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Strongly
Approve

Particle thearapy units should
be equipped with the most

advanced imaging and motion 
tracking devices available

Conclusion from a pioner
Prof. W. Enghardt Oncoray, Dresden

And Not with the technology of the 
last century



How How physicsphysics
discoveriesdiscoveries impact impact 

ourour life (2)life (2)
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1934 - Artificial radioactivity
Irène and Fréderic Jolio Curie

1946 – R.R.Wilson 
The origin of 

particle therapy
Using the Bragg 
peak discovery

(1903)

1932 - The Invention of the cyclotron
Production of radioisotopes

NovNov 1717

The discovery of artificial
radioactivity in combination
with the cyclotron open the 
door to the production of 
useful radio indicators. 

Practically any element could
be bombarded in the cyclotron 

to generate radioactive 
isotopes.

Hadron
therapy



ParticleParticle therapytherapy environmentenvironment
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Machine Machine 
BeamBeam deliverydelivery
Photon detectorsPhoton detectors
CT CT imagingimaging
Motion Motion sensorsensor

Courtesy
Katia Parodi
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TreatingTreating CancerCancer

RadiotherapyRadiotherapy XX
– Local irradiation  100 Gy = 90 % of sterilization
–– FrequentFrequent treatmenttreatment (2/3 of cases).(2/3 of cases).
–– AllowAllow good good qualityquality of life and of life and tolerancetolerance
–– non invasive, non invasive, itinerantitinerant and and withoutwithout important important 

physicalphysical effectseffects..
–– Cheap (< 10%) of the cancer budget (France)Cheap (< 10%) of the cancer budget (France)
–– EssentiallyEssentially X rays (X rays (LinearLinear acceleratorsaccelerators) & photons ) & photons 

((curietherapycurietherapy))

–– Efficient Efficient treatmenttreatment but but ……..
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EstimatedEstimated absoluteabsolute yearlyyearly rate (%) rate (%) 
of 2of 2ndnd cancer cancer afterafter radiotherapyradiotherapy

TumorTumor sitesite XX--rays    rays    IMXT  IMXT  ProtonsProtons
OesophOesoph. & . & stomachstomach 0.150.15 0.110.11 0.000.00
ColonColon 0.150.15 0.070.07 0.000.00
BreastBreast 0.000.00 0.000.00 0.000.00

LungLung 0.070.07 00.07.07 0.010.01
ThyroidThyroid 0.180.18 0.060.06 0.000.00
BoneBone & soft tissue& soft tissue 0.030.03 0.020.02 0.010.01
LeukemiaLeukemia 0.070.07 0.050.05 0.030.03
AllAll 0.750.75 0.430.43 0.050.05

ComparedCompared to Xto X--raysrays 11 0.60.6 0.070.07
NovNov 1717
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ParticleParticle therapytherapy: The : The ContextContext

Why Radiotherapy X is NOT  100 % efficient?

–Complication < 5 %
–Tolerance of saine tissue is the limiting factor

Close to Organ at Risk
––FailuresFailures due to due to radioresistantradioresistant tumorstumors!!
––Second cancer 30 Second cancer 30 yearsyears afterafter Radio Radio TherapyTherapy
((fromfrom recentrecent statisticsstatistics))

Adult : 1.1
Chidren : 6 Particle therapy

around 15%of the cases
Particle therapy
around 15%of the cases
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HadrontherapyHadrontherapy principleprinciple ( C ion)( C ion)
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Electron : most of the energy released in first cm
Photon : Large energy loss all over the path (X rays therapy)
C ions : heavy charged particle : most of the energy lost at the end of path
(Braggs peak)

Absorbed
dose
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ParticleParticle therapytherapy workflowworkflow
StepStep 1 1  TreatmentTreatment planning planning afterafter CT scanCT scan
–– Dose to Dose to bebe distributeddistributed
–– MC simulationMC simulation
–– GiveGive information to the machineinformation to the machine

StepStep 2 2  TreatmentTreatment
–– 1010--20 fractions 20 fractions 

((tumourtumour irradiation) irradiation) 

StepStep 3 3  verificationverification usingusing CT CT 
scanscan

Overdosage in normal tissue
NovNov 1717
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WhatWhat are the are the criticalcritical issues & challenges?issues & challenges?

This This isis NOT a NOT a ‘‘simple simple targettarget’’ but a but a humanhuman bodybody
–– TreatmentTreatment and and qualityquality assurance techniques of assurance techniques of 

conventionalconventional radiotherapyradiotherapy not not adequatadequat for for particleparticle
therapytherapy

A A complexcomplex procedureprocedure for the for the ‘‘treatmenttreatment planningplanning’’
How to How to bebe sure sure thatthat the dose the dose isis delivereddelivered atat the right the right 
place (place (tumourtumour) ?) ?
–– ParticleParticle beambeam are are errorerror sensitivesensitive

DisplacedDisplaced organorgan & overdose& overdose
MovingMoving organorgan in in somesome casecase

What is the dose deposited ?
How to verify the treatment?
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The The twotwo ‘‘simultaneoussimultaneous’’ challenges challenges 

ReducingReducing errorerror meansmeans  Real Time Real Time imagingimaging
–– 3D in vivo 3D in vivo dosimetrydosimetry and and tomographytomography

Use fragments of Use fragments of beambeam projectile projectile reactionsreactions in the in the biologicalbiological
mattermatter emergingemerging fromfrom the the tumortumor targettarget volumevolume

Verification using Computed Tomography/Radiography:Verification using Computed Tomography/Radiography:
–– CT imaging in charged Particle therapy is needed for:CT imaging in charged Particle therapy is needed for:

Target volume definition (anatomical boundaries with Target volume definition (anatomical boundaries with 
additional information from multimodality imaging additional information from multimodality imaging 
(CT/MRI/PET studies)(CT/MRI/PET studies)
Dose and range calculationDose and range calculation
Patient alignment verificationPatient alignment verification

But today these process are made at different
moment and place 
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InIn--beambeam nuclearnuclear methodmethod principleprinciple for for ‘‘in vivoin vivo’’
dosimetrydosimetry
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Balance of promptly emitted 
particles outside the target:

Incident protons: 1.0            (~1010)
-rays: 0.3           (3·109)
Neutrons: 0.09         (9·108) 
Protons: 0.001         (1·107)
a-particles: 2 · 10-5 (2·105)

Time (s) 
after collision

10-21 10-18 10-15 10-12 10-9 10-6 10-3 100 103

Particles
Prompt -rays

+ - emitter decay

Relation Relation betweenbetween
dose and dose and + + 
activitiesactivities

HoweverHowever the photon the photon energyenergy differentdifferent fromfrom
standard standard medicalmedical (Anger) SPECT camera(Anger) SPECT camera

Projectile

Target
Nucleons

& projectile/target 
fragments

1212NovNov 1717



Single photon: in vivo Compton CameraSingle photon: in vivo Compton Camera
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F.Fiedler et al. Dresden

CZT-strip+LYSO-block Detector

Required devices: Required devices: 
–– HodoscopeHodoscope ((x,y,x,y,tt))
–– ScattererScatterer ((x,y,Ex,y,E))
–– Absorber (Absorber (x,yx,y,,z,E,tz,E,t))

Scintillating-fibre 
Hodoscope + MA PMT

Ray et al. IPN Lyon
C.Llosa, IFIC

(A.Muller,TU Dresden)

-rays MC simulationn

NovNov 1717



Exemple of Single photon: in vivo SPECTExemple of Single photon: in vivo SPECT
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PresentPresent examplesexamples: in : in beambeam PET PET 
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1H-therapy at the 
National Cancer Center, 

Kashiwa, Japan
In-beam PET scanner at
12C-therapy unit at GSI

Large beam backgroundLarge beam background
No Real time capability No Real time capability 
Low signal to noise ratioLow signal to noise ratio

P

Extra
ction

A
2

B
2
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In-beam: GSI Darmstadt Off-line: MGH Boston, HIT Heidelberg

more…
• HIMAC, Chiba
• NCC, Kashiwa 
• HIBMC, Hyogo
• MDACC, Houston
• Univ. of Florida

Positron Emission Positron Emission TomographTomograph ……some Hardwaresome Hardware

NovNov 1717IFMP_CORFU_17IFMP_CORFU_17Courtesy W. Enghardt / OncoRay

 In-vivo range measurements
 In-vivo dosimetry & real-time image guidance
 Ongoing developments (TOF-PET, PET+CT)                                                    

reduce unfavorable in-beam random coincidences/background (by 20-30%)

Mature technology
1616



In vivo PET  In vivo PET  recentrecent developmentsdevelopments

NovNov 1717 IFMP_CORFU_17IFMP_CORFU_17 1717

MGH



IFMP_CORFU_17IFMP_CORFU_17 1818

AnotherAnother dreamdream
The Proton CTThe Proton CT
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WhyWhy particleparticle CT ?CT ?

The role of CT imaging in charged Particle therapy is The role of CT imaging in charged Particle therapy is 
needed for:needed for:
–– Target volume definition (anatomical boundaries with Target volume definition (anatomical boundaries with 

additional information from fused MRI and PET additional information from fused MRI and PET 
studiesstudies

–– Dose and range calculationDose and range calculation
–– Patient alignment verificationPatient alignment verification

The protons go through the patient
Higher energy, small dose

NovNov 1717
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Basics of Basics of particleparticle imagingimaging

The The particleparticle (proton/ion) go (proton/ion) go throughthrough the patient the patient atat highhigh
energyenergy
AdvantagesAdvantages::
–– DecreaseDecrease the the uncertaintiesuncertainties →→ betterbetter dose dose accuracyaccuracy
–– ReduceReduce the dose the dose delivereddelivered to the patientto the patient

Challenge Challenge  the data reconstructionthe data reconstruction
–– correctly reconstruct the path of the protoncorrectly reconstruct the path of the proton

Radiograph of a phantom
Uwe Schneider PhD thesis 

(1978,PSI)
A tribute to G.Charpak

Proton CT:
1) replaces X-ray 

absorption with proton 
energy loss 

2) reconstruct mass 
density distribution 
instead of electron 

distribution
NovNov 1717
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X ray & CT X ray & CT afterafter eacheach fraction ? fraction ? 

X ray is agressive --> see table below about estimated absolute 
rate of (%) of 2(%) of 2ndnd cancer
– 30-50 mGy/scan
– 30 fraction daily --> Total : 0,6 -3 Gy

NovNov 1717
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The Basics The Basics IngredientsIngredients

BeamBeam
–– MeasurementMeasurement (position and direction ) (position and direction ) particleparticle per per particleparticle

Photon detectorsPhoton detectors
–– In In beambeam selectionselection of of 

single photon single photon  comptoncompton camera camera (SPECT)(SPECT)
twotwo photons  photons   in in BeamBeam TOFTOF--PET PET 

Proton (ion) CTProton (ion) CT
–– MeasureMeasure the the energyenergy (position, (position, energyenergy and time) of the and time) of the diffracteddiffracted

particleparticle in an in an imagingimaging calorimetercalorimeter
The Global aspect!The Global aspect!
–– Event by Event by eventevent selectionselection particleparticle likelike in a in a nuclearnuclear & HEP & HEP physicsphysics

experimentexperiment..
–– DeatimelessDeatimeless electronicselectronics
–– Real time acquisition and reconstructionReal time acquisition and reconstruction

Need all HEP modern instrumentation tools & techniqueNeed all HEP modern instrumentation tools & techniqueNovNov 1717



SchematicSchematic block block diagramdiagram of an of an integratedintegrated concept concept 
of of radiographyradiography / / therapytherapy systemsystem
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Photon detector

Photon detector

CT CTTreatment

Beam hodoscope

Sampling
calorimeter

In beam SPECT-PET

Tumour

CT

Plastic 
scintillator

Tracking 
detector

Tracking 
detector

Identify tracks and energy deposition of individual Identify tracks and energy deposition of individual 
protonsprotons
ScintillatorsScintillators for trigger to readfor trigger to read--out detectorsout detectors
Tracking detectors for 3D tracksTracking detectors for 3D tracks
Sampling Calorimeter for energy determinationSampling Calorimeter for energy determination
High rate integrated DAQHigh rate integrated DAQNovNov 1717



PresentPresent examplesexamples : PCT: PCT
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NIU/FNAL
Scint/WLS+SiPM

GPU farm

AQUA-CNAO
Scint/MPPC/GEM Si Strips + CSI crystals

+ GPU’s

Different prototypes are proposed based on the same Different prototypes are proposed based on the same 
““philosophyphilosophy”” ((ReinhardReinhard Schulte et Al.)Schulte et Al.)

BNL, Santa Cruz, Loma Linda, Stony Brook layout (2003)BNL, Santa Cruz, Loma Linda, Stony Brook layout (2003)

Ion Transmission Imaging Ion Transmission Imaging 
 SeeSee talk talk fromfrom B.VossB.Voss
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PrimaryPrimary--Ion Radiography / TomographyIon Radiography / Tomography

Transmission ion imaging prior to or inTransmission ion imaging prior to or in--
between RTbetween RT is feasible is feasible IFMP_CORFU_17IFMP_CORFU_17 NovNov 1717

Water equivalent thickness

12C ions              Radiography                X-rays

Water equivalent path length

Tomography

61x ICs & PMMA slabs 
(300x300x3)mm3

Electrometer
(www.ptcusa.com)

3x0.6mm21x1mm2

Rinaldi et al 2012
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There is a lot to do
Particularly
for students

Final Conclusions

References
Proceedings
of NSS-MIC
conferences
Transaction on Nuclear Sciences (TNS)
http://www.nss-mic.org/2016/NSSMain.aspNovNov 1717
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ThanksThanks toto
D.TownsendD.Townsend (U. (U. SinguaporSinguapor))
W. W. EnghardtEnghardt ((DresdenDresden))
H. Frisch ( U. Chicago)H. Frisch ( U. Chicago)
P. Lecoq ( CERN)P. Lecoq ( CERN)

R. Lecomte (R. Lecomte (SherbrookSherbrook))
W. Moses ( LBL)W. Moses ( LBL)
J. J. KarpKarp (U. Penn)(U. Penn)
J. Varela ( LIP)J. Varela ( LIP)
S. S. RittRitt (PSI)(PSI)
S.MajewskiS.Majewski (WVU)(WVU)
K.ParodiK.Parodi (HIT)(HIT)

Pr. J.N. Talbot (Pr. J.N. Talbot (HopitalHopital Tenon Tenon -- Paris)Paris)
Pr. J.P. Pr. J.P. GerardGerard (Nice)(Nice)
…… and and manymany othersothers

Thank you
for your attention

NovNov 1717


