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The goal :

e Not to teach you “hadrontherapy” in 1 hour

* But to give you a “fast movie” of this
passionnating world ...

...and give you the wish to know more !

institutCurie




Menu :

[. Medical Physics in RT : past, present

I. Hadrontherapy :
. Types of particles
. Interactions with electric (E ) and magnetic fields (B)
. Interaction with matter (eg: beam line, patient)
. Planning and treating with particles

. Moving towards heavier 1ons

. The future : revisiting radiation biology

institutCurie




The technological evolution of external
radiation therapy : 100 years of history

600 kV- 1930’ Gammatron | Linacs

Siemens 1956 D
Co0-60 et Cs-137 institutCurie '®



Physics and technology: delivery systems in external radiation therapy

www.cyberknife.com

ViEwRhay
Tomotherapy Vero (MRI +CO) institutCurie



Integrating 1.5T MRI functionality with a radiotherapy accelerator Lagendijk et al, Utrech
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Multiplicity of incidences// changing the role of the energy
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(from Tomotherapy) !
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The workflow: towards “Adaptive therapy”

Planning Imaging

Treatment Planning

In room Imaging Image Registration Treatment Delivery
and patient setup

Adapt
Treatment ?

Treatment Assessment O

Courtoisy : G. Olivera et al institutCurie



Imaging

l==- Dose equations for tube current
modulation in CT scanning and the ,
interpretation of the associated CTDl,.

Oblique reconstructions in tomosynthesis.
l. Linear systems theory

Il. Super-resolution

e Dimensionality and noise in energy
selective x-ray imaging

Evaluating IMRT and VMAT duse

detect systematic errors when applying a
[:nmmnnlyr used metric and artinn levels

e
7

accuracy: Practical examples of failure tu

Dose Accuracy and Evaluations

' (Similar for PMB)

Research funded
by Industry

g

MOST READ

Increasing dependence on industry-funded research
creates higher risk of hiased reporting in medical

LR N RN,

Vision 20/20: Single photon counting X-rayra
medical imaging

Charged partlcles

[he more important heawy 1

Oblique reconstructions in tomosynthesis. " radiotherapy of the future is more likely to be w\ﬁ\\

heawvy ions rather than protons

~ MDST l':ITEIIII THIS MONTH

Dosimetry of interstitial brachytherapy sources:
Recommendations of the AAPM Radiation Therapy

Committee Task Group Ho. 43 o
Dosimetry

BEAM: A Monte Carlo code to simulate radiotheragy
treatment units

T ——
e —
T

A technigue for the quantltatme Eualuatlun of dose
dietriludinne

Irie




Protons/
Jons

Electrons Photons

-

-

J-C.Rosenwald & A. Mazal i+



11. « Hadrons » in therapy

Physical selectivity and/or Radiobiological effects

* pions

* fast

& slow neutrons

* protons
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250 kV X RAYS

* light and heavy ions

——=— HIGH LET ADVANTAGE ? -~ -u—*af
Linear Energy Transfer '




« Hadrons » in therapy

Physical selectivity and/or Radiobiological effects

* pions

* fast

& slow neutrons

* protons
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NEUTRONS

250 kV X RAYS

* light and heavy ions

HIGH LET ADVANTAGE 7




Menu :

I. Medical Physics in RT : past, present

I. Hadrontherapy :
. Types of particles
. Interactions with electric (E ) and magnetic fields (B)
. Interaction with matter (eg: beam line, patient)
. Planning and treating with particies

. Moving towards heavier 1ons

III. The future : revisiting radiation biology
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Interaction with electric and magnetic fields : Beam

oroduction, transport & delivery
Acceleratio

> voltage
>
>
>
>

et e IRTRTATATA
Q
/électric Fiel& 8 4]
\ . Tlme
Acceleration of a Charged Particle: ma = q (E
Bended
Trajectory: ‘Dee’
Magnetic Electrodes in
Field « B » Magnet

Particle Motion in . )
Magnetic Field ~ Ma=q{ VAB)




b) Synchrocyclotron (StillRivers-Mevion, IB/
C) Cyclotron (IBA, Varian-Accel, Suitomo)

— : B f tﬂl‘f Dlam 4

: i My 47 | : 235 Me

W o ““g\
¥

Harvard

-

d) Synchrotron
(Mitsu_bishi, Hitach_i, Optivus, Siemens,..

| C clotron synchrotron

institutCurie




How many of you think cyclotrons
are better than synchrotrons
for hadrontherapy ?

And the opposite ?

Why?




Cyclotrons Synchrotrons
size small big
weight heavy light

small number of double stage of

operation parameters acceleration
energy fixed, need degrader variable at accelerator
intensity high, easy limited
activation high upstream low upstream
shielding larger (degrader) lower
frequency continuous pulsed

intens mod

Easy ... to complex

Easy... to complex

extraction steering, septum resonance
extracted

beam symetrical asymetrical
power stable load peak power

-

Ions ! -

institut

(arguments given by a cyclotronist...)



Proton treatment gantries
The Loma Linda passive scattering proton gantry
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Side view Front view

institutCurie

From T.Lomax & E.Pedroni, PSI & G.Coutrakon, LomalLinda




A typical hospital-based
protontherapy center

Loma Linda, Ca, USA msmutcu(r?e




Accelerator Installation (U.Washington, 2011) Qa MEV'DN

(Ex Still-Rivers)

a7t I2ft

“20-25M$”
(+ building)?

(D,

institutCurie




TULIP at 3 GHz with E; = 30 MV/m
present technology : 30 MV/m SM1

25x25 cm?

. . Divonne Workshop - UA - 15.2.14 21 O
Courtoisie : Amaldi et al institutCurie



DIELECTRIC WALL ACCELERATOR - Proton linac '

Transmission lina

Transmission

High-gradiant
lina

insulator

Particla —®= g ™ High-

gradient
insulator
Freepatentsonline.com
George Caporazo et al
*Lawrence Livermore National Laboratory,
L
Swilch

Profdan
SOUMCE

Livermore CA

R.Mackie et al, 2010

Mazal et al, 2010




Laser-based proton beams

Laboratoire d’Optique Appliquée Polythechnique/ Palaiseau / IGR // CPO

Fréquence des pulses : 10 Hz
Durée d’1mpulsion : 30 {s
Puissance sur la cible : 10?° W.cm

. . des particules
Diametre d’impact : quelques pm? (E~TV.m-)) msututCu(ri)e




Optimistics or pesimistics ?
How many of you think we can have
Medical laser accelerators
in less than 10 years ?

institutCurie




II1I. BEAM-TARGET INTERACTIONS :
- Elastic & inelastic collisions
- Coulomb Forces : (+) & ( - ) charges

Incident
Proton or
Ion (+)

Protons (#)

Electron (=)

Which are the Main Interactions of Interest in our field?

institutCurie




Many interactions of particles with matter ...
but kee

Vi

Inelastic collision w/nuclei : neutrons...

Inelastic collision with electrons: Dose

Elastic collision w/nuclei:
« multiple Coulomb scattering » :
all the effects you do not know why

institutCurie




BEAM-TARGET INTERACTIONS :

# Mid & High Energy : Inelastic collision w/nucleus
( 10-250 MeV protons) & nuclear reactions

Incident
Proton or TSN - Neutrons:

Ion (+) ‘d | shielding
| patient dose

- Fragments

- Protons (large angles)

- Activation - gamma,...
Accelerator, Beam line
Patient 2 PET, ...

- Disappearance of incidental protons
institutCurie




relative fluence r

|
Nuclear interactions

Incident NUMBER OF PROTONS
Proton or

Ion (+)

SOV
-nm

-
0 !
Faraday 811 X(0))

L ] | i ]
| ¥ ¥ 9 § ) Kk w ¥ F 4 ¥ F 1 F | 0 ¥ 0¥ §J-0@ ¥ 8 F |

L S 10 15 20 25 30

water equivalent depth (cm)




Number " relative fluence p+ 200 MeV
of

particles Nuclear interactions

threshold= f(E)
ﬂ-ﬂ ( 10-250 MeV protons)

NUMBER OF PROTONS

~1 % per cm

L ] | i ]
| ¥ ¥ 9 § ) Kk w ¥ F 4 ¥ F 1 F | 0 ¥ 0¥ §J-0@ ¥ 8 F |

L S 10 15 20 25 30

water equivalent depth (cm)




BEAM-TARGET INTERACTIONS :
Why the bragg peak...?

# Intermediate Energy ( 0.1- 250 MeV)  Inelastic Collision
with electrons

Incident
Proton or
Ion (+)

-Protons : E loss
& very small angle

-Electrons:
Tonization, excitation

institutCurie

= Dose




ionisations =f(Energy)

institutCurie



Dose distribution 1n nanometer scale

i

o
A
i

- 0.2 MeViu "

M. Kraemer, M. Scholz
institutCurie



Stopping Power

Mass Total
Stopping
- Power
S/ro

~ [MeV.cm’.g"]

1

Residual Range [mmWater]
~Distance to range

institutCurie




Number of protons

0.4]

0.2 {

n I I i 1
& -9 ¥ ) F w ¥ ¥ J§ ¥ F 1. F | 01 ¥ 0¥ @ 0§ ¥ 0

t S 10 15 20

water equivalent depth (cm) I




Number of protons

|

§ l:-r-rl-l:.l-rrr:JrJ-a:r:'l_l"T_*
10 1S 20 28 30

water equivalent depth (cm) I




Number of protons x

Ionisation of all protons:
Bragg Peak

O S 10

water equivalent depth (cm)




Characteristics of Bragg Peak

Yo distal 90%

_Dose /

-(ionisation)
- distal 50%
——

entrance dose%

me water
I
35

Pure Bragg peak depth of 60.4 MeV protons
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Spread-out Bragg Peak (SOBP)

120

100

80

60

40

RELATIVE DOSE

20

(Niek Schreuder & Orsay)

100 150 200 250

DEPTH IN WATER (mm)

-
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BEAM-TARGET INTERACTIONS :

Elastic collision w/nucleus

Incident

Proton or |
Ion (+) ' Coulomb

multiple small angle
scattering

institutCurie




« Get profit » of this ! :
Clinical passive lines Final Collimator

Occluding Rings and
second Scatterer

First Scatterer

D

(from Niek Schreuder,Indiana) institutCurie



Lateral penumbra in depth : (multiple) Scattering Power
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Scattering effect in small beams

institutCurie




N
Scanning
Principle

Pictures

With

compliments
from PSI

Few Spots

Single Spot

Total Picture




iso energy slice 16

X-Y ’
Scanning

magnets _
Position ol
switch to and dose
new position - measurements

control

system ;HQ

Adapted from Naumann et al, PTCOG 2010 // Heidelberg lon Therapy Center O

institutCurie



Intensity Modulated IMPT-IMZT

0 T 20 30 40 50 B0 20 8O0 90 100

T. Lomax, A. Trofimov, ... /3
institutCurie




How many of you prefer
scanning than passive?

Why ?
Any specif concern or limitation ?




Conclusions at Estro Course

Passive and scanning delivery compared.

Passive Scanning
Mature technology + New technology -
— | Insensitive to + Very sensitive to -
~_|_organ motions organ motions
Relatively inflexible - Very flexible +
Field specific - No field specific +
hardware required hardware required
Large gantries - Smaller gantries  +
required
Integral dose i Integral dose +

b

From Tony Lomax, Estro Particles 2011 institutC



Menu :

I. Medical Physics in RT: past, present

I. Hadrontherapy :
. Types of particles
. Interactions with electric (E ) and magnetic fields (B)
. Interaction with matter (eg: beam line, patient)
. Planning and treating with particles

. Moving towards heavier 1ons

III. The future : revisiting radiation biology

institutCurie




2. Imaging
Oblain and inter-register imaging studies :

CT, MRI, fundus, angiography, ultrasound Immobilisation

& reference coordinafes :

masks, frames,...
andjor...

Use of implanted fiducials

7 F it
| ~Llasound, S e )

T

institutCurie



5. Beam design
Design one or more selts of beams

Indeed for eyes: In the beam’s eye view: stributi
. - Calculate dose distribution
Choice of the gaze angle Design a collimator
fo avoid critical organs

Margin : 2.5 mm
Ray tracing
Beam model Penumbra

(see later)

A

&

Distal fall off "%
\ Eg 30%/mm Institutouri




9 & 10 : Daily set-up control

9

- Lateral beamview upfron%ﬁ:mview r

—
-

(D

« Image Guided Radiation Therapy IGRT» with gating institutCurie




What can we see when we are used to plan with photons F1

... and move to protons? (~ concepts valid for passive and active...

R S

.e

Spread-out Bragg Peak (SOBP)
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Plot of calculated (HU_.,SP,,) pairs and
linear fits

Importance of CT calibration & QA = RANGE

Emall body calbmation
LI

.4 H
il Schneider, Schaffner, Lomayx, ...
.'-""FF
14 e i
12 o -
§ 10 el B
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Patient Contour
Target Area

/

/

Proton Beam

Inhomogeneity
(Air Pocket)

AM/ Modified from
Niek Schreuder




Patient Contour

Compensator

erture




2nd reason to smear : Mis alignements and/or organ movement @
- See other presentation in this course institutCurie



Effect of density changes (eg : in the target volume or in the beam path)

J.Debus
1.0 1.0- /
< 0.8+
g C éﬂ.ﬂ- C
Sﬂﬁ‘ Q o06-
Q 4. 5.;,_4_
0.2 Photons 0.2
n T T T T L] L T T T T D IonS
0 2 4 6 8 10 o ' 2 | 4 ' & & 10

Penetration depth / cm Penetration depth / cm

Originally planned Dose recalculation
dose distribution on modified CT

W. Enghardt et al.

ik

Similar effects for CT artifacts, contrast, mispositioning or organ movement

Need to survey the anatomical changes in the path O
after the planning CT and till the end of the treatment institutCurie



But... if « complex » heterogeneities : not only a « ray tracing approach »,
also multiple scattering effects :

This effect is even more evident with borders along the beam direction... -
institut



Need to change the range Urie et al
—> change the incidence !! ¥



Positron Emission Tomography from patient activatic he:
Before collision After collision

iacti Projectile
Projectile — —
J fragment
Atomic nuclei @ ‘;. Neutrons
of tissue Target fragment

. ) B-emitting nucleus
Detector

7, (511 keV)

Coincidence (At < 12 ns)

_ Validevent . Enghardt
Prompt Gamma

] 160 MeV’ -

'2 ]
5
Qc \ : by
N § g
F.Roellinghoff. ° 8 g
PhD, IBA.
L T ER:

1 2
Detector axis [cm]



TPS : beam

3 Families

1) Ray Tracing

2) Pencil Beam

3) MonteCarlo

models

1. scatterer

Compensator |

|

\ 2.scatterer (contoured)
Range Shifter /
Wheel (contoured) : Collimator

a
@]

N
(@)

[0}
@]

1

N
O

(@]

O

| . . . . |
50 100




Why MonteCarlo?




Applications of Monte Carlo :

Precise dose calcs Tissue activation Ca Icultion of LET > RBE
with inhomog for PET QA

E 2 -

E‘ 2

B

c

5

E

% ‘o)

g & o CT number

2 " - . - -

Calculation of neutrons Conversion from water to tissue dose

Bednardz, PTCOG49 / Data from Paganetti, Shin, Espana, Oelfke, Athar, Xu and Bolch)



Clinical applications:
Eg: Base of the skull tumors

Photons-protons
Non coplanar beams

Junctions, patching




Practical examples (CPO)

Rhabdomyosarcoma Chondrosarcoma (X + p)

D

institutCurie



Practical example (MGH)

Judy Adams et al,
Skin sparing
Lacrimal gland

D

institutCurie



Pediatric tumors (ex: medulloblastome)

N. Fournier-Bidoz,
Astrid Leroy & co, IC-CPO

L

institutCurie



ROCOCO (Maastro & > 15 institutions involved)

1) IMIT

AW W X\ 8A

m:Hammmm

W L..‘f w W u L,.‘f w LV )

Erik Roelofs et al, ROCOCO Trial, PTCOG 51, 2011

institut



Towards dynamic delivery systems
while being able to treat moving organs:
X 1nterplay » & « repalntlng » concepts

Y-pos [mm]

0
X-pos [mm]

" Rietzel,, Bortfeld, Lomax, Trofimov,..




Effect of target movement with scanned beams

y

patient
(calculation)

Mitigation techniques :
- Breath holding

- Compression

- Beam Gating

- Beam Tracking

- Repainting

Status and perspectives : specifications to vendors are evolvinQ

institutCurie
C. Bert et al., Phys. Med. Biol.(2008), Rietzel et al Med.Phys (2010)



« Hadrons » in therapy

Physical selectivity and/or Radiobiological effects

* pions

* fast

& slow neutrons

* protons

Ll
2
=
=
b
=
O
<
=
L
i,
>
a
o
=
L,
O
w
3

NEUTRONS

250 kV X RAYS

* light and heavy ions

HIGH LET ADVANTAGE 7




HEAVY IONS

... having.the Stopping power as a larger « weighting » factor I




Depth dose distribution of various radiation modalities

18 MV photons

0
8

U. Weber depth in water [cml

institutCurie




Beam scattering for a real scanning setup (exit window, monitors, air, patient)

Multiple scattering

Calc. U.Weber, RKA AG O
institutCurie




Radiation
Biology:

Dose distribution
1n
nanometer scale

M. Kraemer

Protons in H,0 Carbon Ions in H,0

10 MeV/u
30 eV E < 50 eV %
80 eV < E 200 eV
200 eV E 500 oV |
- 500 eV E 1000 eVt g/
(c) MKraemer@gsi.d //
x [nm X [nm]




Menu :

I. Medical Physics in RT : past, present

I. Hadrontherapy :
. Types of particles
. Interactions with electric (E ) and magnetic fields (B)
. Interaction with matter (eg: beam line, patient)
. Planning and treating with particles

. Moving towards heavier 1ons

. The future : revisiting radiation biology

institutCurie




Peschke, Estro 2011

Relative Biological Effectiveness (RBE)

- ~:4:~~. RBE is defined as the ratio of X-ray dose to particle
Definition: dose to produce the same biological effect.
1 | RBE; = E;Ei | | | | | | |
, ..‘\:“l = =X-ray _
0,51 = — Carbon 11MeV/u |

0.2r

RBE is not a fixed
parameter ....

01t

Survival

0.05}

0.02}

0.01¢

\e Kréamer et al.
N Technology in Cancer Research O




Peschke, Estro 2011

Relative Biological Effectiveness (RBE)

type of
particle

cell/tissue
type

linear energy
transfer [LET]
biological
endpoint

dimension
of SOBP
1))

institutCurie



Peschke, Estro 2011

Particles: LET dependencies

Protons: For a small volume within the distal part of a

(Gerwick 1999)

radiation field RBE increases throughout the
SOBP. Estimated range 10 -15 %.
c B s
2 10 K T —m— Entrance
.-3 08| \ \‘-\x SOBP front
‘:_; L '-._.'.. \\ T —— SOBP Centel
B osh . \ T T SOBP distal | Carbon
3 w
o o
O oar - Proton
s \
8 0z - 160 MeV protons,
= 10emSOBP Ny S~
9] oo b by 1 ||‘- S : - '
102 10 1 10 100 1 10 100 1000
LET [keV/um] LET [keV/pm]

Kilagua et al. 1978 Belli et al. 1997; Weyrather et ellIn;ItSl)tQU Curie



Early cell response to split-dose irradiation

“W-Effect”

Ponette et al. (2000) Int J Radiat Biol 76: 1233-43 - Fernet et al. Int J Radiat Biol 76: 1621-29

—

Surviving fraction

>
=
IE
=
(7))
C
i Q
s /)]
04 4 O
i g
0.3 - A
- i .-:f.;;:.:'—i B = ] m
0.2 ] -
- LoVo J
0.1 1.5 Gy — 1.5 Gy =
0 ol 1 ool 1 Lol 1 Lol 1 [ B |
0.1 1 10 100 1000

Time interval between fractions (seconds)

. institutCurie
V.Favaudon et al, 1. Curie



Yolanda Prezado, France

\p
¥Novel RT techniques based on ¢’ different” dose delivery
methods

Dose-volume effects
AP b S
ée a'}aa'! _i.( ”:ff?

S 0 S

ELL K v

Zeman et az-, SCI-EPTCQ ]959 : - = = = a 5 10 15 20
e L Gt ™ " -
INsttuteurie




\1"& - > o
S
=

=

SO

[shiT6t{dzslsciencesimo eculaines [o1U}sau)

Use of nanoparticles to improve the

performance of hadrontherapy

Platine

e”, H- {radiolyse de I'eau)

r
gy | s
2‘020 f. 2+ 000
2w 076%‘ — %%%oo?, —t
;020 Q.. Polyf'méere° ° s
lons platine Atomes de platine  Nanoparticule de platine
Pt2* Pt

Remita et al

" Gadolineum

Taille totale : 3 - 5nm

Molécules de tonctionnalisation

Ceeur de
Gadolinium

Couche de

Polysiloxane (SiOx.

inctitit

Mowat et al

L == ==

urie



5y-local control probability (%)

Dose-effect-relationship

Au top de la sygmoide de controle local ??

Romero 1893: n=18, 1.5-2 CGE/Fx

Zorlu 2000: n=18, 2 CGE/Fx

Debus 2000; n=37/1.8-2 CGE/Fx

Castro 1994: n=53/2 CGE/Fx

Munzenrider 1999: n=169/1.8-1.92 CGE/Fx
Terahara 1999. n=115/1.8-1.92 CGE/Fx
Hug 1999: n=33/1.8 CGE/Fx

Schulz-Erther 2007: n=84/2 CGE/Fx
Schulz-Ertner 2007: n=12/2 CGE/Fx

100 -

80 -

( 20X 2ull IR NeX

60 -

40: -/
(o

0 ] Tt T T 1 v T T T 1T T T T T T T T T T

0 20 40 60 80

Median dose (CGE)

BoS chondrosarcomas

100

Schulz-Ertner, IJROBP 2007
Darmstadt & Heidelberg ™"t



« This 18 not « This 1s not
an apple »

Cect mwesl pas wne fomme

o Magritte ‘ -
= (Go to clinics !
institutCurie
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Conclusions : alot of job !

> Synergy
between basic research and medical physics

with engineering, biologists and physicians
and institutional and political administrators

Thank you ! Questions ?

institutCurie




