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L’hadronthérapie 

qu’est ce que c’est ?

Pourquoi faire



cost / 

sophistication

precision

2D RT

IMRT (XR Intensity 
modulation)

IGRT 
Image guided

3D RT,
conformal

stereotactic
radiotherapy

cyberknife

tomotherapy

Carbon ions

Other 

particles

photons

« hadrons »

>80% radiotherapy

protons
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Caen experience: 

large access most advanced photon 

technologies
DARPAC

CYBERKNIFE CLINAC

ARTISTE

SATURNE CT SIMULATORS 1+2RAPID’ARC

TOMOTHERAPIE

TOMO. 2

RAPID’ARC
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Protons

Ballistical advantages

7

Photons vs  protons:

Native Bragg peak & SOBP

RX

Pr

Chidren, AYAs:

Preserve healthy tissues

RX



1940 : premier cyclotron  « collège de France »

//upload.wikimedia.org/wikipedia/commons/7/76/Curie_Joliot_1934_London.jpg
//upload.wikimedia.org/wikipedia/commons/7/76/Curie_Joliot_1934_London.jpg
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Synchrocyclotron de 200 MeV



2ème centre français de protonthérapie : Nice

N
I
C
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Proton equipments:
Towards compacity…

Orsay synchro cyclo (1958)

Cyclo 230 (2001)

Cryo synchro cyclo 230 (2012)



50 centres opérationnels en proton thérapie, 6 centres en ions de Carbone et 27 projets en planification : Japon est le leader 

mondial,

Fin 2013, on a identifié 6 centres d’ ions Carbone en planification,

120 000 patients traité par Hadron thérapie (Proton + ions Carbone),

15 pathologies possibles à date pour la thérapie par ions carbone.

Commentaires

16 centres opérationnels 

en proton thérapie

8 projets en planification

US

Proton thérapie:

15 centres opérationnels

Dont 2 en France

Ions Carbone:

2 centres opérationnels (700 

patients / ans pour ~600 

séances) et

1 Project ARCHADE

Europe

Proton thérapie:

6 centres opérationnels

3 en planification

Ions Carbone:

3 centres opérationnels

5 en projets

Japon

Prix du traitement 

World market for hadrontherapy

Courtesy IBA



Applications 

à la neuro-oncologie adulte



Quelles sont les principales 
indications ?



Indications cliniques 
(Loma Linda, R Schulte, 2000)

• SNC
• Méta cérébrales

• Gliomes

• MAV

• Adénomes hypophyse

• Méningiomes

• Neurinomes acoustique

• Base du crâne
• Chordomes

• Chondrosarcomes



Indications cliniques, suite 
(Loma Linda, R Schulte)

• Œil

• Mélanomes

• DMLA

• Tête et cou

• Nasopharynx (initial ou rechute)

• Oropharynx (avancé)

• Sinus de la face



Faisceaux P+ = Jeu de construction
(« Patching »)



Les tumeurs de la base du 
crâne et du canal rachidien



WHO classif, 2000

• Cartilage:
• Chondromas, 

osteochondromas

• chondroblastomas

• Chondromyxoid fibroma

• Chondrosarcomas (CS)

• Dediff CS

• Mesenchymal CS

• Clear cell CS…

• Notochord:

• Chordomas (CH)



Chordomes et chondrosarcomes

• Tumeurs rares, localisations en patch ou en spirale 
dans le clivus

• Evolution lente

• Extension :
• Vers l’arrière comprimant le tronc cérébral

• Vers l’avant envahissant les fosses nasales

• Vers le haut repoussant le chiasma

• Latéralement englobant les nerfs optiques

• Métastase : extrêmement rare
• 5% : chordome

• < 5% : chondrosarcome



Pathology
• Chordoma

• Typical 

• Chondroid : better prognosis: DD chondrosarcoma

• Undifferenciated

• Chondrosarcoma
• Grade I or II

• Grade III, highly malignant
Immunohistochemistry

chordoma chondrosarcoma

Cytokeratin (+) (-)

Epithelial Membrane

Antigen

(EMA) (+) (-)

Vimentin (+) (+)

S100 Protein (+) (+)



Chordomas sites



Epidemiology of chordomas

• 1973-1995 : 400 cases published

• Incidence : 0.08  / 100 000

• Males: 0.1 / 100 000

• Females:  0.06 / 100 000

• Med Age : 58.5 A

• Rare before 40 Y : 0.02 / 100 000

McMaster  Cancer Cause Control 2001



Malignant subtypes 
Differentiated & undifferentiated 

(WHO, 2013)

Differentiated   Undifferentiated Brachyury +  Brachyury -

IHC

Differentiated  Undifferentiated Brachyury +  Brachyury -

IHC

Flanagan, 

Yamaguchi,

2013



Benign subtypes: precursors ?
BNCT*, EP** (WHO, 2013)

Low power High power

Flanagan, 

Yamaguchi,

2013*Benign Notochordal Cell Tumours

**Ecchordosis Physaliphora Spheno-occipitalis

Adipocyte-like cells
(colloid material)

Intra osseous

Mixed with hematopoietic

Lack architecture



Altered differentiations

Chondroid-like Hepatocyte-like



Chondrosarcomas



Epidemiology:
chondrosarcomas

• Pic  incidence: 4th – 5th decades

• Pelvis , metaphysis /diaphysis , proximal extremities 

humerus + distal femur

• Skull base very rare 



Symptoms / natural history

• Insidious

• Non specifique

• Nerve palsies (III,VI) , headaches



Local Extension : 1/ brain stem



2/  optic pathway



Which technology do we need ?

1. Passive double scattering with fixed 
beam: covers most our current 
indications

2. No compromise on precision and 
reproducibility !



High definition CT/MRI

ON Chiasm

Optic tract SAG



Compensator

Collimator

Beam’s « shaping »: passive double scattering



Stereotactic alignment :implanted fiducial markers



-Virtual triangles between gold seeds
(DRRs)...

-Compared with actual position on 
orthogonal  X-Rays

1

4

3

2

2’

Stereotactic alignment :Rotaplus program



Patient positioning



Use of robots

Six degrees 
freedom

Isocentricity



Protons patching principle (1)



Protons patching principle (2)



Protons patching principle (sum)



Protons to CTV (Axial)



Photons to CTV (Axial)





Is upfront surgery important ?

YES ! Allows:
1. Pathological assessment

2. Tumor debulking

3. Spacing critical organs (+++)



Young adult: 2 Y stuffy nose..

C2

Choanae



Post op imaging

Minime 
residu ?

Op # 1

Op # 2



I.R: 16 Y CH, post op imaging

Bottom to top



Are protons the best  in skull base 
sarcomas ?

• Chordomas: YES, but still perfectible…

• Chondrosarcomas: YES, 
but high tech photons can become competitive



Sarcomes de la base : résultats





Photons in skull base 
sarcomas
Literature
(Habrand et al, in Thieme Ed, 

2009)

Photons in skull base sarcomas
Literature
(Habrand et al, in Thieme Ed, 2009)



Protons in skull base 
sarcomas
Literature 
(Habrand et al, in Thieme Ed, 
2009)

Protons in skull base sarcomas
Literature 
(Habrand, id)



Radiosurgery in skull base sarcomas
(Habrand, Id)



Do we need protons alone or 
protons with photons 
(for economical /
organisational reasons) ?

Combined approach acceptable, provided the 
patient is not a child …



Finding #1: GTV/CTV coverage acceptable 
both approaches (mean/min doses)



Finding #2: OARs better spared 
with protons alone

67 CGE X+P

67 CGE P



Do we need an extensive work up ?

No need distant tumor evaluation

But need:

1. High quality local/regional imaging 

2. And OARs evaluation



Warning ! « A train can hide a second…and 
even a third one ! »

Clival chordoma

Nasal failure

2nd primary
… unseen initially



What is the optimal dose ?



Skull base protocols in adults 
at ICPO since 1995

• Chondrosarcomas:
• 2 succesive studies with dose-escalation :

• 1995-2000: 67 CGE, fractionated,combined X+P
• 2001-on going: 71 CGE, fractionated,combined X+P*

• Chordomas:
• 3 successive studies with dose-escalation :

• 1994-2000: 67 CGE, fractionated,combined X+P
• 2001-2006: 71 CGE, fractionated,combined X+P
• 2006-on going: 74 CGE, fractionated,combined X+P*

* Changes in X/P proportion (2006): from 2/3 X to 1/2 X
Changes dpf: all 1.8 CGE



Structure Level A Level B Level C

Chiasm 58

Contr ON 58 60

Ipsi ON
No invaded

Invaded:

*Functional

*Non functional

58 60 62

60 68

No limit

B Stem Max: 64(contact:67): 

to .5 to 1 to 1.5

Controlat 
Cochl

Max: 58

Ipsi Cochl 58 64 No limit



Long term sequelae: CPO results in first 2 
successive studies
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AUTRES TUMEURS DU SNC



Les méningiomes

• T fréquente: 20% TC, 25% T médullaires

• Evolution var. selon histo: bénins (90%); atypiques (5%); 
malins (5%)

• Tt: essentiellement chir (possible 40-60%)

• RT: semble  risque (90  20% a 15A)



Méningiome bénin avant et après 
protonthérapie
(Noel G, IJROBP, 2005)



Méningiome bénin , série CPO
(Noel G, IJROBP, 2005)

• CPO, 1994-2002

• 51 pts, dose moy 60,6 CGE(54-64)

• F Up my: 25 m

• Evolution: Regr: 72%, Stabil: 20%

• Complic: 2 gr3 (audition, Ins pituit)



• ICPO exp., 1999-2006

• 24 meningioma pts

• Atyp: 19

• Malignant: 5

• Dose: mean 65 Gy(RBE), frac

• FUp: med 32 m (1-72)

• Failures: 10 cases

• Severe tox: 1 Rnecrosis



Pr (spot S) dans 
méningiomes
(Weber DC, Rad Onc, 2004)

Ex: M orbite:

52 CGE, 3 fx



Pr (spot S) dans 
méningiomes: résultats (16)
(Weber DC, Rad Onc, 2004)

• Med F Up: 34 m

• 3Y PFS: 91,7 %

• 3Y S: 92,9 %

• IRM: stable:12; regr.: 3, prog.: 1



Pr (spot S) dans méningiomes: 
complications (3/16)
(Weber DC, Rad Onc, 2004)

• 3Y SS complic: 76%

• 2 détérioration visuelles: 

rétine (max: 55.9 CGE) & NO (max: 66,8 CGE)

• 1 radionécrose (64 CGE)



Example:

Dose distribution

2 levels



Weber DC, Spot Scan. P+ in 

meningioma (Cont), 2012 : toxicity

• 5 cases (31%) with > G3 tox:

• Rnecrosis: 3

• Neuropathy: 2



• MGH experience

• 10 meningiomas treated with P+

• Replanned for IMXRT



Protons

Photons

Arvold ND et al (cont): K2 associated XR vs P



Pediatric Case report

Post Gknife meningioma



La « radiochirurgie »



• Stereotactic radiosurgery review:

• 1980-2011, English literature

• 298 reports (9 protons): #10,000 pts

• Types: meningiomas (104), schwannomas/acoustic N (26), pituit 

adenoma (19), CH/CS (11), chemodectomas (7), others (10)



Proton radiosurgery (MGH)
Amichetti M, Rad Oncol, 2012



Radiochir Pr dans MAV
(Vernimmen FJ, IJROBP, 2005)

• 85 patients, traités au Cap

• 64 evaluables

• 2 « tailles »: <14cc (26); >14cc (38)

• Fraction: 1,2, ou 3

• Dose « equivalente »: 10,4-22 Gy (moy:17,4)



Résultats cliniques: 
oblitération

• Excellent: 48,5 %

• Bon: 2 %

• Moyen: 34 %

• Inchangé: 8,5 %

• DC: 2/64



Resultats selon taille
(Vernimmen FJ, IJROBP, 2005)



Complications tardives (15/64)
(Vernimmen FJ, IJROBP, 2005)

4/64 deficits 
perm ± épilepsie



Complications : influence taille
(Vernimmen FJ, IJROBP, 2005)



Positionneur MGH, Boston



• MGH: 50 cases, 1996-2007

• Med FUp: 32 m(6-133)

• 46/51 (91%) LC (No  size)

• Patho: Atyp : 80%, B : 96%

• Timing: SRT#1: 100% LC

SRT#2: 75%   LC

• Tox: 3/51(6%): epil, necrosis, panhypo 



• LES GLIOMES MALINS
• MGH series, 23 cases, 1992-96

• High dose protonT: 90 Gy, frac

• Favorable case: Control at 29 m post resection, but  Rnecrosis +++



Fitzek, P+ in GBL (cont)

Necrosis = prolonged survival…

Failure = < 70 Gy (RBE)



LES IONS LÉGERS: BESOIN DE PLUS 
D’EFFICACITÉ



GUNMA (Japon) 

HIMAC  CHIBA (Japon), HEIDELBERG (Allemagne),HIOGO (Japon), 

PAVIE (Italie) et GUNMA (Japon). Coming : Medaustron (Autriche)

Synchrotron -based carbon facilities
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Low LET  (X-Rays)

High LET (C…) 

HIGH LET PARTICLES
INTERACTIONS Of IONIZING RADIATIONS

WITH DNA

Radiobiologie - M Tubiana, J Dutreix, A Wambersie, Hermann Ed. 1986

Cell

nucleus



carbon Spread-out 

Bragg peak

BALLISTICAL + 

BIOLOGICAL
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carbon ion : differential effect on 

tissues…
LOW/MED

LET
HIGH LET

NAL
TISSUES

TUMOR
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Chordoma of the sacrum

Case 

1

Case 

2

Case 

3

6 years 5 years 6 years

Courtesy Pr  T KAMADA
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Online control :PET imaging

(GSI-Darmstadt)

G. Kraft & W. Enghardt



RELATIVE BIOLOGICAL DOSES FOR IONS SPECIES



Meningioma. Dosimetrical intercomparison
(Mock U, Radiother Oncol, 2014)

50 Gy

+ 10 Gy

50+10Gy



• Heidelberg experience in brain tumors (P+,C+,RXC+):

• 260 pts, Med FUp: 12 m (2-29), ±conventional frac (1.8-3 Gy)

• B Meningioma (58 Gy): 71/71 alive

• M meningioma : 19/36 alive

• M Gliomas (RX50Gy, C+18Gy): 22/34 alive (med PFS:6m)

• M Gliomas (reirr):  8/21 alive



• Heidelberg experience in meningiomas (41 P+,13 C+,16 
RX/C+). Recurrence (6m):

• Benign (P+, 52-7 Gy): 0/26 

• Atypical+ Malignant (RX50Gy,C+18Gy : 5/27(19%) 

• Reiiradiation (P+: 5, C+: 14), 45-58 Gy (RBE): 4/19 (33%)

• Toxicity: 0 severe (including reiiradiation)

Acta Oncol, 2013



Meningioma, HIT exp.(cont)

Molecular Dg imaging

Combined RX (bottom) / C+ (top) plan



XR:50Gy

+

P+: 5X2Gy

XR:50Gy

+

C+: 6X3Gy



Applications 

chez l’enfant
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T1 MRI in pediatric brain tumor patients treated with 
conformal radiotherapy. Steen et al, IJROBP, 2001.

Effect on brain white matter in youngs: 
extraordinary sensitivity !

20 Gy



Post combined RT-HD Busulfan 
demyelination (1 Year)

RT RTXPXPPX
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Busulfan-based megatherapy + RT: 
« a double-edged sword »…

Negretti lL, NeuroOncol, 2012

Radiological anomalies



GA in supine & seated position

• CI

ICPO coll



Proton technology catching-up quickly most 
advanced photon technology



Positionnement enfant
par source isocentrique



11319/01/2016
113113

Major technical innovation:

Spot scanning

Single Spot

Courtesy PSI

Few Spots
Total Picture

3D painting: Delivering of the dose by several spots (each of them having 

one beam E, location and fluency): conform the dose to the tumor geometry
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Pediatric tumors

Personal coll.

Ependymoma Craniopharyngioma



• Supine position vs prone

• No junction

• High 

homegeniety/conformity

• On board imaging

Tomotherapy vs 3D CRT



The reverse side…

Lungs V20 V10 V5 Dmax

Tomo 1% 11% 55% 26Gy

3D 7% 16% 20% 36Gy

Supine position:TomoProne position: 3D

Courtesy 

C.Dejean, 
Nantes



Pt M A: 10 Y-old; 
(2001: 34 X+34 P) 
4Y-MRI : gr II joint-distorsion

9-48 

CGE

53-

64 

CGE



Le projet ARCHADE, 

Une « Normandy Hadrontherapy »



Photons vs PARTICLES: EQUIPMENTS

119

CYBERKNIFE

TOMOTHERAPY 

PROTONS 
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Case #1: Which best ?
(LEC. Joelle)

•56Y old, RIII palsy
•Past history: RON glioma as young adult(±45 Gy)

•Work up: B meningioma Rt ant clinoid 
•Management: partial resection+RT(52Gy)

Max:68%

Max:105%

Max:76%

T

C

P



Case GON: marginal circumferential

failure

• 12 YO,M

• Acute ICP

• MRI (Nov 2012): homogeneous 

2.5X3.5 cm mass, pineal region, 

with IIIrd ventricle compression, 

gado +

• Serum markers:  AFP (185 

ng/ml)

• Management:

• Ventricular shunt

• Chemo : 4 PEI (CDDP,CBDCA,VP)

• Proton based-RT: focal 54 

Gy/frac



Case GON: Evolution 

• 9 m FUp MRI:

multiple nodules in lateral V.

• Serum markers:

 βHCG (19 ng/ml)

• Biopsy: 

NSGCT (yolk sac)

• Salvage:

• Tomotherapy

• Dose: 30 Gy CS

18 Gy V. boost

• Max. sparing RT1 volume
NED # 1 Y post salv.



POTENTIAL ROLE OF  PET  TRACER (FMISO-18F) TO DEVELOP HYPOXIA IMAGING-GUIDED 
PROTONTHERAPY FOR SKULL BASE CHORDOMA (COOPERATION WITH CPO)

18-FDG

18-

FMISO

Image Fusion

18-FDG/18-FMISO

IGR WORKSHOP 2015 - MULTIMODALITY IMAGING FOR 

RADIOTHERAPY
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[TOULOUSE]

« France HADRON »

124

Montpellier



ENGINEERING

SCHOOL « ENSICAEN »

IMAGING

PLATFORM

« CYCERON »

GANIL

NUCLEAR PHYSICS

INSTITUTE « LPC »

RADIOBIOLOGY

« Laria »

ARCHADE

Location : Northern Campus of Caen (GANIL)

UNIVERSITY 

HOSPITAL &

CANCER CENTER



« ARCHADE »: ARTIST view



2 Core-equipments

1/ IBA S2C2 
superconducting 
synchrocyclotron

2/ C400
IBA design
Realisation: 
« Normandy-Hadrontherapy » consortium



GROUND FLOOR



FIRST FLOOR: RESEARCH 
DIVISION 
(biology, physics)
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Time table ARCHADE project

2012 C400 design validated by international panel

2014 Financing agreements betwwen RCBN and banks

(EBI…). Contract signatures 

2015 Begining of building construction

2016 Normandy-hadrontherapy consortium 

2017 End of building, Proton machine installation

2018 First Proton patients with Proteus one

(345 Pr pts)

2019-21 Begining research programs with C400

(175 Pr, 100 Carbon Pts)



CLINICAL PROGRAM.Ramp-up

1 2 3 4 5 6 7

Proteus One

# patients 150 250 345 345 345 345 345

# fractions 5 000 8 065 10 755 10 755 10 755 10 755 10 755

C400 protons

# patients - - - 55 110 175 175

# fractions - - - 1 716 3 432 5 460 5 460

Total protons

# patients 150 250 345 400 455 520 520

# fractions 5 000 8 065 10 755 12 471 14 187 16 215 16 215

C400 carbon ions

# patients - - - - - 50 100

# fractions - - - - - 1 000 2 000

TOTAL # FRACTIONS 5 000 8 065 10 755 12 471 14 187 17 215 18 215



RADIOBIOLOGY PROJECT: GLIOBLASTOMA

Meilleure efficacité sur la cellule tumorale 
même en conditions d’hypoxie

Imagerie pour guider la radiothérapie 
(IRM/TEP)

Effets sur le tissu sain cérébral : Cellules (astrocytes, neurones, macrophages…) / 
Cerveau entier



Local regional

CIMAP (Radio-Chimie)

LPC Caen (Fragmentation, Moniteurs faisceaux)

CERVOxy/ISTCT-CYCERON (cerveau)

LARIA-CEA/DSV/iRCM (cartilages)

BioConnect-Université de Caen (cartilages)

ARCHADE/SAPHYN-ABTE/ToxEMAC Universités de Caen et Rouen (peau)

GANIL (faisceaux)

National partnerships

GDR MI2B (contrôles, imageries)

France-Hadron 

SAPHYN

« pre clinical » affiliated teams



« Clinical » affiliated teams

• Local

• Centre François Baclesse

• CHU

• Partnerships

• Institut Curie

• Gustave Roussy Cancer Campus

• Centre Antoine Lacassagne, Nice

• Centre Henri Becquerel, Rouen
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The future ?
Today... Tomorrow…

CARBONE ?
Others  ?

PROTONS

PHOTONS PROTONS

Courtesy IBA company






