ration and patient
ments at CNAO facility
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nd History of CNAO
1ing of high technology
cal commissioning

Medical experimentation




py idea

nical technique used in the 40%
from the cancer.

high precision kind of radiotherapy employing
of the standard electrons and photons.
rbon ions have important advantages:

eams penetrate the patient without diffusion

* they deposit their maximum energy totally at the
end of their range. In this way the beam is able to
produce severe damage to the diseased DNA and the
traversed healthy tissue is preserved

*due to the charge, the beams can be scanned: any
part of a tumor can be accurately and rapidly
irradiated.
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e depth dose profiles

Inverse dose profile
Carbon 10ons P f

110 1 o
100 XK _ AL ] ,(h[lﬂl-ﬁ(? Y(K) j_B(K)zj

>~ 1 _ — X
=, 60 Electrons Photons | I=1,-e

0 50 100 Dep’gli‘s?mm] 200 250 300
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rison of dose distribution

Photons Protons




o
o

Dose [relative units]

0.2 +

0 2 4 6 8 10 12 14 16

Depth [cm]

ut Bragg Peak

read out Bragg Peak (SOBP) is obtained.




Carbon ions have higher LET than protons

LI ¥ L 4 | ¥ I 4 I v 1 ! I 4 I ! T v T "'

. LET = Linear Energy Transfer
[ D = distance between ionizations 306—Me earbon ions

Low LET <20 keV/um D > DNA diametgr
- High LET >50 keV/um D < DNA diametgr
Very High LET > 1000 keV/um D < DNA diametler + excess Efie

~

relative dose
[ ]

%]
T

’ ,'.'."'*-."'_T‘F

Rayons ¥ g

o, BR
¥ L
'ﬁ '- lonz lourds ﬂﬁ i ““

Low LET

o 2 4 6 8 10 12 1% 1B 18 20
depth in water [cml
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aposited by carbon ions is more efficient, in terms of cell
rgy deposited by protons.

illing cells is expressed by the

jo between the photon and the ion doses

ime biological effect.

in the Bragg peak region

- >=1in the entry channel.

= Photons
— Carbon, high energy # low LET
— Carbon, low energy # high LET
- Y| ST N 7\ RBE=2.4
= =
5
5
Lo
e RBE=2.0
- 00E -
£ 0 Fl [} 10 [F] 1
B Dose [Gy]

The survival curve for the target
cells for late injury is "curvier” than
that for acute effects

10" 107

LET ( Ké_\flpm)
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/ Therapie: aktus
i - 2 2 Soll/Ist-Werte IES

£119 F4 8 10

Scanning System - v

% ) Monitor i - | 9 ’
. System B | s wass mmss
*__”'/’) s . i i h ’
IH i : sy
- | 7 e £73 74 14 41 98 124 114 43 “ 4 €63 Fa 111 47 61 74 k14 28
it -

Scanning Fid il
Magnets H

E81 4 112 28 % i ki 35 raa 1
. .

Wire
Chambers

Target
Volume

lonization
Chambers

Example:

Depth 5 cm:
Proton 80 MeV
Carbon 150 MeViu

Depth 25 cm:
Proton 195 MeV
Carbon 380 MeViu

\dozioneC NAO

(Courtesy of Siemens Medical) a




e CNAO Foundation

Italian center (second in Europe)
therapy wih protons and Carbon ions.
ted in Pavia, near Milan

Itis ano profit organisation (Foundation) created
with the financial law 2001 and it comes from the

PIMMS (Proton lons Medical Machine Studies)
project performed by TERA Foundation at CERN
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. ic of Milan
University of Pavia
Province of Pavia
University of Turin

INTERNATIONAL
CERN

GSI
LPSC (Grenoble)
NIRS (Chiba)

ollaborations

co-direction, involvement/responsibility in many technical
issues, formation

land and authorisations

medical coordination and formation

patient positioning, radioprotection and authorisations
electrical plant, power supplies and betatron, safety, formation
logistics and authorisation

interface beam-patient, TPS

special magnets, dipole measurements and diagnostics
(+ PIMMS heritage)

linac and special components

betatron, low-level RF

medical activities, formation
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Step 1: construction

Step 2: beam cor




T 8 B O
consrevcron [ N N

New site: no existing infrastructures

EEEEEEIE
90 8 80 70 70 40 20 10

~ %

SYSTEM TESTS

~ % 10 10 20 20 | Eo | s 10

~% 5 G110 T T 1 1S 5 i) | €lo) | ol | Sio
EXPERIMENTAL ....

PHASE

CERTIFICATION .-

RUNNING PHASE
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November 2005

fondazione




Overview

Synchrotron for light ions (z < 6) 3 treatment rooms Space for 2 gantries

Active scanning




Ic Parameters |

Protons (< 10'? per spill)

LEBT (H," MEBT SYNC HEBT
P
0.008 7 7-250 Qo-zs(Q
Tmax [A] 0.43x10° 0.7x10°3 5%10°3 7x10°
Tmin [A] 0.43x10°3 70%106 0.12x10° 17x10-12
€1 oo [0 MM mrad] 35 1.9 0.67-4.2 0.67-1.43(V)
€100 [0 MM mrad] 180 9.4 3.34-21.2 3.34-7.14 (V)
5.0 (H)
Magnetic rigidity [T m] 0.039 0.38 0.38-2.43 0.38-2.43
(Ap/p)e +1.0%0 £(1.2-2.2)%o +(1.2-3.4)%0 +£(0.4-0.6)%o
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Ic Parameters ||

Carbon (< 4 108 per spill)

LEBT (C*) MEBT SYNC HEBT
P
0.008 7 7400 Q20-409
Tmax [A] 0.16x10°3 0.15x10° 1.5%10°3 2107
Tmin [A] 0.16x10°3 15x10-6 28x106 4x10-12
€1 oo [0 MM mrad] 35 1.9 0.73-6.1 0.73-1.43(V)
€100 [0 MM mrad] 180 9.4 3.66-30.4 3.66-7.14 (V)
5.0 (H)
Magnetic rigidity [T m] 0.039 0.76 0.76-6.34 3.25-6.34
(Ap/p)e +1.0%0 +(1.2-2.0)%o +(1.2-2.9)%o £(0.4-0.6)%o
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LEBT

0.008 MeV/u H3*
0.008 MeV/u C*

1~ 0.5 mA (H3*)
1~ 0.2 mA (C*)

Two ECR sources
(frequency tuning)

Continuous beam

LEBT Chopper

ol
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Linac=RFQ+IH

217 MHz

RFQ
0.008-0.4 MeV/u H3*
. 0.008-0.4 MeV/u C*

IH
0.4-7 MeV/u H3*
0.4-7 MeV/u C*

wffl
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MEBT

7 MeV p
7 MeV/u C¢*

1~0.75 mA (p)
I~ 0.15 mA (C%)

I [ Match betas
06X )1
Stripping foil
Current selection

Debuncher

. . Emittance dilution
fondc:zionec NAO




Synchrotron

7-250 MeV p
7-400 MeV/u C

1~ 0.1-5 mA (p)
. [ | ~0.03-1.5 mA (C)

Slow extraction

Betatron core

«
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HEBT

60-250 MeV p
120-400 MeV/u C

1019 p/spill (~2nA)
4 108 C/spill (~0.4nA)

different settings for
eTreatment Line
eHorizontal beam size
eVertical beam size

eExtraction energy
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llation status

Accelerators and lines installation is finished

fon dczionec N AP




mmissioning (2008)

Carbon H-V

up to 97%

30 UA, I upto 1.2 mA

Cut Parameters PosO(mm)  Pos'0 (mrad) Cut Parameters PosO(mm)  Pos'0 (mrad)

10ffset {u) L3 Z50) 10ffset (uA)

Hoons Twiss Parameters Hoons Tuiss Parameters
dfa beta  gamma afa beta  gamma
Thr BIAS (%) 0.56 0.03 4318 Thr BIAS (%) 0.49 0.03 38.92
oo oo
Thr Noise (%) s mitance 7 mm mrad)| The Noise (%)
oo ES oo 218
Reference elipse| Reference elipse|
afa afa
Lo Lo
Fraction inside reference Emittance Fraction nside reference Emittance

beta (m) beta (m)

Cut Parameters

Pos0 (mm) Pos'0 (mrad)
061 =)

10ffset (uA)

0.700 ' Twiss Paramete:
e gia T peta T Cgamma | || o000 e et gama
Thr BIAS (%) 1.64 0.06 59.66 The BIAS (%) 117 0.03 80.94
J0o : X :

Y00

The Noise (%) Thr Noise (%)
2 2513

J100 3312
Reference ellipse |
et i Reference ellipse

ol alFn

Y1500 A

41500
Fraction inside reference Emittance
beta (m) Fraction inside reference mittance
Al 0:509 beta (m) -
dlos H0.035 e
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ion of 60%
f losses longitudinal)

Acceptance of RFQ measured

XP al RFG input (mrad)

Y¥P at RFQ input (mrad)

100 -

A0D |t

100 -

-00 -

ommissioning (2009)

EX = 2Sdn mm mrad

: xp, = 3 mrad

Ey=250n mm mrad

: ‘ o =.0.3
el LY
T TR by=0.025m

*y =01 mm
F! c
", C=—1Omrad

.

Y { I
\\.# - '}.

e ;
:

¥ at RFQ Input ()
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Phase space

Divergence [mrad]

Coordinate [mm]

mmissioning (2009)

Profile

Coordinate [mm]

o

o or Threshold[%l  lg[%] Edsi=(mmmradl  Threshold analysis
yo: -046
stdev, 133 1.8 99 851 -
stdev,, 144 47 95 643 )
oy, 0897 78 90 5.10
- 112 g8 424 A
141 80 359
©oe® 05 19 364 \
e :221003 288 60 197
po 2 377 g 147 b
v, 244 458 108
KW-plane: 0.10 538 40 075 ;
units: mm, mrac 603 : 046 i
' go7 < 021

Summarized emittance [rmm mrad]

Species

Behind
LINAC

Max. LINAC
Trans-
mission

Behind
Foil Stripper

c4+/ Cco*

=~ 170 pA

= 82 pA

48 %

~ 115 pA

Hy*I'p

1.0-1.1mA

= 400 pA

39 %

= 1.2 mA

710 pA

307 pA

46 %

~ 900 pA




First turn

First turn

njection in synchrotron




rn injection: August 27, 2010

2.5 .
- 50,0 mvidi| 50.0 mvidiv 100 mvidi|
8 [+ 1.14 mv]$ -1.60mv) 4 |+ 37213 my]
-7.5
Beam
-12.5 .
15 H 1 B f Id R RF
T \ spiralling lela on
5 -20-
G 22,5
8
27.5
30

inside: lost ! on

(D

First beam acceleration | - Beam kept in th
t :
September 17, 2010) apertire

accelerated !




1} Instance [System1:Z2-028B-SFH] - Running User [user] %

Stand

r d Tools
Official Name

. 310
72.0288-8FH  (2lindeoin
@ [cneoLvi-os_user_vi

" Inhihit

Cycle Prog

20162633

Cycle Code

0000240006CC0D00

ErrorCode

ErrorString

—Information

Serial Mumber

270088-Y

Carmera Status
1

Saturation

| [ sTART I B stor

—Actuator Settings

Infut Status
W

‘ Raw Data
@ calib. In Progress
Current

[ 0n

Istant [ms]

r X Graph
70000

E0000—
50000
40000+
30000
20000+

10000

|20

- | 20162631

j Expart ]

=101 =|
Juisition Settings———————————
Start Event Gain
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0,000 ms [ 1.0000 ms
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35 [ 20000 Hz
Binning
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E0000—
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[ 0e7 mm | 0 mm | 32z8580.627 [ o3 mm | 0 mm | 3564513216

3 Dose Delivery TR1 - Running User [user]

with Proton beam: November 2010

=10l x|
Slow-Fast——————————
astandard Tools Beam Name CiriPoint Index PrivStatus StatusDD Slow_P_Box1  Fast_P_Box1
Z2-0500-NEF ] ] 5 I ey [ I
Unlockl D Qrrentgpot Oycle_Code Slow_P_Box2  Fast_P_Box2
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s and optimizations along the machine,
y commissioned in the whole energy
20 MeV, that is 30 mm-320 mm of
ter) and delivered to medical staff for

===30mm
== 40mm
==fe=50mm
=== 60mm
==ie=70mm
=@=—30mm
et OO MM
] 01lmm
e—111mm
=f=121mm
=f=131mm
=141 mm
e ]151mm
=ie=161mm
=0=171mm
e ] 81 MM
— 191 mm
) 01lmm
210mm
220mm

)
’00
&

Horizontal beam Trajectories along HEBT as a function of energy (measured in mm-depth)
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_Iinical characterization (1/3)

40

— FLUKA
DATA (norm.)

w
n

Bragg peak measurements

= N N W
g o O O

—
o

lonization [MeVcm?/g]

(3]

FLUKA proton ddd database

o
o

Depth [cm]

38 -
25

l,ox = 76.9 €V

208 -

DOD [HeW/{g/cn2}]

15 -

T
e

|BP

BPryal £0.1 mm

=T
T

sperim

1414

108 -

Depth [cnl



rization (2/3)

1.4

[TTTT
=
O
m
2
L
=

1.3

|||||||||||||||||I|||||||||||||||||||I||
06™=70 120 130 140 150 160 170 180

E [MeV/u]

-

[~ FLUKA 1
odatay

1-WED = 80 mm
o data x [

0.8 0.s[
E) 3 f 3
%ﬂﬁ FWHM =1.34 cm FWHM = 1.36 cm ‘E‘uﬁj 4 FWHM = 1.45 cm
4 g b
Soa Qo4

E=117.54 MeV/u (100 mm BP)

a0 010 2050 E20 A0 0 10 2 ™20 0 0 10
Lateral [mm] Lateral [mm] Lateral [mm]

1WED =90 mm 1WED =98 mm 1 WED = 100 mm
08 08 08l
3 f e 1 P :
806 FWHM = 1.47 cm S06 f, FWHM=1.52cm 806 b FWHM=1.52cm
N Ny - £ |
Q0.47— ﬂ0-4f ao4d
02f 0zf 7 % 0.2 J
40 30 20 -10 0 10 20 30 40 40 B30 20 0 0 10 20 30 40 40 3020 -0 0 10 20 306 40 fon dczionec N A( )
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SRFERT T r T T T r
S¥UMO | Lo )

Homogeneity of 2.5%

terization (3/3)

2011 — one of the first scanning
exercise in honour of 150 Italian
anniversary
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metry for RB

— FLUKA
# DATA

B
T[T T T T[T T T IT71T

proton SOBP @ CNAO

40 60 80 100 120
Depth [mm]

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
020

140

*HSG (Human salivary gland tumor)

*T98G (human glioblastoma)

*\/79 (Chinese hamster lung fibroblast)

(Courtesy of Roberto Cherubini)

Identical numbers of cells
pipetted (plated} into two sets
of petri dishes. Cells ottach
to the bottom of the dishes.

L

Some dishes receive radiation.
Control dishes do not. ze'?‘ .’f

| b

10 - 14 days later

!

Surviving cells have divided
and formed visible colonies
(clones),

Rodiation

Figure3.3. Diagram of the cloning technique of Puck and Marcus for the
determination in vitro of mammalian cell survival following radiation
Source: T. T. Puck and P. T. Marcus, 1956, Journal of Experimental Medicine 103, 653.
Not all the control (unirradiated) cells form clones so that
% Plating efficience (PE) = mean number coluniesftj@x 5
number of cells plated/dish *~ *

Surviving fraction after dose D =

mean number of clones after dose D/dish .. 100

mean number of cells plated/dish PE
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es— Proton: HSG cells

m  HSG - profondita 17 cm m  HSG - profondita 15 cm ‘
Fit lineare-quadratico Fit lineare-quadratico
|- 14 ]
L S E
- ] ; :
s "3 }
N ]
\ LL r
75}
0.01 o
T T T 1 1E-3 T T T T
2 4 8 0 2 4 6
Dose (Gy) Dose (Gy)
m  HSG - profondita 4 cm
Fit lineare-quadratico
1 [ ] -y
E f
0.1 f
L
7]
0.01 5
1E-3 ’ ’ .
: i 3 : fondazione CINAQ
(Courtesy of Roberto Cherubini) Dose (Gy) ondazione




|nnduz|nne{: NA(-M]—
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_ACTRADL Presented to:
Emminip Barloni - Presidents
Boberto Crecchia — Direttore Scientifice
Sandro Fossi — Sepretano Generale & Diirertore Tecnice

IL CENTRO NAZIONALE DI ADROTERAPLA ONCOLOGICA
Sorads Privat Campessi — 27100 Pavia
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medical activities

First patient with Proton beam
September 22, 2011)




ment rooms
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3D Real-time IR Optical Tracking (OTS)
*Sub-millimeter accuracy : peak 3D errors <0.5 mm
| * 3D data flow @70 Hz

*Real time reconstruction of spherical markers

| X-ray Patient Verification

/ System (PVS)

* 2 X-ray tubes (deployable) , 2
flat panels (deployable)

* Supporting structure

_rotation: £180°

%bRot«ation and deployment

Paccuracy. O 1bmm,+0.1°

4

-

Patient Positioning System
* Automatic couch or chair docking
» Absolute accuracy: = 0.3 mm .

f




e Advanced Treatment Mode Pati anuary 05, 2012

ent planning system
Q) e Bl g |

movo 2FIRPOES - o S > |

Patient DI - 2524
Patient ID 2110011
Name ENA~ANTONELLO

Date of Birth 10830218

Machine Name Room1Fixed90
Field 1: SETUP

X-ray Images

Fusion Image

] 4] 7] os
XR DRR
M snlit view

Correction Vector

IEC
Translation [cm] Rotation [*]

i‘ 0.000 i‘ 0.00
i‘ 0.000 i‘ 0.00
i‘ 0.000 i‘ 0.00

Correction

M spor M Advanced
Automatic Manual
Reset Abort

Hle  edit

147.8/207.5mm

Iccaliza

distart| ([ o o g Y conferma_Bacquired.bm... | = CiiDacuments and settin... || VeriSuite Advanced T... [0 New Text Document.txt .. E3]S]

Mareer HU
ENC

Go

Rendered items

* ftem
1|\v DICCM Sarics
i\v SIL
§l & i
4w Modz! Cloud

Fof-cst
Const-ained icp o x
3 marker constrairt ‘rrm]
0 $| [0.00 <
Go
Regstration o %
SvD Hom

fharergioldat Poli-ta<i/pazienti/NUOVI_DVD_MARS 0/ILNG/osto_originale/modal_5300.txt
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athologies at CNAO

Carbon ion beam

Salivary gland tumors

*Mucosal melanoma (head & neck)
*Bone sarcoma

*Soft tissue sarcoma

*Prostatic carcinoma

rcoma (head,

* Meningioma (base of skull)
e Paranasal sinus cancer

* CNS schwannoma

* Pituitary adenoma

fondczionec N AO




mid ear left
Type: Mormal Crgan

Gray Scale (3Bit) x|

c R i O ! ) B = E

nORE / ; { d 2 gl : » i T Gy

- - o | 50,00 Gy

BOTGY!
G700
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rs of magnitude

e uniformity required: +2.5%

reatment session duration: 20 - 30 min

Irradiation duration: 2 -3 min
Slice thickness: 3-5mm
Spot size: 4-10 mm
Position precision: 0.1 mm
Spot duration: 5-10 ms
Beam current: 0.1-1nA
Measurement time: <100 us

74 CGE, 37 fractions for patient with Protons




at CNAO by July 2012: 17

Xperimentation phase

230 patients

150 patients 80 patients
Carbon ions Protons




ical day at CNAO

of daily QA of Proton beams
rt of treatments
:00 start of Carbon ions commissioning

e 3:00 start of typical measurement with Proton
beam (summary of machine status)

Scheduled maintenance activities during the
night (up to 3:00)




ut maintenance..

r shutdowns of 1 week are
for the ordinary maintenance of the
 technology devices

In this way the scheme of ramp down and ramp
up of patients is avoided. In fact during a
proton therapy a patient can sustain an
interruption of 10 days.




bout Carbon ions

n physically and clinically commissioned using T line
acterization (in vivo on mice and in vitro experiments
5, 2012.

h Carbon ions beam is foreseen in September 2012
Different fall-out

—
o

40
B FLUKA
— 35 ! - DATA (norm.)
2 F g8 |
30— IO i
W ol
2 B5E AU RO L | "
I SO AN LA
= Protons /1t /it st f 1) f
(o] E 4 R # : S,"
= 15— i ] ; ¢ £
(1] = g
N oaabE
[~ =
2 |

Depth [cm]

The other beam lines with both the speC|es W|II behoperatlve in the next months: this W|II allbw
To increase the number of patients. oo CNAO




Conclusions

struction is finished
ator commissioning is in progress

edical Physics activities with Proton and
Carbon ion beam (Imaging, Treatment
planning, instrumentation acquisition,
workflow specification, etc.) have started

 Many research programs are in progress
(internal activities, collaborations with
international partners, ULICE)




Thank you for your attention
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