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* For scanning, the field is produced by superposition of
many pencil beams which differ in energy and position

- This imposed a higher risk of failure
- The dose may be correct at one point but wrong at another
- Independent verification (mostly by measurements) required

* Situation similar to photon RT (open fields vs IMRT)

Courtesy C. Karger; Image MD Anderson
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Increasing investigations and adoption of alternative detectors for faster measurements of lateral beam
profiles / 2D field homogenity

2D array of 729 plane-parallel ion chambe
(absolute dosimetry) of 5mm x 5 mm x 5
size and 10 mm center-to-center spacing,
low spatial resolution

...pixel silicon detectors and others....

Towards more efficient QA
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S Towards quality assurance
LIVIWU | | Sivversieas with aSi detector at HIT
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* Time efficiency more important than in conventional radiotherapy
(expensive beam)

* Film measurements (e.g. 2d-Field homogeneity) often cost a lot of time
(Irradiation + Evaluation)

« Sometimes it is possible to substitute an acceptance test by a faster test

* We have seen following examples:

— Radiographic vs. Radiochromic Films vs. Chamber-Arrays
— Farmer chamber vs. Bragg peak chamber

— Waterphantom => solid phantom with IC / IC block (esp. for gantry)

Courtesy B. Ackermann (HIT)
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Biological dose verification
(for representative cases)

Cell survival in 2-dim phantom
(W.Kraft-Weyrather, A.Mitaroff, C.vNeubeck)
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Biological dose verification
(for representative cases)
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* Biological planning and
optimization for CHO Cells

* Calculation of cell survival

* |rradiation of stack with probes
of cells

*Time consuming

(but typically requested by
authorities before starting clinical
12C ion treatment at new facility)

Kramer et al. Phys Med
Biol. 48: 2063-70, 2003
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Introduction
« The physical, biological and clinical rationale of ion beam therapy

e lon beam interaction in matter

The clinical application of ion beams
* Beam production and application
» Beam gantries and the HIT worldwide first heavy ion beam gantry
* Overview of clinical workflow and treatment planning
e Pre-clinical beam characterization and modeling for TPS
*  Monte Carlo modeling

» Dosimetry and quality assurance

* New trends & In-vivo treatment verification in ion beam therapy
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The technology evolution
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Fromfixed beamlinesand Yeied
passivebeamdelivery X oy F

X to rotating gantriesand
activebeamdeliveryX

X to intensity modulated
particle therapy (IMPT)

Passivedelwery Active deliyery

Clinical rationale
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IMXT photons protons

Iswhat we seewhat the patient receive®


http://www.schaer-engineering.ch/en/rptc.html14
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Patientmodel 3
— Metal artifacts < 15
— Imagequality (CBCT) 5 1ol
— HUSPRonversion 505_
— Tissuedependent - &
biOlOgicalparameterS Giantsoudi et al, PMB 2017 University Hospital, LMU 2 0000 =00 o 0 W00 100
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Dosecalculation

— Beammodel
— Tissueheterogeneities
— Biologicaimodels
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RBEmModelsin treatment planning
Protons

— Constant RBE = Iclinicallyused
KnownRBEvariationswith LET
Uncertaintieof different models
(typicallybasedon LEFanda.,/f3,) o
UnC|eaI’COI’rE|ati0ntO outcome GiovanninXMairani, Parodi, Raddnc2016 Peeleret al, RadiotherOnc2016
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»

Carbonions i

— Variable RBEcheme(accountingfor mixedfield) =

— Differentmodelsusedin the clinics(LEM, MKM) £~
basedon differentunderlyingassuptions

- Uncertaintiesof modelpredictions \ )

— Unclearcorrelationto outcome e e
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Interfractional anatomical changes Planning CT CT after 5 w. RT

Beam stops at distal edge Beam overshoot

BronchialcarcinomalH, MGH Boston

Bortfeldt AAPM 2019

Chordoma'?C, GSI Darmsta Planning CT

ParodiPhD Thesis 2004
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Intrafractional anatomical changes

(b) Gated RT Gy (RBE)
+6.5

(¢) ADose ( (a) minus (b) )

Bert & Rietze] Med. Phys. 2010 Mori et al, MedPhys2017, SpeciabsuePT
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Usage of safetynargins(nor-isotropic)
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and different motion mitigation strategies (esp. gating and
recanning) for moving organs
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More demandinghan solutionsin clinicalusefor photontherapy
Enhanced irroom (ideallyat isocente) imagingwith SPRnformation
* OnboardscattercorrectedCBCT wmm
* Onrails(DE)CT
 lonradiographytomography

* MagneticResonancémaging

Patient-specific
SPR prediction SPR prediction
(HLUT) (RhoSigma)

original MR original CT [pseudoCT Unet3(

Landry ¢ ®MRB2015di Wolfahrt et al, IJROBP 2017 Oancea&Schulte, Neppl, éParodi, RrcoipQl9 Ac
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Kurz, é Parodi , Landry, Med Phys 2016

Physics 81-95% profilesagree inrange
within 2 mm of rpCTcalculation

Y K Park et al,

11
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Scatter-corrected CBCT

* Fast (< 10 s) scatter correction possible with deep learning

* Promising results for both correction methods at projection level
(~ 10 ms/ projection) and image level P msze

» Space for improvement for more reliable dose calculation
in ion beam therapy (e.g., connected to beam records)

» Similar results for synthetic CT generation from MRI

* However, SPR information not yet incorporated
(enhancement with DE, pRAD, direct SPR conversion?)

Improved in-vivo

Dual Energy CT (DECT)

SPR from improved p,, and Z oot |
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Planning study for surrogate trauma patients
Range differences SECT vs DECT of 1.5%, consistent with RMSE (2-3.5% vs 1%)
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Improved in-vivo
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SPR prediction
(HLUT)
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lon transmission imaging

lon radiography /tomographyfor: s

» Direct(integral) SPReterminationfor patient- gj
specificrefinementof planninginformation 24
(Schneider et alMed Phys2005, Schulte et al TANS 2012) 2, g

» Daily,low-doseimageguidancefor patient ; S/

2 40 6 8 W00 =0 uo %0
depth in water [mm]

positioning(Cassetteet al IACMP 201p

. . . . ) . K[ahet aI_PMB 2019
Severaldetectorconceptsunderinvestigationworldwide and discussiorabout optimal ion
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Comparison of simulated (realistic) proton CT

vs experimental DECT and SECT
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JORGEN BREEDE BALTZER PETERSEN', JOACHIM E, WILDBERGER’,
FRANK VERHAEGEN & GUILLAUME LANDRY**

Acta Oncologica, 2015; 54: 1638-1642
A simulation study on proton computed tomography (CT) stopping -4 H
power accuracy using dual energy CT scans as benchmark i il . H - h i
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4
Experiment
head phantom

'
P

Phantom
under test

Energy/range detector

Proton CTscanner
Prototype atLoma
Linda University

.
[ 4

Two x,y tracker pairs
for the downstream
trajectory

Bashkirov et al Med Phys 2016, V.
Gi acometti éPar dMed RnBESQ0LL | t e

Two x,y tracker pairs
for the upstream
trajectory
PARTICLE THERAPY | RESEARCH UPDATE

Proton CT or dual-energy X-ray CT: which wins out for proton
planning? physicsworld

OS5 Sep 2019 Tami Freemar

Competitiveperformanceof proton CTprototype vsdual
sourceDECT (MAR# 0.55%vs0.67% at ~2@educeddose)

protonCT

Proton imaging promises better than
1% SPR accuracy2m&y dose

A . il ﬁ"iﬂiiii " iiv “i i I prétonCT DECT

14
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MC simulation of armdeal detectorfor proton, helium and carbon ion CT

y
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Localreduction of imaging dose

Frequentdose verificationwithin
region of good image quality

Fluence

sinogram Image noise  Dose / mGy

Cly

GIW = 0.00110.002

Pl rosein e |SUONISS IR L Lo
based orvariance reconstruction -
and aMonte Carlo patient model doseoutside beam ___

30

15



7/20/2020

Make the invisible visible

Imaging
particle

heams for
CANCEFr
freatment

Jorimy €. Polf and Kati Parod!

Different emission mechanisms

Thermoacoustic Positron-annihilation gammas Prompt gammas

2 Coibar 25 Pryses Tocsy wamprycatona o

LMU

First observed in passiveBcatteredproton therapy
" diffuselocal dose deposition
smallionoacousticignal amplitude
complexrange information

Passivelgcattered, pulsed
proton beam

Revived interest in connection with pendileam scanning
" highlylocalizeddose deposition
enhancedonoacousticsignal amplitude

directrange information

Trends ofigh pulse intensityfor new acceleratordike
synchracyclotrons

(e.g.,6-7 >s FMHWup to ~5pC/pulse @kHzfor IBA S2C2)

or possibilityto pulseisochronouscyclotrons
(e.g Jones et alled Phys2016)

Hydrophone

Jones et al,"1
PMB, 2016

o

o= SWRDL,

Y EPETYI ST |

10" 1 10 Y i.
—— P ProteusONE" T |

SNR/D,; (Pa Gy "2 (DEL, Ny ')
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Promising experimental campaigns and MC simulations at clinical energies
Submm proton rangeretrieval
accuracyandprecisionin water at i e 1

few Gy dosewith hydrophones ol R
Expt_acte_c(su b)mlll!r_n_eter range T S T
verificationcapabilitiesalso in R N . x

heterogenouspatient anatomy when Jones et al, Med Phys 2015 Lehrack, & P a r ORMB Letter, 2017
usingTOFandtime reversalmethods
(with idealdetector propertie9

® 10

Several investigations
ongoing worldwide

Amplitude [a.u]

-100 0 100 0-150 -100 -50 H 0?50‘ 40 30 20 -10 0 10 20 30
y [mm]
Jones et al, PMB 2018 Yu et al, Med Phys 2019
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In-beammonitoring
of irradiation
inducedPETactivity

Fiorinaé Bisogni, Phys Med 2018

' _\_\ Scintillator + ‘T"" 525?2:3 535?&?\3/ 53?&3\4/
Reattime detection \ [ photodetector §,
of irradiation induced S £3
prompt gamma - . %

-
| vty
nee
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Next-generation
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Stiftung/ Foundation
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Toward a new treatment
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Initial treatment plan Boosted spots

Range retrieval accuracy
and precision crucially
depend on PB statistics
and PG-dose correlation

5: 3 DVH of the target and nearby OARs Dose average LET distribution
§ P 1 100/~ ~target (ini plan)
H S o 3.:\ =\ -target (op plan)
%r e . 2 1\ g \ ‘\ left eye (ini plan)
i T I g o \ N ~left eye (opt plan) |1
3 2l |\ [ighteye (niplan) ||
T et B 4 > \_ \[right eye (opt plan)
20+ N ‘.k 1
o N
% 2 4 5 s
LET,, (keV/um)

The needed data for reliable

LUDWIG-
MAXIMILIANS -
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PETand PGproductionyieldsor crosssections Tissueelementalcomposition(e.g.,from DECDr MRI)

W:50 HU

w0
g H Tow
§ i,
; H LT
£ “ i. - BT
,
s j 1%C(p,p2n)°C * ‘I}; 2C(p,pn)"'C
Q 50 00 150 200 250 300 250 DD ] 50 100 150 200 50 0 350
kinetic ener ray £/ MV Kinetic energy £ /MeV

Tissue MR-DECT iy MR-SECT i
CSF 0.66 0.66
GM 0.67 0.41
WM 0.61 0.54
Verburget al, PMB 2013 . SNYRGZ [ YRNESZ . XtdzS\NB RIRED btHEED ReAHZ0 18
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The challenge of moving organs

Avoid interplays
between moving
beams and moving
anatomy

/Dedicated motion \

mitigation techniques
based on motion
monitoring sensors

0Os 55 Zeit
T

Respiration
Curve o~

-

The strategies to deal with organ motion

0. Do ”nothing” (i.e. Margins, Breath Hold techniques)
Simple but in many cases insufficient (interplay effects)
1. Rescanning (lateral, depth, volumetric)

Instead of irradiating the plan once, irradiate n times with 1/n of the
particle number => requires fast beam delivery and possibility to deliver
low number of particles

2. Gating

Irradiate the tumour when in the right position, stop the beam otherwise
Residual motion in gating window, sensitive to baseline drifts

JAVAVAVAVAY

Gating window / residual motion . reference

3. Tracking

Chase the tumour with the moving beam
Sensitive to the exact knowledge of tumour motion

20
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Beam tracking (not yet clinically implemented)

lateral longitudinal

peam adaptation

0
statlonar

-
20

di kompenswrt

. = stationar
= =tracking
-l 0

y [mm]

y [mm]

Schwarzung

W g o " C.Bertetal, GSI

X [mrn] x [mm] i

-20

<Hi

The planning strategy and delivery challenge

Identify different motion states for which  Identify motion state at time of
sub-dose distribution is calculated on the delivery based on external motion
basis of time resolved 4D CT images surrogate (internal-external
correlation?)

external system:
resp. trace external signal

21
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Medicalphysicsweb
. 06/2015

MRI-guided proton

LUDWIG-
MAXIMILIANS-

Physics in I Robustnesagainstanatomicalchanges I

Medicine & restoredwith suitablebeamangles

Biology Acceptable accuracy of commercial pseudo Hhgoing computational and
generation after tuning bone values and experimental work toward
accounting for internal aicavities or Al-based MR-guided proton therapy

MRCAT %00,

MR-guided proton therapy: a status update
13 May 2019 physicsworld

LUDWIG-
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In-depth physicalcharacterizatiorof 10 and“Heion beamsto supportextensivebiological
experimentsand planningstudiesprior to clinicaluse

S0BP imadiation

“*—He
e

——0

2000 iHeslsD

s 5 m m p ][‘:””"’]; %a 100 1000 10 000
’ Depth positon fum) kinetic energy / MeV/u
Openclinicalquestions -
- Whichion for whichindication A

- Advantage®f mixedradiation(lons&Photonsother combination3 :
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e Blologicalmodelsfor ion treatment planning

) D, LET
it s researcn |
=) " RBE = 1.for protons?
Dusa (LEM-Dt=10Gy) ”? Biological optimization for helium ion plans
o Do — i F o Radiation Oncology

—— RBEmodelof heliumions?
¢ f Variable RBE in proton therapy: comparison L
" ANs of different model predictions and their 5p
03] T P influence on clinical-like scenarios o 45E ° data exp

- - - " ’ new model: T, (L*)= TE BH (L)

new model: f (L)1, BH}B
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Enteringthe new era of biologicalguidance
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Bridgingthe gap: smallanimal radiotherapyresearch
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New frontiers in RT
Wideningthe therapeuticwindow
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