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Abstract	

Purpose/Objective:	 Proton	 beam	 therapy	 offers	 potential	 benefits	 over	 x-ray	

radiotherapy	techniques	for	cancer	patients.	This	has	led	the	UK	government	to	develop	

two	National	Health	Service	facilities	in	England.	This	service	requires	the	integration	of	

a	proton	treatment	planning	system	(TPS).	

The	purpose	of	this	work	is	to	evaluate	and	compare	the	accuracy	and	performance	of	

four	commercially	available	proton	TPSs.	

Materials	and	Methods:	Four	TPSs	were	studied:	Eclipse,	Pinnacle3	,	RayStation	and	XiO.	

Each	was	commissioned	using	beam	data	measured	at	the	University	of	Pennsylvania.	The	

efficiency	 of	 commissioning	 for	 each	 system	 was	 compared.	 The	 accuracy	 of	 beam	

modelling	in	each	system	was	studied	by	benchmarking	against	measured	data.	Effects	of	

beam	modelling	 on	 planning	 parameters	were	 studied;	 a	 series	 of	 distributions	were	

calculated	in	geometric	phantoms	in	each	TPS.	Impact	of	spot	spacing,	layer	spacing,	and	

margin	size	on	dosimetric	parameters	were	analysed.	Finally,	SFUD	and	IMPT	plans	for	

each	of	two	clinical	sites	(brain	and	H&N)	were	calculated	with	all	TPSs	(16	plans)	for	

comparison.	Planning	objectives	and	constraints	were	consistent	for	all	plans.	

Results:	Modelled	beam	data	agreed	with	measurement	within	3%/3	mm	for	all	TPSs,	

with	the	exception	of	lateral	in-air	profiles	>10	cm	upstream	of	isocentre	for	six	energies	

in	RayStation.	XiO	compared	more	closely	with	measurement	than	other	systems.	

Geometric	phantom	studies	identified	that	Eclipse	uses	constant	layer	spacing,	whereas	

others	use	variable	layer	spacing.	Pinnacle	defines	spot	locations	by	discrete	2D	square	

grids	per	layer,	whereas	others	use	3D	rectangular	grids.	

Each	TPS	produced	clinically	acceptable	plans	with	similar	conformity	indices,	however	

XiO	and	Pinnacle	demonstrated	greater	homogeneity.	

Conclusions:	Performances	of	all	TPSs	are	clinically	acceptable.	However,	differences	do	

exist,	 which	 are	 attributed	 to	 differences	 with	 system	 algorithms.	 Understanding	

modelling	 characteristics	 for	 each	 TPS	 can	 inform	 planning	 procedure	 to	 achieve	

acceptable	delivery.	
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Impact	Statement	

This	work	encompasses	a	comprehensive	study	of	four	most	commonly	used	commercial	

treatment	planning	systems	designed	for	proton	therapy	using	pencil	beam	scanning.	To	

the	best	of	our	knowledge,	no	such	endeavour	has	been	performed	or	reported.	

The	study	in	Chapter	2	explored	the	commissioning	and	beam	modelling	process	of	each	

TPS.	 Details	 of	 the	 Physics	 Tools	 available,	 their	 limitations	 and	 the	 work	 around	

necessary	to	complete	commissioning	were	discussed.	Calculations	from	each	system’s	

beam	model	were	benchmarked	against	input	measured	data	including	IDDCs	and	spot	

profiles.	Accuracy	and	performance	including	the	use	of	gamma	analysis	were	reported.	

No	such	information	is	available	prior	to	this	report.	Insights	gained	from	this	study	are	

valuable	in	the	procurement	of	a	proton	TPS	for	a	new	facility.	

	

In	 Chapter	 3,	 how	 each	 TPS	 define	 and	 implement	 PBS	 planning	 parameters	 was	

examined.	 The	 specific	 choice	 of	 these	 parameters	 in	 each	 system	 that	 would	 yield	

comparable	plans	were	determined	through	phantom	studies.	Knowledge	on	how	these	

choices	impact	on	the	plan	quality	was	also	gained.	Recommendations	on	how	to	achieve	

the	best	compromise	between	plan	quality	such	as	dose	homogeneity	and	planning	time	

were	also	reported.	

	

Chapter	4	described	an	objective	comparative	study	that	evaluated	both	SFUD	and	IMPT	

optimisation	techniques	for	PBS	planning.	Two	clinical	cases,	a	low-grade	glioma	and	a	

squamous	cell	carcinoma	with	bilateral	cervical	lymphadenopathy	were	studied.	Features	

and	capabilities	of	each	TPS	were	carefully	characterised	and	planning	parameters	were	

matched	to	allow	a	meaningful	comparison.	Target	coverage	and	OAR	sparing	capabilities	

were	evaluated	using	plan	dose	distributions,	DVHs	and	dosimetric	metrics.	Performance,	

limitations	and	relative	clinical	merits	were	reported	to	provide	a	good	understanding	on	

the	modelling	characteristics,	 implementations	and	 limitations	of	each	TPS	and	how	 it	

might	impact	the	clinical	performance.	

	

This	 comprehensive	 study	 thus	 provides	 new	 insights	 how	 each	 TPS	 implements	 and	

performs	 in	 PBS	 planning.	 Phantom	 studies	 enabled	 unobscured	 observations	 and	

analyses	on	how	planning	parameters	 impact	upon	plan	quality.	 Such	knowledge	 also	

allows	objective	evaluation	of	comparative	performance	of	the	TPSs	on	exemplary	clinical	

cases.		
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Reports	of	the	findings	have	been	disseminated	through	presentations	and	publications	

in	scientific	meetings	and	journals.	It	is	expected	the	report	will	benefit	the	proton	therapy	

community	with	positive	impact	to	both	end	users	and	manufacturers	of	proton	therapy	

planning	systems.	End	users	can	likely	benefit	from	this	study	in	guiding	the	TPS	selection	

or	planning	decision	in	relation	to	the	desired	clinical	goals.	Details	 in	 implementation	

and	limitations	revealed	in	each	system	may	encourage	TPS	manufacturers	to	seek	new	

features	 and	 improvements.	 Exposing	 the	 variations	 in	 the	 characteristics	 of	 the	 PBS	

planning	parameters	should	facilitate	a	convergence	towards	a	standard	on	the	definition	

and	behaviour	on	the	planning	features	among	vendors.	
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H&N	 Head	and	Neck	

CNS	 Central	nervous	system	

HU	 Hounsfield	unit	

CT	 Computed	tomography	

4DCT	 Four-dimensional	computed	tomography		

PET	 Positron	emission	tomography	

MRI	 Magnetic	resonance	imaging	

DICOM	 Digital	Imaging	and	Communications	in	Medicine	

IDDC	 Integral	depth	dose	curve	

PDD	 Percentage	depth	dose	

SOBP	 Spread-out	Bragg	peak	

R100	 Range/depth	of	d-max	

R90	or	Rd90	 Distal	range/depth	of	distal	90%	of	the	dose	

R80	or	Rd80	 Distal	range/depth	of	distal	80%	of	the	dose	

Rp	 Practical	range	

R0.5	or	Rd0.5	 Distal	range/depth	of	distal	0.5%	of	the	dose	
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SAD	 Source-to-axis	distance	

SSD	 Source-to-skin	distance	

FWHM	 Full	width	at	half	maximum	

GTV	 Gross	tumour	volume	

CTV	 Clinical	target	volume	

PTV	 Planning	target	volume	

OAR	 Organ	at	risk	

PRV	 Planning	risk	volumes	

DVH	 Dose	volume	histogram	

SSO	 Simultaneous	spot	optimization		

keV	 Kilo	electron	volt	

MeV	 Mega	electron	volt	

Cm	 Centimetre	

Mm	 Millimetre	

cc	 Cubic	centimetre	

Gy	 Gray	

RBE	 Relative	biological	effectiveness	

MCS	 Multiple	Coulomb	scattering	

RSP	 Relative	stopping	power	

WET	 Water	equivalent	thickness	
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Chapter	1:	Introduction		

1.1.	Introduction	

In	 recent	 years,	 proton	 beam	 therapy	 (PBT)	 has	 become	 increasingly	 available	

worldwide.	This	is	a	consequence	of	growing	interest	in	the	potential	clinical	benefits	of	

using	proton	beams	for	radiotherapy	compared	with	those	of	conventional	photon	beams.	

Proton	beams	penetrate	to	a	particular	depth	inside	a	patient,	delivering	their	maximum	

dose	at	the	end	of	their	range	(the	Bragg	peak)	and	no	dose	beyond	1,2.	This	allows	the	

radiation	oncologist	to	deliver	a	prescribed	dose	to	a	deep-seated	tumour	whilst	sparing	

healthy	tissue	beyond	the	target.	Photon	beams,	however,	travel	right	through	the	patient,	

delivering	doses	along	their	path,	thus	irradiating	healthy	tissue	beyond	the	target.	The	

improved	tissue	sparing	with	proton	beams	potentially	reduces	toxicities	associated	with	

radiotherapy	3.	

In	proton	 therapy,	 there	are	 two	main	delivery	 techniques—passive	 scattering	proton	

therapy	(PSPT)	and	active	pencil	beam	scanning	(PBS)	proton	therapy.	Most	new	proton	

centres	 are	moving	 towards	PBS.	 It	 is	 anticipated	 that	 PBS	will	 become	 the	dominant	

mode	 of	 proton	 delivery	 in	 the	 future,	 as	 PBS	 lowers	 secondary	 neutron	 production,	

reduces	 the	 need	 for	 expensive	 beam-shaping	 devices	 compared	 to	 PSPT,	 and	 allows	

intensity	modulated	proton	 radiotherapy	 (IMPT),	 thus	 improving	 dose	 conformity	 yet	

further	 4–7.	 IMPT	 is	 a	 powerful	 tool	 to	 design	 and	 deliver	 highly	 conformal	 and	

homogeneous	dose	distribution	to	the	tumour,	while	sparing	the	normal	tissues	better	

than	PSPT	or	IMRT	8.		

Treatment	 planning	 systems	 (TPS)	 are	 used	 to	 calculate	 3D	 dose	 distributions	 on	

computed	 tomography	 (CT)	 image	 datasets	 of	 the	 patient.	 The	 TPS	 must	 undergo	 a	

thorough	commissioning	and	validation	process	before	they	can	be	used	in	the	clinics.	The	

dose	calculation	needs	a	specification	of	the	particle	energy,	direction	and	position,	i.e.	the	

phase	space,	of	 the	 incident	beam.	This	can	be	 facilitated	by	a	beam	model.	The	beam	

model	should	provide	the	phase	space	such	that	the	dose	calculations	can	be	done	with	

sufficient	detail	and	accuracy.	Beam	modelling	and	beam	phase	space	characterisation	

methods	have	been	extensively	developed	for	electrons	and	photons	9–11,	but	for	protons	

this	area	is	relatively	unexplored.	Schaffner	(2008)	12	described	beam	modelling	with	the	

aim	 of	 generality,	 and	 a	 few	 characterisations	 for	 individual	 machines	 have	 been	

published	13,14.	Proton	treatments	are	more	sensitive	to	uncertainties	related	to	physics,	
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the	 patient,	 the	machine	 and	 radiobiology	 compared	 to	 photon	 therapy.	 The	 accuracy	

required	 for	 proton	 beam	 commissioning	 is	 atypical	 compared	 to	 conventional	

measurement	 practices	 in	 radiotherapy.	 Individual	 pristine	 Bragg	 peak	 depth	 dose	

distributions	have	to	be	quantified	accurately	to	achieve	in	the	order	of	1%	dosimetric	

accuracy	in	standard	geometries	and	to	allow	an	accurate	comparison	between	treatment	

planning	 systems	 derived	 and	 measured	 dose	 distributions	 composed	 of	 numerous	

individual	Bragg	peaks	15.	

	

One	of	the	main	challenges	with	proton	treatment	planning	is	accounting	for	the	various	

range	 uncertainties	 associated	 with	 proton	 delivery	 attributed	 to	 patient	 setup	

uncertainty,	 organ	 motion	 and	 proton	 beam	 range	 calculation	 16.	 Compared	 to	 IMRT	

treatment	 planning	 systems,	 IMPT	 treatment	 planning	 systems	 require	 more	 specific	

tools	 to	 calculate	 clinically	 acceptable	 dose	 distributions	 because	 of	 the	 uncertainties	

associated	with	proton	beam	characteristics	and	the	complexity	of	PBS	delivery	systems.	

As	with	a	new	delivery	technology	at	the	time,	there	are	huge	number	of	published	studies	

showing	the	differences	between	photon	and	both	proton	therapy	techniques	PBS	and	

PSPT,	with	different	type	of	cancers	and	in	different	parts	of	the	body	17–23.	Also	there	are	

a	number	of	publications	on	the	theory	and	accuracy	of	the	dose	calculation	algorithms	

for	commercial	proton	TPSs,	e.g.	for	Eclipse	12,24–28;	for	XiO	29,30.	The	theoretical	basis	for	

Pinnacle3	is	described	by	(Soukup	M	et	al.;	Lynch	GR	et	al.;	Gottschalk	B	et	al.;		Bortfeld	

T.;	Kooy	HM	et	al.)	29,31–34	whilst	robustness	planning	methods	studies	for	RayStation	are	

provided	by	(Fredriksson	A.;	Dinges	E	et	al.)	35,36;	proton	PBS	commissioning	by	(Ding	X	

et	al.;	Saini	J	et	al.)	37,38	;	and	A	Monte	Carlo	simulation	study	using	TOPAS	by	Chung	K	et	

al.	 39	 for	RayStation;	and	by	Ramos-Méndez	 J	et	al.	 40	 for	Pinnacle.	For	RayStation	and	

Pinnacle3	TPSs	there	are	only	a	few	publications	as	Pinnacle3	TPS	is	still	in	development	

at	the	time	of	this	work.	Recently	Pinnacle3	received	FDA	clearance		for	PBS	on	Feb	2017	
41.	For	RayStation	the	FDA	clearance	was	received	on	Oct	2014	42.	In	contrast	to	the	many	

publications	of	different	commercial	photon	TPSs	comparisons	43–47,	there	are	only	a	few	

publications	for	commercial	proton	TPSs	comparisons	48,49.	

	

Such	a	comprehensive	evaluation	and	comparison	of	 the	major	commercially	available	

PBS	TPS	has	not	been	reported	 in	 the	 literature.	Possible	 reasons	 for	 this	 include:	 the	

relative	infancy	of	PBT	using	PBS;	the	lack	of	institutions	having	access	to	all	TPS	systems;	

the	 early	 facilities	 using	 their	 own	 in-house	TPS.	 Such	 an	 evaluation	 offers	 significant	
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assistance	in	informing	the	decision-making	process	in	procuring	a	commercial	TPS	for	a	

new	PBT	centre	being	developed.	

However,	 commercial	 proton	 TPSs	 are	 still	 somewhat	 in	 a	 development	 phase.	 The	

purpose	of	this	study	is	to	evaluate	and	compare	current	commercially	available	proton	

treatment	planning	systems—	Eclipse	(Varian	Medical	Systems,	Palo	Alto,	CA),	Pinnacle3	

(Philips	Radiation	Oncology	Systems,	Fitchburg,	WI)	RayStation	(RaySearch	Laboratories,	

Stockholm,	Sweden)	and	XiO	(Elekta	CMS	Software,	Maryland	Heights,	MO)—in	terms	of	

their	 modelling	 accuracy	 starting	 with	 data	 entry	 and	 PBS	 beam	 modelling.	 The	

evaluation	 process	 will	 include	 beam	 commissioning,	 beam	 evaluation	 and	 validation	

before	starting	any	clinical	planning	to	understand	the	effect	of	beam	modelling	in	each	

TPS.	 Accurate	 beam	modelling	 is	 of	 paramount	 importance	 for	 the	 performance	 of	 a	

clinical	treatment	planning	system.	The	modelled	beam	has	to	reflect	the	characteristics	

of	the	delivery	system	such	that	the	differences	between	the	calculated	and	the	delivered	

dose	are	within	acceptable	tolerances.	It	is	important	for	the	beam	modelling	processes	

and	tools	on	each	system	to	be	evaluated	in	terms	of	the	time,	cost,	and	ease	of	use,	in	

addition	 to	 the	 accuracy.	 	 PBS	 beam	 data	 from	 the	 IBA	 system	 at	 the	 University	 of	

Pennsylvania	(UPenn)	was	used	to	commission	all	four	TPS,	and	the	modelling	was	then	

benchmarked	against	UPenn	measured	data.		

	

As	part	of	the	proton	beam	commissioning,	each	beam	model	has	to	be	validated	before	

starting	any	clinical	plans.	The	modelled	beam	data	has	been	evaluated	and	compared	to	

the	 reference,	 measured	 data.	 Most	 of	 the	 treatment	 planning	 systems	 show	 both	

measured	and	fitted	beam	data,	allowing	the	user	to	check	the	accuracy	of	the	outcome	of	

the	 beam	 modelling	 process.	 In	 this	 study,	 simple	 phantom	 plans	 are	 produced	 to	

compare	 the	 computed	 dose	 distributions	 with	 the	 measured	 beam	 data	 for	 each	

individual	 energy	 entered	 into	 the	 system	during	 the	 beam	 commissioning.	 The	 input	

beam	data	required	for	the	TPS	includes	integral	depth	dose	curves	(IDDCs)	and	the	in-

air	lateral	dose	profiles	in	both	x	and	y	directions,	for	27	energies	between	100	and	226.7	

MeV	 in	 5	 MeV	 increments.	 A	 number	 of	 plans	 were	 computed	 separately	 in	 a	 water	

phantom	(40×40×40	cm3)	using	each	TPS	to	define	the	computed	beam	data	depth	dose	

curves	 and	 spot	 fluence	 profiles	 for	 each	 of	 the	 27	 input	 energies.	 These	 were	 then	

benchmarked	against	the	measured	beam	data	before	starting	any	clinical	proton	therapy	

planning.	Each	plan	has	been	computed	with	one	nominal	energy	and	one	single	spot.	For	

the	depth	dose	curve	profiles,	it	is	important	to	check	the	depth	of	Bragg	peak	(R100)	and	
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the	ranges	that	are	used	for	the	clinical	planning	such	as	the	distal	90%	and	80%	dose	

(Rd90	and	Rd80),	the	practical	range	(Rp)	(depth	of	distal	10%	dose)	50,	the	depth	of	zero	

dose,	the	distal	fall-off	penumbra	between	(Rd80	and	Rd20),	and	the	peak	width	between	

proximal	and	distal	ranges	for	80%	doses	(Rd80	–	Rp80),	all	benchmarked	to	measured	data.	

The	entire	characteristic	curve	for	each	nominal	energy	need	to	be	compared	to	measured	

data	using	gamma	analysis,	which	is	a	standard	procedure	and	it	was	described	by	Low	

DA	et	al.	51.		

The	 divergences	 of	 the	 computed	 spot	 fluence	 profiles	 also	 have	 to	 be	 compared	 to	

measured	data.	The	spot	fluence	profiles	were	measured	in	air,	while	the	computed	spot	

fluence	profiles	were	computed	on	the	phantom	surface,	at	1	mm	depth.	These	were	used	

to	check	the	variation	 in	 the	computed	spot	 fluence	 lateral	profiles	and	spot	size	(full-

width	 at	 half-maximum	 (FWHM))	 and	 ellipticity	 as	 a	 function	 of	 beam	 energy	 and	

different	locations	along	the	beam	axis	relative	to	the	isocentre.		

As	proton	pencil	 beams	propagate	 through	media,	multiple	Coulomb	 scattering	 (MCS)	

causes	lateral	spread	as	a	function	of	depth,	thus	increasing	the	spot	size	at	the	depth	of	

the	Bragg	peak	(R100).	 	The	computed	spot	profiles	and	ellipticity	at	R100	as	 function	of	

beam	energy	and	SSD	relative	to	isocentre	benchmarked	against	measured	in-air	data	and	

a	known	model.	

	

After	evaluating	the	computed	beam	data	and	comparing	it	to	the	measured	input	data,	it	

is	important	to	understand	the	cumulative	effect	of	beam	modelling	on	dose	distribution	

in	 each	 TPS.	 This	 can	 be	 done	 by	 creating	 simple	 geometrical	 phantoms	 in	 the	 TPS,	

starting	 with	 a	 homogenous	 phantom	 and	 then	 introducing	 heterogeneities.	 In	 such	

phantoms,	 the	 effects	 of	 spot-spacing,	 layer-spacing,	 and	 margins	 (lateral	 and	

longitudinal)	can	be	studied	systematically.	The	understanding	gained	from	these	tests	

can	be	used	to	inform	the	development	of	clinical	treatment	planning	strategies	to	achieve	

the	 ‘same’	plan	for	given	cases	with	each	TPS.	A	general	plan	can	also	be	generated	on	

each	 TPS,	 based	 on	 each	method	 of	 TPS	 beam	 calculation,	 to	 compare	 the	 number	 of	

layers,	number	of	spots,	robustness	in	terms	of	range	uncertainty	and	dose	conformity	

and	homogeneity.	

In	the	clinical	evaluation	study,	two	cases	have	been	selected	for	discussion.	These	include	

brain	 case	 and	 a	 complex	 head	 and	 neck	 (H&N)	 case.	 In	 this	 study,	 no	 case	 has	 been	

selected	with	a	mobile	target	as	the	PBS	is	very	sensitive	to	mobile	targets	52.	
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1.2.	Aim(s)	

To	evaluate	the	process	and	the	accuracy	of	the	proton	PBS	modelling	for	four	available	

commercial	proton	treatment	planning	systems	(TPSs),	benchmarked	against	measured	

data;	to	compare	TPS	functionality	during	system	commissioning	and	treatment	planning;	

to	develop	treatment	planning	strategies	for	each	system;	and	to	evaluate	and	compare	

treatment	plans	for	each	system.	Also	to	make	planning	recommendation	based	on	these	

evaluations.	

1.3.	Technical	objectives	

A. PBS	beam	modelling	
1. Develop	a	working	environment	specific	to	each	TPS	

v Working	environment	details	

Ø Utilize	Physics	Tools	from	TPS	when	available	

Ø Develop	in-house	code	and	applications	to	complement	missing	tools	

2. Actions	preformed	with	working		environment	

v Create	proton	machine	to	host	PBS	dose	calculation	algorithm	and	beam	model	

configuration	

v Define	machine	characteristics	

Ø Geometric	parameters	for	gantry	and	couch	

Ø Scanning	magnet	parameters	

Ø Field	size	limits	

Ø Beam	energy	range	and	limits,	etc.	

v Analyse	and	process	measured	data	

Ø Conversion	to	specific	data	format	required	by	TPS	

Ø Beam	data	details,	one	set	for	each	of	27	energies	

§ Integral	depth	dose	in	water	

§ Lateral	profiles	in	air	to	model	phase	space	for	beam	propagation	

§ Lateral	profiles	in	air	with	range	shifter	

Ø Extract	beam	model	parameters	and	fitting	to	measured	data	

Ø Evaluate	accuracy	of	beam	model	in	comparison	with	measurements	

Ø Approve	beam	model	and	machine	status	for	use	in	planning	
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B. Evaluate	beam	model	accuracy	against	measurements	
v Integrated	depth	dose	curves	(IDDC);		

v In-air	spot	fluence	lateral	profiles	and	spot	ellipticity	

v Spot	profiles	and	ellipticity	at	the	depth	of	the	Bragg	peak	(R100).		

	

C. Evaluate	impact	of	PBS	planning	parameters	in	2	phases	

Phase	1		

v Perform	phantom	studies	to	investigate	how	each	TPS	defined	spot	size,	spot	and	

layer	spacings,	and	margins.		

v Study	report	should	provide	useful	guidance	for	purchase	consideration.		

Phase	2	

v Create	plans	in	Eclipse	with	varying	spot	and	layer	spacings,	number	of	spots	and	

layers		

v Evaluate	impact	on	dose	homogeneity,	efficiency	in	computation	and	delivery.	

v Study	 report	 could	provide	 insights	 for	both	users	 and	TPS	vendors	on	 system	

limitations	and	opportunities	for	improvement		

	

D. Evaluate	 clinical	 performance	 of	 single-field	 uniform	 dose	 (SFUD)	 versus	
intensity-modulated	proton	therapy	(IMPT)	planning	techniques	

	

v Perform	detailed	comparative	study	on	SFUD	vs	IMPT	on	all	4	TPSs	

v Investigate	impact	of	XiO’s	sub-spots	calculation	parameter	on	

Ø Plan	quality.	

Ø Optimal	setting	based	on	cost	benefit	ratio.	
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1.4.	Radiation	therapy	

Radiotherapy	(RT)	 is	a	medical	 treatment	based	on	 the	usage	of	 ionising	radiation	 for	

(primarily)	 cancer	 treatments.	 Radiation	 can	 be	 delivered	 either	 using	 internal	

radioactive	sources	(brachytherapy)	or	external	radiation	sources	(external	beam	RT).	

External	beam	RT	using	high	energy	photons	or	electrons,	is	the	most	common	type	of	

radiotherapy	53,54.	

1.5.	Proton	therapy	

The	 rationale	 for	 using	 protons	 in	 RT	 lies	 in	 its	 advantageous	 dose	 deposition	

characteristics	and	the	finite	range	of	protons	to	allow	dose	sparing	of	tissues	beyond	its	

range		1,2.	Figure	1-1	compares	the	depth	dose	curve	in	water	of	a	6	MV	photon	beam	with	

a	monoenergetic	200	MeV	proton	beam.	

The	 photon	 beam	 exhibits	 a	 dose	 buildup	 followed	 by	 an	 exponential	 decay.	 As	 the	

photons	 traverse	 the	 water,	 they	 either	 interact	 or	 do	 not,	 thus	 their	 number	 falls	

exponentially.	Dose	is	actually	delivered	by	atomic	electrons	set	in	motion	by	the	photons.	

The	buildup	region	accounts	for	the	gradual	build	up	of	secondary	electrons	in	the	beam.	

This	is	clinically	useful	as	it	spares	the	skin.	

The	proton	beam	continuously	lose	energy	and	slow	down	along	its	path.	The	energy	loss	

per	unit	path	increases	as	the	protons	slow	down.	Apart	for	a	few	that	undergoes	nuclear	

interactions,	 the	 proton	 fluence,	 however,	 remains	 the	 same.	 The	 depth	 dose	 curve	

exhibits	a	peak	dose	(Bragg	peak)	near	the	end	of	the	range	where	protons	are	captured.	

The	small	spread	in	the	Bragg	peak	is	due	to	range	straggling	since	protons	undergoing	a	

statistically	zig	zag	path	would	reach	slightly	different	depths.	For	a	clinical	beam,	there	

is	also	an	inherent	energy	spread	in	the	beamline	that	further	broaden	the	Bragg	peak.	As	

the	Bragg	peak	will	be	too	narrow	to	cover	the	tumour	in	the	depth	dimension,	the	dose	

distribution	of	a	Spread	Out	Bragg	Peak	(SOBP),	as	a	weighted	sum	of	proton	beams	with	

decreasing	energies,	is	typically	used	for	therapy	55.	The	range	and	spread	of	the	SOPB	is	

chosen	to	match	and	provide	coverage	of	the	tumour	extent	in	depth.	It	can	be	seen	the	

proton	SOPB	provides	a	much	more	uniform	dose	distribution	than	that	of	 the	photon	

beam.	The	latter	also	exhibits	an	unavoidable	high	incident	dose	upstream	of	the	target	

area.	
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1.6.	Proton	Interactions	with	Matter	

Proton	 interacts	with	matter	 in	3	distinct	ways:	 (a)	slow	down	by	 Inelastic	Coulombic	

interactions	with	atomic	electrons;	(b)	scatter/deflect	by	elastic	Coulombic	interactions	

with	the	atomic	nucleus;	(c)	removed	by	non-elastic	nuclear	interactions	with	the	atomic	

nucleus.	 These	 3	 processes	 as	 illustrated	 in	 Figure	 1-2	 are	 referred	 to	 as	 stopping,	

scattering	 and	 nuclear	 interactions.	 Stopping	 and	 scattering	 proceed	 via	 the	

electromagnetic	 (EM)	 interaction	between	 the	 charge	 of	 the	 proton	 and	 the	 charge	 of	

atomic	electrons	or	nucleus. That	interaction	is	simple	and	well	understood.	By	contrast,	

our	best	overall	picture	of	the	nuclear	interaction	is	a	patchwork	of	models.	Fortunately,	

nuclear	interactions	are	relatively	infrequent,	and	simple	approximations	take	them	into	

account	well	enough	for	purposes	of	radiotherapy.	

1.6.1.	Stopping	power	

Inelastic	 Coulombic	 interactions	 with	 atomic	 electrons	 are	 the	 main	 process	 where	

protons	lose	their	energy.	These	interactions	occur	when	the	protons	penetrate	through	

the	matter	 resulting	 continuously	 lose	 kinetic	 energy	 via	 frequent	 interactions.	 These	

interactions	 lead	 to	 the	 ionisation	 and	 excitation	 of	 atoms	 and	 release	 electrons	 that	

ionise	other	atoms	in	the	neighbourhood.	Protons	experience	thousands	of	interactions	

per	centimetre,	in	these	individual	interactions	they	lose	a	small	amount	of	energy	and	

nearly	travel	in	a	straight	line	due	to	the	large	mass	(~	almost	1832	times	larger	than	the	

electron)	53,56,57.	The	rate	of	energy	loss	and	transferring	to	tissue	increases	with	the	depth	

of	 penetration,	 which	 described	 by	 the	mass	 stopping	 power.	 The	 stopping	 power	 is	

described	by	the	Bethe-Bloch	equation,	referred	to	Hans	Bethe	(1930)	and	Felix	Bloch	

(1933)	58,59.	In	1930,	Bethe	used	relativistic	quantum	mechanics	to	derive	the	expression	

for	the	stopping	power.	 in	1932	Hans	Bethe	correct	the	relativistic	effects	and	in	1933	

Felix	Bloch	correct	the	charge	z	of	the	projectile	particle.	The	relativistic	version	of	Bethe-

Bloch	as	given	by	Fano	(1963)	60,61:	
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where:	me	is	the	electron		mass;	e	is	the	electron	charge;	Zp		is	the	charge	of	the	projectile;	

Zt	is	the	charge	of	the	target;	β	is	the	particle	velocity	relative	to	the	speed	of	light;	I	is	the	

mean	ionization	potential;	&'!		is	the	shell	correction;	and	
(
$	is	the	density	effect	correction.	
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Figure	1-1:	depth	dose	profiles	for	photon	6	MV	(red)	and	proton	135-200	MeV	(blue).	And	the	SOBB	
of	all	the	modulated	proton	energies	between	135	-	200	MeV	(thicker	blue)	62.	
	

1.6.2.		Multiple	Coulomb	scattering	

Protons	also	deflected	from	its	original	path,	when	its	passes	close	to	the	atomic	nucleus	

and	 experiencing	 a	 repulsive	 elastic	 interaction	 with	 the	 atomic	 nucleus,	 which	 is	

positively	charged	and	has	a	large	mass	compared	to	the	proton	56.	The	deflection	angle	

is	 very	 small	 in	 each	 interaction,	 whereas	 the	 proton	 experiences	 many	 of	 these	

interactions	along	its	path	which	increase	the	angle	of	deflection.	These	interactions	are	

responsible	for	the	lateral	spread	out	of	the	proton	beam,	which	increases	the	beam	width	

with	 the	 depth	 and	 named	 Multiple	 Coulomb	 scattering	 (MCS)	 53,	 57,63.	 Gottschalk	

estimated	the	beam	width	as	a	result	of	MCS	in	water	~	2%	of	the	range	13.	

1.6.3.	Nuclear	interactions	

In	non-elastic	interaction	with	the	atomic	nucleus,	the	primary	proton	is	absorbed	by	the	

nucleus	 resulting	 breakup	 of	 the	 nuclei,	which	may	 emitted	 secondary	 particles	 such:	

neutrons,	secondary	protons,	γ	rays	and	alpha	particles.	These	secondary	particles	have	
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much	lower	energy	and	a	large	angle	of	deflection	than	the	primary	proton.	Due	to	these	

interactions,	approximately	1%	of	the	protons	are	lost	per	one	centimetre	in	water	55,	57,63.	

	

	

	

	

	

	
Figure	1-2:	Schematic	illustration	of	different	proton	interactions	mechanisms	56	
	
	
	
	
	
	
	
	
Table	 1-1:	 Summary	 of	 proton	 interaction	 types,	 targets,	 ejectiles,	 influence	 on	 projectile,	 and	
selected	dosimetric	manifestations.	The	table	reproduced	from	Wayne	D	Newhauser	and	Rui	Zhang	
paper	'The	physics	of	proton	therapy	(2015)'	56.	
Interaction type	 Interaction target	 Principal ejectiles	 Influence on 

projectile	
Dosimetric 
manifestation	

Inelastic Coulomb 
scattering	

Atomic electrons	 Primary proton, 
ionization electrons 

Quasi-continuous 
energy loss 

Energy loss determines 
range in patient 

Elastic Coulomb 
scattering	

Atomic nucleus	 Primary proton, recoil 
nucleus	

Change in trajectory	 Determines lateral 
penumbral sharpness	

Non-elastic nuclear 
reactions	

Atomic nucleus	 Secondary protons and 
neutrons, and gamma 
rays	

Removal of primary 
proton from beam 

Primary fluence, 
generation of stray 
neutrons, generation of 
prompt gammas for in 
vivo interrogation 

Bremsstrahlung	 Atomic nucleus	 Primary proton, 
Bremsstrahlung 
photon 

Energy loss, change in 
trajectory 

Negligible	
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1.7.	Proton	Accelerators	and	delivery	techniques	

Cyclotrons	 and	 synchrotrons	 are	 the	 two	 common	 accelerators	 used	 to	 accelerate	

protons.	The	main	difference	 is	 that	 the	cyclotrons	accelerate	continuous	 fixed	energy	

around	250	MeV	as	the	maximum	energy	(~	38	cm	range	in	water)	to	reach	deep-seated	

tumours	64,65.	An	energy	selection	system	(degrader	with	variable-thickness	material)	is	

used	 to	 reduce	 the	 proton	 energies/ranges	 to	 match	 the	 required	 depth	 for	 patient	

treatments.	 Whereas	 the	 synchrotron	 can	 accelerate	 protons	 with	 variable	 energies	

needed	for	the	therapy	without	using	degrader	65.		

	

For	proton	therapy	the	accelerator	choice	and	the	beam	transport	system	design	must	

satisfy	certain	basic	requirements:	the	needed	speed	of	the	energy	change,	the	accuracy	

of	 the	 obtained	 energy	 (range),	 and	 the	 effect	 on	 beam	 parameters	 such	 as	 intensity,	

energy	spread,	and	beam	broadening.	With	the	use	of	superconducting	magnets,	newer	

commercial	cyclotrons	are	rather	compact	with	major	components	that	include:	1)	a	radio	

frequency	 (RF)	 system	 that	 provides	 strong	 electric	 fields	 by	 which	 protons	 are	

accelerated;	2)	a	strong	magnet	that	confines	the	particle	trajectories	into	a	spiral	orbit	to	

be	 accelerated	 repeatedly	 by	 the	 RF	 voltage;	 3)	 a	 proton	 source	 at	 the	 center	 of	 the	

cyclotron,	in	which	protons	are	extracted	from	ionized	hydrogen	gas	and	4)	an	extraction	

system	 that	 guides	 the	 particles	 that	 have	 reached	 their	maximum	 energy	 out	 of	 the	

cyclotron	into	a	beam	transport	system	55,66,67.	

The	accelerator	can	be	used	with	either	single	or	multiple	treatment	rooms.	The	protons	

from	 the	 accelerator	 are	 magnetically	 transported	 to	 each	 treatment	 room	 equipped	

either	with	a	rotating	gantry	or	a	fixed	beam.		

	

Passive	scattering	proton	therapy	(PSPT)	and	active	pencil	beam	scanning	(PBS)	are	the	

two	main	delivery	 techniques	 for	proton	 therapy.	PSPT	 is	 the	 conventional	method	of	

creating	a	proton	field.	PSPT	typically	uses	a	broad,	double-scattered	proton	beam	of	a	

single	energy.	A	range	modulator	wheel	is	used	to	vary	the	range	of	the	proton	beam	to	

generate	a	Spread-Out	Bragg	Peak	(SOBP).	Patient-specific	brass	apertures	are	used	to	

define	 the	 lateral	 field	 shape	 and	 lucite	 compensators	 are	 used	 to	 provide	 distal	

conformance	to	the	target.	See	Figure	1-3	(a).		

PBS	is a more recent method.	PBS	uses	scanning	magnets	to	control	the	lateral	extent	of	

the	beam	and	an	energy	 selection	 system	 is	used	 to	alter	 the	proton	 range.	Most	new	
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proton	centres	use	PBS	as	it	lowers	secondary	neutron	production,	reduces	the	need	for	

expensive	beam-shaping	devices,	and	allows	for	intensity	modulated	proton	radiotherapy	

(IMPT),	to	further	improve	dose	conformity	4–7.		

	

In	PBS	delivery,	lateral	target	coverage	is	achieved	by	scanning	the	pencil	beam	laterally	

in	the	x-	and	y-directions	across	a	plane	(a	layer)	perpendicular	to	the	beam	(z)	axis.	A		

SOBP	is	created	to	cover	the	target	extent	in	depth	by	delivering	multiple	Bragg	Peaks,	

each	 corresponding	 to	 an	 energy	 layer	 at	 a	 given	 radiological	 depth.	 Each	 layer	 is	

delivered	 one	 at	 a	 time	 by	 scanning	 the	 spots	within	 the	 layer	 until	 the	 entire	 target	

volume	has	been	irradiated.	See	Figure	1-3	(b).	

	

	
Figure	1-3:	 	Diagrammatic	representation	of	passive	scattering	and	active	scanning	proton	beam	
delivery	systems	68	

  
(a)	Diagrammatic	representation	of	a	typical	passive	scattering	proton	beam	delivery	system	

  
(b)	Diagrammatic	representation	of	a	typical	active	scanning	proton	beam	delivery	system	
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1.8.	Literature	review	

Since	 the	 Paul	 Scherrer	 Institute	 (PSI)	 started	 to	 develop	 spot-scanned	 protons	 and	

treated	 their	 first	 patient	 in	 December	 1996	 52,	 many	 cancer	 centres	 have	 become	

interested	in	spot	scanning	proton	therapy	as	a	new	delivery	technique.	Since	that	time,	

many	papers	have	been	published	describing	efforts	made	to	improve	treatment	planning	

and	 to	get	 the	 full	benefit	of	PBS,	by	reducing	 the	dose	uncertainty	and	 improving	 the	

treatment	quality.	Many	of	the	parameters	are	related	to	the	delivery	systems,	treatment	

planning	 systems	 and	 techniques,	 optimisation	 and	 calculation	 algorithms	 and	 tools,	

planning	beam	geometry,	 lateral	penumbra	and	the	needs	of	the	double	Gaussian	(DG)	

fluence	model,	the	motion	uncertainty	and	the	needs	of	4D	planning,	robust	optimisation	

and	Monte	Carlo	simulation/methods	for	both	beam	generation	and	validation	and	plans	

quality	assurance	(QA).	

	

The	basis	of	all	TPSs	is	the	dose	calculation.	There	are	several	commercial	proton	TPSs,	

such	 as	 Eclipse,	 XiO,	 DOSIsoft,	 RayStation	 and	 Pinnacle3,	 of	 which	 the	 first	 four	 are	

available	 commercially	 and	 the	 latter	 one	 still	 in	 development.	 There	 are	 also	 many	

proton	centres	that	use	their	own	in-house	systems,	such	as	MGH,	PSI,	Loma	Linda	and	

DKFZ.	Several	authors	have	addressed	the	evaluation	and	comparison	of	commercial	and	

in-house	proton	TPSs,	yet	there	are	no	studies	reported	in	the	literature	that	describe	the	

evaluation	of	the	four	leading	commercial	proton	TPSs.	

	

Many	imaging	modalities	can	be	used	to	help	medical	staff	to	delineate	both	tumours	and	

OARs,	such	as	magnetic	resonance	imaging	(MRI),	positron	emission	tomography	(PET)	

and	 X-ray	 computed	 tomography	 (CT)	 The	 images	 used	 in	 treatment	 planning	 do	 not	

depend	on	the	type	of	radiation	that	will	be	used	for	the	treatment	when	the	planning	

procedures	are	based	on	the	CT	dataset	of	the	anatomical	treatment	area.	CT	data	allows	

medical	staff	to	see	the	patient’s	internal	anatomy	and	provides	a	three-dimensional	(3D)	

map	of	the	patient's	electron	density,	which	is	needed	to	calculate	the	beam	attenuation,	

and	thus	the	dose	distribution	within	the	patient.	The	3D	model	provided	by	the	CT	data	

of	 the	 relative	 attenuation	 of	 the	 patient‘s	 anatomy	 to	 low	 energy	 X-rays	 (typically	 of	

about	 120	 KeV)	 can	 be	 translated	 into	 either	 electron	 densities	 for	 photon	 dose	

calculations,	or	proton	stopping	powers	for	proton	therapy	69,70.	CT	datasets	are	used	to	

correct	for	tissue	inhomogeneities	in	radiotherapy	treatment	planning,	and	to	guarantee	
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accurate	dose	calculation.	It	is	important	to	obtain	the	relationship	between	CT	HUs	and	

electron	densities	or	proton	stopping	powers	for	proton	radiotherapy,	which	is	the	basic	

input	 for	 radiotherapy	 planning	 systems	 that	 consider	 tissue	 heterogeneities	 69.	

Schneider	et	al.	(1996)	69	described	a	method	to	improve	CT	calibrations	for	biological	

tissue	 (a	 stoichiometric	 calibration)	 based	 on	 measurements	 obtained	 using	 tissue	

equivalent	materials.	The	authors	have	found	that	the	stoichiometric	calibration	method	

is	more	 precise	 than	 the	 tissue	 substitute	 calibration	method.	 The	 present	 sources	 of	

uncertainty	 in	 X-ray	 radiotherapy	 also	 apply	 to	 proton	 therapy.	 Most	 geometrical	

uncertainties	can	be	managed	in	the	same	way,	including	variation	in	delineation,	setup	

uncertainties,	imaging	inaccuracies	and	patient	motion	3.	With	proton	therapy,	there	is	an	

additional	source	of	uncertainty	compared	to	photons,	which	is	the	range	uncertainty.		

	

In	proton	therapy,	CT	datasets	are	used	to	obtain	patient	image	data,	and	the	HUs	are	then	

converted	 into	 proton	 stopping	 powers	 so	 that	 dose	 calculations	 can	 be	 made.	

Inaccuracies	in	the	conversion	from	HU	to	proton	stopping	powers,	and	inaccuracies	in	

the	HU	values	themselves,	lead	to	uncertainty	in	the	calculation	of	range	by	the	TPS	3,71.	

Noise,	 CT	 reconstruction	 artefacts	 and	 beam	 hardening	 cause	 inaccuracies	 in	 the	 HU	

values.	High-density	 objects,	 such	 as	metal	 prostheses,	 surgical	 clips	 or	dental	 fillings,	

generate	streak-like	artefacts	in	CT	images,	which	may	affect	the	result	of	the	calculation	

and	cause	dose	inaccuracies	in	the	radiotherapy	planning	process.	The	artefacts	not	only	

affect	 the	possibility	 of	 identifying	 the	 anatomical	 structures	 of	 interest,	 but	 they	 also	

introduce	errors	into	the	electron	density	map	of	the	patient,	which	will	lead	to	errors	in	

the	estimated	proton	range	in	the	patient.	The	dosimetric	impact	of	streaking	artefacts	

can	be	large,	and	the	presence	of	high-Z	material	should	therefore	be	handled	with	care		
6,72.		Software	correction	methods	at	the	level	of	CT	image	generation	have	been	proposed	

and	are	now	on	the	verge	of	becoming	commonly	available	in	clinical	practice	6,73,74.	Both	

España	S	et	al.	(2010)	and	Schaffner	B	et	al.	(1998)	75,76	investigated	how	the	conversion	

of	HUs	to	stopping	power	affects	the	range	calculation	in	comparison	to	the	real	treatment	

range.	España	S	et	al.	 (2010)	75	 tested	 the	different	conversion	methods,	 including	 the	

stoichiometric	calibration	method.	PET	imaging	was	used	to	determine	the	range	of	the	

proton	beam	in	a	phantom	and	compared	with	the	calculated	range.	It	was	noted	that	the	

back-to-back	 photons	 imaged	 with	 PET	 are	 generated	 from	 electron–positron	

annihilations	caused	by	inelastic	nuclear	interactions	between	protons	and	target	nuclei,	

and	not	from	atomic	interactions,	which	primarily	leads	to	dose	deposition.	Both	España	
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S	 et	 al.	 (2010)	 and	 Schaffner	 B	 et	 al.	 (1998)	 75,76	 concluded	 the	 same	 result	 for	 the	

uncertainty	caused	by	conversion,	which	was	<±1%.	There	is	research	being	undertaken	

into	the	development	of	proton	CT.	This	would	remove	the	uncertainty	in	the	conversion	

from	HUs	to	proton	stopping	powers	and	enable	image	guidance	with	the	patient	setup	

for	treatment	77.	

	

Noise	is	a	stochastic	error	that	either	adds	or	subtracts	from	the	HU	value;	this	type	of	

error	 is	 important	only	 if	 the	proton	beam	 is	 sensitive	enough	 to	be	affected	by	 these	

changes	 in	HU	value.	 It	was	 concluded	 that	 the	 errors	 caused	by	noise	 have	 a	 similar	

contribution	to	the	conversion	uncertainties:	<±1%	76.	

Beam	hardening	had	a	greater	effect	on	the	assigned	HU	value,	which	was	dependent	on	

the	position	and	density	of	the	tissue,	and	added	errors	of	the	order	of	±1.8%	for	the	bone	

and	±1.1%	 for	 the	soft	 tissue	 76.	HUs	are	dependent	on	 the	X-ray	spectrum	and	 target	

position.	Each	scanner	will	produce	a	different	X-ray	spectrum,	generated	with	a	different	

tube	potential	and	current,	 therefore	requiring	individual	calibration.	HU	uncertainties	

can	 contribute	 to	 approximately	 ±3%	uncertainty	 in	 range,	 even	 after	 site-specific	 CT	

scanner	calibrations	have	been	carried	out	3.	A	study	has	been	published	by	Moyers	et	al.	

(2010)	78	which	did	a	measurement	of	the	relative	linear	stopping	powers	of	21	different	

tissue	substitutes,	and	then	scanned	using	both	kilo-voltage	and	mega-voltage	CT,	and	the	

relationship	between	stopping	power	and	HU	value	was	determined.		

	

Protons	 have	 a	 finite	 range,	which	 is	 highly	 dependent	 on	 the	 electron	 density	 of	 the	

material	they	are	traversing,	resulting	in	a	steep	dose	gradient	at	the	distal	edge	of	the	

Bragg	peak.	The	positioning	of	these	dose	gradients	is	critical	to	successful	planning	and	

treatment;	therefore,	an	uncertainty	of	even	a	few	millimetres	can	lead	to	under	dosage	

in	the	target	volume,	or	over	dosage	of	an	OAR.	

The	 main	 advantage	 of	 using	 protons	 in	 cancer	 treatment	 is	 their	 finite	 range.	 This	

advantage	can	only	be	fully	exploited	if	the	proton	range	in	the	patient	can	be	precisely	

predicted	79.	To	achieve	an	optimum	proton	treatment	plan,	the	range	prediction	needs	

to	be	as	accurate	as	possible	3.	

It	has	been	suggested	that	the	proton	range	uncertainties	can	be	between	1	and	15	mm	

for	lung	tumours	75,	but	larger	changes	are	possible	due	to	the	anatomical	changes	in	the	

patient.	 In	 X-ray	 radiotherapy,	 the	 uncertainties	 are	 normally	 compensated	 for	 by	

introducing	safety	margins	around	the	treatment	volume	and	around	OARs	to	produce	a	
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planning	 target	 volume	 (PTV)	 and	 planning	 OAR	 volume	 (PRV).	 This	 has	 been	

recommended	 by	 the	 International	 Committee	 on	 Radiation	 Units	 and	Measurements	

(ICRU)	Reports	50	and	62	80,81,	and	a	similar	method	has	been	recommended	for	protons	

by	ICRU	Report	78	82.		

	

As	 expected	 with	 the	 advent	 of	 new	 technology	 recently,	 many	 studies	 have	 been	

published	 to	 show	 the	 benefits	 of	 PBS	 compared	 to	 both	 IMRT	 and	 PSPT,	with	many	

types/kinds	of	tumours/cancers.	These	include	for	paediatric	17–23;	 for	H&N	52,83–86;	 for	

prostate	52,87–93;	and	for	paraspinal	and	brain	cases	91,94–99.	Compared	to	both	IMRT	and	

PSPT,	PBS	has	been	shown	to	be	a	safe	and	reliable	technique	with	a	good	target	coverage	

and	 OAR	 sparing	 and	 no	 need	 for	 more	 than	 four	 beams/fields	 with	 the	 largest	 and	

complex	 cases;	 however,	 the	 PBS	 is	 still	 sensitive	with	 organ	motions	 and/or	mobile	

tumours.	 Upstream	 energy	 degradation	 and	 fast	 rescanning	 can	 help	 to	 reduce	 the	

sensitivity	 problems	 with	 organ	 motion	 52.	 Many	 studies	 such	 as	 Engelsman	 M	 et	 al.	

(2006)	and	Kang	Y	et	al.	 (2007)	 100,101	have	been	published	 for	 four-dimensional	 (4D)	

proton	 treatment	 planning	 using	 4D-computed	 tomography	 images	 (4DCT)	 for	 lung	

tumours	to	guarantee	target	coverage	throughout	a	respiratory	cycle,	which	show	some	

benefits;	however,	the	topic	of	4D-treatment	planning	is	still	very	complex	102.	With	the	

PBS,	 the	 dose	 is	 optimised	 by	 two	 common	 treatment	 planning	 techniques	 IMPT	 and	

SFUD.	 IMPT	 treatment	 technique	 is	 the	 spot	 scanning	 equivalent	 of	 IMRT.	 IMPT	 can	

deliver	uniform	dose	distribution	to	the	target	volume,	but	each	field	is	not	uniform	to	the	

target.	SFUD	treatment	technique	has	individually	optimised	fields	and	each	individual	

field	delivers	uniform	dose	distribution	to	the	target.	SFUD	is	the	spot	scanning	equivalent	

of	treating	with	‘open’	fields.	SFUD	plans	are	more	sensitive	to	errors	than	conventional	

photon	plans,	and	IMPT	plans	are	more	sensitive	than	SFUD	plans,	because	of	the	proton	

range	uncertainty	and	the	achievable	steep	dose	gradients	inside	the	target	volume	103.	

The	SFUD	approach	was	the	method	of	choice	for	the	first	patients	treated	at	PSI	and	is	

still	used	in	about	60%	of	the	currently	applied	plans	at	PSI.	IMPT	dose	delivery	technique	

is	highly	sensitive	to	range	uncertainties	and	the	uncertainties	caused	by	setup	variation.	

A	 comparison	 study	 between	 three	 IMPT	 proton	 treatment	 planning	 employing	

algorithms—3D	modulation,	2.5-dimensional	(2.5D)	modulation	and	intensity	modelled	

distal	edge	tracking	(DET)—applied	to	a	number	of	H&N	cases	was	published	by	Li	HS	et	

al.		(2008)	104.	These	3	modulations	are	illustrated	in	Figure	1-4.	The	study	shows	that	the	

3D	IMPT	is	the	most	robust	in	providing	uniform	dose	distribution,	especially	when	the	
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proton	 spot	 size	 is	 relatively	 large.	 Another	 study	 has	 been	 published	 by	 Liu	W	 et	 al.	

(2012)	 105,	which	 compared	between	 	DET	 technique	 in	 IMPT	 (IMPT-DET)	 and	 three-

dimensional	 IMPT	 (IMPT-3D)	with	 a	 number	 of	 prostate	 and	base	 of	 skull	 cases.	DET	

technique	in	IMPT	allows	for	high-energy	efficiency,	fast	and	simple	delivery	and	simple	

inverse	treatment	planning.	In	DET,	the	homogeneous	dose	distributions	can	be	achieved	

using	only	the	most	distal	single	Bragg	peaks	106.	The	study	concludes	that	DET	less	robust	

to	the	uncertainties	compared	to	the	3D	but	the	DET	show	better	normal	tissue	sparing.	

The	optimisation	of	 conventional	 inverse	 IMPT	 treatment	planning	based	on	planning	

target	volume	(PTV)	could	be	not	often	enough	to	ensure	robust	treatment	plans,	and	all	

the	 IMPT	 plans	 should	 be	 robustly	 optimised	 8,16.	 The	 robustness	 of	 IMPT	 plans	 to	

uncertainties	can	be	improved	with	robust	optimisation	with	taking	into	account		range	

and	setup	uncertainties.	

	

There	were	several	developments	in	recent	years	in	the	field	of	proton	radiation	therapy,	

but	 there	 are	 some	problems	 that	have	not	 yet	 been	 resolved.	Due	 to	 the	difficulty	 of	

planning	 safe	 and	 robust	 dose	 distributions,	 intensity	 modelled	 radiotherapy	 with	

protons	 is	 still	 rarely	 applied	 in	 clinical	 practice.	 The	 geometrical	 uncertainty	 is	 an	

important	issue.	Also,	the	interplay	effects	with	the	organ	motions.	With	the	increasing	

interest	in	the	field	of	proton	therapy,	 it	 is	expected	that	in	the	next	few	years,	 further	

developments	 in	 the	 field	 will	 occur	 through	 both	 research	 and	 clinical	

applications/practice	6.	

	
Figure	1-4:	comparison	of	the	2.5D	IMPT	and	DET	modulations	techniques	with	the	most	general	3D	
approach.	Positions	of	solid	circles	represent	individual	Bragg	and	different	weights	are	symbolized	
by	different	circle	diameters	104,106.	
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Chapter	2:	Evaluation	and	comparison	of	proton	
pencil	beam	model	accuracy	

2.1.	Introduction	

The	 treatment	 planning	 system	 (TPS),	 on	 which	 radiation	 therapy	 treatments	 are	

designed,	must	undergo	a	thorough	commissioning	and	validation	process	before	clinical	

use.	 Beam	 modelling	 and	 beam	 phase	 space	 characterisation	 methods	 have	 been	

extensively	 developed	 for	 electrons	 and	 photons	 10,11,107,	 but	 for	 protons	 this	 area	 is	

relatively	 unexplored.	 The	 accuracy	 required	 for	 proton	 beam	 commissioning	 is	 high	

compared	to	conventional	measurement	practices	in	radiotherapy,	because	of	the	sharp	

dose	gradient	at	the	Bragg	peak.	There	are	a	number	of	uncertainties	specific	to	proton	

therapy	that	do	not	affect	x-ray	radiotherapy	108,	 such	as	 the	conversion	of	Hounsfield	

units	 to	 proton	 stopping	 powers	 for	 treatment	 planning	 109,	 mean	 excitation	 energy	

variations	 110–113,	 range	 uncertainty	 and	 degradation	 114.	 Therefore	 the	 uncertainties	

introduced	during	the	commissioning	process	should	be	kept	to	a	minimum.	Clasie	et	al	
15	 highlighted	 the	 importance	of	 accurately	quantifying	 individual	 pristine	Bragg	peak	

depth	dose	distributions	in	order	to	achieve	dosimetric	accuracy	in	standard	geometries	

in	the	order	of	1%.		

	

To	date	there	have	been	many	publications	comparing	different	commercial	photon	TPSs	
44,	 46,115–117,	 but	 the	 number	 of	 proton	 TPS	 comparisons	 have	 been	 few	 48,118.	 Possible	

reasons	for	this	include	the	relative	infancy	of	PBT,	the	lack	of	institutions	having	access	

to	multiple	commercial	TPSs,	and	the	earlier	facilities	using	their	own	in-house	developed	

TPS.	 Such	 an	 evaluation	 offers	 significant	 insights	 in	 assisting	 the	 decision-making	

process	for	a	new	PBT	centre	in	procuring	a	commercial	TPS.		

	

The	purpose	of	this	study	in	this	chapter	is	to	evaluate	the	beam	modelling	accuracy	for	

pencil	beam	scanning	(PBS)	for	four	proton	TPSs:	Eclipse	(Varian	Medical	Systems,	Palo	

Alto,	CA)	version	13.5.35;	Pinnacle3	(Philips	Radiation	Oncology	Systems,	Fitchburg,	WI)	

version	16.0;	RayStation	(RaySearch	Laboratories,	Stockholm,	Sweden)	version	4.7.0.15;	

XiO	 (Elekta	CMS	Software,	Maryland	Heights,	MO)	version	4.8.00.	All	 are	 commercially	

available,	except	for	Pinnacle3	which	is	still	under	development	at	the	time	of	writing	this	

report.	 The	 evaluation	 process	 requires	 data	 entry,	 beam	modelling,	 comparison	 and	
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validation	against	measured	data.	The	comparison	against	measurements	included	key	

components	of	each	TPS’s	beam	model	as	follows:		

- Integrated	depth	dose	curves	(IDDC);		

- In-air	spot	fluence	lateral	profiles	and	spot	ellipticity;	

- Spot	profiles	and	ellipticity	at	the	depth	of	the	Bragg	peak	(R100).		

2.2.	Material	and	Methods	

2.2.1.	Measured	PBS	beam	data	and	modelling	

Measured	 proton	 beam	 data	 was	 acquired	 at	 the	 Roberts	 Proton	 Therapy	 Centre	

(University	of	Pennsylvania)	to	commission	the	treatment	planning	systems	used	in	this	

study.	The	machine	is	an	IBA	system	(IBA,	Louvain-La-Neuve,	Belgium)	with	a	dedicated		

beam	nozzle	for	pencil	beam	scanning.	IDDCs	were	acquired	using	a	Bragg	peak	chamber	

(PTW	type	34070,	Frieburg,	Germany)	in	a	water	tank	for	27	energies	between	100	and	

226.7	MeV	(5	MeV	increments).	The	Bragg	peak	chamber	 is	a	 large	diameter	(dia	81.6	

mm)	parallel	plate	chamber	that	ensures	protons	scattered	from	the	central	axis	are	also	

collected.	 The	 IDDCs	 were	 measured	 with	 a	 resolution	 of	 3	 mm	 in	 the	 entrance	 and	

plateau	region,	and	0.5	mm	in	the	Bragg	peak	region.	The	horizontal	beam	was	directed	

through	the	side	wall	of	the	water	tank,	leading	to	an	offset	of	42	mm	water	equivalent	

thickness	(WET)	for	the	first	measurement	(composed	of	the	water	tank	wall	thickness	

18	mm	WET	+	surface	offset	20	mm	+	chamber	entrance	window	thickness	4	mm).		

	

Spot	fluence	profiles	were	measured	for	the	same	27	energies,	 in	air,	at	eight	different	

positions	along	the	axis	of	beam	propagation:	+39,	+33,	+20,	+10,	0,	-10,	-17	and	-30	cm	

relative	to	 the	 isocentre	(positive	towards	the	source).	The	source-axis-distance	(SAD)	

was	fixed	at	204	cm	and	the	snout	position	at	43	cm	(distance	from	upstream	face	of	range	

shifter	if	present).	An	IBA	Lynx	scintillator/CCD	camera	system	with	0.5	mm	resolution	

was	used	for	the	measurements.	Measured	data	was	entered	into	each	proton	TPS	and	

modelled	according	to	each	system’s	beam	modelling	requirements.	The	beam	modelling	

for	Eclipse,	Pinnacle3,	and	XiO	was	performed	by	the	author	of	the	study,	while	the	model	

for	 RayStation	 was	 generated	 by	 the	 manufacturer	 (as	 per	 their	 protocol).	 With	 the	

exception	of	XiO,	commissioning	for	all	systems	included	modelling	of	both	the	IDDCs	and	

spot	fluence	profiles.	For	XiO,	the	measured	IDDCs	were	used	directly	using	interpolation	
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without	fitting	to	a	beam	model.	Whereas	for	the	spot	fluence	profile	modelling	in	XiO,	

manual	calculations	were	made	as	no	fitting	tools	were	provided.	For	each	energy,	the	

effective	 sigma	 (σ0)	 at	 isocentre,	 ellipticity	 coefficients	and	 spot	divergence	 in	x	 and	y	

directions	were	 determined	 from	 the	measured	 data.	 (Beam	modelling	 procedure	 for	

each	TPS	listed	in	Appendix	1).	

	

	

	
Figure	2-1:	Bragg	Peak	Chamber,	PTW	Type	34070,	for	measuring	the	integral	depth	dose	curves	
IDDCs	(sensitive	volume	10.5	cm3;reference	point	3.47	mm	from	chamber	surface	119).	
	
	
	
	
	
	
	
	

	 	
(a)	 (b)	

Figure	 2-2:	 (a)	 IBA’s	 Lynx	 scintillator/CCD	 camera	 system	 for	 in-air	 spot	 fluence	 profile	
measurement;	 (b)	Measurement	 positions	 in	 air.	 The	 proton	 beam	 is	 directed	 horizontally	 and	
measurements	of	the	spot	profile	(orange	Gaussian	profiles)	are	made	at	a	range	of	positions	in	air	
using	ionisation	chambers	120.	
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2.2.2.	Integrated	depth	dose	curves	(IDDC)	

Each	proton	spot	is	characterised	by	the	depth	dose	distribution	and	the	lateral	spread	of	

the	beam	which	increases	with	depth.	The	percentage	depth	dose	(PDD),	commonly	used	

in	radiotherapy,	considers	the	dose	along	a	line	through	the	central	axis	of	the	beam.	The	

PDD	concept	 assumes	 the	beam	 is	broad	enough	 to	 achieve	 scatter	 equilibrium.	For	 a	

single	pencil	beam,	for	which	there	is	no	lateral	equilibrium,	summation	of	the	dose	at	

each	depth,	known	as	the	integrated	depth	dose	curve	(IDDC),	is	a	more	useful	quantity.	

At	each	depth,	IDDC	includes	all	the	protons	scattered	away	from	the	central	axis	within	

the	plane.	It	is	very	important	that	the	TPS	models	the	IDDC	correctly.		

Figure	2-3	a	shows	a	single	spot	 for	 four	different	proton	energies:	100,	150,	200	and	

226.7	 MeV.	 The	 spot	 of	 each	 of	 the	 four	 energies	 has	 been	 computed	 and	 exported	

separately	in	DICOM	format	and	then	normalised	to	its	own	dose	maximum.	The	figure	

shows	that,	as	the	energy	increases,	the	maximum	voxel	dose	is	found	near	the	entrance	

and	not	 in	 the	peak	 region.	The	higher	doses	occur	at	 shallower	depths	as	 the	energy	

increases	 due	 to	 nuclear	 interactions	 and	 multiple	 coulomb	 scattering.	 Figure	 2-3	 b:	

shows	both	computed	PDD	and	IDD	curves	for	the	computed	spots	of	Figure	2-3	a.	

	

A	synthetic	water	cube	phantom	(40×40×40	cm3)	was	created	and	used	to	compute	the	

IDDCs	for	each	TPS.	Each	of	the	27	nominal	energies	was	computed	separately,	using	a	

single	 spot	and	1	mm	calculation	grid	 size.	The	dose	 calculation	algorithms	 for	all	 the	

systems	used	in	this	study	were	based	on	a	variant	of	the	generic	pencil	beam	algorithm.	

The	 manufacturers’	 dose	 algorithms	 are	 referred	 to	 as	 follows:	 ‘Proton	 convolution	

superposition	algorithm’	(Eclipse);	‘Proton	PBS’	(Pinnacle3);	and	‘Pencil	beam	algorithm’	

(RayStation	 and	 XiO)	 12,13,	 24,121.	 Eclipse,	 Pinnacle3,	 and	 RayStation	 used	 the	modelled	

beam	 data	 in	 the	 dose	 calculation,	 whereas	 XiO	 used	 the	 input	 beam	 data	 directly.	

MATLAB	was	used	 to	 compute	 the	 IDDCs	by	 integrating	 the	dose	over	 the	 two	 lateral	

directions	at	a	specific	depth,	for	depth	increments	of	1	mm.	Each	of	the	computed	IDDCs	

was	normalised	to	its	own	maximum.	The	calculated	IDDCs	from	the	TPSs	were	compared	

to	the	measured	data	using	gamma	analysis	with	a	range	of	passing	criteria	122.	As	the	

IDDCs	were	measured	with	an	offset	of	42	mm,	the	gamma	analysis	were	applied	only	at	

depths	 starting	 from	 45	 mm	 until	 the	 depth	 of	 zero	 dose.	 Additionally,	 the	 dose	

parameters	at	several	ranges	were	computed:	(i)	the	distal	80%	(R80);	(ii)	practical	range	

(Rp),	at	10%	of	the	dose	after	the	Bragg	peak;	(iii)	peak	width	between	the	proximal	80%	

and	 distal	 80%	 doses	 (80-80);	 (iv)	 the	 distal	 range	 of	 0.5%	 (R0.5);	 and	 (v)	 the	 distal	
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penumbra	between	 (R80	 and	R20).	The	R0.5	was	used	 instead	of	 the	depth	of	 zero	dose	

(Rzero)	 to	 minimize	 the	 effect	 of	 noise.	 (see	 Appendix	 2	 for	 further	 details	 about	 the	

computed	IDDCs	for	each	TPS).	
	

	
Figure	2-3:	a:	Four	different	calculated	proton	spots/beamlines	with	different	energies	(100,	150,	
200	and	226.7	MeV);	b:	The	percentage	depth	dose	(PDD)	and	Integral	depth	dose	(IDD)	curves.	
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2.2.3.	Lateral	profiles	in	air	

To	 evaluate	 the	 ability	 of	 each	 TPS	 in	modelling	 spot	 fluence	 profiles	 in	 air,	 the	 spot	

profiles	were	extracted	at	 the	surface	 (zero	depth)	of	 the	water	phantom	calculations,	

each	with	 the	phantom	positioned	at	different	SSD	(source	 to	surface	distance).	While	

measured	profiles	were	acquired	at	eight	positions	around	the	isocentre	(+39,	+33,	+20,	

+10,	 0,	 -10,	 -17	 and	 -30	 cm),	 only	 five	 positions	 (+20,	 +10,	 0,	 -10	 and	 -17	 cm)	were	

calculated	for	evaluation.	

	

Figure	2-4	 illustrates	 the	 geometric	 setup	 for	 the	 computed	 spot	 fluence	profiles.	 The	

nominal	source	axis	distance	(SAD)	is	204	cm,	the	snout	position	was	set	at	43	cm.	The	

SSDs	were	adjusted	by	moving	the	isocentre	location	within	the	phantom	(along	the	z-

direction).	The	blue	dashed	 lines	 illustrate	 the	beam	divergence.	Figure	2-4	b	shows	a	

measured	spot	fluence	profile	in	the	x-direction	for	170	MeV	at	five	different	positions	

around	isocentre:	20,	10,	0,	-10	and	-17	cm.	The	measured	profiles	in	the	figure	show	that	

the	beam	divergence	increases	as	the	beam	isocentre	moves	away	from	the	source	and	

also	the	measured	profiles	are	Gaussian	in	shape.	

	

All	TPSs	were	able	to	compute	doses	at	all	positions	except	XiO,	which	was	not	able	to	

compute	at	the	position	of	-17	cm	(downstream).	To	bypass	this	issue,	it	was	necessary	to	

create	 a	 structure	 above	 the	 water	 phantom	 in	 the	 beam	 direction	 with	 the	 lowest	

possible	 electron	 density,	 to	 allow	 the	 system	 to	 compute	 dose	 at	 that	 position.	 It	 is	

possible	that	the	added	density	might	not	be	negligible,	affecting	divergence	of	the	lateral	

profile	divergence.	

	

The	TPS	spot	profiles	were	extracted	in	Matlab	using	a	resolution	of	1	mm.	In	addition	to	

computation	of	the	spot	size	(defined	as	full-width-half-maximum,	FWHM,	and	equals	to	

2.35	x	sigma),	the	computed	profiles	were	compared	to	the	measurements	(resampled	

from	 0.5	 mm	 to	 1.0	 mm)	 using	 gamma	 analysis	 with	 a	 range	 of	 pass/fail	 criteria.	

Additionally,	the	spot	ellipticity	SE	was	computed	for	both	measured	and	TPS	spots	using	

equation	2-1:	

!"	 = %
&'()	&*+,	*-	.	/*0,1)*(-	 − 	&'()	&*+,	*-	3	/*0,1)*(-
&'()	&*+,	*-	.	/*0,1)*(-	 + 	&'()	&*+,	*-	3	/*0,1)*(-5

!
										(2 − 1)	

if	SE	=	0,	then	the	spots	are	circular;	
if	SE	>	0,	then	the	spots	are	elliptic.	
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Figure	2-4:	Definition	of	the	measured	and	computed	spot	fluence	profiles;	a:	Depths	that	have	been	
used;	b:	Measured	spot	fluence	profiles	in	x-direction	for	170	MeV.	
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2.2.4.	Lateral	profiles	in	water		

As	proton	pencil	 beams	propagate	 through	media,	multiple	Coulomb	 scattering	 (MCS)	

causes	lateral	spread	as	a	function	of	depth.	The	spot	size	at	the	depth	of	the	Bragg	peak	

(R100)	is	therefore	larger	compared	to	that	at	the	entrance.	It	is	important	to	evaluate	the	

spot	profiles	and	ellipticity	at	the	peak	because	the	spot	size	at	this	depth	is	often	used	to	

determine	the	spot	spacing	in	the	energy	layer.	Also,	it	is	important	to	accurately	model	

the	 low	 dose	 shoulder	 from	MCS	 as	 it	 contributes	 to	 the	 overall	 dose	 across	 all	 spot	

positions	within	the	layer.	

	

Measuring	 the	variation	of	 the	 lateral	 size	with	depth	 is	 time-consuming	 that	 involves	

measurements	at	multiple	depths	using	a	2D	array	in	water.	The	process	must	then	be	

repeated	for	each	energy.	TPS	typically	only	requires	measurements	in	air	to	model	the	

beam	propagation	in	phase	space.	The	beam	spread	in	media	is	calculated	based	on	the	

well-known	physics	model	of	MCS	though	details	of	the	implementations	are	proprietary.	

To	 determine	 the	 ground	 truth	 to	 which	 each	 TPS	 can	 be	 compared,	 the	 in-air	

measurements	were	converted	to	 in-water	profiles	using	a	theoretical	 framework.	The	

lateral	size	of	the	beam,	described	by	the	depth-dependent	σ(z),	can	be	calculated	using	

the	spread	in-air	σ(0)	and	the	formula	of	Gottschalk	et	al.	(1993)	32	in	equation	2-2,	

σ(*) = >σ,
$ +	σMCS2 (Z)																																																																					(2 − 2)	

	

where	σ(MCS)	is	the	depth-dependent	beam	broadening	as	a	result	of	MCS.		
	

The	 value	 of	 σ(MCS)	 can	 be	 calculated	 using	 equation	 2-3	 given	 by	 Nill	 (2001)	 123	 or	

estimated	using	equation	2-4	13.			

σ&'() (Z) = (19.2MeV))
2-*
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where:	LR	is		the	mean	radiation	length	(0.02753	cm-1	for	water);	α	is	a	factor	in	the	range-

energy	 relation	 (2.2	 x	 10-3	 cm	MeV-p);	p	 is	 the	 exponent	 of	 the	 range-energy	 relation	

(1.77);	z	is	the	depth;	and	r0	is	the	maximum	proton	energy	range	for	a	given	energy.	
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estimated	σ-./ = GH.I(	J.	(**) × 0.023																																												(2 − 4)	

	

Using	 a	 simulated	water	 phantom	 (40x40x40	 cm3),	 lateral	 profiles	 of	 individual	 spots	

were	computed	for	each	energy	at	the	depth	of	the	peak,	i.e.	z	=	R100.	Dose	distributions	

were	exported	using	a	1	mm	grid.	Analysis	were	performed	in	MATLAB	to	determine	the	

spot	sizes	σ(z)	in	x	and	y.	The	spot	ellipticity	was	calculated	using	equation	2-1.	The	TPS	

calculated	 profiles	 were	 compared	 to	 the	measured	 profiles	 that	 had	 been	 computed	

independently	using	equations	2-2	&	2-3	above.		
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2.3.	Results	

2.3.1.	Integrated	depth	dose	curves	(IDDC)	

The	 comparison	 between	 computed	 IDDCs	 and	 measurements	 for	 three	 different	

energies	(100,	170	and	226.7	MeV)	are	shown	in	Figures	2-5,	2-6	and	2-7.	Comparison	

between	computed	and	measured	ranges	are	illustrated	in	Figure	2-8.	

	
The	following	observations	are	noted	from	the	results:	

- Eclipse:	Dose	was	underestimated	before	the	Bragg	peak	and	overestimated	beyond	

the	Bragg	peak	 for	all	energies,	effectively	shifting	 the	peak	distally.	The	maximum	

difference	is	found	in	the	metric	R0.5,	of	1.2	mm,	as	shown	in	Figure	2-8	(f);	

- Pinnacle3:	 Dose	 was	 overestimated	 before	 the	 Bragg	 peak	 and	 underestimated	

beyond	the	Bragg	peak	for	all	energies,	effectively	shifting	the	Bragg	peak	proximally.	

The	maximum	difference	was	found	in	the	metric	R0.5,	of	1.4	mm,	as	shown	in	Figure	

2-8	(f).		

- RayStation:	Small	differences	in	R80	and	Rp	were	observed.	The	maximum	difference	

could	be	found	in	the	metric	R0.5,	of	0.8	mm,	as	shown	in	Figure	2-8	(f).		

- XiO:	Calculated	IDDCs	matched	closely	with	measurement.	The	maximum	difference	

across	all	metrics	of	 range	 is	0.2	mm,	as	shown	 in	Figure	2-8	 (b,	 c,	 f)	and	 this	was	

consistent	across	all	energies.	
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Figure	2-5:	(a):	Measured	and	computed	integral	depth	dose	curves	IDDCs	for	100	MeV	from	the	
entrance	 doses;	 (b):	measured	 and	 computed	 IDDCs	 for	 100	MeV	 from	 around	 50%	 doses;	 (c):	
differences	between	the	measured	and	computed	IDDCs	for	100	MeV	from	around	50%	doses;	(d)	
the	measured	IDDC	from	45	mm	and	the	results	of	gamma	index	for	the	computed	IDDCs	from	45	
mm	with	(1	mm	&1%)	gamma	index	criteria;	(e)	the	measured	IDDC	from	45	mm	and	the	results	of	
gamma	 index	 for	 the	computed	 IDDCs	 from	45	mm	with	 (2	mm	&2%)	gamma	 index	criteria;	 (f)	
distance-to-agreement	(DTA)	of	the	computed	IDDCs	from	45	mm.	
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Figure	2-6:	(a):	Measured	and	computed	integral	depth	dose	curves	IDDCs	for	170	MeV	from	the	
entrance	 doses;	 (b):	measured	 and	 computed	 IDDCs	 for	 170	MeV	 from	 around	 50%	 doses;	 (c):	
differences	between	the	measured	and	computed	IDDCs	for	170	MeV	from	around	50%	doses;	(d)	
the	measured	IDDC	from	45	mm	and	the	results	of	gamma	index	for	the	computed	IDDCs	from	45	
mm	with	(1	mm	&1%)	gamma	index	criteria;	(e)	the	measured	IDDC	from	45	mm	and	the	results	of	
gamma	 index	 for	 the	computed	 IDDCs	 from	45	mm	with	 (2	mm	&2%)	gamma	 index	criteria;	 (f)	
distance-to-agreement	(DTA)	of	the	computed	IDDCs	from	45	mm.	
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Figure	2-7:	(a):	Measured	and	computed	integral	depth	dose	curves	IDDCs	for	226.7	MeV	from	the	
entrance	doses;	 (b):	measured	and	computed	 IDDCs	 for	226.7	MeV	 from	around	50%	doses;	 (c):	
differences	between	the	measured	and	computed	IDDCs	for	226.7MeV	from	around	50%	doses;	(d)	
the	measured	IDDC	from	45	mm	and	the	results	of	gamma	index	for	the	computed	IDDCs	from	45	
mm	with	(1	mm	&1%)	gamma	index	criteria;	(e)	the	measured	IDDC	from	45	mm	and	the	results	of	
gamma	index	for	the	computed	IDDCs	from	45	mm	with	(2	mm	&	2%)	gamma	index	criteria;	(f)	
distance-to-agreement	(DTA)	of	the	computed	IDDCs	from	45	mm.	
	



	 -53-	

	
Figure	2-8:	Differences	between	the	measured	and	TPS	ranges	IDDCs	for	14	energies	between	100	
and	226.7	MeV.	(a)	Illustrative	example	for	170	MeV	IDDC,	with	a	zoom	of	the	entrance	dose	region.	
Difference	between	measured	and	TPS	values	across	all	energies,	for:	(b)	Range	R80;	(c)	at	practical	
range	at	10%	dose	(Rp);	(d)	peak	width	between	80%	proximal	and	80%	distal	doses;	(e)	distal	
penumbrae	 between	 R80	 and	 R20);	 (f)	 the	 range	 at	 0.5%	 dose	 (R0.5);	 (g)	 the	 maximum	 dose	
differences.	
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Table	2-1	 shows	 the	 results	 of	 the	 gamma	analysis	 of	 the	 computed	 versus	measured	

IDDCs	for	each	of	the	TPSs.	Pass/fail	criteria	for	dose	difference/distance	to	agreement	

were	set	at	0.5%/0.5	mm;	0.75%/0.75	mm;	1.0%/1.0	mm;	1.5%/1.5	mm;	2.0%/2.0	mm	

and	3.0%/3.0	mm.	

In	general,	all	systems	were	within	clinically	accepted	tolerances	of	3%/3	mm.	All	TPSs	

also	 performed	 well	 with	 the	 gamma	 criteria	 at	 1.5%/1.5	 mm	 of	 which	 Eclipse,	

RayStation,	and	XiO	all	recorded	passing	rates	of	100%	while	Pinnacle3	achieved	94.2%	

(average	over	all	energies).	By	pushing	the	gamma	criteria	even	tighter,	failures	could	be	

seen	 in	all	systems.	The	number	of	 failures	(<95%)	 for	each	system	was:	Eclipse	(31);	

Pinnacle3	(48);	RayStation	(20);	XiO	(17).	
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	 Eclipse	
	 Gamma	index	criteria	(mm	&	%)	

Pass	(%�	95%)	with:	
E	[MeV]	 0.50	 0.75	 1.00	 1.50	 2.00	 3.00	
100	 50	 70	 100	 100	 100	 100	

110	 82.5	 100	 100	 100	 100	 100	

120	 41.1	 65.8	 84.9	 100	 100	 100	

130	 46.7	 63.3	 85.6	 100	 100	 100	

140	 68.5	 91.7	 100	 100	 100	 100	

150	 67.7	 93.7	 100	 100	 100	 100	

160	 39.5	 61.2	 73.5	 100	 100	 100	

170	 55.7	 74.9	 91.6	 100	 100	 100	

180	 39.9	 69.7	 81.4	 100	 100	 100	

190	 57.1	 82.9	 100	 100	 100	 100	

200	 35.1	 82.7	 100	 100	 100	 100	

210	 29	 87.1	 100	 100	 100	 100	

220	 26.1	 44.6	 99.6	 100	 100	 100	

226.7	 34	 96.2	 100	 100	 100	 100	
	

	 Pinnacle3	
	 Gamma	index	criteria	(mm	&	%)	

Pass	(%�	95%)	with:	
E	[MeV]	 0.50	 0.75	 1.00	 1.50	 2.00	 3.00	
100	 37.5	 60	 70	 85	 100	 100	

110	 71.9	 78.9	 82.5	 94.7	 100	 100	

120	 9.6	 9.6	 11	 80.8	 100	 100	

130	 5.6	 7.8	 20	 97.8	 100	 100	

140	 86.1	 88.0	 88.9	 95.4	 100	 100	

150	 74.0	 85.8	 89.0	 93.7	 100	 100	

160	 57.1	 87.8	 88.4	 94.6	 100	 100	

170	 5.4	 5.4	 7.2	 98.2	 100	 100	

180	 27.7	 74.5	 81.4	 96.8	 100	 100	

190	 44.3	 75.2	 91.4	 98.6	 100	 100	

200	 22.9	 55	 75.3	 97	 100	 100	

210	 34.1	 58.4	 74.5	 98	 100	 100	

220	 19.2	 29.7	 59.1	 89.1	 100	 100	

226.7	 26.1	 65.6	 83.5	 99.7	 100	 100	
	

(a)	 (b)	
	 RayStation	
	 Gamma	index	Criteria	(mm	&	%)	

Pass	(%�	95%)	with:	
E	[MeV]	 0.50	 0.75	 1.00	 1.50	 2.00	 3.00	
100	 61.9	 71.4	 88.1	 100	 100	 100	

110	 63.2	 71.9	 82.5	 100	 100	 100	

120	 71.2	 80.8	 93.2	 100	 100	 100	

130	 80	 94.5	 100	 100	 100	 100	

140	 85.3	 94.6	 100	 100	 100	 100	

150	 91.3	 100	 100	 100	 100	 100	

160	 94.6	 100	 100	 100	 100	 100	

170	 98.2	 100	 100	 100	 100	 100	

180	 98.9	 100	 100	 100	 100	 100	

190	 99	 100	 100	 100	 100	 100	

200	 97.8	 99.6	 100	 100	 100	 100	

210	 76.5	 98	 100	 100	 100	 100	

220	 62.7	 99.6	 99.6	 100	 100	 100	

226.7	 13.7	 36.1	 72.2	 100	 100	 100	
	

	 XiO	
	 Gamma	index	Criteria	(mm	&	%)	

Pass	(%�	95%)	with:	
E	[MeV]	 0.50	 0.75	 1.00	 1.50	 2.00	 3.00	
100	 67.5	 82.5	 87.5	 100	 100	 100	

110	 24.6	 75.4	 86	 100	 100	 100	

120	 67.1	 83.6	 90.4	 100	 100	 100	

130	 83.3	 92.2	 94.4	 100	 100	 100	

140	 88	 92.6	 97.2	 100	 100	 100	

150	 92.1	 96.1	 99.2	 100	 100	 100	

160	 93.2	 96.6	 99.3	 100	 100	 100	

170	 94.6	 98.2	 99.4	 100	 100	 100	

180	 97.3	 97.9	 100	 100	 100	 100	

190	 95.2	 100	 100	 100	 100	 100	

200	 97.4	 99.1	 99.6	 100	 100	 100	

210	 96.9	 99.6	 100	 100	 100	 100	

220	 96.7	 100	 100	 100	 100	 100	

226.7	 97.6	 100	 100	 100	 100	 100	
	

(c)	 (d)	
	

Gamma	index	Criteria	(mm	&	%)	
Pass	(%≥	95%)	with:	

0.50	 0.75	 1.00	 1.50	 2.00	 3.00	

Eclipse	
Mean	 48.1	 77.4	 94.0	 100	 100	 100	
SD	 16.5	 15.9	 9.0	 0	 0	 0	

Pinnacle3	
Mean	 37.3	 55.8	 65.9	 94.2	 100	 100	
SD	 26.2	 30.4	 30.2	 5.5	 0.0	 0.0	

RayStation	
Mean	 78.2	 89.0	 95.4	 100	 100	 100	
SD	 23.3	 18.5	 8.6	 0	 0	 0	

XiO	
Mean	 85.1	 93.8	 96.6	 100	 100	 100	
SD	 20.3	 7.8	 5.0	 0	 0	 0	

	

(e)	
Table	2-1:	Gamma	analysis	of	IDDCs	for	(a)	Eclipse;	(b)	Pinnacle3;	(c)	RayStation;	(d)	XiO.	Gamma	
criteria	were	0.50,	0.75,	1.00,	1.50,	2.00	and	3.00	mm	(same	value	for	dose	differences,	in	%).	Results	
with	 passing	 rates	 greater	 than	 95%	 are	 highlighted	 in	 green,	 and	 failures	 in	 red.	 (e)	 Average	
passing	 rate	 and	 standard	 deviation	 across	 all	 energies.	 Failures	 (passing	 rates	 <95%)	 are	
highlighted	in	red.	
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2.3.2.	Lateral	profiles	in	air	

Figure	2-9	shows	the	spot	sizes	(defined	by	the	FWHM)	in	the	x-	and	y-directions,	as	well	

as	the	spot	ellipticity,	for	the	measured	data	and	the	computed	of	each	TPS.	It	is	noted	that	

the	measured	 spot	 size	 for	 the	 x-direction	 is	 also	 smaller	 than	 that	 of	 the	 y-direction.	

Figures	2-9	(c)	and	(d)	show	that	the	spot	width	in	both	x-	and	y-	directions	decreases	

linearly	with	increasing	energy	up	to	215	MeV,	and	then	starts	to	increase	again	from	220	

MeV	to	higher	energies.	All	TPSs	except	Eclipse	replicate	this	shape.	Across	all	energies,	

the	maximum	spot	size	(FWHM)	differences	between	each	TPS	and	measurement	at	the	

isocentre	(for	both	x-	and	y-directions)	are:	0.8	mm	for	Eclipse;	0.8	mm	for	RayStation;	

0.7	mm	for	Pinnacle3;	and	0.1	mm	for	XiO.	Figure	2-9	(f)	shows	that	all	spots	are	elliptic,	

apart	from	RayStation,	and	that	Pinnacle3	and	XiO	follow	the	measured	shapes	closely.		
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Figure	2-9:	Analysis	of	measured	 spot	 size	and	ellipticity.	 (a)	&	 (b):	 FWHM	 for	x-	&	y-directions	
around	 isocentre.	 (c)	 &	 (d):	 FWHM	 in	 x-	 &	 y-directions	 at	 isocentre.	 (e)	 Spot	 ellipticity	 around	
isocentre.	(f)	Ellipticity	comparison	between	calculations	and	measurements	at	isocentre.	
	

Table	2-2	presents	the	metrics	of	the	agreement	between	the	TPS	and	measured	in-air	

lateral	profiles,	for	the	x-direction	only	(results	in	y-direction	were	similar	and	omitted	

for	 conciseness).	 The	 field	width	 differences	 at	 10%,	 20%,	 50%	 and	 95%	 of	 the	 spot	

profiles	are	shown,	with	differences	greater	than	1.0	mm	highlighted	in	red.	Across	the	4	

assessed	dose	levels	and	14	energies,	the	number	of	differences	greater	than	1.0	mm	for	

each	TPS	are:	Eclipse	=	8;	Pinnacle3	=	4;	RayStation	=	20;	XiO	=	0.	The	spot	profiles	 in	

RayStation	are	not	smooth	and	extend	wider	than	measurements	at	the	area	of	low	dose	

shoulder	 between	 0	 and	 30%,	 for	 all	 energies.	 This	 is	 reflected	 in	 the	 magnitude	 of	
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differences,	which	are	largest	at	lower	dose	levels.		

Also	 shown	are	 the	 results	of	 the	gamma	analysis	 for	 four	different	 criteria,	 for	 the	x-

direction	only.	In	general,	the	systems	all	perform	to	within	typically	acceptable	clinical	

tolerances.	It	can	be	seen	that	for	all	systems	(except	for	one	energy	in	Pinnacle3	and	three	

in	RayStation),	all	passing	rates	are	greater	than	95%	with	a	criteria	of	2%/2	mm.	The	

number	of	failures	of	each	TPS	across	all	the	criteria	used	are:	Eclipse	=	7;	Pinnacle3	=	15;	

RayStation	=	24;	XiO	=	2	

	

Eclipse	
E	

MeV	

TPS	–	Measured	[mm]	
Field	width	diff	at:	

Gamma	passing	rates	for	
different	criteria	(mm/%)	

10	 20	 50	 95	 1	 1.5	 2	 3	

100	 0.8	 0.3	 0.3	 -0.2	 96.4	 100	 100	 100	

110	 0.5	 0.4	 0.2	 0.4	 98.1	 100	 100	 100	

120	 0.3	 0.2	 0.1	 0.1	 100	 100	 100	 100	

130	 0.5	 0.3	 0.1	 0.3	 97.8	 100	 100	 100	

140	 0.2	 0.2	 0.0	 0.0	 100	 100	 100	 100	

150	 0.2	 0.2	 0.1	 0.2	 100	 100	 100	 100	

160	 0.4	 0.4	 0.2	 0.1	 100	 100	 100	 100	

170	 0.7	 0.6	 0.3	 0.6	 100	 100	 100	 100	

180	 0.9	 0.8	 0.4	 0.6	 100	 100	 100	 100	

190	 1.2	 1.2	 0.6	 0.5	 78.1	 93.8	 96.9	 100	

200	 1.4	 1.3	 0.7	 0.8	 76.7	 93.3	 96.7	 100	

210	 1.5	 1.4	 0.8	 0.5	 72.4	 93.1	 96.6	 100	

220	 0.3	 0.3	 0.1	 0.5	 100	 100	 100	 100	

226.7	 -1.4	 -1.1	 -0.8	 0.4	 83.3	 97.2	 100	 100	

	

Pinnacle3	
E	

MeV	

TPS	–	Measured	[mm]	
Field	width	diff	at:	

Gamma	passing	rates	for	
different	criteria	(mm/%)	

10	 20	 50	 95	 1	 1.5	 2	 3	

100	 1.4	 0.4	 0.6	 -1.6	 87.5	 94.6	 98.2	 100	

110	 0.8	 0.9	 0.6	 -1.0	 90.4	 98.1	 100	 100	

120	 0.6	 1.0	 0.6	 -1.3	 91.8	 100	 100	 100	

130	 0.4	 0.5	 0.3	 -0.7	 95.6	 100	 100	 100	

140	 0.3	 0.5	 0.3	 -1.1	 95.3	 100	 100	 100	

150	 0.5	 0.2	 0.3	 -0.9	 92.5	 97.5	 100	 100	

160	 0.7	 0.3	 0.4	 -1.0	 94.7	 94.7	 100	 100	

170	 0.7	 0.5	 0.3	 -0.7	 91.7	 97.2	 100	 100	

180	 0.4	 0.6	 0.4	 -0.7	 94.1	 94.1	 94.1	 100	

190	 0.3	 0.5	 0.3	 -0.6	 90.6	 93.8	 96.9	 100	

200	 0.4	 0.5	 0.3	 -0.4	 93.3	 100	 100	 100	

210	 0.4	 0.5	 0.3	 -0.8	 100	 100	 100	 100	

220	 0.2	 0.4	 0.2	 -0.6	 93.8	 96.9	 100	 100	

226.7	 -0.1	 0.1	 0.0	 0.2	 97.2	 100	 100	 100	

	

RayStation	
E	

MeV	

TPS	–	Measured	[mm]	
Field	width	diff	at:	

Gamma	passing	rates	for	
different	criteria	(mm/%)	

10	 20	 50	 95	 1	 1.5	 2	 3	

100	 4.0	 2.2	 0.8	 -0.5	 60.7	 71.4	 85.7	 96.4	

110	 3.4	 2.1	 0.7	 0.0	 61.5	 75.0	 92.3	 98.1	

120	 3.0	 1.8	 0.5	 -0.3	 67.3	 79.6	 95.9	 100	

130	 3.0	 1.8	 0.5	 -0.1	 68.9	 80.0	 93.3	 97.8	

140	 2.2	 1.3	 0.3	 -0.4	 74.4	 90.7	 95.3	 100	

150	 2.2	 1.3	 0.3	 -0.2	 72.5	 92.5	 95	 100	

160	 2.1	 1.3	 0.3	 -0.4	 71.1	 92.1	 97.4	 100	

170	 1.9	 1.1	 0.2	 -0.1	 77.8	 97.2	 97.2	 100	

180	 1.6	 0.9	 0.2	 -0.3	 79.4	 97.1	 100	 100	

190	 1.5	 1.0	 0.2	 -0.4	 75.0	 93.8	 100	 100	

200	 1.3	 0.8	 0.1	 -0.2	 90.0	 96.7	 100	 100	

210	 1.1	 0.7	 0.1	 -0.6	 100	 100	 100	 100	

220	 0.8	 0.4	 -0.2	 -0.4	 93.8	 96.9	 100	 100	

226.7	 0.3	 -0.1	 -0.4	 -0.4	 94.4	 97.2	 100	 100	

	

XiO	
E	

MeV	

TPS	–	Measured	[mm]	
Field	width	diff	at:	

Gamma	passing	rates	for	
different	criteria	(mm/%)	

10	 20	 50	 95	 1	 1.5	 2	 3	

100	 0.3	 -0.1	 0.0	 -0.4	 96.4	 100	 100	 100	

110	 0.1	 0.1	 0.0	 0.2	 98.1	 100	 100	 100	

120	 0.2	 0.1	 0.0	 -0.1	 98.0	 100	 100	 100	

130	 0.2	 0.1	 0.0	 0.1	 100	 100	 100	 100	

140	 0.1	 0.1	 0.0	 -0.2	 100	 100	 100	 100	

150	 0.1	 0.0	 0.0	 0.0	 97.5	 100	 100	 100	

160	 0.1	 0.1	 0.0	 -0.1	 97.4	 100	 100	 100	

170	 0.2	 0.2	 0.0	 0.2	 97.2	 100	 100	 100	

180	 -0.1	 0.0	 0.0	 0.0	 94.1	 100	 100	 100	

190	 0.1	 0.2	 0.0	 -0.2	 93.8	 100	 100	 100	

200	 0.1	 0.2	 0.0	 0.0	 100	 100	 100	 100	

210	 -0.1	 0.2	 0.0	 -0.4	 100	 100	 100	 100	

220	 0.1	 0.2	 0.0	 -0.1	 96.9	 100	 100	 100	

226.7	 -0.1	 0.1	 0.0	 0.1	 97.2	 100	 100	 100	
	

Table	2-2:	Statistics	of	agreement	between	TPS	and	measured	in-air	lateral	profiles.	In	each	sub-
table	the	first	four	columns	are	the	differences	between	spot	profile	width	at	different	dose	levels	of	
the	profile	(10%,	20%,	50%,	95%).	Differences	greater	than	1.0	mm	are	highlighted	in	red.	The	final	
four	columns	show	the	gamma	passing	rates	 in	the	comparison	of	the	TPS	and	measurement	for	
different	criteria.	Failures	(passing	rates	<95%)	are	highlighted	in	red.	
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Table	2-3	shows	the	means	and	standard	deviations	(over	all	energies)	of	the	field	width	

differences	and	gamma	analysis	at	the	four	positions:	20	and	10	cm	upstream,	at	isocentre	

and	10	cm	downstream.	

The	 discrepancy	 between	 computed	 and	 measured	 lateral	 profiles	 increases	 as	 the	

measurement	plane	moves	upstream	towards	the	source.	This	likely	is	related	to	the	spots	

becoming	more	elliptical.	This	effect	is	most	significant	for	RayStation	and	least	significant	

for	XiO.	
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	 	 Eclipse	
	 	 X	-	direction	 Y	-	direction	

	 	 Computed	-	Measured	[mm]	 Gamma	index	Criteria	(mm/%)	 Computed	-	Measured	[mm]	 Gamma	index	Criteria	(mm/%)	

isocentre	(SSD)	at:	
Field	width	Diff	at:	(%)	

20	to	80	
Pass	(%≥	95%)	with:	 Field	width	Diff	at:	(%)	

20	to	80	
Pass	(%≥	95%)	with:	

Penumbra	 Penumbra	

10	 20	 50	 95	 L	 R	 1	 1.5	 2	 3	 10	 20	 50	 95	 L	 R	 1	 1.5	 2	 3	

20	cm	
upstream	

Mean	 1.1	 0.9	 0.5	 0.4	 0.3	 0.5	 89.4	 95.6	 97.3	 100	 1.3	 0.8	 0.3	 0.6	 0.4	 0.5	 80.0	 94.2	 98.7	 99.8	

SD	 0.3	 0.3	 0.2	 0.2	 0.1	 0.2	 8.3	 6.4	 4.9	 0.0	 0.4	 0.3	 0.2	 0.3	 0.1	 0.2	 5.2	 4.2	 2.8	 0.9	

10	cm	
upstream	

Mean	 0.9	 0.7	 0.4	 0.4	 0.2	 0.3	 92.1	 97.2	 98.4	 99.4	 1.3	 0.8	 0.4	 0.3	 0.3	 0.4	 79.1	 95.0	 98.0	 100	

SD	 0.4	 0.4	 0.2	 0.3	 0.1	 0.2	 9.0	 4.2	 3.6	 2.1	 0.4	 0.3	 0.2	 0.2	 0.1	 0.1	 7.0	 5.2	 3.0	 0	

isocentre	
Mean	 0.7	 0.6	 0.3	 0.4	 0.2	 0.2	 93.1	 98.4	 99.3	 100	 1.1	 0.8	 0.4	 0.3	 0.3	 0.4	 83.9	 97.9	 99.8	 100	

SD	 0.5	 0.5	 0.3	 0.2	 0.1	 0.2	 10.4	 2.8	 1.4	 0	 0.4	 0.3	 0.2	 0.2	 0.1	 0.1	 7.5	 2.3	 0.8	 0	

10	cm	
downstream	

Mean	 0.7	 0.7	 0.4	 0.4	 0.2	 0.2	 93.7	 99.4	 99.5	 100	 1.0	 0.7	 0.3	 0.3	 0.3	 0.3	 90.9	 99.3	 99.8	 100	

SD	 0.5	 0.4	 0.3	 0.2	 0.2	 0.2	 10.8	 1.8	 1.7	 0	 0.3	 0.3	 0.2	 0.2	 0.1	 0.2	 8.2	 1.7	 0.8	 0	
	

	 	 Pinnacle3	
	 	 X	-	direction	 Y	-	direction	

	 	 Computed	-	Measured	[mm]	 Gamma	index	Criteria	(mm/%)	 Computed	-	Measured	[mm]	 Gamma	index	Criteria	(mm/%)	

isocentre	(SSD)	at:	
Field	width	Diff	at:	(%)	

20	to	80	
Pass	(%≥	95%)	with:	 Field	width	Diff	at:	(%)	

20	to	80	
Pass	(%≥	95%)	with:	

Penumbra	 Penumbra	

10	 20	 50	 95	 L	 R	 1	 1.5	 2	 3	 10	 20	 50	 95	 L	 R	 1	 1.5	 2	 3	

20	cm	
upstream	

Mean	 1.0	 0.8	 0.3	 0.7	 0.5	 0.5	 82.5	 90.9	 95.3	 99.4	 1.3	 0.7	 0.1	 1.1	 0.5	 0.5	 70.8	 85.7	 94.9	 100	

SD	 0.3	 0.3	 0.1	 0.2	 0.2	 0.2	 8.9	 5.4	 4.6	 1.6	 0.8	 0.3	 0.1	 0.4	 0.2	 0.1	 9.4	 6.9	 4.9	 0.0	

10	cm	
upstream	

Mean	 0.8	 0.7	 0.5	 0.8	 0.4	 0.5	 90.3	 96.0	 98.4	 100	 1.2	 0.6	 0.4	 1.1	 0.4	 0.5	 73.0	 88.8	 97.5	 100	

SD	 0.3	 0.3	 0.2	 0.3	 0.2	 0.2	 7.0	 3.6	 2.4	 0.0	 0.6	 0.3	 0.2	 0.4	 0.1	 0.2	 8.8	 6.8	 3.8	 0	

isocentre	
Mean	 0.5	 0.5	 0.3	 0.8	 0.3	 0.3	 93.5	 97.6	 99.2	 100	 0.8	 0.5	 0.3	 0.9	 0.3	 0.4	 84.5	 96.6	 99.6	 100	

SD	 0.3	 0.2	 0.2	 0.4	 0.1	 0.1	 3.1	 2.5	 1.7	 0	 0.4	 0.2	 0.1	 0.5	 0.2	 0.2	 9.0	 3.8	 1.1	 0	

10	cm	
downstream	

Mean	 0.8	 0.6	 0.4	 0.8	 0.3	 0.3	 93.3	 98.9	 99.7	 100	 1.1	 0.6	 0.4	 0.9	 0.5	 0.5	 82.0	 95.4	 99.2	 100	

SD	 0.5	 0.3	 0.2	 0.4	 0.1	 0.1	 6.7	 2.1	 1.0	 0	 0.5	 0.2	 0.1	 0.4	 0.1	 0.1	 8.8	 3.9	 1.9	 0	
	

	 	 RayStation	
	 	 X	-	direction	 Y	-	direction	

	 	 Computed	-	Measured	[mm]	 Gamma	index	Criteria	(mm/%)	 Computed	-	Measured	[mm]	 Gamma	index	Criteria	(mm/%)	

isocentre	(SSD)	at:	
Field	width	Diff	at:	(%)	

20	to	80	
Pass	(%≥	95%)	with:	 Field	width	Diff	at:	(%)	

20	to	80	
Pass	(%≥	95%)	with:	

Penumbra	 Penumbra	

10	 20	 50	 95	 L	 R	 1	 1.5	 2	 3	 10	 20	 50	 95	 L	 R	 1	 1.5	 2	 3	

20	cm	
upstream	

Mean	 2.9	 1.9	 0.2	 0.3	 0.8	 0.9	 65.0	 78.1	 84.7	 89.9	 0.4	 0.4	 1.0	 0.8	 0.2	 0.2	 89.0	 97.7	 99.1	 100	

SD	 1.1	 0.7	 0.2	 0.1	 0.2	 0.3	 6.4	 9.3	 8.1	 3.3	 0.2	 0.2	 0.5	 0.3	 0.1	 0.1	 5.1	 2.8	 2.3	 0.0	

10	cm	
upstream	

Mean	 2.4	 1.5	 0.5	 0.3	 0.7	 0.8	 72.5	 81.8	 88.9	 95.6	 0.6	 0.2	 0.3	 0.8	 0.2	 0.3	 91.2	 98.7	 99.8	 100	

SD	 1.0	 0.7	 0.3	 0.2	 0.2	 0.3	 9.7	 9.7	 5.4	 3.6	 0.2	 0.2	 0.2	 0.3	 0.1	 0.1	 5.1	 2.9	 0.8	 0	

isocentre	
Mean	 2.0	 1.2	 0.4	 0.3	 0.7	 0.6	 77.6	 90.0	 96.6	 99.4	 0.9	 0.3	 0.2	 0.7	 0.3	 0.3	 94.5	 99.1	 100	 100	

SD	 1.0	 0.6	 0.2	 0.2	 0.3	 0.3	 12.4	 9.4	 4.1	 1.1	 0.2	 0.2	 0.2	 0.2	 0.1	 0.2	 6.2	 1.9	 0	 0	

10	cm	
downstream	

Mean	 1.8	 1.0	 0.2	 0.3	 0.6	 0.6	 83.8	 94.2	 98.9	 100	 1.2	 0.4	 0.2	 0.6	 0.4	 0.4	 94.1	 98.5	 99.8	 99.8	

SD	 1.0	 0.6	 0.2	 0.2	 0.3	 0.3	 11.6	 8.6	 2.1	 0	 0.2	 0.3	 0.2	 0.2	 0.1	 0.1	 6.7	 3.9	 0.8	 0.8	
	

	 	 XiO	
	 	 X	-	direction	 Y	-	direction	
	 	 Computed	-	Measured	[mm]	 Gamma	index	Criteria	(mm/%)	 Computed	-	Measured	[mm]	 Gamma	index	Criteria	(mm/%)	

isocentre	(SSD)	at:	
Field	width	Diff	at:	(%)	

20	to	80	
Pass	(%≥	95%)	with:	 Field	width	Diff	at:	(%)	

20	to	80	
Pass	(%≥	95%)	with:	

Penumbra	 Penumbra	

10	 20	 50	 95	 L	 R	 1	 1.5	 2	 3	 10	 20	 50	 95	 L	 R	 1	 1.5	 2	 3	

20	cm	
upstream	

Mean	 0.4	 0.3	 0.2	 0.2	 0.1	 0.7	 94.1	 98	 99.7	 100	 0.4	 0.1	 0.4	 0.4	 0.2	 0.2	 88.9	 96.7	 99.9	 100	

SD	 0.2	 0.1	 0.1	 0.2	 0.1	 0.9	 2.7	 2.5	 1.1	 0	 0.3	 0.1	 0.2	 0.3	 0.1	 0.1	 4.9	 3.3	 0.4	 0	

10	cm	
upstream	

Mean	 0.3	 0.3	 0.1	 0.2	 0.1	 0.1	 97.1	 99.6	 100	 100	 0.6	 0.2	 0.1	 0.4	 0.2	 0.3	 90.1	 98.0	 99.8	 100	

SD	 0.2	 0.1	 0	 0.1	 0.1	 0.1	 3.5	 1.1	 0	 0	 0.3	 0.1	 0.1	 0.2	 0.1	 0.1	 6.7	 3.7	 0.8	 0	

isocentre	
Mean	 0.1	 0.1	 0	 0.2	 0.1	 0.1	 97.6	 100	 100	 100	 0.4	 0.2	 0	 0.3	 0.2	 0.3	 94.2	 99.4	 100	 100	

SD	 0.1	 0.1	 0	 0.1	 0.1	 0	 2	 0	 0	 0	 0.2	 0.1	 0	 0.2	 0.1	 0.1	 4.8	 1.2	 0	 0	

10	cm	
downstream	

Mean	 0.2	 0.1	 0.1	 0.2	 0.1	 0.1	 99.5	 100	 100	 100	 0.2	 0.1	 0.1	 0.3	 0.1	 0.1	 97.8	 100	 100	 100	

SD	 0.1	 0.1	 0	 0.1	 0.1	 0.1	 1.6	 0	 0	 0	 0.1	 0.1	 0.1	 0.2	 0.1	 0.1	 3	 0	 0	 0	
	

	
Table	 2-3:	 Mean	 and	 standard	 deviation	 (SD)	 of	 the	 field	 widths	 and	 gamma	 analysis	 for	 the	
computed	lateral	profiles	at	four	positions	around	isocentre	in	both	X	and	Y	directions.		Differences	
greater	than	1.0	mm	and	failures	(passing	rates	<95%)		are	highlighted	in	red.	
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By	examining	these	differences	across	a	range	of	field	widths	one	can	assess	how	well	the	

planning	 system	 models	 the	 measured	 profiles	 and	 spot	 widths.	 The	 graphical	

presentation	 in	Figures	2-10	to	2-13	clearly	demonstrates	how	some	systems	perform	

better	than	others.		

Figures	2-10	to	2-13	show	the	computed	spot	fluence	lateral	profiles	on	the	surface	of	the	

water	phantom,	in	both	lateral	directions,	for	each	TPS	against	the	measurements.	The	

measurements	are	in	air	at	five	different	position	around	isocentre,	for	170	MeV.		

As	expected,	the	computed	lateral	profiles	from	all	TPSs	were	symmetrical	as	the	model	

assumed	symmetry	in	the	profiles.	The	measurements,	however,	were	asymmetrical	up	

to	0.25	mm	for	some	energies	and/or	positions.	Computed	profiles	on	Eclipse	between	

100	and	95%	(both	x	and	y)	deviate	from	measurements	being	generally	flatter	and	wider.	

In	contrast,	profiles	from	Pinnacle	and	RayStation	are	being	too	sharp.	In	addition,	they	

are	not	smooth	and	extend	at	the	area	of	low	dose	shoulder	region.	Computed	profiles	in	

XiO	followed	the	measurements	well	with	changing	energy	and/or	the	positions.	
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Figure	2-10:	Measured	and	computed	spot	fluence	lateral	profiles	 in	Eclipse	TPS	at	 five	different	
depths	(z-positions)	around	isocentre	for	170	MeV.	(a):	in	x-direction;	(b):	in	y-direction.	
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Figure	2-11:	Measured	and	computed	spot	fluence	lateral	profiles	in	Pinnacle	TPS	at	five	different	
depths	(z-positions)	around	isocentre	for	170	MeV.	(a):	in	x-direction;	(b):	in	y-direction.	
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Figure	2-12:	Measured	and	computed	spot	fluence	lateral	profiles	in	RayStation	TPS	at	five	different	
depths	(z-positions)	around	isocentre	for	170	MeV.	(a):	in	x-direction;	(b):	in	y-direction.	
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Figure	2-13:	Measured	and	computed	spot	fluence	lateral	profiles	in	XiO	TPS	at	five	different	depths	
(z-positions)	around	isocentre	for	170	MeV.	(a):	in	x-direction;	(b):	in	y-direction.	
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2.3.3.	Lateral	profiles	in	water	

Figure	 2-14	 shows	 the	 differences	 between	 the	 profiles	 as	modelled	 by	 each	TPS	 and	

measurements.	The	measured	profiles	in	water	were	computed	using	the	formula	for	the	

depth	dependent	 sigma	 (σz)	 in	Equation	2-2.	The	computation	 relies	on	 the	measured	

sigma	in	air	(σ0)	and	the	multiple	Coulomb	scattering	in	water	given	by	Nill	(Equation	2-

3).	Differences	are	shown	for	both	lateral	directions	at	the	positions	of	the	Bragg	peak	

(R100)	for	all	energies.	For	170	MeV,	plots	at	different	positions	upstream	and	downstream	

of	the	isocentre	are	also	shown.	Overall,	Eclipse	and	XiO	matched	with	measurement	most	

closely,	 both	 with	 maximum	 errors	 <	 0.5	 mm.	 The	 maximum	 differences	 in	 the	 x/y-

directions	 for	 each	 system	are:	Eclipse	0.4/0.3	mm;	Pinnacle3	 1.4/1.1	mm;	RayStation	

0.8/0.7	mm;	XiO	0.3/0.2	mm.		
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Figure	2-14:	Differences	between	the	TPS	and	measured	spot	profiles	at	the	position	of	the	Bragg	
peak,	R100.	(a,	b)	σz	at	isocentre	in	x-	and	y-directions	as	function	of	energies;	(c,	d)	σz	at	five	distance	
around	 isocentre	 in	 x-	 and	 y-directions	 as	 function	 of	 positions	 (e,	 f)	 ellipticity	 agreement	 as	
function	of	energies	and	positions.	
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2.4.	Discussion		

All	four	commercial	proton	treatment	planning	systems	evaluated	produced	depth	dose	

curves	 and	 lateral	 dose	 profiles	 that	 satisfied	 the	 clinically-acceptable	 tolerances	 of	

3%/3mm	when	benchmarked	to	measured	data.	

2.4.1.	Integrated	depth	dose	curves	(IDDC)	

The	quality	of	agreement	of	the	IDD	curves	represent	the	combined	accuracies	of	both	the	

calculation	algorithm	and	the	modelling	of	measured	data.	Overall,	XiO	and	RayStation	

showed	 better	 agreement	 with	 measurement	 than	 did	 Eclipse	 and	 Pinnacle3,	 for	 the	

IDDCs.	The	good	agreement	shown	by	XiO	can	be	attributed	to	the	fact	that	measured	data	

are	used	directly,	rather	than	fitting	to	a	model.	

	

A	systematic	shift	distally	of	the	calculated	IDDs	with	Eclipse	was	observed.	An	illustration	

based	on	the	170	MeV	beam	was	shown	in	Figure.	2-8a.	A	review	of	the	measured	and	

calculated	 IDDCs	 within	 Eclipse’s	 Beam	 Configuration	 workspace	 indicated	 the	 beam	

model	and	the	measurements	matched	well	to	ensure	the	observed	discrepancies	were	

not	due	to	errors	in	the	data	entry.	One	possibility	is	that	a	rounding	error	in	determining	

the	phantom	surface	in	calculation	could	introduce	a	systematic	shift	in	depths.	However,	

Pinnacle	IDDCs	were	calculated	with	the	same	phantom	but	a	shift	was	observed	in	the	

other	direction	(proximal	shift).	

A	study	by	Doolan	P	et	al	49	benchmarked	the	fitted	beam	data	against	measurement	for	

both	 Eclipse	 version	 10.0.39	 and	 Pinnacle3	 version	 9.1.00.	 The	 results	 of	 that	 study	

showed	slight	differences;	Eclipse	underestimated	the	entrance	dose	by	up	to	2.5%	for	

energies	E	>180MeV;	Pinnacle3	consistently	overestimated	the	distal	Bragg	peak	depth	

with	 a	 mean	 distal	 R50	error	 of	 0.3mm.	 However,	 in	 this	 study	 a	 different	 version	 of	

Pinnacle3	 was	 used	 (version	 16.0)	 and	 a	 systematic	 shift	 of	 the	 calculated	 IDDs	 with	

Pinnacle	towards	the	proximal	direction	was	observed.		

	

The	measured	data	were	acquired	with	a	horizontal	beam	traversing	the	side	wall	of	the	

water	 tank	 with	 a	 water	 equivalent	 thickness	 (WET)	 of	 42mm.	 Potential	 errors	 in	

positioning	the	chamber	against	the	inner	wall	would	introduce	a	systematic	error	in	the	

actual	depth	of	measurement.	A	larger	WET	in	the	wall	of	the	water	tank	also	limits	the	

ability	to	model	entrance	dose	accurately	as	no	measured	data	 is	available.	For	a	 fixed	
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beam	 room,	 a	 tank	 with	 a	 thinner	 wall	 would	 be	 preferred.	 For	 a	 gantry	 room,	 the	

standard	practice	is	to	acquire	data	with	beam	at	gantry	angle	of	0	and	through	the	open	

top	of	the	tank.		The	reported	distance	of	1.2,	1.4	and	0.8	mm	between	the	calculated	and	

the	measured	 ranges	 at	 the	 distal	 falloff	 at	 0.5%	 dose	 level	 in	 Eclipse,	 Pinnacle3	 and	

RayStation	respectively	were	due	to	uncertainties	as	there	were	large	fluctuations	in	the	

measured	 data.	 As	 a	 result,	 the	 difference	 at	 the	 chosen	 data	 point	 was	 exaggerated.	

Eclipse,	in	general,	also	overestimated	the	calculated	dose	values	at	depths,	resulting	the	

entire	dose	curve	to	shift	to	the	right	relative	to	the	measurements.	Whereases	Pinnacle3	

underestimated	 the	 calculated	 dose	 values	 at	 depths,	 resulting	 the	 entire	 dose	 curve	

shifting	to	the	left	relative	to	the	measurements.	

2.4.2.	Lateral	profiles	in	air	

For	the	beam	delivery	nozzle,	the	beam	focussing	quadrupole	magnets	are	upstream	of	

both	pairs	of	scanning	magnets	and	the	spot	is	always	diverging	downstream	of	the	focal	

plane	(See	Figure:	2-15).		It	is	interesting	to	note	that	spot	size	as	a	function	of	energy	at	

different	beam	axis	positions	have	larger	separations	than	the	corresponding	ones	for	the	

y-direction	(Figure:	2-9	a	&	b).		This	implies	divergence	in	the	x-direction	is	larger	than	in	

the	y-direction.	This	was	confirmed	in	the	numerical	analysis	when	the	manual	modelling	

calculations	were	performed	with	XiO.	The	fact	that	the	spot	size	in	x-direction	is	smaller	

than	of	 y-direction	despite	 of	 the	 larger	 divergence	 of	 the	 former	 also	meant	 that	 the	

initial	spot	size	in	x	is	significantly	smaller	that	in	y.	

	

Comparing	TPS	modelling	of	 the	propagation	of	 spot	profiles	along	 the	beam	axis	and	

across	all	energies,	it	was	found	that	Eclipse	and	XiO	matched	with	measurement	more	

closely.	 Performances	 from	 Pinnacle3	 and	 RayStation	were	 not	 so	 close.	 In	 particular,	

RayStation	 doesn’t	 model	 the	 beam	 sigmas	 independently	 between	 the	 x-	 and	 y-	

directions	and	assumes	the	spot	is	circular		and	symmetric	124.	This	erroneous	assumption	

in	 the	 presence	 of	 spot	 ellipticity	 introduced	 errors	 in	 the	 gamma	 analysis.	 Spot	

ellipticality	 increases	 further	 upstream,	 and	 with	 RayStation	 assuming	 circular	 spot	

cross-sections,	six	energies	 failed	the	gamma	criteria	of	3%/3	mm	at	a	position	10	cm	

upstream.	At	20	cm	upstream	all	but	one	energy	failed	the	gamma	criteria	of	3%/3	mm	

(for	x-direction).	Despite	these	differences,	the	maximum	spot	size	(FWHM)	differences	

between	calculations	and	measurements	at	the	isocentre	(for	both	x-	and	y-directions)	
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were	less	than	1	mm	for	all	TPSs:	0.9	mm	for	Eclipse;	0.8	mm	for	RayStation;	0.7	mm	for	

Pinnacle3;	and	0.1	mm	for	XiO.	

	

Both	 Pinnacle3	 and	 RayStation	 show	 a	 significant	 non-Gaussian	 tail	 for	 the	 computed	

lateral	profile	at	phantom	surface.	For	Pinnacle3	the	effect	starts	below	10%	of	the	dose	

level,	whereas	 for	 RayStation	 it	 starts	 as	 early	 as	 25%	 level.	 The	 impact	 for	 the	 dose	

profiles	in	water	will	be	described	below.	

	
Figure	2-15:	Schematic	diagram	of	IBA	dedicated	nozzle	for	pencil	beam	scanning	125	

2.4.3.	Lateral	profiles	in	water	

It	was	 found	that	Eclipse	and	XiO	matched	more	closely	with	measurement,	both	with	

maximum	 errors	 <	 0.5	mm.	 The	 results	 indicated	 the	 TPSs’	 implementations	were	 in	

agreement	with	our	estimation	of	the	spot	size	in	water	based	on	the	theoretical	model	

using	equations	2-2	&	2-3	and	the	measured	spot	size	in	air.	The	discrepancies	between	

calculations	and	measurements	are	significantly	larger	for	both	Pinnacle3	and	RayStation.	

Part	of	it	is	due	to	the	larger	discrepancy	in	the	modelling	of	in	air	profile	discussed	earlier.	

For	RayStation,	ignoring	the	elliptical	shape	of	the	spot	is	an	additional	source	of	error.	
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Profiles	in	water	seem	more	Gaussian	only	when	close	to	the	depth	of	the	Bragg	peak	(for	

Pinnacle3)	or	beyond	~7	cm	depth	(for	RayStation).	

	

It	is	also	noted	that	Pinnacle3	profiles	looked	too	sharp	in	the	peaks	(90	-100%	dose	level)	

compared	to	the	more	Gaussian	shape	from	measurements	for	all	energies	and	all	depths	

in	water.	

2.4.4.	Further	comments	

Based	on	our	experience,	the	proton	PBS	modelling	approach	is	rather	straight	forward	

in	 Eclipse	 and	 Pinnacle3,	 each	 requiring	 around	 one	 working	 day	 to	 complete.	 The	

documentation	 provided	 by	 Varian	 Medical	 Systems	 (Eclipse)	 and	 Philips	 Radiation	

Oncology	Systems	(Pinnacle3)	are	clear	and	easy	for	a	novice	user	to	follow.	In	XiO,	the	

process	took	around	one	week,	as	there	were	many	parameters	that	must	be	defined	and	

calculated	manually.	The	authors	did	not	find	the	documentation	provided	by	Elekta	to	be	

sufficient	 or	 helpful.	 However,	 it	 should	 be	 noted	 that	 at	 the	 time	 of	 the	 study	 all	

commercial	proton	TPSs	are	still	somewhat	in	a	development	phase.	

In	addition	to	the	modelling	of	IDDCs	and	beam	sigmas	in	air,	and	the	dose	calculation	

accuracy	based	on	the	beam	model,	the	users	need	to	further	evaluate	the	performance	of	

the	 dose	 algorithm	 and	 its	 implementation.	 A	 potential	 problem	 is	 related	 to	 the	

modelling	of	the	beam	halo	due	to	large	angle	scatter	and	nuclear	interactions.	It	has	been	

reported	that	the	commonly	used	Bragg	peak	chamber	with	a	diameter	of	81.6	mm	fails	

to	capture	the	fluence	in	the	long	tails	of	the	beam	profile,	underestimating	the	IDDCs.	The	

large	angle	scatter	results	in	a	beam	profile	that	cannot	be	modelled	by	a	single	Gaussian.	

The	missing	fluence	in	the	IDDCs	will	manifest	as	underestimation	of	the	central	axis	dose	

when	the	field	size	is	large	especially	for	higher	energies	and	deeper	depths.	The	error	

can	be	as	much	as	10%	in	certain	depths	of	the	IDDC	profiles	126.	Corrections	of	the	IDDCs	

are	often	based	on	Monte	Carlo	simulations	during	commissioning	performed	either	by	

the	users	or	through	the	manufacturer	as	in	the	case	of	RayStation.	TPS	may	also	allow	

the	user	to	define	an	output	correction	table	for	the	dose	as	a	function	of	energies,	field	

size	and	depths.	

	

Phase	space	parameters	are	used	to	model	the	propagation	of	the	beam	along	the	beam	

axis	using	measured	beam	profiles	in	air	and	in	the	presence	of	range	shifters	at	multiple	

positions	along	the	axis.	Correct	modelling	of	 the	phase	space	parameters	 is	critical	 in	
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predicting	the	beam	penumbra,	especially	in	the	presence	of	a	range	shifter	at	different	

snout	positions	and	air	gaps	in	planning.	It	is	important	to	validate	each	TPS	in	its	ability	

to	 calculate	 the	 beam	 penumbra	 accurately	 under	 these	 conditions.	 For	 instance,	

RayStation	is	known	to	require	the	use	of	Monte	Carlo	dose	algorithm	in	lieu	of	the	pencil	

beam	algorithm	in	order	to	calculate	dose	correctly	when	the	range	shifter	is	 in	use	to	

provide	dose	coverage	for	shallow	targets.	

	

Pencil	beam	algorithms	are	also	known	to	have	limited	ability	 in	scattering	calculation	

especially	in	the	presence	of	lateral	heterogeneities.	Inhomogeneity	correction	is	based	

on	water	equivalent	 thickness	using	raytracing	up	 to	 the	point	of	 interest.	 It	 therefore	

cannot	distinguish	the	difference	in	the	scattering	effects	if	the	presence	of	inhomogeneity	

is	 further	 upstream	 or	 downstream	 relative	 to	 the	 point	 of	 interest.	 Significant	 dose	

discrepancies	 can	 result	 in	 the	 presence	 of	 air-tissue	 or	 bone-tissue	 interfaces.	Monte	

Carlo	 algorithms	 are	 often	 necessary	 for	 accurate	 dose	 prediction	 in	 the	 presence	 of	

significant	homogeneities.	

2.5.	Conclusions	

Measured	beam	data	were	used	 to	 commission	 four	 commercial	proton	TPSs:	Eclipse;	

Pinnacle3;	RayStation;	and	XiO	for	PBS.	IDDCs,	lateral	profiles	in	air,	and	lateral	profiles	in	

water	where	modelled	by	each	TPS,	compared,	and	benchmarked	to	measured	data.	All	

TPSs	 modelled	 beam	 characteristics	 were	 within	 clinically	 accepted	 tolerances	 of	

3%/3mm,	with	a	few	exceptions.	XiO,	which	uses	interpolation	between	measured	input	

data	rather	than	a	beam	model,	showed	greater	agreement	with	measurement,	however	

the	commissioning	process	was	difficult	and	time-consuming.		

	

For	the	IDDCs,	the	maximum	differences	between	calculated	and	measured	beam	range	

were:	 Eclipse	 1.2	mm;	Pinnacle3	 1.4	mm;	RayStation	 0.8	mm;	XiO	0.2	mm.	 For	 lateral	

profiles	 in	 air,	 the	 maximum	 difference	 between	 calculated	 and	 measured	 spot	 size	

(FWHM)	at	the	isocentre	(for	both	x-	and	y-directions)	was	found	to	be	<	1.0	mm	for	all	

systems.	The	maximum	differences	between	modelled	and	measured	lateral	profiles	in	

water	were:	Eclipse	0.4	mm;	Pinnacle3	1.4	mm;	RayStation	0.8	mm;	XiO	0.3	mm.	
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Chapter3:	Impact	of	varying	planning	parameters	on	
proton	pencil	beam	scanning	dose	distributions	

3.1.	Introduction	

As	stated	in	the	introduction	chapter,	there	are	two	main	delivery	techniques	in	proton	

therapy,	passive	scattering	proton	therapy	(PSPT)	and	active	pencil	beam	scanning	(PBS)	

proton	 therapy.	PSPT	typically	uses	a	broad,	double-scattered	proton	beam	of	a	single	

energy.	The	aim	of	this	part	of	the	thesis	is	to	investigate	how	each	TPS	implements	the	

proton	PBS	planning	parameters	and	 the	 impact	on	 the	performance.	An	 IBA	machine	

from	UPenn	for	pencil	beam	scanning	was	commissioned	and	validated	as	described	in	

Chapter	2.	

Phantom	 studies	 are	 often	 needed	 prior	 to	 clinical	 evaluation	 in	 order	 to	 better	

understand	 how	 the	 planning	 parameters	 affect	 the	 dose	 distributions	 in	 each	TPS.	 A	

uniform	 homogeneous	water	 phantom	was	 chosen	 because	 it	 allowed	 the	 dosimetric	

effects	of	the	planning	parameters	to	be	evaluated	effectively.	These	parameters	include	

spot	spacing,	layer	spacing,	lateral	and	range	margins.	It	is	important	to	obtain	detailed	

knowledge	how	each	TPS	defined	 and	utilized	 these	parameters	 and	how	 to	maintain	

same	calculation	parameters	across	the	platforms	to	achieve	comparable	plans.	

3.1.1.	Proton	planning	definitions	

Proton	 treatment	 planning	 systems	 optimise	 pencil	 beam	 scanning	 (PBS)	 plans	 using	

inverse	planning	in	a	process	similar	to	IMRT.127	There	are	a	number	of	parameters	which	

impact	on	the	PBS	dose	distribution	such	as	spot	size,	spot	spacing	size,	layer	spacing	and	

margins.	These	definitions	are	illustrated	in	figure	3-1.	
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Figure	 3-1:	 Illustration	 of	 the	 definitions	 of	 spot	 size,	 spot	 spacing,	 layer	 spacing	 and	margins.	
Figures	(a)	and	(b)	show	the	spot	positions	at	a	single	depth	(a	cross-section	of	the	target).	In	this	
case	the	spots	(red	and	blue	circles)	are	spaced	out	evenly	in	the	x-	and	y-	directions	on	a	square	
grid	and	all	spots	are	the	same	size.	In	(a)	the	spots	have	been	positioned	in	the	target	only	(i.e.	with	
a	lateral	zero	margin).	In	(b)	a	lateral	margin	of	at	least	1	x	the	spot	spacing	has	been	applied,	such	
that	spots	are	positioned	outside	the	target.	Figure	(c)	shows	the	definition	of	layer	spacing.	In	this	
case,	to	cover	the	three-dimensional	target	requires	six	layers.	Each	layer	could	have	a	different	set	
of	spot	positions,	dependent	on	the	shape	of	the	target	at	that	specific	depth.	Figure	(d)	shows	the	
definition	of	proximal	and	distal	margins,	which	lead	to	additional	layers	being	added.		
	

As	a	spot	of	protons	traverses	through	the	patient	it	spreads	out	due	to	multiple	Coulomb	

scattering.	 Spot	 sizes	 within	 the	 proton	 treatment	 planning	 system	 are	 based	 on	

measured	data,	with	a	specific	spot	size	for	each	nominal	energy.	Each	TPS	models	the	

input	 data	 differently,	 leading	 to	 differences,	 and	 cannot	 be	 defined	 or	 altered	 by	 the	

planner.		

The	 spot	 spacing,	 layer	 spacing	 and	 margins	 can	 be	 defined	 and	 edited	 during	 the	

planning	process.	The	spot	spacing	is	the	space	between	spots	in	both	lateral	directions,	

and	the	layer	spacing	is	the	space	between	the	spots	in	the	beam	direction.	Reducing	the	

spot	spacing	and	layer	spacing	leads	to	an	increase	in	the	number	of	spots,	improving	the	

target	coverage	and	the	homogeneity.	However,	increasing	the	number	of	spots	increases	

the	delivery	time.	Lateral	margins	increase	the	number	of	spot	positions	for	a	single	cross-

section	and	proximal	and	distal	margins	increase	the	number	of	layers.		
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3.1.2.	This	work	

The	purpose	 of	 the	 study	 in	 this	 chapter	 is	 to	 evaluate	 the	 impact	 of	 varying	 the	PBS	

planning	 parameters	 defined	 in	 section	3.1.1,	 for	 four	 commercial	 treatment	 planning	

systems.	The	systems	tested	are:	Eclipse	(Varian	Medical	Systems,	Palo	Alto,	CA)	version	

13.5.35;	 Pinnacle3	 (Philips	 Radiation	 Oncology	 Systems,	 Fitchburg,	 WI)	 version	 16.0;	

RayStation	 (RaySearch	 Laboratories,	 Stockholm,	 Sweden)	 version	 4.7.0.15;	 and	 XiO	

(Elekta	 CMS	 Software,	 Maryland	 Heights,	 MO)	 version	 4.80.00.	 All	 the	 systems	 are	

commercially	available	 for	PBS	planning,	except	Pinnacle3	version:	16.0	which	had	not	

been	released	at	the	time	of	writing	this	work.	

	

The	 work	 is	 separated	 into	 two	 distinct	 parts.	 In	 the	 first	 part,	 phantom	 studies	 are	

conducted	to	investigate	how	each	TPS	defines	the	spot	size,	spot	spacing,	layer	spacing	

and	margins.	It	is	hoped	that	this	information	will	be	useful	for	users	of	any	of	the	four	

systems	or	for	those	considering	purchasing	these	systems.		

Following	the	investigation	in	phantoms,	plans	are	created	in	Eclipse	to	investigate	how	

the	different	parameters	may	impact	on	the	delivery	of	the	plan.	After	creating	plans	with	

different	spot	spacing	and	layer	spacing	values,	the	number	of	spots,	number	of	layers	and	

dose	 homogeneity	 of	 the	 plan	 were	 computed	 and	 the	 time	 to	 deliver	 the	 plan	

approximated.	It	is	hoped	that	this	information	will	be	useful	to	current	users	of	any	of	

the	four	systems	who	wish	to	improve	the	efficiency	of	their	treatment	delivery.		

3.2.	TPS	parameters	

This	 section	 systematically	 outline	 each	 of	 the	 parameters	 that	 can	 be	 varied	 during	

proton	PBS	treatment	planning	(detailed	in	section	3.1.1).	Firstly,	based	on	the	physical	

interactions	of	protons,	estimates	are	made	as	 to	what	would	be	 ideal	values	 for	each	

parameter.	Then,	the	different	implementations	of	the	various	parameters	in	each	TPS	are	

defined,	according	to	their	respective	manuals.	The	manuals	that	were	inspected	were:	

for	 Eclipse128–131;	 	 Pinnacle3	 132,133;	 RayStation134;	 and	XiO135–137.	 Also,	 the	 system	help	

tools	provide	a	good	amount	of	 information	for	both	beam	modelling,	proton	planning	

parameters	and	most	of	the	systems	tools.			

For	this	study,	the	parameters	listed	in	table	3-1	were	compared.	The	parameter	scanning	

order	was	not	investigated	as	this	is	more	dependent	on	machine	delivery	functionality	

rather	than	TPSs.	
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3.2.1.	Spot	volume	and	margins	

In	the	delivery	of	proton	PBS	there	is	a	need	to	define	a	specific	volume	in	which	spots	can	

be	positioned,	known	as	the	spot	volume.	Table	3-1	indicates	how	each	TPS	defines	the	

spot	volume.	

Ideally	the	TPS	should	define	the	spot	volume	in	a	consistent	manner,	 i.e.	spots	should	

only	be	positioned	within	 the	 volume	defined	by	 the	user.	However,	 this	 is	 extremely	

complex	 in	 heterogeneous	 anatomy.	 If	 the	 planner	 has	 requested	 margins	 then	 the	

optimiser	should	utilise	the	additional	spot	positions	where	possible.	Should	margins	be	

used,	it	is	highly	likely	that	different	beams	will	require	different	spot	volumes.	

For	RayStation,	there	are	two	different	ways	of	defining	the	spot	volume:		

1. The	system	automatically	defines	 the	plan	spot	volume	during	 the	optimisation	

process	 from	 any	 optimised	 objective	 labelled	 as	 PTV	 during	 the	 contouring	

process.	 That	 PTV	 volume	 can	 be	 one	 or	more	 volumes.	 If	 it	 is	more	 than	 one	

volume,	then	the	system	will	sum	them	together	and	that	volume	will	be	used	for	

all	beams.		

2. Manually	define	the	spot	volume	for	each	beam.	It	 is	possible	to	define	the	spot	

volume	per	beam	by	using	the	optimisation	parameter.		

The	margins	are	defined	differently	in	each	TPS.	For	Eclipse,	Pinnacle3	and	RayStation	the	

plan	can	be	made	with	or	without	margins.	Auto	margins	are	available	in	three	of	the	four	

TPSs;	Pinnacle3,	RayStation	and	XiO	offer	auto	margin	options	 in	addition	 to	manually	

defined	margins;	whereas	in	Eclipse	margins	must	be	defined	manually.	In	Pinnacle3	the	

auto	margin	 is	 applied	 only	 in	 the	 proximal	 and	 distal	 directions	 (i.e.	 no	 lateral	 auto	

margin),	with	margins	equal	to	3.5%	x	radiological	depth	to	target	proximal/distal	edge	

+	 3	 mm.	 In	 RayStation	 the	 auto	 margin	 is	 a	 3D	 margin.	 In	 XiO	 the	 auto	 margin	 is	

automatically	up	to	10	mm	from	the	spot	volume	in	all	three	dimensions,	with	no	tools	to	

add	or	edit	these	margins,	and	is	based	on	the	spot	spacing	value.		
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Table	3-1:	PBS	planning	parameters	

Parameter	
Treatment	Planning	System	(TPS)	

Eclipse	 Pinnacle3	 RayStation	 XiO	

Spot	volume	

and	margins	

Spot	volume	is	the	volume	into	which	spots	are	to	be	positioned.	The	spot	volume	can	be	equal	to	the	target	

volume	or	can	include	margins	that	extend	beyond	the	target.	A	single	spot	volume	may	be	used	for	all	

beams,	or	each	beam	may	use	an	individual	spot	volume.	

Defined	manually.	 Defined	manually.	 Either	defined	manually	

or	automatically	based	

on	optimisation	

parameters.	

Defined	manually.	

Spot	size	

Lateral	spread	as	function	of	depth,	σ(z),	defined	as		0(1) = 30!" + 0#$%(5)"						(2 − 2)	
where:	

• z	is	radiological	depth;	

• σ0	is	spot	width	in	air	at	isocentre;	

• σMCS(z)	is	the	contribution	of	Multiple	Coulomb	Scattering.	

All	TPS	base	their	calculation	of	lateral	spread	on	this	formulism.	

Spot	spacing	

Spot	spacing	is	critical	for	reducing	dose	ripple	across	a	given	layer	as	a	function	of	depth.	

Varied	as	a	function	of	

FWHM,	(2.35σ0),	for	

both	x	and	y	axes	

separately.	

Defined	at	distal-most	

layer.	

Equal	to	σ0	and	defined	

by	the	highest	energy	for	

both	x	and	y	axes.	

Equal	to	σ(z),	and	so	

varies	as	a	function	of	

layer	for	both	x	and	y	

axes.	

User	defined	spot	

spacing.	

Layer	spacing	

Layer	spacing	critical	for	reducing	dose	ripple	along	the	depth	axis,	accounting	for	changes	in	pristine	Bragg	

peak	widths	as	a	function	of	depth.	

Defined	during	beam	

modelling	using	

increments	in	any	of	the	

following:	distance;	

energy;	energy	range	

sigma.	

Default	is	to	match	distal	

and	proximal	80%	doses	

of	Bragg	peaks.	Doses	

matched	may	also	be	

varied	by	user.	

Defined	during	beam	

modelling	to	match	

distal	and	proximal	80%	

doses	of	Bragg	peaks.	

May	also	be	varied	by	

user	to	be	any	distance	

between	peaks.	

Defined	during	beam	

modelling	to	be	any	

value	and	may	be	varied	

by	user.	

Matching	distal	and	

proximal	80%	used	for	

this	study.	

Spot	location	

Spot	locations	within	calculation	volume	are	dependent	on	spot	spacing	and	layer	spacing.	

Spot	spacing	fixed	for	all	

layers.	

3D	grid	used,	with	

adjacent	layers	of	spots	

aligned.	

Spot	spacing	fixed	for	all	

layers.	

2D	grids	for	each	layer	

used	with	adjacent	

layers	of	spots	off-set	by	

half	a	spot	spacing.	

Spot	spacing	variable	or	

fixed	for	all	layers.	

3D	grid	used,	unless	

variable	spot	spacing,	

then	2D	grids	for	each	

layer	with	adjacent	

layers	of	spots	aligned.	

Spot	spacing	variable	or	

fixed	for	all	layers.	

3D	grid	used,	unless	

variable	spot	spacing,	

then	2D	grids	for	each	

layer	with	adjacent	

layers	of	spots	aligned.	

Scanning	

order	

Dependent	on	machine	delivery	functionality.	Scan	pattern	during	delivery	can	impact	the	dose	delivered	

as	a	function	of	interplay	with	patient	motion.	
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3.2.2.	Spot	size	

As	a	spot	of	protons	traverses	through	tissue	it	becomes	more	diffuse	and	larger	in	size	

because	of	multiple	Coulomb	scattering	(MCS).	The	lateral	spread	of	the	beam	is		defined		

in	equation	(2-2)	in	table	3-1.	32,	123,138	

The	 formulae	 used	 to	 compute	σ(z)	 has	 not	 been	 disclosed	 by	 any	 of	 the	 proton	 TPS	

manufacturers,	but	is	expected	to	be	based	on	equation	(2-2).	

3.2.3.	Spot	spacing	

It	 is	 the	 task	 of	 the	 TPS	 to	 select	 a	 suitable	 spot	 spacing	 such	 that	 the	 target	 can	 be	

adequately	covered,	reducing	ripples	in	dose	in	a	given	layer.	If	they	are	spaced	too	far	

apart	spots	will	need	to	be	weighted	heavily	to	achieve	a	uniform	dose,	whereas	if	spots	

are	positioned	too	close	together	it	may	not	be	possible	to	lower	their	weight	sufficiently	

to	prevent	dose	rippling	due	to	machine	constraints.		

The	spot	spacing	affects	the	spot	positions	available	in	the	treatment	plan.	As	the	spot	size	

increases	with	depth	(see	section	3.2.2),	the	spot	spacing	should	also	increase	with	depth	

to	prevent	rippling	of	dose.	The	spot	spacing	should	therefore	be	different	for	different	

energy	 layers,	 within	 a	 single	 beam.	 Spot	 spacing	 should	 also	 account	 for	 any	 beam	

divergence.		

The	method	used	to	select	the	spot	spacing	is	different	for	each	TPS	and	is	described	in	

table	3-1.		

XiO	-	has	no	default	settings	and	the	spot	spacing	must	be	defined	by	the	user.	It	can	be	

set	to	be	constant	or	can	be	varied	on	a	layer	by	layer	basis.	

In	 addition	 to	 XiO,	 all	 three	 other	 TPSs	 offer	 the	 option	 of	 manually	 setting	 the	 spot	

spacing.	In	Eclipse,	the	x	and	y	values	can	be	different,	but	the	spacing	is	the	same	across	

all	layers.	In	both	Pinnacle3	and	RayStation	the	manually	selected	value	is	the	same	for	x	

and	y	and	applies	across	all	layers.	

For	 the	TPSs	 that	defined	the	spot	spacing	based	on	the	highest	energy	 in	 the	beam	it	

should	be	noted	that	the	spot	size	in	air	has	the	smallest	value	for	the	highest	energy.	Due	

to	MCS,	however,	in	medium	the	highest	energy	produce	the	largest	spot	size.	
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3.2.4.	TPS	layer	spacing	

In	a	similar	manner	to	the	spot	spacing,	the	layer	spacing	is	also	critical	in	reducing	ripples	

in	dose	as	a	function	of	depth.	Each	TPS	has	different	methods	and	tools	to	define	the	layer	

spacing	as	described	in	table	3-1.		

Both	RayStation	and	XiO	also	offer	a	tool	called	the	peak	width	multiplier	(which	can	take	

any	value),	which	allows	the	user	to	vary	the	layer	spacing	uniformly	across	the	whole	

volume,	during	planning.	A	value	of	less	than	one	reduces	the	layer	spacing	and	a	value	of	

greater	than	one	increases	the	layer	spacing.	

3.2.5.	Spot	locations		

Available	 spot	 positions	 are	 defined	 by	 the	 spot	 spacing	 (section	 3.2.3	 above),	 layer	

spacing	(section	3.2.4,	above),	target	shape	and	any	margins.		

Ideally	the	spot	locations	should	reflect	the	user's	selections	in	spot	spacing,	layer	spacing	

and	target	margins,	and	spots	should	not	be	positioned	anywhere	outside	of	these	limits.	

Typically,	 the	spots	are	organised	on	a	 three-dimensional	square	grid	(see	below),	but	

some	systems	offer	spots	positions	that	are	offset	either	within	a	single	layer	(offset	rows)	

or	 between	 rows.	 It	may	 be	 that	 such	 a	 solution	 provides	 the	 optimiser	with	 greater	

flexibility	to	deliver	the	dose	as	required,	but	this	is	to	be	investigated.	

For	both	Eclipse	and	Pinnacle	 the	spot	spacing	can	only	be	a	 fixed	value	 for	all	 layers,	

whereas	for	both	RayStation	and	XiO	the	spot	spacing	can	be	either	variable	or	fixed	for	

all	layers	(see	section	3.2.3).	

- With	 fixed	 spot	 spacing	 the	 spot	 locations	 for	 all	 systems,	 except	 Pinnacle,	 are	

defined	by	a	3D	grid	passing	through	the	isocentre	within	the	spot	volume,	such	

that	every	layer	is	identical	and	exactly	overlaid.	On	a	given	layer,	Eclipse	and	XiO	

use	 square	 grids,	 whereas	 RayStation	 offsets	 adjacent	 rows	 by	 half	 the	 spot	

spacing.	 In	Pinnacle3	the	spot	 locations	are	defined	by	2D	square	grids	 for	each	

energy	layer,	from	the	left	hand	side	of	the	target,	such	that	energy	layers	are	not	

exactly	 overlaid.	 It	 has	 been	 shown	 that	 the	 spot	 locations	 impact	 the	 dose	

coverage	and	organ	at	risk	(OAR)	sparing	in	Eclipse,	Pinnacle3	and	XiO.48	

- With	 variable	 spot	 spacing	 in	 both	 RayStation	 and	 XiO,	 the	 spot	 locations	 are	

defined	by	a	2D	grid	passing	through	the	isocentre	within	the	spot	volume	for	each	

energy	layer.		
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3.2.6.	Dose	calculation	and	optimization	algorithms	

The	accuracy	of	each	dose	calculation	and	performance	of	each	optimization	algorithm	

was	not	investigated	in	this	work.	However,	information	that	may	prove	useful	to	readers	

is	provided	below.		

All	systems	evaluated	 in	this	work	adopted	a	dose	algorithm	based	on	a	variant	of	 the	

generic	pencil	beam	algorithm	12,13,	24,121.	The	manufacturers’	dose	algorithms	are	referred	

to	as	follows:	'Proton	convolution	superposition'	algorithm	for	Eclipse;	‘Proton	PBS’	for	

Pinnacle3;	and	‘Pencil	beam'	algorithm	for	RayStation	and	XiO.	

Pinnacle3,	 RayStation	 and	 XiO	 use	 sub-spots	 to	 compute	 the	 dose	 more	 accurately,	

particularly	 in	 cases	 where	 there	 are	 lateral	 heterogeneities.	 	 The	 sub-pencil	 beams	

(SubPB)	parameter	divides	each	single	spot	and	recalculates	it	for	different	numbers	of	

sub-pencil	 beams	 (SubPBs).	 In	 both	 Pinnacle3	 and	 RayStation	 the	 SubPB	 values	 are	

constants	 and	 cannot	 be	 changed	 or	 edited	 by	 the	 user.	 The	 number	 of	 SubPBs	 in	

Pinnacle3	is	dependent	on	the	size	of	the	in-air	fluence	of	the	spot	and	spot	spacing,	with	

no	fewer	than	4	sub-pencils	per	3	sigma	lateral	distance	of	the	in-air	fluence.	As	Pinnacle3	

computes	laterally	4	sigma	for	the	primary	fluence,	at	least	134	SubPBs	are	computed	per	

spot	in	the	dose	computation.139	For	RayStation	the	number	of	SubPBs	is	fixed	to	19	per	

spot.134	 In	 XiO	 the	 number	 of	 SubPBs	 per	 spot	 is	 defined	 as:	 (2n+1)2	 pencil	 beams	

calculated	per	spot,	in	which	the	value	of	n	is	defined	by	the	user	and	can	be	between	0-5.	

For	further	details	about	sub-spots	the	reader	should	refer	to	Soukup	et	al	(2005).29	

3.2.7.	Scanning	order		

The	scanning	order	of	spots	during	planning	(if	it	starts	from	the	left	or	right	or	top	or	

bottom)	does	 not	make	 any	 difference	 to	 the	 on-screen	plan.	 The	 order	 of	 delivery	 is	

dependent	 on	 the	 machine,	 but	 the	 spot	 locations	 and	 weights	 remain	 constant.	 The	

scanning	order	may	 impact	on	 the	delivery	of	dose	as	 it	will	 be	dependent	on	patient	

motion	factors	such	as	breathing,	but	that	will	not	be	investigated	in	this	work.	

3.3.	Material	and	Methods	

This	work	is	separated	into	two	parts.	In	the	first,	investigations	were	made	into	the	four	

TPSs	to	verify	that	they	perform	as	predicted	from	their	respective	manuals.	These	tests	

were	carried	out	using	homogenous	and	heterogeneous	phantoms,	by	creating	plans	in	

which	the	spot	spacing,	layer	spacing	and	margins	were	systematically	varied.		



	 -81-	

In	the	second	part	of	this	work	investigations	were	made	into	the	delivery	implications	of	

different	plans	with	one	TPS,	Eclipse.	Plans	were	created	with	different	spot	and	 layer	

spacing	values,	and	parameters	that	impact	on	the	delivery	were	evaluated.	The	number	

of	 layers,	 number	 of	 spots,	 dose	 homogeneity	 and	 approximate	 delivery	 time	 were	

computed.	

	

3.3.1	TPS	commissioning	and	dose	calculation	settings	

Prior	to	commencement	of	the	comparison	and	plan	delivery	studies,	it	was	necessary	to	

input	the	same	machine	data	into	each	TPS.	PBS	beam	data	from	the	IBA	system	at	the	

University	of	Pennsylvania	(UPenn)	was	entered	into	all	four	TPSs	and	the	modelling	was	

then	benchmarked	against	UPenn	measured	data.	A	minimum	spot	weight	of	0.021	MU	

was	implemented	as	this	is	the	lowest	dose	that	could	be	reliably	measured.		

The	Hounsfield	unit	(HU)	to	proton	relative	stopping	power	(RSP)	calibration	curve	was	

based	 on	 a	 stoichiometric	 calibration69	 and	 made	 consistent	 between	 all	 systems.	 In	

RayStation	and	XiO	the	mass	density	calibration	curve	must	be	defined.	The	mass	density	

is	 then	 converted	 to	 RSP,	 but	 this	 conversion	 cannot	 be	 controlled.	 In	 Eclipse	 and	

Pinnacle3,	the	HU-RSP	calibration	curves	are	entered	directly.		

Doses	were	calculated	in	all	systems	with	a	grid	size	of	2.5	mm,	using	each	system’s	dose	

calculation	 algorithm.	 In	 this	 study	 the	 precision	 parameter	 in	 XiO	 was	 switched	 off	

(resulting	in	no	sub-spots)	and	the	nuclear	interaction	was	switched	on	(for	an	improved	

dose	 calculation).	 For	 homogeneous	media	 there	 is	 of	 course	 no	 need	 for	 a	 sub-spot	

division	 in	 XiO.	 This	 would	 be	 inappropriate	 for	 clinical	 use.	 In	 the	 case	 where	

heterogeneities	are	present	the	plan	would	benefit	from	a	larger	number	of	sub-spots.29	

The	plans	on	Eclipse	were	optimized	using	 the	 Simultaneous	Spot	Optimization	 (SSO)	

algorithm,	while	 for	Pinnacle3,	RayStation	and	XiO	 the	 full	 intensity	modulated	proton	

therapy	optimization	algorithm	was	used.		

For	the	dose	optimisation	objectives,	the	cube	targets	were	optimised	in	all	the	plans	with	

the	same	objectives	and	same	priority/weights	for	both	higher	and	lower	doses,	to	ensure	

a	fair	comparison.	Objectives	were	set	to	deliver	a	minimum	of	100%	and	a	maximum	of	

102%	across	the	target	volume	in	all	the	phantoms	studies.	
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3.3.2	Phantom	studies	

The	aim	of	the	phantom	studies	is	to	investigate	and	understand	the	implementation	of	

the	planning	parameters	of	each	TPS	(spot	size,	spot	spacing,	layer	spacing	and	margin).		

In	each	TPS,	three	homogeneous	water	cubic	phantoms	were	created	(40	x	40	x	40	cm3	in	

size),	with	10	x	10	x	10	 cm3	 cubic	 targets	 at	different	depths.	Targets	 are	 required	 to	

position	the	spots	within	the	plan.	Phantom	1	included	the	cubic	target	with	its	surface	at	

a	depth	of	3	cm;	as	this	is	shorter	than	the	7.6	cm	range	in	water	for	the	lowest	energy	

(100	MeV)	in	this	case	it	necessitated	the	use	of	the	range	shifter.	Phantom	2	consisted	of	

a	cubic	target	at	the	middle	of	the	phantom.	Phantom	3	consisted	of	a	cubic	target	at	a	

depth	such	that	its	distal	side	plus	a	1	cm	margin	corresponded	to	the	range	of	the	highest	

available	energy	from	the	cyclotron	(range	of	226	MeV	beam	of	32.3	cm).	For	RayStation,	

an	additional	3D	rectangular	target	10	x	10	x	20	cm3	(phantom	4)	was	created	and	used	

for	RayStation	variable	spot	spacing.	

3.3.2.1	Layer	spacing	
Plans	in	Eclipse,	RayStation	and	XiO	were	made	with	a	constant	layer	spacing	value	and	

with	 default	 layer	 spacing	 values.	 The	 constant	 layer	 spacing	 for	 each	 phantom	 was	

defined	as	the	mean	of	the	proximal	and	distal	peak	widths	(80-80%).	In	phantom	1,	close	

to	the	phantom	surface,	this	resulted	in	a	constant	layer	spacing	of	5.5	mm.	For	phantom	

2,	in	the	centre,	the	layer	spacing	was	6.8	mm.	The	layer	spacing	for	phantom	3,	with	the	

deepest	target,	was	7.5	mm.		

The	default	layer	spacing	values	in	Eclipse	were	chosen	to	be	‘Variable	distance	equal	to	

four	times	the	range	sigma	of	the	next	highest	energy’.	This	makes	 it	comparable	to	the	

default	values	of	the	three	other	systems;	because	from	figure	3-2	four	times	the	range	

sigma	is	closer	to	peak	widths	(80-80%).	Figure	3-2	shows:	the	peak	widths	(80-80%)	

and	(90-90%)	of	the	measured	in	water	integral	depth	dose	(IDD)	curves	for	27	nominal	

energies,	 ranging	 from	100	 to	226.7	MeV	and	 the	 calculated	 range	 sigma,	which	were	

calculated	using	equation	3-1	140,141:	

range	sigma = 0.012Q,
,.:;<																																																								(3 − 1)	

Where:	

Q,[S*] = 0.0022 × #[U(V]=.>>																																																			(3 − 2)	
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As	Pinnacle3	did	not	have	an	option	of	constant	layer	spacing,	plans	were	made	with	the	

default	variable	layer	spacing	only,	which	was	selected	to	be	the	peak	width	between	

80–80%	for	each	nominal	energy	layer.	

	
Figure	3-2:	Measured	peak	widths	and	calculated	range	sigma	widths	for	27	energies	between	100	
and	226.7	MeV.	
	

3.3.2.2	Spot	spacing	
For	Eclipse,	Pinnacle3,	and	RayStation,	 the	 implementation	of	default	spot	spacing	was	

investigated	for	the	three	different	energies	100,	170	and	226	MeV.	All	plans	were	created	

with	an	individual	energy	and	calculated	with	a	10	x	10	cm2	water	phantom,	such	that	

each	plan	contained	only	one	layer.	For	RayStation,	another	plan	was	calculated	with	a	3D	

rectangular	target	10	x	10	x	20	cm3,	such	that	multiple	layers	would	be	required	and	the	

variable	spot	spacing	with	depth	could	be	investigated.	

These	were	compared	to	the	computed	spot	spacing	sizes	(σz)	in	the	water	phantom	at	

maximum	range,	in	the	Eclipse,	Pinnacle3	and	RayStation	TPSs.	

3.3.2.3	Margins	
For	each	of	the	three	phantoms,	six	plans	were	made	with:	no	margin,	a	3D	margin	equal	

to	1	x	spot	spacing;	a	3D	margin	of	2	x	spot	spacing;	a	3D	margin	of	3	x	spot	spacing;	a	3D	

margin	 of	 4	 x	 spot	 spacing;	 and	 an	 auto	 margin	 (as	 defined	 by	 each	 TPS).	 For	 both	

RayStation	and	XiO	the	auto	margins	were	investigated	with	different	spot	spacing	values.	

These	were	calculated	with	both	fixed	and	variable	spot	spacing.	
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3.3.2.4	Data	analysis	
The	plans	were	assessed	by	visual	inspection	of	the	dose	distribution;	extraction	of	the	

percentage	depth	dose	(PDD)	along	the	central	axis;	and	extraction	of	lateral	profiles	at	

the	 centre	 of	 each	 of	 the	 three	 targets.	 The	 distribution	 of	 spots	 for	 each	 beam	were	

analysed	using	2D	spot	maps,	in	which	all	the	spots	in	3D	were	overlaid.	

3.3.3	Plan	delivery	

Following	the	phantom	studies,	additional	plans	were	created	in	Eclipse	investigating	the	

delivery	 of	 the	 plan.	 The	 delivery	 time,	 numbers	 of	 layers,	 number	 of	 spots	 and	 dose	

homogeneity	were	 computed	 for	 plans	with	 different	 layer	 spacing	 and	different	 spot	

spacing	values.		

It	has	been	estimated	that	for	an	IBA	machine	the	delivery	for	a	spot	with	weight	around	

4.7	MU	 is	 approximately	 1	 to	 5	milliseconds	 (depending	 on	 the	 dose	 rate).	 Across	 all	

energy	layers,	the	delivery	of	the	spots	to	a	single	layer	requires	on	average	2	ms.	With	a	

maximum	beam	current	in	the	nozzle	of	5	nA,	capable	of	delivering	1	Gy	to	a	spot	in	about	

3	milliseconds,	a	plan	with	one	single	beam	will	take	around	40	seconds	to	cover	a	cubic	

target	10	x	10	x	10	cm3	in	size.	Most	of	the	time	is	spent	switching	between	layers,	which	

for	the	UPenn	IBA	machine	is	about	1.4	s	(averaged	across	all	energies).	The	irradiation	

time	ti	can	be	approximated	(within	±10%)	by	multiplying	the	number	of	times	the	energy	

is	switched	(i.e.	the	number	of	layers	nl	minus	1)	by	the	machine	layer	switching	time	tE	

and	adding	the	time	taken	to	irradiate	each	layer	(multiplication	of	the	number	of	spots	

ns	and	the	time	it	takes	to	deliver	a	single	spot	ts)	142;	expressed	as:	

W? = (.@ − 1) × WA + .B × WB.																																																															(3 − 3)	

	

In	this	part	of	the	work	plans	were	created	in	Eclipse	with	different	layer	and	spot	spacing	

values.	The	layer	spacing	was	varied	between	3.7	mm	(the	Bragg	peak	width	90-90%	of	

the	most	proximal	part	of	the	target)	and	10	mm.	In	these	plans	the	lateral	spot	spacing	

was	set	to	5	mm.	For	the	spot	spacing	study	the	spot	spacing	was	varied	between	3	and	

10	mm,	with	constant	layer	spacing.	Phantom	2,	with	a	10	x	10	x	10	cm3	target	at	its	centre,	

was	used	with	10	mm	3D	margins.		

All	plans	were	optimised	with	the	same	dose	prescription	and	the	same	objectives	(see	

section	3.3.1).	In	evaluating	the	plans,	the	numbers	of	layers,	number	of	spots	and	dose	

homogeneity	were	computed	and	equation	(3-3)	was	used	to	approximate	the	delivery	

time.		



	 -85-	

The	number	of	spots	and	layers	 for	each	plan	was	extracted	from	the	DICOM	plan	file,	

using	a	Matlab	script.	The	plan	dose	homogeneity	was	evaluated	as	the	dose	difference	

between	D1-D99,	D2-D98	and	D5-D95	of	the	plan	target,	in	a	method	proposed	by	Dowdell	et	

al	(2013).143	In	addition	to	the	estimation	of	the	plan	delivery	time	using	equation	(3-3),	

the	time	required	for	the	whole	planning	process	(dose	calculation	and	optimization)	was	

recorded.	

3.4.	Results	

3.4.1	Phantom	studies	

In	the	phantom	studies	the	layer	spacing,	spot	spacing	and	margins	were	systematically	

varied	in	three	phantoms	with	targets	at	three	different	depths.		

3.4.1.1	Layer	spacing	
When	using	the	default	layer	spacing	for	each	system,	this	study	found	that	if	the	variable	

distance	layer	spacing	is	chosen	for	Eclipse	it	will	be	constant	for	all	 layers	within	one	

beam	but	can	differ	 for	each	 individual	beam	within	a	plan.	Whereas	 the	default	 layer	

spacing	for	RayStation,	Pinnacle	and	XiO	are	variable.	

When	using	the	same	constant	layer	for	Eclipse,	XiO	and	RayStation	it	was	found	that	both	

RayStation	and	XiO	define	the	first	distal	layer	based	on	distal	range	80%	R80,	whereas	

Eclipse	TPS	defines	the	first	distal	layer	based	on	the	range	90%	R90.		

4.1.2	Spot	spacing	
The	default	spot	spacing	options	in	Eclipse,	Pinnacle3,	and	RayStation	were	investigated	

in	each	of	the	three	phantoms.	According	to	the	method	of	section	(3.3.2.2).	The	resultant	

spot	positions	for	each	TPS	and	each	phantom	are	shown	in	figure	3-3.	
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Figure	3-3:	Spot	maps,	as	viewed	from	the	beam	direction,	for	the	three	phantom	plans	(phantom	1	
=	top	row;	phantom	2	=	middle	row;	phantom	3	=	bottom	row)	and	for	each	TPS	(left	=	Eclipse;	centre	
=	Pinnacle3;	right	=	RayStation).	The	target	extent	is	between	-50	mm	and	+50	mm	in	both	lateral	
directions	for	all	plans.	
	

	

To	investigate	the	variable	spot	spacing	with	depth	option	in	RayStation,	plans	were	made	

for	a	3D	rectangular	target	10	x	10	x	20	cm3.	These	results	are	shown	in	figure	3-4.	It	can	

be	seen	that	the	spot	maps	at	different	depths	within	a	single	plan	in	RayStation	(figure	

3-4)	 look	very	similar	 to	 those	 for	 the	plans	on	the	different	phantoms	with	targets	at	

different	depths	(figure	3-3,	right).		
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Figure	 3-4:	 Spot	 maps,	 as	 viewed	 from	 the	 beam	 direction,	 at	 different	 depths	 within	 a	 single	
RayStation	plan,	when	using	default	variable	spot	spacing	option.		
	

3.4.1.3	Margins	
Figure	3-5	shows	a	set	of	dose-volume	histograms	(DVHs)	for	the	target	for	plans	with	

different	margins,	 demonstrating	 the	 need	 for	 target	margins.	 It	 can	 be	 seen	 that	 the	

target	coverage	improves	significantly	if	a	margin	of	one	times	the	spot	spacing	is	added	

and	it	improves	slightly	further	if	the	margin	is	increased	up	to	two	times	the	spot	spacing.	

It	was	found	that	increasing	the	spot	spacing	by	more	than	two	times	the	spot	spacing	did	

not	improve	the	dose	coverage	(figure	3-5).	It	was	also	found	that	Eclipse	automatically	

removes	spots	further	away	than	one	times	the	spot	spacing,	so	dummy	target	volumes	

had	to	be	created	to	test	wider	margins.	
	

	
Figure	3-5:	DVHs	for	the	target	for	plans	created	with	different	target	margins	in	Eclipse	(blue	=	no	
margin;	green	=	1	times	the	spot	spacing;	red	=	2	times	the	spot	spacing).	The	results	with	margins	
for	3	and	4	times	the	spot	spacing	are	not	shown	but	they	were	identical	to	the	2	times	spot	spacing	
result.		



	 -88-	

Figure	3-6	shows	the	SOBPs	and	the	lateral	profiles	at	the	central	axis	with	zero	margin	

for	Eclipse,	Pinnacle3	and	RayStation	(XiO	does	not	allow	zero	margin	plans);	and	with	a	

10	mm	3D	margin	for	Eclipse,	Pinnacle3,	RayStation	and	XiO.	All	plans	were	created	from	

plans	with	the	default	layer	spacing	of	each	TPS	and	a	5	mm	spot	spacing	size.		

	

	
Figure	3-6:	SOBPs	and	lateral	profiles	with	zero	and	10	mm	3D	margins.		
	
	
	
It	can	be	seen	that,	without	a	margin,	Pinnacle3	and	RayStation	are	unable	to	deliver	a	

uniform	dose	 in	 the	depth	direction	 (inspection	 of	 the	 SOBP	depth	dose	profiles)	 and	

Eclipse	 is	 unable	 to	 deliver	 a	 uniform	 dose	 in	 plane	 (from	 inspection	 of	 the	 lateral	

profiles).	All	TPSs	except	Pinnacle3	are	able	to	deliver	a	uniform	dose	to	the	target	when	

a	margin	is	used.	

Figure	3-7	shows	the	spot	positions	and	weight	distributions	in	2D,	with	the	spots	in	all	

layers	 overlaid	 for	 all	 the	 TPSs.	 The	 results	 for	 zero	 margins	 are	 shown	 for	 Eclipse,	

Pinnacle3	and	RayStation	and	the	results	with	a	10	mm	3D	margin	are	shown	for	all	TPSs.	

The	spot	weight	for	each	TPS	plan	has	been	normalized	to	its	own	maximum.	
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Figure	3-7:	Beam’s	eye	views	of	the	spot	positions	and	weight	distributions	in	2D	spot	maps,	with	
the	spots	in	all	layers	overlaid	for	(Eclipse,	Pinnacle3,	RayStation	and	XiO).	The	target	boundaries	
are	shown	by	the	solid	lines.	
	

Firstly,	when	inspecting	the	plans	with	a	zero	margin,	it	can	be	seen	that	spots	at	the	edges	

of	 the	 target	have	a	high	weight	 (as	expected	 to	deliver	a	uniform	dose	 to	 the	 target).	

Considering	 the	 spots	within	 the	 target,	 all	TPSs	position	 spots	evenly	 throughout	 the	

target	except	for	Pinnacle3.	In	Pinnacle3,	the	spots	just	inside	the	edge	of	the	target	are	

removed	in	a	post-processing	step	as	they	do	not	exceed	the	minimum	spot	MU.	These	
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spots	have	a	low	weight	as	the	adjacent	spots	on	the	edge	of	the	target	have	a	very	high	

weight	(see	the	non-uniformities	of	figure	3-7).	Regarding	the	application	of	the	margin,	

only	Eclipse	adheres	to	the	user's	instructions	of	applying	no	margin,	with	both	Pinnacle3	

and	 RayStation	 positioning	 spots	 outside	 of	 the	 target.	 For	 Pinnacle3,	 the	 spots	 were	

positioned	up	to	1.7	mm	outside	the	volume	in	the	x-direction	and	up	to	3.3	mm	in	the	y-

direction.	In	RayStation	spots	were	positioned	up	to	5	mm	outside	in	the	volume	in	the	x-

direction	and	up	to	2.1	mm	outside	the	volume	in	the	y-direction.	

For	 the	plans	with	a	10	mm	3D	margin,	all	TPSs	position	spots	evenly	 throughout	 the	

target.	Eclipse	and	XiO	adhere	to	the	10	mm	margin	definition,	not	positioning	any	spots	

outside	 of	 this	 distance.	 Again,	 Pinnacle3	 (up	 to	 3.3/5	mm	 in	 the	 x-	 and	 y-directions,	

respectively)	and	RayStation	(up	to	3.8/1.3	mm	in	the	x-	and	y-directions,	respectively)	

position	spots	outside	of	the	user-defined	boundaries.		

Figure	3-7	shows	that	the	spot	positions	in	Eclipse	and	XiO	are	symmetrical	in	both	lateral	

directions,	but	they	are	not	 in	Pinnacle3	or	RayStation.	 It	can	also	be	seen	that	Eclipse,	

RayStation	and	XiO	position	spots	according	to	a	3D	rectangular	grid	passing	through	the	

isocentre,	 whereas	 Pinnacle3	uses	 spot	 positions	 defined	 in	 2D	 square	 grids	 for	 each	

energy	layer	(as	expected	from	each	manual,	section	3.2.5).	Also,	as	predicted	from	the	

manual,	RayStation	positions	spots	from	a	different	point	for	each	row	(adjacent	rows	of	

spots	are	off-set	by	half	the	spot	spacing).	

The	use	of	auto	3D	margins	in	both	RayStation	and	XiO	were	investigated.	For	RayStation	

the	plan	can	be	calculated	with	zero	margin,	fixed	3D	margin	or	variable	auto	3D	margins	

for	each	energy	layer.	For	XiO	it	was	found	that	the	plan	cannot	be	made	with	zero	margin;	

it	adds	an	auto	3D	margin	to	the	plan	spot	volume.	The	auto	margin	for	both	systems	is	

affected	by	the	spot	spacing	value.	For	XiO	the	auto	margin	with	the	fixed	spot	spacing	is	

between	4	–	6	mm	for	2	to	9	mm	spot	spacing,	jumping	to	10	mm	at	10	mm	spot	spacing.	

Whereas	 for	RayStation	 the	auto	3D	margin	was	up	 to	17.4	mm	with	5	mm	fixed	spot	

spacing	and	up	to	20.4	mm	with	auto	variable	spot	spacing.	
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3.4.2	Plan	delivery	

Following	 the	 phantom	 studies,	 investigations	 were	 made	 into	 the	 implications	 of	

different	spot	spacing	and	layer	spacing	on	the	plan	delivery.	Spot	weights	were	optimised	

to	deliver	a	uniform	dose	to	a	target	of	122	mm	in	depth.	For	each	plan,	the	number	of	

spots	and	layers,	planning	time,	estimated	delivery	time	(based	on	equation	3-3)	and	dose	

homogeneity	(D1-D99,	D2-D98	and	D5-D95)	were	computed.		

	

3.4.2.1	Layer	spacing	
Table	 3-2	 shows	 results	 for	 different	 layer	 spacing	 (3.7-10	 mm),	 for	 a	 constant	 spot	

spacing	of	5	mm.	Reducing	the	layer	spacing	improves	the	dose	homogeneity.	

	
Table	3-2:	Statistics	for	plans	with	different	layer	spacing.		
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1	 10	 13	 1	 6716	 6603	 148.6	 154.3	 207.4	 324.0	 28.6	 0.65	 0.53	 0.37	

2	 9	 14	 1	 7317	 7181	 150.4	 155.4	 207.4	 345.0	 31.2	 0.51	 0.43	 0.30	

3	 8	 16	 1	 8443	 8277	 148.6	 153.2	 207.4	 372.0	 36.2	 0.48	 0.40	 0.27	

4	 Default	(7.6)	 16	 1	 8375	 8276	 150.6	 154.6	 207.4	 376.0	 36.2	 0.48	 0.40	 0.27	

5	 7	 18	 1	 9578	 9391	 149.2	 153.2	 207.4	 419.0	 41.2	 0.47	 0.39	 0.26	

6	 6	 21	 1	 11158	 10736	 148.7	 152.1	 207.4	 484.0	 48.1	 0.45	 0.36	 0.23	

7	 90-90%	of	distal	range	≈	5.3	 24	 2	 12333	 12122	 147.6	 153.7	 207.4	 500.0	 53.6	 0.43	 0.34	 0.22	

8	 5	 25	 1	 13184	 12589	 148.7	 151.6	 207.4	 550.0	 57.4	 0.43	 0.34	 0.22	

9	 4	 31	 2	 16214	 15887	 148.8	 153.5	 207.4	 710.0	 71.0	 0.44	 0.35	 0.23	

10	 90-90%	of	Proximal	range	≈	3.7	 33	 1	 17785	 17081	 149.8	 152.0	 207.4	 731.0	 77.6	 0.43	 0.34	 0.22	

	

Figure	3-8	shows	the	impact	on	the	dose	distribution	in	the	depth	direction	when	

altering	the	number	of	layers	in	the	plan.	Above	5	mm	layer	spacing,	or	if	too	few	layers	

are	used,	the	dose	distribution	to	the	target	is	not	uniform.		
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Figure	3-8:	Depth	dose	profiles	for	plans	created	with	different	layer	spacing.	
	

4.2.2	Spot	spacing	
Table	 3-3	 shows	 results	 with	 different	 spot	 spacing	 (3-10	mm)	 and	 a	 constant	 layer	

spacing	(4	x	range	sigma	of	the	next	highest	energy	~7.6	mm).	It	can	be	seen	clearly	that	

reducing	the	spot	spacing	improves	the	dose	homogeneity.	

	
Table	3-3:	Statistics	for	plans	with	different	spot	spacing.		

Plan	 Spot	spacing	[mm]	
Number	

of	spots	

Number		

of	spots		

post-

processing	

Time	(sec)	 Dose	Homogeneity	

Planning	
Delivery	

±10%	
D1-D99	 D2-D98	 D5-D95	

	 	 	 	 	 	 	 	 	

1	 10	 2193	 1897	 133.0	 24.8	 1.39	 1.13	 0.80	

2	 9	 2580	 2450	 134.0	 25.9	 0.70	 0.55	 0.37	

3	 8	 3291	 3260	 135.0	 26.1	 0.50	 0.42	 0.28	

4	 7	 4239	 4184	 240.0	 28.0	 0.49	 0.41	 0.28	

5	 6	 5778	 5580	 308.0	 30.8	 0.48	 0.40	 0.28	

6	 5	 8375	 8276	 376.0	 36.2	 0.48	 0.40	 0.27	

7	 Default:	column≈4.8,	row≈4.3	 9848	 9733	 430.0	 39.1	 0.47	 0.39	 0.27	

8	 4	 13056	 12701	 508.0	 45.0	 0.46	 0.38	 0.26	

9	 3	 23249	 22542	 790.0	 64.7	 0.44	 0.37	 0.26	
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3.4.2.3	Planning	and	delivery	times		
Figure	3-9	shows	the	planning	and	estimated	delivery	times	with	different	layer	spacing	

and	with	different	spot	spacing.	It	can	be	seen	clearly	that	the	required	time	to	produce	a	

plan	 increases	 significantly	 if	 the	 layer	 spacing	or	 spot	 spacing	are	 reduced,	while	 the	

delivery	time	only	increases	slightly.	

	

	
Figure	3-9:	Planning	and	estimated	delivery	times	for	plans	with	different	layer	spacing	(left)	and	
spot	spacing	(right).	
	

3.5.	Discussion	

The	overall	 aim	of	 this	 study	was	 to	 investigate	 the	performance	of	 four	proton	TPSs,	

Eclipse,	 Pinnacle3,	 RayStation	 and	 XiO,	 providing	 information	 that	 will	 be	 useful	 to	

potential	purchasers	of	each	system	and	for	current	users.	The	work	was	separated	into	

two	parts.	In	the	first,	the	implementation	of	different	proton	planning	parameters	was	

determined	for	each	TPS.	Using	three	water	phantoms	with	targets	at	different	depths,	

investigations	were	made	into	how	each	TPS	positions	spots	when	plans	are	made	with	

different	layer	spacing,	different	spot	spacing	and	different	margins.	In	the	second	part	

the	 impact	 of	 varying	 the	 layer	 spacing	 and	 spot	 spacing	 on	 the	 plan	 delivery	 was	

investigated	within	Eclipse.	

	

3.5.1	Layer	spacing	

All	 the	TPSs,	except	Eclipse,	use	variable	 layer	spacing	based	on	the	Bragg	peak	width	

between	the	proximal	80%	and	distal	80%	of	each	layer.	As	detailed	in	section	3.2.4	and	

table	3-1,	variable	layer	spacing	is	desirable	as	it	allows	the	variable	Bragg	peak	width	

with	 energy	 (caused	 by	 energy	 and	 range	 straggling)	 to	 be	 accounted	 for	 and	 a	
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homogeneous	dose	to	be	more	easily	delivered.	In	Eclipse	layers	can	only	be	positioned	

with	a	constant	value	per	beam.		

In	Eclipse,	tests	were	made	with	different	layer	spacing	values.	If	the	layer	spacing	was	

too	large,	the	dose	homogeneity	was	affected	(table	3.2	and	figure	3-8).	This	agrees	with	

previous	works	by	Hillbrand	and	Georg	(2010)	and	van	de	Water	et	al	(2013,	2015).144–

146	 However,	 if	 the	 layer	 spacing	was	 less	 than	 5	mm,	 layers	were	 removed	 after	 the	

optimization	process	and	the	dose	homogeneity	worsens.		

Acting	against	the	improvement	in	dose	homogeneity	(down	to	5	mm)	is	the	increased	

delivery	time	for	additional	layers	when	using	smaller	spacing.	The	energy	switching	time	

is	significantly	longer	than	the	layer	scanning	time	(switching	time	1.4	s,	scanning	time	

0.02	msec)	 and	 it	 is	 the	major	 component	 of	 the	delivery	 time.144,147	 The	 actual	 beam	

delivery	time	within	the	clinical	setting	 is	dependent	on	machine	specific	performance	

characteristics.	In	this	work	we	demonstrate	that	it	is	the	planning	time	(caused	by	longer	

optimisation	times	with	more	layers	and	more	spots),	rather	than	the	delivery	time,	that	

is	impacted	with	more	layers	(figure	3-9).		

Also,	it	was	found	whether	using	a	constant	or	a	variable	layer	spacing,	that	if	the	distal	

range	is	defined	by	the	R90	then	the	layers	are	unnecessarily	close;	a	definition	according	

to	R80	is	sufficient.	

	

3.5.2	Spot	spacing	

In	order	to	deliver	a	uniform	dose	to	the	treatment	volume,	the	spot	spacing	as	defined	

by	the	TPSs	should	be	dependent	on	the	spot	size.	 In	a	study	by	Lee	(2015)148	 ,	 it	was	

found	that,	provided	the	spot	spacing	was	equal	to	or	smaller	than	two	thirds	of	the	spot	

size	 (FWHM),	 a	 plan	 with	 100%	 uniformity	 could	 be	 achieved.	 It	 has	 been	 shown	

previously	that	spot	spacing	has	an	impact	on	the	field	sizes	149.	This	was	not	found	in	our	

work,	 with	 the	 extent	 of	 spot	 positions	 remaining	 within	 the	 field	 sizes	 as	 expected,	

however,	 an	 optimal	 spot	 spacing	 should	 be	 found	 to	 balance	dose	 homogeneity	with	

output	factor	for	a	given	field	size	149.	

It	was	found	that	reducing	the	spot	spacing	improves	the	dose	homogeneity	(table	3-3),	

but	not	 for	values	 less	 than	4	mm.	Although	our	work	was	based	on	uniform	material	

phantoms	and	simple	cubic	targets,	it	has	been	shown	that	similar	values	are	suitable	for	

patient	 geometries.	 Cao	 et	 al	 (2013)150	 planned	 four	 prostate	 cases	with	 spot	 spacing	

between	3-7	mm.	They	found	that	reducing	the	spot	spacing	below	4	mm	did	not	improve	
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the	 plan	 dosimetry	 and	 they	 recommended	 a	 value	 of	 at	 least	 6	mm.	 Robertson	 et	 al	

(2009)151	 also	planned	a	 selection	of	prostate	cases	with	spot	 spacing	between	2.5-10	

mm.	 They	 found	 that	 while	 decreasing	 the	 spot	 spacing	 increases	 the	 target	 dose	

homogeneity	and	 lowers	 rectal	dose,	 it	 also	 results	 in	a	 large	number	of	 low-intensity	

spots.	 It	was	suggested	 that	 this	would	decrease	 the	plan	robustness	and	 increase	 the	

planning	time.	A	value	of	5	mm	was	recommended	as	a	compromise.	Based	on	the	results	

and	other	works	within	patient	geometries,	it	is	believed	that	5	mm	would	be	a	suitable	

value	for	spot	spacing.	The	spot	spacing	of	5	mm	not	only	gives	good	homogeneity,	but	

improves	the	calculation	and	beam	delivery	time.	

	

3.5.3	Margins	

In	PBS	delivery	a	spot	volume	must	be	defined	 in	which	spots	could	be	positioned.	To	

ensure	 that	 the	 spots	 on	 the	 edges	 of	 the	 target	 do	 not	 have	 too	 high	 weighting	 an	

optimisation	volume	is	typically	formed	from	the	target	volume	to	include	a	margin.	 It	

was	shown	in	this	work	that	this	margin	should	be	at	least	two	times	the	spot	spacing	to	

ensure	the	best	dose	coverage	(increasing	it	by	more	than	this	does	not	improve	the	plan).		

Users	should	be	aware	that	Pinnacle3	and	RayStation	position	spots	outside	of	the	defined	

volume	 (target	 plus	 margin),	 whereas	 both	 Eclipse	 and	 XiO	 adhere	 to	 the	 planner's	

requests.		

	

3.5.4	Spot	positions	

The	 available	 spot	 volume	 is	 defined	 by	 the	 layer	 spacing,	 spot	 spacing	 and	margins	

defined	by	the	user.	Each	TPS	arranges	the	spots	slightly	differently	within	this	volume.	

Eclipse,	RayStation	and	XiO	arrange	the	spots	on	a	3D	grid	passing	through	the	isocentre,	

whereas	in	Pinnacle3	the	spot	locations	are	defined	by	2D	square	grids	for	each	energy	

layer.	 It	 has	 been	 suggested	 that	 this	 flexibility	may	 allow	 for	 improved	 OAR	 sparing	

compared	to	systems	that	use	fixed	3D	grids	48.	Additionally,	RayStation	offsets	adjacent	

rows	by	half	the	spot	spacing,	which	may	help	to	give	the	optimiser	further	flexibility,	and	

improve	robustness	by	reducing	the	risk	of	systematic	interplay	with	patient	anatomical	

motion.	This	could	be	evaluated	through	further	investigation.	
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3.6.	Conclusions	

This	 study	 compared	 four	 proton	 TPSs:	 Eclipse,	 Pinnacle3,	 RayStation	 and	 XiO.	 An	

investigation	was	made	into	the	implementation	and	optimal	selection	of	different	proton	

planning	parameters	by	each	system.		

All	TPSs,	except	Eclipse,	are	able	to	offer	variable	layer	spacing	based	on	the	Bragg	peak	

width	 between	 the	 proximal	 80%	 and	 distal	 80%	 of	 each	 layer,	 which	 is	 ideal	 if	 a	

homogeneous	dose	in	the	depth	direction	is	required.	If	constant	layer	spacing	must	be	

used,	a	value	of	not	less	than	5	mm	was	recommended	to	ensure	good	dose	homogeneity.	

Eclipse,	Pinnacle3	and	RayStation	offer	options	for	variable	spot	spacing	with	depth,	which	

is	ideal	due	to	the	depth	dependency	of	spot	size	(due	to	MCS).	RayStation	adheres	to	this	

as	 expected,	 with	 increasing	 spot	 spacing	 for	 increasing	 spot	 sizes,	 but	 Eclipse	 and	

Pinnacle3	define	the	spot	spacing	in	the	opposite	way.	For	both	Eclipse	and	Pinnacle3,	it	is	

based	on	the	spot	size	in	air	for	the	most	distal	layer	and	remains	constant	for	all	other	

layers.	Spot	spacing	in	RayStation	is	based	on	the	spot	size	in	the	medium	and	adapts	the	

spacing	as	spot	size	increases	at	depths	due	to	MCS.	If	constant	spot	spacing	must	be	used,	

a	value	of	5	mm	was	recommended	as	a	good	compromise	between	dose	homogeneity,	

plan	robustness	and	planning	time.	
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Chapter	4:	Comparison	of	single-field	uniform	dose	
(SFUD)	and	intensity-modulated	proton	therapy	
(IMPT)	planning	

4.1.	Introduction	

Pencil	 beam	 scanning	 (PBS)	 is	 rapidly	 becoming	 the	 preferred	 delivery	 technique	 for	

proton	 beam	 therapy.	 Advantages	 of	 PBS	 delivery,	 compared	 to	 passively	 scattered	

proton	 therapy	 (PSPT)	 techniques,	 include	 the	 reduction	 of	 secondary	 neutron	

production	within	 the	 beam	 delivery	 system	 and	 elimination	 of	 the	 need	 for	 patient-

specific	beam-shaping	devices,	the	use	of	which	is	costly,	inefficient,	and	further	adds	to	

secondary	neutron	contamination.	Perhaps	 the	most	 clinically	 significant	advantage	of	

PBS,	however,	 is	 the	ability	 to	use	 inverse-planning	 techniques	 to	 further	 improve	 the	

dose	conformity	achievable	with	proton	therapy	4–7.	Highly	conformal	tumour	coverage	

with	increased	sparing	of	surrounding	organs	at	risk	(OAR)	can	often	be	achieved,	thus	

reducing	 the	 risk	 of	 radiation-related	 toxicities,	 including	 the	 induction	 of	 secondary	

cancers	which	is	of	particular	importance	for	paediatric	patients.	With	judicious	selection	

of	 clinical	 indications,	 PBS	 is	 dosimetrically	 more	 favourable	 than	 both	 intensity-

modulated	 radiation	 therapy	 (IMRT)	 and	 PSPT	 due	 to	 reduced	 integral	 dose	 to	

surrounding	tissues	8.	

In	 the	 last	chapter	(chapter	3),	 it	was	determined	how	PBS	planning	parameters	were	

defined	and	implemented	in	each	TPS	and	what	choices	would	yield	comparable	plans.	

That	knowledge	 is	key	 in	 the	design	of	 the	study	here	to	ensure	a	 fair	and	meaningful	

evaluation	of	the	treatment	planning	performance	for	actual	clinical	cases.		This	study	will	

investigate	the	accuracy	and	quality	of	each	TPS,	in	terms	of	target	coverage,	conformity,	

and	 homogeneity,	 as	 well	 as	 organs	 at	 risk	 (OAR)	 sparing	 under	 various	 beam	

arrangements	and	optimization	techniques.	

Two	techniques	commonly	used	for	PBS-based	planning	are	intensity-modulated	proton	

therapy	 (IMPT)	 and	 single	 field	 uniform	 dose	 (SFUD).	 IMPT	 uses	 a	 multi-field	

optimisation	(MFO)	approach	in	which	all	treatment	fields	are	optimised	simultaneously	

such	that	their	combined	dose	distribution	covers	the	target	volume	homogeneously.		The	

dose	distribution	 from	any	 individual	 field,	 however,	 can	be	quite	 inhomogeneous.	By	

contrast,	 the	SFUD	technique	uses	a	single-field	optimisation	(SFO)	approach	 in	which	

each	individual	field	is	optimised	to	deliver	a	uniform	dose	to	the	target	independently.	
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Analogous	to	photon-based	therapy,	SFUD	is	similar	to	using	in	3D-conformal	planning,	

whereas	IMPT	is	an	approach	similar	to	fixed	field	IMRT.	IMPT	offers	greater	flexibility	

and	often	better	conformity	than	SFUD,	however,	the	inherent	steep	dose	gradients	and	

field	 matching	 within	 the	 target	 volume	 make	 it	 more	 sensitive	 to	 uncertainties	 in	

planning	and	delivery	103.	Such	uncertainties	may	be	managed	using	a	robust	optimisation	

technique,	an	option	that	 is	available	 in	 the	 latest	versions	of	a	number	of	commercial	

proton	 treatment	 planning	 systems	 (TPS).	Robust	 optimisation	 strives	 to	 improve	 the	

likelihood	of	delivering	the	dose	distribution	as	planned,	accounting	for	uncertainties	in	

proton	 range,	 and	 variations	 in	 patient	 anatomy	 and	 alignment.	 Nevertheless,	 many	

proton	therapy	centres	prefer	to	use	SFUD	instead	of	IMPT	to	guarantee	plan	robustness.	

For	instance,	SFUD	plans	are	used	for	about	95%	of	the	cases	at	Trento	proton	centre	and	

about	85%	at	Skandion	Clinic	152,153.	

	

There	have	been	a	number	of	studies	into	improving	treatment	planning	techniques	to	

better	 exploit	 the	 benefit	 of	 PBS	 technology.	 These	 studies	 include	 advancements	 in	

delivery	 and	 treatment	 planning	 systems,	 and	 optimisation	 techniques.	 Many	 studies	

have	 compared	 and	 discussed	 both	 IMPT	 and	 SFUD	 optimisation	 for	 various	 clinical	

treatment	 sites	 154–160.	 Doolan	 et	 al	 48	 compared	 SFUD	 dose	 distribution	 for	 10	

meningioma	 cases	 with	 three	 treatment	 planning	 systems:	 Eclipse;	 Pinnacle3;	 XiO.	

Langner	et	al	161	compared	the	PBS	dose	calculation	algorithms	of	Eclipse	and	RayStation	

and	the	Monte	Carlo	model	 for	RayStation	against	measured	doses,	 for	several	clinical	

sites.	However,	 a	 comprehensive	 evaluation	of	 the	major	 commercially	 available	TPSs	

supporting	PBS	has	not	been	reported.	Possible	reasons	 include	the	relative	 infancy	of	

PBT	using	PBS;	the	lack	of	institutions	having	access	to	multiple	proton	planning	systems;	

and	early	facilities	adopting	their	own	in-house	developed	TPS.	The	aim	of	this	study	is	to	

evaluate	 the	 planning	 capabilities	 of	 four	 commercially	 available	 proton	 treatment	

systems:	Eclipse;	Pinnacle3;	RayStation;	XiO.	

	

This	 chapter	 is	 presented	 in	 two	 parts:	 (i)	 an	 investigation	 of	 the	 plan	 quality	 and	

implications	on	the	computation	cost	related	to	XiO’s	sub-spots	calculation	parameter;	(ii)	

a	 comparative	 study	 to	 evaluate	 all	 four	planning	 systems	using	both	 IMPT	and	SFUD	

optimisation	techniques.	The	sub-spots	investigation	was	limited	to	XiO	as	it	is	the	only	

system	that	allows	direct	user	control	of	the	underlying	calculation	parameter.	
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4.2.	Materials	and	Methods	

4.2.1.	Proton	treatment	planning	systems	

The	 performance	 of	 four	 commercial	 proton	 TPSs	 were	 evaluated:	 Eclipse,	 v13.5.35	

(Varian	Medical	 Systems,	 Palo	 Alto,	 CA);	 Pinnacle3,	 v16.0	 (Philips	 Radiation	 Oncology	

Systems,	 Fitchburg,	 WI);	 RayStation,	 v4.7.0.15	 (RaySearch	 Laboratories,	 Stockholm,	

Sweden);	XiO,	 v4.80.00	 (Elekta	CMS	Software,	Maryland	Heights,	MO).	All	 systems	are	

commercially	 available	 for	 PBS-based	 planning	with	 the	 exception	 of	 Pinnacle3	 v16.0,	

which	 is	 not	 yet	 clinically	 released	 (at	 the	 time	 of	 writing	 this	 report).	 Eclipse	 and	

RayStation	are	based	on	the	Windows	operating	system	and	Pinnacle3	and	XiO	are	Linux-

based.	All	systems	operate	on	a	64-bit	architecture,	with	the	exception	of	XiO	which	uses	

32-bit.		All	systems	have	a	pencil	beam	dose	calculation	algorithm	available	for	use.	The	

Monte	Carlo	(MC)	dose	algorithms	that	have	recently	become	available	in	Eclipse	28	and	

RayStation	28,162	were	not	investigated	in	this	study.	

4.2.2.	Proton	TPS	beam	commissioning	

All	 TPSs	were	 commissioned	 using	 the	 IBA	 system	 (IBA,	 Louvain-La-Neuve,	 Belgium)	

scanning	 pencil	 beam	 data	 from	 the	 Roberts	 Proton	 Therapy	 Centre	 (University	 of	

Pennsylvania).	Each	system’s	commissioning	requirements	were	followed	and	the	beam	

models	were	validated	against	the	measured	data.	The	minimum	spot	weight	in	all	the	

systems	was	set	to	be	0.021	Monitor	Units	(MU)	as	this	is	the	lowest	value	that	can	be	

reliably	delivered	and	measured.	The	Hounsfield	unit	(HU)	to	proton	relative	stopping	

power	 (RSP)	 calibration	 curve	 was	 based	 on	 the	 commonly	 used	 stoichiometric	

calibration	method	69.	For	RayStation	and	XiO,	the	mass	density	calibration	curve	must	be	

defined,	in	which	the	mass	density	is	used	to	convert	to	RSP.	For	Eclipse	and	Pinnacle3,	

the	RSP,	electron	density	and	mass	density	calibration	curves	have	to	be	entered.		

4.2.3.	Proton	TPS	dose	calculation	and	optimisation	algorithms	

The	intrinsic	accuracy	of	the	algorithms	used	in	the	dose	calculation	and	optimisation	are	

not	the	focus	of	this	work.		All	systems	evaluated	in	this	study	adopted	a	dose	algorithm	

based	on	a	variant	of	 the	generic	pencil	beam	algorithm	12,13,	24,121.	The	manufacturers’	

dose	algorithms	are	referred	to	as	follows:	1)	Eclipse	-	'Proton	convolution	superposition'	

algorithm;	2)	Pinnacle3	-	‘Proton	PBS’;	3)	RayStation	and	XiO	-	‘Pencil	beam'	algorithm.	As	
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noted	earlier,	Monte	Carlo	based	dose	algorithms	were	offered	by	Eclipse	and	RayStation	

subsequent	to	the	completion	of	this	study.	

	

Additionally,	Pinnacle3,	RayStation,	and	XiO	have	the	capability	of	using	sub-spots	in	the	

dose	calculation	algorithm.	This	option	essentially	divides	every	single	spot	into	multiple	

sub-pencil	beams	(sub-spots)	to	allow	calculation	in	finer	granularity,	improving	accuracy	

in	the	presence	of	lateral	heterogeneities.	In	both	Pinnacle3	and	RayStation	this	parameter	

is	set	by	the	system	and	cannot	be	user	defined.	In	Pinnacle3	this	parameter	is	dependent	

on	 the	 size	 of	 the	 in-air	 spot	 fluence	 and	 the	 desired	 spot	 spacing;	 the	 calculation	

guaranteeing	the	use	of	a	minimum	of	4	sub-pencils	per	3	sigmas	of	the	lateral	distance	of	

the	in-air	spot	fluence.	In	addition,	Pinnacle3	computes	laterally	4	sigmas	for	the	primary	

fluence,	yielding	at	least	134	sub-spots	per	spot	dose	computation	139.	For	RayStation,	the	

number	of	sub-spots,	ns,	is	fixed	at	19	per	spot	134.	In	XiO,	the	formula		

ns	=	(2n+1)2			 	 	 	 	 	 (4-1)	

is	used	to	define	the	number	of	pencil	beams	per	spot,	where	n	(known	as	the	precision	

parameter)	 is	 a	 user-defined	 parameter	 that	 ranges	 from	 0-5	 135.	 Additional	 details	

regarding	the	choice	and	pattern	of	sub-spots	selection	are	described	in	Soukup	29.	

4.2.4.	Optimal	value	of	sub-spots	parameter	for	XiO	

Both	the	plan	quality	and	computation	time	are	closely	linked	to	the	sub-spots	parameter.	

The	trade-off	between	quality	and	computation	cost	was	evaluated	using	a	glioma	case	to	

determine	if	an	optimal	value	exists	for	this	parameter.	Five	IMPT	plans	were	calculated	

using	different	values	of	the	precision	parameter	(see	Section	2.3)	of	n=0,	1,	2,	3	and	4,	

corresponding	to	a	single	spot,	or	9,	25,	49	and	81	sub-spots	respectively	(using	equation	

4-1).	 The	 plan	 quality	 as	 well	 as	 DVHs	 of	 the	 target	 and	 OARs	 were	 evaluated.	

Computation	time	for	each	case	was	also	compared.	

4.2.5.	Clinical	cases	used	for	comparative	planning	

Two	clinical	cases	were	used	in	this	study:	paediatric	female	diagnosed	with	a	low-grade	

glioma	of	the	optic	tract;	geriatric	male	diagnosed	with	T4N2c	squamous	cell	carcinoma	

of	the	base	of	tongue,	involving	a	bilateral	metastatic	lymphadenopathy	in	the	upper	deep	

cervical	region.	All	patients	undergoing	radiotherapy	at	UCLH	are	consented	for	their	data	

to	be	used	for	research	and	clinical	studies.	All	data	used	in	this	project	was	anonymised	

and	exported	 to	a	non-clinical	 test	environment	where	only	UCLH	employees	or	 those	
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with	 honorary	 contracts	 can	 access.	 Full	 Information	 governance	 procedures	 were	

followed.	

4.2.5.1.	Patient	and	target	definitions		

Both	 cases	 were	 previously	 treated	 at	 our	 institution	 (UCLH).	 A	 two-arc	 volumetric-

modulated	arc	therapy	(VMAT)	technique	was	used	for	 the	paediatric	glioma	case	and	

seven-beam	IMRT	for	the	adult	H&N	case.	

The	gross	tumour	volume	(GTV)	was	outlined	to	encompass	the	visible	tumour	on	the	

diagnostic	 MRI,	 fused	 with	 the	 planning	 CT.	 The	 clinical	 target	 volume	 (CTV)	 was	

expanded	for	the	glioma	case	as	GTV	+	2	mm	(for	fusion	uncertainty),	with	an	additional	

5	 mm	 to	 encompass	 microscopic	 spread.	 The	 CTV	 was	 further	 expanded	 by	 3	 mm	

symmetrically	to	generate	the	planning	target	volume	(PTV).	For	the	H&N	case	the	CTV	

was	expanded	as	GTV	+	10	mm	 to	account	 for	 the	 risk	of	 extracapsular	 spread	 to	 the	

involved	nodes.	The	PTV	was	defined	as	an	additional	3	mm	symmetric	expansion	of	the	

CTV.		

For	the	glioma	case,	all	organs	at	risk	(OAR)	were	expanded	by	3	mm	to	create	planning	

at	risk	volumes	(PRVs),	whereas	5	mm	was	used	for	the	H&N	case.	The	clinical	goals	for	

both	cases	were	to	deliver	a	homogenous	dose	to	the	tumour	whilst	sparing	the	PRVs.	

Prescription	dose	(Rx)	was	based	on	the	institutional	protocol.	the	prescribed	dose	for	

the	paediatric	glioma	was	54	Gy	(RBE)	(relative	biological	effectiveness),	using	an	RBE	

value	of	1.1	163,164.	The	clinical	goals	require	that	the	PTV	is	encompassed	by	95%	of	Rx	

while	none	of	the	optic	nerve	PRVs	exceed	50	Gy	(RBE).	For	H&N,	the	prescribed	doses	to	

the	 high	 risk	 and	 low-risk	 PTVs	 (PTV1	&	 PTV2)	were	 65	 Gy	 (RBE)	 and	 54	 Gy	 (RBE),	

respectively.	The	spinal	canal	PRV	and	brainstem	PRV	volume	doses	were	restricted	to	50	

Gy	(RBE)	and	55	Gy	(RBE)	respectively.	

	

For	 ease	 of	 comparison,	 these	 PTV	 margins	 were	 adopted	 in	 our	 study	 and	 dose	

evaluation	 was	 based	 on	 the	 PTV	 coverage	 since	 our	 primary	 goal	 is	 to	 evaluate	 the	

performance	 of	 the	 planning	 systems.	 It	 should	 be	 noted	 that	 proton-specific	

uncertainties	would	need	to	be	considered	to	ensure	the	delivery	of	a	robust	plan.	The	

dose-volume	constraints	for	PTV	coverage,	together	with	OAR	and	PRV	constraints,	are	

detailed	in	Table	4-1	for	both	the	glioma	and	H&N	cases.		
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4.2.6.	Planning	techniques	and	parameters	

For	each	clinical	case,	treatment	plans	using	two	different	optimisation	techniques	(SFUD	

and	IMPT)	were	generated.	Three	beam	directions	were	used	for	both	cases.	For	glioma,	

a	non-coplanar	arrangement	with	three	beams	was	used:	left	posterior	oblique	(LPO),	left	

anterior	oblique	(LAO)	and	superior	anterior	oblique	(SAO).	For	H&N,	the	beams	were	

left	anterior	oblique	(LAO),	right	anterior	oblique	(RAO)	and	posterior	(POST).	In	all	cases,	

optimisations	 were	 performed	 aiming	 at	 achieving	 clinically	 acceptable	 plans	 with	

acceptable	target	coverage	whilst	not	exceeding	the	dose	constraints	for	the	OARs.	

For	the	H&N	case	it	was	also	required	that	99%	of	the	PTV	be	covered	by	at	least	90%	of	

the	prescription	dose	whilst	minimising	 the	mean	dose	 to	 the	parotids.	 Since	 the	PTV	

typically	overlaps	with	the	parotids,	this	is	always	a	planning	challenge.	In	our	specific	

clinical	 case,	 the	 PTV	 overlapped	 with	 70%	 and	 37%	 of	 the	 right	 and	 left	 parotids,	

respectively.	

	

In	order	 to	make	a	meaningful	comparison,	an	attempt	was	made	to	keep	all	planning	

parameters	as	consistent	as	possible	(scanning	field	volume;	margins;	spot	size;	lateral	

spot	spacing;	 layer	spacing;	and	spot	 locations).	However,	 there	were	specifics	 in	each	

system	that	were	not	controllable	by	the	user.	 	Details	of	 the	PBS	parameters	 for	each	

system	are	discussed	below	and	a	summary	is	also	given	in	Table	4-2.	

	

PBS-based	treatment	planning	requires	the	definition	of	a	specific	volume	(spot	volume)	

for	spot	placement	for	each	beam.	For	Eclipse,	RayStation,	and	Pinnacle3,	this	was	created	

by	adding	a	10	mm	3D	margin	to	the	PTV.	For	XiO,	a	5mm	margin	was	automatically	added	

by	the	system	so	only	an	additional	5mm	was	needed	for	a	fair	comparison	in	this	study.	

All	plans	were	calculated	using	a	 fixed	spot	spacing	of	5	mm	in	both	 lateral	directions	

within	the	patient	geometry	118.	Each	system	defines	layer	spacing	differently	and	it	is	not	

possible	to	keep	the	same	value	for	all	systems.	Pinnacle3,	RayStation,	and	XiO	determine	

the	layer	spacing	internally.		For	this	study,	layer	spacing	was	based	on	the	width	between	

proximal	and	distal	R80	(80-80%)	of	the	Bragg	peak	for	each	layer.	For	Eclipse,	the	plans	

were	calculated	with	5	mm	layer	spacing	as	it	was	previously	shown	to	yield	acceptable	

dose	 distributions	 in	 chapter	 3	 and	 our	 previous	 published	 study	 118.	 For	 Eclipse,	

RayStation	 and	 XiO,	 spots	 are	 placed	 in	 3D	 space	 using	 the	 isocentre	 as	 a	 reference	

position,	resulting	in	an	identical	pattern	for	every	layer.	Within	a	layer,	square	grids	are	

used	for	Eclipse	and	XiO.	In	contrast,	a	hexagonal	grid,	offsetting	adjacent	rows	with	half	
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the	spot	spacing,	is	used	in	RayStation.	In	Pinnacle3,	spot	locations	are	defined	by	a	2D	

square	grid	for	each	layer,	starting	from	the	left	boundary	of	the	target	such	that	the	grid	

patterns	of	the	energy	layers	are	not	necessarily	exactly	overlaid.		

4.2.7.	Dose	calculation	and	optimisation	settings	

Doses	were	calculated	with	a	grid	size	of	2.5	mm,	using	the	dose	algorithm	in	each	system.		

After	 a	 preliminary	 investigation,	 the	 precision	 parameter	 ‘n’	 in	 XiO	 was	 set	 to	 be	 1	

(resulting	in	9	sub-spots)	as	no	significant	improvement	was	shown	for	using	more	than	

9	sub-spots.	(See	Figure	4-1).	

	

For	 Eclipse,	 plan	 optimisation	 is	 based	 on	 the	 Simultaneous	 Spot	 Optimisation	 (SSO)	

algorithm.	 For	 Pinnacle3,	 RayStation	 and	 XiO,	 plan	 optimisation	 was	 based	 on	 a	 ‘full	

intensity	 modulated	 proton	 therapy	 optimisation	 algorithm’.	 For	 SFUD	 plans,	 both	

Pinnacle3	and	XiO	lacked	the	ability	to	perform	automatic	optimisation	for	the	entire	plan.	

Each	 beam,	 therefore,	 had	 to	 be	 optimised	 separately,	 requiring	 subsequent	 manual	

division	of	the	prescription	dose	among	the	beams	manually.	This	is	sub-optimal,	not	only	

in	 terms	 of	 planning	 time,	 but	 also	 as	 it	 may	 not	 be	 suitable	 to	 give	 equal	 weight	 to	

individual	beams.	For	RayStation,	SFUD	optimisation	could	be	performed	automatically,	

however	this	was	performed	manually	for	the	glioma	case	because	of	the	limitation	in	the	

dose	modelling	of	 the	range	shifter	 (see	Section	4.4.3).	For	Eclipse,	SFUD	optimisation	

could	 be	 performed	 automatically.	 For	 Pinnacle3,	 the	 option	 for	 SFUD	 optimisation	

produced	a	plan	similar	to	using	IMPT	in	that	doses	from	each	field	was	not	homogeneous	

and	therefore,	not	truly	an	SFUD	plan.	Individual	fields	had	to	be	optimised	as	described	

above.	

 

Table	4-2	shows	the	optimisation	functions	available	in	each	system.	The	most	common	

functions	“Minimum	and	Maximum	DVH/dose	volume”	were	available	for	all	systems.	In	

addition,	the	“Uniform”	function	was	provided	by	Pinnacle3	and	RayStation.	 	The	latter	

also	offered	another	function	called	“OAR	Reduce	dose”	that	aims	at	reducing	doses	to	

healthy	tissues	across	the	whole	plan.	

	

Plan	normalisation	was	done	by	setting	the	mean	target	dose	to	equal	to	the	prescription	

dose.	 Since	 such	 option	 is	 not	 available	 in	 XiO,	 the	 normalisation	 was	 performed	
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externally	using	a	public	domain	treatment	planning	tool	Computational	Environment	for	

Radiotherapy	Research	(CERR)	165.	

	

To	 reduce	 dose	 deposition	 outside	 the	 target,	 an	 avoidance	 structure	was	 defined	 by	

subtracting	 the	 target	 from	 the	 body	 tissue.	 Optimisation	was	 performed	 to	minimise	

dose	to	this	region.	To	avoid	compromising	target	coverage,	instead	of	subtracting	just	

the	target	itself,	a	5	mm	margin	was	added.	This	choice	matched	the	5	mm	spot	spacing	to	

ensure	at	 least	one	spot	 in	the	vicinity	of	the	target	boundary	would	not	be	negatively	

affected.	

4.2.8.	Evaluation	tools	

The	dose	plans	were	exported	to	CERR	and	dose	volume	histogram	(DVH)	analysis	was	

performed	using	a	dose	bin	resolution	of	0.05	Gy.	A	set	of	dosimetric	parameters	were	

computed	 to	evaluate	 the	plan	quality	and	 its	characteristics.	For	OARs,	 the	mean	and	

maximum	dose	parameters	were	used.	For	PTV,	D99,	D95,	D50,	D5	and	D2	were	evaluated	

where	Dx	 represented	 the	dose	 level	received	by	x%	of	 the	 target	volume.	The	clinical	

requirements	and	dosimetric	results	are	presented	in	Table	4-1	for	both	the	glioma	and	

H&N	 cases.	 PTV	 coverage	 and	 OAR	 doses	 were	 evaluated	 using	 the	 following	 dose	

homogeneity	criteria,	conformity	index	(CI),	healthy	tissues	conformity	index	(HTCI)	and	

uniformity	 index	 (UI).	 	 In	 addition,	 dose	homogeneities	 based	on	 the	dose	differences	

between		D1-D99,	D2-D98	and	D5-D95	of	the	target	143	were	evaluated.	

	

The	Conformity	Index	for	the	target	is	as	defined	in	Equation	4-2	166.	

	

Conformity	Index	(CI) =
^V:<
^V

																																																																				(4 − 2)	

	

where	TV95	is	the	target	volume	covered	by	95%	of	the	Rx	dose;	and	TV	is	the	total	volume	

of	the	plan	target.	The	conformity	index	ranges	between	0	and	1,	with	1	the	ideal	value.	A	

CI	 value	 of	 1	 indicates	 that	 the	minimum	 dose	 for	 the	 entire	 target	 is	 at	 95%	 of	 the	

prescription	dose	or	above.	

	

For	the	HTCI,	Equation	4-3	is	adopted	to	calculate	dose	sparing	of	healthy	tissue	166,167.	
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Healthy	Tissues	Conformity	Index	(HTCI) =
^V:<
V:<

																																																(4 − 3)	

	

where	V95	 is	 the	 volume	 of	 tissue	 covered	 by	 95%	 of	 the	 Rx	 dose.	 This	 index	 ranges	

between	0	and	1,	with	the	ideal	value	being	1.	The	ideal	value	is	achieved	when	no	dose	

higher	than	95%	is	outside	of	the	target	volume.	

	

It	should	be	noted	that	CI	alone	even	with	the	ideal	value	of	1	doesn’t	necessarily	mean	

the	dose	plan	is	highly	conformal.	The	latter	depends	on	achieving	good	metrics	in	both	

CI	and	HTCI	combined		166,167.	

	

The	uniformity	Index	is	defined	by	Equation	4-4	168,169.		

	

Uniformity	Index	(UI) =
d<
d:<

																																																																			(4 − 4)	

	

where	D5	is	the	maximum	dose	for	5%	of	the	plan	target	volume	and	D95	is	the	minimum	

dose	for	95%	of	the	target	volume.	The	ideal	value	for	UI	is	1.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	 -106-	

Table	4-1:	Patients’	main	characteristic	
Target	and	OARs	dose	constraints	

Patient	
	

Case1:	Glioma	 Case2:	H&N	

Prescription	
	

PTV:	54.0	Gy	(RBE)	 PTV1:	65.0	Gy	(RBE)	 PTV2:	54.0	Gy	(RBE)	

Target	Volume	constraint	

&	

required	doses	

D99%		>	90%	 ~			48.6Gy	(RBE)	 ~			58.5Gy	(RBE)	 ~			48.6Gy	(RBE)	

D95%		>	95%	 ~			51.3Gy	(RBE)	 ~			61.8Gy	(RBE)	 ~			51.3Gy	(RBE)	

D50%			100%	 ~			54.0Gy	(RBE)	 ~			65.0Gy	(RBE)	 ~			54.0Gy	(RBE)	

D5%		<	105%	 ~		56.7Gy	(RBE)	 ~		68.25Gy	(RBE)	 ~		56.7Gy	(RBE)	

D2%		<	107%	 ~		57.8Gy	(RBE)	 ~		69.55Gy	(RBE)	 ~		57.8Gy	(RBE)	

PTV	volumes	 PTV	=	122.28	cc	 PTV1	=	414.42	cc	 PTV2	=	166.96	cc	

OAR	dose	objectives	

Lenses	 <	6	Gy	(RBE)	 ----------	

Eyes	 <	45	Gy	(RBE)	 ----------	

Eyes	PRV	 <	45	Gy	(RBE)	 ----------	

Optic	nerves	 <	50	Gy	(RBE)	 ----------	

Optic	nerves	PRV	 <	50	Gy	(RBE)	 ----------	

Optic	chiasm	 <	55	Gy	(RBE)	 ----------	

Optic	chiasm	PRV	 <	55	Gy	(RBE)	 ----------	

Brain	Stem	 <55	Gy	(RBE)	 <55	Gy	(RBE)	

Brain	Stem	PRV	 <55	Gy	(RBE)	 <55	Gy	(RBE)	

Spinal	canal	 				----------	 <	46	Gy	(RBE)	

Spinal	canal	PRV	 				----------	 <	50	Gy	(RBE)	

Parotid	mean	dose	 				----------	 ≤	30	Gy	(RBE)	

#	All	the	plans	have	been	optimised	with	same	objectives.		
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Table	 4-2:	 A	 comparison	 of	 the	 parameters	 and	 options	 for	 PBS	 planning,	 dose	 calculation	 and	
optimisation	among	the	four	proton	PBS	TPSs.	
	 	 Eclipse	 Pinnacle3	 RayStation	 XiO	 Comments	

	 	 V	13.5	 V	16	 V	4.7.1	 V	4.8	 	

Proton	PBS	calculation/planning	parameters	 	 	 	 	 	

Scanning	field	

volume	

Can	be	defined	automatically	 –	 –	 ü	 –	 	

Can	be	defined	manually	 ü	 ü	 ü	 ü	 	

Margins	

Can	be	defined	automatically	 –	 –	 ü	 ü	
Pinnacle3	auto	margins	only	

in	beam	direction,	there	is	

no	lateral	auto	margins.	

Can	be	defined	manually	 ü	 ü	 ü	 –	 No	tools	to	add/edit	margins	

in	XiO.	

Spot	spacing	

Can	be	defined	automatically	 ü	 ü	 ü	 -	 	

Can	be	defined	manually	 ü	 ü	 ü	 ü	 	

Can	be	varied	per	beam	 –	 –	 ü	 ü	 	

Layer	spacing	

Can	be	varied	per	beam	 –	 ü	 ü	 ü	 	

Can	be	a	constant	per	beam	 ü	 –	 ü	 ü	 	

Can	differ	for	each	individual	beam	within	a	plan	 ü	 ü	 ü	 ü	 	

Spot	location	

A	3D	grid	for	the	entire	beam	with	constant	spot	

spacing	
ü	 –	 ü	 ü	 	

Each	energy	layer	has	its	own	2D	grid	with	

constant	spot	spacing	
–	 ü	 –	 –	 	

Each	energy	layer	has	its	own	2D	grid	with	

variable	spot	spacing	
–	 –	 ü	 ü	

With	auto	spot	spacing	in	

RayStation	and	with	

variable	spot	spacing	in	XiO	

Optimisation	 	 	 	 	 	

	 IMPT	optimisation	option	 ü	 ü	 ü	 ü	 	

	 SFUD	optimisation	option	 ü	 –	 ü	 –	

For	SFUD	optimisation	in	

Pinnacle3	and	XiO,	each	

beam	must	be	optimised	

individually	

Robustness	 	 	 	 	 	

	 Robust	optimisation	 –	 –	 ü	 –	 	

	 Robustness	analysis	 ü	 –	 –	 –	 	

Optimisation	functions	 	 	 	 	 	

For	plan	target	

Minimum	and	Maximum	DVH/dose	volume	 ü	 ü	 ü	 ü	 	

Minimum	and	Maximum	dose	 –	 ü	 ü	 –	 	

Uniform	dose	 –	 ü	 ü	 –	 	

Target	equivalent	uniform	dose	EUD	 –	 ü	 ü	 –	 	

Goal	 –	 –	 –	 ü	 	

For	OARs	

Minimum	and	Maximum	DVH/dose	volume	 ü	 ü	 ü	 ü	 	

Minimum	and	Maximum	dose	 –	 ü	 ü	 ü	 	

Minimum	and	Maximum	EUD	 –	 ü	 ü	 	 	

Other	

Constraint/Threshold	 –	 ü	 ü	 ü	 	

Rank	 –	 –	 –	 ü	 	

Normal	tissue	dose	fall	off	 ü	 –	 ü	 –	 	
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4.3.	Results	

4.3.1.	XiO	sub-spots	calculation	parameter	

Figure	4-1	summarises	the	plan	results	and	analysis	when	using	different	numbers	of	sub-

spots	in	dose	calculation	using	IMPT.	DVHs	for	the	target	and	PRVs	of	the	OAR,	as	well	as	

dose	calculation	and	optimisation	times,	are	shown	in	Figure	4-1	a.	The	dose	profiles	for	

both	lateral	and	longitudinal	(beam	spread-out)	directions	are	illustrated	in	Figure	4-1	b.	

It	can	be	seen	that	using	9	sub-spots	in	XiO	resulted	in	some	dosimetric	improvements.	

However,	no	additional	benefits	were	observed	by	 increasing	the	number	of	sub-spots	

beyond	9.	On	the	contrary,	the	total	computation	time	increased	significantly	from	92	to	

150	minutes.	The	computational	burden	will	be	even	more	in	the	case	of	a	large	target	

volume.	
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Figure	4-1:	(a)	DVH	plots	for	the	target	and	OARs	for	the	glioma	case	using	IMPT	with	XiO.	Results	
using	a	different	number	of	sub-spots	are	compared.	Calculation	and	optimisation	times	are	also	
shown	 for	 comparison.	 (b)	Dose	profiles	along	a	 line	 through	 the	 target	as	depicted	 in	 the	axial	
views.	
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4.3.2.	Case1:	Glioma	

Figure	4-2	a	shows	the	isodose	distributions	for	both	IMPT	and	SFUD	plans	calculated	for	

the	4	TPSs.	The	images	represent	the	central	CT	slice	of	the	target	in	the	axial	and	coronal	

views.	Isodose	levels	shown	are	between	10%	and	105%	of	the	prescription	dose	of	54	

Gy	(RBE).	The	PTV	is	shown	in	red.	In	addition,	the	dose	profiles	through	the	middle	of	

the	target	and	adjacent	to	the	brainstem	in	the	coronal	view	(Figure	4-2	b)	are	plotted	for	

comparison	between	the	optimisation	techniques.			

	

Figure	4-3	presents	the	DVHs	for	the	glioma	case.	DVHs	of	PTV,	healthy	brain	(excluding	

PTV),	and	PRVs	of	the	optic	chiasm	and	optic	nerves	are	included.	Results	for	IMPT	are	on	

the	left	while	those	of	SFUD	are	on	the	right.	Since	there	is	an	overlap	between	the	PTV	

and	optic	chiasm,	the	DVH	was	plotted	with	the	dose	axis	from	45	Gy	(RBE)	and	56	Gy	

(RBE)	to	highlight	the	differences	between	the	systems.	

	

Table	4-3	shows	the	planning	objectives,	dose	constraints,	and	the	calculated	dosimetric	

parameters	 for	 the	 IMPT	 and	 SFUD	 plans.	 	 All	 plans	 generated	 in	 this	 study	 were	

considered	clinically	acceptable	with	good	 target	 coverage	and	adequate	OAR	sparing.	

This	is	evident	as	all	the	dosimetric	requirements	are	met	by	the	computed	parameters	

(conformity	indices	for	the	target	and	healthy	tissues,	and	uniformity	index).	It	is	noted	

that	 all	 plans	 achieved	 an	 ideal	 conformity	 index	 of	 1.0	 for	 the	 target.	 The	 dose	

distribution	is	also	very	homogeneous,	with	a	maximum	dose	of	not	more	than	104%	in	

any	plan.	However,	slight	differences	could	be	observed	between	the	systems	 for	both	

IMPT	and	SFUD	plans,	which	are	discussed	in	sections	4.3.1.1	to	4.3.1.4.		

	

4.3.2.1.	Target	coverage	

All	IMPT	plans	demonstrated	acceptable	target	coverage	at	95%	level	of	the	prescription	

dose.	Dose	distributions	were	also	homogenous	with	acceptable	 conformity.	Pinnacle3	

and	XiO	achieved	better	target	coverage	and	uniformity	than	Eclipse	and	RayStation.	For	

SFUD,	all	TPSs	achieved	uniform	target	coverage	except	RayStation.	Due	to	the	shallow	

target,	 it	 was	 necessary	 to	 add	 a	 range	 shifter	 for	 the	 LPO	 beam.	 As	 a	 result	 of	 the	

limitation	in	dose	modelling	of	the	range	shifter,	RayStation	failed	to	achieve	a	uniform	

dose	(see	Section	4.4.3	for	further	details).	
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4.3.2.2.	OAR	sparing	

Qualitatively	 the	 plans	 from	 all	 TPSs	 looked	 similar	 and	 acceptable	 conformity	 was	

achieved.	 However,	 dosimetric	 differences	 between	 the	 systems	 could	 be	 observed	

through	 further	 analysis.	 For	 IMPT,	 Pinnacle3,	 RayStation,	 and	 XiO	 accomplished	

acceptable	 target	 coverage	 with	 a	 sharper	 dose	 fall	 off	 than	 Eclipse.	 Eclipse	 and	 XiO	

achieved	better	sparing	of	the	left	eye	compared	to	Pinnacle3	and	RayStation	(for	IMPT).	

Whereas	 for	 SFUD,	 Pinnacle3	 and	 XiO	 resulted	 in	 better	 sparing	 than	 Eclipse	 and	

RayStation.	

	

4.3.2.3.	Dose	homogeneity		

The	dose	homogeneity	was	evaluated	based	on	the	dose	differences	calculated	between	

D5	–	D95,	D2	–	D98	and	D1	–	D99.	All	systems	with	both	IMPT	and	SFUD	plans	showed	good	

dose	homogeneity,	with	the	exception	of	the	SFUD	plan	from	RayStation.	Pinnacle3	plans	

showed	 a	 better	 dose	 homogeneity	 compared	with	 other	 systems.	 The	 Pinnacle3	 and	

RayStation	systems	included	a	function	to	optimise	target	dose	uniformity	which	could	be	

utilised	to	improve	target	homogeneity.	In	contrast,	only	minimum,	maximum	and	dose	

volume	optimisation	functions	were	available	in	XiO	and	Eclipse,	limiting	their	ability	to	

control	target	dose	uniformity.	Nevertheless,	XiO	results	were	very	close	to	Pinnacle3	and	

better	than	RayStation.	

	

As	shown	in	Table	4-3,	the	minimum	target	doses	at	D99	achieved	with	IMPT	were	higher	

(i.e.	better	 target	 coverage)	 than	SFUD.	This	 is	 to	be	expected	as	 IMPT	optimisation	 is	

inherently	more	flexible.	It	is	also	noted	that	the	Pinnacle3	IMPT	plan,	Pinnacle3	SFUD	plan	

and	XiO	SFUD	plans	delivered	very	high	minimum	target	doses	compared	to	other	plans.	

This	could	also	be	seen	in	the	DVH	plot	for	the	PTV	illustrated	in	Figure	4-3.		Furthermore,	

the	SFUD	plan	from	RayStation	was	the	worst	because	of	an	issue	related	to	the	entrance	

dose	(see	Section	3.1.4	below).	It	also	has	the	highest	HTCI	value	of	0.7	which	suggests	the	

plan	is	least	robust	compares	to	the	others.	

	

4.3.2.4.	Dose	conformality	and	entrance	dose	

XiO	produced	 the	most	 conformal	 target	 coverage	 for	both	SFUD	and	 IMPT	plans.	XiO	

achieved	this	by	performing	the	optimisation	on	an	automatically	expanded	volume	up	to	
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1	cm	around	the	target	136	to	ensure	coverage.	For	other	systems,	if	the	user	sees	a	need	

to	 improve	 coverage,	 a	 similar	 expansion	 has	 to	 be	 defined	 manually	 for	 use	 in	 the	

optimisation.	 Improved	 target	 coverage,	 however,	 is	 often	 accompanied	 by	 increased	

dose	to	the	OARs.	

Target	dose	conformity	with	RayStation	was	significantly	inferior.	The	dose	fall	off	was	

broad	and	smeared	out.	This	was	attributed	to	the	dose	error	associated	with	the	LPO	

beam,	which	will	be	discussed	in	section	4.4.3.	Target	coverage	was	also	suboptimal	for	

Pinnacle3,	with	the	proximal	target	dose	<	Rx,	and	suffering	large	fluctuations.		Example	

dose	profiles	are	shown	in	Figure	4-2	b.	

	

Significant	differences	in	the	dose	profile	at	the	entrance	region	were	observed	among	the	

TPSs.	For	IMPT	plans,	all	TPSs	resulted	in	similar	dose	profiles,	except	for	Pinnacle3	which	

suffered	 a	 significantly	 higher	 entrance	 dose.	 Eclipse,	 by	 contrast,	 achieved	 a	 slightly	

lower	entrance	dose	compared	to	others.	

	

Eclipse	 plans	 achieved	 better	 HTCI	 although	 this	 was	 at	 the	 expense	 of	 sacrificing	

robustness.	This	is	particularly	a	concern	at	the	distal	end	due	to	range	uncertainties	of	

the	proton	beam.	
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Figure	4-2:	(a)	Isodose	distributions	in	colorwash	for	the	glioma	case.	Results	from	both	IMPT	and	
SFUD	are	presented.	CT	images	shown	included	transverse	and	coronal	views	through	the	target.	
(b)	Dose	profiles	along	a	line	through	the	target	as	depicted	in	the	coronal	views	are	also	plotted.		
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Figure	4-3:	DVH	plots	for	the	target	and	OARs	for	the	glioma	case.	IMPT	plans	are	on	the	left	while	
those	of	SFUD	are	on	the	right.	
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Table	4-3:	Target	and	OARs	dose	constraints	and	calculated	metrics	 for	the	glioma	case	 for	both	
IMPT	and	SFUD	(best	and	worst	results	are	highlighted	in	green	and	red	respectively)	

Plans	 IMPT	 SFUD	

Treatment	planning	systems	(TPSs)	 Eclipse	 Pinn	 Ray	 XiO	 Eclipse	 Pinn	 Ray	 XiO	

Target	
Volume	

constraint	

Required	Dose	

Calculated	dose	Gy	(RBE)	
%	 Gy	(RBE)	

PTV	54.0	Gy	(RBE)	

D99%	 >	90	 48.6	 53.1	 53.8	 53.4	 53.4	 52.9	 53.6	 52.2	 53.4	

D95%	 >	95	 51.3	 53.4	 53.9	 53.8	 53.7	 53.4	 53.7	 52.9	 53.7	

D50%	 100	 54.0	 54.0	 54.0	 54.0	 54.0	 54.0	 54.0	 54.0	 54.0	

D5%	 <	105	 56.7	 54.4	 54.1	 54.1	 54.1	 54.4	 54.2	 54.9	 54.2	

D2%	 <	107	 57.8	 54.5	 54.1	 54.2	 54.3	 54.4	 54.3	 55.2	 54.3	

Organs	at	risk	OARs	 Parameter	 Value	Required	 Calculated	dose	Gy	(RBE)	

RT	eye	 Max	 <45	Gy	(RBE)	 5.5	 1.5	 5.1	 2.3	 9.3	 1.5	 4.7	 2.1	

LT	eye	 Max	 <45	Gy	(RBE)	 4.5	 2.1	 13.7	 4.3	 7.3	 2.3	 10.3	 4.5	

RT	eye	PRV	 Max	 <45	Gy	(RBE)	 9.5	 4.7	 10.7	 5.9	 14.1	 4.7	 9.9	 5.9	

LT	eye	PRV	 Max	 <45	Gy	(RBE)	 8.9	 5.1	 21.3	 8.7	 12.5	 5.5	 16.7	 8.7	

RT	optic	nerve	 Max	 <45	Gy	(RBE)	 40.5	 40.7	 43.7	 42.5	 44.1	 39.1	 43.3	 42.7	

LT	optic	nerve	 Max	 <50	Gy	(RBE)	 43.5	 39.9	 44.1	 42.7	 43.9	 40.1	 44.1	 42.9	

RT	optic	nerve	PRV	 Max	 <50	Gy	(RBE)	 49.7	 49.7	 49.5	 49.8	 49.7	 48.7	 49.5	 49.8	

LT	optic	nerve	PRV	 Max	 <50	Gy	(RBE)	 49.9	 48.7	 49.7	 49.9	 49.9	 48.5	 49.7	 49.9	

Optic	Chiasm	 Max	 <55	Gy	(RBE)	 54.3	 54.1	 54.1	 54.1	 54.3	 54.1	 54.1	 54.1	

Optic	Chiasm	PRV	 Max	 <55	Gy	(RBE)	 54.5	 54.3	 54.3	 54.5	 54.7	 54.3	 54.3	 54.5	

Brainstem	 Max	 <55	Gy	(RBE)	 54.7	 54.1	 54.1	 54.3	 54.5	 54.1	 54.7	 54.3	

Brainstem	PRV	 Max	 <55	Gy	(RBE)	 54.7	 54.3	 54.3	 54.3	 54.7	 54.5	 54.9	 54.3	

Dose	out	of	target	

Max	 -	 54.9	 54.3	 54.5	 54.3	 54.5	 54.5	 56.3	 54.1	

Mean	 -	 7.5	 5.9	 8.1	 8.2	 7.7	 6.2	 7.8	 7.9	

	 	 Ideal	value	 Conformity	and	uniformity	indexes	

CI	 1.00	 1.00	 1.00	 1.00	 1.00	 1.00	 1.00	 1.00	 1.00	

HTCI	 1.00	 0.69	 0.60	 0.63	 0.59	 0.67	 0.64	 0.70	 0.61	

UI	 1.00	 1.02	 1.00	 1.01	 1.01	 1.02	 1.01	 1.04	 1.01	

	 Ideal	value	 Dose	homogeneity	

D1	-	D99	 0.0	 1.4	 0.4	 0.9	 0.9	 1.6	 0.8	 3.2	 1.0	

D2	–	D98	 0.0	 1.3	 0.3	 0.7	 0.7	 1.3	 0.6	 2.7	 0.7	

D5	–	D95	 0.0	 1.1	 0.2	 0.4	 0.4	 1.0	 0.5	 2.0	 0.4	
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4.3.3.	Case2:	H&N	

Figure	4-4	a	illustrates	the	isodose	distributions	for	all	the	IMPT	and	SFUD	H&N	plans.	

Target	dose	in	sagittal	and	coronal	views	are	shown	with	isodose	levels	between	10%	and	

110%	of	the	prescription	dose	at	65	Gy	(RBE).	PTV1	is	depicted	in	red	and	PTV2	in	blue.	

In	 addition,	 the	 dose	 profiles	 through	 the	 middle	 of	 the	 target	 and	 adjacent	 to	 the	

brainstem	 in	 the	 coronal	 view	 (Figure	4-4	b)	 are	plotted	 for	 comparison	between	 the	

optimisation	techniques.			

	

The	DVHs	for	the	H&N	plans	are	presented	in	Figure	4-5.	DVHs	for	PTVs	(PTV1	&	PTV2),	

PRVs	for	spinal	canal	and	brain	stem,	left	and	right	parotids,	and	healthy	tissue	(excluding	

both	PTVs)	are	included.	

	

Table	4-4	presents	the	planning	objectives,	dose	constraints	and	the	computed	dosimetric	

parameters.	All	plans	in	this	study	are	acceptable	as	the	clinical	goals	for	target	coverage	

are	met	and	the	dose	levels	to	the	OARs	are	within	tolerance.	For	both	IMPT	and	SFUD	

plans,	all	the	systems	demonstrated	good	target	coverage	and	OAR	sparing.	From	the	DVH	

analysis,	IMPT	is	seen	to	outperform	SFUD	for	both	target	coverage	and	sparing	of	OARs.	

For	all	the	indices	(CI,	HTCI	and	UI),	all	systems	achieved	closer	to	the	ideal	values	with	

both	IMPT	and	SFUD	plans.	Only	minor	differences	could	be	observed	among	the	systems	

for	both	PTV1	and	PTV2	and	OARs,	which	are	discussed	in	sections	4.3.3.1	to	4.3.3.4.	

4.3.3.1.	Target	coverage	

The	 plans	 for	 all	 the	 TPSs	were	 similar	 and	 generally	 achieved	 acceptable	 conformal	

avoidance.	Qualitative	differences,	however,	could	be	observed.		

From	the	PTVs	DVH	analysis,	RayStation	and	XiO	achieved	a	sharp	dose	fall	off	for	both	

IMPT	and	SFUD.	For	Pinnacle3,	this	is	accomplished	only	with	IMPT.	Dose	fall	off	is	least	

sharp	for	Eclipse.	

Slight	dosimetric	differences	can	be	observed	between	different	systems.	For	PTV1	(65	

Gy),	IMPT	from	XiO	achieved	the	best	result	for	D99	at	59.6	Gy	(RBE).	For	SFUD,	Eclipse	

achieved	the	best	value	of	59.0	Gy	(RBE).	For	D2,	which	represents	the	hot	spot	at	2%	of	

the	target	volume,	XiO	delivered	the	best	values	for	both	IMPT	and	SFUD.		

	

For	PTV2	(54	Gy),	Pinnacle’s	IMPT	and	XiO’s	SFUD	achieved	the	best	result	for	D99.		Among	

the	IMPT	plans,	Eclipse	achieved	the	lowest	value	of	D2.	
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4.3.3.2.	OAR	sparing	

For	both	IMPT	and	SFUD	plans,	all	the	systems	demonstrated	good	OAR	sparing.	From	the	

DVH	 analysis,	 IMPT	 is	 seen	 to	 outperform	 SFUD	 for	 sparing	 of	 OARs.	 Qualitative	

differences,	however,	could	be	observed.	Differences	in	dose	sparing	of	the	posterior	neck	

among	the	four	IMPT	plans	are	clearly	visible.	Sparing	was	best	achieved	with	RayStation	

and	 XiO,	 followed	 by	 Eclipse	 and	 Pinnacle3.	 For	 the	 SFUD	 plan,	 Eclipse	 demonstrated	

better	dose	sparing	of	the	posterior	neck.	In	the	coronal	view,	XiO	is	seen	to	provide	better	

sparing	of	the	right	parotid	than	the	others.	(See	Figure	4-4	a).	

For	OARs,	IMPT	plans	from	Pinnacle3	and	XiO	resulted	in	overall	better	sparing.	It	is	also	

noted	that	XiO	showed	less	dose	outside	the	target	compared	to	other	systems.	

4.3.3.3.	Dose	homogeneity		

For	dose	homogeneity,	all	systems	delivered	reasonably	good	results.	It	is	worth	noting	

that	XiO’s	IMPT	plans	were	more	homogeneous	than	the	others	for	both	PTVs.	For	SFUD,	

Pinnacle3	showed	a	better	result	for	PTV1	while	XiO	was	the	best	for	PTV2.	(See	table	4-

4).	

4.3.3.4.	Dose	conformality	and	entrance	dose	

Figure	4-4	b	shows	the	dose	profiles	in	the	sagittal	plane	for	both	IMPT	and	SFUD	plans.	

IMPT,	Eclipse	and	Pinnacle3	had	slightly	higher	entrance	doses.	Eclipse	and	RayStation	

are	seen	to	produce	sharper	dose	fall	offs.	

For	SFUD,	higher	entrance	dose	is	seen	to	occur	with	RayStation	and	XiO.	There	is	also	

some	degree	of	dose	variability	at	the	entrance	region	for	both	IMPT	and	SFUD	plans.	This	

behaviour	is	more	pronounced	for	SFUD.	

	
The	 CI	 chosen	 in	 this	 study	 (Equation	 4-2)	 emphasised	 target	 coverage	 and	 all	 plans	

achieved	values	(≥0.97	for	IMPT;	≥0.95	for	SFUD)	that	are	close	the	ideal	value	of	1.0.		For	

HTCI	(Equation	4-3),	 the	values	range	from	0.70	to	0.79	for	 IMPT	and	0.74	to	0.85	for	

SFUD.		

	

As	described	in	Section	4.2.6	all	plans	were	optimised	to	attain	the	lowest	mean	doses	for	

the	parotids	while	ensuring	that	90%	of	the	plan	target	PTV1	would	be	covered	by	at	least	

99%	of	 the	prescription	dose.	 For	 IMPT,	XiO	provided	 the	best	 result	while	 for	 SFUD,	

Pinnacle3	was	the	best.	
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Figure	4-4:	(a)	Isodose	distributions	in	colorwash	for	the	H&N	case.	Results	 from	both	IMPT	and	
SFUD	are	presented.	CT	images	shown	included	sagittal	and	coronal	views	through	the	target.	(b)	
Dose	profiles	along	a	line	through	the	target	as	depicted	in	the	sagittal	views	are	also	plotted.		
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Figure	4-5:	DVH	plots	for	the	target	and	OARs	for	the	H&N	case.		Results	from	IMPT	are	presented	
on	the	left	while	those	of	SFUD	are	the	right.	
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Table	4-4:	Target	and	OARs	dose	constraints	and	calculated	metrics	for	the	H&N	case	for	both	IMPT	
and	SFUD	(best	and	worst	results	are	highlighted	in	green	and	red	respectively).		

Plans	 IMPT	 SFUD	

Treatment	planning	systems	(TPSs)	 	Eclipse	 Pinn	 Ray	 XiO	 	Eclipse	 Pinn	 Ray	 XiO	

Target	 Volume	constraint	

Required	Dose	

Calculated	dose	Gy	(RBE)	
%	 Gy	(RBE)	

PTV1	65	Gy	(RBE)	

D99%	 >	90	 58.5	 58.5	 58.6	 58.5	 59.6	 59.0	 58.7	 58.5	 58.5	

D95%	 >	95	 61.8	 62.7	 63.4	 63.2	 63.1	 61.8	 62.0	 61.8	 61.8	

D50%	 100	 65	 65.0	 65.0	 65.0	 65.0	 65.0	 65.0	 65.0	 65.0	

D5%	 <	105	 68.3	 67.0	 66.4	 66.2	 66.2	 67.0	 66.5	 66.6	 66.3	

D2%	 <	107	 69.6	 67.7	 67.6	 67.1	 67.0	 67.4	 66.9	 67.2	 66.8	

PTV2	54	Gy	(RBE)	

D99%	 >	90	 48.6	 52.5	 53.2	 53.1	 53.0	 52.9	 52.9	 52.9	 53.5	

D95%	 >	95	 51.3	 52.9	 53.4	 53.4	 53.3	 53.3	 53.5	 53.5	 53.8	

D50%	 100	 54	 53.9	 53.9	 54.0	 53.9	 54.3	 54.4	 54.1	 54.4	

D5%	 <	105	 56.7	 54.9	 56.0	 55.3	 54.5	 55.9	 56.2	 55.9	 55.2	

D2%	 <	107	 57.8	 55.7	 57.0	 57.1	 56.2	 56.9	 56.9	 57.5	 56.8	

Organs	at	risk	OARs	 Parameter	 Value	Required	 Calculated	dose	Gy	(RBE)	

Spinal	canal	 Max	 <	46	Gy	(RBE)	 35.7	 26.7	 38.1	 29.7	 44.7	 41.3	 39.7	 44.1	

Spinal	canal	PRV	 Max	 <	50	Gy	(RBE)	 47.7	 46.3	 49.7	 44.7	 49.9	 47.7	 49.5	 49.5	

Brainstem	 Max	 <	55Gy	(RBE)	 32.9	 28.5	 36.9	 26.5	 36.5	 42.9	 40.3	 38.3	

Brainstem	PRV	 Max	 <	55Gy	(RBE)	 52.5	 50.3	 52.7	 49.1	 50.9	 53.7	 53.3	 53.9	

LT	parotid	 Mean	 ~	30	Gy	(RBE)	 30.4	 30.6	 31.3	 30.0	 40.1	 39.8	 41.0	 40.9	

RT	parotid	 Mean	 ~	30	Gy	(RBE)	 30.4	 30.6	 30.4	 28.5	 39.6	 39.3	 40.0	 39.7	

Dose	out	of	target	

Max	 -	 70.9	 73.3	 72.7	 69.7	 69.1	 68.3	 71.1	 68.3	

0.1	cc	 -	 69.5	 71.0	 71.2	 68.2	 67.7	 67.9	 70.3	 67.8	

Mean	 	 10.7	 11.8	 9.3	 9.5	 10.3	 10.9	 11.3	 10.3	

PTV1	(65	Gy)	 Ideal	value	 Conformity	and	uniformity	indexes_PTV1		

CI	 1.00	 0.97	 0.98	 0.97	 0.98	 0.95	 0.96	 0.95	 0.95	

HTCI	 1.00	 0.79	 0.79	 0.70	 0.75	 0.85	 0.76	 0.74	 0.77	

UI	 1.00	 1.07	 1.05	 1.05	 1.05	 1.09	 1.07	 1.08	 1.07	

PTV2	(54	Gy)	 Ideal	value	 Conformity	and	uniformity	indexes_PTV2	

CI	 1.00	 1.00	 1.00	 1.00	 1.00	 1.00	 1.00	 1.00	 1.00	

HTCI	 1.00	 0.54	 0.54	 0.54	 0.54	 0.59	 0.55	 0.54	 0.54	

UI	 1.00	 1.04	 1.05	 1.04	 1.02	 1.05	 1.05	 1.05	 1.03	

PTV1	(65	Gy)	 Ideal	value	 Dose	homogeneity_PTV1	

D1	-	D99	 0.0	 9.7	 9.9	 9.2	 8.3	 8.7	 8.5	 9.0	 8.6	

D2	–	D98	 0.0	 6.8	 5.7	 5.9	 5.5	 7.3	 6.6	 7.3	 7.0	

D5	–	D95	 0.0	 4.3	 3	 3	 3.1	 5.2	 4.5	 4.8	 4.5	

PTV2	(54	Gy)	 Ideal	value	 Dose	homogeneity_PTV2	

D1	-	D99	 0.0	 3.5	 4.1	 4.3	 3.3	 4.5	 4.4	 4.9	 3.4	

D2	–	D98	 0.0	 3.0	 3.7	 3.8	 3.0	 3.8	 3.7	 4.3	 3.1	

D5	–	D95	 0.0	 1.9	 2.6	 1.9	 1.2	 2.6	 2.7	 2.4	 1.4	
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4.4.	Discussion	

The	aim	of	this	study	was	to	compare	four	commercial	PBS	treatment	planning	systems	

for	both	IMPT	and	SFUD	optimisation	techniques.	As	the	choice	of	planning	parameters	

has	a	direct	impact	on	the	plan	quality,	it	is	essential	to	have	a	careful	selection	to	ensure	

a	meaningful	comparison.	In	chapter	3	and	our	previous	published	study	118,	the	planning	

parameters	 that	 would	 be	 most	 suitable	 for	 this	 study	 were	 identified.	 Also	 the	

parameters	were	kept	as	consistent	as	possible	across	the	systems.	

4.4.1.	Impact	of	sub-spots	calculation	parameter	

It	has	been	demonstrated	that	using	multiple	rather	than	zero	sub-spots	in	XiO	achieved	

significant	 improvements	 in	 both	 target	 coverage	 and	 OAR	 sparing.	 However,	 no	

additional	 benefits	 were	 gained	 using	 more	 than	 9	 sub-spots.	 Unfortunately,	 both	

calculation	and	optimisation	times	increased	substantially.	A	study	by	Grevillot	et	al.170		

recommended	 using	 no	 more	 than	 49	 sub-spots	 in	 XiO	 as	 a	 compromise	 between	

calculation	time	and	accuracy.	It	must	be	pointed	that	their	study	did	not	investigate	using	

anything	less	than	49	sub-spots.	Our	observation	seems	to	be	consistent	with	RayStation’s	

internal	choice	of	using	19	sub-spots.	Pinnacle3	calculates	the	plans	with	at	least	134	sub-

spots	which	may	cause	unnecessarily	long	calculation	times.	

4.4.2.	Plans	target	coverage	and	OAR	sparing	

	Our	study	indicated	that	all	four	systems	(Eclipse,	Pinnacle3,	RayStation,	XiO)	produced	

plans	 that	 are	 clinically	 acceptable,	with	 good	 target	 dose	 coverage	 and	OAR	 sparing.	

However,	subtle	differences	in	plan	quality,	coverage,	dose	distribution	and	conformity	

can	 be	 observed	 despite	 the	 use	 of	 identical	 dose	 constraints	 and	 objectives	 in	 the	

optimisation.		

	

For	sparing	of	OARs,	XiO	and	Pinnacle3	performed	better	than	Eclipse	and	RayStation.	A	

possible	explanation	is	as	follows.	XiO	provided	a	ranking	function	as	an	additional	tool	

for	optimisation	which	made	it	easier	to	prioritise	sparing	of	OARs.	In	Pinnacle3,	the	spot	

positions	were	adapted	to	the	shape	of	the	target	contours	in	each	2D	layer.	This	allowed	

a	better	fit	and	achieved	better	sparing	of	OARs	48.	
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RayStation	provided	a	feature	called	“OAR	Reduce	dose”	function	that	could	be	used	to	

further	reduce	the	mean	dose	to	OARs	upon	completion	of	optimisation.	However,	it	was	

found	that	while	the	mean	dose	was	reduced,	 it	often	triggered	a	slight	increase	of	the	

maximum	dose.	As	a	result,	this	feature	was	not	used	for	this	study.	

	

For	HTCI,	some	plans	(Eclipse’s	IMPT	and	SFUD	plans	and	RayStation’s	SFUD	for	glioma)	

achieved	 better	 metrics	 than	 the	 others.	 This	 is	 desirable	 with	 a	 reduced	 volume	 of	

healthy	 tissue	 receiving	95%	of	 the	prescribed	dose.	A	 common	approach	 to	push	 for	

additional	sparing	of	healthy	tissues	is	making	target	coverage	tighter.	However,	when	

range	uncertainty	is	taken	into	consideration,	coverage	could	be	compromised	if	it	were	

too	tight,	especially	along	the	beam	direction,	leading	to	a	less	robust	plan.		

	

It	was	noted	earlier	that	for	IMPT	of	the	glioma	case,	Pinnacle3	exhibited	a	higher	entrance	

dose.	Philips	have	stated	that	“It	is	difficult	to	isolate	a	single	factor	that	could	explain	this	

behaviour.	One	reason	could	be	that	Pinnacle3	does	implement	corrections	to	account	for	

dose	underestimation	by	treatment	planning	systems	when	the	range	shifter	is	used	171.	

Another	possibility	 could	be	 that	 no	objectives	were	used	 to	 limit	 dose	 to	 the	normal	

tissues.	Philips	suggested	both	concerns	could	be	controlled	by	adding	a	normal	tissue	

objective”	139.	However,	an	avoidance	structure	was	included	as	described	in	Section	4.2.7	

to	reduce	the	dose	outside	the	target	but	the	entrance	dose	remained	high.	

	

All	systems	except	Eclipse	 featured	a	sub-spots	calculation	parameter	which	helped	to	

improve	 target	 coverage	 and	 conformity	 (see	 Figure	 4-1).	 In	 addition,	 Pinnacle3	 and	

RayStation	offered	a	‘Uniform	Optimisation	Function’	which	improved	dose	homogeneity	

within	 the	 target	 as	 presented	 in	 Section	 4.3.2.	 For	 XiO,	 optimisation	 for	 target	

automatically	included	a	uniform	margin	up	to	10	mm	which	could	improve	coverage	and	

plan	robustness.	

4.4.3.	System	features	and	limitations	

For	RayStation,	a	problem	with	the	SFUD	plan	for	the	glioma	case	was	noted	and	that	it	

was	 necessary	 to	 perform	 the	 optimisation	 manually	 for	 each	 individual	 beam.	 This	

problem	could	be	traced	to	a	dose	modelling	limitation.	It	was	stated	in	the	User’s	Manual	

that	“there	is	error	in	the	dose	at	the	shallow	depths	�	3	cm	when	the	range	shifter	is	

used	and	that	the	error	increases	with	larger	air	gap”	134.	This	indeed	was	the	case	for	the	
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LPO	beam	which	resulted	in	a	poor	dose	distribution	at	the	entrance	region.	However,	

optimising	 each	 beam	 individually	 yielded	 a	 better	 result,	 provided	 better	 target	

coverage,	OAR	sparing	and	a	lower	maximum	dose.		

	

Pinnacle3	 planning	 resulted	 in	 virtually	 no	 distinction	 between	 the	 SFUD	 and	 IMPT	

techniques.	 Individual	 beams	 within	 an	 SFUD	 plan	 do	 not	 provide	 uniform	 target	

coverage.	XiO’s	SFUD	implementation	is	also	incomplete	as	it	requires	each	beam	to	be	

optimised	individually.	This	also	limits	the	ability	to	optimise	sparing	of	OARs.	

	

Dose	modelling	 of	 the	 range	 shifter	 in	 some	 TPSs	 are	 known	 to	 be	 inaccurate	 in	 the	

shallow	depths,	especially	when	the	air	gap	is	large.	The	limitation	is	associated	with	the	

pencil	 beam	 algorithm	 and	 its	 limited	 ability	 to	 model	 the	 scatter	 dose	 correctly.	

Significant	 discrepancies	 between	 calculations	 and	 measurements	 were	 reported	 in	

several	publications	161,172.	Errors	were	up	to	10%	for	PBS	algorithm	when	the	air	gap	was	

greater	than	30	cm.	With	Monte	Carlo,	this	error	was	reduced	to	within	3%	161,172.	Since	

only	PBS	algorithms	were	used	in	this	study,	the	air	gap	was	kept	below	25	cm	to	minimise	

the	calculation	error.	

Monte	Carlo	dose	algorithms	in	general	can	provide	more	accurate	modelling	and	dose	

comparison	against	measurements	have	been	reported	to	be	within	3%.	

	

4.4.4.	Study	limitations	

It	was	mentioned	in	the	Materials	&	Methods	section	that	it	would	be	desirable	to	adopt	

a	consistent	choice	of	planning	parameters	to	ensure	a	fair	comparative	study.	Also	noted	

that	certain	planning	parameters	and	system	characteristics	were	not	under	user	control.	

Further	discussions	are	added	here	as	clarifications.	

	

In	general,	variable	layer	spacing	related	to	the	Bragg	peak	width	of	each	energy	layer	is	

the	 preferred	 choice	 for	 most	 PBS	 planning	 systems.	 However,	 our	 earlier	 study	 118	

indicated	 that	 Eclipse	 didn’t	 implement	 this	 option	 correctly.	 The	 study	 also	

recommended	 that	 in	 lieu	 of	 variable	 spacing,	 a	 fixed	 layer	 spacing	 of	 5	 mm	 would	

produce	plans	with	good	dose	homogeneity	between	layers.	This	indeed	was	our	choice	

in	this	study.		

It	is	worth	noting	that	the	definition	of	the	clinical	range	differs	among	different	TPSs.	In	

Eclipse	the	range	is	defined	by	the	distal	90%	whereas	others	were	based	on	the	distal	



	 -124-	

80%.	In	deciding	on	the	energy	of	the	most	distal	layer,	the	clinical	range	was	used	as	a	

reference,	 however,	 additional	 margins	 generally	 are	 automatically	 added	 by	 each	

planning	system	to	ensure	adequate	distal	coverage	of	the	target.	

	

With	the	exception	of	Pinnacle3,	all	systems	define	the	spot	locations	on	a	3D	grid	passing	

through	the	isocentre.	In	contrast,	the	spot	locations	in	Pinnacle3	are	defined	by	2D	square	

grids	for	each	energy	layer.	The	latter	was	shown	to	offer	potential	clinical	advantages	as	

discussed	 in	 Section	 4.4.2.	 RayStation	 places	 spots	 based	 on	 a	 hexagonal	 pattern	 by	

offsetting	adjacent	rows	by	half	the	spot	spacing.	This	arrangement	may	improve	the	plan	

robustness	by	reducing	the	risk	of	systematic	interplay	with	the	anatomical	motion	of	the	

patient	118.	

4.5.	Conclusions	

All	 systems	 produced	 treatment	 plans	 that	 met	 clinical	 dosimetric	 requirements.	

However,	our	study	has	demonstrated	that	differences	in	algorithms,	number	of	layers,	

layer	spacing,	layer	lateral	dimension	and	number	of	spots	across	the	systems	can	affect	

the	 plan	quality.	Using	multiple	 sub-spots	 for	 PBS	planning	 is	 shown	 to	 improve	plan	

quality	but	using	more	than	9	sub-spots	will	only	yield	diminishing	returns.	Spot	position	

based	on	a	2D	grid	for	each	energy	layer	enabled	a	better	fit	to	the	varying	target	contours	

to	achieve	a	more	conformal	dose	distribution.		

	

Dose	modelling	of	the	range	shifter	is	known	to	be	inaccurate	in	the	shallow	depths	with	

errors	up	to	10%	when	the	air	gap	is	large.	This	is	associated	with	the	limited	ability	to	

model	scatter	dose	correctly	in	pencil	beam	algorithms.	Monte	Carlo	dose	algorithms	can	

provide	more	accurate	modelling	and	should	be	 the	preferred	choice	when	 feasible	or	

when	accuracy	is	critical.		

		

A	good	understanding	of	the	modelling	characteristics,	implementations	and	limitations	

of	each	planning	system	and	how	it	might	impact	the	clinical	needs	will	be	most	valuable	

in	the	decision	process	of	starting	a	new	proton	facility.	It	is	hoped	that	details	from	the	

comparative	 studies	 of	 the	 four	 commercial	 PBS	 planning	 systems	 will	 lay	 a	 good	

foundation	 and	 facilitate	 the	 decision	 process	 for	 such	 centres.	 Also	 hoping	 the	 TPS	
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manufacturers	can	 take	advantage	of	our	 findings	 to	 further	 improve	and	advance	 the	

planning	features	in	their	TPS.	
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Summary	

In	 this	 work,	 a	 comprehensive	 investigation	 was	 performed	 on	 four	 commercial	

treatment	 planning	 systems	 for	 proton	 therapy	 using	 pencil	 beam	 scanning	 (PBS).	

Because	of	 its	desirable	dosimetric	characteristics,	PBS	with	proton	 is	 increasingly	 the	

preferred	 modality	 for	 radiotherapy	 in	 numerous	 clinical	 indications	 for	 cancer	

treatments.	This	study	first	explored	the	PBS	beam	modelling	and	commissioning	process	

of	each	TPS	and	benchmarked	the	accuracy	of	each	against	measured	data.	How	each	TPS	

define	and	implement	the	PBS	planning	parameters	and	the	impact	on	plan	quality	were	

then	examined.	The	study	also	determined	what	specific	choice	of	these	parameters	for	

each	 TPS	 would	 accomplish	 comparable	 plans	 through	 phantom	 studies.	 The	 latter	

provided	the	essential	knowledge	in	setting	up	the	final	phase	of	the	investigation	-	an	

objective	evaluation	of	 the	clinical	performance	of	 the	systems	with	exemplary	clinical	

cases.	

	

In	Chapter	2,	four	commercial	proton	TPSs	for	PBS:	Eclipse,	Pinnacle3,	RayStation	and	XiO	

were	commissioned	using	beam	data	acquired	from	an	IBA	proton	machine.	The	process	

required	 significant	understanding	and	efforts.	 In	particular,	 in	 relation	 to	 the	 specific	

requirements,	physics	tools	that	were	featured	and	their	limitations	in	each	TPS.	In-house	

applications	were	 developed	 to	 complement	missing	 tools	 that	were	 essential	 for	 the	

process.	Key	data	required	included	integral	depth	dose	curves	(IDDCs)	and	spot	profiles	

in	air,	with	or	without	range	shifter.	Calculations	using	the	commissioned	beam	models	

were	benchmarked	against	the	measured	data.	Modelled	beam	characteristics	of	all	TPSs	

were	within	clinically	accepted	tolerances	based	on	gamma	analysis	criteria	of	3%/3mm,	

albeit	with	a	few	exceptions.	For	the	IDDCs,	maximum	differences	between	calculated	and	

measured	beam	range	were	1.2	mm,	1.4	mm,	0.8	mm	and	0.2	mm	respectively	for	Eclipse,	

Pinnacle3,	RayStation	and	XiO.	For	 lateral	profiles	 in	air,	maximum	difference	between	

calculated	and	measured	spot	size	(FWHM)	at	the	isocentre	(for	both	x-	and	y-directions)	

was	found	to	be	<	1.0	mm	for	all	systems.	Maximum	differences	between	modelled	and	

measured	lateral	profiles	in	water	were	0.4	mm,	1.4	mm,	0.8	mm	and	0.3	mm	for	Eclipse,	

Pinnacle3,	RayStation	and	XiO	respectively.	

	

In	Chapter	3,	how	each	TPS	define	and	implement	the	PBS	planning	parameters	and	how	

the	choice	would	impact	the	plan	quality	were	investigated.	All	TPSs,	except	Eclipse,	offer	
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variable	layer	spacing	based	on	the	Bragg	peak	width	(proximal	80%	to	distal	80%)	of	

each	 layer.	 This	 is	 optimal	 if	 homogeneous	 dose	 in	 the	 depth	 direction	 is	 desired.	 If	

constant	layer	spacing	is	elected,	a	value	of	not	less	than	5	mm	is	recommended	(based	

on	our	study)	to	ensure	uniform	dose	between	layers.	

Eclipse,	Pinnacle3	and	RayStation	offer	options	for	automatic	variable	spot	spacing	while	

XiO	 only	 allows	 manual	 entry	 for	 each	 beam/layer	 during	 planning.	 Spot	 spacing	 in	

Eclipse	and	Pinnacle3	can	be	linked	to	the	initial	energy	(range)	of	a	given	beam.	However,	

it	 is	based	on	the	spot	size	 in	air	 for	the	most	distal	 layer	and	remains	constant	for	all	

other	 layers.	 Spot	 spacing	 in	 RayStation	 is	 based	 on	 the	 spot	 size	 in	 the	medium	 and	

adapts	the	spacing	as	spot	size	increases	at	depths	due	to	MCS.	Constant	spot	spacing	can	

also	 be	 selected	 in	 Eclipse	 and	 Pinnacle3.	 For	 such	 an	 option,	 a	 value	 of	 5	 mm	 is	

recommended	as	a	reasonable	compromise	between	dose	homogeneity,	plan	robustness	

and	delivery	 time.	The	choice	of	parameters	 in	each	TPS	 that	would	yield	 comparable	

plans	 based	 on	 phantom	 study	 was	 noted	 as	 the	 basis	 for	 setting	 up	 an	 objective	

comparative	evaluation	of	the	clinical	performance	of	the	systems.	

	

In	Chapter	4,	the	clinical	performance	of	the	systems	using	two	exemplary	clinical	cases	

of	the	brain	were	evaluated.	Brain	cases	were	selected	to	avoid	the	complications	due	to	

organ	motions	or	large	setup	uncertainties	as	PBS,	especially	Intensity	Modulated	Proton	

Therapy	 (IMPT)	 is	 sensitive	 to	 such	 uncertainties.	 Two	 commonly	 used	 optimization	

techniques,	Single	Field	Uniform	Dose	(SFUD)	and	IMPT	were	also	evaluated.	Planning	

parameters	 in	each	TPS	were	set	(based	on	knowledge	gained	in	previous	study)	such	

that	the	clinical	study	was	on	an	equitable	setting	among	the	systems.		

All	 systems	 produced	 treatment	 plans	 that	 met	 clinical	 dosimetric	 requirements.	

However,	the	study	demonstrated	that	differences	among	systems	in	algorithms,	number	

of	layers,	layer	spacing,	layer	lateral	dimension	and	number	of	spots	could	impact	plan	

quality.	Using	multiple	sub-spots	for	PBS	planning	is	shown	to	improve	plan	quality	but	

using	more	than	9	sub-spots	is	undesirable.	Spot	position	based	on	a	customized	2D	grid	

for	 each	 energy	 layer	 could	 adapt	 to	 target	 contour	 changes	 and	 achieve	 better	 dose	

conformality.		

Dose	modelling	of	the	range	shifter	is	known	to	be	inaccurate	in	the	shallow	depths	with	

errors	up	to	10%	when	the	air	gap	is	large.	This	is	associated	with	the	limited	ability	to	

model	 scatter	 dose	 correctly	 in	 generic	 pencil	 beam	 algorithms.	 Monte	 Carlo	 dose	
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algorithms	can	provide	more	accurate	modelling	and	should	be	the	preferred	choice	when	

feasible	or	when	accuracy	is	critical.	

A	good	understanding	of	the	modelling	characteristics,	implementations	and	limitations	

of	each	planning	system	and	how	it	might	impact	the	clinical	needs	will	be	most	valuable	

in	the	decision	process	of	starting	a	new	proton	facility.	It	is	hope	that	details	from	the	

comparative	 studies	 of	 the	 four	 commercial	 PBS	 planning	 systems	 will	 lay	 a	 good	

foundation	and	facilitate	the	decision	process	for	such	centres.	It	is	also	hopeful	that	TPS	

manufacturers	can	 take	advantage	of	our	 findings	 to	 further	 improve	and	advance	 the	

planning	features	in	their	TPS.	
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Chapter	5:	Future	work	

Since	 proton	 therapy	 using	 PBS	 is	 a	 relatively	 new	 modality,	 both	 the	 planning	 and	

delivery	 techniques	 are	 rapidly	 evolving.	 Specifics	 in	 implementation	 and	 limitations	

identified	likely	could	have	been	enhanced	since	our	study.	A	major	improvement	is	the	

recent	clinical	release	of	the	Monte	Carlo	(MC)	dose	algorithm.	Multi-Coulomb	scatter	can	

be	 modelled	 much	 more	 accurately	 with	 MC	 than	 the	 commonly	 used	 Pencil	 Beam	

Algorithm,	especially	in	the	presence	of	heterogeneities.	Dose	modelling	in	the	presence	

of	a	range	shifter	and	the	dependency	of	air	gap	is	also	more	accurate.	As	pointed	out,	

because	of	the	limited	scope	of	our	study,	there	are	other	important	aspects	that	affect	the	

accuracy	and	performance	of	the	TPS	that	should	be	investigated.	

Pedroni	et	al.	(2005)14	first	reported	the	need	of	the	‘halo	model’	to	account	for	the	‘low	

dose	envelope’	of	the	pencil	beam	spot	profile	due	to	nuclear	interactions	and	large	angle	

scatter.	It	is	known	that	the	PTW	Bragg	Peak	Chamber	(8.2	cm	diameter)	commonly	used	

for	measuring	 integral	depth	dose	 failed	 to	 encompass	 the	entire	 ‘low	dose	envelope’.	

Bäumer	C	et	al.	(2015)173	reported	that	using	the	larger	diameter	(12.0	cm)	plane	parallel	

chamber	 ‘Stingray’	 (IBA)	 could	 improve	 collection	 efficiency	 up	 to	 3.5%.	 However,	

Bäumer	also	pointed	out	that	even	Stingray	failed	to	capture	the	entirety	of	the	‘low	dose	

envelope’.	As	a	result,	combined	with	the	limitations	of	the	Pencil	Beam	Algorithm,	the	

output	factor	of	a	given	PBS	plan	is	dependent	on	the	beam	energy,	modulation,	field	size	

and	the	depth	of	measurement.	One	approach	to	account	for	this	dependency	is	the	use	of	

multiple	 output	 correction	 tables.	 Eclipse,	 for	 example,	 supports	 ‘Dose	Normalization’	

tables	with	dependency	on	a)	range	(energy)	and	modulation	(SOBP	width);	b)	range	and	

field	size;	c)	layer	range	and	range	shifter	water	equivalent	thickness.	Patient	specific	QA	

is	also	a	common	practice	in	the	clinic	as	the	mechanism	to	determine	output	factors	for	

individual	 plans.	 However,	 patient	 specific	 QA	 is	 labor	 intensive	 and	 alternatives	 are	

desirable.	

Monte	Carlo	simulation	and	dose	algorithm	Clasie	B	et	al.	(2012)	15	can	be	used	to	correct	

for	the	halo	effects	on	the	IDDCs	and	in	the	dose	plan	calculation.	Several	reports	have	

evaluated	the	MC	algorithms	offered	by	individual	TPSs	161,172.	The	computation	time	of	

MC	algorithms,	however,	can	take	several	hours.	As	a	result,	MC	is	only	used	for	selective	

clinical	 cases	 where	 such	 accuracy	 of	 MC	 is	 required.	 Using	 a	 third	 party	 MC	 as	 a	

secondary	 independent	 calculation	 to	 reduce	 the	 amount	 of	 patient	 specific	 QA	

measurements	have	also	been	proposed.	
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As	a	future	work,	it	would	be	desirable	to	perform	a	systematic	evaluation	of	the	TPSs’	

strategy	and	implementation	in	handling	the	dosimetic	effect	of	the	‘low	dose	envelope’.	

The	evaluation	should	take	 into	 the	account	of	 the	practicality	of	a	busy	clinic	and	the	

support	 from	 physics	 staffs	 and	 expertise.	 A	 guidance	 of	 an	 effective	 approach	 under	

various	clinical	needs	would	be	most	useful.	A	comparative	evaluation	of	the	performance	

of	the	MC	algorithms	in	each	TPS	would	also	be	valuable.	In	particular,	if	the	study	is	in	

relation	to	the	specific	disease	sites	or	class	of	clinical	cases.		

Robust	optimization	has	 also	become	a	 standard	 tool	 for	PBS	planning	 to	manage	 the	

often	conflicting	clinical	goals	of	target	coverage	and	sparing	of	OARs,	and	to	manage	the	

risks	associated	with	planning	and	delivery	uncertainties.	Recent	advances	include	Multi-

Criterier	optimization	and	knowledge-based	planning.	Such	optimization,	planning	and	

treatment	 strategies	 are	 particularly	 important	 to	 clinical	 sites	 where	 uncertainties	

specific	 to	 proton	 therapy	 are	 significant.	 With	 PBS,	 the	 interplay	 effects	 with	 organ	

motions	and	setup	uncertainties	with	scanning	are	additional	concerns	that	need	to	be	

addressed.	 A	 comparative	 study	 on	 the	 effectiveness	 of	 each	 TPS’s	 approach	 and	

implementation	in	conjunction	with	specific	clinical	sites	will	yield	valuable	insights.	Spot	

placement	based	on	 geometric	 considerations	 specific	 to	 clinical	 sites	 in	planning	 still	

plays	a	significant	role	as	most	algorithms	rely	on	spot	weight	optimization	of	existing	

spots	already	defined.	Strategic	placement	of	initial	spot	positions,	therefore,	can	play	a	

vital	role	in	planning	strategy.	For	example,	to	minimize	the	effects	of	range	uncertainty	

in	robust	optimization,	avoiding	placing	spots	in	the	first	few	mm	of	the	skin	surface	can	

help	to	yield	a	better	robust	plan.	Such	strategies	are	often	needed	for	disease	sites	that	

require	coverage	of	shallow	depths	such	as	breast	treatments.	The	same	technique	will	

also	 yield	 a	 clinical	 plan	 that	 results	 in	 lower	 the	 skin	 dose.	 Systematic	 comparative	

studies	and	proposals	of	such	planning	techniques	could	be	worthwhile	investigations	to	

further	improve	the	clinical	benefits	of	cancer	treatment	with	PBS.	
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Appendix	1:	PBS	Beam	Modelling	

A1.1.	PBS	beam	modelling	

The	 required	 beam	 data	 was	 measured	 and	 added	 to	 each	 of	 the	 proton	 TPSs	 for	

modelling	according	to	the	specific	instructions.	Since	modelling	of	RayStation	can	only	

be	performed	by	the	manufacturer,	our	discussion	includes	only	Eclipse,	Pinnacle3	and	

XiO.		The	primary	beam	data	required	by	most	proton	TPSs	are:	integral	depth	dose	curves	

in	water,	spot	fluence	lateral	profiles	in	air	with	and	without	range	shifter,	and	the	water	

equivalent	thickness	of	the	range	shifter.	For	both	XiO	and	Pinnacle3,	lateral	profiles	in	air	

with	range	shifter	are	not	needed,	whereas	the	measurements	were	needed	for	Eclipse	

and	RayStation.		

	

The	key	steps	in	beam	modelling	preparation	are	as	follows:	
	

- Create	a	proton	machine	for	the	beam	model.	

- Define	machine	characteristics,	e.g.	geometric	parameters	 for	gantry	and	couch,	

scanning	magnet	parameters,	field	size	limits,	beam	energy	range	and	limits,	etc.	

- Convert	measured	raw	format	to	required	format	specific	to	each	TPS.	

- Enter/import	the	measured	beam	data—depth	dose	curves	in	water	and	lateral	

dose	profiles	in	air.	

- Create	beam	model	based	on	analysis	and	fitting	of	the	measured	data.	

- Approve	machine	to	make	beam	model	available	for	planning.	

A1.1.1	Modelling	procedure	and	specific	need	for	XiO		

Planning	systems	often	provide	physics	tools	and	instruction	manuals	to	allow	customers	

to	perform	beam	modelling	on	 their	 own.	Both	Varian’s	Eclipse	 and	Philips’	 Pinnacle3	

come	with	 detailed	 documentation	 for	 PBS	modelling.	 However,	 documentation	 from	

Elekta’s	XiO	is	inadequate.	The	instruction	covers	machine	setups	but	for	beam	modelling,	

customer	needs	to	work	extensively	with	Elekta’s	support	team	to	iron	out	the	necessary	

details.	The	modelling	procedure	 for	XiO	 that	was	developed	as	a	 result	 is	 included	 in	

Appendix	3.		
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A1.1.2.	Specific	data	formats	required	for	TPSs	

The	measured	data	in	raw	format	has	to	be	converted	to	specific	formats	in	order	to	be	

imported	 into	 each	 TPS.	 A	 few	 beam	 data	 acquisition	 applications,	 such	 as	 OmniPro-

Accept	and	PTW,	which	are	available	at	UCLH,	can	support	data	conversion.	OmniPro-

Accept	 can	 export	 data	 in	 W2CAD	 format	 required	 for	 Eclipse.	 It	 can	 also	 export	 in	

OmniPro	RFA-300	 format	 required	 for	 Pinnacle3.	 For	 XiO,	 however,	 in-house	 codes	 in	

MATLAB	had	to	be	developed	for	the	specific	format	required.	

A1.1.3.	Creating	a	new	proton	machine	

Before	beam	data	can	be	imported	to	define	the	beam	model,	a	new	proton	machine	has	

to	 be	 created	 first.	 Physics	 tools	 are	provided	 in	Eclipse,	 Pinnacle3	 and	XiO	 for	device	

administration.	In	Eclipse,	the	proton	machine	and	patient	support	device	(e.g.	a	couch)	

are	created	separately.	In	Pinnacle3	and	XiO,	they	are	created	together	as	a	single	unit.		

In	Eclipse,	both	devices	are	added	using	the	“RT	Administration	Workspace”	application.	

Key	 machine	 parameters	 include	 the	 manufacturer	 (IBA	 in	 our	 case),	 treatment	

techniques	 (e.g.	 passive	 scattering	 versus	 PBS),	 travel	 limits	 of	 the	 gantry	 and	 snout,	

characteristics	of	the	beam	line	including	those	of	the	scanning	magnets,	field	size	limits	

for	 PBS,	 accessories	 support	 such	 as	 the	 range	 shifter.	 Key	 parameters	 for	 couch	 are	

rotation	 (pitch,	 roll	 and	yaw)	and	 translational	 limits.	Device	becomes	available	when	

parameters	are	validated	and	approved.	 Similar	device	 setup	are	performed	using	 the	

‘Source	File	Maintenance	Module’	(SFM)	in	XiO	and	the	‘Proton	Physics	tool’	in	Pinnacle3.		

A1.1.4.	Setting	up	PBS	data	for	beam	model	

Eclipse	Beam	Modelling	
	

Eclipse	provides	the	“Beam	Configuration	Workspace”	with	a	comprehensive	procedure	

for	setting	up	the	beam	model.	The	proton	machine	created	earlier	is	first	selected	and	

the	choice	of	dose	calculation	model	to	be	commissioned	is	added.	For	PBS,	three	sets	of	

parameters	 are	 configured,	 (1)	 ‘Proton	Machine	 and	Technique	 Parameters’	 –	 include	

‘tuning	 characteristics	 (discrete	 vs	 continuous)	 of	 initial	 energy’,	 ‘modulation	 type’	

(passive	vs	active,	discrete	vs	continuous),	 	 ‘beam	spreading	technique’,	 ‘nominal	SAD’,	

‘isocentre	 to	monitor	 distance’,	 	 ‘parameters	 related	 to	 layer	 spacing’,	 etc.	 (2)	 ‘Proton	

Model	 Parameters’	 -	 include	 ‘minimum	 and	 maximum	 energies	 for	 dose	 algorithm’,	

‘isocentre	to	water	phantom	distance’	during	depth	dose	measurements,	‘choice	of	beam	
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weights	 in	 	 generating	 flat	 SOBP’,	 ‘the	 Landau	 parameter	 on	 depth	 dose	 fitting’	 and	

‘method	in	evaluating	Effective	SAD	and	Source	Size’;	(3)	‘Scanning	Machine	Parameters’	

-	 include	 ‘primary	 scanning	 direction’,	 	 ‘scanning	 sequence’,	 	 ‘settings	 for	 repainting’,		

‘parameters	 for	 spot	 MU	 and	 ‘depth	 dose	 corrections	 for	 halo’	 and	 ‘margins	 for	 spot	

placement’.	There	are	also	additional	general	parameters	such	as	order	and	positions	of	

scanning	magnets,	etc.	Finally,	hardware	beam	line	components	are	created	as	‘add-ons’.	

Measured	depth	dose	curves	and	lateral	profiles,	with	and	without	range	shifter,	together	

with	data	files	related	to	machine	or	modelling	parameters,	all	in	W2CAD	format,	are	then	

imported.	 	 Finally,	 the	 beam	 model	 is	 computed	 through	 analysis	 and	 fitting	 to	 the	

measurements	and	input	parameters.	Upon	validation	and	approval,	the	beam	model	will	

be	available	for	dose	computation.	In	general,	with	good	preparation,	the	beam	modelling	

can	be	done	within	one	working	day.	

	

Pinnacle	Beam	Modelling	
	

For	Pinnacle3,	measured	depth	dose	curves	and	lateral	profiles	(open	field	only)	in	IBA	

OmniPro	 RFA-300	 format	 are	 entered.	 Model	 fitting	 are	 performed	 using	 the	 ‘Proton	

Physics	tool’.		The	beam	modelling	process,	however,	are	more	complicated	compared	to	

Eclipse.	For	Eclipse,	depth	dose	curves	and	lateral	profiles	for	all	the	energies	can	each	be	

grouped	into	a	single	file.	In	Pinnacle3,	each	energy	has	to	be	separated,	resulting	in	27	

depth	dose	 files	and	27	 files	each	 for	 the	x	and	y	profiles.	Each	depth	dose	curve	also	

required	additional	information:	Nominal	R90	of	the	IDD	curve	(distal	90%	of	the	peak)	

in	g/cm2	in	water,	the	max	Dose/MU	in	cGy(RBE)/MU	and	the	Z	offset	of	the	measurement	

in	g/cm2	(no	longer	needed	for	current	version	132).	

	

It	 is	also	necessary	 to	manually	edit	a	number	of	model	parameters	 to	achieve	proper	

fitting.	These	 include	 range	R0,	 sigma	 zero	σ,	 sigma	one	σ1	 and	Epsilon	 ε	 as	 shown	 in	

equation	A1-1.	 	 The	 equation	was	 based	 on	 an	 analytical	model	 of	 depth	 dose	 curves	

proposed	by	Bortfeld	33		where	the	dose	D	as	a	function	of	depth	z	was	parameterized.	
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The	 model	 parameters	 are	 determined	 from	 a	 fit	 to	 the	 calibration	 data	 samples.	

Notations	for	the	symbols	and	physical	constants	in	the	equation	are	listed	in	table	A1-1.	

	

L	represents	 the	parabolic	cylinder	 function.	This	 function	originates	due	 to	 the	depth	
straggling	effect,	i.e.,	as	a	result	of	the	convolution	of	(R0	–	z)

v-1	term	of	the	depth	dose	
distribution	with	a	Gaussian	function	33:	

!(#, %$) =
1
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-(%$ − #%)&'(	0')*'*!+

" "#"⁄ 1#% = 1
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,& Γ(3) ∙ 0'(*'-%)" &#"⁄ ∙ 5'& 6
# − %$
, 7											(81 − 2)	

	

After	clicking	the	‘Fit	Profile	Parameters’	button,	Pinnacle	will	model	each	IDD	curve	with	

the	Bortfeld	 function	 as	 illustrated	 in	 Figure	 (A1-1).	 The	 results	 of	 the	 fitting	 process	

should	 be	 reviewed	 for	 each	 nominal	 energy	 IDD	 to	 ensure	 proper	 fitting.	 The	

optimization	in	fitting	each	Pristine	IDD	could	result	in	a	local	minimum	that	yield	a	poor	

modelling	of	each	Pristine	IDD	could	reach	a	local	minimum	that	resulted	in	an	inaccurate	

model.	The	 remedy	 required	adjusting	 the	 initial	 values	 for	one	or	more	of	 the	 fitting	

parameters:	(R0,	σ,	σ1,	and	ε),	and	reiterate	the	fitting	process.	The	difference	between	

measurements	and	calculations	based	on	the	model	can	be	reviewed	in	the	Pristine	Peak	

Fitting	Comparison	window	as	shown	in	Figure	(A1-1-b).	The	parameter	σ1	represents	a	

correction	term	to	better	fit	the	proximal	tails	of	the	peaks,	especially	for	higher	energies.	

The	Bortfeld	 analytic	model	 that	 used	 to	 approximate	 the	 depth	 dose	 distribution	 for	

protons	in	Pinnacle3	takes	into	account	of	range	straggling.	The	latter	corresponds	to	a	

phenomenon	in	which	different	protons	lose	different	amounts	of	energy;	and	the	energy	

spectrum	 of	 the	 initial	 proton	 beam	 (assumed	 to	 consist	 of	 two	 parts:	 a	 peak,	

approximated	by	a	Gaussian;	and	a	small	‘tail’	extending	toward	low	energies).	It	does	not,	

however,	 take	 into	 account	 the	dose	build-up	 at	 the	 entrance	 (for	high	 energy	proton	

beams)	or	the	transport	of	secondary	protons.	In	contrast,	Eclipse’s	‘Beamlet	model’	takes	

into	account	of	the	build-up	and	the	‘Proton	Convolution	Superposition’	dose	algorithm	

was	based	on	the	model	of	proton	beamlets	in	water	by	26,120.	The	electron	and	nuclear	

build-up	in	the	entrance	region	of	the	measured	depth	dose	curve	is	a	result	of	measuring	

the	proton	Bragg	peak	in	water,	with	slight	or	non-solid	material	(no	tank	wall	and	very	

thin	dosimeter	wall)	120,174.	Electrons	generated	by	electromagnetic	interactions	build-up	

to	 equilibrium	 very	 quickly	 in	 proton	 beams	 (~1	mm),	which	 offers	 little	 or	 no	 skin-

sparing,	a	disadvantage	compared	to	photon	beams.	The	nuclear	build-up	occurs	over	a	
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larger	 distance	 (~1-2	 cm	 in	 water),	 but	 the	 magnitude	 is	 smaller	 because	 nuclear	

secondaries	 account	 for	 only	 a	 small	 fraction	 of	 the	 absorbed	 dose	 120.	 Given	 the	

conditions	of	our	measurements,	the	depth	dose	curves	IDDCs	did	not	demonstrate	any	

build-up	as	it	was	measured	with	42	mm	offset	(water	tank	wall	thickness	18	mm	WET	+	

surface	offset	20	mm	+	chamber	entrance	window	thickness	4	mm,	so	Pinnacle3	will	have	

no	problem	with	any	build-up	at	the	entrance	region.	

	
Table	A1-1:	Summary	of	the	parameters	which	determined	from	a	fit	to	the	calibration	data	samples.	
and	 constant	 values	 for	 proton	 in	 water	 used	 in	 the	 theoretical	 model	 for	 equation	 (A1-1)	 by	
Bortfeld		33.	
	

The	parameters	which	determined	from	a	fit	to	the	calibration	data	samples	
Φ0	 The	primary	beam	fluence	
Γ	 Gamma	function	
L		 The	parabolic	cylinder	function	which	depends	on	ζ	defined	as	ζ	=	(R0	–	z)/σ	
	 Where	z	is	directed	along	the	beam	
R0	 The	range	
σ	 The	width	of	Gaussian	range	straggling	
ε	 The	fraction	of	primary	‘tail’	energy	spectrum	

Constant	parameters	 Value	
p	 Exponent	of	range-energy	relation	 1.77	
a	 Factor	in	range-energy	relation	 2.2E-3	cm	MeV-p	
b	 Slope	in	fluence	reduction	 0.012			cm-1	
g	 Fraction	of	locally	absorbed	energy	 0.6	
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(a)	

	
(b)	

	
(c)	

Figure	A1-1:	Pinnacle3	proton	physics	 tool,	 (a)	depth	dose	 curve	window;	 (b)	depth	dose	 fitting	
comparison;	(c)	depth	dose	curve	fit	parameters	(R0,	σ,	σ1,	and	ε).	
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XiO	Beam	Modelling	
	
Most	TPSs	provide	physics	 tools	 for	 beam	data	modelling	 in	 protons,	 similar	 to	 those	

available	for	photons.	No	such	tools,	however,	are	provided	by	XiO.	It	only	provides	tools	

for	machine	setups	135.	The	integral	depth	dose	curves	cannot	be	imported	directly	into	

XiO.	Data	can	be	entered	manually	in	the	SFM	module	but	typing	in	all	the	data	will	be	

error	prone	and	not	practical.	Instead,	an	application	based	on	MATLAB	was	developed	

to	convert	all	measured	IDDCs	to	XiO’s	 internal	 format.	Each	 file	was	named	following	

XiO’s	convention	with	a	component	identifier	denoting	the	value	of	R0	as	calculated	using	

Bortfeld-formula	33:	
	

Q,[S*] = 0.0022 × #[U(V]=.>>																																																					(e1 − 3)	
	

This	relationship	is	also	used	within	XiO	to	determine	the	necessary	ranges	while	setting	

up	beams.	The	data	files	were	then	placed	directly	in	the	expected	depth	dose	folder	called	

‘mesa’.	

Since	there	were	no	modelling	tools	for	fitting	the	spot	fluence	profiles,	the	user	had	to	

analyse	 the	 data	 to	 extract	 the	 parameters	 to	 define	 the	 spot	 shape	 in	 both	 x	 and	 y	

directions.	These	include:	nominal	spot	size	(spot	ID),	Bragg	peak	width	for	each	energy,	

ellipticity	 coefficients	 (x	 and	 y)	 at	 isocentre,	 sigma	 effective	 (σ0)	 at	 isocentre	 for	 each	

energy	and	the	spot	divergence	(x	and	y).	These	parameters	were	saved	in	a	file	named	

‘spotcalib’.		

Both	 the	 ‘mesa’	 depth	dose	 folder	 and	 the	 ‘spotlib’	 file	 reside	 in	 the	primary	machine	

folder.	

Details	of	the	in-house	developed	procedure	for	XiO	is	listed	in	Appendix	3.	

	
In	 addition,	 two	 dose	 calculation	 parameters,	 precision	 and	 nuclear	 interaction,	 are	

utilized	in	XiO,	Pinnacle	and	RayStation,	with	the	intention	to	improve	model	accuracy.	In	

XiO,	 the	precision	parameter	allows	users	 to	specify	 the	numbers	of	 sub	pencil	beams	

(SubPB)	in	spot	dose	calculation.	The	number	of	sub	pencil	beams	per	spot		is	defined	as	

(2n+1)2,	 where	 n	 is	 between	 0	 and	 5	 29.	 Using	 sub	 pencil	 beams	 can	 improve	 dose	

modelling	 of	 lateral	 inhomogeneities.	 The	 ‘nuclear	 interaction’	 option	 for	 scatter	

calculation	should	always	be	selected,	especially	for	high	energies,	small	fields	and	with	

the	use	of	range	shifters.	For	Pinnacle	and	RayStation,	these	two	parameters	were	used	

only	internally	by	the	system.	
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Appendix	2:	Computed	IDDCs	for	each	TPS	

A2.1.	Computed	IDDCs	in	Eclipse	

A	water	phantom	(40×40×40	cm3)	with	1	mm	plane	separation	was	created	and	used	for	

the	calculation.	The	gantry	was	rotated	to	270	degrees	and	the	couch	to	90	degrees,	as	it	

is	not	possible	to	control	and/or	edit	the	resolution	of	the	exported	dose	cube.	The	only	

option	 for	 the	 dose	 to	 be	 exported	with	 a	 resolution	 of	 1	mm	between	planes	was	 to	

perform	 these	 rotations.	All	 27	 energies	between	100	and	226.7	MeV	were	 computed	

separately	as	a	single	spot	by	manually	typing	the	nominal	energy	for	one	of	the	27	input	

energies,	 repeating	with	 each	of	 the	 input	 energies	 as	 a	different	plan,	 and	asking	 the	

system	to	use	only	one	single	spot.	All	energies	were	computed	with	a	resolution	of	1	mm	

calculation	grid.	Figure	A2-1	a	shows	the	 ‘beamline	property	window’	and	the	entered	

energy	(100	MeV).	Figure	A2-1	b	shows	all	the	spots	weighted	with	zero,	except	for	one	

spot	that	is	weighted	with	10.	The	dark	spot	on	the	spot	map	tools	window	means	low	or	

zero	weight	and	the	white	spot	means	high	weight.	With	Eclipse,	it	is	possible	to	manually	

type	the	nominal	energy	or	the	range	of	90%	(R90).	The	spot	map	can	only	be	edited	after	

the	 dose	 calculation	 is	 initiated.	 The	 calculation	was	 repeated	with	 the	 adjusted	 spot	

weights	to	yield	the	dose	for	a	single	spot.	The	dose	of	each	of	the	27	energies	of	single	

spot	plans	was	exported	as	a	3D	dose	volume	in	DICOM	format,	with	a	resolution	of	1	mm	

in	the	entrance	beam	direction	(z-direction)	and	1.58	mm	in	both	lateral	directions	(x	and	

y).	 In	Eclipse,	 it	 is	not	possible	 to	 control	 the	 resolution	of	 the	exported	dose	volume.	

However,	 the	resolution	can	be	specified	 if	 the	dose	 is	exported	as	a	dose	plane	in	2D,	

using	dose	plane	export	tools.	The	resolution	of	the	3D	dose	volume	in	z-direction	is	based	

on	the	plane	separation,	whereas	the	resolution	in	the	lateral	(x	and	y)	direction	is	based	

on	the	dimension	of	the	calculation	box,	number	of	calculated	points	and	the	calculation	

grid	size.	
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(a)	 (b)	

Figure	 A2-1:	 Beamline	 and	 spot	 setups	 in	 Eclipse	 TPS;	 (a)	 through	 the	 “beam	 line	window”	 the	
nominal	energy	entered	manually	to	deliver	one	single	energy	before	the	calculation	process;	(b)	
after	the	calculation	the	spot	map	has	all	spot	weights	set	to	zero	except	for	one	spot	in	the	centre.	
The	calculation	is	then	repeated	to	get	a	dose	with	one	single	energy	and	one	single	spot.	
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A2.2.	Computed	IDDCs	in	Pinnacle	

As	 earlier,	 a	water	phantom	 (40×40×40	 cm3)	 is	 used	 to	 compute	 the	 IDDCs	 for	 all	 27	

energies.	 During	 the	 course	 of	 the	 project	 several	 versions	 of	 Pinnacle3	 have	 been	

released.	In	the	research	version	it	was	possible	to	compute	a	single	spot	for	any	specific	

energy	using	the	spot	editing	tool	(Figure	A2-2	a).	That	was	no	longer	available	with	the	

release	known	as	the	engineer	version,	nor	the	ability	to	edit	the	layers	or	spots	after	dose	

calculation.	However,	 such	 tasks	could	be	achieved	 through	scripting.	An	example	of	a	

script	 created	 for	 the	 energy	 100	 MeV	 is	 shown	 in	 Figure	 A2-2	 b-1.	 A	 script	 can	 be	

imported	through	the	“spot	details	window”	(Figure	A2-2	b-2).	The	script	contains:	snout	

name;	snout	position	in	cm;	number	of	spots;	spots	position	in	both	x	and	y	direction;	spot	

weight	to	four	decimal	places;	and	the	nominal	energy.	All	the	27	energies	between	100	

and	226.7	MeV	were	calculated	separately	as	a	single	spot	through	scripts.		

The	process	for	computing	the	IDDC	for	each	energy	is:	(i)	adding	beam	and	selecting	the	

gantry	couch	angles	(2700	&	900	respectively);	(ii)	open	‘beam	details’	then	‘spot	details’	

to	import	script	for	each	energy;	(iii)	define	calculation	box/area	and	prescription	dose.	

All	the	plans	were	computed	with	1	Gy	with	the	calculation	box	encompassing	the	entire	

phantom.	In	Pinnacle3	it	is	not	possible	to	control	the	resolution	of	the	exported	doses.	It	

was	determined	by	the	calculation	grid	size	which	was	1	mm	(in	x,	y	and	z)	for	all	 the	

plans	and	all	the	TPSs	for	this	work.	The	dose	volume	of	each	of	the	27	energies	of	single	

spot	plans	was	then	exported	in	DICOM	format.		
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(a-1)	 (a-2)	

	

	
(b-1)	 (b-2)	

Figure	A2-2:	Beamline	and	spot	setups	in	Pinnacle3	TPS	
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A2.3.	Computed	IDDCs	in	RayStation	

Similar	to	Pinnacle,	scripts	have	to	written	to	perform	IDDC	computations	for	single	spot	

in	RayStation.	First,	a	PBS	plan	had	to	be	created.	All	layers	were	then	removed	manually	

using	the	spots	edit	tool	except	for	one	layer	with	a	single	spot	(the	script	assumes	a	plan	

with	one	energy	layer	with	a	single	spot).	After	that,	the	plan	can	be	saved	as	a	template	

and	 used	with	 the	 script.	 "IronLab"	 software	must	 be	 installed	 and	 "windows	 yellow	

console"	must	be	used	to	run	the	script	outside	of	RayStation.		

The	script	has	been	designed	to	do	the	following:	

1. Edit	script	to	set	energy	(MeV).	

2. Set	spot	position	(centimetres)	in	reference	plane.	

3. Select	profile	direction	(X,	Y	or	Z),	which	is	(0,	0,	0)	

4. Specify	position	of	profile	(centimetres).	

5. Execute	script.	

	

A	water	phantom	(40×40×40	cm3)	was	created	and	used	to	compute	the	IDDCs	for	all	27	

energies.	The	steps	are	summarized	as	follows:	

1. Create	PBS	plan,	remove	all	layers	except	one	with	a	single	spot.		

2. Import	script	to	RayStation	and	run	the	script	(left	side	of	Figure	A2-3)	

3. Create	a	windows	console	shortcut	in	the	same	folder	as	the	spot	script.	

4. Type	the	name	of	the	script	at	the	console	(right	side	of	Figure	A2-3).	

5. Choose	the	voxel	size	(1mm)	and	enter	the	energy	desired.	

6. Save	the	plan	after	dose	calculation	is	complete	(Figure	A2-3	b).	

7. Copy	the	last	plan	as	a	template	to	be	used	for	next	energy.	

8. Repeat	steps	5	-	8	with	all	27	energies	(100	to	226.7	MeV).	

All	plans	for	all	27	energies	were	computed	and	exported	as	a	3D	volume	with	a	resolution	

of	1	mm	grid	size.	
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(a)	

	
(b)	

Figure	A2-3:	RayStation	IDDC	computed	process;	(a)	the	script	running	in	RayStation	and	then	at	
yellow	console;	(b)	show	the	dose	of	226.7	MeV	after	completing	the	calculation	process.	
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A2.4.	Computed	IDDCs	in	XiO	

A	water	phantom	(40×40×40	cm3)	was	created	for	the	calculation.	All	27	energies	were	

calculated	separately	as	a	single	spot	by	specifying	the	desired	range	(energy).	Figure	A2-

4	a	shows	the	scan	volume	parameter	window	and	the	effective	range	of	100	MeV.	Figure	

A2-4	b	shows	all	the	spots	weighted	with	zero,	except	for	one	spot	in	the	middle,	with	a	

weight	 of	 99.99	 units.	With	 XiO,	 it	 is	 not	 possible	 to	 enter	 the	 beam	 energy	 directly.	

Instead,	the	corresponding	effective	range	(R0)	given	by	the	Bortfeld-formula	was	used.	

Figure	2-8	a	shows	the	available	ranges	from	7.63	to	32.48	cm,	corresponding	for	energies	

from	100	to	226.7	MeV.	The	spot	map	can	be	edited	before	and	after	calculating	the	dose.	

The	dose	of	each	of	single	spot	plans	was	exported	as	a	3D	volume	in	DICOM	format,	with	

1	mm	resolution	for	x,	y	and	z.		
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(a)	

	
(b)	

Figure	A2-4:	Scan	volume	parameters	and	spot	map	for	100	MeV	in	XiO	TPS.	
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Appendix	3:	XiO	PBS	beam	modelling	procedure	

A3.1.	 XiO	 proton	 beam	modelling	 for	 pencil	 beam	 scanning	

(PBS)	

The	reference-measured	beam	data	for	PBS	has	been	added	to	XiO	TPS	and	modulated	

according	 to	 the	 system’s	 tools	 and	 modelling	 requirements.	 There	 are	 three	

requirements	 for	 proton	 PBS	modelling	 at	 any	 proton	 TPS:	 (1)	 depth	 dose	 curves	 an	

integral	 depth	 dose	 curves	 (IDDC),	 (2)	 x	 and	 y	 spot	 fluence	 profiles	 and	 (3)	machine,	

gantry	and	couch	setups.	Each	TPS	requires	a	different	format	for	the	imported	data,	as	is	

the	case	for	XiO	TPS.	Most	of	the	TPSs	can	import	and	then	fit	the	imported	beam	data	

(depth	dose	curves	and	spot	fluence	profiles)	using	their	own	physics	tools;	however,	XiO	

TPS	does	not	provide	all	 the	 tools	 for	generating	a	beam	model	 for	proton	PBS.	 Some	

parameters	can	be	entered	to	XiO	TPS	through	the	conventional	‘Source	File	Maintenance	

Module’	(SFM).	

	

A3.1.	Creating	and	modelling	a	new	proton	machine	in	XiO	

It	is	possible	for	the	user	to	create	a	new	machine	in	XiO	SFM	module,	but	to	save	time	on	

a	new	machine	setup,	a	similar	IBA	machine	has	been	copied	and	saved	as	a	new	machine	

and	 then	 edited.	 After	 creating	 the	 proton	machine	 via	 the	 SFM	module,	 the	machine	

setups	were	edited	based	on	the	reference	machine	data.	The	measured	depth	dose	curves	

were	edited	and	converted	to	XiO	TPS	format	and	then	manually	entered	into	the	depth	

dose	folder,	called	‘mesa’,	in	the	machine	folder.	As	there	are	no	fitting	tools	in	XiO,	the	

measured	spot	fluence	profiles	were	used	to	manually	define	the	requirement	data	for	the	

spot	shape	from	all	the	measured	energies’	spot	fluence	profiles	in	both	x	and	y	directions,	

and	then	entered	to	one	file	in	the	machine	folder,	called	‘spotcalib’.	The	machine	folder	

contains	the	mesa	depth	dose	folder,	the	spotcalib	file	and	all	the	machine	data	files	and	

folders.	

A3.2.	XiO	beam	modelling	through	SFM	module	

A	general	setup	of	the	proton	machine	can	be	entered/edited	in	XiO	through	SFM	module.	

Figure	A3-1	a	shows	the	SFM	module	tools	that	XiO	provided	for	the	machine	geometry	
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and	 machine	 data	 setups.	 The	 machine	 geometry	 tools	 include	 general	 machine	

parameters,	gantry,	couch	and	alignment	digitally	reconstructed	radiograph	(DRR)	angles	

and	distances;	the	machine	data	includes	the	PDD	and	particle	proton	parameters.	

	

Machine	geometry:	

- General	machine	parameters:	

From	 the	general	machine	parameters	window,	 the	proton	must	be	 selected	as	

modality	to	the	proton	specific	parameters	that	can	be	seen	and	then	edited	136.	In	

order	for	the	ion	plan	export	to	work	properly,	the	manufacturer	was	entered	as	

‘IBA	machine’.	 The	 value	 of	 the	maximum	 energy	 that	 can	 be	 delivered	 by	 the	

reference	machine—226.7	MeV—has	been	entered.	XiO	TPS	calculates	 the	dose	

with	 two	 algorithms—broad	 beam	 and	 pencil	 beam.	 A	 pencil	 beam	 dose	

calculation	algorithm	was	selected	for	the	determination	of	beam	spreading.	The	

values	of	 source	 to	axis	distance	 (SAD),	 the	virtual	positions	of	 the	vertical	and	

horizontal	 deflection	magnets	 and	 the	 range	of	 the	maximum	energy	have	 also	

been	entered.	There	are	three	options	for	proton	energy	delivery	methods	in	XiO—

fixed,	variable	and	multiple	fixed.	Fixed	option	is	for	a	proton	machine	with	single	

output	 energy.	Only	physical	 degraders	 (range	 shifters)	 are	used	 to	modify	 the	

range	in	the	patient.	Variable	option	pertains	to	when	no	physical	degraders	are	

modelled	for	modifying	the	beam	range.	The	dose	algorithm	will	not	increase	the	

beam	penumbra	due	 to	 physical	 degraders.	Multiple	 fixed	 option	works	with	 a	

combination	of	variable	energy	output,	but	uses	only	a	fixed	number	of	energies	

clinically,	thus	using	physical	degraders	to	achieve	part	of	the	range	modification	

in	the	patient	136.	A	variable	has	been	selected	for	our	machine	modelling.	Figure	

A3-1	b	shows	the	entered	data	in	the	general	machine	parameters	window.	

- Gantry	and	couch	setups:	

The	IBA	machine	that	has	been	copied	contains	all	 the	data,	which	 includes	the	

gantry	 and	 couch	 setups.	 Both	 gantry	 and	 couch	 rotation	 angles	 were	 edited	

according	to	the	reference	data.	

- Alignment	DRR:	

DRR	alignment	parameter	was	used	to	create	and	modify	a	digitally	reconstructed	

radiograph	(DRR).	No	DRR	has	been	created/added	for	our	machine.	
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(a)	 (b)	

Figure	A3-1:	XiO	source	files	maintenance	(SFM)	module	tools	and	general	machine	parameters.	
	
	

Machine	data:	

- Percentage	depth	dose	(PDD):	

Proton	depth	dose	curve	is	an	IDDC.	The	PDD	button	in	SFM	module	is	generally	

used	for	depth	dose	curve	setups.	There	is	no	way	to	transfer	the	measured	depth	

dose	curves	in	XiO	through	SFM	module;	the	depths	and	the	doses	for	each	energy	

must	be	typed	manually,	number	by	number,	but	this	procedure	will	take	ages	136.	

The	reference-measured	IDDCs	have	been	edited	and	manually	entered	into	the	

machine	folder;	this	is	described	in	the	manual-modelling	section	below.	

- Particle	parameters:	

Figure	A3-2	a	shows	the	 tools	menu	 for	proton	particle	parameters	 that	can	be	

edited	in	XiO	through	SFM	module.	The	proton	particle	parameters,	as	can	be	seen	

in	 the	 figure,	 include	 degraders,	 modulators/tracks,	 snout	 IDs	 and	 spot	

parameters.	

	

• Degraders:	

Proton	beam	degraders	are	known	as	range	shifters.	The	definition	of	range	

shifter	is	generally	solid	slabs	of	plastic	or	polymethyl	methacrylate	(PMMA),	

which	can	be	placed	into	the	beam	to	reduce	the	proton	energy	of	the	machine	

by	 shifting	 the	 effective	 range	of	protons	 towards	 shallower	depths,	 so	 that	
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shallower	depths	 can	be	 treated.	 The	 range	 shifters	 can	be	moved	with	 the	

snout,	or	stay	at	a	fixed	location	along	the	beamline.	Figure	A3-2	b	shows	that	

the	range	shifter	material	definition	cannot	be	changed;	XiO	only	uses	Lexan,	

and	multiple	range	shifters	can	be	defined	135.	The	water-equivalent	thickness	

of	 the	 range	 shifter	 has	 been	 changed	 to	 7.41	 cm	 based	 on	 the	 reference-

measured	data.	The	position	of	 the	range	shifter	can	be	changed	when	fixed	

position	 is	 used	 by	 entering	 (no)	 front	 ‘attached	 to	 snout’	 and	 entering	 the	

distance	between	the	isocentre	and	the	distal	edge	of	the	range	shifter.	

	

• Modulators/Tracks:	

Modulators/tracks	parameter	in	XiO	SFM	module	allows	the	user	to	define	the	

range	modulator’s	specifications—material,	thicknesses	and	relative	weights.	

Range	modulators	are	used	to	broaden	the	spot	beam	in	the	depth	direction,	

creating	a	spread	out	Bragg	peak	(SOBP).	The	range	modulators	can	be	rotated	

wheel	(modulator	wheel)	or	sheet,	with	ridges	of	varying	thicknesses	(ridge	

filter).	 In	 the	dose	 calculation,	 increasing	 the	value	of	 the	 ripple/ridge	 filter	

decreases	the	number	of	layers,	since	the	spot	is	being	spread	out	in	depth.	The	

IBA	 machine	 contains	 different	 range	 modulators	 and	 no	 extra-prescribed	

modulator	has	been	added	to	the	machine	through	XiO	SFM	module	during	the	

beam	modelling.	

	

• Snout	IDs:	

The	snout	ID	is	an	identifier	for	a	proton	beamline,	which	is	a	layout	of	all	the	

groups/devices	used	for	the	delivery	of	the	proton	beam.	A	fixed	circular	snout	

with	a	30	cm	diameter	and	a	43	cm	distance	from	the	isocentre	of	one	similar	

IBA	machine	 in	 XiO	 has	 been	 copied	 and	 used	 for	 our	 beam	modelling;	 see	

Figure	A3-2	c.	The	shape	of	the	snout	can	be	circular	or	rectangular	and	the	

snout	can	be	movable	with	the	nozzle	or	set	at	a	fixed	distance	from	the	source.	

	

• Spot	scanning	parameters:	

The	deliverable	MU	per	 spot	 can	be	entered/edited	 in	XiO	 through	 the	SFM	

module.	The	values	of	the	minimum	and	maximum	number	of	monitor	units	

for	the	spot-scanning	machine	have	been	defined;	see	Figure	A3-2	d.		
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(a)	 (b)	

	 	
(c)	 (d)	

Figure	A3-2:	Proton	particle	parameters.	
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A3.3.	Manual	beam	model	for	XiO	TPS	

Manual	modelling	is	required	for	some	parameters	that	not	accessible	directly	through	

XiO	 SFM	module.	 Spot	 shape	model	 in	 XiO	 requires	 some	 parameters	 that	 should	 be	

defined	and	calculated	manually	from	the	measured	spot	fluence	profiles	in	both	x	and	y	

directions.	Other	dose	calculation	parameters	must	be	provided	as	well	135.	The	following	

beam	model	 parameters	 cannot	 be	 entered	 and	 edited	 directly	 through	 the	 XiO	 SFM	

module:	

Spot	parameters:	

§ Nominal	spot	size	(spot	ID)	

§ Bragg	peak	width	

§ ellipticity	coefficients	(HC,	VC)	at	isocentre	

§ Sigma	effective	(σ0)	at	isocentre	

§ Spot	divergence	in	x	and	y	direction	

Dose	calculation	parameters:	

§ Precision,	number	of	calculated	sub	pencil	beams	per	spot	

§ Using	nuclear	interactions	for	scatter	calculation	

	

Both	of	the	spot	parameters	and	dose	calculation	parameters	have	to	be	entered	to	one	

file,	called	 ‘spotcalib’,	 in	the	machine	folder.	The	spot	parameters	must	be	defined	and	

entered	for	each	entered	IDDC,	whereas	the	dose	calculation	parameters	are	entered	only	

once.	

	

A3.3.1.	Depth	dose	curve	and	IDDC	

The	measured	IDDCs	not	only	display	the	relative	shape	of	the	Bragg	curve,	but	are	also	

used	for	the	absolute	calculation	of	dose.	

The	IDDCs	cannot	be	imported	directly	into	XiO	and	must	be	entered	manually	in	SFM	

module.	XiO	does	not	accept	relative	depth	dose	values	below	0.01	in	SFM	module.	An	

IDDC	should	always	end	with	only	one	0.01	value	135.	XiO	TPS	can	read	any	value	below	

0.01	if	it	is	entered	directly	into	the	machine	folder.		
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MATLAB	code	was	created	and	used	to	convert	all	 the	measured	IDDCs	to	XiO	format;	

then	each	measured	IDDC	for	each	of	the	nominal	energies	was	saved	in	a	separate	file.	

Each	nominal	energy	file	has	been	named	according	to	XiO	IDDC’s	determination.	The	file	

was	 named	 into	 an	 effective	 range	 by	 the	 Bortfeld-formula	 in	 millimetres	 with	 one	

decimal	place.	All	the	measured	IDDC	files	that	have	been	edited	in	MATLAB	and	added	

to	the	depth	dose	folder.		

Bortfeld-formula:	

Q,[S*] = 0.0022 × #[U(V]=.>>																																													(e3 − 1)								

This	relationship	is	also	used	within	XiO	to	determine	the	necessary	ranges	for	setting	up	

beams.	 For	 consistency,	 the	 determination	 of	 energies	 for	 the	 calculation	 of	 stopping	

power	ratios	and	scatter	from	ranges	for	the	export	of	plan	data	via	DICOM	Ion	plan	is	

subject	to	this	relationship	135.	

The	reference-measured	depth	dose	file	includes	all	the	measured	energies,	whereas	XiO	

requires	a	 single	 file	 for	each	of	 the	measured	energies.	XiO’s	depth	dose	 file	 for	each	

energy	 contains,	 from	 top	 to	 bottom:	 the	 version	 number,	 the	 number	 of	 entered	

measured	points,	distances/depths	in	millimetres	and	the	relative	doses	for	each	depth.	

A	42.0	mm	offset	has	been	manually	added	to	all	of	the	entered	depths	in	the	XiO	depth	

dose	files.	

	

A3.3.2.	Spot	fluence	profiles	(spot	shape)	

There	are	many	data	requirements	for	the	beam	spot	shape	that	must	be	defined	manually	

and	then	entered	into	one	file,	called	‘spotcalib’,	in	the	machine	folder.	Figure	A3-3	shows	

a	screenshot	from	XiO	TPS	manual—the	upper	side	shows	the	format	and	the	required	

data	of	the	spotcalib	file,	version	number,	precision	and	nuclear	interaction,	number	of	

measured	IDDCs,	range	in	millimetres,	nominal	spot	size,	Bragg	peak	width	in	millimetres,	

ellipticity	coefficients	(HC,	VC),	σ0 in	millimetres	and	divergence	1	and	divergence	2	in	
millimetres.	 The	 version	 number,	 precision,	 nuclear	 interaction	 and	 the	 number	 of	

measured	 IDDCs	 are	 defined	 and	 entered	 only	 once,	whereas	 the	 other	 data	must	 be	

defined	for	all	of	the	measured	energies.	
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Figure	A3-3:	Screenshot	showing	the	description	of	spotcalib	file	requirement	parameters	135.		
	

- Version	number:	

The	version	number	is	not	related	to	the	measured	beam	data	and	depends	on	the	

XiO	TPS	version.	

	

- Precision	and	nuclear	interaction:	

Both	precision	and	nuclear	 interaction	are	dose	calculation	parameters	that	are	

used	to	improve	the	dose	calculation.	The	precision	parameter	or	the	sub	pencil	

beams	(SubPB)	parameter	is	used	in	XiO	to	divide	each	single	spot	and	calculate	it	

for	different	numbers	of	sub-pencil	beams	(SubPB).	Number	of	sub	pencil	beams	

per	spot	(concerning	lateral	heterogeneities)	is	defined	as:	(2n+1)2	pencil	beams	

calculated	per	spot,	and	the	Precision	(n)	can	be	between	(0-5).	if	it	is	set	it	to	be	

zero	then	there	is	no	any	sub-spot,	for	1	it	is	9	sup-spot	per	each	spot,	and	the	sup-

spot	in	XiO	can	be	(0,	9,	25,	49,	81	and	121)	per	spot..	The	numbers	in	front	of	the	

precision	 and	 nuclear	 interactions	 (1	 and	 0)	 mean:	 1—yes,	 0—no.	 The	 use	 of	

nuclear	interactions	for	scatter	calculations	should	always	be	on	1,	especially	for	

high	energies,	small	fields	and	use	of	range	shifters.	
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- Number	of	measured	IDDCs:	

The	number	of	measured	IDDCs	must	be	entered;	all	spot	calibration	parameters	

for	each	included	energy	must	be	defined	and	entered	to	the	spotcalib	file	as	well.	

- Range	in	millimetres:	

For	XiO	TPS	to	know	the	data	below	for	which	energy,	the	effective	range	by	the	

Bortfeld-formula	must	be	entered	in	millimetres	for	each	nominal	energy.	

	

- Nominal	spot	size:		

The	nominal	spot	size	is	a	spot	ID,	as	exported	in	DICOM	Ion	Plan,	and	is	like	a	label.	

The	spot	ID	has	to	be	the	same	for	all	of	the	entered	energies,	and	has	been	set	at	

4.0	mm	for	all	of	the	entered	energies,	as	in	the	other	IBA	machines	in	XiO.	

	

- Bragg	peak	width:	

The	Bragg	peak	width	must	be	defined	for	each	of	the	measured	energies	and	is	

used	to	determine	the	layers	subsequence	135,136.	The	Bragg	peak	width	for	each	

energy	has	been	defined	as	the	distance	between	proximal	R80%	and	distal	R80%	

of	 the	measured	 IDDCs	 in	millimetres.	 Figure	 A3-4	 shows	 the	 definition	 of	 the	

Bragg	 peak	 width.	 Each	 of	 the	 27	 measured	 IDDCs	 has	 been	 interpolated	 in	

MATLAB	to	define	the	peak	width	for	each	of	the	measured	energies.	Table	A3-2	

shows	the	peak	width	for	each	of	the	measured	energies.		
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(a)	

	
(b)	

Figure	A3-4:	Definition	 of	 Bragg	 peak	width	 (80–80%);	 the	 figure	 shows	 the	 peak	 of	 one	 of	 the	
measured	energies	(226.7	MeV).	
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- Ellipticity	coefficients	(HA,	HB,	HC,	VA,	VB,	VC):	

The	values	of	the	ellipticity	coefficients	are	required	for	the	spotcalib	file	to	define	

the	elliptic	characteristics	of	the	spot	shape.	Spots	may	be	elliptic	at	isocentre	and	

change	 their	 ellipticity	 as	 a	 function	 of	 deflection	 quadratically.	 Ellipticity	

coefficients	HA,	HB	and	HC	are	in	x	or	horizontal	direction,	whereas	VA,	VB	and	VC	

are	 in	y	or	vertical	direction.	Figure	A3-3	(lower	side)	shows	how	to	define	the	

value	of	both	HC	and	VC,	where	the	values	of	HA,	HB,	VA	and	VB	are	mostly	zero.	If	

sigma	x	=	sigma	y,	then	the	value	of	both	HC	and	VC	are	zero.	Table	A1-1	shows	

how	the	values	of	both	HC	and	VC	have	been	defined	 for	each	of	 the	measured	

energies.	

	

- Sigma	effective	(σ0):	

Sigma	effective	(σ0)	is	a	part	of	the	spot	shapes	definition	for	the	spot	size	in	x	and	

y	direction	at	isocentre.	Figure	A3-3	(lower	side)	shows	how	to	define	the	value	of	

σ0.	As	for	ellipticity	coefficients,	there	are	three	ways	to	define	the	value	of	σ0	for	

each	of	 the	measured	energies.	Table	A3-1	shows	how	the	value	of	σ0	has	been	

manually	defined	for	each	of	 the	measured	energies.	Table	A3-1	shows	that	the	

value	of	sigma	y	>	sigma	x	for	all	the	energies	between	100	and	215	MeV,	while	the	

value	of	 sigma	x	>	sigma	y	 for	 the	 last	 three	measured	energies—220,	225	and	

226.7	MeV).	
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Table	A3-1:	delist	of	spotcalib	calculated	requirement	parameters	

[σ	x	&	σ	y]	at	Isocentre	

If	$% > $'	
Vc = 0	
Hc = 2.($%/ − $'/)	
$$ = $% −.($%/ − $'/)	
		

If	$' > $%	
Hc = 0	
Vc = 2.($'/ − $%/)	
$$ = $' − .($'/ − $%/)	
		

No.	 Energy	
[MeV]	

σ	 x	
[mm]	

σ	 y	
[mm]	 HC	 VC	 σ0	[mm]	 HC	 VC	 σ0	[mm]	

1	 100	 4.606	 5.461	 #NUM!	 0.000000	 #NUM!	 0.000000	 5.867635	 2.52718	
2	 105	 4.49	 5.192	 #NUM!	 0.000000	 #NUM!	 0.000000	 5.214121	 2.58494	
3	 110	 4.273	 4.962	 #NUM!	 0.000000	 #NUM!	 0.000000	 5.044964	 2.43952	
4	 115	 4.091	 4.785	 #NUM!	 0.000000	 #NUM!	 0.000000	 4.963847	 2.30308	
5	 120	 4.015	 4.6	 #NUM!	 0.000000	 #NUM!	 0.000000	 4.489889	 2.35506	
6	 125	 3.882	 4.445	 #NUM!	 0.000000	 #NUM!	 0.000000	 4.330405	 2.27980	
7	 130	 3.745	 4.328	 #NUM!	 0.000000	 #NUM!	 0.000000	 4.338921	 2.15854	
8	 135	 3.618	 4.119	 #NUM!	 0.000000	 #NUM!	 0.000000	 3.937632	 2.15018	
9	 140	 3.561	 3.937	 #NUM!	 0.000000	 #NUM!	 0.000000	 3.358123	 2.25794	
10	 145	 3.424	 3.846	 #NUM!	 0.000000	 #NUM!	 0.000000	 3.503107	 2.09445	
11	 150	 3.35	 3.781	 #NUM!	 0.000000	 #NUM!	 0.000000	 3.506258	 2.02787	
12	 155	 3.203	 3.672	 #NUM!	 0.000000	 #NUM!	 0.000000	 3.591309	 1.87635	
13	 160	 3.12	 3.486	 #NUM!	 0.000000	 #NUM!	 0.000000	 3.109853	 1.93107	
14	 165	 3.021	 3.37	 #NUM!	 0.000000	 #NUM!	 0.000000	 2.986944	 1.87653	
15	 170	 2.953	 3.249	 #NUM!	 0.000000	 #NUM!	 0.000000	 2.709828	 1.89409	
16	 175	 2.871	 3.108	 #NUM!	 0.000000	 #NUM!	 0.000000	 2.380776	 1.91761	
17	 180	 2.767	 3.026	 #NUM!	 0.000000	 #NUM!	 0.000000	 2.449806	 1.80110	
18	 185	 2.689	 2.951	 #NUM!	 0.000000	 #NUM!	 0.000000	 2.431197	 1.73540	
19	 190	 2.598	 2.835	 #NUM!	 0.000000	 #NUM!	 0.000000	 2.269468	 1.70027	
20	 195	 2.525	 2.751	 #NUM!	 0.000000	 #NUM!	 0.000000	 2.183919	 1.65904	
21	 200	 2.463	 2.664	 #NUM!	 0.000000	 #NUM!	 0.000000	 2.030298	 1.64885	
22	 205	 2.405	 2.598	 #NUM!	 0.000000	 #NUM!	 0.000000	 1.965278	 1.61536	
23	 210	 2.359	 2.532	 #NUM!	 0.000000	 #NUM!	 0.000000	 1.839721	 1.61214	
24	 215	 2.428	 2.562	 #NUM!	 0.000000	 #NUM!	 0.000000	 1.635433	 1.74428	
25	 220	 2.629	 2.626	 0.251118	 0.000000	 2.50344	 0.000000	 #NUM!	 #NUM!	
26	 225	 2.897	 2.771	 1.690169	 0.000000	 2.05192	 0.000000	 #NUM!	 #NUM!	
27	 226.7	 2.964	 2.735	 2.284794	 0.000000	 1.82160	 0.000000	 #NUM!	 #NUM!	

	

	

- Divergence	1	and	divergence	2:	

Divergence	 1	 and	 2	 are	 spot	 divergences	 and	 convergences	 in	 both	 x	 and	 y	

directions.	Divergence	and	convergence	is	described	as	change	in	Gaussian	spot	

size,	 in	millimetres,	 per	millimetre	 in	 the	 z	 direction,	 as	 spot	 sizes	may	 change	

linearly	in	z	direction	(divergence	or	convergence).	XiO	TPS	requires	three	spot	

profiles	around	isocentre	as	a	minimum	to	define	the	divergence	in	both	x	and	y	

directions	137.	Figure	A3-3	(lower	side)	shows	when	the	divergence	(1	or	2)	is	a	

divergence	x	or	y.	Both	1	and	2	or	x	and	y	divergences	have	been	defined	for	each	

of	the	measured	energies	at	eight	different	depths	in	z	direction	around	isocentre	

by	using	the	linear	fitting	equation.	
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Figure	A3-5	shows	how	the	divergence	has	been	defined	in	both	x	and	y	directions	for	all	

of	the	measured	energies.	The	figure	shows	one	of	the	measured	energies—100	MeV.	

	

100	[MeV]	

Z	position	(cm)	 Sigma	x	[cm]	 Z	position	(cm)	 Sigma	y	[cm]	

-30	 0.6074	 -30	 0.6008	

-17	 0.5302	 -17	 0.5744	

-10	 0.5021	 -10	 0.5656	

0	 0.4606	 0	 0.5461	

10	 0.4247	 10	 0.5264	

20	 0.3952	 20	 0.5263	

33	 0.3961	 33	 0.5203	

39	 0.3907	 39	 0.5292	

  

Divergence	X:	0.0031	 Divergence	Y:	0.0011	

Figure	A3-5:	Defined	divergence	of	both	x	and	y.	The	figure	shows	the	divergence	in	both	x	and	y	
directions	for	one	of	the	measured	energies—100	MeV.	
	

	

Table	A3-2	shows	all	of	the	spot	parameters	for	each	of	the	measured	energies	that	have	

been	defined	and	entered	into	the	spotcalib	file.	The	value	of	divergence	1	for	the	energies	

between	100	and	215	MeV	 is	divergence	y,	whereas	 the	value	of	divergence	1	 for	 the	

energies	between	220	and	226.7	MeV	is	divergence	x.	
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Table	A3-2:	defiles	of	calculated	spotcalib	file	parameters	

No.	
Energy	

[MeV]	

Range	

[mm]	

Peak	width	

[mm]	
HC	 VC	

Sigma	Effective	

[mm]	
Divergence	1	 Divergence	2	

1	 100	 76.3	 2.9	 0.000000	 5.867635	 2.52718	 0.00110	 0.00310	

2	 105	 83.2	 3.2	 0.000000	 5.214121	 2.58494	 0.00100	 0.00270	

3	 110	 90.3	 3.4	 0.000000	 5.044964	 2.43952	 0.00110	 0.00280	

4	 115	 97.7	 3.7	 0.000000	 4.963847	 2.30308	 0.00100	 0.00280	

5	 120	 105.3	 3.9	 0.000000	 4.489889	 2.35506	 0.00100	 0.00240	

6	 125	 113.2	 4.2	 0.000000	 4.330405	 2.27980	 0.00090	 0.00210	

7	 130	 121.4	 4.5	 0.000000	 4.338921	 2.15854	 0.00090	 0.00220	

8	 135	 129.8	 4.8	 0.000000	 3.937632	 2.15018	 0.00100	 0.00200	

9	 140	 138.4	 4.9	 0.000000	 3.358123	 2.25794	 0.00110	 0.00190	

10	 145	 147.2	 5.2	 0.000000	 3.503107	 2.09445	 0.00100	 0.00180	

11	 150	 156.4	 5.7	 0.000000	 3.506258	 2.02787	 0.00100	 0.00180	

12	 155	 165.7	 5.8	 0.000000	 3.591309	 1.87635	 0.00100	 0.00180	

13	 160	 175.3	 6.1	 0.000000	 3.109853	 1.93107	 0.00100	 0.00180	

14	 165	 185.1	 6.5	 0.000000	 2.986944	 1.87653	 0.00110	 0.00190	

15	 170	 195.1	 6.5	 0.000000	 2.709828	 1.89409	 0.00100	 0.00180	

16	 175	 205.4	 6.8	 0.000000	 2.380776	 1.91761	 0.00100	 0.00180	

17	 180	 215.9	 7.1	 0.000000	 2.449806	 1.80110	 0.00090	 0.00190	

18	 185	 226.6	 7.2	 0.000000	 2.431197	 1.73540	 0.00090	 0.00190	

19	 190	 237.6	 7.6	 0.000000	 2.269468	 1.70027	 0.00080	 0.00190	

20	 195	 248.8	 7.8	 0.000000	 2.183919	 1.65904	 0.00080	 0.00190	

21	 200	 260.2	 7.9	 0.000000	 2.030298	 1.64885	 0.00080	 0.00190	

22	 205	 271.8	 8.1	 0.000000	 1.965278	 1.61536	 0.00070	 0.00210	

23	 210	 283.6	 8.2	 0.000000	 1.839721	 1.61214	 0.00060	 0.00220	

24	 215	 295.7	 8.2	 0.000000	 1.635433	 1.74428	 0.00060	 0.00250	

25	 220	 308.0	 8.5	 0.251118	 0.000000	 2.50344	 0.00270	 0.00060	

26	 225	 320.5	 8.4	 1.690169	 0.000000	 2.05192	 0.00290	 0.00050	

27	 226.7	 324.8	 8.5	 2.284794	 0.000000	 1.82160	 0.00290	 0.00060	
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Appendix	4:	Problems	identified	in	the	evaluated	
proton	treatment	planning	systems	

During	the	project,	a	number	of	problems	were	found	in	the	evaluated	planning	systems.	

Some	of	these	problems	were	solved,	but	there	are	other	problems	not	yet	solved.	

The	most	important	issues	with	Pinnacle	TPS:	

• It	 has	 been	 found	 in	 Pinnacle3,	 that	 there	 is	 no	 dose	 for	 the	 first	 2	mm	 of	 the	

phantom/patient	along	the	depth	direction,	which	means	that	the	dose	is	shifted	2	

mm	from	the	surface	in	the	depth	direction.	

• The	dose	voxel	weights	are	not	symmetrical	around	isocentre	of	one	single	spot.	

• The	 depth	 dependent	 sigma	 (σz)	 changed	 with	 depth	 as	 a	 result	 of	 multiple	

Coulomb	 scattering.	 The	 calculated	 σz	 at	 the	maximum	 range	 of	 the	measured	

sigma	in	air	and	the	computed	σz	at	the	maximum	range	of	each	nominal	energy,	

in	both	lateral	directions,	decreases	from	100	to	140	MeV	and	then	increases.	This	

happens	 for	 all	 TPSs	 in	 the	 water	 phantom	 except	 Pinnacle.	 For	 Pinnacle,	 σz	

decreases	 from	 100	 to	 140	MeV	 then	 increases,	 only	 at	 maximum	 range	 in	 y-

direction.	Whereas	in	the	x-direction	at	maximum	range,	σz	starts	increasing	from	

100MeV.	Pinnacle	does	not	follow	the	measurements	or	any	of	the	other	TPSs.	

• The	plan	DICOM	file	does	not	include	some	of	the	treatment	plan	information.	

• The	plan	DICOM	file	sorts	the	beam	layer	details	starting	from	the	proximal	side	

instead	of	starting	from	the	distal	side.	

• The	SFUD	plan	tools	do	not	work.	SFUD	plans	have	to	be	made	manually	with	each	

beam	optimised	individually.		

• The	default	spot	spacing	is	based	on	the	spot	size	in	air,	whereas	it	should	be	based	

on	the	spot	size	in	the	medium	according	to	Multiple	Coulomb	scattering.	

• The	system	places	spots	outside	of	the	target	volume	(target	+	margin).	
	

After	 informing	the	manufacturer	about	the	problems	above,	 the	 first	 five	problems	 in	

Pinnacle	have	been	solved,	whereas	the	latter	three	problems	remain	unsolved.	Pinnacle	

PBS	is	still	in	the	development	stage	and	has	not	been	released	yet.	
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For	RayStation	TPS:	

• The	system	places	spots	outside	of	the	target	volume	(target	+	margin).	

• During	the	beam	validation,	the	results	show	that	the	spot	shapes	in	RayStation	

TPS,	as	a	result	of	beam	modelling,	are	round/circular	spot.	Input	measured	data	

shows	that	they	should	be	elliptic.	

For	Eclipse	TPS:	

• The	layer	spacing	value	in	Eclipse	is	a	constant	value	per	beam,	but	it	should	be	a	

variable	 value	 for	 each	 nominal	 energy	 layer.	 Otherwise,	 the	 layer	 with	 lower	

energy	will	have	a	hot	spot	and	higher	energies	layers	will	have	cold	spots.	

• The	default	spot	spacing	in	Eclipse	is	based	on	the	spot	size	in	air	(as	with	Pinnacle	

TPS).	

For	XiO	TPS:	

No	technical	problems	have	been	found	in	XiO,	but	the	system	has	a	few	problems:	

• PBS	plans	made	with	a	3D	auto	margin	add	spots	up	to	10mm	from	the	volume.	

There	are	no	tools	to	add	or	edit	these	margins	and	there	is	no	way	to	know	the	

value/size	 of	 the	 auto	 margin	 used	 without	 analysing	 the	 plan	 DICOM	 file.	

However,	if	the	plan	shows	that	the	auto	margin	is	insufficient,	and	there	is	a	need	

to	extend	 the	margin,	a	new	volume	can	be	created	within	3D	margin	 from	the	

original/primary	spot	volume.	The	primary	spot	volume	can	be	the	plan	target	or	

plan	target	+	margin,	and	then	used	as	a	new/replicable	spot	volume	for	a	specific	

beam	or	whole	plan.	

• XiO	TPS	only	operates	using	a	32-bit	operating	system	and	plan	calculations	can	

only	be	computed	on	one	core,	even	if	the	PC	has	4	cores.	This	affects	the	planning	

time.	The	optimisation	process	took	up	to	2	hours	with	2.5	mm	calculation	grid	

size.	

• XiO	TPS	has	no	tools	to	optimise	SFUD	plans	like	other	TPSs.	Each	beam	has	to	be	

optimised	separately.	As	this	is	the	only	way	to	obtain	SFUD	plans	in	XiO	this	also	

increases	the	planning	time.	

• XiO	TPS	does	not	provide	standard	image	modelling	and	contouring	tools.	Elekta	

provide	its	customers	with	a	separate	contouring	system,	named	Focal	4D.	

During	 the	 proton	 PBS	 beam	 validation	 (for	 both	 depth	 dose	 curves	 and	 lateral	 spot	

profiles),	XiO	matched	more	closely	to	the	measured	input	data	compared	to	other	TPSs.	

XiO	 TPS	 uses	 the	 input	 beam	data	 in	 dose	 calculation	 instead	 of	 using	 the	 fitted	 data	

compared	to	the	other	TPSs.	
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