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Introduction
A The physical, biological and clinical rationale of ion beam therapy

A lon beam interaction in matter
The clinical application of ion beams
A Beam production and application
Beam gantries and the HIT worldwide first heavy ion beam gantry
Overview of clinical workflow and treatment planning
Pre-clinical beam characterization and modeling for TPS
Dosimetry and quality assurance
Monte Carlo modeling
In-vivo treatment verification for carbon ions
In-vivo treatment verification for protons

To To o o o I I o

Novel imaging techniques and new trends in ion therapy

How to reduce the material in
the beam path ?
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Active magnetic shaping

In the passive beam spreading systems a major fraction of the primary beam
intensity is wasted in apertures and in blocking devices

Consequently, the passive beam spreading technique not only needs higher
primary beam intensities but produces a large amount of mostly forwardly
scattered neutrons and neutron -induced contaminations

In order to produce enlarged and clean beams, various magnetic deflection
systems have beenproposed, mostly consisting of two magnets having
perpendicular fields to each other and to the beam path

o

Scatter system Collimator Scanning magnet
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Active magnetic shaping
a) Beam wobbling
Magnetic deflection of a slightly scattered beam to achieve lateral spreading

Either rotate a
dipole around the
beam central axis,
or use two electric
dipoles with
perpendicular field
direction

Wobbler Magnets
Horizontally Deflecting
Ventically Deflecting

Range Degrader
<%\ Ridge Filters

Image: Chu (1993)
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Active magnetic shaping
a) Beam wobbling

In single wobbling, both power supplies of the deflecting magnets are driven
with a sinus of the same frequency (e.g., 60 Hz) shifted in amplitude by 90 °

Due to phase shifting of the magnet current, the beam is rotated and

produces a dose distribution like a torus

d) Single wobbling
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Yonai et al Med Phys 2008

t Afer Chu et al

Radius

Wobbled Beam 1
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Active magnetic shaping
a) Beam wobbling

To achieve a flat top inside the torus either
scattering foils are used or more
frequently tori of different radii
corresponding to different maximum
current amplitudes are superimposed
including one center spot

In this technique, the contribution of
each radius has to be adjusted to the
necessary dose but the dose
homogeneity over the complete
volume can be achieved by painting
the volume many times, compensating
for the accelerator beam fluctuations

Dose

4 Afer Chu et al

Radius

Unwobbled Beam

Wobbled Beam 1

Wobbled Beam 2
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Active magnetic shaping
a) Beam wobbling
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FIG. 42. A large-area flat dose is produced by appropriately summing
several Gaussian-like profiles of different wobble radii with appropriate
flux fractions. The doses at various wobble radii and their sum are shown
for 3 - different sizes of the flat fields. Rev. Sc, Instrunn, Vol, 64, No. 8, August 1863
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Active magnetic shaping
a) Beam wobbling

Beam
Beam

Wobbling
Magnets

Scatterer spreads the beam.
i % Larger field generation 3
;> needs thicker scatterers. : 1 i3 (thinner than scatterers

F $ ."-..for the double scattering system)
: @ collimator

.9 0.9.\3

Double scattering system Wobbling system

(Dual-ring)
HollandPTC Ir. H. de Vroome  12-3-2013 39
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Active magnetic shaping

a) Beam wobbling for 12C ions

Beamline at HIMAC

Multi-leaf
Collimator

Wobbler
Magnets Scatterer Monitars

Ridge Filter,

s

Range Shifter

LMU| s
Active magnetic shaping
a) Beam wobbling for 12C ions
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Scatterers

Scanning magnets Gunma, Japan
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Active magnetic shaping
a) Beam wobbling for 12C ions

Gunma, Japan
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Active magnetic shaping ) Spral wosting
a) Beam wobbling for 12C ions
Recent evaluation of various wobbling .

methods including original improvements

from the original implementation for

application in carbon ion therapy -
b} Zigzag wobbiing

The evaluation included magnetic and beam

efficiency (uniform field at small amplitudes

and short time), robustness against beam size

variations (scattering dependence on energy)

and time dependency (synchrotron current

fluctuations) yPoguated zg2ag wepoing

Med. Phys. 35 (3), March 2008



LMU

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

(Semi)-active beam delivery

Active magnetic shaping
a) Beam wobbling for 12C ions

o spiral wobbling, Fig. 1.6(a): modulated sinusoidal current variation in
wobbler magnets cause the beams to scan a field circularly, with a

radms proportional to the square root of tume. The uradiation area i

unit time should be constant;

o zigzag wobbiing, Fig. 1.6(b): the wobbler currents are not modulated in
amplitude causing the beam to scan a field uniformly m a zigzag
pattern. With this mode the power supply does not have the rapid
change of the wobbler current which 1s a feature of the spiral method

and which could cause wabbler magnet nstability: &) Rogustod 2g2ag
o regulated wobbling, Fig. 1.6(c): the amplitude of the magnetic field
waveforms 15 varied by multiplying it by a factor o, called degree of 5 == ~—
regulation. In this way the regulated wobbling method produce a larger
vniform irradiation field compared with the normal spiral and zigzag =
wobbling methods: @ Singe wobtiing
o single-ring wobbling, Fig. 1.6(d): constant smusoidal current variation
of two orthogonal magnets with the same frequency and with a 90° "
phase shift causes the beam to scan a field circularly. The beam is
spread out by a scatterer so to pamnt an annulus.
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(Semi)-active beam delivery

Active magnetic shaping
a) Beam wobbling for 12C ions
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Med. Phys. 35 (3), March 2008
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Active magnetic shaping

Z#e¥Ngb_hkfel\Zggbg je"b" """ &e["Zfeph
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Constant Beam
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‘\ n || yv
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Range Modulator Aperture & Bolus

Small

Scattering

Pullback from RM & FS

| Uniform Scanning ?
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Active magnetic shaping
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operating at a frequency of 3 Hz the other at 30 Hz.

Scanning pattern created by the two perpendicular dipoles, one

R. Slopsema, 2008
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Active magnetic shaping
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R (Semi)-active beam delivery
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Active magnetic shaping
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Active magnetic shaping
Z#e¥Ngb_hkfel\Zggbg je"b" """ &e["Zfeph
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Neutron Dose
Reduction of
uratorm scanun

Bubble ==y

|| | ||

Neutron production: protons vs. carbon

Maximum beam energy

Method for making

Beam in the mdimhcmpyh a laterally uniform '(,\\
Facility ~ species®  (MeV/u) irradiation field® Precollimator’ Final collimator® %
HIMAC C 400 w FLC (aluminum) MLC (iron)/ (3
PC (brass) Gy
HIBMC Clp 320(C), 210(p) w 2 RCs (aluminum) MLC (iron)/ (3
PC (brass) 6
scc p 220 w 2 RCs (aluminum)  MLC (iron)/ Cx
PC (brass) GA
NCCHE p 235 D N
—+— p250 (PMRC) 1
PMRC p 250 D —8— p235 (NCCHE)
—&— p220(SCC)

| —*—p210 (HIBMC)
—*= C400 (HIMAC)
—&— (320 (HIBMC)

e

50 100 150 200

Distance from the isocenter, o [em]

250

a) Maximum beam energy at each beam line

Measurement of neutron ambient dose equivalent in passive carbon-ion

and proton radiotherapies, S. Yonai et al. Medical Physics (2008),

26.05.2020
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Active magnetic shaping

Z#te;, "Zfeph[[ebg e"hke¥ngb _ hkfel\lZggt
In comparison to passive lateral beam broadening, beam wobbling allows

- Larger maximum penetration depth due to reduced material in beam path

- Reduced beam loss in scatterers and occluders

- Improved adjustment of field size to reduce beam loss in collimator

- Lower sensitivity to beam
alignment (though higher
requirement on beam stability
over time)

- Reduced effective source size
for sharper penumbra

iy
Unwobbled Beam S=P<
- Reduced neutron production Vichted Beam
and related shielding Wottied Beam2
>

requirements

Wobbler Magnets
Horizontally Deflecting
Vertically Deflecting
N Range Degrader
(_.i]] Ridge Filters

N} Image: Chu (1993)
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LMU SRMITANS- Active beam delivery

Active magnetic shaping
a) Beam scanning
Magnetic deflection of an unmodified beam (so called pencil beam)

Scan Magnets
\Q.? 15|0w

T
[

Il

<=

|

|lsocenter

Rev. Scl. Instrum., Vol. 64, No. 8, August 1993 )
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Single beam... ( lateral scanning

+ scanning in depth = 3d conformed dose)
http://p -therapie.web.psi.ch/
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©AMahr

The target volume is subdivided into several slices,
each related to a specific particle range.
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Active magnetic shaping Image: GSI

polfaces

a) Beam scanning PRI

Several flavors of scanning depending
on technical implementation

2D magnetic deflection without
moving parts

1D magnetic deflection + 1D
mechanic movement, i.e., shift of
the patient table (PSI gantry 1)

Magnetic deflection with one fixed
slow-scan magnet, and a fast-scan
narrow-gap magnet pivoting
around the virtual scanning center
of the first magnet (Uppsala)

Image: Chu (1993)

MAXIMILIANS-
UNIVERSITAT
MONCHEN

LUDWIG-

Active magnetic shaping
a) Beam scanning
Several flavors of scanning depending on technical implementation

Example from PSI clinical experience

Spot scanning : single
spots of variable duration
with beam-off between the
spots (PSI, IBA, Varian,
Hitachi)

Proton beam size ~3mm sigma
Grid size ~5mm

~10,000 spots for 11 tumour Eros Pedroni

Average ~10 ms /spot (longer for more
distal spots) at 0,2 nA clinical current

14
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Active magnetic shaping

a) Beam scanning

Several flavors of scanning depending on technical implementation

- Raster scanning : beam is
moved from one voxel to
the next one, without
turning it off

Example from HIT
Beam size: 4 E10 mm FWHM
Beam intensity: 1-:106 E4-10 jons/s

Source: GSI
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Active magnetic shaping

B. B
a) Beam scanning @ yl'_! AN i
Different beam paths can be ' ' ' :

chosen for more efficient

. 2 B,

delivery, depending on ®) [‘A ¥ b

technical implementation = L’AVAVAV 74

(number of magnets, magnet

scan speed) " I_} By 5
o R E

@ |J K

Y Motion of the target

i iny direction

FIG. 47. Schematics of various raster-scanning techmiques. For each

method, the scan pattern is shown in the left diagram, and the magnetic

field wave forms are shown in the right two diagrams. Shown are (a)

parallel rasters, (b) zigzag rasters, (c) sinusoidal scan, and (d) fast line
scan plus the target motion,

Rev. Scl. Instrum., Vol. 64, No. 8, August 1993

]
i
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Active magnetic shaping

Lateral scanning modes

« Spot scanning
— Single spots — dose shaping by
changing the spot time duration
+ beam OFF in between spots
— PSI Gantry 1
+ beam ON from spot to spot Spot scanning (G1)  Spot scanning (G2)
— GSl raster scanning
« Continuous scanning
— Magnetic painting
+ Dose shaping by adapting the Raster scanning (GSI)
magnet speed to the dose rate
— PSI Gantry 2
— Beam intensity painting
+ Max. speed — dose shaping by
beam intensity modulation
— PSI Gantry 2 I.M. line scanning (G2)  |.M. contour scanning (G2)

Dose lateral uniformity in beam scanning

‘ 14~ dFWHM=06 —
Overlap a large number of single beams 12 d/FWHM =10
) Sir_!_gle bea__l_n spol
+ + + + + + + Lot
08 - .
0.6 |

04 - _ . L

02 L Y

0 —i i k!

4 2 0 2 4

+ + + + +
+ + + + + +

Source: GSI Darmstadt

26.05.2020
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Dose lateral uniformity in beam scanning
The dilemma of the pencil beam dimensions

Small sigma Y large number of beam spots A proton pencil beam
Large sigma Y large penumbra

Small energy spread Y large number of layers
Large energy spread Y slow distal fall off

Images: Zufong Li
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Dose lateral uniformity in beam scanning

The dilemma of the pencil beam spotsize (in the limits given by the
physical properties of the used beam species)

30 : . : :
50 MeV
4 . ..
— 25 F 1 — Calculation for an initial 5mm
g protons | 250 FWHM beam passing
—_ , 8 S o
20 |2 : | <1 L | 1| through a pencil beam nozzle
% 0L L0 (minor material in beam
15 L ya | | ath), a 1m airgap and a
E 7100 A 150 / p ) g p
5 LA /'), water phantom
z 10 - 1|  Slpl |
= E ’%/ 3a6t !
3 } . 285
e et 2
o s aaan Hev
4 & 186 :
o <__nozzle /:ﬁ>{ - air _: ,\/«/)‘/ water >
1 1 i 1 1 1 1 1|

0 20 40 60 80 100 120 140 160
Distance from exit window [cm]
U. Weber, Rhon-Klinikum AG
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Dose lateral uniformity in beam scanning
Spot sizes in air of dedicated proton therapy facilities

Spot size in air, no pre-absorber

IBA (now)
B IBA (promised)
0.9 VARIAN
g o8 PSI
:\ 0.7
é 0.6
< os
g 0 3 mm sigma
0.2
0.1

0 2 4 3 8 10 12 14 16 18 20 22 24 26 28 30 32

(residual) Range (em)

. |owensEsE TuDeit

Comparingpenumbraof broadbeamsand pencilbeams

Gaussian broad divergent beam Pencil beam
O T o T
L |
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o
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Penumbra (BO%-20%) [em]
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For shallow depth tumours, penumbra from scanned proton beams not

=>use Helium chamber, range shifter (bolus) with higher beam energies,

necessarily better than passively shaped beams

pencil beamsize  iNtensity modulation and/or MLC/aperture

Gy=05em 88D = 220 cm

. O, =25cm dp=03cm sSD=220cm CSD=10cm NOPMMA (range shifter)
N Initial size at source (broad beam)
181 collimated broad divergent beam
16 uncolimated pencil beam
14F =
//
121 /

\

_——

\ /7/ =] L
Fr ;: ﬁ— 1 N

18

only AIR betwaen souroe and phariom (NG vacuum of Helium)

Penumbra (80%-20%) [em

Figure 5. Penumbra as a function of depth in water (d, ) for diffcrent beam ene
MeV) for a collimated broad diverzent beam and for an uncollimaicd pencil be

6 8 10 12 14 16 18 20 2 24 26 28 30 3

Depth in Water (d,,) fcm]

s (expresscd

Phys. Med. Biol.

=
o

] 2 4 6 8 10 12 14 16 18 20 22 24 2% '28-30 32
Ry lom]

vacuum
Helium

ns for an initial
n expressed in
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Lateral penumbra reduction: Helium chamber
Beam

+«—Beam Profile Monitor

> Scanning Magnets

Helium Chamber

Spot Position Monitor
Dose Monitor 1, 2

Hitachi Scanning Nozzle
socenter

Martin Bues, PhD, ACMP 2008 Annual Meeling, Seattle WA, 05/05/2008

26.05.2020
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Lateral penumbra reduction

Range shifter (bolus) with
higher beam energy

For shallow depth tumours, it is

preferable to use higher energy

with beam degrader placed very
close to the patient, rather than

lower energy (typically requiring
upstream ridge or ripple filter)

5
&
i

Vertical  Horizontal | >
magnet T '
RiFi Bolus
? Boam 1 x
AN~
i I i I (EFD -
~isocenter

Vacuum BAMS (3(Cs, phantony
window| 2 MWPCs)

Vacuum

2

o 3 & & &

g8 8 8

[— soev 4 RiFi

magnet

T
H
i

B8 8y s o s & &b E

1 15 0 0
Depth (mm) Lsteral dimenion (mex)

Parodi et al, PMB 2010

o
Lateral Gmersion mrm)

[
8

3 8 88823 8 8

C}

——S0MeV+RIF
T25MeV + Bolus.
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Lateral penumbra reduction

Intensity modulation
A scan with fixed intensity

produces a shallow penumbra

Intensity modulation may be
used to sharpen the lateral
penumbra of an extended field

Eros Pedroni, PSI

Relative dose

Dose profile
T

0.4

0.2

0.0L

C N R SAASIRN. T S S

50 100 150
Position (arbitrary units)

200

26.05.2020
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Lateral penumbra reduction

Multileaf collimator or aperture
or trimming

APERTURE
sitive structure

SCANNING ONLY

OAR- SHIELDING BLOCK S
Medical Physics, 45 (11), November 2018

Eros Pedroni, PSI Farr et al, MedPhys 2018
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Issue of pencil beam energy variation at cyclotron based facilities (e.g. PSI)

Undesired beam broadening due to MCS, when 4T
119 Mev 420
/ 0
L

using range shifter in front of the patient
- e
Range shifter Ty‘-r)’/ v W

- 40 plates (80 pneumatic valves) i
* 4.5 mm wer each + one half plate «_-' |

* “Water-equivalent” arrangement

)

FWHM (cm)

- Dead time 50 ms (30 ms for motion) e
- Strategy for positioning beam modifiers in the beam Gap(cm)
* Either very close to the patient Small air gap
¢+ Or very far Loss of intensity -l
N

— But not in-between The worse one can do ..—A &

» The reason with Gantry 2 to use dynamic energy variations with the beam line

“[-]5]~ E Pedroni- Center for Proton Radiation Therapy - Paul Scherrer Institute - PTCOG Educational meeting - 19/5/08

26.05.2020
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Active energy variation at synchrotron based facilities (e.g. GSI, HIT)

: ‘w/“‘\_r ///‘// e S -

f
’ L
’

#

Position and

P
v ”z
-

intensity monitor 11 5
system with y /
feedback to

fast scanning
dipole magnets

Carbon ion beams offer sharper penumbra due to smaller scattering in
the beamline and traversed tissue

Spot sizes in air of combined proton and carbon ion facility (HIT)

5 15
4 Carbon ions | Protons
= E 10
Es 3
© ©
52 5
] = o 5
1
. ‘ ‘ ‘ . . ‘ oL ‘ . ‘
100 150 200 250 300 350 400 450 50 100 150 200 250
Energy [MeV/u] Energy [MeV/u]
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Suboptimal proton spot dimension compared to new dedicated proton
facilities (but better than MD Anderson despite usage of He chamber)

Spot sizes in air of proton therapy facilities
(left: HIT and MDACC, right PSI Gantry 2)

60 Beam size (sigma) [mm] —— all material
—— without exit foil
5 —— without strip
50p 4 —— only with mon, »
1 [ without nozzle
A)
40 |

Sigma [mm]
3

Energy [MeV]
%50 100 150 200 100 120 140 160 180 200

Schwasb, .., Parod, PME 2011 & Paons GPT - Paul Schrer stte

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

Lateral penumbra reduction
Enhanced lateral penumbra reduction Patented by SIEMENS

Use the robotic system to bring the patient closer to the beam nozzle, i.e.,
reduce beam sigma by reducing airgap

T FLUKAZ008 3b (0,01 @ 16m
0 ’ + FLUKA2006.3b (5,=0) @ 0.8m
2 J Reduction of
£ . airgap to 1ISO
=
10 l .
- ! . v il
s o J —— S~ 500 » N

0 . L s . n n . L L
40 80 80 100 120 140 160 180 200 220 240
Energy (MeViu)

> \ / 3 ’
: /\ /. =
S Sou‘[\c};\ .aIT/Siemens,,

i ==

Parodi, HIT internal communication

26.05.2020
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Expected advantages of beam scanning

* No need to use individualized hardware

— Avoid fabrication and mounting of patient's
specific equipment in the nozzle
* Apply dose fields sequences in one go

without personnel entering in the treatment room

* Toreduce treatment time

* Al fields of IMPT are delivered in the same fraction OPTIONAL

* Most efficient use of the beam

— “All" used protons reach the target (low intensity beam — only 0.2 nA)
+ Minimal neutron background (for the patient)
+ Minimal activation of the equipment (for the personnel)
« Flexibility to treat from small to very large targets without changing

equipment

— “All done by the beam” using minimal equipment

""m-h“,'“""""" E. Pedroni - Center for Proton Radiation Therapy - Paul Schermer Institute - PTCOG Educational meeting — 19/5/08
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Scanning needs a fast
control system:

Time / Spot ~1-100ms

Intensity measurement
within ~10pus

Position measurement
within ~50-500us

Result from wrong monitoring:

Image: O. Jakel

26.05.2020
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IBA Universal Nozzle

Range Modulator

Scanning Magnets

Second Scatterer

Variable Collimators

LUDWIG-
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|IBA Ir.H. de Vroome

m{ ___Window; Ti

Profile monitor

___Scanning magnet (Y)
He chamber

- Scanning magnet (X)

—— He chamber

_— Scattering device

P
EE—'% X-ray tube

Dose-monitor #2

4 Dose-monitor #1

E— -Spot position monitor

- Energy filter

~_ Snout moving device
S o
~__Energy absorber

~ Aperture

=)
o
e
I |, 0-0.38m
s Iso - center
: Fig. 8.2
Y
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VARIAN Nozzle

LMU
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b

pencil beam scanning

Roelf Slopema

26.05.2020
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Passive scattering and active scanning compared

Passive l Spot scannini
scattering

1 field . 1 field

3 fields | 3 fields 1

SGSMP/FMH Physics lectures 2011 Prof Dr Tony Lomax, Proton therapy
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Ermin i 23 energy slices, graphical area 6x6 cm?
pixel size ~ part. number

Highest fluence at the distal end of each
spot position

Already fluence modulated RT, although
homogenous dose of individual fields

E max Y Single Field Uniform Dose (SFUD)

Courtesy M Ellerbrock
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PAUL SCHERRER INSTITUT

Intensity Modulated Proton Therapy: The
simultaneous optimisation of all Bragg peaks from

all incident beams. E.g.

Combingdidistribution

Lomax, Phys. Med. Biol. 44:185-205
SGSMP/FMH Physics lectures 2011 Prof Dr Tony Lomax, Proton therapy

LMU
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The three ‘orders’ of proton therapy compared
Passive l Spot l IMPT

scattering __ | scanning

3fields | ¥ 3 fields~f R sreis

SGSMP/FMH Physics lectures 2011 Prof Dr Tony Lomax, Proton therapy
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IMIT (intensity modulated ion therapy) for scanned carbon ion beams
separate optimization Single field opt.

Multiple field opt.
simultaMmizaﬂon Courtesy of M. Ellerbrock, HIT
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Table 20.1 Basic clinical specifications (based on Chu et al. [3])

Parameter Desired specification

Average dose rate 1 Gy/min for a 25 x 25 cm? field

Time structure of the beam Suitable for beam scanning

Dose accuracy +2%

Range of penetration 2-30cm

Precision in range setting 0.1cm

Maximum field size in a fixed-beam room 25 x 25cm

Sharpness of distal dose fall-off 0.1 cm above limit (set by range straggling)
Sharpness of lateral penumbra 0.2cm

Parallel vs divergent scanning
- Apparent position of the source (~3m divergent, ~8m parallel)

Relation to the beamline / gantry design

26 May 2020 K. Parodi 58
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In modern photon therapy the patient is lying on a couch (supine position)
and the beam is delivered under the optimum angle to the target volume

All angles are basically used for patient irradiation: a compilation of the
used gantry angles did not reveal the exclusion of certain gantry angles
Gantry angle

350 § “0E . Y . L0 3 350
aso ] Poan E ’ : . 1 330
310 | O . 50 e o ! a10
260 400 & O 70 h . 4290

90 * « «et 270
250 &) 13a." 110 . % 250
230 % . 130 «. ba30
210 . 150 | . 210
190 ¢ * 170 * 1190

0 20 40 60 80 -BO -60 40 -20 O 20 40 B0 &0 -80 -B0 -40 -20 0O
Table angle

Figure 3. Scatter plot of the frequency of beam angles used in the conformal radiotherapy of
50 patients (black dots) with skull base tumours treated with photons and nine patients (open
circles) planned with a heavy ion gantry system, as described in the text.

from Jékel et al., Phys Med Biol 45 (2000)

The evolutionof photon radiation therapy in the 20th century

=
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lon therapy in Berkeley (1954 -1992)
1975 - 1992: 433 patients w. Ne, N, O, C, Si, Ar
1954 - 1992: 2054 patients w. He
> ee— —|

E T,
— —

Fixed ion beams:
LUDWIG- . - .
LMU MAXIMILIANS- An historical perspective

UNIVERSITAT
MONCHEN

&

Seated Patient Position and Fixed Beam Lines

The use of fixed beam lines, that is, no isocentric gantry
or movable beam, in the pioneering centers for proton
therapy imposed additional requirements on the patient
positioner, as the patient movement was the only free
parameter available to change beam directions with respect
to the patientand 1o cotrect the setup. The general appreach
in radiation oncology was, and still is, to keep the patient
supine for image acquisition, simulation, and treatment
For particle therapy, however, in the specific cases of
irradiation of clinical targets in the head and neck region
(e, ocular, invacranial, and base of the skull 1argets)
the first approach was to adopt a seated position for the
treatment so as o fully employ a fixed horizontal line.

Figure 7.2 i e
SRRl B Four i oyt b, 4 ROl S GOBELIC Sovic

e or a ined beam

T. Delaney and H. Kooy
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A chair is able to move in three hifer IR Aputure

axes (front to back, side to side .‘;,.-m_%k.ll’_ﬂ. _______ \—E e e~

and up and down) and can rotate
about these axes to a limited indow
degree

The utility of the chair is
somewhat limited by the
immobilization devices that can
be used with it

Primarily head and neck cancers
and cancers of the eye can be
treated using the chair

Figure 3. Example of a Patient chair at NCC Proton
pIiCndreatent chair Therapy Canter in Kashiwa

www.oncolink.org

LUDWIG-

HIMAC in
LMU | i+ || Chiba, Japan
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A horizontal CT system dedicated to heavy-ion beam treatment

‘ 2. Main hardware configuration

A horizontal CT system, developed at the NIRS, HIMAC
was designed to obtain CT images of the patient in a seated
position, which is the same as for receiving the heavy-ion
beam treatment. The CT images are utilized for the 3-D
treatment planning and for the verification DRRs (digitally
reconstructed radiographs) of the field placement. The
system was also designed o measure and correct the field
placement errors in each treatment session, and to monitor
the change of tumor and surrounding normal tissue struc-
tures, during the entire treatment course as well as to clarify
its influence on the planned dose distribution. The system
consists of a helical CT scanner, a positioning computer,
and a dose calculation computer. An area laser beam projec-

tor and a touch sensor were employed for patient safety.
HORIZONTAL
DRIVE UNIT

Fig. 1. Layout of the horizontal CT system.

Kamada et al, Radioth. Oncol. 1999

) From ESTRO Teaching
Wall Mounted Vertical CT Scanner ‘

A Used in incline beam line

A Simulation for seated position

A Planned for use for pre-treatment image guidance
https://www.youtube.com/watch?v=A4Hp4jzvyjQ

& Penn Medicine
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Stereotactic Alignment in Radiosurgery
(STAR) device is still used, e.g., at MGH
Boston for stereotactic proton therapy,
allowing the use of multiple beam angles.

The couch is mounted in the center of a
circle and can be moved, to a limited
degree, in the lateral, vertical, and
longitudinal directions. Additionally, the
couch can be rotated to a limited degree in
two axes about the isocenter.

Figure 2. Example ofa
robotic patient positioning
device for stereotactic proton
treatment

www.oncolink.org

e ans.| | Fixed ion beams in current clinical praxis
|_Mu ORIVERSITAT

MONCHEN
The incline beam system uses two beams, a
horizontal beam and a second beam which is
for example angled to 30 degrees off of the
vertical

These beams use a common isocenter and can
be used together, in conjunction with a robotic
patient positioner, to achieve a wide array of
angles to treat the patient

Proton therapy center in Seattle " 7 www.oncolink.org , ProCure
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Fixed ion beams in current clinical praxis

Different directions of fixed beams in different rooms allows to treat the patient
sequentially under different angles (e.g., horizontal, vertical, oblique) by shifting the
daily treatment from one room to the next

<

N :
ﬁ' arbon ion

4]
=6

Synchrotron for Layout Hyogo

Proton and ions facility for
protons and ions

W FiRARRE S -V N2

Fixed ion beams in current clinical praxis
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Robotic based couches add flexibility of 6 degrees of freedom for a
somewhat larger variety of treatment angles to be used

Isocentric Rotation
(as standard couch)

——

‘ o
Figure 1. Example of a robotic treatment couch

Bloomington Indiana

www.oncolink.org
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Research Center for Charged Particle Therapy
inal Institute of Radiological Sciences(NIRS)

A Fixed horizontal beam with
raster scan system

A Robotic positioning (including

pitch/roll) and imaging (30Hz)

Cone beam CT optional

Automated position correction

Real patient is
immobilised on
patient table
(mask, é
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Oki aE~] _gcnkqj Eejbkni]pekj~

Mar"egzfre¥ Zgmkr | ehkb bgzZm”l e_khfec
of a mule that characterizes the general geometry for a radiation gantry.

The beam is bent up by 90° from the central axis and after some
horizontal drift bend back again under 90 ° to the patient. Thus, the cross
I "\ mbhgemakhn aezZe[ "Zfe Zgmkr eehhd|I

If angles other than 90 ° are needed the gantry is turned along its axis in
360° making it possible to produce any angle with respect to the patient.

LUDWIG-

MAXIMILIANS-
I-Mu UNIVERSITAT

MONCHEN

Exam ple Of discussed A classical gantry B f;ciosr::(:tgﬁxvg gantry" © "divergent scanning”
Gantry concepts

Main distinctions:
Type of movement
- Isocentric

- Excentric

Type of beam delivery

- Passive scattering

- Scanning (divergent or
parallel)

[Pedroni 1994] G Riesenrad-gantry H multi-room 1 PSlgantry

26.05.2020
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Example of proton beam gantries Movement | Delivery
Corkacrew-Gantry
Do | <I/ e Isocentric | Scattering
I
i
P {)EH (B ————— @@= | Excentric | Scanning
S

Isocentric | Scattering

1BA-Ganlry
HCE, NPTC, HIBMC
(c)

JI %sn?gm-ﬂanw Isocentric | Scattering
D

%I—#l Bt Isocentric | Scanning

- o _ )

PROTOHEN-Gantries
|

LUDWIG-
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‘I Mil
Proton gantry @
Loma Linda University
Medical Center

A‘ &, Three rooms with Cork-screw gantry
2% But the majority of the patients is

treated for prostate cancer under nearly
horizontal angles from both pelvic sides

26.05.2020
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Gewicht: 110t

Durchmesser: ca. 4m

Lange:ca. 10m

Genauigkeit: < 1mm

e, N fE\
v b \é(’J

j rotation

Proton gantry at MGH
LMU| iz | | Boston

NPTC GANTRY

AT
V

Figure 7: One of the gantries at the Northeast Proton Therapy Center. The left picture
shows the gantry structure during construction with the steel assembly being visible.
The right picture shows the gantry treatment room during treatment. The beam

delivery nozzle is able to rotate 360 degrees around the movable patient couch.

Picture provided by Ion Beam Applications, S.A.
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Patient treatment started !

LUDWIG-
LMu pAMIL1ANe; The PSI gantry 2
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« Gantry rotation limited to -30°to + 180° (0° 180° sufficient)
+ Beam delivery flexibility by rotating the table in the horizontal plane
+ Analogy with longitude and latitude in the world-geography

« Expected advantages:

+ Fixed floor for a better access to
the patient table

* Nobody (patient or personnel)
falling in the gantry pit

+ Fixed walls for mounting
supervision equipment
like Vision-RT

+ Large access space in front of the
gantry for mounting commercial
equipment

¢ Like asliding CT ...
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» Retractable support with a flat panel
» X-ray tube on beam axis

- Shining through a hole in the yoke of the 90° bending magnet
«  For simultaneous use to proton beam delivery

Sweepers

. X rays tube
Yoke hole

Proton beam

Bending
magnet

Scan and bend

BEV X-ray imaging nozzle
An equivalent to portal
imaging with photons,
but with improved

quality (kV)

Patient

Imager

26.05.2020
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