[bookmark: OLE_LINK1][bookmark: OLE_LINK2]A. The explanation of treatment planning
[bookmark: OLE_LINK6]The VMAT plans used Elekta Versa (6MeV Photon), while the SPArc and IMPT plans were generated using IBA’s ProteusOne PBS proton beam model (3.2mm spot size @227.7MeV). For beam arrangements, three posterior beams (PA, RPO, and LPO) were used for IMPT; VMAT plan utilized dual or multiple partial coplanar arc trajectories with a sampling frequency of 4 degrees pre-control point with the collapsed cone (CC) dose calculation algorithm. SPArc plan utilized one or two coplanar partial arcs with a sampling frequency of 2.5 degrees per-control point(1). Robust optimization parameter with ±3.5% range uncertainties with PBS dose calculation was used in proton planning optimization(1).Dose gird was set to 0.25×0.25×0.25cm3 for all planning groups.The planning parameters, including arc length, collimator angle and couch angle for VMAT, and the arc length and couch angle SPArc were listed in Table2s.
B.The introduction of SPArc Algorithm
The SPArc optimization algorithm starts from a multi-field IMPT with coarse sampling frequency using the worst-case scenario robust optimization and gradually resample the control point to achieve a proton arc plan(1). The algorithm integrated the iterative approaches includes [1] control point re-sampling, in which the coarse control point was split to sub–control points with a desire arc-sampling frequency iteratively while keep the calculation speed within a reasonable time ; [2] control point energy layers re-distribution, in which the energy layer was sorted and re-distributed  in the descending order between sub-control points following the direction of proton arc delivery and gantry rotation; [3] energy layers filtration, the  low weighting energy  layers were removed; and [4] energy layers re-sampling ，new energy layer was added to plan to guarantee plan quality and [5] spot number reduction, in which the low weighting spots were filtered to ensure the best treatment efficiency. With these approaches, SPArc generates robust and efficient plans, which can be delivered using the existing clinical proton system (1) (2). Details of the algorithm are described by Ding and Li et al. in 2016(1).

[bookmark: _GoBack]
C．The deformable image registration
In this study, a research version of DIR tool (ADMIRE 2.0, Elekta Inc.) was utilized for the deformable image registration(DIR) between CT and CBCT. It performs a block-wise non-linear registration for an initial alignment, followed by a dense local-correlation-coefficient (LCC) to calculate the final Deformable Vector Field (DVF). Such method has been reported and evaluated in several international DIR competitions on a public database (3–6). It was also evaluated in the different treatment sites from our institution (7) (8). The output DVFs were then utilized to warp the planning CTs to the anatomy of CBCT, generating the synthetic CT for treatment dose evaluation.

[bookmark: OLE_LINK44][bookmark: OLE_LINK45]Fig. 1s. The average DVH over the entire group of patients for three techniques.
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Fig. 2s.SPArc plan dose distribution for patient#1. (a) on the initial plan CT (b) on synthetic CT (c) the corresponding DVH comparison of target coverage (d) the corresponding dose distribution difference.
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Table 1s. Patient data and organ at risk(OAR).
	Case No.
	Lesion
	PTV(cm3)
	OARs

	1
	T7
	28.49
	Cord,Lung,Esophagus

	2
	T8
	20.65
	Cord,Lung,Esophagus

	3
	T6-T7
	48.61
	Cord,Lung,Esophagus

	4
	T7
	56.46
	Cord,Lung,Esophagus

	5
	T2-T4
	57.20
	Lung

	6
	L5
	66.84
	               /

	7
	L3
	66.03
	              /






Table 2s. The planning parameters for VMAT and SPArc.
	NO.
	VMAT
	 
	SPArc

	
	Arc1 CW
	Col1
	Cou1
	Arc2 CCW
	Col2
	Cou2
	Arc3 CW
	Col3
	Cou3
	Arc4 CCW
	Col4
	Cou4
	 
	Arc1 CW
	Cou1
	Arc2 CW
	Cou2
	Arc3 CW
	Cou3

	1
	181-179
	0
	0
	179-181
	90
	0
	
	
	
	
	
	
	
	90-180
	0
	0-90
	180
	
	

	2
	181-179
	0
	0
	179-181
	90
	0
	
	
	
	
	
	
	
	110-180
	0
	0-70
	180
	
	

	3
	181-30
	0
	0
	30-181
	90
	0
	120-179
	0
	0
	179-120
	90
	0
	
	90-180
	0
	0-140
	180
	320-10
	0

	4
	181-179
	10
	0
	179-181
	90
	0
	
	
	
	
	
	
	
	110-180
	0
	0-70
	180
	
	

	5
	240-181
	350
	0
	181-240
	10
	0
	179-130
	10
	0
	130-179
	350
	0
	
	110-180
	0
	0-140
	180
	320-50
	0

	6
	181-179
	10
	0
	179-181
	90
	0
	
	
	
	
	
	
	
	320-180
	0
	0-140
	180
	
	

	7
	181-179
	10
	0
	179-181
	90
	0
	 
	 
	 
	 
	 
	 
	 
	320-180
	0
	0-140
	180
	 
	 

	Abbreviations:  Col: collimator angle, Cou: couch angle,CW: Clock Wise  CCW: Counter Clock Wise








Table 3s. Dosimetry results for the three planning modalities.
	 
	VMAT
	IMPT
	SPArc
	p value        VMAT vs SPArc
	p value                IMPT vs SPArc

	
	
	
	
	
	

	PTVV100%(%)
	92.9
	 ±
	2.0
	92.7
	 ±
	2.0
	95.0
	 ±
	0.0
	0.04
	0.04

	Cord Dmax (Gy(RBE))
	11.07
	 ±
	2.21
	10.96
	 ±
	2.29
	10.21
	 ±
	2.16
	0.03
	<0.05

	Cord D0.35cm3 (Gy(RBE))
	8.82
	 ±
	1.71
	9.13
	 ±
	2.15
	8.01
	 ±
	2.23
	0.08
	0.08

	Partial Cord D10% (Gy(RBE))
	9.77
	 ±
	0.62
	10.39
	 ±
	0.50
	8.71
	 ±
	0.25
	0.11
	0.11

	Partial Cord Dmean (Gy(RBE))
	6.07
	 ±
	3.41
	6.79
	 ±
	3.81
	6.73
	 ±
	2.23
	1.00
	1.00

	Lung D1000cm3 (Gy(RBE))
	1.17
	 ±
	0.98
	0.05
	 ±
	0.09
	0.07
	 ±
	0.11
	0.04
	0.18

	Esophagus D5cm3 (Gy(RBE))
	3.80
	 ±
	1.92
	1.58
	 ±
	1.59
	1.76
	 ±
	1.35
	0.50
	0.08

	Heart Dmean (Gy(RBE))
	1.89
	 ±
	0.25
	0.04
	 ±
	0.04
	0.14
	 ±
	0.15
	0.11
	0.59

	CI
	0.80
	 ±
	0.05
	0.74
	 ±
	0.06
	0.76
	 ±
	0.05
	0.08
	0.67

	R50
	5.56
	 ±
	0.72
	4.82
	 ±
	0.55
	4.24
	 ±
	0.70
	0.02
	0.02

	ID(Gy · L)
	15.11
	 ±
	3.24
	6.75
	 ±
	1.97
	6.49
	 ±
	1.90
	0.02
	0.46

	The probability of SM
	4.3%
	 ±
	4.5%
	4.9%
	 ±
	4.6%
	2.7%
	 ±
	2.9%
	0.03
	0.04

	Abbreviations:  Cl conformality index, ID integral dose,SM,radiation myelopathy.

	



Table 4s. Dosimetry results for SPArc vs. SPArc With Range shifter (mean ±SD)
	 
	SPArc
	SPArc With Range Shift

	Cord Dmax (Gy[RBE])
	10.21
	 ±
	2.16
	11.26
	 ±
	2.28

	Cord D0.35cm3 (Gy[RBE])
	8.01
	 ±
	2.23
	8.88
	 ±
	1.87

	Partial Cord D10% (Gy[RBE])
	8.71
	 ±
	0.25
	9.71
	 ±
	0.26

	Partial Cord Dmean (Gy[RBE])
	6.73
	 ±
	2.23
	7.67
	 ±
	0.37

	Lung D1000cm3 (Gy[RBE])
	0.07
	 ±
	0.11
	0.22
	 ±
	0.40

	Esophagus D5cm3 (Gy[RBE])
	1.76
	 ±
	1.35
	6.31
	 ±
	5.45

	Heart Dmean (Gy[RBE])
	0.14
	 ±
	0.15
	0.51
	 ±
	0.57

	CI
	0.76
	 ±
	0.05
	0.76
	 ±
	0.04

	R50
	4.24
	 ±
	0.70
	5.66
	 ±
	1.01

	ID(Gy · L)
	6.49
	 ±
	1.90
	8.52
	 ±
	1.88

	Abbreviations:  Cl conformality index, ID integral dose.
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