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Radiological Use of Fast Protons

ROBERT R. WILSON
Research Laboratory of Physics, Harvard University

Cambridge, Massachusetts

XCEPT FOR electrons, the particles
E which have been accelerated to high
energies by machines such as cyclotrons or
Van de Graaff generators have not been
directly , used therapeutically. Rather,
the neutrons, gamma rays, or artificial
radioactivities produced in various reac-
tions of the primary particles have been
-plied to medical problems. This has, in
~ e part, been due to the very short

-ation in tissue of protons, deut- .
» particles from preser
~r-energy mach’
= howr

Radiology 47: 487-491, 1946

per centimeter of path, or specific ioniza-
tion, and this varies almost inversely with
the energy of the proton. Thus the specific
ionization or dose is many times less where
the proton enters the tissue at high energy

than it is in the last centimeter of the path -

where the ion is brought to rest.

These properties .make it possible to
irradiate inter<lv a strictly localized
region * '’ Cohag Rty

u

b
UNIVERSITAT
BERN

Universitat
Ziirich™

PSI

1

e e e

o BUU J i ‘

DE

1
600 i

i}

400

PERCENTAGE

200

Fig. 2.

DEPTH, CM.
The dotted curve shows the relative dose due to a single 140 Mev proton.

The full

curve shows qualitatively the depth dose curve for a beam of 140 Mey protons in tissue.
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Clinical Concept and History of Protons u
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The desire and necessity to focus radiation to target volumes and
the physical knowledge about particle beams led Prof. Robert Wilson
to write his landmark paper Radiological Use of Fast Protons in 1946

“These properties (of protons, as described before) make it possible to irradiate
intensely a strictly localized region within the body, with but little skin dose.”

“One naturally asks what are the advantages of fast protons over high-energy
electrons such as those from a betatron. This question can be answered only by

medical workers, and the answers will probably be different for different kinds and
sizes of tumors.”

Robert Wilson, 1946
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“In designing an accelerator”, Robert R Wilson

| proceed very much as I do in making a sculpture. I felt that just as a
theory is beautiful, so, too, is a scientific instrument-or that it should be.
The lines should be graceful, the volumes balanced. | hoped that the
chain of accelerators, the experiments, too, and the utilities would all be
strongly but simply expressed as objects of intrinsic beauty.

Robert R. Wilson. Robert Wilson, physicist, human-rights activist,
writer, architect, sculptor, artist, spokesman for science, and founde
of Fermilab (and the founder of Proton therapy)

More information:http://www.proton-therapy.org/pr10.htm
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http://www.proton-therapy.org/pr10.htm
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USA: First patient treated by J Lawrence (LBL) and C. Huggins (University of Chicago)
treated 26 breast cancer Patients with 340 Mev Protons 3 fx weekly during 2 weeks.
Targets: pituitary gland
TOtal dose: 140'300 Gy Proton irradiation of the pituitary.
LAWRENCE JH. Lawrence Berkeley
SRS TE ™ National Laboratory

Related citations

In Europe, 1957 was the start of proton therapy at the University of Uppsala, Sweden
(185 MeV synchrocyclotron)

e )

UFPSALA

UNIVERSITET The Svedberg Laboratory
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Clinical Concept and History of Protons
(1954 - ongoing)

HCL-MGH pioneers of proton radiation therapy

The first large field treatment with protons at

the Harvard Cyclotronin 1976, for a pediatric pelvic
rhabdo-myosarcoma.

The patient died several years later from probably a
marginal tumor progression or relapse .
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The second large field treatment, for a
chondrosarcoma of the base of skull.
The patient is alive and active, though
diagnosed with local relapse more than
30 years after proton radiation therapy

Slides courtesy of M. Goitein
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Clinical Concept and History of Protons u
(1954 - ongoing) ——

Pioneers of proton radiation therapy

The first 3-d treatment planning program, including DRR and BEV, by M. Goitein
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Slides courtesy
of M. Goitein
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The Era of modern, contemporary Proton w
Radiation Therapy (PT) b
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1991 First hospital-based Proton facility at Loma Linda University
Medical Center, Loma Linda, CA
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Clinical Concept and History of Protons w
(1954 - ongoing) —

Pioneers of proton radiation therapy

The first compact gantry and the first gantry providing spot scanning technology,
a PSl-product, designed by E. Pedroni. 1300 patients treated (December 2018)

. I

a rotation for
treatments in the trunk

a+p rotation for
L cranial/intracraniattand
c-spine treatments

10 Paul Scherrer Institute PSI

Universitat
Ziirich*™

PSI

19.01.2026



11

Paul Scherrer Institute PSI

u

b
UNIVERSITAT

b

Universitat

st Ziirich™

19.01.2026



Development of Proton therapy (l)

@ Passive Scattering
(Pioneered by Loma Linda/FermilLab)
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@® PencilBeam Scanning
(Pioneered by PSI)
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Development of Proton therapy (l) u

PBS

@ Passive Scattering @® PencilBeam Scanning
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Development of Proton therapy (l)

@ Passive Scattering
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Development of Proton therapy (l) u
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@® Passive Scattering @® PencilBeam Scanning
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Google

Scholar

Articles
Case law

My library

Any time
Since 2017
Since 2016
Since 2013
Custom range

Sort by relevance
Sort by date

+ include patents
include citations

Create alert

first patient treated with spot scanning proton therapy - “

About 17,300 results (0.16 sec)

Effectiveness and safety of spot scanning proton radiation therapy for
chordomas and chondrosarcomas of the skull base: first long-term report

C Ares, EB Hug, AJ Lomax, A Bolsi... - International Journal of ..., 2009 - Elsevier

... DSS), and overall survival (0OS) were determined from the date of the first day of ... High-grade late
toxicity was observed in 4 patients, resulting in 94% actuarial 5-year ... had a clivus chordoma with
suprasellar extension and compression of the optic chiasm, the patient was treated ...

Cited by 141 Related articles All 8 versions Cite Save More

Spot-scanning proton therapy for malignant soft tissue tumors in childhood:
First experiences at the Paul Scherrer Institute

B Timmermann, A Schuck, F Niggh, M Weiss... - International Journal of ..., 2007 - Elsevier

... The follow-up period was calculated from the date of biopsy to the last patient contact or last event.
The length of survival was calculated from the date of first biopsy. ... For all patients alive without
events, length of survival was censored for the statistical analysis at the last date of ...

Cited by 66 Related articles All 8 versions Cite Save More

Results of spot-scanning proton radiation therapy for chordoma and
chondrosarcoma of the skull base: the Paul Scherrer Institut experience
DC Weber, HP Ruiz, ES Pedroni, A Bolsi... - International Journal of ..., 2005 - Elsevier

... At the time of the analysis, 2 patients presented with a radiologic progression (not requiring
additional treatment) and 2 others with clinical tumor ... One female chordoma patient presented
with an asymptomatic radiologic progression on the first follow-up imaging ...

Cited by 165 Related articles All 7 versions Cite Save More

Potential reduction of the incidence of radiation-induced second cancers by using
proton beams in the treatment of pediatric tumors

R Miralbell, A Lomax, L Cella, U Schneider - International Journal of .., 2002 - Elsevier

... The first patient (Case 1) is a 7-year-old boy with an embryonal RMS of the ... of dose reduction

with proton beams on the incidence of secondary cancers in patients treated for Hodgkin's ... average
dose, H T in the outlined tissues, was assessed individually for each patient from the ...

Cited by 321 Related articles All 7 versions Cite Save More

Secondary neutron dose during proton therapy using spot scanning

U Schneider, S Agosteo, E Pedroni... - International Journal of ..., 2002 - Elsevier

... In this study, we estimated the neutron dose in patients from a spot scanning beam line ... therapy:
the scatter foil technique and the spot scan technique (2) The first method, the ... Additionally, for
each patient, individual compensators must be fixed in the proton beam to conform the ...

Cited by 190 Related articles All 8 versions Cite Save More

Spot-scanning proton radiation therapy for recurrent, residual or untreated

intracranial meningiomas
DC Weber. AJ Lomax. HP Rutz. O Stadelmann... - Radiotherapv and .... 2004 - Elsevier
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Pencil beam scanning

Ime. . Radigtien Onealogy Biol. Phys, Vol 8, pp. 1629-1635
Printed in the LS A Al rights reserved.

Bragg peak of the 70 MeV proton beam from NIRS
cyclotron is formed at the depth of 3.8 cm of water.* The
peak width is 1.3 mm, which is too narrow for clinical
uses. The peak is modified® with a rotating plastic
degrader and is stretched up to 2.5 cm. The proton beam
is defocused electromagnetically and collimated mechani-
cally into an 1 x 1 ¢m square beam. This narrow beam
swings horizontally and vertically with two perpendicular
swing magnets.’ The radiation ficld is scanned with this
narrow beam. The fatness of dose distribution is, there-
fore, casily obtained. The maximum field size for radia-
tion treatment is 20 x 20 cm. Since a radiation field can
be irregularly shaped by scanning, essentially no mechan-
ical collimator is required: however, for sharper collima-
tions, a parallel rectangular brass lods collimator is
equipped, which moves 0.5 ¢cm in unit. For round radia-
tion fields various sizes of round cones are provided,
which can be also applied together with the brass lods
collimator,

Kanai T, Kawachi K, Kumamoto Y, et al. Spot scanning system for proton radiotherapy. Med Phys 1980;7:365-369.
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Clinical Concept and History of Protons u
(1954 - ongoing) ——
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Pioneers of proton radiation therapy

Dynamic beam application, 3-d dose calculation;
discrete spot scanning, IMPT at PSI
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The amount and the geometry of dose reduction in OARs is relevant for the applicable total dose;
the dose gradient matters: conformality does not necessarily mean zero dose outside a target or

inside an OAR

. Dose %
4 “fields” IMPY 199

90
80
70

60
50
40
30

brainstem & center _ 0

OAR:

3 “fields™ IMPT

Sacral chordoma, 10 year old girl Skull base chordoma
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Clinical Concept and History of Protons u
(1954 - ongoing) —
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Pioneers of proton radiation therapy

Gantry 2, the 2"¥ generation of a scanning gantry, providing very fast re-scanning to treat mobile targets —
design E. Pedroni for PSI

Gantry 2 under construction Gantry 2 treatment room with CT on rails

20 Paul Scherrer Institute PSI 19.01.2026



21

b
u

A systematic literature review of the clinical and =
cost-effectiveness of hadron therapy in cancer

Mark Lodge®*, Madelon Pijls-Johannesma®, Lisa Stirk®, Alastair J. Munro®,
Dirk De Ruysscher™®, Tom Jefferson®

*Cochrane Cancer Network, Oxford, UK, "MAASTRO Clinic, Maastricht, The Netherlands, “Centre for Reviews & Dissemination, University
of York, UK, “University of Dundee, Scotland, UK, “University Hospital Moastricht, GROW, MAASTRO Clinic, Moastricht, The Netherlands

Abstract
Background: In vig

e The evidence for clinical efficacy of
prkieyon associated with a low level of evidence
s o ccording to standard technology ot e hove

SLe proton therapy relies to a large extent on  JEEIEIES
e non-controlled studies, and is thus atvig Norderhag!
assessment and EBM criteria (RCTs etc) i

Materials and methods: A systematic review of published studies that investigated clinical efficacy of proton therapy
of cancer.

Results: We included 54 publications: 4 randomized controlled trials (RCTs) reported in 5 publications, 5 comparative
studies and 44 case series. Two RCTs addressed proton irradiation as a boost following conventional radiation therapy for
prostate cancer, where one demonsirated improved biochemical local control for the highest dose group without
increased serious complication rates. Proton therapy has been used to treat a large number of patients with ocular
tumours, but except for one low quality RCT, no proper comparison with other treatment altematives has been
undertaken. Proton therapy offers the option to deliver higher radiation doses and/or better confinement of the
treatment of intracramial tumours in children and adults, but reported studies are heterogeneous in design and do not
allow for strict conclusions.

Conclusion: The evidence on clinical efficacy of proton therapy relies to a large extent on non-controlled studies, and
thus is associated with low level of evidence according to standard heath technology assessment and evidence based
medicine criteria.
€ 2007 Elsevier Ireland Ltd. All rights reserved. Radioctherapy and Oncology 83 (2007) 123—132.
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The CATCH-22 of expensive equipment u

Expensive technology not readily available in academic centers ™

Generation of clinical evidence requires
access to the new technology

clinical evidence is required to get
funding of the heavy investments

Even if trials are performed, the
technology is often outdated when the
results are mature
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Proton therapy :: Europe
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[MIO/GANTRY]

BELGIUM

NUMBER OF INHABITANTS/GANTRY

UK

17,18 millions (2018)

® Pays-Bas

/_/_A 1718 millens

Belgique
11,4 millions

8,822 millions (2018)

Baviere
13 millions

® Autriche
I 8,822 millions

Vienne
1,889 million

Paul Scherrer Institute PSI
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SGPP meeting

Unit “Health promotion, disease prevention, financial instruments”,
Directorate-General for Health and Food Safety, European Commission

European Investment Bank
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Main findings

= A steady and important increase of the number of PT centers is observed in the last 15 years (up to
more than 40 centres in the EU by 2025), despite still significant costs and relative lack of evidence on
efficacy

» A prevalence of PT centres distribution in central-western Europe, compared to eastern Europe and the
Balkans region

O

O

O

Research appears to be still hampered by:

suboptimal study design
lack of registries

absence of a common pooling system (patients scattered around clinical settings / referral /
recruitment)

limited coordination among centres
weak links between support to infrastructure and support to research

- European
Commission
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Main conclusions

Need for
improved study designs, metrology, and networking between centres

patient registries and databases
(promising initiatives of European Particle Therapy Network and European Reference Networks)

Accumulation and presentation of compelling evidence of effectiveness and safe
Need to use 3 routes with EU dimension
1. supporting research
2. promoting collaboration between centres
3. using conditionality in investment support

-> EIB to continue with a mapping exercise, with an additional research perspective - S
beyond a geographical and quantitative analysis
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MAPPING OF PROTON THERAPY
CENTRES IN EUROPE

Nearly €88 billion of new financing for high-
impact projects

The European Investment Bank Group signed €87.85 billion of new financing for high-impact projects
in areas including climate action, sustainable infrastructure, and healthcare in 2023.

£20billion £19.8 billion £21.3 billion £26.8 billion
to support small businesses and mid- for innovation, digital and human for sustainable cities and regions for sustainable energy and natural
caps capital resources

Manfred Newrly, EIB, Senior Sector Engineer

P —
/ - European - - . @Gc\'r"\mr-"l
Investment Bank Mapping study compiled by consultancy firm Heakhcare



EIB Financing Involvement in Proton Therapy

LAST STATUS CHANGE

TITLE COUNTRIES SECTORS SIGNED AMOUNT CURRENT LAST
STATUS STATUS
CHANGE 4
= HOLLAND PROTON THERAPY RESEARCH The Netherlands Services €90,000,000 Signed 09/05/2014

CENTER - HollandPTC

- MedAustron R&D Austria Setvices €100,000,000 Signed 18/10/2011
=% CMNAO Cancer Treatement Centre Pavia Italy Services €50,000,000 Signed 17/06/2008
-» Heavy ion therapy and R&D Heidelberg Germany Health €66,000,000 Signed 16/07/2003

:- European
B — Investment Bank
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European
Investment Bank

Confidential

Wave (>10) of Proton Centre Financing Requests 2018

Decisions

Concerns . o
- European perspective instead of individual

- Qverlapping of catchment areas centre perspective

- Realistic treatment and business plan - Update Clinical Evidence understanding

- Reimbursement and referral - Mapping study to understand centre

‘ distribution / accessibility

Conclusion

- Freezing new
investment

- internal lending policy
update

- Setup of EU working



27 Proton Therapy Facilities in Operation in 13 Countries

Countries surveyed in this
study

Q Location of Proton Therapy
Facilities in Operation

Centres are concentrated in
the European Megalopolis
(‘Blue Banana’), from
Manchester to Northern Italy

& A

MIT, Marburg
WPE, Essen

S
? o

UMC PTC, Groningen

“ European

Investment Bank

HollandPTC, Delft %
Clatterbridge, Birkenhead W A

E »

_____ Skandion Clinic, Uppsala
A ' \ ¥ ---- Dansk centre for Partikelterapi, Aarhus

Christie PTC, Manchester _ 7 R _(———

UCLH PTC, London _ NN . =

i Y ‘: . ’ ?
0' | ® \
Maastro, Maastricht
PARTICLE PC, Leuven ------=--=---======="""" o

-~ IFJ PAN, Krakow
CYCLHAD, Caen

HZB — Charité, Berlin
-UPTD, Dresden

CPO, Orsay

HIT, Heidelberg="""

MedAu
CPT, PSI, Villigen -

&n, Wiener Neustadt

APSS, Trento
Quironsalud PTC, Madrid

., - NAQ, Pavia
(#
s

CAL/IMPT, Nice ‘

-

[EO, Milan
CUN, Madrid =~

& |

~ INFN-LNS, Catania



Countries with an Institutional Indication Protocol tend to have more
Indications

COUNTRY

NATIONAL OR INSTITUTIONAL
INDICATION PROTOCOL

gliomas, etc.

0o o i

000000800 °II

Head-neck area tumours

(Nasopharynx, paranasal sinuses , salivar i
glands, tonsils, eye socket, middle and inner

a
Gastrointestinal tumours

(Oesophageal cancer, anal and rectal cancer)

I

I
9
o
9
9
~
9

0300000 gll
S

Legend:
Q Validated indication

° Validated indication for clinical trials

—_— European T .
——E Investment Bank ° Model-based indication




No Uniform Reimbursement Amounts defined throughout Europ

€12,000-
€16,000

I
Ca. €15,000
(€500 per
session)

m European
Investment Bank

€20,000 in
total

—3

€20,000 to
€30,000

Ca. €28,000

[ ]
[ ]
Unknown,

full
treatment

Ca. €35,000 in
total

]
]
€40,000 in total

(€8,000in
advance)

To be
defined

-~

€50,000 in
total

€10,000 to
€50,000

Ca. €60,000 in
total (€2k per
session)

PSI

N L7

2 1IN

€30,000 to
€140,000

€ per patient




Discrepancy between Actual Patient Number and

Potentially Benefitting Patients

E NUMBER OF PATIENTS CURRENTLY TREATED

PSI

* Anaverage of 223 adult patients per
- 1,810,658

, totalling 4,233 adult patients.

in Europe (ESTRO-HERO (2016))

ESTIMATES

/

French National Institute of Cancer:
1,15% of all irradiated cancer patients
could benefit from proton therapy

\

N

J

W

4 N\
2,3% of all radiothera atients . .
° . Py P 5% of all radiotherapy patients could
could benefit from proton therapy benefit from broton ther
(and all paedriatric patients). ene om proto erapy.
\_ J O\

~N

W

W

20,823 potential patients

47,489 potential patients

90,533 potential patients

European
Investment Bank

*Tambas, van der Laan, Steenbakkers et al. (Current practice in proton therapy delivery in
adult cancer patients across Europe, Radiotherapy and Oncology, Feb. 2022)

All figures are only indicative.



Conclusion

Costs and Cost-effectiveness
« capital expenditures
« operational expenditures

Lack of clear and uniform indications

Financial

and

Logistical
regarding reimbursement, distance, etc.

constraints

Well-established
referral and
reimbursement

systems

[ — m European
: Investment Bank

\

P
Patients’ needs in
terms of services and
accommodation

~N

Vs

.

Geographical
positioning with an
important local
catchment area

Embedment of centres
in medical facilities

PSI

Vs

.

Collection of patient
data and high-quality
randomized controlled
trials

~N
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