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1946 - Robert D. Wilson publishes
the concept of Proton-based therapy

Radiological Use of Fast Protons
NOBEXT & WILSON '
Research Labosatory of Phywice, Marvesd Usivernty
Cambaidge, Massachusetts
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Van de Graaff generators have not been
directly, used therapeutically.  Rather,
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History of Protons

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
27 years prior to the introduction of individually shaped blocks
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First proton treatments at Harvard Cyclotron / Mass. General Hospital

The first large field treatment with protons at
the Harvard Cyclotron in 1973, for a pediatric
pelvic rhabdo-myosarcoma.

The patient died several years later from
probably a marginal tumor progression or
relapse

Slides courtesy of M. Goitein

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
4



PARTICLE THERAPY CENTRES IN EUROPE - 2015

Protons

Protons and
carbon ions

In operation Under construction  Being planned

® Proton A Proton # Proton
® Duallon A Duallon & Duallon



i) Universitat Zirich

The future role of Proton Radiotherapy in the framework of modern
Photon-RT

The 2 (historic) legs of Proton Radiotherapy

» )
High-Dose Yy

Target &
coverage

Reduction of
low-moderate
dose volume

.

Eugen Hug, 2011



Carbon Radiotherapy In A Pregnant Patient:
low scattered dose to the fetus

photon dose neutron dose Number of Total dose
(uSv/fraction) (uSv/fraction) fractions (uSv)
Normal field 3.0* 1.4 15 66
Boost field 2.2 ** 1.0 5 16
Total 20 82
treatment

Muenter MW, Fertil Steril 2010
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TOMOTHERAPY

L. WIDESOTT, M. SCHWARZ.
IJROBP 72(2):589, Oct. 2008

g
T
—=
C — J
—_——
)

Rectal Volume (%
8 g
T T
—
2

g
T

3
T
 m—
—D
—
D
(—
-
e
A

10 UDDDB.

0 ] ] | ] ] ] ] I

0 10 2 30 4 5 60 0 8 90
Dose (GE/Gy)

Combined rectal dose—volume curves for proton
therapy and intensity-modulated radiotherapy
(IMRT) (n = 20 plans)

Volume Comparison of Proton Therapy and
Intensity-Modulated Radiotherapy for Prostate
Cancer

Vargas et al, IJROBP 2008, 70(3):744
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Protocol Strategies:
Comparative Photon / Proton planning

100% v

EU-ALLEGRO 0% |
Consortium il

NTCP-value
5883

0% -
10%
0%

Treatment
planning with
photons

Expected difference in NTCP-value
small or absent

Expected difference in NTCP-value
Comparison — moderate or questionable

Treatment Protons +
Expected difference in NTCP-value observaitionsl

major in favour of protons study

planning with
protons

9
Thanks to J. Langendijk; J. Overgaard/ C. Grau
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NCI: Indices of clinical relevance

Overall mortality

Cause-specific

S mortality
o
©
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o
S Quality of life
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endpoint Levels of evidence
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HIT: Heidelberg lon Therapy Center
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Patients @ HIT / MIT

Protonen- und Schwerionentherapi seit 11/2009, ~3300 patients treated
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MIT: Marburg lonbeam Therapy center

— -

Operation started in
: r=u , 10/ 2015
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MIT Marburg lonbeam Therapy center

» 3 treatment places at horizontal beam -1 treatment place at 45° beam
= clinical operation since 10/2015: 106 patients treated

110m
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Clinical trials @ HIT+MIT

SB chordomas: H1 vs. C12

SB chondrosarcomas: H1 vs. C12

CLEOPATRA (H1 vs. C12 boost RT; prim. glioblastoma)
CINDERELLA (C12 recurrent gliobastoma)

MARCIE (C12 boost RT, meningeomas grade 2)
COSMIC (C12 boost RT; salivary glands) published
TPF-C HIT (C12 boost RT; head&neck) closed

IMRT HIT-SNT (C12 boost RT; sinu-nasal cancer)
ACCEPT (C12 boost RT + Erbitux for ACC)
PROMETHEUS (C12 for HCC)

OSCAR (H1 + C12 boost; inoperable osteosarkoma)
PANDORA (C12 for recurrent rectal carcinoma)

IPl (C12/H1 for prostate cancer) f/u phase

ISAC (C12/H1 for sacral chordoma)

PROLOG (hypofract. H1 for prostate cancer recurrence) f/u phase
INKA (neoad,. C12 for inop. sulcus superior tumors)
KOLOG (hypofract. C12 for Prostate cancer recurrence)

31.12.2015
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COSMIC- trial

Combined therapy of malignant salivary gland tumors with IMRT and carbon ions

« Phase |l feasibility study - H
g 1Ll ‘ INRT + C-12

> No dose limitting acute toxicity
> Late Toxicitat G > CTC grade 2 < 5%

Schulz-Ertner, Cancer. 2005 Jul 15;104(2):338-44

Pre-treatment situation Treatment planning 6 weeks post RT
C-12 boost
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COSMIC- trial

Better local tumor control by C-12 irradiation leads to
better long-term survival
of locally advanced adenoid cystic carcinoma

Local control

1.1 4 '

- photons Ccncer =

B c

(p=0.033) Combined intensity-modulated radiotherapy
) plus raster-scanned carbon ion boost for
advanced adenoid cystic carcinoma of the
head and neck results in superior locoregional
----------------- control and overall survival
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COSMIC- trial

Better local tumor control by C-12 irradiation leads to
better long-term survival
of locally advanced adenoid cystic carcinoma

Overall Survival
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Combined intensity-modulated radiotherapy
plus raster-scanned carbon ion boost for
advanced adenoid cystic carcinoma of the
head and neck results in superior locoregional
control and overall survival

D 1sen MD, MSc 11 Anna V. Nlkoghosyan MD

Fiest published 4 jurwe 2015
DO 10.1002/¢ncr 29843

Cited By: 0 articies

Jensen et al. 2015, Cancer
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Hypothesis: Dose Response Relationship
Radiotherapy of Skull Base Chordomas

2 Phase Il Randomized Studies @ HIT:

-Skull Base Chordoma (HIT1-study):
‘comparison of proton and carbon ion radiotherapy:
21 x 3GyE carbon vs 36 x 2 GyE proton

ESkuII Base Chondrocarcoma (HIT2-study):
‘comparison of proton and carbon ion radiotherapy
20 x 3 GyE carbon vs 35 x 2 GyE proton
Nikoghosian et al, BMC Cancer 2010, 10:606
0 20 40 60 80 100

Median dose (CGE)
[Schulz-Ertner, IJROBP 2007]



Sacral Chordoma

ISAC trial: randomized phase |l
16 x4 GyE Cl12 vs. 16 x4 GyE H|

o A -
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Pediatric Patients at HIT

B anesthesia I total

400
300
200
100
0 | .
2010 2011 2012 2013 2014 2015 2016
2010 2011 2012 2013 2014 2015

-113 3125 11/ 45 18 /76 21/73 18177
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OSCAR- trial

OSteosarcoma — CArbon lon Radiotherapy: Phase l/ll therapy trial to determine the
safety and efficacy of heavy ion radiotherapy in patients with inoperable osteosarcoma

Secondary endpoints: local control disease-free and progression-free survival, Overall
survival, role of FDG-PET in response monitoring

Neoadjuvant Chemotherapy according to Proton / Carbon lon- | Adjuvant Chemotherapy
standard protocols radiotherapy (HIT) | (e.g. EURAMOST, HR1 (MAP))
(e.9. EURAMOS1 ) (54 GyE + 18 GyE C-12),
Week 11010 Week 1110 17 Week 18 to 36
) — :
ol X
FDG Inclusion of | Required Diagnostics Required Diagnostics after HIT. || Follow-up
PET patients before HIT: Diagnostics
optional || at least 3 v FOG-PET * FDG-PET Week 17 and 36 6, 12, 24,
weeks before v CTIMRY v CTMRI and Tc99 bone scim 35, 48 and
HIT /Tc99 bone scintigram gram Week 23 and 36 €0 months
v Blood tests v Blood tests week 17, 23, 36 after HIT
Week 7-10




Challenges: Changes Due Molecular Diagnostics

12 years old girl Localization infratentorial,  Residual Tumor:
Diagnosis post surgery: IV Ventricle 59.4 GyE Proton (HIT)

in 1.8Gy Fx (33 Fx total)
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+ NGS analysis
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No mut. in 130 NGS Ultra Deep

Seq

Isochromosome 17q
2 identical long g arms

Loss of the p arm

chr17 4

~

e

¥iiAe




¥

oe

o4

Event froe survival

o2

gyt

‘ =1}

=830

Ik
LA

jn

] i
. Illll.; l.

Our case:

r'l "Ik I'lr -l_ -

Non-SHH,

non-WNT,
no p53 mut

00

Figure adapted from Hovestadt et al. Nature and Acta Neuropathol.

2014

WNT-spec.
SHH-spec.
Group 3/4

Group 4-
spec.

(n= 45214)

Group 3-
spec,

Subgroup-specific LMRs

Non-SHH/

CBM
e
0 05 1

Nurtors ot ran

(o] -
a Q
T =
o

0] (0] O

-15 015

MEDULLOBLASTOMA WHO Grad IV

(Group 4)

Localized lowly methylated regions (LMRs)

Enriched motifs
LEF1 Tl
RUNX2 08 lustc,
NHLHT oAl
GLR Ml
PAXE el A Ts.
2c2  shid
|IEOMES AT7A_
INR2F6 AIRALITH
ox2 _ 4.
LHX2 e
TBR1  ATzA



UniversitatsKlinikum Heidelberg

cranio spinal irradiation: protons
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Proof of principle: CSI

treatment plan 6 months after therapy
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Proof of principle: CSI

treatment plan

6 months after therapy
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Low grade glioblastoma
3D-CRT VMAT
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Result: dose reduction

Hippocampus ipsilateral:  Hippocampus contralateral:

Dmax: -5.5% Dmax: -37.2%
Dmean: -15.3% Dmean: -64.5%

Mean ID: -16.5% Mean ID: -62.7%
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Result: dose reduction

dose (%)

Dmax: -24.6%
Hypophyse Dmean: -40.9%
Mean ID: -37.8%
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Result: dose reduction
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Mediastinal lymphoma

Dosimetric plan comparison: Methods

Proton therapy (PT): Helical TomoTherapy® :6 MV,

Raster-Scan binary MLC
A

N a)\
20 - — : d ' ‘ -'\
: / - \-?_, \ : J
Planning: 4D-BPL-CT

Target volume definition: PTV: CTV + 5mm

16 Patients (11 w, 5 m), Median age: 29,5 years (21-54 years)

indikation for protons : age, pericard involvement, high dose expected in
mamma
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Mediastinal lymphoma

27 LJ, f, DLBCL
St. lIA mit med.
Bulk

RT: 36 Gy RBE in 18 Fx (ED
2,0 Gy RBE)

D myocard:

mean

3,5 Gy RBE vs. 7,2 Gy

D.ean Dreast right.:
0,1 Gy RBE vs. 1,4 Gy

D ean Dreast left.:
1,7 Gy RBE vs. 2,4 Gy
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Dose reduction OAR:
Protontherapy Of Mediastinal Lymphoma

Absolute Relative

PT IMRT Reduction Reduction

(Gy) (Gy) (Gy) (%) p-value
Dmean heart
(myocard) 3,2 7,1 -3,9 -54,9% < 0,001
Dmean right 0,1 1,4 1,3 92,9%  <0,001
Dmean left breast 1,4 2,4 -1,0 -41,7% < 0,001
Dmean esophagus 7,0 10,9 -3,9 -35,9% < 0,001
Dmax spinal chord 1,6 16,2 -14,7 -90,4% < 0,001
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Low grade glioma

VMAT

Adeberg et al., SUON 2016 , '
Harrabi, ...,Adeberg et al., SUON 2016

Fig. 4 Comparison of dose distribution for a patient with low grade
glioma. a Three-dimensional conventional radiotherapy plan, b pro-
ton beam therapy plan. CTV is delineated in red. the comesponding
planning target volume in blue. The potential for dose reduction is
especially eminent at the contralateral site
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Low grade glioma

Plan comparisons: IMPT vs IMRT vs 3D-CRT

I
i
I
11

e [N

Dose coverage Brainstem CL Hippocampus

Adeberg et al., SUON 2016



New Ways Of Learning

Anatomy
(CT, T1 CE-MRI)

Tumor

Target structure for radiotherapy
(Isodose lines)

standard
treatment planning

(" Metabolism  Cellularity, nerve fibres )

(PET) (Diffusion MRI) Muliparametric

Imaging

Treatment
" Success

Edema
(T2 Flair MRI)

Perfusion/Permeability
(DCE/ DSC MRI)

Imaging Parameters

. |
L ;

/

~ J

P Tumor/Recurrence
Probability
0,
+ 6 — | Machine Learning
=" P(x,v,2,0;)
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Systematic assessment of long term effects of particle therapy
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Pitfalls

Commercial priorities: financial pressure

Not sufficient time for ramp-up

Underestimation of training needs: CTV / PTV

Lack of trials interesting for 1) advancing cancer care

and for 2) health authorities/ insurances

Too optimistic estimation of recruitment for studies

Quick progress of photon radiotherapy (IGRT, ART)
comparison with standard of care

Too rapid shifts from standard treatments
(e.g. hypofractionation)

Underestimation of current shortcomings of
particle vs. photon therapy (moving targets, range
detection/QM, TPS, on-board imaging, IMRT, ....... )

41



_OO UniversitatsKlinikum Heidelberg

NCI: Indices of clinical relevance

Overall mortality

Cause-specific

S mortality
o
©
C
o
S Quality of life
e
D
C
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& Indirect
surrogates
. 9,
Caveat: y Se.. "6,7 /)O'o,))/
,Local Tumor Control“ ® Se.. 8¢ O'o,b/, <8¢
only a ,low-strength“ 8¢ <8y

endpoint Levels of evidence
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