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Outline	

-  Nuclear	 Physics	 applications	 in	 Medicine:	 a	 quick	
overview	

-  Charged	particle	therapy:	protons,	carbon	and	more	

- What’s	next:	FLASH	radiotherapy	
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Medical	Applications	@INFN	
Detectors	 Accelerators	

Nuclear		
Interactions	

Radiobiology	
&	
Modeling	

INFN4LS	committee	
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Detectors	

§  Ultra-fast	 silicon	 detectors	 for	
monitoring	

§  Flexible	 organics	 Ionizing	 Radiation	
dEtectors	(FIRE)	

§  Detectors	 for	 range	 monitoring	 and	
particle	imaging	

§  Micro-diamonds	 for	 ultra-high	 dose	
rates		

§  Microdosimetry	detectors	
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Detectors	

Accelerators	

§  Ultra-fast	 silicon	 detectors	 for	
monitoring	

§  Flexible	 organics	 Ionizing	 Radiation	
dEtectors	(FIRE)	

§  Detectors	 for	 range	 monitoring	 and	
particle	imaging	

§  Micro-diamonds	 for	 ultra-high	 dose	
rates		

§  Microdosimetry	detectors	

§  E L I - B e am l i n e s	 M ED i c a l	 a n d	
multidisciplinary	applications	

§  Selective	Production	of	Exotic	Species	
(SPES)	

§  Linear	accelerators	for	VHEE	
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Radiobiology	
&	
Modeling	

-  Modeling	and	Verification	for	Ion	beam	
Treatment	planning	(MoVe	IT)	

-  MICROdosimetry-based	 assessment	 of	
Biological	 Effectiveness	 in	 Ion	 Therapy	
(MICROBE-IT)	

-  Pre - c l i n i ca l	 E xpe r imenta l	 and	
THeoretical	 studies	 to	 Improve	
treatment	 and	 protection	 by	 Charged	
particleS	(ETHICS)	
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Radiobiology	
&	
Modeling	

Nuclear		
Interactions	

-  Modeling	and	Verification	for	Ion	beam	
Treatment	planning	(MoVe	IT)	

-  MICROdosimetry-based	 assessment	 of	
Biological	 Effectiveness	 in	 Ion	 Therapy	
(MICROBE-IT)	

-  Pre - c l i n i ca l	 E xpe r imenta l	 and	
THeoretical	 studies	 to	 Improve	
treatment	 and	 protection	 by	 Charged	
particleS	(ETHICS)	

-  FragmentatiOn	Of	Target	(FOOT)	
-  Boron-Neutron	 Capture	 Therapy	

(ENTER-BNCT)	
-  Nuclear	process-driven	Enhancement	

of	 Proton	 Therapy	 UNravEled	
(NEPTUNE)	



Quinto	Incontro	Nazionale	di	Fisica	Nucleare	
INFN	2022	 8	

Charged	particle	therapy	
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Rationale:	exploiting	the	Bragg	peak	

Fokas	2009	Bioch	Biophys	Acta	
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Rationale:	exploiting	the	Bragg	peak	

Fokas	2009	Bioch	Biophys	Acta	
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RBE =
DosePhotons
DoseIons Isoeffect

3.4	nm	

2	nm	

Rationale:	exploiting	the	Bragg	peak	
Nikitaki	2022	
ExpRevMolOnc	
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RBE =
DosePhotons
DoseIons Isoeffect

EJ	Hall	

3.4	nm	

2	nm	

Rationale:	exploiting	the	Bragg	peak	
Nikitaki	2022	
ExpRevMolOnc	



Target	fragmentation	in	proton	therapy	
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Circles:	E	<	100	MeV	
Triangles:	E	>	100	MEV	

Paganetti	2002	PMB	

RBE=1.1	in	clinical	practice	



Target	fragmentation	in	proton	therapy	

Low	residual	
energies,	high	LET	

->	high	RBE	
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Circles:	E	<	100	MeV	
Triangles:	E	>	100	MEV	

Paganetti	2002	PMB	

RBE=1.1	in	clinical	practice	

What	about	
target	

fragments?	

Contributions	
from	He,	C,	

Be,	O	
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Circles:	E	<	100	MeV	
Triangles:	E	>	100	MEV	

Paganetti	2002	PMB	

RBE=1.1	in	clinical	practice	

What	about	
target	

fragments?	

Contributions	
from	He,	C,	

Be,	O	

P	on	O	

P	on	2H	

Experimental	data	taken	from	
	Carlson	1996	Atomic	Data	and	Nuclear	Data	Tables	
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Circles:	E	<	100	MeV	
Triangles:	E	>	100	MEV	

Paganetti	2002	PMB	

RBE=1.1	in	clinical	practice	

What	about	
target	

fragments?	

Contributions	
from	He,	C,	

Be,	O	

P	on	O	

P	on	2H	

Next	talk		
by	M.	Morrocchi	

Experimental	data	taken	from	
	Carlson	1996	Atomic	Data	and	Nuclear	Data	Tables	
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Boron-Neutron	Capture	Therapy	(BNCT)	
Rationale	

Seki	2017	Rad	Phys	Tech	
Wang	2022	FONC	

Advantages	
-  Exploiting	high	LET	features	
-  L ow	 d e p enden c e	 o n	

oxygenation	
-  Select ive	 targeting	 of	

cancer	cells	
	
(Current)	Limitations	
-  Finding	 an	 efficient	 and	

selective	boron	carrier	
-  Low	number	of	facilities	
-  Limited	 information	 from	

past	clinical	trials	
ENTER-BNCT	INFN	Pv	&	Others	

σ ∝
1
En
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Proton-Boron	Capture	Therapy	

p	+	10B	->	3	α	
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DMF10	(RBE10)=	1.46	±	0.12		

Cirrone	2018	Sci	Rep	

Workshp	Proton-Boron	fusion	
5-8th	Sep	2022	-	Catania	
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INSIDE:	INnovative	Solution	for	In-beam	Dosimetry	in	hadronthErapy		

Pennazio	2018	PMB	
Fischetti	2020	Sci	Rep	

Range	difference	1-2	mm	
20	s	after	irradiation	

In-beam	 PET:	 onl ine	
range	 monitoring	 for	
proton	and	carbon	ions	
	
Dose	 Profiler:	monitoring	
for	 adaptive	 planning	 in	
carbon	ion	therapy	
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What’s	next	
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Back	to	the	future:	ultra-high	dose	rate	radiotherapy	
-  Late	‘50s:	observation	of	“protective”	effect	of	

very	high	dose	rates	
-  2014:	 renewed	 interest	 after	 paper	 by	

Favaudon	et	al	on	so-called	FLASH	effect	
-  Since	 2019:	 exponential	 increase	 of	

publications	on	the	topic	

Favaudon	2014		
Sci	Transl	Med	

Jolly	2020	Phys	Med	

CONV	10-2	Gy/s	->	FLASH	102	Gy/s	
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Why	the	FLASH	effect?		
Some	hypotheses	:	
§  Transient	hypoxia	

§  Radical	recombination	
§  Inter-track	effects	
§  Immune	system	

Vozenin	2019	Clin	Oncol	

Back	to	the	future:	ultra-high	dose	rate	radiotherapy	
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How	to	deliver	UHDR?	

!D =
ip
A
S
ρ
Gy
s

⎡

⎣
⎢

⎤

⎦
⎥

ip	current	at	ISO	≈2	nA	
A	≈	25	cm2	
S/ρ	≈	5	MeV	cm2/g	
Dose	rate	≈0.4	Gy/s	

Need	to	increase	by	about	factor	100	
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How	to	deliver	UHDR?	

Protons	3D	Range	Modulator	

!D =
ip
A
S
ρ
Gy
s

⎡

⎣
⎢

⎤

⎦
⎥

ip	current	at	ISO	≈2	nA	
A	≈	25	cm2	
S/ρ	≈	5	MeV	cm2/g	
Dose	rate	≈0.4	Gy/s	

Protons	Shot-through	

Very	High	Energy	Electrons	

Need	to	increase	by	about	factor	100	

Van	Marlen	2020	IJROBP	

Schwarz	2021	Med	Phys	Sarti	2021	FONC	

70-130	MeV	
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INFN	for	FLASH:	FRIDA	
	

Call	CSN	5	
Started	in	2022,	PI	A.	Sarti	

FLASH		
mechanisms	

Beam	
delivery	

Dosimety		
Beam	monitoring	 FLASH	TPS	



Experimental	Room,	Proton	Therapy	Center	-	Trento	

Physics		
Line	

Biology	
Line	

E	range:	70-230	MeV	
Beam	Current:	up	to	320	nA			
Transport	efficiency:	0.1-10%	
Pencil	beam	and	large-field	

irradiation	
84	proposals	evaluated	since	

2018	(≈50%	INFN)	

Beam availability 
Monday-Friday 19:00-22:30 

Saturday 8:00-14:00 

Beam	time	requests:	
https://www.tifpa.infn.it/sc-init/med-tech/p-beam-research/	

27	
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Conclusions	
-  Nuclear	 physics	 in	 medicine:	 much	 work	 done,	 new	 avenues	
opening.	

-  INFN	 contributions	 cover	 a	 large	 spectrum	 of	 activities	 (from	
accelerators	to	radiobiology).	

-  Demanding	challenges	in	front	of	us:	FLASH	RT	(and	more).	

-  INFN	could	play	a	pivotal	role	 in	a	field	getting	more	and	more	
interdisciplinary	and	technological.	
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Thank	you	
for	your	
attention	



Quinto	Incontro	Nazionale	di	Fisica	Nucleare	
INFN	2022	 30	

Spare	slides	
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Towards	multi-ion	therapy	
-  D i f f e r e n t	 i o n	 s p e c i e s	
associated	 with	 peculiar	
physical	 and	 radiobiological	
features	

-  N o	 m a g i c	 b u l l e t 	 b u t	
possibility	 to	 exploit	 that	 in	
combined	treatments	

Tommasino	
	2015	IJPT	

Sokol	2019	PMB	
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BNCT:	Neutron	Capture	Cross	Section	
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Target	fragments:	which	biological	impact?	

Survival = e−(αD+βD
2 )

Bellinzona		
2021	Cancers	
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§  the	 DNA	 Double	 Strand	 Break	 (DSB)	 is	
considered	 the	 type	 of	 lesion	 most	 directly	
related	to	cell	killing	

§ different	 radiation	 qualities	 produce	 the	 same	
spectrum	of	DNA	lesions	

§ BUT	the	distribution	of	lesions	inside	the	target	
can	be	very	different	

12C		High	LET	
1	MeV/u,	≈	690	keV/µm	

12C		Low	LET	
200	MeV/u,	≈	16	keV/µm	

Photons	
x-rays	

Random	
DSB	distribution	

LET	and	DNA	damage	
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Target	fragmentation	in	proton	therapy	
About	10%	of	biological	effect	
in	the	entrance	channel	due	to	

secondary	fragments	
	
	

Largest	contributions	of	recoil	
fragments	expected	from		

He,	C,	Be,	O,	N	
	
	

Heavy	fragments	have	low	
residual	energies	and	release	

low	doses	->	high	RBE	

Tommasino	&	Durante	2015	Cancers	
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Cross	sections:	what’s	on	the	market	 Experimental	data	taken	from	Carlson	1996	
Atomic	Data	and	Nuclear	Data	Tables	

P	on	2H	 P	on	C	

P	on	O	 P	on	40Ca	

37	
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Range	monitoring	for	charged	particle	therapy	

INSIDE	–	In-beam	PET	
	

Two	planar	heads	
10x25	cm2	active	area	

	
Range	monitoring	for	

protons	and	carbon	ions	

Pennazio	2018	PMB	

Range	difference	
1-2	mm	20	s	after	

irradiation	
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Range	monitoring	for	charged	particle	therapy	
INSIDE	–	Dose	Profiler	

	
System	installed	at	

CNAO	
	

Monitoring	for	carbon	
ions	by	detection	of	
secondary	charged	

particles	

Fischetti	2020	Sci	Rep	
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-  UHDR:	from	0.01	Gy/s	to	>40	Gy/s	
-  Is	the	dose	rate	enough?	Not	really...	

Circles	->	FLASH	effect	
Crosses	->	No	FLASH	effect	

Montay-Gruel	2021	Clin	Cancer	Res	

Romano	2022	Med	Phys	

Back	to	the	future:	ultra-high	dose	rate	radiotherapy	
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Back	to	the	future:	ultra-high	dose	rate	radiotherapy	(FLASH)	
-  UHDR:	from	0.01	Gy/s	to	>40	Gy/s	
-  Is	the	dose	rate	enough?	Not	really...	

Circles	->	FLASH	effect	
Crosses	->	No	FLASH	effect	

Why	the	FLASH	effect?		
Some	hypotheses	:	
§  Transient	hypoxia	

§  Radical	recombination	
§  Inter-track	effects	
§  Immune	system	Montay-Gruel	2021	Clin	Cancer	Res	

Vozenin	2019	Clin	Oncol	
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-  Scintillating	panel	coupled	to	CCD	cameras	
-  Gaussian	profile	at	Isocenter	
-  Sigma	from	2.7	to	6.9	mm	from	lowest	to	highest	E	

Tommasino	et	al.	2017	NIM	A	

Experimental	Room,	Proton	Therapy	Center	-	Trento	
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