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Dose verification

Courtesy C. Karger; Image MD Anderson

Three-dimensional target volumes

Cubics and U-shaped targets

- Different size

- Different depth

- Different phantom geometries
with inhomogeneities
(Slab- / Wedge- / 
Antropomorphic-Phantoms)

– Patient Plans

Courtesy of S. Klemm

Measurement Test fields

Beams Eye View Depth Dose Depth Dose 



7/21/2020

3

Towards more efficient QA

Increasing investigations and adoption of alternative detectors for faster measurements of lateral beam 

profiles / 2D field homogenity

2D array of  729 plane-parallel ion chambers 

(absolute dosimetry) of 5 mm x 5 mm x 5 mm  

size and 10 mm center-to-center spacing, 

low spatial resolution

Amorphous silicon detector,

under characterization in ion beams, 

high spatial resolution

…pixel silicon detectors and others….

2D array of 1020 plane-parallel ion chambers 

(absolute dosimetry) of 4.5 mm diameter 

x 5 mm height and  7.62 mm center-to-center spacing, 

low spatial resolution

Towards more efficient QA

Forpassivelyscatteredproton beams
different snout positions used for each measurement 
aimed only at range
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Towards quality assurance 
with aSi detector at HIT

7K. Parodi21 July 2020

Film

Flat 
panel 
detector

Horn 
2011, 
Diploma 
Thesis

Forscannedion beams

Points for discussion

• 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/QA 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)

Krämer et al. Phys Med 
Biol. 48: 2063-70, 2003

•Biological planning and 
optimization for CHO Cells

•Calculation of cell survival

• Irradiation of stack with probes 
of cells

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

Biological dose verification
(for representative cases)
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Physical selectivity
-Depth-dose profile (Bragg-Peak)

-$lateral scattering (Z>1)

Physicalandbiologicalrationale 
of ion beam therapy

Parodi Habil Thesis 2008 Krämer et al, Adv Space Res 1994

Biological Effectiveness
-Elevatedlocalionizationdensity

-$Influenceof tumour oxygenation(OER)

Optimal differential effectat Z ≈ 6

Kraft Prog Part Nucl Phys 2000 
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-#Relative Biological Effectiveness(RBE)
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The technology evolution 
of ion therapy

Sources: http:// www.schaer-engineering.ch/en/rptc.html14, GSI Darmstadt, A. Lomax, PSI 

… to rotating gantriesand
activebeam delivery…

Fromfixed beamlinesand
passivebeam delivery…

Passive delivery Active delivery

… to intensitymodulated
particle therapy(IMPT)

Nuclear Physics for Medicine Report, NUPECC, 2014

photons

Clinical rationale 
of ion beam therapy

Iswhat we seewhat the patient receives?

http://www.schaer-engineering.ch/en/rptc.html14
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Treatment (re)planning uncertainties

Dosecalculation

-Beam model
-Tissueheterogeneities

Schuemann et al, MedPhys 2017, Special issue PT

Patient model
-Metal artifacts

Giantsoudi et al, PMB 2017 University Hospital, LMU

- Image quality(CBCT)

Krämer et al PMB 2000
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-HU-SPR conversion

-Tissue-dependent
biologicalparameters

Willers et al, Radiother Oncol 2018

-Biological models

Treatment (re)planning uncertainties

RBE modelsin treatment planning

Protons
-Constant RBE = 1.1 clinicallyused

Carbon ions
-Variable RBE scheme(accountingfor mixedfield)

Peeleret al, RadiotherOnc2016-Unclearcorrelationto outcome

-Different modelsusedin the clinics(LEM, MKM) 
basedon different underlyingassuptions

Stewart…Scholz,MedPhys2017, Special issuePT

-Uncertaintiesof modelpredictions
-Unclearcorrelationto outcome

RBE RBE

Giovannini…Mairani, Parodi, Rad Onc2016

-KnownRBE variationswith LET
-Uncertaintiesof different models

(typicallybasedon LETD andax/bx)

LEM model LETD empirical model
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Chordoma, 12C, GSI Darmstadt CT after 2 w. RT

ParodiPhD Thesis 2004

Interfractional anatomical changes

Treatment delivery uncertainties

Planning CT

Bronchial-carcinoma, 1H, MGH Boston

Planning CT

Bortfeldt AAPM 2019

CT after 5 w. RT

Intrafractional anatomical changes

Bert & Rietzel, Med. Phys. 2010 

Treatment delivery uncertainties

Mori et al, MedPhys2017, Special issuePT
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Mitigating range uncertainties 
in clinical practice

Usage of safety margins(non-isotropic)

Polf and Parodi, Phys Today 2015

º2.5-3.5% + 1-3 mm

MGH

U Florida

MDA,LL,UPen

Paganetti, PMB 2012

and conservative choice of beam angles 

Tumour

OAR

Range uncertainty

Range uncertainty

Tumour

OAR

Mitigating uncertainties 
in clinical practice

RayStation

Different flavors of robust optimization including uncertainties in patient setup, range, biology

ReschéParodi, Dedes, Phys Med 2017

and different motion mitigation strategies (esp. gating and 

recanning) for moving organs
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Enhanced in-room(ideallyat isocenter) imagingwith SPR information

• On-board scatter-correctedCBCT

More demandingthansolutionsin clinicalusefor photontherapy

Imaging for patient model in ion

beam therapy

Landry éParodi MP 2015

MedPhoton Trento Proton Therapy Centre

• On-rails(DE)CT

Wolfahrt et al, IJROBP 2017 Oancea&Schulte, 

IEEE MIC 2018

• Ion radiography/ tomography

pCT scanner
• MagneticResonanceImaging 

Neppl, éParodi, Kamp, Acta Oncol 2019

On-board CBCT imaging 
for dose adaptation

vCT

DIR

CBCT

vCT

Dose calculation requires CBCT intensity correction

pCT

1. Image level: DeformableImage Registration (DIR)

2. Projectionlevel: scattercorrection

Y K Park et al, 

Med. Phys. 42(8), 2015

vCT CBCTCO

R

rpCT

81-95% profiles agree in range 

within 2 mm of rpCTcalculation

Kurz ,éParodi, Landry, Med Phys 2016

G LandryéK Parodi 

Med Phys 42(3) 2015

rpCT
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Scatter-corrected CBCT

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

• 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?)

• Promising results for both correction methods at projection level

(~ 10 ms / projection) and image level

Landry éParodi ..Kurz, PMB 2019

Improved in-vivo 

SPR estimation: DECT

Dual Energy CT (DECT)

SPR from improvedrel and Zeff
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Range differences SECT vs DECT of 1.5%

Planning study for surrogate trauma patients

Hudobivnik éParodi, Landry, Med Phys 2016

SECT DECT

RMSE 3.6% RMSE 0.8% 

, consistent with RMSE (2-3.5% vs 1%)



7/21/2020

13

Improved in-vivo 

SPR estimation: DECT

Wolfahrt et al, IJROBP 2017

Similar range differences reported for large scale patient cohort at OncorayDresden

AlmeidaéParodi..Verhaegen, PMB 2018 V. Taasti PhD Thesis, Aarhus

Influenceof data
processing& scanner

Validation in 
biologicaltissue

Dual source Split beam Dual spiral

…

Improved in-vivo 

SPR estimation: DECT

Integration & comparisonof DECT to SPR & tissue
segmentationin researchversionof RayStation

F. Dörringer, Master Thesis 2018

PhDproject K. Niepel
within DFG Research 
Training Network 

Ongoingwork on accuraterange
characterizationof biologicaltissue

samplesscannedin DECT

K. Niepel, …G. Landry, K. Parodi, presentedat PTCOG 2019
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Ion radiography / tomographyfor:
• Direct(integral) SPR determinationfor patient-

specificrefinementof planninginformation
(Schneider et al, Med Phys2005, Schulte et al TANS 2012 )

Ion transmission imaging

• Daily, low-dose imageguidancefor patient
positioning(Cassettaet al JACMP 2019)

Krahet al PMB 2019

Comparison of simulated (realistic) proton CT 
vs experimental DECT and SECT
Reducederrors(RMSE) for pCT(~0.2-0.5%)
vsDECT (~0.5-0.9%) andSECT (1.6-2.7%)

anddiscussionabout optimal ionSeveraldetectorconceptsunderinvestigationworldwide

Proton imaging promises better than 

1% SPR accuracy at dose Ò 1 -2 mGy

Proton CT scanner
Prototype at Loma
Linda University 

Bashkirov et al Med Phys 2016, V. 

GiacomettiéParodiéSchulte Med Phys 2017

Experiment 
(headphantom)

Ion transmission imaging

Competitiveperformanceof proton CT prototype vsdual-
sourceDECT (MAPE of 0.55% vs0.67% at ~20 reduceddose)

DECTprotonCT

DECTprotonCTDedes, …, Schulte, Landry, Parodi, PMB 2019
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Proton or heavier ion CT?

S. Meyer, …, K. Parodi PMB 2019, presented at AAPM 2018

MC simulation of an ideal detector for proton, helium and carbon ion CT

Comparably better 
range accuracy 
than X-ray CT

regardless of ion 
species

ReducedRBEfor ion 
CT compared to 
imaging X-rays 

(according to RMF 
model*)

* Carlson et al, Radiation Research2008

Fluence-modulated proton CT (FMpCT)

30

FMpCT achieves arbitrary image noise targets

RSP
Frequent dose verificationwithin

region of good image quality

noise in beam Low High Low

doseoutside beam High Low Low

Dose / mGy

Localreduction of imaging dose

Image noise

Iterative optimization
based on variance reconstruction
and a Monte Carlo patient model

Fluence
sinogram

Dickmann, Parodi, Dedes, Landry, presentedat AAPM 2019; Med Phys2019
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Make the invisible visible

Different emission mechanisms

“Ionoacoustic” range verification

Revived interest in connection with pencil beam scanning 

Y. Hayakawa et al, Rad OncInvest 1995
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First observed in passively scattered proton therapy 
Passively scattered, pulsed 
proton beam

or possibilityto pulse isochronouscyclotrons
(e.g, Jones et al Med Phys2016)

" diffuse local dose deposition 

" small ionoacousticsignal amplitude

" complexrange information

" highly localizeddose deposition
" enhancedionoacousticsignal amplitude
" direct range information

Trends of high pulse intensity for new accelerators like 
synchro-cyclotrons 
(e.g., 6-7 s˃ FMHW, up to ~5pC/pulse @ 1kHz for IBA  S2C2)

Jones et al, 

PMB 2016
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“Ionoacoustic” range verification

Sub-mm proton rangeretrieval
accuracyandprecisionin water at 
few Gy dose with hydrophones

Lehrack, éParodi, PMB Letter, 2017Jones et al, Med Phys 2015

Expected(sub)millimeter range
verificationcapabilitiesalso in 
heterogenouspatientanatomy, when
usingTOF andtime reversalmethods
(with ideal detectorproperties)

Promising experimental campaigns and MC simulations at clinical energies

Jones et al, PMB 2018 Yu et al, Med Phys 2019

MO-I345-GePD-F6-2; TU-HI-SAN4-10
SU-F-303-1; WE-C1030-GePD-F1-2
WE-C1030-GePD-F1-3; WE-C930-GePD-F7-1

Several investigations 
ongoing worldwide

PET and PG range verification:

Recent clinical implementations

34

Slit collimator

Scintillator + 
photodetectorReal-time detection

of irradiation induced
prompt gamma

J. Smeets et al, PMB 2012; C. Richter et al, Radiother Oncol 2016; Xie et al, Int J Rad Onc Biol Phys 2017

In-beam monitoring
of irradiation
inducedPET activity

FiorinaéBisogni, Phys Med 2018
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Next-generation 

of hybrid detectors

Lang, ..., Parodi, Thirolf, JINST 2014
Parodi, NIMA 2015 

V. Anagnostatou…K. Parodi
EU Project HIPPOCRATE 

M. Safari, Humboldt Fellowship

Comparisonof different detectortechnologies& geometries in 
collaborationwith NIRS towardαWholeDŀƳƳŀ LƳŀƎƛƴƎά

PET 

imaging
Compton 

imaging

γ-PET 

imaging

ƛƴ ŀ ǊŜǎŜŀǊŎƘ ǾŜǊǎƛƻƴ ƻŦ ¢ǊŜŀǘƳŜƴǘ tƭŀƴƴƛƴƎ {ȅǎǘŜƳ άRayStationέ
Analytical PET calculation

PET Calculation

PET Measurement

Integration in 

clinical workflow

(data courtesy

J. Bauer, 

J. Debus)

Pinto, Kröniger, …E. Traneus, K. Parodi, ICCR 2016

Dose PG

& ongoing integration of prompt gamma 

Pinto…Parodi, PhysMed Biol 2020

Experimental validation ongoing!



7/21/2020

19

Initial treatment plan Boosted spots Re-optimized treatment plan

Toward a new treatment 

planning strategy 

DVH of the target and nearby OARs Dose average LET distribution

Tian…Parodi, PhysMed Biol2018 & PhysMed Biol 2019

Range retrieval accuracy

and precision crucially

depend on PB statistics

and PG-dose correlation

The needed data for reliable
signal predictions

Tissueelementalcomposition(e.g., from DECT or MRI)

Bauer … Parodi, RadiotherOncol, 2018

PET andPG productionyieldsor crosssections

Verburget al, PMB 2013 Berndt, Landry, …Parodi, PMB 2017;
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08.06.2013 K.Frey, LMU ςPTCOG 2013

Zeit

Avoid interplays 
between moving 
beams and moving 
anatomy

Dedicated motion 
mitigation techniques 
based on motion 
monitoring sensors

The challenge of moving organs

08.06.2013 K.Frey, LMU ςPTCOG 2013

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 

3. Tracking

Chase the tumour with the moving beam

Sensitive to the exact knowledge of tumour motion
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08.06.2013 K.Frey, LMU ςPTCOG 2013

C

Beam tracking (not yet clinically implemented)

C. Bert et al, GSI

08.06.2013 K.Frey, LMU ςPTCOG 2013

D

The planning strategy and delivery challenge

Identify different motion states for which

sub-dose distribution is calculated on the 

basis  of time resolved 4D CT images

Identify motion state at time of 

delivery based on external motion 

surrogate (internal-external 

correlation?)
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MRI-guided proton

therapy?

Medicalphysicsweb
06/2015

Robustnessagainstanatomicalchanges
restoredwith suitablebeam angles

Kurz…Parodi, PMB 2017

CT MRCAT

Acceptable accuracy of commercial pseudo HU 
generation after tuning bone values and 
accounting for internal air cavities

Maspero…Parodi...Kurz PMB 2017;

Ongoing computational and 
experimental work toward 
MR-guided proton therapy, or AI-based

Neppl, …Parodi, Kamp, Acta Oncol2019; Spadeaet al IJROBP 2019 Schellhammer, Hoffmann et al PMB 2018

Going beyond p and 12C ions?

Tessonnier, Mairani, … Parodi PMB 2017a,b; Tessonnier… Parodi, Rad Oncol2018; 

In-depthphysicalcharacterizationof 16O and4He ion beamsto supportextensive biological
experimentsandplanningstudiesprior to clinicaluse

Open clinicalquestions
- Whichion for whichindication
- Advantages of mixedradiation(Ions&Photons, othercombinations)

Horst…Parodi…Schuy, PhysRevC 2019
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New horizons in biological modeling

Biological modelsfor ion treatment planning

RBE = 1.1 for protons?

RBE modelof heliumions? 

IncludingOER modelingfor cellkillingpainting

New horizons in biological guidance

Enteringthe new era of biologicalguidance

PETCT
(DOTATOC)

PETCT
(FET)

PET imageguidancefor stratification, therapy
personalizationandresponseassessment

New RT treatment schemes
toward mixedion approaches

Proton Helium Carbon Oxygen

7 keV/mm

50 keV/mm

72 keV/mm
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New horizons in small animal research

Bridgingthe gap: smallanimal radiotherapyresearch

Commercial irradiation
platformsfor photonRT

Emerging irradiationplatformsfor protonsandheavierions

- precision, image-guided small animal proton irradiation

- integration in experimental beamlinesof clinical facilities

Realizeand demonstrate prototype system for 

Small animalproton irradiator for researchin 
molecularimage-guidedradiation-oncology

The SIRMIO project48

• High beam quality

• Innovative imageguidancebeyondmorphology

• Adaptive planninganddelivery

Parodi et al, Acta Oncol2019
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Radiation responseenhancement

Kwatra et al 2013

Temporal fractionation (FLASH)
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Weeks after irradiation

Spatialfractionation (micro/ minibeamRT)

Girst et al 2016

Campbell, Decker 2017

New frontiers in RT

Different radiation qualities

Source: GSISource: NASA
LET (keV/mm)
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Favaudon et al 2014, Durante et al 2017
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Wideningthe therapeuticwindow

Laser-driven ion acceleration

FromRF-accelerators(~ kV/mm) 
to opticalsystems(~ MV/mm)?

Proton therapy facility Protons&heavyionstherapy facility

Sources: West German Proton TherapyCenter & HIT Heidelberg
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Proton radiography

51

g-PET

Ionoacoustics

PhDthesisS. Lehrack, S. Aldawood, S. Liprandi, M . Würl; project F. Englbrecht(ongoing)

ATLAS laser

(60 J, 20 fs, 

3 PW, 1-5 Hz)

aperture

quadrupoles

D+        D-

aperture or

spectrometer plate

DLC foil

Laser-driven proton source

with new targets and beamline

(AG Prof. Schreiber)

Beam diagnostics/monitoring

New detector prototypes

(collaboration with Wollongong

University, Australia)

LION @ Center for Advanced

Laser Application

Can provideinstantaneous
ultra-high dose rate (~1Gy/ns) 
for FLASH investigations

Conclusion & Outlook

Treatment planning strategies can account for physical and biological 
uncertainties, however compromising achievable dose conformity

In vivo dose / range verification remains unmet challenge, although 
many approaches are possible before, during and after treatment

Promising techniques for in-vivo SPR assessment and real-time range 
verification are close to / just starting clinical translation & evaluation

Additional studies needed to improve biological models

Reduction of uncertainties at planning & delivery stage will enable more 
effective dose delivery and likely impact clinical outcome

Tumour

OAR

Range uncertainty

Range uncertainty

Tumour

OAR

More breakthroughsexpectedfrom newbiologicaleffectsunder
investigation, for whichnewpre-clinicalresearchplatformsareemerging

Lex_Elektronenbeschleunigung.mov
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