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Example PRrostate
Havettousedateral doeams!
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From:Trofimov et al., IJROBP 69(2):44453, 2007
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ExamplelLung
Breathing-and rangeruncertainties
State of the art (2016)

With allmargins added,
i proton plans look like
photon plans.

| MASSACHUSETTS
GENERAL HOSPITAL

RADIATION ONCOLOGY



Exampte PPediatrjenedulloblastoma
Thecatsaconly irradiation?
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Range unceraintiesrandi clinicaldmpact:
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standard Hounsfield HU setup
deviations Units (HU) conversion efc.

MichaelGoitein1980
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In vivorange werification
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Imagingfforconhne control fof particle therapy:
A control loep approath

Measure
proton range
In the patient

e

Finetune
treatment
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ChKiSeal RS tefsor’ NteqlifeMents:a

wDetect range with ~ 1 mm accuracy
wShort response time

wLow dose (< Gy

wIn the patient

wRelative to patient anatomy
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Prompt gammarimaging (PE&lprinciple

wMeasure secondargrompt gamma radiation
from nuclear reactions of protons with tissue

proton
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Prompt gammarimaging (P&lprinciple

collimation

Min et al., Appl. Phyd.ett. 89, 183517 (2006)
StichelbautandJongen(IBA), PTCOG 2003



Potential atdvantage igdrompt gamma
rangeiimaging ovePET
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PET
with washout

PET 3 q PET
no washout 5 4 washout
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Clinical implementation slit camera

In vivo range verification: Prompt o9-ray imaging ‘ 7\ Raye HPRT,

OncoRay® . .
A zie. N VIVO dOSimetry,
A Pr o mp-tay imaging (PGI): (- RTTs, clinicians
©

Clinical implementation of IBA slit camera
rﬁHELMHDLTZ (b
[k a

R

A 1st prototype in Dresd\ > ..ce 10/2014
A 1st clinical application 08/2015

A Evaluation of the benefit under clinical conditions

A Final Goal: Reduction of range uncertainties and
irradiation of normal tissues

Richter et alRadiothOncol2016, Tt 45




Improvementssand extensions of;PGl
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Improvementssand extensions of;PGI

wSecondaryroton imaging for carbon ion
therapy



Prompti-ray specirascopyP(PGS)

Unigue method to determine the range of proton beams:
In vivospectroscopyof proton-inducedprompt + -rays

! -ray

v q:E[w\,.y

discrete! -ray
emissions

protons
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Prompt gammaldetector

Prototype design Protons

7.6 cm LaB(Ce)
scintillator actively
shielded with 4 BGO
scintillators

Photomultipliers for
detector readout

Phantom
Tungste 9.5 mm slit
collimator opening
[ ]
| Rejected | Accepted

Tungsten collimator

w High energy resolution
for spectroscopy

w Fast timing to separate
proton- and neutron
Induced reactions
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Experimentaksetup

Proton beam

Tungsten
collimator

LaBg scintillator [
with active shield
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Energy and timeresolved, detection

p +16O p +12C
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165 MeV proton beam in water, 20 mm upstream of erfgange



Detectionofrrange shifts
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-ray enetgysspectnum
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Discretel-ray emissions

p +1%0 (water) p +1°C (polyethylene)
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Range verificationnmethod

Optimization
parameters

d : Water equivalent dept

O ’ ’ C: 160/12C

detector position :
>/ concentrations

at
2
argmin ZZh Posz(d)+pcsz(d) mbl)
d,po.pc \beB lel \ ]

| / Reactl Reactlons
Pencitbeams and with 160 with 12C

gamma lines

Measurement

Prompt gamma data

Loss model
function
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Range verificationof pendleams
A Pencilbeam delivered at one position with 5 different
energies (R 15.54¢ 17.59 g cn?)
A 2.3 mm /5.2 mm water equivalent shifters in front of
phantom to simulate range error
Endof-range in water Endof-range in solid water

(89% oxygen) (21% oxygen, 70% carbon)




Combinedproton range werification
and elemental composition

Detected Range shift | Detected'®0 | Detected'’C
depth (mm) | (mm) (gcm ¥ (gcm ¥

Water Detectorat 156.5mm (water equivalent)).89 g cm? oxygen

No range shift 156.3+ 1.3 0.1+1.3 0.94+0.07 0.05+0.07
2.3 mm shifter 158.6+1.0 H ®HO0 0.90+£0.07 0.02+0.06
5.2 mm shifter 161.6£1.0 p &0 0.88+0.07 0.04+£0.06
Solid Water Detectorat 157.1mm (water equivalent)).21 g cn?® oxygen,0.70g cm? carbon
No range shift 157.1+1.4 0.0x1.4 0.17£0.04 0.70£0.07
2.3 mm shifter 159.3+x1.4 H &4 0.18+£0.03 0.70£0.07
5.2 mm shifter 162.4+ 1.3 p ®I3 0.18+0.04 0.69+0.08

Pencilbeams delivering 5 x 2@rotons,uncertaintiest1” ,
90repeatmeasurements for determination of



Planned-chnicahimplementation

A Createnuclearreaction models
based on treatment plan

APrompt -ray spectroscopy protons

at fixed positions near ﬂ

distal end of tumor tumor

AMeasurementditted to
models simultaneously
optimizing unknown

parameters:

C Absolute proton range

¢ Elemental composition of
Irradiated tissue

collimator

I-ray
detectors
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PGJIRG Serequires)3b anatemical imaging
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Revivabof:acoustic: rangeaneasurements

NUCLEAR INSTRUMENTS AND METHODS 161 (1979) 203-217 ; © NORT

Radiation Oncology Investigations 3:42—45 (1995) E

lonoacoustic characterization of the proton Bragg peak
with submillimeter accuracy
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Acousticoproton rapgemeasurement
|IBAcyclotron(Pent)
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Jones et alMed Phys42, 7090 (201} afternoon session



ChKiSeal RS tefsor’ NteqlifeMents:a

wDetect range with ~ 1 mm accuracy
wShort response time

wLow dose (< Gy

wIn the patient

wRelative to patient anatomy
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Comparisornofdechnigues

PET Promptg |Acoustic  MRI

1 mm (n) (n) ©) 0
accuracy
Response minutes |pico milli days
time seconds seconds
Low dose 1Gy 1Gy 1Gy 5-20 Gy
Invivo  n (n) ©) (n)

onein 1995| bone, liver
Patient  (n) 0 0 n
anatomy  (PET/CT)
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Imagingfforconhne control fof particle therapy:
A control loep approath

Measure
proton range
In the patient

e

Finetune
treatment
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MRl scanbefore and-aftetreatment

Isovalues

(cGy)

3500

- Krejcarek, Yock, et al.
@ RN L O IJROBP 2007;68(3):646-649
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Biology:rBonenarrow changes

VisibleimMMRI
planned 50% isodose
MRI 50% isodose

L1
Pt. 1, 36 Gy (RBE) Pt. 5, 50.4 Gy (RBE) Pt. 6, 36 Gy (RBE) Pt. 10, 36 Gy (RBE)
Gensheimeet al., Red Journal 78(1):2@35, 2010



Biology:Ffbocalliverreaction
Visi'ble Inccontrast enhanced MR

2,5manths after end of proton therapy ' P T T
140 Gy in ‘Shevergweeks SESERRY See also Y. Yuan et al.
4 ' S R diothOncol106:378382, 2013




Patient #5

Post 3fx

Difference Image (Post 5&Post 3fx)

Post 5fx

Dosecorrelated changes visible about
10-12 days after start of treatment!

Christian B



