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Robert Wilson proposed the use of Bragg Peak
for radiation therapy (1946)
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DOSE DELIVERED

DEPTH IN TISSUE

- Dose localization
- Lower entrance dose
« No or low exit dose
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about 25 treatment facilities are established and
more than 45000 patients
were treated with heavy-charged particle beams
another 20 proton and light-ion centers

are planned to be open in the next 5 years
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Depth dose distributions

Dose conformation with charged-particle beams
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Dose conformation with charged-particles beams
(four-field box)

Dose planning studies: breast cancer
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Protons

Relative dose (%)
8

Depth (cm)

(@’ ’ IAE A s vanitsk i0TP Workshop on Biomedical application of high-energy ion beams Trieste12-16 February 2007

Protons IMRT-photons
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Dose planning studies: photon vs. carbon beam
therapy

Proton beam Bragg peak stereotactic radiosurgery

Photons 4 fields

Carbon ions 2 fields

Colored areas: >90 % (red) of target dose
< 10 % (blue)
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Proton beam stereotactic radiosurgery with
cross-fire technique

Scattering of proton beams
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Scattering of monoenergetic proton beam as a function of depth in metter:
Diameter of beam 5 mm; energy - 200 MeV.
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Beam spots vs. depth- protons and carbon ions

Scattering & straggling of ions and protons
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Absorbed dose and LET distributions of
therapeutic charged-particle beams

Track structure of ions
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Biological dose distributions

RBE values of carbon beams

Feen

Biological dose caleulation with Monte Carlo physics
simulation for heavy-ion radiotherapy
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290-MeV/u Carbon-Ion Beams of the Heavy Yon Medical Accelerator

RBE Values
LET* Single Fraction Four Fractions
Position eV cell Skin Skin
Culture Reaction Reaction
Entrance 22 1.8 2.0
SOBP (6 cm)
Proximal 42 2.1 2.1 2.3
45 22 22
Middle 48 22 23
55 24 23
Distal 65 2.6 23 29
80* 2.8 24 3
Distal fall-off 100 35

*Linear energy transfer (LET) value of fast neutrons used in cancer treatment at the National Institute
of Radiological Sciences is also 80 keV/m.
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Biological dose distributions

Biological properties of radiotherapy beams
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The beginning of charged-particle therapy

 First studies to
examine the physical,
biological and clinical
properties of helium
and proton beams for
radiotherapy started
at LBNL

* Heavier ions (argon,
silicon and neon)
were tested at LBNL
in the 19707s

*1948- Biology experiments using protons

*1955- Human exposure to accelerated
protons and alphas

+1956 - 1986: Clinical Trials— 1500 patients
treated

@ JAE A s vanisk iCTP Workshop on Biomedical application of high-energy ion beams Trieste12-16 February 2007

Clinical trials at LBNL, 1975-1992

J.R. Castro, MD, conducted the
LBNL clinical trials.

1st He patient 6/75
1st C patient 5/77
1st Ne patient  11/77
1st Ar patient 3/79
1st Si patient 11/82

Total patient treated: 1314
1977-1992
He patients 858
Heavier ions 456
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Light ion treatment at Bevalac

Heavy charged-particle facilities (2006)

The Bevalac ceased operations on February 21, 1993.
S. Vatnitsky ICTP Workshop on Biomedical application of high-energy ion beams. Trieste12-16 February 2007

MAX.
CLINICAL TOTAL
ENERGY BEAM STARTOF  PATIENTS DATE
WHO, WHERE COUNTRY PARTICLE (MeV) DIRECTION | TREATMENT TREATED OF TOTAL
Harvard, Boston MA,USA P 160 horiz. 1961 9116 Apr-02***
ITEP, Moscow Russia P 200 horiz. 1969 3858 5-Dec
St.Petersburg Russia P 1000 horiz. 1976 1320 6-Oct
Chiba Japan P 70 vertical 1979 145 Apr-02*+*
PMRC (1), Tsukuba Japan ] 230 horiz., vertical 1983 700 July-00***
PSl, Villigen Switzerland P 72 horiz. 1984 4604 6-Nov
Dubna Russia P 200" horiz. 1999 318 6-Jul
Uppsala Sweden P 200 horiz. 1989 520 4-Dec
Clatterbridge England P 62 horiz. 1989 1684 6-Dec
Loma Linda CA.USA P 250 gantry,horiz. 1990 11414 6-Nov
Nice France ] 65 horiz. 1991 3129 6-Sep
Orsay France P 200 horiz. 1991 3766 6-Dec
iThemba Labs South Africa P 200 horiz. 1993 486 6-Dec
MPRI(2) IN.,USA P 200 horiz. 1993 220 6-Sep
UCSF CAUSA P 60 horiz. 1994 632 4-Jun
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Heavy charged-particle facilities (2006)

Typical layout of charged particle radiotherapy beam facility

MAX.
CLINICAL TOTAL
ENERGY BEAM START OF  PATIENTS
WHO, WHERE COUNTRY PARTICLE (MeV) DIRECTION = TREATMENT TREATED

HIMAC, Chiba Japan ion 800/u horiz.,vertical 1994 2867
TRIUMF, Vancouver Canada P 72 horiz. 1995 1M1
PSI, Villigen Switzerland -l 230* gantry 1996 262
G.S.I. Darmstadt Germany ion** 430lu horiz. 1997 316
HMI, Berlin Germany P 72 horiz. 1998 829
NCC, Kashiwa Japan P 235 gantry 1998 462
HIBMC,Hyogo Japan ] 230 gantry 2001 1099
HIBMC,Hyogo Japan ion 320 horiz.,vertical 2002 131
PMRC(2), Tsukuba Japan P 250* gantry 2001 930
NPTC, MGH Boston USA 235 gantryhoriz. 2001 2080
INFN-LNS, Catania Italy P 60 horiz. 2002 114
Shizuoka Japan P 235 gantry, horiz. 2003 410
‘Wakasa WERC, Tsuruga Japan P 200 horiz.,vertical 2002 33
WPTC, Zibo China p 230 gantry, horiz. 2004 270
MD Anderson , Houston, TX USA P 250 gantry, horiz. 2006 14
FPTI, Jacksonville, FL USA P 230 gantry, horiz. 2006 15
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Gantry
Beam delivery
system

Horizontal
Beam delivery
system

patient positioner patient positioner
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Passive and active scattering beam delivery systems

Passive scattering beam delivery system:
dual scattering foils

PASSIVE SCATTERING
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First scatterer
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Second scatterer

Grusell et al, 1994
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Passive scattering beam delivery system:
patent-specific devices

Range modulation techniques

Patient Specific MoRglﬂ%ﬁon

Aperture (Block)

Range Modulat
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From Kostjuchenko et al 2001

Grating type ridge filters Propeller

Spiral ridge
wheel filter
modulator

@ JAE A s vanisky IcTP Workshop on Biomedical applcation of high-energy ion beams Trieste12-16 February 2007




Patient-specific devices: modulator, aperture, bolus

Modulator wheel spreads out Bragg Peak
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Depth in Water (mm)
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the range
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Low energy proton eye beam lines
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Clinical research at the Bevalac

Proton facility in Dubna, Russia
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Passive scattering beam delivery system: LLUMC

Passive and active scattering beam delivery systems

- upsieom cparture

- counter weight
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Beam scanning techniques

Irradiation system at HIMAC

Lateral spread Variation in depth
» Wobble — circular
* Linear — continuous — raster
— discrete — spot
— combination of both

« degrader — cyclotrons
« spill to spill variation
of accelerator energy — synchrotrons
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Scatterer
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Spot scanning technique

Disrete spot scanning at PSI

Small Bragg peak at end of pencil beam:
depth of penetration determined by
proton beam energy

Or beam

Proton pencil beam

Proton beam dose distribution created by
combining pencil beams, conforms to
irregular tumor shape
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from Pedroni et al 1995

Beam scanning with charged-particle beams:
practical issues

Typical layout of charged particle radiotherapy beam facility

Positive Drawbacks
* No patient-specific devices * More expensive
* No patient-specific * Less reliable
calibrations — computer * More stable beam delivery

generated control system is required
+ More flexible dose delivery » Dosimetry is more difficult

patterns « Patient positioning is more
« Possibility for intensity important

modulation and inverse « Organ motion

planning optimization consideration is more

» Fewer fields per treatment critical
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Horizontal
Beam delivery
system

Beam delivery
system

%

patient positioner

patient positioner
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The need for isocentric gantry

The need for isocentric gantry

* Beams should be directed
from any angle to the
patient in a comfortable
and fixed supine position

« Turning a supine patient,
as is required with a fixed
beam, reduces precision
and can influence organ
motion.

The first world hospital-based proton gantry:

Loma-Linda, USA
IAE A s vanisc i07P Workshop on Biomedical application of high-energy ion beams Trieste12-16 February 2007
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* Many treatment protocols
require the beam to be
rotated around the patient
fixed in the treatment
position to provide
conformal dose distribution

« Treatment with gantry is
much more efficient
because the beam can be
rotated under computer
control allowing to treat
more patients per shift.

The first world hospital-based proton facility with
gantry: Loma-Linda, USA
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LLUMC Proton therapy facility passive scattering

beam line

Proton facility at PSI, Switzerland

Focusing
Quadrupoles

Scan Priority

R . -
3 - |
= |

Fig. 45, Schematic of spot scanning developed at PSI.

B rotation

@ JAE A s vainitsky ICTP Workshop on Biomedical application of high-energy ion beams Trieste12-16 February 2007

IBA-Gantries (Kashiwa, Boston, Hyogo)
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Proton therapy facility layout at MGH

(T

Cyclotron at MGH, Boston

250 - MeV /

cyclotron
Energy selection system Two treatment rooms Third treatment room with
degrader followed by with isocentric gantries three horizontal beam lines

analyzing magnet

Beam transport line
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Switchyard at MGH, Boston

3 =
p-Synchrotron for the Shizuoka-Cancer Center, Japan
(230 MeV p, diameter: 6 m)
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GSI carbon beam facility Heidelberg lon Beam Therapy Center

A joint project of the [ ) 2 T

University Clinic ’—J—J-J—lJ__L_LJ.J [
Heidelberg, the ) = el o
German Cancer e _E—].__ v T L\_
Research Center fg
(DKFZ), GSI and .
Research Center Linac
Rossendorf (FZR) L

H2l H1

I e et
GSI DARMSTADT Bl Dyerenietale

S ey e \
Treatment room with fixed Gantry-Structure ol HEBT
horizontal beam, couch, X-
ray and PET verification HIT (2007)
systems
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Carbon beam irradiation facility CHIBA

-

HIMAC was commissioned in 1994
and has successfully treated more than
1800 patients.
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Hyogo lon Beam Medical Center (HIBMC), Harima
Science Garden City, Japan (2001)

e — e
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Italian National Centre (CNAO)

Light ion facilities— planned

The initial layout of
the CNAO’ facility,
designed by the
TERA Foundation,
and under
construction in
Pavia (2007)
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Karolinska Institute, Sweden

[
K

Med-Austron, Austria RN

med,

4 Medical treatment rooms
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Main clinical applications for charged-particle
beams

Ensure exact delivery

treatment of large
or deep seated
tumours

stereotactic radiosurgery
(cross-fire technique)

treatment of ocular
tumours

of prescribed dose

Consistent and
harmonized
dosimetry guidelines

Perform planning
of high-precision
conformal therapy

Provide interchange
of clinical experience
and treatment protocols
between facilities

Accurate
beam calibration

Provide standardization
of dosimetry in radiobiology
experiments
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Large and small fields:
high-energy proton
and ion beams

Guidelines for
absorbed dose
determination
in reference
conditions for Small fields:

charged-particle low energy
beams proton beams

Narrow beams
for stereotactic
radiosurgery’
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Faraday Cup

Absorbed dose

determination
in reference
conditions for
charged-particle

beams
. Thi
Lacl_( of natl_onal and ionization
international chamber
dosimetry standards \—/
o
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Dosimtery of proton/ion beams

Np,, -based formalism - IAEA TRS-398

International L
Code of Practice ey A
(IAEA TRS-398) S
DOSIMETRY v e
lonization chamber T

dosimerty TecricaL reporrs sertes o 398

Absorbed Dose Determination

in External Beam Radiotherapy
An International Code of Practice

for Dosimetry based on

Standards of Absorbed Dose to Water
PUBLISHED ON BEHALF OF IAEA,WHO, PAHO and ESTRO

Published in 2000
on behalf of IAEA,
ESTRO, WHO and PAHO

() wrernanonaL srome enere v Asency. viEwa 2o
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D, (z,;) at any user quality Q
(photons, electrons, protons, heavier particles)

Dy,q= Mq Np a0, Kq.q

corrected calibration beam
instrument coefficient quality
reading at Q at Q, factor

Trieste12-16 February 2007
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Dosimetry equipment

Theoretical determination of kg o,
based on Bragg-Gray cavity theory

lonization chambers |
« Both cylindrical and plane-parallel /
chambers are recommended for

reference dosimetry

* Plane-parallel chambers yield higher =
u. in absolute D, though are better

suited for relative dosimetry . :
« cylindrical chambers recommended 3
for SOBP width>2 cm -

» For SOBP widths < 2 cm plane- &
parallel chambers must be used
Note that for ions no beam quality specifier is used:
atomic number, mass number, energy of the incident ion
beam, width of SOBP and range
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Lack of standards for ion dosimetry => Q, =%Co
ka0 = Kq

(Sw,air )Q (I/Vair )Q pQ
(Sw,air)éﬂco (W:ﬁr)@Co Pag,

0

‘pQ = pdispwallpcavpcel

~ 1 for protons and ions
# 1 for 89Co
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Experimental (W,;), for proton beams

Stopping powers for for proton beams

Energy, MeV (W), 1STD

Larsson, 1958 1.83 S522 0.2
Palmans et al, 1996 55 34.3 0.4
Denis et al, 1990 65 35.6 0.6
Hiraoka et al, 1988 68 35.3 0.7
Petti et al, 1986 150 34.2 0.4
Siebers et al, 1995 180 344 04
Delacroix et al, 1997 186 34.3 0.4
Medin et al, 2006 142 33.6 0.6
AAPM TG 20 34.3 4.0
ECHED 352 40
ICRU 59 348 20
TRS 398 34.2 0.4
Upcoming ICRU 2007 342 04
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1.160 TRS 398
1155 * Basic proton
stopping powers
1150 Janni (1982) from ICRU 49
35 1.145
) . = =
2 1.140 Medin and Andreo (1997) Mga(lg::t;?rﬂng
1135 k following Spencer-
1.130 }ICRU report 49 (1983) Attix cavity theory
1125 ©

5 10 15 20 « Transport included
secondary electrons
and nuclear inelastic

process

Residual range, g/cm"2
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Reference geometry for beam calibration
(passive beam modulation)

Code of practice for ion beams

2 o
o ]
- o

S
g @
=] =
° 5
= [

42 8 4 0 4 20
off-axis distance, cm depth, cm

phantom

protons

— ion chamber
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H Distributions of
% - “biological effective dose” for
g N 290 MeV/u 12C beams

0 T ) SOBPs of 20 to 120 mm width

dopth in water (mm)

are designed to yield uniform
biological effect in the peaks

RBE

relatve physicaldose

“Physical dose” distributions
" of the 290 MeV/u 12C beams

(% , JAE A s vainitsky ICTP Workshop on Biomedical application of high-energy ion beams
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Carbon beam dosimetry

Calibration of ion beams: reference conditions

‘ *Only 40% of Carbon ions
reach the Bragg peak

*Carbon ions deposit only
about 40 % of the beam

w0 391 MeViu'

Tot'c

j: energy
g oo Fragment spectrum affects

| - depth dose, biological

. & efficiency, detector response

, = e (solid state detectors, film)
and complicate dosimetry

lohanna Kempe,* Irena Gudowska, and Anders Brahme

oison o ke R Phs, Depasment of sy Fuhciss Keiata manse CAlIOTAtION
SRl ek K o
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0 0 2 30 o/ gem®

Passive
. Calibration
scattering
system at SOBP

0) 116 ———
ml:msmm/\gg o .

Active
scattering
sysiem

Calibration
at plateau
SOBP:

* superposition of beams with
different intensities

* not continuous and reproducible

= mix of particles with high and low LET

(% , JAE A s vainitsky ICTP Workshop on Biomedical application of high-energy ion beams

I/

L R T T )
Dept inwater )
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Experimental values for W_;/e for various ions at
different energies

1.140

| C (Salamon)

lon W, Je (J C Energy (MeV/u)
1
)
SHe 345 10.3
o
3He 35.7 31.67 J'(D (SAE)/ p),. dE
12¢ 36.2 6.7 (w] ZO == Plar
12c 337 129.4 Sl T =
e @, - (S(E) p)
12¢ 35.28 250 & z .[E"'T/“"dE
He 35.09 250 to w'( ) Z
20Ne 34.13 375
4OAr 33.45 479
lons with Z 31.81 170
between 9 and
14
IAEA TRS 398:

W, /e (weighted median) = 34.50 J C-1+ 1.5%
Q AP ’ IAE A s vanitsk i0TP Workshop on Biomedical application of high-energy ion beams Trieste12-16 February 2007

) He (Salamon)
1438\ alpha particles p (ICRU-49)

- - - - He (ICRU-49)
----C(HandB)

1.130 [

1425

water/air stopping-power ratio

1120 L L L L L
o 5 10 15 20 25 30

residual range (g cm™)

Ratio of stopping powers water/air for heavy ions calculated using the

computer codes developed by Salamon (for C, Ne, Ar and He) and by

Hiraoka and Bichsel (for C). Data for protons and He from ICRU 49.
TRS_398: a constant value of s, ., = 1.13 adopted for ions (ignores fragments)
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SHIELD-HIT (Heavy lon Therapy)
recent modifications to the code

SHIELD-HIT Monte Carlo calculations
of secondary particle fluence

V1 (2003)

+ Straggling and Coulomb multiple scattering

» MC transport of ions down to 1 MeV/n

« Track-length fluence of all particles and fragments

« Possibility to «switch on/off» various physical processes
V2 (2006)

+ Stopping powers from modified Bethe-Bloch formula

+ Tabulated stopping powers from ICRU and MSTAR

« Adjustment of Fermi break-up model for fragments

» MC transport of ions down to 25 keV/n

« Double precision

« Finer energy grids and improved interpolation of
ranges and cross sections
GEITNER, O., ANDREO, P., SOBOLEVSKY, N., HARTMANN, G., JAKEL. O.,

Submitted to publication in Phys. Med. Biol. (2006)
\s @’ ’ IAE A s vanisk icTP Workshop on Biomedical application of high-energy ion beams Trieste12-16 February 2007

C 391 MeV, water

potons

neutrons

4He ©°

Integrated track-length fluence (cm'z)
o

o
o

0 5 10 5 20 25 30

1
Depth (cm)
from: Gudowska |, Sobolevsky N, Andreo P et al Phys. Med. Biol 49 1933-1958 (2003)
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Improved MC code SHIELD -> SHIELD-HIT (v1)

06 . .
SHIELD-HIT vs EXPERIMENT
.

05 2¢ on water
= 195 MeV/u
& GSlexp
g o4l ]
58
< o
c 8
s £
g .03 290 MeV/u 1
2= HIMAC exp
S
ge
3 02 330 MeV/u 1
g GSlexp
w

3
01 [ ]
0.0 . ?
) 5 10 15 20 25 30
Depth (cm)

from: Gudowska I, Sobolevsky N, Andreo P et al Phys. Med. Biol 49 1933-1958 (2003)
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@©

[0, (S,(E)/ p), dE

i

3 [@,(S(E) ) dE
i

wair —

For 391 MeV/u '2C ions on water,
values at 10 and 26 cm depth are 1.135 and 1.151

+ agree well with s, ;. in TRS-398 (1.130)
» show a clear depth dependence
» show almost negligible variation with field size

@ JAE A s vanisky IcTP Workshop on Biomedical applcation of high-energy ion beams Trieste12-16 February 2007
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Ratios of water/air stopping-powers: comparison

1.160 — T T T
0 100 15, CARBON IONS
200 (MeV) 122

1155 F
_ ®0 T T T T T T T T T
] 350
I 400 Carbon ions
RO 120} 1
H
?
8 L § 2
g e @ e} Sy =111198 0 ) |
5 S 3 In(2mv2/1,,.)
é 1140 | L%
2 5 116 1
g 11y o SRIM 2003
) IAEA TRS-398 recomm constant value 114 T

1.130 Paul approx (I=75eV)

Paul T=80
1125 L L . . 1_120 5 T —, Paul approx [80¢Y)

0 10 20 30

Depth in water, cm
GEITNER, O., ANDREO, P., SOBOLEVSKY, N., HARTMANN, G., J&KEL, O.,

Plhys. Med. Biol. (2006)
@%) I A E A S. Vatnitsky ICTP Workshop on Biomedical application of high-energy ion beams
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20 40 60 80 100 120 140 160 180 200
Energy per nucleon [MeV]

H Paul NIMB 2006
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* Good agreement achieved after slight adjustment of the
energy loss in order to reproduce the measured Bragg peak
position in water with sub-millimetre precision

* The mean excitation energy, /.., Which enters into the
stopping power formulae, is their adjustable parameter

* Avalue of /.= 77 eV is required to reproduce the
measured Bragg peak positions

* Increasing /.., by 2 eV shifts the peak position
of a 270 MeV/u 2C beam by 0.5 mm

Krédmer et al (PMB 2000) TP-physics @ GSI
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400 T T T

2C 400 MeV/u on water 5 mm
350 SHIELD-HIT — ]
00 | 69 75 7779.7 ]

variation with | RN

water G

250 is ~1 mm for 2 eV

200

150 fommzom=en - ]

Energy deposition (MeV/cm)

100 f For water an experimental 1
peak position may be
0L matched adjustingI.. 777
0 . . .
26.0 265 27.0 275 28.0
Depth (cm)
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Standard uncertainties in D,,

A calibration procedure for beam monitors in a scanned beam

u(Np,,5SPt) = 0.6 kq calc
Co-60 gamma-rays 0.9
High-energy photons 1.5
High-energy electrons 1.4-21
Proton beams 2.0-2.3
Heavy ions 3.0-3.4
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O. Jakel @ G. H. Hartmann, C. P. Karger, and P. Heeg
Deutsches Krebsforschungszeatrum Heldeiberg, Division for Medical Phvsics (E040), Heidelberg, Germeny

S. Vatnitsky
International Atamic Energy Agency, Division of Human Health, Dosimetry and Medical Radiation PRysics
Section, Vienna, Austria

1009 Med. Phys. 31 (5), May 2004

.

TRS-398 needs to be extended by explicit recommendations
for the beam monitor calibration and dose verification in ion beams.

These recommendations should then distinguish systems using
static and dynamic beams.

.

This would ultimately lead to a dosimetry system, where the dose
applied to a patient is traceable to the dosimetry standards
of the national PSDL.

Trieste12-16 February 2007
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of heavy charged particles —
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Current status of ion beam dosimetry

* TRS 398 can be adopted for carbon beam dosimetry with
beamline specific adjustments

* The currently recommended values of s,, ;. (and W,;) for
absolute dosimetry should be re-considered

* Uncertainties in stopping powers, including those of the |-
values for different tissues (5-10%), must be taken into
account to re-estimate what “precision” is really
achievable in clinical practice

{<§> ’ IAE A s vanitsk i0TP Workshop on Biomedical application of high-energy ion beams Trieste12-16 February 2007

Guidelines for
absorbed dose
determination
in reference
conditions for
charge -particle
beams
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Large and small fields:
high-energy proton
and ion beams

Small fields:
low energy
proton beams

Narrow beams
for stereotactic
radiosurgery:
Cross-fire technigue

Detectors for calibration of narrow beams: @ 2-20 mm

Dosimetry characterization of narrow proton beams

Ll

Trieste12-16 February 2007
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Physics problems

- proton disequilibrium

- perturbation effects
caused by radiation
detectors

Technical problems

- choice of detector with
appropriate size of
sensitive volume
- image handling
- analysis of measured
data

(@’ , JAE A s vainitsky ICTP Workshop on Biomedical application of high-energy ion beams

Trieste12-16 February 2007

Calibration of narrow proton beams
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Relative dose

126 MeV protons, collimator 20 mm, no modulation

Depth in water, mm

(@’ , JAE A s vainitsky ICTP Workshop on Biomedical application of high-energy ion beams

Trieste12-16 February 2007
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Measured depth dose for 250 MeV proton beam with
2.5 mm

Geometry for GEANT simulation of narrow proton
beam

relative dose
o

i etle e o commey

depth in water, cm
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HORIZONTAL PROTON BEAM LINE COMPONENTS
USED IN GEANT SIMULATION

SEM

c
TIC1  TIC2 TIC3 Stereotactic Cone
vw PC
H E> Aperture
s1 s2 Water Phantom
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Geometry for GEANT simulation of narrow proton
beam

250 MeV aperture 5 mm

Stereotactic cone

Water phantom
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Comparison of measured and calculated depth doses

12 I T T T T T
r —e— measured: 10-cm ion chamber
- —— GEANT-perfect ali
o ‘7\(. —= — GEANT-aperture rotation 0.25° %
L\ ]
08 \‘N ¥] ‘
v
I,

06 Q%m f

%
1
04 T %
\

02

0.0
0 40 80 120 160 200 240 280 320 360 400

depth in water, mm
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Current status of charged-particle dosimetry:

Current status of charged-particle dosimetry:

Protons and ions:

passive scattering

systems - TRS 398
(center of SOBP)

—)

Protons and ions:

active scattering
system TRS 398
(plateau region)

Protons and ions ‘ Special
radiosurgery methods
(narrow beams) (MC)
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The future of charged-particle beam therapy
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Atoms fo Peaes The st Half Ce

Chicago, IL

WHO, WHERE | COUNTRY | PARTICLE “E"Q’E‘R%';}'#&Q})- i, rnggﬁésm TISSE‘IA\\E&EET
RPTC, Munich* Germany P e clmn R ol T 5 2007
Ortho- | coe0 | 1inacs|| ™ || IMRT | p/Carbon o || simns | 6 e e o oes
voltage planning NCC, Seoul* Korea ) eeton Zaantries 3 2007
230 4 gantries
Improved dose UPenn USA P e Lo 5 2009
) dipstributions i Med-AUSTRON Austria p, ion synchrotron e 34 20112
Protons and ions can simply be considered to be the Trento taly » —— Ty 2 20107
next logical step in the advancement of radiotherapy CNAO, Pavia® taly P ion synchioton < en - 20082
Heldelberg/GSI | Gamany pvion T g B 2007
= = 2 fixed
However, charged-particles are NOT necessarily Theomba Labs | _South Afcn = N ganry > 20007
competitive to conventional radiotherapy - RPTC, Kosin | Gemmany o o 4 ganties s 20007
= = = WPE, Essen* Germany P cyj:?ron 3%":';:‘.“ O 2009
they could simply provide an additional treatment = — - = — - —
modality for those cases that can’t be satisfactorily e
N . PTC, Marburg Germany p, ion synchrotron 48 degrees fixed 4 20107
treated using other techniques. oo s | = o Pr— = =
accelerator 1-2 horiz.
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Atoms o Peae: The Firs HalfCentr

Proton- or light ion therapy centres: 2006
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