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ABSTRACT	

Recently,	there	has	been	an	increase	in	the	number	of	proton	beam	therapy	(PBT)	centers	oper-
ating	worldwide.	For	certain	cases,	proton	beams	have	been	shown	to	provide	dosimetric	and	
radiobiological	 advantages	when	 used	 for	 cancer	 treatment,	 compared	 to	 the	 regular	 photon-
beam	based	treatments.	Under	ideal	circumstances,	the	dose	given	to	the	tissues	surrounding	a	
target	can	be	reduced	with	PBT.	The	risk	for	side	effects	following	treatment	is	then	expected	to	
decrease.	Until	present,	mainly	stationary	targets,	e.g.	targets	in	the	brain,	have	been	treated	with	
PBT.	There	is	currently	a	growing	interest	to	treat	also	target	volumes	in	other	parts	of	the	body	
with	PBT.	However,	there	are	sources	of	uncertainties,	which	must	be	more	carefully	considered	
when	PBT	is	used,	especially	for	PBT	carried	out	with	scanned	proton	beams.	PBT	is	more	sensi-
tive	to	anatomical	changes,	e.g.	organ	motion	or	a	variable	gas	content	 in	the	 intestines,	which	
requires	that	special	precautions	are	taken	prior	to	treating	new	tumour	sites.	In	photon	beam	
radiotherapy	(RT)	of	moving	targets,	the	main	consequence	of	organ	motion	is	the	loss	of	sharp-
ness	of	the	dose	gradients	(dose	smearing).	When	scanned	proton	beams	are	used,	dose	defor-
mation	caused	by	the	Zluctuations	in	the	proton	beam	range,	due	to	varying	tissue	heterogeneities	
(e.g.,	the	ribs	moving	in	and	out	of	the	beam	path)	and	the	so-called	interplay	effect,	can	be	ex-
pected	to	impact	the	dose	distributions	in	addition	to	the	dose	smearing.	The	dosimetric	uncer-
tainties,	if	not	accounted	for,	may	cause	the	planned	and	accurately	calculated	dose	distribution	
to	be	distorted,	compromising	the	main	goal	of	RT	of	achieving	the	maximal	local	disease	control	
while	accepting	certain	risks	for	normal	tissue	complications.		

Currently	there	is	a	lack	of	clinical	follow-up	data	regarding	the	outcome	of	PBT	for	different	
tumour	sites,	in	particular	for	extra-cranial	tumour	sites	in	moving	organs.	On	the	other	hand,	the	
use	of	photon	beams	for	this	kind	of	cancer	treatment	is	well-stablished.	A	treatment	planning	
comparison	between	RT	carried	out	with	photons	and	with	protons	may	provide	guidelines	for	
when	PBT	could	be	more	suitable.	New	clinical	applications	of	particle	beams	in	cancer	therapy	
can	also	be	transferred	from	photon-beam	treatments,	for	which	there	is	a	vast	clinical	experience.	
The	evaluation	of	the	different	uncertainties	inZluencing	RT	of	different	tumour	sites	carried	out	
with	photon-	and	with	proton-beams,	will	hopefully	create	an	understanding	for	the	feasibility	of	
treating	cancers	with	scanned	proton	beams	 instead	of	photon	beams.	The	comparison	of	 two	
distinct	RT	modalities	is	normally	performed	by	studying	the	dosimetric	values	obtained	from	the	
dose	 volume	histograms	 (DVH).	However,	 in	dosimetric	 evaluations,	 the	outcome	of	 the	treat-
ments	in	terms	of	local	disease	control	and	healthy	tissue	toxicity	are	not	estimated.	In	this	regard,	
radiobiological	models	can	be	an	indispensable	tool	for	the	prediction	of	the	outcome	of	cancer	
treatments	performed	with	different	types	of	 ionising	radiation.	 In	this	thesis,	different	 factors	
that	should	be	taken	into	consideration	in	PBT,	for	treatments	inZluenced	by	organ	motion	and	
density	heterogeneities,	were	studied	and	their	importance	quantiZied.	
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This	thesis	consists	of	three	published	articles	(Articles	I,	II	and	III).	In	these	reports,	the	do-
simetric	 and	 biological	 evaluations	 of	 photon-beam	 and	 scanned	 proton-beam	 RT	 were	 per-
formed	and	the	results	obtained	were	compared.	The	studies	were	made	 for	 two	tumour	sites	
inZluenced	by	organ	motion	and	density	changes,	gastric	cancer	(GC)	and	liver	metastases.	For	the	
GC	cases,	the	impact	of	changes	in	tissue	density,	resulting	from	variable	gas	content	(which	can	
be	observed	inter-fractionally),	was	also	studied.	In	this	thesis,	both	conventional	fractionations	
(implemented	in	the	planning	for	GC	treatments)	and	hypofractionated	regimens	(implemented	
in	the	planning	for	the	liver	metastases	cases)	were	considered.	In	this	work,	it	was	found	that	
proton	therapy	provided	the	possibility	 to	reduce	the	 irradiations	of	 the	normal	 tissue	 located	
near	the	target	volumes,	compared	to	photon	beam	RT.	However,	the	effects	of	density	changes	
were	found	to	be	more	pronounced	in	the	plans	for	PBT.	Furthermore,	with	proton	beams,	the	
reduction	of	the	integral	dose	given	to	the	OARs	resulted	in	reduced	risks	of	treatment-induced	
secondary	malignancies.		
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1 INTRODUCTION	

1.1 BACKGROUND	

Immediately	after	the	discovery	of	x-rays	by	W.K.	Röntgen	in	the	year	1895	(Röntgen,	1895),	the	
medical	use	of	this	kind	of	radiation	was	suggested	(Tracy,	1897).	Only	a	few	months	later,	x-rays	
were	used	for	the	production	of	 images	 in	medicine	(Tracy,	1897;	Sternbach	and	Varon,	1993;	
Robison,	1995).	One	year	 later,	 the	x-rays	could	be	used	 for	 treatment	of	some	dermatological	
malignancies	(Robison,	1995).	Initially,	the	x-ray	energies	used	for	therapy	were	low	(around	200	
keV).	With	such	low	energies,	successful	treatments	of	superZicial	organs	could	be	provided.	These	
low-energy	beams	were	attenuated	to	a	large	degree	before	reaching	larger	depths	in	tissue.	This	
fact	made	the	low	energy	x-rays	beams	unsuitable	for	treatment	of	lesions	deeply	located	in	the	
body.	Developments	in	accelerator	technology	and	isotope	production	later	in	the	20th	century	led	
to	the	introduction	of	high	energy	(megavoltage)	photons	in	radiotherapy,	which	remedied	some	
of	these	problems.	External	photon-beam	therapy	is	today	a	standardized	form	of	cancer	care	and	
is	most	commonly	carried	out	with	beam	energies	between	1	MeV	and	20	MeV.	The	 intensity-
modulated	irradiation	techniques	have	also	been	introduced	as	standard	methods	in	the	clinic.	
These	methods	 have	 enabled	more	 conformal	 treatments	 of	 disease	 located	 close	 to	 sensitive	
structures.		

High-energy	heavy	charged	particles	were	available	for	research	for	the	Zirst	time	after	the	in-
vention	of	cyclotron	in	1929	by	Ernest	Lawrence.	The	use	of	proton	beams	for	radiotherapy	(RT)	
was	suggested	by	Robert	Wilson	in	1946	(Wilson,	1946),	based	on	the	depth-dose	characteristics	
of	proton	beams.	The	Zirst	patient	treatment	with	proton	beams	was	performed	in	1954,	using	the	
340-MeV	synchrocyclotron	at	the	Lawrence	Berkeley	Laboratory	(Lawrence,	1957;	Marks	et	al.,	
2010).	The	Zirst	patients	had	metastatic	breast	cancer	disease	and	received	irradiation	of	the	pi-
tuitary	gland	(Lawrence,	1957;	Lawrence	et	al.,	1958).	The	treatments	were	performed	with	340	
MeV	proton	beams	(the	range	 in	tissue	was	approximately	63	cm).	A	cross-Ziring	technique,	 in	
which	the	dose	given	to	the	target	volume	was	in	the	plateau	region	of	the	depth-dose	curve,	was	
used.	In	Europe,	the	Zirst	patient	treatment	using	proton	beams	was	done	in	1957	with	the	185-
MeV	synchrocyclotron	at	the	Gustaf	Werner	Institute	(Uppsala,	Sweden,)	(Larsson	et	al.,	1959).		

Today,	proton-beam	therapy	(PBT)	is	an	increasingly	used	form	of	radiation	treatment	world-
wide	(Jermann,	2015).	The	potential	advantages	of	PBT,	compared	to	x-ray	therapy,	include	an	
improved	target	dose	conformity,	which	leads	to	an	improved	sparing	of	the	surrounding	healthy	
tissues.	This	could	result	in	reduced	frequencies	of	early	and	late	side	effects,	sometimes	observed	
after	treatments	of	different	tumour	sites	(Paganetti,	2012;	Yock	and	Caruso,	2012).	The	proton	
beams	have	a	 Zinite	range	 in	tissue	and	a	sharp	dose	gradient	(fall-off)	 is	produced	behind	the	
targeted	 disease.	 While	 these	 characteristics	 enable	 selectivity	 in	 the	 treatment	 with	 proton	
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beams,	 it	causes	on	the	other	hand,	an	 increased	sensitivity	to	anatomical	changes	and	patient	
setup	uncertainties.		

One	of	the	main	sources	of	treatment	delivery	uncertainties	in	PBT	is	organ	motion	(described	
in	section	2.2.1),	in	particular	for	the	PBT	delivered	with	the	spot-scanning	technique.		For	this	
reason,	PBT	of	tumours	located	in	organs	inZluenced	by	organ	motion,	e.g.,	thorax	and	abdomen,	
are	still	challenging	to	perform.	Another	source	of	uncertainty	in	PBT	delivery	is	the	inter-fraction	
variation	of	the	internal-organ	disposition,	e.g.	gas	Zilling	(described	in	section	2.2.2).	It	introduces	
tissue-density	changes	which	cause	Zluctuations	in	the	proton	range.	The	impact	of	the	uncertain-
ties	introduced	by	anatomical	changes	remains	an	issue,	despite	the	advances	made	in	the	strate-
gies	used	for	their	mitigation.	Different	strategies	are	being	used	for	organ	motion	mitigation	in	
current	clinical	practice.	These	strategies	include	motion	minimization,	e.g.,	by	breath-hold	and	
abdominal	pressure,	the	use	of	internal	margins,	gating,	tracking,	re-scanning	and	adaptive	ther-
apy.	Apart	from	keeping	under	control	the	uncertainties	present	during	the	RT	process,	it	is	also	
important	to	perform	treatment-planning	studies	to	evaluate	the	advantages	of	new	RT	modali-
ties,	compared	to	the	standard	method	used	in	the	clinic.	Different	clinical	scenarios	should	be	
investigated	for	which	the	strength	of	either	treatment	choice	is	made	clear.		

1.2 PHYSICAL	CHARACTERISTICS	OF	PHOTON-	AND	PROTON-BEAMS	

The	possible	interaction	mechanisms	for	a	speciZic	type	of	ionizing	radiation	determine	the	pat-
tern	of	the	dose	deposition	in	matter.	In	a	macroscopic	description,	the	photon	interactions	with	
matter	are	characterised	by	beam	attenuation,	scatter	and	a	decrease	of	the	beam	intensity	with	
the	distance	from	the	source	(according	to	the	inverse	square	law).	The	most	important	interac-
tion	mechanisms	of	photon	beams,	regarding	the	energy	deposition	in	matter,	are	photoelectric	
effect,	Compton	scattering	and	pair	production.	In	these	three	interaction	mechanisms,	energy	of	
the	primary	photons	is	transferred	to	orbital	electrons,	secondary	photons	and	to	electron-posi-
tron	pairs.	The	produced	secondary	photons	continue	to	transfer	their	energy	to	matter.	The	pro-
duced	electrons	and	positrons	are	responsible	for	the	majority	of	ionizations	and	excitations	in	
matter.	The	x-ray	interaction	processes	result	 in	a	depth-dose	distribution	characterized	by	an	
entrance	dose	followed	by	a	build-up	region	that	extends	to	the	depth	where	the	maximum	dose	
is	produced,	e.g.,	for	a	Zield	size	of	5	x	5	cm2	the	depth	of	maximum	dose	deposition	in	water	is	2.5	
cm	 for	 10	MV	photons	 (Podgorsak,	 2006)).	 Beyond	 the	 depth	 of	 dose	maximum,	 the	 dose	de-
creases	exponentially	with	increasing	depth	in	matter	(Figure	1A).		

In	contrast	to	photons,	protons	are	heavy	charged	particles	with	a	rest	mass	of	1.6727.10-24	g	
(938.3	MeV/c2)	and	a	charge	of	1.602.10-19	C.	When	traversing	matter,	protons	undergo	inelastic	
Coulomb	interactions	with	orbital	electrons,	Coulomb	interactions	with	atomic	nucleus	and	nu-
clear	reactions.	Proton	Coulomb	interactions	with	atomic	nucleus	are	mainly	elastic	interactions	
and	result	in	the	proton	changing	its	direction	along	the	trajectory,	due	to	the	large	mass	of	the	
nucleus	(resulting	in	the	so-called	multiple	Coulomb	scattering).	Inelastic	interactions	of	protons	
with	the	atomic	nucleus	can	result	 in	nuclear	reactions	and	Bremsstrahlung	production.	 In	the	
nuclear	reactions,	the	incident	proton	enters	the	nucleus,	which	then	results	in	the	emission	of	a	
proton,	deuteron,	triton,	heavier	ions	or	neutrons	and	gamma	rays.	The	contribution	from	inelas-
tic	proton	 interactions	with	 the	atomic	nucleus	 in	 the	energy	deposition	 in	matter	 is	very	 low.	
Furthermore,	Bremsstrahlung	production	in	the	energy	range	used	in	RT	is	negligible.	
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Inelastic	Coulomb	interactions	of	protons	with	orbital	electrons	are	the	main	mechanism	of	
proton-dose	deposition	in	matter.	Due	to	the	large	mass	of	protons,	in	comparison	with	electrons,	
the	dose	is	deposited	mainly	through	ionization	of	orbital	electrons.	The	Coulomb	collisions	with	
orbital	electrons	are	accompanied	by	small	energy	transfers	to	the	electrons	along	the	nearly	rec-
tilinear	proton	path	in	tissue.	The	maximum	energy	transfer	occurs	at	the	end	of	the	proton	range	
in	the	so-called	Bragg	peak.	The	Bragg	peak	is	the	hallmark	of	the	dose	distributions	produced	by	
heavy	charged	particles,	including	protons.	The	proton	beams	produce	a	depth-dose	proZile	which	
is	characterized	by	a	substantial	entrance	dose	which	then	increases	slowly	until	it	reaches	a	max-
imum	dose	at	the	depth	where	the	Bragg	peak	is	located,	close	to	its	maximum	range.	Beyond	this	
maximum	range,	the	dose	drops	to	zero	(Figure	1B).	The	range	of	charged	particles	depends	on	
the	particle	type,	initial	kinetic	energy	and	on	the	density	of	the	material	through	which	it	passes.	
For	example,	proton	beams	of	initial	energy	230	MeV	have	a	range	of	around	33	cm	in	water	(ICRU,	
1993;	Gottschalk,	2012),	while	for	heavier	ions,	such	as	carbon	ions,	much	higher	kinetic	energies	
per	nucleon	are	required	to	reach	this	depth	in	water	(Owen,	Lomax	and	Jolly,	2016).		

	

Figure	1.	Depth	dose	proZiles	in	water	for	proton	beams	(A)	and	proton	beams	(B).	In	A,	the	depth	dose	proZile	of	one	
6	MV	photon	beam	(green	curve)	and	the	proZile	of	two	parallel	opposed	6	MV	beams	(red	curve)	are	presented.	In	B,	
14	monoenergetic	proton	beams	(energies	between	176	and	200	MeV)	and	one	5.2	cm	wide	spread-out	Bragg	peak	
(black	curve)	produced	using	these	monoenergetic	beam	are	displayed.		

For	clinical	applications,	Bragg	peaks	produced	by	protons	of	different	monoenergetic	(pris-
tine)	energies	are	used	to	irradiate	a	target	with	a	certain	extension	in	depth.	Weighting	factors	
are	then	determined	for	the	different	energies	used	with	the	objective	of	producing	a	high	and	
uniform	 target	 dose,	 which	 is	 conformal	 to	 the	 tumour,	 the	 so-called	 spread-out	 Bragg	 peak	
(SOBP).	The	creation	of	a	SOBP	will	cause	increased	doses,	proximal	to	the	target,	compared	to	
the	depth-dose	curve	for	a	monoenergetic	proton	beam,	as	illustrated	in	Figure	1B.		

1.3 MODES	OF	PHOTON-	AND	PROTON-BEAM	TREATMENT	DELIVERY	

Photon	beams	used	for	cancer	treatment	are	produced	in	linear	accelerators,	in	which	electrons	
are	accelerated	to	high	kinetic	energies	and	then	collide	in	a	high	atomic-number	target	material	
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(e.g.,	 Tungsten,	 Tantalum,	 Copper)	 to	 generate	 bremsstrahlung	 radiation.	 Photon-beam	treat-
ments	can	be	given	with	three-dimensional	conformal	radiotherapy	(3D-CRT),	intensity-modu-
lated	radiation	therapy	(IMRT)	or	volumetric	modulated	arc	therapy	(VMAT)	techniques.	In	3D-
CRT	the	plan	optimization	is	performed	manually,	using	the	forward	planning	concept.	Different	
beam-setup	parameters	are	chosen	by	the	planner	and	the	resulting	dose	distribution	 is	calcu-
lated	in	a	trial-and-error	fashion.	In	IMRT,	contrary	to	3D-CRT,	inverse	planning	is	used.	In	inverse	
planning,	the	desired	dose	distributions	in	the	target	volume	and	the	dose	limits	of	the	surround-
ing	tissues	are	speciZied	in	terms	of	objective	functions	and	normal	tissue	constraints,	before	the	
dose	calculation	begins.	A	computer	optimization	is	then	performed	in	such	a	way	that	the	beam-
setup	parameters,	to	reach	the	speciZied	objectives,	are	calculated.	The	beam	intensity	is	modu-
lated	for	all	beam	elements	with	the	aim	of	delivering	high	doses	to	the	target	volume	while	min-
imizing	the	doses	given	to	the	surrounding	healthy	tissues.	Recent	developments	in	photon-beam	
RT	delivery	methods,	e.g.	 the	VMAT	 technique,	have	enabled	more	 conformal	 treatments	with	
substantial	 reductions	of	 the	doses	given	 to	 the	 tissues	surrounding	 the	 target	volume.	VMAT,	
which	was	formerly	known	as	intensity	modulated	arc	therapy	(IMAT),	can	be	considered	as	an	
advanced	form	of	IMRT,	with	which	the	dose	is	delivered	during	one	or	multiple	360-degree	gan-
try	rotations.			

Proton	beams	which	are	currently	used	for	cancer	treatment	are	generated	in	cyclotrons	or	in	
synchrotrons	 (Schippers,	2016).	The	beam-delivery	can	be	performed	with	either	 the	passive-
scattering	or	the	active-scanning	method.	In	passive-scattering	systems,	a	scattering	foil	(or	two,	
in	case	of	larger	Zields)	is	used	to	produce	a	wider	cross	section	of	the	beam	area	with	a	uniform	
Zluence	of	protons.	The	proton	beam	is	then	laterally	shaped	by	using	two-dimensional	collima-
tors,	in	close	analogy	to	photon	treatments	(Pedroni,	1994).	The	beam	modulation	in	depth,	nec-
essary	 to	 create	 the	 SOBP,	 is	 performed	 by	 positioning	 a	 variable-range	 shifter	 in	 the	 beam	
(Pedroni,	2000).	The	addition	of	Bragg	peaks	shifted	in	depth	and	appropriately	weighted	yields	
a	uniform	dose	(Slopsema,	2012).	With	the	active	scanning	systems,	on	the	other	hand,	a	narrow	
pencil-beam	is	moved	laterally	(in	the	transversal	plane)	by	means	of	magnetic	deZlection.	A	var-
iable	range	modulation	(Pedroni,	2000)	is	performed	along	the	longitudinal	direction	of	the	beam	
(in	depth).	When	using	cyclotrons,	this	can	be	done	by	placing	a	degrader	immediately	after	the	
beam	has	been	extracted	 from	the	accelerator	or	by	using	beam	modifying	devices	(fast	range	
shifter	or	modulator)	before	the	patient	 in	the	treatment	nozzle	(Schippers,	2016).	The	proton	
range	is	then	adjusted,	as	a	function	of	the	beam	position	in	both	transverse	directions,	to	cover	
the	target.		

The	passive	scattering	technique	was	the	Zirst	proton	therapy	delivery	technique	implemented	
in	the	clinic.	It	requires	the	use	of	beam-	and	patient-speciZic	hardware,	e.g.	scattering	foils	and	
collimators,	which,	in	turn,	are	sources	of	additional	patient	doses	proximal	to	the	target.	There	is	
also	 a	 neutron	 production	 in	 these	 beam	modiZiers	which	 should	 be	 taken	 into	 consideration	
(Schneider	et	al.,	2002;	Schneider	and	Hälg,	2015).	This	hardware	is	not	required	for	dose	delivery	
with	the	spot-scanning	technique,	which	therefore	allows	increased	protection	of	the	organs	at	
risk	(OARs)	from	unnecessary	doses.	The	sparing	of	the	OARs	with	the	active-scanning	method	is	
also	enhanced	due	to	its	capability	for	variable	range	modulation.	With	the	spot	scanning	method,	
the	delivery	of	intensity	modulated	proton	therapy	(IMPT)	(Lomax,	1999)	is	possible.	However,	
the	active-scanning	method	is	highly	sensitive	to	organ	motion	(Bert	and	Durante,	2011),	in	con-
trary	to	the	passive	scattering	technique.	
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1.4 RADIOBIOLOGICAL	CONSIDERATIONS	FOR	PHOTON-	AND	PROTON-BEAMS	

The	speciZic	interaction	properties	of	the	different	types	of	ionizing	radiation	can	make	their	ra-
diobiological	effect	different	from	that	of	standard	photon	beams.	To	take	this	difference	into	ac-
count,	the	concept	of	relative	biological	effectiveness	(RBE)	was	introduced.	The	RBE	is	deZined	
as	the	ratio	between	the	dose	of	a	reference	radiation,	generally	60Co	gamma	rays	or	250	kVp	x-
rays,	to	the	dose	of	a	selected	type	of	radiation,	which	produce	the	same	biological	endpoint.	For	
proton	beams,	a	generic	RBE	value	of	1.1	has	been	proposed	by	the	ICRU	(ICRU,	2007).		This	RBE	
value	has	been	accepted	in	current	standard	practice	for	proton	therapy.					

In	 studies	performed	 in	vitro	 and	 in	vivo,	 it	has	been	demonstrated	 that	 the	RBE	of	proton-
beams	is	not	constant	(Paganetti	et	al.,	2002).	Despite	this	fact,	the	proton	dose	is	prescribed	in	
60Co	equivalent	Gy,	assuming	a	constant	RBE	value	of	1.1.	In	an	extensive	review	of	experimental	
and	clinical	data,	Paganetti	et	al.	(Paganetti	et	al.,	2002)	described	the	dependence	of	the	proton-
RBE	on	the	linear	energy	transfer	(LET),	tissue,	endpoint,	and	dose	per	fraction.	The	RBE	increases	
with	decreasing	dose	and	with	increasing	LET	(for	proton	LET	values	relevant	in	current	clinical	
practice)	(Hall	and	Giaccia,	2012).	For	clinical	proton	beams	a	monotonous	RBE-LET	relationship	
is	observed.	Thus,	the	determination	of	the	LET	will	also	give	a	description	of	the	RBE	of	proton	
beams.	For	proton	beams,	the	microscopic	LET	calculation	is	more	meaningful	(Grassberger	et	al.,	
2011).	Therefore,	the	dose-averaged	LET	can	be	determined	by	considering,	in	the	voxel	level,	all	
the	contributions	from	the	different	particles	contributing	to	the	dose	deposition.		

The	 dose-averaged	 LET	 (LETd)	 increases	with	 depth	 towards	 the	 end	 of	 the	 proton	 range,	
reaching	values	higher	than	5	keV/µm	(Grassberger	et	al.,	2011).	This	leads	to	an	increase	in	the	
proton	RBE	with	depth	along	 the	SOBP,	which	also	causes	 the	biological	effective	range	of	 the	
proton	beams	to	increase	with	a	few	millimetres,	beyond	the	distal	edge	of	the	SOBP	(Paganetti	
and	Goitein,	2000).	The	fast	increase	in	the	LETd,	and	hence	in	the	RBE,	beyond	the	distal	edge	of	
the	 SOBP	 is	 caused	 by	 the	 LETd	 contribution	 of	 the	 created	 secondary	 protons	 in	 this	 region	
(Grassberger	and	Paganetti,	2011;	Grassberger	et	al.,	2011).	This	fact	raises	concerns	when	the	
distal	edge	of	the	proton	beams	is	positioned	adjacent	to	risk	organs.		

Different	models,	with	which	a	variable	RBE	can	be	predicted,	have	been	proposed.	These	mod-
els	were	derived	based	on	the	linear	quadratic	(LQ)	model	as	starting	point	(Dale	and	Jones,	1999;	
Wilkens	and	OelZke,	2004;	Wedenberg,	Lind	and	Hårdemark,	2013;	McNamara,	Schuemann	and	
Paganetti,	2015).	The	survival	fraction	after	photon-	and	proton-beam	irradiation	is	then	equated,	
i.e.,	

𝛼𝐷 + 𝛽𝐷% = 𝛼'(𝐷'( + 𝛽'(𝐷'(% 																																																												(1)	

In	equation	(1),	𝛼	and	𝛽	are	the	LQ	model	parameters	corresponding	to	the	proton	irradiation	
with	dose	D	and	𝛼'(	and	𝛽'(	are	the	LQ-model	parameters	for	the	irradiation	with	photon	dose	
Dph.	Solving	equation	(1)	 for	photon	dose	and	using	 the	deZinition	of	RBE,	 the	LQ-model	based	
estimation	of	RBE	can	be	obtained	as	follows,	
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Carabe-Fernandez	et	al.	 (Carabe-Fernandez,	Dale	and	 Jones,	2007;	Carabe	et	al.,	2012),	pro-
posed	a	model	which	describes	the	RBE	dependence	on	the	LETd,	proton	dose	and	on	the	tissue	
radiosensitivity	described	by	 𝛼 𝛽 4 ,	which	is	the	 𝛼 𝛽 	of	the	reference	radiation,	i.e.,	photons.	
This	model	was	derived	under	the	assumptions	that	the	asymptotic	proton-RBE	values,	i.e.,	the	
maximum	value	of	the	RBE	when	the	dose	per	fraction	approaches	0	Gy	(denoted	RBEmax)	(Dale	
and	Jones,	1999),	and	the	minimum	value	(denoted	RBEmin),	at	large	doses	per	fraction	(Carabe-
Fernandez,	Dale	and	Jones,	2007),	are	linear	functions	of	LETd,	with	a	slope	depending	inversely	
on	 𝛼 𝛽 4 .			

In	the	RBE	model	proposed	by	Wedenberg	et	al.	(Wedenberg,	Lind	and	Hårdemark,	2013),	the	
proton-RBE	is,	in	analogy	with	the	Carabe	et	al.	model,	a	function	of	proton	dose,	LETd	and	 𝛼 𝛽 4 .	
In	this	model,	the	quadratic	parameter	of	the	LQ-model,	β	,	was	considered	independent	of	LETd,	
while	there	is	a	linear	relationship	between	the	LQ-model	parameter,	α	,	and	the	LETd,	with	the	
slope	being	dependent	on	 𝛼 𝛽 4 .	The	dependence	of	𝛽	on	LET	is	unclear.	However,	the	depend-
ence	is	known	to	be	weak,	compared	to	the	dependence	of	the	linear	parameter	of	the	LQ	model	
on	the	LET,	for	LET	levels	used	in	RT	(Wilkens	and	OelZke,	2004).	McNamara	et	al.	(McNamara,	
Schuemann	and	Paganetti,	2015)	proposed	a	RBE-model,	in	which	a	linear	relationship	between	
RBEmax	 and	 LETd	 is	 assumed,	 while	 RBEmin	 is	 assumed	 to	 depend	 on	 𝛼 𝛽 4 	.	 Most	 recently,	
Mairani	et	al.	(Mairani	et	al.,	2017),	proposed	an	RBE-model	which	accounts	not	only	for	the	bio-
logical	effects	of	primary	and	secondary	protons,	but	also	for	the	biological	effect	of	the	secondary	
heavier	particles	produced,	i.e.,	deuterons,	tritons	and	He	fragments.	

The	RBE	for	critical	normal	tissues	is	of	great	concern	because	it	is	used	for	predicting	the	nor-
mal	tissue	complication	probability	(NTCP)	in	radiotherapy.	Nevertheless,	the	current	RBE	mod-
els	are	based	on	the	tumour	cell	survival	with	respect	to	tumour	control	probability	(TCP).	These	
RBE	models	are	also	used	for	assessing	NTCP	due	to	the	lack	of	clinical	data.	However,	the	increase	
in	 the	 use	 of	 proton	 therapy	 will	 provide	 new	 clinical	 data,	 which	 will	 add	 to	 the	 current	
knowledge	of	the	radiobiological	effect	of	proton	beams.	In	the	radiobiological	studies	performed	
in	 the	 accompanying	 articles	 of	 this	 thesis,	 the	 constant	RBE	 value	 proposed	 by	 ICRU	was	as-
sumed,	since	it	is	the	widely	used	in	current	clinical	practice	for	proton	therapy.	However,	we	are	
considering	the	use	of	a	variable	RBE	in	our	ongoing	studies	which	are	continuations	of	the	work	
presented	in	this	thesis.	

In	radiation	protection,	the	different	biological	effects	produced	by	different	types	of	ionizing	
radiation	are,	in	general,	taken	into	consideration	by	using	radiation	weighting	factors.	This	pro-
cedure	was	also	suggested	by	the	international	commission	on	radiation	protection	(ICRP).	In	this	
context,	a	radiation-weighting	factor	of	2	has	been	recommended	for	proton	beams	(ICRP,	2007).				

1.5 AIM	OF	THIS	THESIS	

The	aim	of	this	thesis	work	was	to	investigate	the	possibility	to	improve	the	sparing	of	the	OARs	
with	the	use	of	modern	scanned	proton-beam	RT	techniques,	compared	to	standard	photon-beam	
based	therapy,	for	the	treatment	of	targets	in	the	abdomen	inZluenced	by	organ	motion	and	tissue-
density	 changes.	 The	 dosimetric	 and	 radiobiological	 evaluations	 of	 proton-	 and	 photon-beam	
treatment	plans	were	therefore	carried	out	and	the	results	obtained	with	the	two	treatment	mo-
dalities	were	compared.			 	
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2 RADIOTHERAPY	OF	UPPER	GI	CANCERS	

2.1 GASTROINTESTINAL	CANCERS	IN	THE	UPPER	ABDOMEN	

Gastrointestinal	 (GI)	 cancers	 encompass	 cancers	 in	 the	GI	 tract,	 i.e.,	 cancers	 originating	 in	 the	
esophagus,	stomach,	liver,	gallbladder,	pancreas,	biliary	system,	small	and	large	intestines	(or	co-
lon	and	rectum)	and	anus.	Most	of	the	cancers	arising	in	the	GI	tract	are	highly	inZluenced	by	inter-	
or	intra-fraction	anatomical	changes.	In	this	thesis,	the	current	clinical	use	of	photon-beams	and	
the	potential	use	of	scanned	proton	beams	in	radiotherapy	of	gastric	cancer	and	liver	metastasis	
were	evaluated.		

2.1.1 Liver	malignancies	

Liver	cancer	is	the	second	leading	cause	of	cancer-related	death	worldwide,	being	the	Zifth	most	
prevalent	cancer	type	for	men	and	the	ninth	for	women	(Ferlay	et	al.,	2015).	Primary	malignancies	
in	the	liver	include	the	hepatocellular	carcinoma	(HCC),	intrahepatic	cholangiocarcinoma,	cystad-
enocarcinoma	and	primary	sarcoma	(Edge	et	al.,	2010).	Of	these,	the	HCC	is	the	most	common,	
accounting	for	85	-	90	%	of	the	primary	liver	malignancies	(Lafaro,	Demirjian	and	Pawlik,	2015).	
The	main	mode	of	metastatic	dissemination	of	primary	liver	cancer	is	via	the	hepatic	veins.	The	
lungs	and	bones	are	the	most	common	sites	of	metastatic	spread	(Edge	et	al.,	2010).	Furthermore,	
liver	is	the	most	common	site	of	metastatic	spread	for	several	malignancies,	mainly	from	primary	
GI	tumours	(Brodt,	2011).	In	this	context,	around	50	%	of	colorectal	cancer	patients	will	be	diag-
nosed	with	metastatic	spread	to	the	liver	(Wiering	et	al.,	2008;	Tan	et	al.,	2014).	The	metastatic	
disease	in	the	liver	accounts	for	more	than	90	%	of	the	malignant	lesions	diagnosed	in	the	liver	
(Khandani,	2008).	

Diagnosis	of	liver	malignancies	is	generally	made	with	one	or	a	combination	of	the	following	
methods:	 histopathology,	 analysis	 of	 serum	 biomarkers	 and	 anatomical	 imaging	 techniques	
(Llovet,	Burroughs	and	Bruix,	2003).	Biopsy	is	only	performed	in	case	the	radiologic	studies	do	
not	result	 in	conclusive	results	due	to	 the	risk	of	needle	 track	seeding.	Radiological	modalities	
used	for	diagnosis	include	ultrasonography,	computed	tomography	(CT),	magnetic	resonance	im-
aging	(MRI)	and	angiography.	Helical	CT	and	contrast-enhanced	MRI	are	considered	to	be	the	best	
diagnosis	techniques	(Llovet,	Burroughs	and	Bruix,	2003).	Furthermore,	contrast-enhanced	MRI	
has	been	shown	to	be	more	accurate	than	x-ray	CT	studies	(Jankowski	and	Hawk,	2013).	Besides	
the	anatomical	imaging	techniques,	the	use	of	functional	imaging,	such	as	positron-emission	to-
mography	(PET),	in	combination	with	CT	and/or	MRI	increases	the	sensitivity	and	speciZicity	in	
the	detection	of	liver	lesions.		
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Liver	resection	is	a	therapeutic	modality	which	presents	better	outcomes	in	treating	colorectal	
liver	oligo-metastases	and	primary	 liver	cancer	 (Wiering	et	al.,	2008).	However,	most	patients	
(approximately	70-90	%)	are	not	eligible	for	liver	resection	(Scorsetti,	Clerici	and	Comito,	2014)	
due	to	poor	liver	function.	Other	treatment	techniques	include	chemotherapy,	transarterial	che-
moembolization,	 radiofrequency	ablation	and	hormonal	 therapy,	presenting	promising	control	
rates	for	the	cases	when	curative	surgery	is	unfeasible	(due	to	poor	liver	reserve)	(Hung,	2005;	Di	
Carlo,	2014).	For	these	cases,	focal	ablative	RT	using	stereotactic	body	radiation	therapy	(SBRT)	
has	been	reported	to	achieve	maximal	control	rates	with	minimal	liver	complications.	The	devel-
opment	of	radiation-induced	liver	disease	(RILD)	limits	the	use	of	RT	of	liver	lesions.	However,	
the	liver	may	tolerate	high	therapeutic	doses,	provided	that	the	dose	is	delivered	to	a	limited	vol-
ume	of	the	liver	(Dawson	et	al.,	2002).	Based	on	this	principle,	it	has	been	possible	to	deliver	ab-
lative	doses	to	treat	limited	volumes	of	the	liver	using	SBRT.	Hoyer	et	al.	(Høyer	et	al.,	2012)	re-
ported	1-	and	2-year	 local-control	rates	between	70-100	%	and	60-90	%,	respectively,	 in	their	
study	of	SBRT	for	liver	metastases.	These	control	rates	are	comparable	to	the	best	results	obtained	
with	radiofrequency	ablation.	The	use	of	proton	beams	to	 further	spare	the	remaining	healthy	
part	of	the	liver	(the	most	critical	organ	in	RT	of	liver	malignancies),	may	potentially	produce	bet-
ter	therapeutic	outcomes	after	these	treatments.	In	Article	I,	an	improved	sparing	of	the	OARs	
was	obtained	with	IMPT-based	radiosurgery,	compared	to	photon-beam	based	SBRT	(Mondlane	
et	al.,	2016).		

In	current	clinical	practice,	external	photon-beam	RT	of	 liver	metastases	 is	performed	with	
low-dose	whole-liver	radiotherapy	(WLRT)	or	with	a	radiosurgery	approach	for	tumour	ablation	
in	a	hypofractionated	setting	(Høyer	et	al.,	2012).	The	former	treatment	is	performed	for	cases	of	
diffuse	liver	metastases	with	the	goal	of	symptom	relief	to	improve	the	quality	of	life	of	the	patient.	
The	aim	of	the	latter	treatment	is	to	improve	the	survival	rates	when	treating	oligo-metastases	in	
the	 liver.	Furthermore,	selected	patients,	generally	with	 large	tumours,	can	be	treated	with	RT	
delivered	with	a	conventional	fractionated	regimen	(Dawood,	Mahadevan	and	Goodman,	2009;	
Høyer	et	al.,	2012).	Ablation	of	liver	metastases	using	external	beam	RT	is	often	performed	using	
the	SBRT	technique.	The	safe	delivery	of	very	large	doses	per	fraction	in	SBRT	requires	effective	
patient	immobilization	and	precise	target	localization		(Martin	and	Gaya,	2010).	It	is	achieved	by	
the	use	of	an	external,	well-deZined	three-dimensional	coordinate	system,	the	stereotactic	body	
frame,	sometimes	combined	with	CT	imaging	of	the	target	volume	in	the	treatment	room	imme-
diately	before	the	treatment.	The	stereotactic	body	frame	was	developed	by	Lax	et	al.	(Lax	et	al.,	
1994).	The	method	used	to	position	this	frame	is	similar	to	that	used	to	position	the	frame	em-
ployed	for	intracranial	radiosurgery	with	the	gamma	knife.	With	SBRT,	high	doses	can	be	deliv-
ered	to	extracranial	targets	located	in	different	parts	of	the	body,	e.g.,	the	liver,	in	a	few	fractions.		

Recently,	additional	means	of	patient	positioning	and	motion	reduction	are	being	used	in	the	
clinic.	These	 include,	controlled	breath	hold,	gating	and	tracking.	 In	addition	to	that,	 the	target	
delineation	can	be	done	in	different	breathing	phases	using	four-dimensional	CT	(4D-CT)	studies.	
The	ITV	concept	is	then	used	to	account	for	the	target	motion.	With	the	recent	advances	made	in	
IGRT,	the	daily	changes	of	the	target	position	and	shape	can	be	monitored	using	different	imaging	
techniques	(Vautravers-Dewas	et	al.,	2011;	Høyer	et	al.,	2012;	Aitken	and	Hawkins,	2015).		Gen-
erally,	the	doses	administrated	in	SBRT	are	between	30	and	60	Gy,	given	in	1	to	6	fractions	(Høyer	
et	al.,	2012).	For	the	patients	included	in	the	studies	by	Mondlane	et	al.	(Mondlane	et	al.,	2016,	
2017a)	(Articles	I	and	III),	the	prescribed	doses	were	between	40	and	51	Gy,	given	in	between	5	
and	8	fractions.	
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2.1.2 Gastric	cancer	

Gastric	cancer	is	the	Zifth	most	common	cancer	type	and	the	third	leading	cause	of	cancer	death	
worldwide	for	both	sexes	according	to	the	2012	GLOBOCAN	cancer	statistics	(Ferlay	et	al.,	2015).	
It	accounts	for	8	%	of	the	total	cancer	cases	and	10	%	of	the	cancer	deaths	worldwide	(Nasrabadi	
et	al.,	2014).	Ninety	percent	of	the	stomach	cancers	are	adenocarcinomas	which	can	be	further	
divided	into	intestinal	and	diffuse	types.	The	remainder	are	mainly	lymphomas	(up	to	8	%)	and	
leiomyosaromas	(1	–	3	%)	(Cassidy	et	al.,	2002;	Van	Cutsem	et	al.,	2016).	Diffuse	carcinomas	are	
poorly	differentiated	and	occur	throughout	the	stomach.	The	intestinal	type	gastric	cancer	is	ul-
cerative	and	well	differentiated.	It	is	often	originating	in	the	distal	part	of	the	stomach	(Nyren	and	
Adami,	2002).	

Endoscopy	and	biopsy	are	still	the	gold	standards	in	the	diagnosis	of	gastric	cancers	(Jankowski	
and	Hawk,	2013).	Abdominal	CT	studies	with	Barium	as	contrast	agent	have	been	used	for	radio-
logical	 diagnosis	 and	 staging	 of	 gastric	 cancer.	 Another	 radiological	 modality	 that	 can	 be	im-
portant	 to	 assess	 early	 outcome	 of	 neoadjuvant	 chemotherapy	 is	 18-Zluorodeoxyglucose	 PET	
(18FDG-PET)	(Jankowski	and	Hawk,	2013).	18FDG-PET	also	plays	an	important	role	in	the	detec-
tion	of	distant	metastases	(Podoloff	et	al.,	2009)	arising	from	primary	GC.	Because	most	of	the	GC	
cases	are	diagnosed	at	later	stages,	this	disease	has	a	poor	prognosis	and	hence,	a	high	mortality	
rate.	Only	a	limited	number	of	therapeutic	options	are	available.	

The	modalities	available	for	the	treatment	of	resectable	GC	include	surgery	and	a	number	of	
adjuvant	therapies,	such	as	peri-	and	post-operative	chemotherapy,	postoperative	radiotherapy,	
perioperative	 chemoradiotherapy,	 perioperative	 targeted	 radiotherapy	 (Jankowski	 and	 Hawk,	
2013;	Gubanski,	2015).	Surgery	is	the	main	curative	modality	of	choice.	However,	for	cases	of	non-
resectable	GC,	chemotherapy	plays	an	important	role	(Glimelius	et	al.,	1997;	Janunger	et	al.,	2001;	
Gubanski	et	al.,	2010).	The	role	of	chemoradiotherapy	has	been	evidenced	in	the	SWOG-directed	
Intergroup	0116	trial,	in	which	an	overall	survival	of	9	months	was	reported	(Macdonald	et	al.,	
2001).	Based	on	the	results	of	this	trial,	the	combination	of	chemoradiotherapy	after	surgery	is	
being	studied	 in	 the	ongoing	CRITICS	 trial	 (Dikken	et	al.,	2011)	 in	Europe	 in	which	GC	patient	
undergo	perioperative	chemoradiotherapy.	The	GC	patients,	included	in	the	studies	presented	in	
this	thesis	(Article	II),	take	part	in	the	CRITICS	trial	and	they	received	RT	delivered	with	photon	
beams.		

Typically,	a	total	prescription	dose	of	45	Gy,	given	in	25	fractions	of	1.8	Gy	each,	is	used	in	RT	
of	GC	(Smalley	et	al.,	2002;	Wieland	et	al.,	2004;	Leong	et	al.,	2005;	Morganti	et	al.,	2013;	Dionisi	
et	 al.,	 2014;	 Gubanski,	 2015;	 Namysł-Kaletka	 et	 al.,	 2015).	 	 However,	 Namysl-Kaletka	 et	 al.	
(Namysł-Kaletka	et	al.,	2015)	reported	that	the	total	dose	was	increased	to	50.4	Gy	for	R1	resec-
tion	cases	with	a	microscopic	 inZiltrating	margin.	The	RT	delivery	has	 initially	been	performed	
using	two	opposing	Zields,	also	known	as	the	anteriorposterior/posterioranterior	(AP/PA)	setup,	
following	the	results	of	the	Intergroup	0116	trial.	Multi-Zield	setup	with	3D-CRT	has	been	reported	
to	improve	both	the	target	dose-coverage	and	the	sparing	of	the	OARs	(Leong	et	al	2005).	This	
setup	has	also	been	suggested	by	Smalley	and	co-authors	(Smalley	et	al.,	2002)	for	cases	that	the	
preoperative	CT	was	available	for	guidance	in	the	deZinition	of	the	target	volume.	IMRT	has	been	
shown	to	create	a	better	target	dose	conformity	while	further	reducing	the	dose	given	to	critical	
structures	(Dionisi	et	al.,	2014).		
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The	target	delineation	for	GI	cancers	is	generally	based	on	the	results	obtained	in	clinical	trials,	
mainly	the	Intergroup	0116	study.	In	the	study	by	Macdonald	et	al.	(Macdonald	et	al.,	2001),	the	
PTV	consisted	of	 the	 tumour	bed	deZined	using	CT	studies	performed	with	barium	as	contrast	
agent,	regional	lymphatic	nodes	and	volumes	located	2	cm	beyond	the	proximal	and	distal	mar-
gins	of	resections.	Another	method	which	 is	used	 to	derive	 the	 target	volume	 in	RT	of	GC	was	
suggested	in	the	study	by	Smalley	et	al.	(Smalley	et	al.,	2002).	The	location	of	the	regional	failure	
after	surgical	resection	deZines	the	areas	to	be	posteriorly	irradiated;	these	areas	include	the	tu-
mour	bed,	the	anastomosis	or	stumps	and	the	regional	 lymphatics.	 In	the	most	recent	CRITICS	
trial,	 the	CTV	 included	 the	 tumour	bed,	 anastomosis	 and	 regional	 lymph	nodes	 (Dikken	et	 al.,	
2011).	The	PTV	was	then	delineated	by	expanding	the	CTV	with	10	mm	in	all	directions.	As	for	the	
case	of	liver	metastases,	the	use	of	IGRT	and	adaptive	approaches	is	crucial	for	the	success	of	RT	
of	GC.	These	methods	may	help	to	decrease	the	effects	of	geometric	variations	(organ	motion	and	
set-up	errors)	during	the	intra-	and	inter-fractional	delivery	of	the	radiation	dose.	

Radiotherapy	of	GC	involves	the	irradiation	of	a	large	target	volume.	The	feasibility	of	using	
proton	beams	in	adjuvant	treatment	of	GC	has	been	evaluated	in	a	static	setting	in	a	previous	study	
(Dionisi	 et	 al.,	 2014).	 However,	 GC	 RT	 is	 affected	 by	 intra-fraction	 respiratory	 motion,	 daily	
changes	in	the	disposition	of	the	organs	in	the	abdomen	and	also,	changes	in	the	density	of	the	
contents	of	the	stomach	itself.	These	effects	will	inZluence	the	outcome	of	RT	of	GC	when	using	
scanned	proton	beams.	In	the	study	presented	in	Article	II	(Mondlane	et	al.,	2017b),	SFUD	proton	
therapy	plans	were	found	to	improve	the	sparing	of	the	OARs	when	used	in	a	static	setting,	com-
pared	to	the	dose	distributions	obtain	in	the	VMAT	plans.	However,	the	introduction	of	density	
changes	in	the	planning-CT	studies	affected	the	dose	distributions	produced	with	the	proton	plans	
more	than	those	obtain	with	the	VMAT	plans.		

2.2 CHALLENGES	IN	RADIOTHERAPY	OF	GI	CANCERS	

Radiotherapy	of	GI	cancers	is	challenging	to	perform,	even	when	using	photon	beams.	This	is	due	
to	the	physiological	changes	(organ	motion,	changes	in	the	organ	Zillings	or	in	the	shape	and	size	
of	 the	 target	volume),	which	occur	within	 the	patient	during	 the	dose	delivery	of	one	 fraction	
and/or	changes	occurring	between	fractions.		Despite	the	challenges,	as	presented	in	section	2.1,	
the	photon-beam	RT	has	been	playing	an	important	role	in	the	RT	of	GI	cancers.	Proton	RT	is	even	
more	sensitive	to	different	sources	of	uncertainties	that	may	be	present	in	different	stages	of	the	
RT	Zlow	process.		

2.2.1 Impact	of	organ	motion	

Proton	beams	are	affected	by	intra-fractional	changes	caused	by	involuntary	organ	motion.	This	
makes	proton	therapy	of	tumours	located	in	moving	organs,	e.g.,	liver,	challenging.	Organ	motion	
is	the	source	of	interplay	effects	(Phillips,	1992),	dose	blurring,	and	dose	deformation	caused	by	
the	density	variations	(Engelsman,	Schwarz	and	Dong,	2012;	De	Ruysscher	et	al.,	2015).	These	
three	effects	are	also	present	during	photon	RT	of	moving	 targets	 (Bortfeld,	 Jiang	and	Rietzel,	
2004).	 In	 photon-dose	 delivery,	 the	 dose	 blurring	 is	 the	 dominant	 issue	 (Bortfeld,	 Jiang	 and	
Rietzel,	2004)	while	in	PBS	(IMPT	speciZically),	it	is	the	interplay	effect	(Engelsman,	Schwarz	and	
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Dong,	2012).	While	dose	deformation	and	dose	blurring	are	independent	of	the	proton	beam	de-
livery	technique,	i.e.,	it	is	present	when	using	both	the	passive-scattering	and	PBS	method	(Bert	
and	Durante,	2011;	De	Ruysscher	et	al.,	2015),	 the	 interplay	effect	 is	speciZic	 issues	 for	PBS	of	
moving	targets.		

Eliminating	simultaneously	 these	 three	unwanted	consequences	of	organ	motion	 is	still	not	
possible	in	the	clinic	(Engelsman,	Schwarz	and	Dong,	2012).	Motion	mitigation	strategies	include	
the	use	of	margins,	gating	(Furukawa	et	al.,	2007;	Lu	et	al.,	2007),	dose	repainting	or	rescanning	
(Zenklusen,	Pedroni	and	Meer,	2010;	Knopf,	Hong	and	Lomax,	2011),	tracking	(Murphy,	2004),	
motion	minimization	 (e.g.,	 breath	hold,	 abdominal	pressure)	 and	 robust	planning	 (Engelsman,	
Schwarz	 and	 Dong,	 2012).	 Albeit	 tumour	 tracking	 or	motion	minimization	 alone	 are	 the	 best	
methods	 for	 removing	 simultaneously	 the	 three	 negative	 effects	 of	 organ	motion	 (Engelsman,	
Schwarz	and	Dong,	2012),	a	combination	of	the	different	strategies	may	more	efZiciently	mitigate	
these	effects.	For	example,	in	the	study	by	Zhang	et	al.	(Zhang	et	al.,	2015),	a	combination	of	gating	
and	rescanning	was	shown	to	better	preserve	the	dose	homogeneity	for	targets	in	the	liver,	com-
pared	to	when	gating	or	scanning	alone	were	used.	

The	interplay	effect	refers	to	the	degradation	of	the	dose	distribution	caused	by	the	motion	of	
a	target	relative	to	the	dynamic	dose-delivery	of	the	pencil	beam.	This	effect	was	Zist	observed	by	
Phillips	(Phillips,	1992)	in	his	study	of	the	effects	of	organ	motion	on	the	target-dose	homogeneity	
when	using	the	PBS	technique.	The	interplay	effect	can	be	addressed	by	means	of	multiple	rescan-
ning,	motion	minimization	and	tumour	tracking.	The	interplay	effect	is	not	mitigated	by	adding	
lateral	margins	(Engelsman,	Schwarz	and	Dong,	2012).	Instead,	the	use	of	lateral	margins	helps	to	
improve	the	dose	coverage	of	the	clinical	target	volume	(CTV),	but	not	the	quality	of	dose	distri-
bution	(i.e.,	good	target-dose	homogeneity).	Other	treatment-speciZic	strategies	for	mitigation	of	
the	 interplay	 effect	 in	 PBS	 include	 the	use	 of	 conventional	 fractionation,	 larger	 spot	 sizes	 and	
smaller	spot	spacing	(Phillips,	1992;	Dowdell	et	al.,	2013;	Grassberger	et	al.,	2013).	Conventional	
fractionation	acts	in	analogy	with	multiple	rescanning	(Dowdell	et	al.,	2013).	When	the	dose	is	
delivered	in	a	single	fraction	or	in	hypofractionated	regimens,	the	target	motion	can	deteriorate	
the	dose	homogeneity	in	the	target.	On	the	other	hand,	when	the	dose	is	delivered	in	several	frac-
tions,	the	hot	and	cold	spots	which	are	present	in	individual	fractions	add	up,	producing	accepta-
ble	overall	dose	homogeneity	in	the	target.	The	use	of	larger	spot	sizes	reduces	the	interplay	effect	
as	 the	dose	 from	adjacent	 spots	 can	overlap	 laterally,	 removing	 the	dose	heterogeneities.	 The	
drawback	of	this	strategy	is	that	the	use	of	larger	pencil-beam	spot	sizes	results	in	reduced	dose	
gradients	at	the	edge	of	the	target.		

The	dose	blurring	refers	to	the	loss	of	sharpness	of	the	dose	gradients	due	to	target	motion	
(Bortfeld,	Jiang	and	Rietzel,	2004).	This	results	in	enlargements	of	the	penumbra	at	the	edges	of	
the	beam.	This	effect	can	also	be	observed	inter-fractionally,	if	treatment	setup	errors	or	changes	
in	the	organ	disposition	occur	between	the	delivery	of	single	fractions.	Dose	blurring	is	the	small-
est	of	the	three	motion-related	effects	(Bert	and	Durante,	2011)	and	can	be	better	mitigated	by	
means	of	motion	minimization	and	tracking	(Engelsman,	Schwarz	and	Dong,	2012).	The	use	of	
margins	and	robust	planning	may	also	address	 this	 issue.	However,	multiple	rescanning	 is	not	
effective	in	the	mitigation	of	the	dose	blurring	(Knopf	and	Lomax,	2014).		

Dose	deformation,	on	the	other	hand,	is	related	to	the	Zluctuation	of	the	proton	range	due	to	
changes	in	the	tissue	density	along	the	beam	path.	It	can,	for	example,	be	caused	by	the	bony	struc-
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tures,	e.g.,	ribs,	moving	in	and	out	the	beam	path.	More	will	be	discussed	about	the	dose	defor-
mation	in	the	following	section	2.2.2.	Due	to	the	Zinite	range	of	proton	beams,	the	effects	of	organ	
motion	may	be	pronounced	if	there	are	variations	in	tissue	heterogeneities	along	the	beam	path	
(Lomax,	2008).	The	further	development	of	image-guided	radiation	therapy	(IGRT)	(Jaffray,	2012;	
Shimizu	et	al.,	2014;	Mori	et	al.,	2016)	and	of	adaptive	therapy	will	help	to	reduce	systematic	er-
rors	and	to	improve	the	mitigation	of	the	overall	effects	of	organ	motion.			

2.2.2 Impact	of	varying	density	heterogeneities	

Variations	in	tissue	heterogeneities	can	occur	intra-fractionally	due	to,	for	example,	organ	motion	
or	inter-fractionally	due	to	different	factors	such	as	setup	errors	and/or	changes	in	the	organ	dis-
position	and	Zilling.	A	Zluctuating	density	in	the	proton	beam	path	enhances	the	range	uncertain-
ties	(Lomax,	2008),	resulting	in	a	degradation	of	the	dose	distribution,	in	particular	at	the	distal	
edge	of	the	SOBP	(Sawakuchi	et	al.,	2008).	In	a	planning	study	of	gastric-cancer	RT,	performed	
with	photon-	and	proton-beams,	Mondlane	et	al.	(Mondlane	et	al.,	2017b)	(Article	II)	showed	that	
the	introduction	of	water-like	material	within	the	abdomen,	replacing	gas	cavities,	caused	an	un-
der-dosage	of	the	PTV	in	the	proton	plans.	 It	was	also	reported	that	there	was	an	extension	of	
proton	beam	ranges	into	the	normal	tissue,	distal	of	the	target,	when	the	abdominal	air	cavities	in	
the	original	CT	sets	were	enlarged,	resulting	in	additional	doses	given	to	the	OARs.	On	the	other	
hand,	the	modiZications	of	the	planning	CT	sets	only	affected	the	corresponding	photon	plans	to	a	
minor	extent.	Figure	2	shows	two	worst-case	scenarios	of	dose	deformation,	due	to	varying	tissue	
densities.		

	

Figure	1.	Planned	dose	distributions	for	a	stomach-cancer	patient	are	shown.	The	impact	of	replacing	the	gas	cavities	
in	the	abdomen	by	water-equivalent	material,	or	expanding	the	air	cavities	by	1	cm,	on	the	calculated	dose	distributions	
are	shown.		The	dose	distributions	produced	with	the	photon	plan	are	displayed	above	the	corresponding	proton	plan	
for	each	scenario,	(a)	dose	distributions	calculated	on	the	original	CT	sets	(b)	dose	distributions	recalculated	on	CT	sets	
with	extra	air	Zilling	and	(c)	dose	distributions	calculated	for	CT	sets	with	extra	water	Zilling.	(from	(Mondlane	et	al.,	
2017b))	

In	 addition	 to	 tissue-density	 variations	 discussed	 previously,	 proton-beam	 speciZic	 factors,	
such	as	range	straggling	and	multiple	Coulomb	scattering	may	 lead	to	variations	 in	 the	proton	
range.	The	effects	of	density	variations	can	be	expected	to	be	more	enhanced	by	these	 factors.	
Goitein	and	Sisterson	(Goitein	and	Sisterson,	1978)	studied	the	inZluence	of	thick	slivers	of	bone	
in	tissue	on	the	proton-beam	propagation.	 	They	found	that	the	multiple	scattering	is	the	main	
source	of	degradation	of	the	Bragg	peak.	On	the	other	hand,	Urie	et	al.	(Urie	et	al.,	1986)	found	
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that,	 in	the	absence	of	multiple	Coulomb	scattering,	the	effect	of	density	heterogeneities	would	
only	cause	a	shift	of	the	position	of	the	Bragg	peak.	These	early	studies	on	the	consequences	of	
introduced	density	variations	in	the	proton	beam	path	were	performed	using	passively-scattered	
proton	beams.	The	spot-scanning	 IMPT,	 in	 turn,	makes	use	of	 incident	 Zields,	within	which	the	
proton	Zluence	is	variable.	This	will	augment	the	sensitivity	of	this	technique	to	density	heteroge-
neities	(Lomax,	2008).	These	uncertainties,	if	not	accounted	for,	can	cause	errors	in	the	treatment	
delivery.		
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3 TREATMENT	PLANNING	COMPARISON	

The	treatment	planning	is	one	of	the	steps	which	are	performed	prior	to	the	actual	treatment	in	
radiotherapy.	It	is	based	on	computer-based	treatment	simulation,	with	a	treatment	planning	sys-
tem	(TPS).	This	procedure	requires	information	of	the	patient	composition	data	and	of	the	beam	
produced	by	the	accelerator	used	for	treatment.	Most	of	the	TPS	use	CT	images	to	obtain	the	pa-
tient	material	composition.	However,	sometimes	the	CT	images	do	not	provide	sufZiciently	accu-
rate	anatomical	information,	e.g.,	soft	tissue	contrast	or	functional	information.	Thus,	other	imag-
ing	modalities,	e.g.,	MRI,	 ultrasonography	 and	PET,	 are	 sometimes	 also	used	 for	planning	pur-
poses.	The	delineation	of	the	structures	in	the	photon-beam	RT	planning,	which	include	the	OARs	
and	the	target	volume,	is	done	on	the	patient	images,	normally	by	following	the	recommendations	
by	 the	 ICRU	 (ICRU,	 1999,	 2010).	 However,	 for	 proton-beam	 planning	 (and	 for	 planning	 with	
heavy-ion	beams),	beam-speciZic	proximal	and	distal	margins	are	also	 required	 in	order	 to	ac-
count	for	the	additional	range	uncertainties	(ICRU,	2007).		

			When	optimizing	the	treatment	plans,	it	is	not	only	the	curative	goal	of	the	treatment	which	is	
emphasized,	but	normal	 tissue-constraints	are	also	used.	The	aim	of	 the	 treatment	planning	 is	
then	to	Zind	a	suitable	balance	in	the	trade-off	between	a	high	tumour	control	probability	and	a	
high	degree	of	sparing	of	the	OARs.	A	dosimetric	evaluation	of	the	treatment	plan	is	thereafter	
performed	to	verify	whether	the	treatment	plans	meet	the	clinical	requirements	before	it	is	used	
for	actual	treatment.	

3.1 DOSIMETRIC	COMPARISON	

In	the	treatment	planning	performed	for	PBT,	the	prescribed	dose	(and	the	dose	constrains	set	for	
the	healthy	tissues)	is	generally	stated	in	relation	to	a	reference	photon-beam	dose,	assuming	an	
RBE	value	of	1.1.	This	allows	to	perform	a	dosimetric	comparison	with	the	photon	plans,	since	the	
doses	are	normalized	to	the	Cobalt-Gy	equivalent.		

When	performing	a	pairwise	comparison	of	the	dose	distributions	calculated	with	treatment	
plans	for	two	competing	radiotherapy	modalities,	a	visual	comparison	can,	Zirst	of	all,	be	carried	
out.	This	allows	a	fast	analysis	of	the	differences	in	the	calculated	dose	distributions,	as	shown	in	
Figure	2	(section	2.2.2).	Quantitatively,	a	plan	comparison	can	be	performed	by	means	of	evalu-
ating	the	dose-volume	values,	found	in	the	DVHs,	for	the	OARs	and	the	target	volume	(Figure	3).	
Furthermore,	the	dose-volume	values	can	also	be	compared	with	recommended	threshold	values	
in	terms	of	clinical	outcome,	e.g.	the	QUANTEC	values	(Marks	et	al.,	2010)	which	are	related	to	
different	clinical	endpoints.	For	example,	 the	dose-volume	 limit	value	 for	observing	 the	classic	
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RILD	(at	a	rate	of	less	than	5	%),	after	radiotherapy	of	liver	metastases	with	a	hypofractionated	
dose	regimen,	is	Dmean	<	20	Gy	according	to	QUANTEC.		

	

Figure	3.	The	DVHs	determined	for	the	PTV	and	for	the	OARs	in	the	treatment	plans	prepared	for	a	stomach	cancer	
patient	planned	with	proton-beam	single-Zield	uniform	dose	(SFUD)	(full	 lines)	and	photon-beam	volumetric-modu-
lated	arc	therapy	(VMAT)	(dashed	lines).	

The	 dosimetric	 advantages	 of	 PBT,	 compared	 to	 photon-beam	 based	 RT,	 has	 been	demon-
strated	in	the	studies	presented	in	Articles	I,	II	and	III.	The	integral	doses	given	to	the	patients	
can	be	reduced	with	PBT,	compared	to	photon-based	treatments.	For	the	study	related	to	second-
ary	cancer	induction	(Article	III),	it	should	be	noted	that	the	dose	deposited	by	secondary	neu-
trons	is	not	included	in	the	dose	calculation	performed	with	most	commercial	TPSs,	as	used	in	this	
work.	On	the	other	hand,	the	dose	deposited	by	scattered	photons	in	photon	RT	is	not	accurately	
calculated	 (Howell	et	al.,	2010).	This	 leads	 to	non-negligible	uncertainties	 in	 the	calculation	of	
doses	and,	hence,	cancer	risks	for	the	organs	located	far	away	from	the	target	volume	in	the	eval-
uations	of	the	treatment	plans	prepared	for	photon-	and	proton-beam	therapy.	However,	the	neu-
tron	production	is	small	with	PBS	and	is	not	thought	to	be	of	major	concern.				

3.2 RISK	OF	RADIATION-INDUCED	SECONDARY	CANCERS	

Deterministic	effects	arising	from	clinical	exposure	to	ionizing	radiation	may	appear	short	after	
irradiation	(early	responding	tissues)	or	much	later	(late	responding	tissues).	These	deterministic	
effects	do	not	occur	if	a	threshold	dose	is	not	exceeded.	For	stochastic	effects,	such	as	radiation-
induced	secondary	cancers,	on	the	other	hand,	there	is	no	lower	threshold,	below	which	they	will	
not	 appear	 (ICRP,	2007).	Current	knowledge,	 regarding	 the	 incidence	of	 secondary	 cancers,	 is	
based	on	epidemiological	studies,	consisting	of	long-term	follow-up	of	populations	accidentally	
exposed	to	ionizing	radiation,	i.e.	A-bomb	survivor	studies	(Preston	et	al.,	2007;	Heidenreich	and	
Cullings,	2010).	These	studies	included	individuals	who	received	whole-body	irradiation	with	a	
mixture	 of	 different	 ionizing	 radiation	 types	 to	 low	doses.	 According	 to	 these	 studies,	 the	fre-
quency	of	secondary	cancers	was	found	to	be	higher	for	people	irradiated	at	younger	ages,	and	
this	frequency	decreases	with	increasing	age	at	the	time	of	irradiation.	However,	the	irradiation	
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pattern,	i.e.	whole-body	irradiation,	to	which	the	population	in	the	epidemiology	studies	were	ex-
posed,	differs	from	that	used	in	the	irradiations	of	RT	patients.	

				Currently,	there	is	not	enough	long-term	follow-up	data	available	for	patients	treated	with	mod-
ern	RT	techniques,	regarding	cancer-induction	in	different	organs.	Instead,	radiobiological	models	
may	play	an	important	role	to	assess	the	risk	of	cancer-induction	for	these	cases.	Different	mech-
anistic	and	phenomenological	models,	predicting	the	risk	of	radiation-induced	secondary	malig-
nancies,	have	been	proposed.	For	low	doses	(D	<<	1Gy),	a	linear	no-threshold	(LNT)	model	be-
tween	cancer-risk	and	dose	is	normally	assumed.	This	model	was	obtained	by	Zitting	a	linear	func-
tion	to	the	data	obtained	in	the	epidemiological	studies	(Figure	4).	However,	it	can	only	be	ex-
pected	to	be	valid	for	irradiations	with	low-doses	and	low	dose-rates.	Its	validity	in	the	RT	dose	
range	has	been	questioned.	The	LNT	model	does	not	consider	the	cell	sterilization	at	high	doses	
and,	therefore,	it	predicts	higher	cancer-risks	than	expected	(Daşu	et	al.,	2005;	Schneider	et	al.,	
2005).	Several	models	which	are	valid	also	in	high	dose	region	(relevant	for	RT),	have	been	pro-
posed	(UNSCEAR,	1993;	Davis,	2004;	Daşu	et	al.,	2005;	Sachs	and	Brenner,	2005;	Schneider	et	al.,	
2005;	Schneider,	2009).	These	models	predict	a	linear	dose-risk	dependence	at	low	doses	(Figure	
4).	At	high	doses,	some	of	these	models	predict	a	saturation	of	the	risk	with	increasing	dose	(the	
plateau	model),	while	other	models	predict	an	exponential	decrease	in	the	risk	with	increasing	
dose	(the	linear-exponential	or	bell-shaped	model),	Figure	4.	There	is	no	consensus	regarding	the	
superiority	of	one	model	over	another.		

	

Figure	4.	The	curves	show	the	three	distinct	dose-risk	relationships	for	radiation-induced	secondary	neoplasms	after	
radiotherapy.	One	of	them	predicts	a	linear	response	over	the	whole	dose	range	(red	curve).	A	plateau	model	(black	
curve)	and	the	bell-shaped	relationship	(blue	curve)	have	also	been	proposed.		

The	risk	of	radiation-induced	cancer	in	patients	receiving	RT	at	younger	ages	is	expected	to	be	
higher,	as	the	life	expectancy	for	these	patients	can	be	large	compared	to	the	time	required	for	the	
carcinogenesis	to	take	place	(Miralbell	et	al.,	2002).	Due	to	the	fact	that	protons	may	reduce	the	
integral	doses	given	to	patients	in	RT,	compared	to	the	photon-beam	RT,	it	has	been	suggested	
that	a	reduction	of	the	frequency	of	secondary-cancer	induction	can	be	achieved	with	PBT.	This	is	
an	issue	which	can	also	be	considered	in	treatment	planning	comparisons.	Due	to	the	reduction	
of	the	integral	doses	achievable	with	PBT,	a	potential	reduction	in	the	cancer	risks	was	estimated	
for	patients	treated	for	liver	metastases	with	photon-beam	based	SBRT	and	later	re-planned	with	
IMPT-based	radiosurgery.	This	study	is	presented	in	Article	III	(Mondlane	et	al.,	2017b).	When	
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including	the	contributions	from	doses	deposited	by	out-of-Zield	radiation	(neutrons	in	PBT	and	
scattered	 photons	 in	 photon	 RT),	 PBT	 still	 provided	 lower	 cancer-risks,	 compared	 to	photon-
beam	RT	(Schneider	et	al.,	2006;	Taddei	et	al.,	2010).	The	low	doses	deposited	by	these	out-of-
Zield	radiations	are	in	the	range	of	validity	of	the	linear	dose-response	relationship.		

As	mentioned	earlier,	different	models	predicting	the	frequency	of	secondary	cancers	follow-
ing	RT	have	been	proposed.	These	models	are	based	on	different	assumptions	regarding	the	bio-
logical	mechanisms	which	 lead	 to	 radiation-induction	 of	 cancer.	 In	 this	 thesis,	 the	 cancer-risk	
models	proposed	by	Schneider	et	al.	(Schneider	et	al.,	2005;	Schneider,	2009;	Schneider,	Sumila	
and	Robotka,	2011)	and	by	Dasu	and	co-authors	(Daşu	et	al.,	2005)	were	studied.	

	

The	Schneider	et	al.	model		

The	model	proposed	by	Schneider	and	co-authors	was	derived	from	a	deZinition	of	the	organ	ex-
cess	absolute	risk	(EARorg).	The	EARorg	can	be	obtained	from	the	product	of	the	organ	equivalent	
dose	(OED)	(Schneider	et	al.,	2005)	and	a	modifying	factor	which	is	dependent	of	both	the	age	at	
exposure	and	the	attained	age.	This	modifying	factor	is	of	importance	for	cases	in	which	the	eval-
uation	of	cancer-risk	 for	one	single	RT	technique	 is	performed.	However,	when	comparing	 the	
cancer-risks	produced	by	two	distinct	radiotherapy	modalities,	the	ratio	of	the	EARorg	can	be	de-
termined.	This	simpliZies	the	calculations	since	the	modifying	factor	can	be	divided	out,	if	the	risk	
is	determined	separately	for	each	radiotherapy	patient.	As	a	result,	the	ratio	of	the	risks	deter-
mined	for	two	radiotherapy	modalities	will	be	given	by	the	ratio	of	the	OEDs	for	a	given	organ.		

The	OED	can	be	determined	using	a	dose-response	relationship,	if	the	organ	DVH	is	known	in	
equation	(1),	

𝑂𝐸𝐷 = -
677

𝑣9×𝑅𝐸𝐷(𝐷9)9 																																																										(1)	

where,	the		𝑣9 	is	the	volume	of	the	ith	bin	of	the	DVH	receiving	dose	𝐷9 	and	𝑅𝐸𝐷(𝐷9)	is	the	dose-
response	relationship	for	the	risk	model.		

With	the	Schneider	et	al.	model,	 the	risks	of	 inducing	carcinomas	and	sarcomas	can	be	esti-
mated	with	two	distinct	mechanistic	models	(Schneider,	2009).	These	models	take	into	account	
the	cell-kill	at	high	doses	and	repopulation/repair	of	cells	between	two	dose-fractions.	The	mech-
anistic	model	describing	carcinoma	induction	is	presented	in	equation	(2).	From	this	expression	
three-distinct	dose-response	models	can	be	derived.	

𝑅𝐸𝐷 𝐷 = =>?@A

0@B
1 − 2𝑅 + 𝑅%𝑒0@. − (1 − 𝑅)%𝑒F

?@G
H>G. 																																			(2)	

where,	R	describes	the	repopulation/repair	of	the	tissue	between	two	dose	fractions.	The	value	
of	R	is	0	if	no	repair	occurs	and	1	if	full	repair	has	taken	place.	The	parameter	𝛼I	is	deZined	using	
the	LQ	model	and	is	proportional	to	the	number	of	cells	reduced	by	cell	killing	

𝛼I = 𝛼 + 𝛽𝑑9 = 𝛼 + 𝛽 .7
.K
𝑑L 																																																							(3)	

where	𝐷L 		and	𝑑L 		are	 the	 prescribed	dose	 and	 the	 corresponding	 dose	 per	 fraction,	 respec-
tively.	The	parameters	𝛼	and	𝛽	are	the	linear	and	quadratic	LQ-model	parameters,	respectively.		
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The	linear	dose	response	is	derived	from	equation	(2),	in	the	limit	of	low	doses,	i.e.	𝐷 → 0.	The	
dose-response	is	then	given	by	the	organ	mean	dose.	The	linear-exponential	dose-response	is	de-
rived	from	equation	(2)	by	completely	neglecting	the	repopulation/repair	effect,	i.e.	in	the	limit	of		
𝑅 → 0.	The	plateau	dose-response	relationship	is	derived	from	equation	(2),	by	considering	that	
complete	repopulation/repair	takes	place,	i.e.	in	the	limit	of	𝑅 → 1.	

The	mechanistic	model	describing	the	induction	of	sarcomas	is	given	in	equation	(4),	

𝑅𝐸𝐷 𝐷 = =>?@A

0@B
1 − 2𝑅 + 𝑅%𝑒0@. − 1 − 𝑅 %𝑒F

?@G
H>G. − 𝛼I𝑅𝐷 																			(4)	

To	account	 for	repopulation/repair	 in	the	mechanistic	model	describing	the	sarcoma	induc-
tion,	Schneider	et	al.	(Schneider,	2009)	used	different	values	of	the	parameter	R	(0.1,	0.5	and	1).	
In	Article	III,	a	value	of	R	of	0.1	was	used	to	describe	the	repopulation/repair	when	estimating	
the	induction	of	sarcomas	after	hypo-fractionation	RT	of	liver	metastases.	The	choice	of	this	value	
was	based	on	the	minimal	repair/repopulation	observed	in	the	overall	short	time	scale	of	treat-
ment	delivery	in	hypo-fractionated	RT.			

Using	the	Schneider	et	al.	model,	the	organ-speciZic	relative	carcinoma-	and	sarcoma-risks,	be-
tween	the	IMPT-based	radiosurgery	and	photon-beam	based	SBRT	of	liver	metastases	were	cal-
culated	 (Article	 III)	 (Mondlane	et	 al.,	 2017b).	Relative	 risks	which	were	below	unity	were	re-
ported	for	all	the	OARs	considered,	indicating	the	potential	of	proton	therapy	to	reduce	the	fre-
quency	of	induced	secondary	cancers.			

	

The	Dasu	et	al.	model		

The	Dasu	et	al.	 (Daşu	et	al.,	2005)	model	of	risk	assessment	 is	based	on	the	LQ	model	 for	cell-
survival.	The	Dasu-model	 is	based	on	 the	general	 equation	proposed	by	UNSCEAR	 (UNSCEAR,	
1993)	with	which	the	competition	between	cell	survival	and	mutation	induction	can	be	consid-
ered	over	the	whole	dose	range.	In	the	low	dose	region,	this	model	predicts	a	linear	increase	of	
risk	with	increasing	dose,	as	the	induction	of	mutations	is	more	predominant.	In	the	high	dose	
range,	on	the	other	hand,	the	cell-kill	is	dominant	and	the	model	predicts	an	exponential	decrease	
in	the	risk	with	increasing	dose.	This	results	in	a	bell-shaped	dose-response	relationship	(illus-
trated	in	Figure	4).	

The	Dasu	et	al.	model,	shown	in	equation	(5),	takes	both	the	treatment	fractionation	and	the	
heterogeneous	dose-distribution	in	the	irradiated	normal	tissues	into	account:		

𝑇𝑜𝑡𝑎𝑙	𝑟𝑖𝑠𝑘YZ[\] =
-
677

𝑣9× 𝛼-𝐷9 +
3H.7

^

]
×𝑒𝑥𝑝 − 𝛼%𝐷9 +

3^.7
^

]9 																	(5)	

where	𝑣9 	and	𝐷9 	are	deZined	as	for	equation	(1),	n	is	the	number	of	fractions,	the	parameters	
𝛼-		and	𝛽-		describe	 the	 induction	of	 carcinogenic	mutations	and	𝛼%		and	𝛽%		describe	 the	cell	sur-
vival	in	the	irradiated	organs.	The	parameter	𝛼-	is	the	organ-speciZic	age-	and	sex-averaged	risk-
coefZicient	for	cancer-induction,	given	by	ICRP	103	(ICRP,	2007).	The	𝛼-/𝛽-	parameter	for	the	in-
duction	of	mutations	is	uncertain.	In	the	study	by	Dasu	et	al.	(Daşu	et	al.,	2005),	the	parameter	𝛽-	
was	calculated	under	the	assumption	that	the	same	value	of	the	𝛼/𝛽	parameter	 is	valid	for	the	
induction	of	mutations	and	cell	survival.	Mondlane	et	al.	(Mondlane	et	al.,	2017b)	used	the	same	
assumption	in	their	study,	presented	in	Article	III.	 	
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4 SUMMARY	AND	OUTLOOK	

The	improved	sparing	of	the	OARs	that	can	be	achieved	with	proton	beams,	compared	to	photon	
beams,	has	been	used	as	the	rationale	for	the	clinical	implementation	of	proton	beams	in	cancer	
treatment.	However,	due	to	its	sensitivity	to	different	sources	of	uncertainties,	the	clinical	appli-
cations	of	proton	beams	have	been	limited	to	the	treatment	of	stationary	tumours.	The	use	of	PBS	
for	treatments	of	moving	targets	requires	implementation	of	advanced	methods,	aiming	to	mini-
mize	the	effects	of	anatomical	uncertainties.	However,	organ	motion	and	density	variations	in	the	
beam	path	remain	difZicult	issues	when	the	dose	is	delivered	with	the	spot-scanning	technique.	
Treatment	planning	studies,	using	static	3D-CT	image	stets,	do	not	provide	the	complete	infor-
mation	regarding	 the	 impact	of	organ	motion	and	density	variations	on	 the	dose	distributions	
produced	 in	the	target	volume	and	in	the	OARs.	Results	of	 the	treatment	planning	studies	per-
formed	in	the	accompanying	articles	clearly	indicated	the	importance	of	performing	an	evaluation	
which	includes	the	dynamic	setting	of	patient	imaging.	In	practice,	different	proton-therapy	spe-
ciZic	strategies	are	required	to	mitigate	the	effects	which	introduce	changes	in	the	dose	distribu-
tions.	In	this	context,	the	study	presented	in	this	thesis	will	be	continued,	and	4D	information	will	
be	included	to	determine	the	impact	of	organ	motion	to	the	dose	distributions	in	both	the	target	
volumes	and	in	the	OARs.		

The	studies	presented	in	this	thesis	were	performed	considering	a	generic	constant	value	of	
the	proton-beam	RBE.	The	consequences	of	disregarding	the	variable	RBE	have	been	described	
(Wedenberg	and	Toma-Dasu,	2014).	In	future	work	we	plan	to	perform	a	treatment	planning	com-
parison	which	 takes	 the	variable	RBE	 into	consideration	 for	 the	patient	groups	studied	 in	 this	
thesis.	This	will	help	to	better	quantify	the	side-effects	following	PBT	and	to	improve	the	quality	
of	the	comparisons	of	the	plans	prepared	for	photon-	and	proton-beam	therapy.	

The	search	for	an	optimal	method	for	RT	treatment	delivery,	demands	the	use	of	solid	criteria	
for	patient	selection,	based	on	the	clinical	experience.	This	may	also	include	ranking	between	dif-
ferent	RT	techniques	based	on	an	evaluation	in	terms	of	normal	tissue	toxicity	after	treatment	
with	different	RT	modalities.	However,	with	the	advent	of	modern	RT	techniques	in	the	cancer	
treatment,	there	is	still	a	lack	of	patient	follow-up	data,	which	can	provide	data	in	terms	of	the	
frequency	of	the	different	deterministic	side-effects	after	treatment.	Biological	modelling	can	po-
tentially	be	used	to	predict	different	outcomes	of	RT	and	overcome	this	 limitation.	Despite	the	
large	uncertainties	 in	 the	NTCP	parameters	which	can	be	used	 for	predicting	different	 clinical	
endpoints,	 the	continued	use	of	new	RT	modalities	 in	the	clinic	will	bring	more	 information	in	
terms	of	sensitivity	of	healthy	tissue	to	different	 types	of	 irradiations.	As	a	continuation	of	 the	
work	presented	in	this	thesis,	a	model-based	selection	of	patients	which	would	beneZit	more	from	
PBT	or	photon-beam	RT	will	be	investigated	for	the	tumour	sites	studied	in	this	thesis.			 	
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