Supplementary Table 1: Summary of planning strategies
	
	Treatment planning strategy
	CTV Prescription. A fixed RBE of 1.1 is assumed for (A) and (B)
	Beam angles
	CTV to PTV expansion margins 
	Target dose constraints.  
A fixed RBE of 1.1 is assumed for (A)  and (B)
	Treatment Planning System

	(A)
	Anterior oblique (AO) spot-scanned proton therapy (Single field uniform dose, without apertures).
	79.2 Gy(RBE) in 44 fractions
	±35°
	(i) 5mm uniform expansion (no additional range margin)
	As below, plus at least 95% of the PTV receives 77.6 Gy(RBE).
	Astroid (in-house): multi-criteria optimisation.  In-air spot sigma values of 12mm at 60MeV to 4.6mm at 230MeV at isocenter.

	
	
	
	
	(ii) No expansion (no additional range margin)


	At least 90% of the CTV receives 79.2 Gy. At least 99% of the CTV receives 77.6 Gy.   
	

	(B)


	Standard bilateral (SB)  spot-scanned proton therapy (Single field uniform dose, without apertures).
	79.2 Gy(RBE) in 44 fractions
	±90°
	(i) 5mm uniform expansion (no additional range margin)
	As below, plus at least 95% of the PTV receives 77.6 Gy


	

	
	
	
	
	(ii) No expansion (no additional range margin)


	At least 90% of the CTV receives 79.2 Gy(RBE). At least 99% of the CTV receives 77.6 Gy(RBE).   
	

	(C)
	7-field IMRT.
	79.2 Gy in 44 fractions
	0°, 60°, 100°, 135°, 225°, 260°, 300°
	(i) 5mm uniform expansion
	As below, plus at least 95% of the PTV receives 77.6 Gy
	RayStation (Raysearch Laboratories, Sweden): multi-criteria optimisation

	
	
	
	
	(ii) No expansion


	At least 90% of the CTV receives 79.2 Gy(RBE). At least 99% of the CTV receives 77.6 Gy(RBE).   
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Supplementary Table 2: Multi-criteria optimization objectives and constraints

	IMRT plans within Raystation 

	Trade-off objectives
	For each organ at risk we used a maximum equivalent uniform dose (EUD) objective with dose level = 0, and:
· For the rectum, a = 2, 
· For the bladder, a = 2, 
· For the femoral heads, a = 15
· For a target shell: a shell expanded uniformly by 1cm from the largest target, a = 4.

	
	
	To encourage conformal plans we used a single dose falloff objective for the entire patient voxel set, with the high dose level set to 79.2 Gy, the low dose level set to 0 and the distance set to 3 cm. 

	
	
	For our CTV target we used a uniform dose objective set to 79.2 Gy. Where relevant, for our PTV target we used a minimum dose objective set to 77.6 Gy. 

	
	Constraints
	Minimum CTV dose = 79 Gy
Where relevant: minimum PTV dose of 77 Gy
At least 77.6 Gy at 99% of CTV volume
At least 79.2 Gy at 90% of CTV volume
Where relevant: at least 77.6 Gy at 95% of PTV volume

	
	
	Maximum dose for rectum and bladder = 80 Gy

	
	
	Maximum dose for entire patient voxel = 83 Gy

	Single field uniform dose proton plans within Astroid
	Trade-off objectives
	For the CTV target: 
· Maximize the minimum dose
· Minimize the maximum dose 
· Maximize the mean dose
· Minimize the overdose, for our 79.2 Gy prescription
Where relevant, for the PTV target:
· Maximize the minimum dose
· Minimize the maximum dose

	
	
	For the rectum:
· Minimize the mean dose
· Minimize the maximum dose

	
	
	For the bladder:
· Minimize the mean dose

	
	
	For the femoral heads:
· Minimize the mean dose

	
	Constraints
	Minimum CTV dose = 79 Gy
Where relevant, minimum PTV dose of 77 Gy

	
	
	Maximum dose for rectum and bladder = 80 Gy

	
	
	Maximum dose for entire patient voxel = 83 Gy
























Supplementary Table 3: Metric comparison between treatment planning strategies (A)-(C). For each metric the mean value and range (across all 10 patients) are quoted. The columns with yes/no values indicate results from a non-parametric Wilcoxon rank sign test, testing modalities (B)/(C) against modality (A). Where a significant difference was found (at the 5% level) the letter corresponding to the preferable modality is shown. Constraints reported as “VX” refer to the fractional volume of the structure receiving X Gy(RBE). EUD refers to equivalent uniform dose, calculated according to the method described previously by Trofimov (35). Integral energy deposition was calculated for the whole body minus the planning target volumes (assuming a body composition of water).

(a) Plans with uniform 5mm CTV to PTV expansion
	
	
	       (C)(i) 7-field IMRT
	(B)(i) Standard bilateral spot-scanned proton therapy
	Sig p<0.05?
	      (A)(i)Anterior oblique
      spot-scanned proton
      therapy
	Sig p<0.05?

	Rectum
	Mean dose
	25.9 (19.2-31.6)
	8.3 (2.9-14.5)
	Yes: (B)
	5.8 (1.2-9.9)
	Yes: (A)

	
	EUD, a = 5
	38.1 (32.0-44.5)
	29.2 (19.4-41.0)
	Yes: (B)
	27.1 (16.0-39.7)
	Yes: (A)

	
	V30
	0.357 (0.190-0.506)
	0.090 (0.018-0.195)
	Yes: (B)
	0.067 (0.007-0.127)
	Yes: (A)

	
	V50
	0.080 (0.022-0.177)
	0.027 (0.001-0.077)
	Yes: (B)
	0.021 (0-0.061)
	Yes: (A)

	
	V60
	0.024 (0.003-0.061)
	0.013 (0-0.050)
	Yes: (B)
	0.009 (0-0.042)
	Yes: (A)

	
	V70
	0.003 (0-0.023)
	0.005 (0-0.030)
	No
	0.003 (0-0.024)
	No

	
	Max dose to 1cc
	59.3 (49.0-73.3)
	48.6 (29.8-75.0)
	Yes: (B)
	44.5 (22.4-73.6)
	Yes: (A)

	Bladder
	Mean dose
	20.9 (11.0-29.9)
	17.7 (7.5-28.4)
	Yes: (B)
	23.2 (10.1-38.6)
	Yes: (C)

	
	EUD, a = 7
	54.0 (46.7-58.3)
	53.0 (45.9-58.2)
	Yes: (B)
	53.6 (45.1-58.7)
	No

	
	V30
	0.268 (0.116-0.394)
	0.245 (0.097-0.404)
	Yes: (B)
	0.339 (0.129-0.588)
	Yes: (C)

	
	V50
	0.149 (0.056-0.220)
	0.149 (0.055-0.246)
	No
	0.186 (0.060-0.310)
	Yes: (C)

	
	V60
	0.106 (0.037-0.167)
	0.106 (0.038-0.180)
	No
	0.126 (0.037-0.212)
	Yes: (C)

	
	V70
	0.071 (0.023-0.116)
	0.063 (0.020-0.114)
	Yes: (B)
	0.068 (0.016-0.117)
	No

	Femoral heads
	Mean dose
	16.0 (11.7-19.9)
	17.4 (12.2-21.2)
	No
	0.1 (0.0-0.7)
	Yes: (A)

	Normal tissue
	Mean integral energy 
	114.0 (90.0-135.4)
	49.9 (43.2-62.0)
	Yes: (B)
	37.5 (32.4-47.7)
	Yes: (A)




(b) Plans with no CTV to PTV expansion
	
	
	(C (C)(ii) 7-field IMRT
	(B)(ii) Standard bilateral spot-scanned proton therapy
	Sig p<0.05?
	      (A)(ii)Anterior oblique
      spot-scanned proton
      therapy
	Sig p<0.05?

	Rectum
	Mean dose
	13.2 (8.4-18.1)
	4.1 (1.3-6.2)
	Yes: (B)
	2.5 (0.6-4.8)
	Yes: (A)

	
	EUD, a = 5
	21.9 (13.8-29.3)
	17.1 (9.4-28.5)
	Yes: (B)
	14.1 (5.0-27.8)
	Yes: (A)

	
	V30
	0.063 (0.004-0.169)
	0.018 (0.001-0.057)
	Yes: (B)
	0.010 (0-0.049)
	Yes: (A)

	
	V50
	0.003 (0-0.016)
	0.002 (0-0.017)
	No
	0.002 (0-0.016)
	No

	
	V60
	0.001 (0-0.007)
	0.001 (0-0.008)
	No
	0.001 (0-0.007)
	No

	
	V70
	0.000 (0-0.001)
	0 (0-0)
	No
	0 (0-0)
	No

	
	Max dose to 1cc
	34.9 (19.5-48.6)
	27.7 (14.6-50.4)
	No
	22.0 (6.5-49.7)
	Yes: (A)

	Bladder
	Mean dose
	13.5 (6.7-19.8)
	14.7 (5.7-21.1)
	No
	19.9 (9.3-30.6)
	Yes: (C)

	
	EUD, a = 7
	45.8 (37.6-51.7)
	49.2 (40.9-53.1)
	Yes: (C)
	49.9 (42.3-53.8)
	Yes: (C)

	
	V30
	0.158 (0.057-0.244)
	0.202 (0.072-0.292)
	Yes: (C)
	0.283 (0.111-0.428)
	Yes: (C)

	
	V50
	0.073 (0.020-0.119)
	0.109 (0.034-0.156)
	Yes: (C)
	0.132 (0.045-0.196)
	Yes: (C)

	
	V60
	0.045 (0.011-0.084)
	0.072 (0.020-0.106)
	Yes: (C)
	0.082 (0.025-0.125)
	Yes: (C)

	
	V70
	0.022 (0.004-0.049)
	0.036 (0.008-0.059)
	Yes: (C)
	0.037 (0.010-0.060)
	Yes: (C)

	Femoral heads
	Mean dose
	14.1 (8.11-20.0)
	15.7 (10.8-19.3)
	No
	0.1 (0.0-0.3)
	Yes: (A)

	Normal tissue
	Mean integral energy 
	90.4 (70.0-110.7)
	44.3 (36.6-53.2)
	Yes: (B)
	34.1 (29.2-42.5)
	Yes: (A)







Supplementary Table 4: Comparison of rectal dose metrics between treatment planning strategies (A) and (C) (see table 1). α/β values quoted are as applied to the McNamara RBE model (12).
The column with yes/no values indicates results from a non-parametric Wilcoxon sign rank test, testing modalities (C) against modality (A). Where a significant difference was found (at the 5% level) the letter corresponding to the preferable modality is shown.  Constraints reported as “VX” refer to the fractional volume of the structure receiving X Gy(RBE). EUD refers to equivalent uniform dose, calculated according to the method described previously by Trofimov (35). Integral energy deposition was calculated for the whole body minus the planning target volumes (assuming a body composition of water).

(a) Plans with uniform 5mm CTV to PTV expansion
	
	(C)(i) 7-field IMRT
	(A)(i) AO spot-scanned proton therapy, RBE = 1.1
	(A)(i) AO spot-scanned proton therapy, α/β = 2 Gy
	(A)(i) AO spot-scanned proton therapy, α/β = 3 Gy
	(C)(i) versus (A)(i)
Sig p=0.05?
	(A)(i) AO spot-scanned proton therapy, α/β = 6 Gy

	Mean dose
	25.9 (19.2-31.6)
	5.8 (1.2-9.9)
	9.2 (2.2-14.5)
	8.3 (1.9-13.5)
	Yes: (A)
	7.1 (1.5-11.6)

	EUD, a = 5
	38.1 (32.0-44.5)
	27.1 (16.0-39.7)
	37.3 (23.8-49.4)
	35.0 (22.1-47.2)
	No
	31.3 (19.3-43.4)

	V30
	0.357 (0.190-0.506)
	0.067 (0.007-0.127)
	0.123 (0.021-0.201)
	0.109 (0.017-0.182)
	Yes: (A)
	0.089 (0.012-0.155)

	V50
	0.080 (0.022-0.177)
	0.021 (0-0.061)
	0.058 (0.007-0.108)
	0.048 (0.005-0.096)
	No
	0.034 (0.003-0.078)

	V60
	0.024 (0.003-0.061)
	0.009 (0-0.042)
	0.035 (0.003-0.078)
	0.028 (0.002-0.068)
	No
	0.018 (0-0.055)

	V70
	0.003 (0-0.023)
	0.003 (0-0.024)
	0.019 (0-0.055)
	0.014 (0-0.048)
	Yes: (C)
	0.007 (0-0.037)

	Max  dose to 1cc
	59.3 (49.0-73.3)
	44.5 (22.4-73.6)
	62.1 (38.2-89.3)
	58.2 (34.3-85.9)
	No
	51.8 (28.6-79.8)



(b) Plans with no CTV to PTV expansion
	
	(C)(ii) 7-field IMRT (C)
	(A)(ii) AO spot-scanned proton therapy, RBE = 1.1
	(A)(ii) AO spot-scanned proton therapy, α/β = 2 Gy
	(A)(ii) AO spot-scanned proton therapy, α/β = 3 Gy
	(C)(ii) versus (A)(ii)
Sig p=0.05?
	(A)(ii) AO spot-scanned proton therapy, α/β = 6 Gy

	Mean dose
	13.2 (8.4-18.1)
	2.5 (0.6-4.8)
	4.4 (1.2-7.6)
	3.9 (1.0-6.9)
	Yes: (A)
	3.2 (0.8-5.8)

	EUD, a = 5
	21.9 (13.8-29.3)
	14.1 (5.0-27.8)
	21.6 (9.2-36.5)
	19.7 (7.9-34.5)
	No
	17.0 (6.4-31.2)

	V30
	0.063 (0.004-0.169)
	0.010 (0-0.049)
	0.038 (0-0.096)
	0.030 (0-0.083)
	No
	0.018 (0-0.065)

	V50
	0.003 (0-0.016)
	0.002 (0-0.016)
	0.007 (0-0.038)
	0.005 (0-0.032)
	No
	0.003 (0-0.024)

	V60
	0.001 (0-0.007)
	0.001 (0-0.007)
	0.003 (0-0.024)
	0.002 (0-0.019)
	No
	0.001 (0-0.013)

	V70
	0.000 (0-0.001)
	0 (0-0)
	0.001 (0-0.013)
	0.001 (0-0.010)
	No
	0.000 (0-0.005)

	Max dose to 1cc
	34.9 (19.5-48.6)
	22.0 (6.5-49.7)
	34.8 (13.3-66.5)
	31.6 (11.2-62.8)
	No
	26.8 (8.7-56.5)





