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¸ Introduction and Motivation for Ion Imaging in Medical Physics

¸ Comparison of Different Ion Species for Ion Imaging

¸ Image Reconstruction for Ion Computed Tomography

¸ (Prototype) Setups for Ion Imaging in Medical Physics

¸ Ion Imaging for Pre-Clinical Studies

Outline
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Introduction and Motivation 

for Ion Imaging in Medical Physics

Why should we do ion imaging?

ÅRecap: Physical rational and clinical workflow of ion beam therapy

ÅPotential advantages, limitations and challenges
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* heavy refersto Z > 1

Particletherapy facilities worldwide

¸ Numberof proton therapyfacilitiesin operation: 92

¸ Numberof carbontherapyfacilitiesin operation: 12 
(Japan, China and Europe)

Data: http://ptcog.ch (June 30, 2020)

Ҧ Lƻƴ imagingis a nichein medicalimaging

Ҧ Heavy* ion imagingis a nichein ion imaging

Introduction

http://ptcog.ch/
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Recap: Physicalrationale

Chargedparticle loss: Bethe-Bloch equation
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Introduction
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Recap: Physicalrationale

RewriteBethe-Bloch equation (asa functionof positionr in the object/patient):

– ȟ
ȟ relative electrondensityw.r.t. water
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Recap: Physicalrationale

Dividingby stoppingpower of waterҦ wŜƭŀǘƛǾŜ StoppingPower (RSP)
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AssumeRSP is independentof ion energy *
Ҧ separationof energy- and position-dependentvariables
Ҧ integration alongion trajectoryɜ

* true within 0.7% for tissue-equivalentmaterialsin therapeuticenergy range
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Recap: Clinical workflow in ion beam therapy

Lecture: Medical physics
aspectsof ion beam therapy

in clinicalpractice

X-ray CT

e.g. X-ray

Non-water material is
scaledwith stopping
power relative to
water (RSP)

Introduction
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Recap: Clinical workflow in ion beam therapy

Lecture: Medical physics
aspectsof ion beam therapy

in clinicalpractice

X-rayCT provides
photon attenuation

Semi-empirical
conversioncurveto
convert from HU to
WEPL/RSP

Range uncertainty
Ғ о҈

Introduction
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Potential advantagesof ion imaging

¸ Reduced RSP uncertaintiesҦ improvedion therapytreatment planning

¸ Reduced (physical) imagingdose

¸ Noimageartifactsfrom high-Z materials

(in tomography)

¸ Imaging in treatment position

Ҧ no positioninguncertainty

Morsbachet al., Radiology(2013)

Introduction
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Limitationsand technologicalchallengesof ion imaging

¸ Expensive acceleratorsrequired(+ limited availabilityύ Ҧ high cost

¸ Long imagingtime (imageacquisition+ imagereconstruction)

¸ Quality predominantlydependson accuracyof WEPL measurementand path estimation

Ҧ intrinsicallylimited by statisticalphysicalinteractionprocesses

Ҧ ŜƴŜǊƎȅ spreadof acceleratorasadditional uncertainty

¸ Maximum availableion energy typicallycorrespondsto only30 cm water

Ҧ insufficientto fully penetratehip regionof typicaladult

¸ Imaging requireslower beam current than treatment

Ҧ typicallyintensitybelowsensitivitythresholdof beam monitoringsystems

Introduction
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Comparison of different ion species for 

ion imaging

ÅPhysical and radiobiological differences

ÅWhich ion species is suited best for imaging?
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Ion rangein water/ tissue

¸ Reminder: Fortransmissionimaging, ionsmustentirely penetrate imagedobject!

Ҧ higherenergiesrequiredthan for treatment

¸ Forsame rangeRin water/ tissue:

Ὁ ὴ

Example: R = 33 cm in water

p / 4He å 220 MeV/u
12C å 430 MeV/u S. Meyer, PhD Thesis (2019), LMU

Different Ion Species
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PhysicalDose (for same numberof primaryparticles)

¸ FromBethe-Bloch equation:

¸ Forthe same ion range:

{ŀƳŜ ŘƻǎŜ Ҧ lessparticleswith increasingZp

S. Meyer, PhD Thesis (2019), LMU
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Range straggling

Stochasticnatureof energy depositionin traversedmaterial

Ҧenergy lossstraggling

Ҧ intrinsicaccuracylimitation in ion imaging

Ҧ rangestragglingwidth

Experimental measurements*:

„ Ὢ ϳὉάὧ ᴼ Ɑ╡ͯ □

ρȢχ σȢσ

* Tessonnier et al. PMB 62(10), 2017

Different Ion Species
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Lateral scattering

Large numberof elasticCoulomb interactionswith targetnuclei

ҦMultiple Coulomb Scattering(MCS)

Ҧ limiting spatialresolutionof ion imaging

Ҧscatteringangle (Fermi-Eygestheory):

Forsame range:

„ ὴ ρȢψ„ ὌὩ σȢφ„ ὅ S. Meyer, PhD Thesis (2019), LMU

Ɑ● ╩▬Ὢᾀȟὢ Ὢᾀȟ‍ᾀȟὴᾀ Äᾀ

Different Ion Species
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Nuclearreactions

Chargedparticlesmayinteractwith targetnucleivia nuclearforce

ҦPrimary particlefluencereduction

ҦProtons: only target fragmentation

remainapproximatelyat rest

ҦHeavierionsόIŜΣ /Σ ΧύΥ

projectilefragmentsmostlyforward emitted,

nearlysame velocityҦ ƭŀǊƎŜǊ rangeϝ Ҧ tail

* for Zfragment < Zprojectile

S. Meyer, PhD Thesis (2019), LMU

Different Ion Species
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Summary physicaldifferences

Range straggling ͯ Ⱦ□

Physical dose

Scattering ͯ ╩Ⱦ▬○

Fragmentation

— ρȢψ— σȢφ—

„ ρȢχ„ σȢσ„ (exp.)

Ὀ πȢςυὈ πȢπυὈ

ὔ ὴ ὔ ὌὩ ὔ ὅ)

How is all this reflected in the final RSP image?
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¸ Howis this reflectedin the final RSP image?

¸ Howdoesit affect treatment planning?

Meyer et al. (2019)

ñDosimetric accuracy and radiobiological implications of ion computed tomography for proton therapy treatment planningò

Monte Carlo studyof ideal iCTdetector system:
ÅSingle particletracking
ÅPhysicalimagingdose for full tomography: ~ 1.9 mGy
Å400 protons/ 100 He ions/ 20 C ionsper rasterpoint
ÅAssessment for clinicalcasesof cranial locations

Different Ion Species
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Reference Proton CT Helium CT Carbon CT

Reference Proton CT Helium CT Carbon CT

Zoom-in view:
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Reference Proton CT Helium CT Carbon CT

Same imagingdose:

Same particlenumber:
(20 particlesper rasterpoint)

1.26%

6.6%

Average RSP relative error

1.00%

1.7%

1.30%

1.3%

Different Ion Species
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Range accuracy
For single field uniform dose proton therapy plan

Meyer et al. (2019)

ñDosimetric accuracy and radiobiological implications of ion computed tomography for proton therapy treatment planningò

Modality Average Standard deviation

xCT -0.84 mm 0.32 mm

pCT +0.07 mm 0.18 mm

heCT -0.08 mm 0.14 mm

cCT -0.29 mm 0.18 mm

Different Ion Species
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Radiobiology

¸ Reminder: Ion beamshavean increasedrelative biologicaleffectiveness(RBE) 

comparedto X-rays

¸ But: In iCT, patient receivesdose from low-LET plateauregionof the Bragg curve

Meyer, S. (2019) 

PhD Thesis LMU

Different Ion Species
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RadiobiologyҦ w.9 evaluationfor celldeathand DSB induction

RBEDSBrelative to X-ray CT spectra below 1!

Meyer et al. (2019)

ñDosimetric accuracy and radiobiological implications of ion computed tomography for proton therapy treatment planningò

Different Ion Species
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Summary and Conclusion

¸ LowestRSP error for heCT(for same physicaldose)

for soft tissueand bone, pCTand cCTyieldhighestRSP accuracy, respectively

¸ Better rangeaccuracyand dosimetricoutcomefor all iCTcomparedto standardxCT

Ҧ theoreticalgainfor treatment planningin proton therapy

¸ Potentially reduced radiobiological effects compared to X-ray spectra for treatment 

planning (more studies needed)

Different Ion Species
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Image Reconstruction 

for Ion Computed Tomography

ÅDifferences to pCT image reconstruction
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Ҧ See previouslectureProton CT

¸ Differencesin path estimationaccuracydue to reducedlateral scattering

Courtesy of Sebastian Meyer

Image Reconstruction
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(Prototype) Setups for Ion Imaging

in Medical Physics

ÅDifferent ion imaging approaches

ÅSelection of historical and current setups

(restricted to ñheavyò ion imaging)
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Different potential observables for ion imagingin medicalphysics

¸ energy lossion imaging
measureresidual energy/rangeof ionsafter traversingobject

Ҧ canbe relatedto the WEPL and RSP

¸ energy stragglingion imaging
varianceof the energy distributionafter the object

Ҧ dependson ion energy and electrondensityof material

¸ attenuation ion imaging/ transmissionion imaging
initial ion fluencereducesdue to inelasticnuclearinteractions

¸ scatteringion imaging
total mean-squareangular deflectionof exitingions

Not covered
in this lecture

Ion Imaging Setups
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Twodetector conceptsfor ion imaging

Single particle tracking

ÅDetection of individual ions(beforeand) after the
imagedobjectҦ Tracker

ÅMeasurement of the residual energy/range
Ҧ Calorimeter, Range Telescopeor Hybrid System

ÅComplexdetectorsystems

ÅTypicallybetter spatialresolution
(path estimationpossible)

ÅTypicallylower imagingdose 

Integration-mode detectors

ÅDetection of accumulatedsignalfrom finite 
numberof particlesafter the imagedobject
Ҧ pixelateddetector + broadbeam or

unpixelateddetector + activebeam scanning

ÅSimplified and cost-effectivedetectors(easier
operation, reducedtechnologicaldevelopments)

Å Inferior spatialresolution

ÅHigher imagingdose

Ion Imaging Setups
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First approachesin the 1970s

Benton et al, Science (1973) 

16O ςRadiographyusingplastictrack detectors
at Lawrence Berkeley Laboratory, California, USA

Ion Imaging Setups
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First approachesin the 1970s

α¢ƘŜ detectionequipmentconsistsof three multi-wire proportional chambersand a rangecountertelescope, presently
consistingof 13 scintillationcountersΦά

ComputedTomography!

Ion Imaging Setups
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cCTsystembasedon integratingdetector (Chiba, Japan)

Å 400 MeV/u 12C beam, spreadout by scatterer
Å 64 projections, eachfor 5 valuesof range

shifter thickness
Å Density resolution: < 0.07 relative to water
Å Spatialresolution: < 2 mm
Å Acquisition time: 90 min 

(due to manualcontrol)
Å Dose: 3 Gy
Å Images too noisyfor clinicalapplications

(insufficientdynamicrangeof rangeshifter+ 
CCD noise)

Ion Imaging Setups
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cCTsystembasedon integratingdetector (Chiba, Japan)

Ion Imaging Setups
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cCTsystembasedon singleparticle tracking(Chiba, Japan)

ÅPSD: Scintillatingfibre arrays

ÅEnergy detector: Plasticscintillator
(up to 16 cm residual 12C range)

ÅData acquisitionis triggeredby
conincidencesignalbetweenthe two gate
scintillators

ÅAnti-CoincidenceDetector:
discriminatefragmentiles

Shinodaet al, PMB (2006)

Ion Imaging Setups
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cCTsystembasedon singleparticle tracking(Chiba, Japan)

Shinodaet al, PMB (2006)

ÅSpatialresolution
1 mm

ÅRSP agreementwithin
1.6% for bone, fat and 
musclecomparedto
X-rayCT calibration

Ion Imaging Setups
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iRAD/ iCTsystembasedon Multi-Layer Ionisation Chamber (HIT, Germany)

ÅIntegration modesystem

ÅParallel-Plate Ionization
Chambers interleavedwith
3 mm PMMA plates

Åactivescanningof ion beam

ÅProtons, Helium, Carbon

Ion Imaging Setups
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iRAD/ iCTsystembasedon Multi-Layer Ionisation Chamber (HIT, Germany)

Meyer (2019), PhD Thesis

Ion Imaging Setups
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cCTbasedon energy modulation and flat paneldetector (HIT, Germany)

ÅLanexscintillatoron commerciala-Si flat paneldetector(0.8 x 0.8 mm2 pixel)
Åmeasureenergy lossof ionsinsideactivelayer(not residual energy)

Å Image contrastby variationof ion energy 

Ion Imaging Setups
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cCTbasedon energy modulation and flat paneldetector (HIT, Germany)

ÅWEPL determinationwithin 1% 
accuracy

ÅVery high dose (8 Gy) for tomography
Ҧ .ǊŀƎƎ peakinsideobject

ÅDeliverytime severalhours

Ion Imaging Setups
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He ion trackingimagingsystembasedon pixel detectors(HIT, Germany)

Å5 hybrid pixeldetectorsόαTimepixάύ for helium ion trackingand dEmeasurement
ÅNoise reductionby suppressingsecondaryprotonsin post-processing
Å Image areaonly1.4 x 1.4 cm2

Ion Imaging Setups
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He ion trackingimagingsystembasedon pixel detectors(HIT, Germany)

Amato et al, Med. Phys. 2020
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ÅSpatialresolution1.15 lp/mm
ÅWET differencesof 1.2% resolvable

Ion Imaging Setups
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Ion Imaging 

for Pre-Clinical Studies

ÅImaging for small animals

ÅOngoing research and developments at LMU
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Motivation for small-animal ion beam therapy research

¸ Pre-clinicalsmallanimalradiotherapystudiesarecrucialcomponentof
radiobiologicaland translational cancerresearch

¸ Dedicated X-ray-basedplatformsfor precisionirradiation, includingimage-guidance
commerciallyavailable

Courtesy of Kirsten Lauber

Platforms for image-guided, 
precision small animal research 

with protons?

Pre-Clinical Ion Imaging
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Small animal proton Irradiator for Research in Molecular 
Image-guided radiation-Oncology

Realizeand demonstrate prototype system for

Åprecision, image-guided small-animal 
proton irradiation

Å integration in experimental beamlines 
of clinical facilities

ҦProton radiography &tomography for
position verification and treatment planning

Parodiet al, Acta Oncol2019

Pre-Clinical Ion Imaging
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Peculiaritiesof pre-clinical(ion) imaging

¸ Higher spatial resolution required

ÅPre-clinicalX-rayCBCT: around100 ς200 µm

ÅFinerfor X-rayµCT systems

¸ Higher dose required(determinedby finer spatialresolution)

ÅPre-clinicalX-rayCBCT: around300 mGy

ÅEven higherfor X-rayµCT systems

¸ Lower ion energyrequired(for X-rays: X-ray energiesbetween35 and 90 keV)

ÅIncreasedscatteringin detectorelements

Verhaegenet al (2018), Radiotherapyand Oncology

Pre-Clinical Ion Imaging
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Currentdevelopmentsat LMU

¸ Twosolutionsfor conventional& synchrocycloton-basedfacilities

1. Single particle trackingsystem

ÅLow dose ( < 1 mGyper radiography)

ÅAccounts for Coulomb scattering

ÅComplexdetectors

Ånot suitablefor synchrocyclotronfacilities

2. Commercial pixel-detectors

Energy modulation
E1E2 E3 E4 E5

ÅHigher dose ( > 1 mGyper radiography)

ÅDoesnot accountfor Coulomb scattering

ÅRelativelysimple detectorsand operation

Å(i) Integrating or (ii) singleparticledetection

Pre-Clinical Ion Imaging
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Courtesyof Jonathan Bortfeldt

Single particle trackingsystem

Proton trajectories using tracker information
Ҧ ŘŜǘŜǊƳƛƴŜǎ spatial resolution
lower proton energy for imaging
Ҧ ƭƻǿŜǊ ƳŀǘŜǊƛŀƭ ōǳŘƎŜǘ ǊŜǉǳƛǊŜŘ

WEPL information from range telescope
Ҧ ŘŜǘŜǊƳƛƴŜǎ RSP accuracy
determined by range telescope granularity
Ҧ ǘǊŀŘŜƻŦŦ ǊŜǎƻƭǳǘƛƻƴκŎƻƳǇƭŜȄƛǘȅ

Meyer et al PMB 2020

Pre-Clinical Ion Imaging
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Single particle trackingsystemҦ a/ baseddetectoroptimization

Meyer (2019), PhD Thesis; Meyer et al, PMB 2020

Path accuracy 
better than 0.4 mm can be achieved

Slanted edge
phantom

Ideal Real

Spatial resolution of around 2-3 mm-1 can be achieved
Ҧ ŎƻƳǇŀǊŀōƭŜ ǘƻ /./¢ ǎȅǎǘŜƳǎ ǳǎŜŘ ƛƴ ǇǊŜ-clinical systems

Pre-Clinical Ion Imaging
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Single particle trackingsystemҦ a/ baseddetectoroptimization

¸ Numberof channelsin rangetelescope(complexityύ ҭ absorberthickness

Dose: 93 Ñ5 mGy

RSP rel. error:                2.6%                    4.6%                        4.8% 

Mean RSP accuracy better than 0.3%

Meyer (2019), PhD Thesis; Meyer et al, PMB 2020

Pre-Clinical Ion Imaging
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Commercial pixel detector basedsystem

¸ Suitablefor synchrocyclotron-basedproton therapyfacilities

ÅHigh instantaneousflux (few-µs shortpulses, 1 kHz pulse rate, ~ 104ς107 p/pulse)

¸ Can bepurchasedoff-the-shelf

¸ Relativelysimple detectorsand operation

¸ Nopath estimationpossibleҦ ƛƴŦŜǊƛƻǊ imagequality

¸ Twooptionscurrentlytestedand evaluated
i. Integrating detectorwith variationof protonōŜŀƳ ŜƴŜǊƎȅ όҦ slidesin ΰLƻƴ LƳŀƎƛƴƎ {ŜǘǳǇǎΨ-part)

ii. Quasi singleparticledetectionusingTimepixdetectorόҦ slidesin ΰLƻƴ LƳŀƎƛƴƎ {ŜǘǳǇǎΨ-part)

Pre-Clinical Ion Imaging
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Commercial pixel detector basedsystem(i)

¸ Single, large-area(12 x 7 cm2) CMOS sensor
(50 µm pixelsize)

¸ energy variationgeneratescontrastand WET resolution
ÅSimilarto previouslypresentedsetup(Telsemeyeret. al, 2012)

¸ Detection of integratedsignalҦ rangemixing

¸ Someenergy layersstopin mouseҦ ƘƛƎƘ ŘƻǎŜ

Energy modulation
E1 E2 E3 E4 E5 K. Schnürleet al, DGMP conference2019

Example:
Å 12 energy steps(25 ς60 MeV)
Å 7 mGyper Radiography

Pre-Clinical Ion Imaging
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Commercial pixel detector basedsystem(ii)

¸ Timepixhybrid pixeldetector(1.4 x 1.4 cm2)

¸ Quasi-simultaneousdetectionof O(100) protons

¸ Detectorsignalby manyindividual protonsgives
WET contrast

70 MeVpSingle Energy

Detect energy 

deposition of

individual particles

Würl et al, submittedto IEEE MIC 2020

Example:
Å 70 MeV protons
Å Spatialresolution: 0.3 mm
Å Dose per radiography: 5 mGy

Pre-Clinical Ion Imaging
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Currentdevelopmentsat LMU

¸ Twosolutionsfor conventional& synchrocycloton-basedfacilities

1. Single particle trackingsystem

ÅLow dose ( < 1 mGyper radiography)

ÅAccounts for Coulomb scattering

ÅComplexdetectors

Ånot suitablefor synchrocyclotronfacilities

2. Commercial pixel-detectors

Energy modulation
E1E2 E3 E4 E5

ÅHigher dose ( > 1 mGyper radiography)

ÅDoesnot accountfor Coulomb scattering

ÅRelativelysimple detectorsand operation

Å(i) Integrating or (ii) singleparticledetection

Pre-Clinical Ion Imaging
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¸ K. Parodi, Heavy ion radiography and tomography, PhysicaMedica (2014)

¸ ParodiK., ThiekeC. (2020) Imaging Instrumentation and Techniquesfor Precision 
Radiotherapy. In: Fleck I., TitovM., GrupenC., BuvatI. (eds) Handbook of Particle
Detection and Imaging. Springer, Cham

¸ Johnson RP. Review of medical radiography and tomography with proton beams. Rep 
Prog Phys. 2018;81(1):016701. doi:10.1088/1361-6633/aa8b1d

¸ C Bopp et al2013 Phys. Med. Biol.587261

¸ Χ ŀƴŘ ǊŜŦŜǊŜƴŎŜǎ ƎƛǾŜƴ ƛƴ ǎƭƛŘŜǎΣ Ǉƭǳǎ ǊŜŦŜǊŜƴŎŜǎ ǘƘŜǊŜƛƴ

Further Reading
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Thankyou very muchfor your attention!

Questions?


