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Introduction — lon ima

First patient treatment
Kickoff of ion CT project

- MedAustron: cancer treatment with protons, carbon ions 2017

> Regular beamtimes available for non-clinical research

\

Experimental program for ion beam imaging 2018 Operational tracker

» Intermediate goal: Build ion CT demonstrator
Joint project of HEPHY/TU Wien established 2019
Tracker is operational (2018)
Range telescope is operational (2020) 2020
First full pCT in October 2020

Operational range telescope

Y oY vy

Full pCT measured

2021 .
— - 800 MeV p™ commissioned
Overall goal: clinical lmp/ementat/on|
Setup improvements
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Introduction

lon therapy and research center
> Located in Wiener Neustadt, about 50 km south of Vienna

Image: Google Maps
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Introduction — MedAus

Synchrotron accelerator complex

> Four irradiation rooms:

treatment & clinical research:
proton gantry (IR 4)

» |R1: Exclusive to research horizontal fixed beam (17
horizontal & vertical fixed beam (IR 2)
(protons from 60 to 800 MeV, Carbon ions from 120 to
non-clinical research:
400 MeV/u) horizontal fixed beam

> IR2, IR3, IR4: Clinical use

(Limited to clinical energies)

» Beam only in one room at a time

> Beam parameters:

» Beam delivery: pencil beam scanning
» Spotsize: 7mm to 21 mm FWHM
» Clinical rates:

* Protons (~ 10° particles/s)
* Carbon ions (= 107 particles/s)

» Research: low flux settings were
commissioned (Ulrich-Pur et al. 2021b)

* >2. 3 i
>2.4 x 10° particles/s ““m."/ ECHNISCHE MEDIZINISCHE
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Introduction — MedAustro

Cancer therapy Research
> Treatment during the weekdays > Regular beamtimes on weekends
> First patient treated in 2016 > TU Wien/HEPHY, MedUni Wien

> Currently: ~ 30sessions/d

> Carbon ion treatment since July 2019

Image: Treatment room
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Introduction — Startin

> Joint ion imaging project of TU Wien and HEPHY

» Profit from long-term experience on detector development from HEPHY

> Exclusive possibility to regularly conduct measurements at the MedAustron facility

> Challenge: A full workflow is needed to develop an ion CT demonstrator
» Hardware part — trackers and calorimeter/range telescope

» Software part — data readout, processing and 3D image reconstruction is needed
» Reconstruction workflow needs to be able to handle non-ideal measurement data

> Collaboration with MedUni Vienna (2019)

» Experience in CT image reconstruction
» TIGRE toolbox
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Introduction — TIGRE

> TIGRE: Tomographic lterative GPU-based Reconstruction Toolbox
» Detailed description in Biguri et al. (2016)

> Developed for cone beam CT (CBCT)
> Single or multi-GPU computation — fast

> Layered structure
» Code can be added/modified in a modular way

> Forward and backprojection operators are optimized for GPU computing

> Wide variety of available algorithms (direct, iterative)

Y

They are written in high-level language (Matlab, Python)
» User friendly — only a few lines of Matlab code are necessary to perform a CT reconstruction
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Introduction — TIGRE

2 User scripts User layer
B! :
3 Algorithms  Tools - Layer 3

MEX Files Layer 2
Back projection g Other tools Layer 1

CUDA C++

GPU

\
LM/ TECHNISCHE MEDIZINISCHE
ZLHEPHY wew UNIVERSITAT WIEN

AOWAGLTEI R R EN RN ERIAEIENM The TIGRE toolbox and its application to ion imaging 8/23




Method — Establishin

> The properties of TIGRE made it a suitable

. . . . Detector 3
candidate for ion imaging

Detector 2
> Without modification — only straight-line approach
possible
» Non-straight ion path leads to limited spatial
resolution
> We introduced additional position cuts on the
projection data
> These cuts were based on the detector position
upstream and downstream the phantom:
> abs(hit3 - hitg) <9
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Method — Establishin

> Binning in central plane between trackers

> Measurement: WEPL obtained from range telescope
measurement

Front tracker Rear tracker

> Simulation: Projection value per pixel is calculated using the e Hit2
range definition of Donahue et al. (2016)

o fEm dE _ ﬁEq +aEP + (exp( 9Ein) + gEin — 1)]u

E.n out
> WEPL = 0 dE fO dE - water(Ein) _Rwater(Eout)
> Fout is directly taken from the last detector plane (idealized

setup)

Binning

- Reconstruction on a Nvidia Quadro K620
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Introduction  Method Results Outlook Conclusion

Results — Experimental setup

[front tracker| “[rear tracker] [trigger scinti| [range telescope]

Image: iCT demonstrator setup (Ulrich-Pur et al. 2021a)
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Results — Experimental set

- 80 proton CT projections were measured with an ion CT demonstrator at MedAustron (=~ 100 p*
per pixel)

> An aluminum cube with a stair profile (side length of 1cm) was imaged at 100.4 MeV

> Setup is described in Ulrich-Pur et al. (2021a)

> The projections were reconstructed with OS-SART (10 iterations)
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Results  Ou

y [mm]

2.2

201

1.84
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1.44
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Stair thickness [mm] Stair thickness [mm]

> Small, but measurable impact of position cuts for a small phantom
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Results — Mo

Projection data of Catphan modules were created in Geant4 (Agostinelli et al. 2003)
Ideal detectors (can measure AE; and ;) were assumed

>
>
> Straight line approach and cuts for non-straight paths were used
> 90 projections, 200 protons/pixel

>

Reconstruction of central phantom part (400 x 20 x 400 voxels) with ASD-POCS and OS-SART

Sensitometry module High resolution module
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Introduction  Method Results Outlook Conclusion

Results — Monte Carlo simula

Without cuts With cuts 2.0
Delrin insert

1.5 140 RSP

— 1.38

g . 0% . |:__:|

= e §>

N 1.34 L
0.5 1.32

=75 1.30 Without cuts With cuts
0.0
-75 0 75 -75 0 75
X [mm]

> Before 2mm cuts: ~ 3% deviation from reference value on average for Delrin insert

> After 2mm cuts: =~ 1% deviation from reference value on average for Delrin insert

“M/ TU eeis MEDIZINISCHE
7 HEPHY wie Il UNIVERSITAT WIEN

AOWAGLTEIR R EN RN ERIEIENTM The TIGRE toolbox and its application to ion imaging 15/23



Introduction  Method Results Outl

Results — Monte Carlo simula

Without cuts With cuts 2.0
. — 20mm - no cut
(D 1 lp/cm
2.0 RSPauminum
— 1.54
g Y RSP
:. (1) 2 Ip/cm
2.0 RSPauminum
&
1.5
_75 : Rbl"r
10 . RSPacryiic
0.0
-75 0 75 =75 0 75 (1) 3 Ipfcm
X [mm] 2.0 RSP ataminum
. . . . . 1.54
> Line pair resolution could be improved with cuts Y
RSP acrylic
. . . . . 1.0 ™ T T
> Problem remains: high data rejection rate!l — ASD-POCS yielded O el P
osition [mm
better results than OS-SART
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Introduction  Method Results Outlook ¢

Results — Monte Carlo simulati

OS-SART ASD-POCS 20

z [mm]

-75
0.0
=75 0 75 =75 0 75
X [mm]
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Results — Monte Carl

> Method can also be applied to HeCT — lower data rejection rate, better contrasts and RSP

accuracy

> Results of proton and HeCT using a 2mm position cut and ASD-POCS reconstruction

> High Resolution module

o (RSP max —RSPmin)
> MTF: = rep o RSP
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Results — Technical note

> Interested? Great! Reach out to us and/or read the full study (Kaser et al. 2021)!

Physica Medica 84 (2021) 56-64

Contents lists available at ScienceDirect iL

. Physica Medica

¥

FL.SEV

IFR journal homepage: www.elsevier.com/locate/ejmp

European Joursal
(M Phwsies

Technical note

First application of the GPU-based software framework TIGRE for proton
CT image reconstruction

Stefanie Kaser >, Thomas Bergauer®, Wolfgang Birkfellner°, Alexander Burker®,
Dietmar Georg ¢, Sepideh Hatamikia >, Albert Hirtl®, Christian Irmler”, Florian Pitters®,
Felix Ulrich-Pur®
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Outlook — First steps t

> TIGRE offers multiple incentives to use it for ion imaging
» Fast (multi-GPU computation possible), easy-to-use, multiple algorithms implemented, ...
> Preliminary workflow needs to be further improved

> jon CT fits well with CUDA architecture since single ions are independent of one another

» Treat ions separately in the imaging problem
» GPU: use one thread per ion

» Memory usage can significantly speed up/slow down the calculation
> Investigation of optimized ion CT projections
» Based on Collins-Fekete et al. (2016)

> Keep the same layered structure for TIGRE to provide a user-friendly Matlab header to a
underlying CUDA-accelerated script

\
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Outlook — Optimized radiog

. . . . Fi ki R ke
> Projection value of protons is assigned to ront racker oar tracker
multiple channels, depending on their
path estimate Protonn/ \ Channel k-1
> Weight of projection value dependson ||  \ % <. /Palh estimate| | Channel k
length spent in the respective channel 1 | rannel ket
N
> £ WEPL, I(n.k-1) 1K) lnk+1)
> WET, = =+ fo 5
N "k,n
n L2 SL proton radiography .1 | o Optimized proton radiography 1.1
» [ ... length spent in the respective
channel

» [ ... overall channel length

» WEPL ... water equivalent path length
of a specific proton n

» WET .. water equivalent thickness
assigned to channel &

y [mm]
y [mm]
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Conclusion

> TIGRE is suitable for ion CT image reconstruction
> Additional data cuts were used

> CUDA acceleration — fast reconstruction results (under a minute for the investigated
reconstructions)

> Cuts reject a major fraction of the initial data
> Solution: Sophisticated path estimate (MLP, CS)

LM/ JEeHmiseE MEDIZINISCHE
HIEEHY wen UNIVERSITAT WIEN

AOWAGLTEI R R EN RN ERIAEIENM The TIGRE toolbox and its application to ion imaging

22/23



Acknowledgements

TU Wien/HEPHY MedUni Vienna
> Thomas Bergauer > Wolfgang Birkfellner
> Alexander Burker > Dietmar Georg
> Albert Hirtl - Sepideh Hatamikia
> Benjamin Kirchmayer
. UC London
> Christian Irmler o
> Florian Pitters > Ander Biguri
> Felix Ulrich-Pur

This project received funding from the Austrian Research Promotion Agency (FFG), grant number
875854.

Thank you for your attention!

LM/ JEeHmiseE MEDIZINISCHE
HIEEHY wen UNIVERSITAT WIEN

AOWAGLTEI R R EN RN ERIEIENTM The TIGRE toolbox and its application to ion imaging 23/23




References

References

Agostinelli, S. et al. (2003). In: NIM A 506.3. por: 10.1016/50168-9002(03)01368-8.

Biguri, A. et al. (2016). In: Biomed. Phys. & Eng. Express 2, p. 055010. DoI: 10.1088/2057-1976/2/5/055010.

Collins-Fekete, Charles-Antoine et al. (2016). In: Physics in Medicine & Biology 61.23, p. 8232. DOL:
10.1088/0031-9155/61/23/8232.

Donahue, William, Wayne D Newhauser, and James F Ziegler (2016). In: Physics in Medicine & Biology 61.17, p. 6570.
DOI: 10.1088/0031-9155/61/17/6570.

Kaser, S. et al. (2021). In: Physica Medica 84, pp. 56—64. DOI: 10.1016/j.ejmp.2021.03.006.

Ulrich-Pur, F. et al. (2021a). arXiv: 2106.12890 [physics.med-ph].

Ulrich-Pur, Felix et al. (2021b). In: Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, p. 165570. DOI: 10.1016/j.nima.2021.165570.

”‘M/ TECHNISCHE MEDIZINISCHE
" HEPHY AT UNIVERSITAT WIEN

INSTITUT FUR HOCHENERGIEPHYSIK

AOWAGTTEI R R EN RN ERIAEIENTM The TIGRE toolbox and its application to ion imaging 1/1


https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1088/2057-1976/2/5/055010
https://doi.org/10.1088/0031-9155/61/23/8232
https://doi.org/10.1088/0031-9155/61/17/6570
https://doi.org/10.1016/j.ejmp.2021.03.006
https://arxiv.org/abs/2106.12890
https://doi.org/10.1016/j.nima.2021.165570

	Introduction 
	Method 
	Results 
	Outlook 
	Conclusion
	Appendix
	References


