.3 (2019): 1512-1518.
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[2] Kalendralis, Petros, et al. "Multicenter CT phantoms public dataset for radiomics reproducibility tests." Medical physics 46.3 (2019): 1512-1518.
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[2] Kalendralis, Petros, et al. "Multicenter CT phantoms public dataset for radiomics reproducibility tests." Medical physics 46.3 (2019): 1512-1518.
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[2] Kalendralis, Petros, et al. "Multicenter CT phantoms public dataset for radiomics reproducibility tests." Medical physics 46.3 (2019): 1512-1518.

➢ 4 teeth required to meet clinical objectives 

➢ PAT improved target dose homogeneity relative to IMPT

➢ PAT reduces target LET and integral dose to patient
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➢ 6 teeth required to meet clinical objectives 

➢ Target dose homogeneity and LET reduced by PAT

➢ PAT fails clinical high dose Brainstem tolerances
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➢ 7 and 10 teeth required for single and dual arc PAT
➢ PAT provides increases OAR sparing at expense of further 

target dose reduction
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➢ PAT slightly increases LET to most OARs and targets
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➢ 8 and 6 teeth required for single and dual arc PAT
➢ PAT decreases target dose homogeneity and OAR sparing 

but remains of clinical standard
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➢ LET differences between PAT and IMPT are OAR dependent



Future Work

Simulate and deliver PAT plan in Christie PBT Research Room
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Patient

ArcCheck
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Summary

➢ Developed a ‘Sawtooth’- based PAT treatment planning algorithm → capable of robust 
optimisation

➢ Applied to treatment sites: Abdominal phantom, Brain (x2), H&N (x2) and BoS (x2)

➢ All PAT plans met clinical dose objectives in the nominal scenario

➢ Robustness of PAT relative to IMPT highly dependent on treatment site, favouring simple 
symmetrical targets

➢ PAT consistently requires more teeth (fields) than IMPT 

➢ Future work: Simulate and deliver PAT plan in Christie PBT Research Room.
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Single Arc Dual Arc
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Single Arc Dual Arc
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Single Arc Dual Arc
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Single Arc Dual Arc



Limitations

➢ Algorithm constrains upward energy switches as 
Christie upward ELST = 30s

➢ Including a ‘coverage’ based metric during EL 
selection may improve PAT plan quality

➢ Method of spot removal may cause low dose 
streaks within entrance region

➢ PAT plans optimised under same (highly specific) 
objectives as IMPT
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Brain 1: Single arc 

46 Static Fields
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