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§  Target	Fragments	in	proton	beam	irradiaBon	(inverse	kin)	

§  ProjecBle	Fragments	in	Oxygen	beam	irradiaBon	(direct	kin)	

FOOT	MeeBng		-	Milano	30.11.16	
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T1.2:	OER	and	ITH	
modeling		

T4.3:	Detectors	for	beam	
flux	and	beam	energy	
measurement		

T1.1:	RBE	
modeling	for	
protons	

T2.1:		NTCP	models	
on	proton	paAent	
data	including	RBE		

T3.1:	Devices	for	
spaAally	resolved	proton	
RBE	measurement	

T4.1:	CNAO/TIFPA/LNS	
lines	development	for	
beam	delivering	

T2.2:	TCP/NTCP	
including	hypoxia	for	
different	ions	

T3.2:	Hypoxic,	Coculture	
and	Stem	cells		devices		

T3.3:	In	vivo	and	
Molecular	biomarkers	

T4.2:		MC	SimulaAons	for	
beamlines/target	
staAons	for	in	vitro/in	
vivo	exp		

oVe	IT	 Modeling	and	VerificaBon	for	Ion	
beam	Treatment	planning	



InteracBon	with	INFN	projects	

FOOT	
(CSN	III)	

MoVeIT	 MC-INFN	

Fragment	spectra	 FLUKA/GEANT4	tools	for	beamline	descripBon	

Radiobiological	models	for	plan	
recalculaBon	

Assessment	of	bio	impact	
and	input	for	experimental	design	

+	Feed	from	previous	related	projects:	TPS,	RDH,	UFSD	
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TRiP98	–	Biological	Based	Treatment	
planning	for	ParBcles	

01.02.17	 E.	Scifoni-RDH	MeeBng			

 The CNAO experimental room 
 

Oltre ai vincoli dettati dalla geometria dell’edificio esistente, al fine di inquadrare correttamente l’impianto 
esistente, è utile descrivere le caratteristiche dei fasci disponibili e la modalità in cui essi vengono 
abitualmente utilizzati. 

Il fascio del CNAO è estratto dal sincrotrone con una “estrazione lenta” di tipo risonante, che permette di 
distribuire le particelle accelerate su tempi dell’ordine del secondo. Tra la fine di uno spill e l’inizio del 
successivo, i magneti vengono portati fino al campo massimo, poi al campo minimo e infine riportati al 
valore corrispondente all’iniezione da cui inizia l’accelerazione del fascio successivo. Questo porta a una 
struttura temporale come quella illustrata in Fig. 4.  

 

Fig. 4 Struttura temporale del fascio estratto dal sincrotrone del CNAO. Il fascio arriva in sala di trattamento per un 
secondo circa e tra uno spill ed il successivo vi è un intervallo di circa 3s. 

Il fascio ha un diametro di qualche mm e per irraggiare tutto il bersaglio viene impiegata la tecnica della 
“scansione attiva”. Per spiegare in cosa questa consista, si consideri il tumore all’interno di un paziente e lo 
si suddivida in “fette” iso- range. L’energia del fascio viene regolata in modo che il picco di Bragg si trovi in 
corrispondenza della prima fetta. Il fascio viene quindi deflesso da una coppia di magneti veloci (detti 
magneti di scansione) in modo da “pennellare” la fetta e sostando in ciascun punto per il tempo necessario a 
depositare il numero di particelle previsto dal piano di cura, come illustrato in Fig. 5. Al termine 
dell’irraggiamento di una fetta, l’estrazione viene interrotta e al ciclo seguente il fascio viene accelerato alla 
energia corrispondente alla fetta successiva. 

 

Fig. 5 Distribuzione della dose con un sistema a scansione attiva. 

La dose depositata (o meglio l’integrale dell’intensità del fascio) viene misurata in tempo reale da una serie 
di monitor, generalmente chiamati nozzle in questo documento, che sono collegati e gestiscono direttamente i 
magneti di scansione. 
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Kraemer et al.  
EPJD 2014 

Clinical	use	in	pilot	project,	Research	use	in	GSI,	HIT,	Aarhus,	Lyon	etc.		
Reference	for:	Siemens	SynGo/PT,	RaySearch		

	



Biological-based	treatment	planning	

•  Bio-TPS	 for	 ion	beams	aims	 to	 include	as	much	as	possible	biological	effect	
informaBon	in	the	planning	strategy.	

	

•  Relevant	for	plan	recalculaBon	but	ideally	needed	for	inverse	planning.	
	

•  SubstanBal	 for	 assessing	 differenBal	 benefits	 of	 different	 irradiaBon	
modaliBes	and	selecBng	the	most	suitable	choice	for	a	given	paBent	case.	

	

•  AddiBonal	physics	data	needed,	since	the	different	components	 (E,Z)	of	 the	
mixed	field	in	a	beam	should	be	properly	accounted	in	order	to	get	an	overall	
biological	effect.	

FOOT	Physics	12.04.17	
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•  SHIELD-HIT	(MC)	+	TRiP98	

•  C	beam	

•  20%	in	xs	=>	only	3%	in	RBE	



Role	of	Target	fragmenta1on	in	proton	therapy	

	
	

Heavy	fragments	have	low	
residual	energies	and	release	

low	doses	->	high	RBE	

Tommasino	&	Durante	2015	Cancers	
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Differently	from	ProjecBle	fragments,	their	Energy	distribuBon	being	peaked	at	very	low	E	
Combines	with	the	peak	of	RBE	at	low	E	



	16O	beam	in	TRiP		

Yield of secondary particles with depth 
 in water for 16O at 160 MeV/u (TRiP98) 

Exp	ajenuaBon	data	courtesy	of	C.	La	Tessa	(BNL)	

-  Large	number	of	fragments	
	
-  Few	 exper imenta l	 da ta	
available	

	
-  New	 data	 for	 full	 spectral	
characterizaBon	 are	 highly	
needed	 to	 assess	 impact	 of	
fragments	
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SubmiMed	to	PMB	

ExploiBng	O	beams	for	hypoxia	

Scifoni	et	al	PMB	2013	



OER	opBmized	plans	with	O	(kill	painBng)	
Su
rv
iv
al
	

Normoxic	 Variable	oxygenaBon	

OER-driven optimization: kill-painting approach

Tinganelli et.al. Scientific Reports 201512C, 6 cm target (16 cm phantom) NIRS+GSI

Kill-painting approach: restoring a uniform survival inside the target,  
considering its non-uniform oxygenation including explicitly into optimization 

≠ LET-painting!

Sokol	et	al.	submiMed	to	PMB	

-  In	case	of	hypoxia,	 	proper	opBmizaBon	accounBng	for	OER	may	lead	to	Inverted	peak-to-
entrance		ra1os	as	compared	to	a	normoxic	case	

-  According	 to	 actual	 oxygenaBon,	 O	 beam	 may	 overcome	 the	 price	 of	 larger	 entrance	
channel	with	the	LET	advantages	

-  Trade-off	between	bejer	LET	distribu1on	and	worse	Fragmenta1on	in	entrance	and	tail	

FOOT	Physics	12.04.17	
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Impact	of	“high”	fragments	

 
Survival profile (CHO) 
along an O beam 
SOBP, optimized on 
physical f lat dose 
(4Gy) 
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Target fragment producton, at 100-200 MeV: 
 
• Heavy fragment (Z>2) production cross section with uncertainty < 5% 
 
• Fragment energy spectrum (i.e. dσ/dE) with energy resolution of ≈1 MeV/u 
 
• Charge ID at the level of 2-3% 
 
• Isotopic ID at the level of 5% 
 
• Not needed accurate angular measurement 
 
• Study light ions production at large angle	

Desiderata	for	Protons	
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Desiderata	for	Oxygen	

Projectile Fragment producton, at 150-400 MeV/u: 
 
• Cross section of projectile fragments with maximum uncertainty of 5-10% 
 
• Fragment energy spectrum (i.e. dσ/dE) with an energy resolution of ≈10 
MeV/u 
 
• Charge ID at the level of 2-3% 
 
• Isotopic ID at the level of 5% 
 
• Angular distribution needed for out-of-field biological dose 
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Our	strategy	for	bejer	figures	design	

MC Spectra from WP4 (LNS-GEANT4, MILANO-FLUKA) 
2 options: 
 
 
• Voxelized (layered) Spectra dN/dE(Z,z,E,E0) including eventual buidup 
 
• Pure Fragment Spectra dN/dE(Z,E,E0) -> YIELD-> TRiP98 
 
 



12.04.17	 FOOT	Physics	

Parallel	approaches	for	T_frag	
	impact	assessment		

Track structure simulations of low energy ions 
-with no Energy/space cutoff in secondary electrons-  
 
• TRAX 
 
• GEANT4DNA 
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Milestones	related	to	FOOT	

Milestone	 Descrip1on	 Date	
M1.1.1	 Initial RBE description with tentative cross 

sections	
November	

2017	
M1.1.2	 Final RBE description with FOOT cross sections	 July	2019	

	
M2.1.2	 Comparison between proton NTCP estimations	 November	

2019	
M2.2.1	 NTCP/TCP estimations with different ions, on 

imported plans	
April	2019	



Thank	you	
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