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What	is	your	field	of	practice?

1. Dosimetrist
2. Therapist
3. MD
4. Nurse
5. Physics
6. Administration
7. Other



Do	you	have	any	proton	
experience?

1. I	am	an	expert
2. I	have	practical	experience
3. I	understand	it	well,	but	no	experience	
4. I	don’t	know	much	about	it



Why	talk	about	particle	
therapy?

MD	Anderson

Mayo	Clinic

Memorial‐Sloan	Kettering

Massachusetts	General	
Hospital	(Harvard)
UCSF

University	of	Maryland

Cleveland	Clinic

University	of	Washington

*Photo	source:	Wikipedia



The	History	&	Fundamentals	
of	Particle	Therapy

*Photo	source:	Wikipedia



*Photo	source=	wikipedia and	hirt‐japan.info



Short	History	of	Proton	Beam	Therapy
• Early	1900’s:		Discovered	by	Ernest	
Rutherford	

• 1946:	Described	for	clinical	use	by	
Robert	Wilson

• 1954:	First	treatment	in	Lawrence	
Berkeley	National	Lab,	CA	(Pituitary	
tumors)

• 1958:	1st	use	as	a	neurosurgical	tool	in	
Sweden

• 1974:	First	large	field	fractionated	
proton	treatments	in	Harvard,	MA

• 1988:	FDA	approved	for	clinical	use
• 1990:	First	hospital	based	proton	
center	opens	at	Loma	Linda	University

Wilson	RR.	Radiological	use	of	fast	protons.	Radiology.	1946;	47(5):487‐491,	Photo	source=	wikipedia



Interaction	types:
Electronic
1‐ Ionization	
2‐ excitation
Nuclear
1‐ Multiple	Coulomb	Scattering	
2‐ Elastic	nuclear	collision
3‐ Nonelastic	nuclear	interaction

Properties	of	Proton	Therapy

*Photo	source:	The	physics	of	proton	therapy,	IOPscience – Institute	of	Physcis



Properties	of	Proton	Therapy

• Positively	charged	particles
• Exhibits	the	Bragg	Peak	effect
• Individual	beamlets	need	to	be	
spread	to	cover	depth,	thus	
creating	a	spread	of	Bragg	peak	
(SOBP)	

*Photo	source:	Wikipedia,	proton	international.com



(1)Reduce	Toxicity	by	minimizing	OAR	
radiation	exposure	(ALARA)

(2)Widen	the	Therapeutic	Index	through	
safe	dose	escalation

Core	advantages	of	Particle	Therapy



(1)	Reduce	Toxicity	by		↓Unnecessary	
Radiation	to	as	Low	as	Possible	(ALARA)

There	is	broad	agreement	that	steps	should	be	taken	to	
reduce	unnecessary	exposure	to	radiation.	This	is	safety	
related.

↓Stochastic	&
Deterministic



(1)	Reduce	Toxicity	by		↓Unnecessary	
Radiation	to	as	Low	as	Possible	(ALARA)

• 74	year	old	patient	with	synchronous	locally	
advanced	lung	and	esophageal	cancer.

• VMAT	technique	did	not	meet	constraints.



(2)	Widen	the	Therapeutic	Index
Through	Safe	Dose	Escalation



(1)Setup	and	range	uncertainty	(Interplay	
effect)

(2)RBE	variability

(3)Limited	clinical	data

(4)High	cost

Core	disadvantages	of	Particle	Therapy



1‐ Setup	&	Range	Uncertainty



1‐ Setup	&	Range	Uncertainty



• Robustness	Planning=	Employs	extra	criteria	or	constraints	
in	conjunction	with	the	normal	objective	functions	during	
spot	weight	optimization.	Usually	run	multiple	

• plans	for	translational	shifts	&	range	uncertainty
• Strict	IGRT	(KV	or	CBCT)	limits	(<5mm,	<3⁰).
• Rigorous	QA	program.

Setup	&	Range	Uncertainty



Interplay	Effect	(IMPT)

Zhang et al. Phys Med Biol. 2012; 57(7): 1779-95

Static

4D Motion

Dose
Difference

Interplay	Effect=	Active	scanning	+	
Organ	Motion



• The	RBE	for	particle	therapy	
is	a	complex	function	of	
particle	type,	radiation	dose,	
linear	energy	transfer	(LET),	
cell	type,	endpoint,	etc.	

• In	clinical	practice	proton	
therapy	RBE	is	assumed	to	
have	a	fixed	value	of	1.1,	in	
reality	can	vary	from	0.9‐
1.7

2‐ RBE	Variation



3‐ Limited	clinical	data

DATA

• No	level	I	evidence	to	support	the	use	of	
proton	therapy

• Randomized	phase	III	accrual	is	slow
i. Patient	preference	(	especially	

pediatric);	refuse	to	be	randomized
ii. Restrictive	insurance	policies.
iii. Small	number	of	proton	facilities	

(until	recently)
iv. Inability	to	catch	up	with	the	rapid	

improvements	in	technology
v. Radiation	oncologist	practice	bias.



Limited	clinical	data

• New	guidelines	supporting	the	
use	of	protons:

i. NCCN	Guidelines
ii. ASTRO	Guidelines



4‐ High	Cost	(Large	Facility)



Particle	Therapy	Past	
Technology

2005_Proton	Beam	Radiotherapy	– The	State	of	the	Art_	Paganetti et	al.	MGH,	MA,	USA



High	Cost	Large	Facility

• $200,000,000	– 350,000,000
• Usually	far	away	from	main	campus
• Large	facility	with	a	large	
cyclotron/synchrotron

• High	maintenance	demands	with	
on‐site	engineers



• First	cyclotron	developed	by	Ernest	
Lawrence	in	1932.

• Cyclotrons	can	accelerate	particles	
to	2/3	light	speed

• Proton	clinical	range	used	for	
treatment	is	usually	between	70	–
250	MeV	to	a	depth	of	7‐31cm.

Large	Particle	Accelerators



Shared	Beam	Line



2005_Proton	Beam	Radiotherapy	– The	State	of	the	Art_	Paganetti et	al.	MGH,	MA,	USA

Range	
Compensator

Range	
Modulator

Brass
Aperture

Passive	Scatter	System



Milling	Machine	for	Production

*Photos	from=	Machining’s	Role	in	Making	Cancer	History,	Derek	Korn,	Modern	Machine	Shop,	5/3/2006



Treatment	Head

*Maquilan,	Genevieve,	et	al.	"Radiation	Safety	for	Pregnant	Workers	at	a	Proton	Facility." International	Journal	of	Radiation	Oncology*	Biology*	Physics 100.3	(2018):	560‐564.



• Most	Proton	facilities	
build	<2010	had	multiple	
fixed	beam	angle	rooms.

• This	was	due	to	the	
“anticipation”	that	
prostate	patients	would	
be	the	main	bulk	of	
treated	patients.

• Rely	on	couch	kicks	to	
acquire	different	angles.

Fixed	Beam	Angle

*Photo	source:	SCCA	UW	Proton	Center



• Most	Proton	facilities	operate	with	3	Kv imaging	panels	with	
no	CBCT	option.

• Not	ideal	for	certain	disease	sites	(H&N,	Lung,	Liver…etc)

IGRT	Capabilities



• Historically	better	than	4	field	box.
• Typically	2	lateral	beams.
• Proton	therapy	associated	with	
significant	reduction	in	urinary	
toxicity	but	increased	bowel	toxicity	
(twice	the	cost	of	IMRT)

• Cofounding	factor:	Rectal	Balloon
• New	entry:	SpaceOAR

Rectum V70 Gy (RBE)

Clinical	Application:	Prostate



• Common	indication	for	protons
• 23	primary	studies	,	650	patients	total,	15	

pediatric	cancer	sites.
• Very	low	level	evidence,	no	RCT

• Conclusion:	Although	PT	reduces	the	
radiation	dose	to	normal	tissues,	to	date	the	
critical	clinical	data	on	the	long‐term	
effectiveness	and	harm	with	PT	are	lacking.	
High	quality	trials	are	needed.

• Retrospective/prospective	studies	reveal:	↓	
cognitive	decline,	endocrine	dysfunction,	
hearing	loss,	2nd cancer,	cardiac	mortality,	
ovarian	failure	and	vascular	risk.

• No	survival	difference

Clinical	Application:	Pediatrics



• Lower	dose	to	normal	brain	
structures	(such	as	hippocampi,	
pituitary,	optics,	normal	brain)

• Decreased	long	term	
neurocognitive,	neuroendocrine	
function	and	2nd ca.

Current	CNS	Indications
Craniospinal 
Irradiation

Low Grade 
Glioma

Meningioma Chordoma/Cho
ndrosarcoma

Vestibular 
Schwannoma

Pituitary tumors

Re-irradiation Peds 

Clinical	Application:	CNS



Clinical	Application:	Ocular	Melanoma



Particle	Therapy	Present	
Technologies



• Since	1990,	the	number	of	operating	proton	facilities	
in	the	US	has	increased	from	2	to	28	with	15	more	
under	construction.	

• Internationally,	up	to	27	countries	will	have	a	proton	
center	by	2021.

The	Rise	of	Proton	Therapy



1‐Pencil	Beam	Scanning



Pencil	Beam	Scanning

*Photos	from=	Machining’s	Role	in	Making	Cancer	History,	Derek	Korn,	Modern	Machine	Shop,	5/3/2006
*Maquilan,	Genevieve,	et	al.	"Radiation	Safety	for	Pregnant	Workers	at	a	Proton	Facility." International	Journal	of	Radiation	Oncology*	Biology*	Physics 100.3	(2018):	560‐564.



Improved	Conformality	&	Reduced	Neutron	
Contamination

*Photos	from=Proton	Beam	Therapy	– The	state	of	the	Art1,	Paganetti,	Medical	Physcis,	Jan,	2005



2‐ Cyclotron	Size

(1946)	Harvard
≈700	Tons

(1996)	IBA
≈200	Tons

(2005)	Varian
≈100	Tons

(2010)	Varian
≈50	Tons

(2012)	Mevion
<20	Tons



Single	Room	Proton	Facility

• 2012:	FDA	approved	world’s	first	
compact	proton	therapy	system.

• Up	to	↓80%	reduction	in	footprint
• Up	to	↓	90%	LESS	energy	usage
• Up	to	↓	80%	lower	capital	cost	$$
• Up	to	↓	70%	less	operational	and	
clinical	staff



3‐ Half	&	Full	Gantry

• Diameter=	30	feet
• Weight=	120	tons
(Equivalent	to	Boeing	757	with	
passenger	&	cargo)



4‐ Adaptive	Apertures
• Some	modern	proton	systems	have	
dynamic	MLC	capabilities.

• This	approach	combines	the	
advantages	of	both	pencil	beam	
scanning	(improved conformality)	
and	passive	scatter	system	(reduced	
lateral	penumbra)

Photos=	Mevion system



5‐ Improved	IGRT	Capabilities
New	proton	facilities	have	a	
variety	of	IGRT	options:
• CBCT
• CT	on	rails
• Mobile	helical	CT
• Surface	guided	RT



5‐ Monte	Carlo	Dose	Calculation

MC	calculations	are	
now	widely	accepted	
especially	in	certain	
disease	sites:
• Lung
• H&N
• Breast



Setup	&	Range	Uncertainty
Monte	Carlo	Dose	Calculation



6‐ Multi‐field	Optimization	(MFO)





Figure 4. NRT Plan, Prescription= 18.4 nGy

Legend
18.4 nGy
14.7 nGy
12.8 nGy
9.2 nGy
PTV
Temporal Lobe
Brain Stem
Cerebellum

18.4 nGy cannot 
cover PTV due to 

OAR proximity

Figure 5. IMPT Boost Plan, Prescription= 20 Gy (RBE)
Legend
19 Gy
16 Gy
10 Gy
1 Gy
PTV
Temporal Lobe
Brain Stem
Cerebellum

Under-dosed PTV 
covered by IMPT 

Boost



Modern	Clinical	Uses:	H&N



• Clinical	data	is	still	evolving	for	
breast.

• Studies	show	reduction	in	2nd ca,	
heart,	LAD	and	lung	doses	(even	vs	
DIBH).	This	is	especially	evident	in	
bilateral	breast	irradiation	cases.	

• However,	there	is	increased	skin	
toxicity.

• Current	indications	include:	
reirradiation,	bilateral	fields	with	
RNI

Modern	Clinical	Uses:	Breast



• Clinical	data	still	evolving
• Monte‐Carlo	calculations	are	necessary
• Protons	allowed	for	safe	dose	escalation	

(Stages	I‐III)	at	the	same	time	↓dose	to	heart,	
lungs,	spinal	cord,	esophagus	and	integral	
dose.

• Not	all	cases	benefit	from	protons.
• PII	study	reveals	promising	survival	and	

toxicity	outcomes.
• Major	limitations	in	prior	proton	clinical	

studies:	No	PET,	used	passive	scatter,	no	Monte	
carlo calc	and	no	daily	CBCT

Modern	Clinical	Uses:	Chest



• Total	of	14	photons	vs	protons	
comparative	studies

• Majority	are	mediastinal
• Not	one	size	fit	all,	benefit	is	case	

dependent:	↓	heart,	lung,	breast	dose
• Despite	high	dose	conformity	no	↓	RFS

Modern	Clinical	Uses:	Lymphoma

*Courtesy	of:	Dr.	Yolanda	Tseng,	MD



• Proton	decreased	
pulmonary	and	cardiac	
complications

• Compared	to	IMRT,	PBT	
improved	OS	and	PFS.

• Need	confirmation	with	
prospective	studies.

Modern	Clinical	Uses:	GI

*Courtesy	of:	Dr.	 Smith	Apisarnthanarax,	MD



Particle	Therapy	Future	
Technologies



1‐ Automation
0 Automation	is	the	technology	by	which	a	process	or	
procedure	is	performed	with	minimal	human	assistance.



Automation	– Robots	&	AI





Automation	in	Medicine?
• Biometric	verification
• Medical	Scribe	AI



• Autonomous	robotic	surgery	(STAR)
• Radiomics



Automation	in	Radiation	
Medicine?

2016	–Washington,	DC
• “Contouring	and	Auto‐
planning”

2017	‐ Denver,	CO
• “Automated Planning	&	image	
Guidance”

• “How	to	Select	and	Evaluate	a	
PET	Auto‐segmentation	Tool	–
Insights	from	AAPM	TG211”

• “Auto‐segmentation	for	
Thoracic	Radiation	Treatment	
Planning:	a	Grand	Challenge”

2018	AAPM	Meeting
• “AAPM	Medical	Physics	Student	Meeting:	The	
Role	of	Automation in	Clinics	of	the	Future”

• “Automation &	Standardization	of	Planning,	
Plan	Evaluation	and	System	testing	through	
Advanced	Programming	in	the	Treatment	
Planning	System”

• “Automation in	Radiation	Therapy:	Past,	
Present	and	Future”

• “Intelligent	Automation for	the	Treatment	
Planning	Workflows”

• “Automation in	Radiotherapy	– Faster	Your	
Seatbelt!”

• “Hiding	the	complexity	in	Treatment	
Planning/Automation”

• “Joint	AAPM‐ESTRO	Symposium:	Automated
Treatment	Planning	in	Clinical	Practice”



Recent	Automation	Abstracts	“2019”







• Ultra‐High	dose	rate	of	external	beam	therapy	
delivered	in	less	than	1	second	(>40,000cGy/sec)

• FLASH	investigations	re‐initiated	within	the	last	
decade,	proton	FLASH	toxicity	studies	initiated	in	
2017,	now	ongoing	first	proton	Flash	tumor	control	
study.

(PHASER)	
Pluridirectional
High‐energy	
Agile	Scanning	
Electronic	
Radiotherapy

Tx	Delivery	
Time=	<1sec

2‐ FLASH	Particle	Therapy





3‐ Particle	Immunotherapy



• Improved	CT	SIM	image	acquisition	can	
potentially	reduce	range	uncertainty	caused	
by	organ	motion	(especially	lung)

• “5D”	model	describes	tissue	motion	as	a	
function	of	position	in	reference	geometry,	
breathing	amplitude	and	rate.	

• Image	acquisition=	Fast	helical	scanner,	30	
times	back	and	forth	with	free	breathe	and	
deformable	image	registration

4‐ 5DCT



5‐ Real‐time	Adaptive	Therapy
Precision	medicine=	Re‐planning	to	account	for	daily	anatomical	
changes	in	tumor	and	OAR	spatial	relationship.
Benefits=
• Treatment	matches	anatomy	of	each	day
• Assure	normal	tissue	sparing	as	intended	in	initial	plan
• Potentially	allows	for	safe	dose	escalation



General	Conclusion
Fast	adaptation	with	re‐
planning	is	possible	with	
clinically	acceptable	results	
(≈3	minutes)



6‐ LET/RBE	Dose	Algorithm



7‐ ProtoArc Therapy



8‐ 4π Radiotherapy

• 4π is	a	method	that	integrates	beam	orientation	
optimization	(BOO)	and	fluence map	
optimization	(FMO)	to	select	non‐coplanar	
beam	angles	simultaneously.

• This	allows	for	greater	tumor	
dose	escalation	(up	to	40%)	
without	increasing	normal	tissue	
doses



Other	Technological	Advancements	in	
Particle	Therapy



Which	of	the	following	will	have	the	
most	impact	on	the	future	of	

Radiation	Medicine?

1. Particle	Therapy
2. FLASH	Radiotherapy
3. Immunotherapy
4. Adaptive	Radiotherapy
5. Automation
6. Other



Will	Automation	negatively	
impact	our	job	market?

1. Yes,	Very	Much
2. Yes
3. Maybe
4. No
5. It	will	actually	improve	the	job	market!



Strong	Indications	to	use	
Protons

Situational	Indications	
to	use	Protons

Adult	CNS H&N	(T4	
NPC,	PNS)

Retroperito
neal	

Sarcoma

H&N	
(Unilateral,	
Other)

GU	
Malignanc

ies

Pediatric	 Ocular	
Melanoma

Spinal	or	
Paraspinal

GI	
Malignancies

Lymphom
a	

Re‐
irradiation Skull	Base	Sarcoma Chest	

Malignancies Sarcoma

HCC XRT	sensitivity	
syndromes Breast	(Bilateral	+	RNI)

0 Proton	therapy	is	growing	worldwide	and	its	
technology	is	evolving	rapidly.		

0 Proton	therapy	is	not	for	everyone,	careful	
selection	of	appropriate	cases	is	required

0 PIII	clinical	data	are	underway.	Non‐
randomized	and	retrospective	clinical	data	are	
mostly	in	favor	of	proton	therapy.	

0 Single	room	proton	therapy	provides	state	of	
the	art	proton	technology	at	80‐90%	cost	
reduction.

Summary



Thank	You

• Questions?


