I I T P \
I o “

/)/fra’

Heavy lon Therapy Research Integration

The open-source dose calculation and
treatment planning toolkit matRad
An Introduction

NIKLAS WAHL
HANS-PETER WIESER




May 17, 2021

Heavy lon Therapy
Masterclass school

The open-source dose calculation and treatment planning toolkit

matRad: An Introduction

Niklas Wahl Hans-Peter Wieser
Group Radiotherapy Optimization Experimental Physics — Medical Physics
Department of Medical Physics in Radiation Oncology Ludwig-Maximilians-Universitat Minchen

DKFZ Heidelberg

National Center for

A . GERMAN
Rad'&‘ltlﬂn Rei;fafbch in fz CANCER RESEARCH CENTER
Oncology Heidelberg ' @ IN THE HELMHOLTZ ASSOCIATION
supported by: . :

German Cancer Research Center (DKFZ)
Heidelb erg Institute Heidelberg University Hospital
Ol Heidelberg lon Therapy Center (HIT)
for Radiation Oncolog Medical Faculty Heidelberg




Treatment Planning

e computerized process

» dose is numerically simulated and optimized

Commercial solutions are closed

systems (Black Box)

Examples for current projects:
» Biological Optimization
(RBE, effect, (N)TCP, mixed-modality)

» Probabilistic dose calculation & optimization

Research needs flexible,

accessible software

- low-level access to dose calculation / optimization needed ithub

SOCIAL CODING
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whatis matRad -

* toolkit for three-dimensional intensity-modulated treatment planning for
photons, protons and carbon ions

* (Almost) entirely written in Matlab & open source

* matRad implements well-established radiotherapy algorithms for a
research & education l i GNU Octave

Properties:

* open-source code, patients and machine files on GitHub E'PUg
- graphical user interface Free asin freedom
* Non-linear constrained dose optimization (IPOPT) GitHub

* Import & export functionalities (DICOM, binary formats)

* No Matlab? - Octave compatibility & downloadable standalone

Why? Supporting open science, reproducibility and education www.matrad.org
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MO re Q e0404 / matRad ® Unwatch ~ 26 W Unstar 89 % Fork 103

(> Code Q@ Issues 22 I} Pull requests 1 ») Actions Projects 3 0] Security 7 Insights Settings

Filters ~ ) isissue is:open © Labels 10 ¢ Milestones 1 m

O @ 220pen . 154 Closed Author « Label = Projects Milestones « Assignee v Sort

* Gi

\&9} o = Sensible structure set resampling for optimization? " enhancement el
" University ERVICES

Centrz #462 opened 10 days ago by wahin
Floric

Cal

UNIV — underscore mess up -

Is there documentation or a tutorial for vmat planning in matRad?

#454 opened on 18 Oct by chh105

#381 opened on 14 Nov 2019 by mingersming

Canada’s Capit

matRad has issues with 2D patients (bug) enhancement

F 'I 7 #324 opened on 23 Jan 2019 by wahin

St Consistent optimization considering alpha/beta for particles - enhancement ERSITAT

#313 opened on 5 Dec 2018 by markbangert ELBERG
INFT

Continue GUI development with MATLAB guide or switch to code? {enhancement -

#294 opened on 19 Sep 2018 by wahin

htt[ )://mg U DICOM import of Raystation PBS plans {enhancement ) (EIERED

#280 opened on 19 Jul 2018 by sebastianuber
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http://map.matrad.org/
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Main features of matRad

* 3D dose calculation (validated)
Photons: SVD pencil-beam algorithm + sequencing
Protons: Pencil-Beam algorithm + const. RBE
Carbonions: Pencil-Beam algorithm + biol. effect / RBE
* Base data
Patient data (CORT data set) & DICOM Import

Physical (& biological) base data for photon LINAC as well as a proton and
a carbon machine

* Inverse planning with new optimization interface
Photons: Physical dose optimization & DAO
Protons: + Constant RBE optimization
Carbon-ions: + RBE (1.1 or variable) or effect optimization

* Scripting & Graphical User Interface

* Standalone executable (GUI only) using the Matlab Runtime
for non-Matlab users
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MEDICAL PHYSICS

The International Journal of Medical Physics Research and Practice

Research Article & Open Access @®®

Development of the open-source dose calculation and
optimization toolkit matRad

Hans-Peter Wieser %, Eduardo Cisternas, Niklas Wahl, Silke Ulrich, Alexander Stadler, Henning Mescher

, Lucas-Raphael Mller, Thomas Klinge, Hubert Gabrys, Lucas Burigo, Andrea Mairani, Swantje Ecker,

Benjamin Ackermann, Malte Ellerbrock, Katia Parodi, Oliver Jakel, Mark Bangert

Load patient data

Set plan parameters

Determine irradiation geometry

Dose calculation

Inverse fluence optimization

Plan analysis




Inverse dose optimization

* IPOPT — open-source interior-point optimizer for
non-linear constrained optimization

* fmincon — (Matlab Optimization Toolbox)

objectives constraints
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Validation against Syngo Siemens - y-index > 99.67% %,2%)

Protons:
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Carbon lons:
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(a) central depth dose profiles (b) lateral dose profiles
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Performance of matRad - Intel Core 17 2.8 GHz, 32 GB RAM

modality setting #beams #bixel D;; elem. D;; size tdose
- [1e6] |GB] [s]
82mm D;; samp. 2608 172 2.75 295 145
40 mm no samp. 2608 99 1.59 101 143
82mm D;; samp. 3877 426 6.81 741 51
40 mm no samp. 3877 236 3.77 226 51
40 mm D;; samp. 13597 567 9.07 853 147

#iter.

photons
photons
photons
photons
photons

protons
protons

99.75 % SG
99.75 % DG

7797
0955

19
87

0.29
1.38

22
46

123
171

protons
protons

99.75 % SG
99.75 % DG

28097
24137

56
269

0.89
4.30

68
160

67
262

protons
protons

99.75 % SG
99.75 % DG

45574
27683

116
520

1.86
8.33

97
299

218
197

carbon
carbon

99.75 % SG
99.75 % DG

11780
9963

160
537

2.99
8.61

67
203

72
79

carbon
carbon

99.75 % SG
99.75 % DG

42810
31205

411
756

6.68
12.1

310
560

carbon
carbon

99.75 % SG
99.50 % DG

DO DN W W N NW W~

24612
16889

336
855

0.88
17.94

137
472

Throughput Optimization: 6 GB/s
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Developments for the last release: 2.10.1 “Blaise”

* Decoupled computation grids

-> Independent resolutions for CT, dose calculation, optimization

* Extendable optimization interface
- Simple addition of optimizers and objectives / constraints
* Automated testing (TravisCl & Azure DevOps)
* Interfaces to Monte Carlo engines
* Photons: ompMC
* Protons: MCsquare

* Bug fixes, additional configuration parameters, etc.
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matRad 2.10.1: Novel developments — Basic open-source Monte Carlo Interfaces

60

dose [Gy(RBE)]

y [mm]

o
n
(=]

dose [Gy]

y [mm]

100 150 200 250 300 350 100 150 200 250 300 350 400
X [mm)] X [mm]
* Photon plan with ompMC * Proton plan with MCsquare
* 2e4 histories/beamlet, 4689 beamlets

* 1e5 histories/beamlet, 654 beamlets
* 25 min at (2.5mm)3 resolution * 120 min at (2.5mm)3 resolution
Evaluated on Desktop PC, i7-6700 @ 3.4 GHz (4 cores +HT)
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Current Developments & Research Projects at DKFZ

“Classical” Software Development:
* Unit Testing Framework for Core

Functionality

* Comprehensive bi-directional Python

Binding

* Refactoring code for modularization
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From research:

* NTCP models & optimization
* Carbon Monte Carlo & Lung degradation

* Joint / mixed-modality / spatio-temporal
optimization
* Proton FLASH Planning & Tools

e Superiorization for Inverse Planning




Open Development & Research Branches

* Helium base data (physical & biological)
—dev_varRBErobOpt (Hans-Peter Wieser & Uwe Titt)

* Robust / probabilistic optimization & uncertainty quantification zxial pane =317
—dev_varRBErobOpt (Hans-Peter Wieser et al.)

* Variable RBE & effect for protons (McNamara, Wedenberg, ...)

—dev_varRBErobOpt (Hans-Peter Wieser et al.)
* Pencil-beam fine-sampling
~dev fineSampling > -dev (Paul Meder)

* New GUI (Object-oriented & modular)
—dev _classGUI (Nelly Abbani)

* External contributions:.

* VMAT -dev VMAT, see Pull Request (Eric Christiansen)

150 200 250 300 350 400 450 500

-:apﬂnﬂzaﬂon recently merged (Steven van de Water) Helium Plan

* Extended particle MC interface for particles (MCsquare & TOPAS)

—-dev_MonteCarlo, Master Project (Paul Meder) & Noa Homolka, lot of work by Lucas Burigo
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Example matRad

Projects
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Example Project 1: Carbon/Photon mixed-modality optimization (Amit Bennan PhD Project)

Physical Dose [Gy] Physical Dose [Gy] EQD2 [Gy]

(a) Photon fraction dose (b) Photon fraction dose (g) Cumulative EQD2
Reference plan Joint optimized plan Reference plan

RBEx Dose [Gy] RBE x Dose [Gy]
EQD2 [Gy]
(d) Carbon ion fraction dose (e) Carbon ion fraction dose _
Reference plan Joint optimized plan (h) Cumulative EQD2

Joint optimized plan

- Implementation in matRad facilitates adjoint/follow-up student projects
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Example Project 2: Robust optimization for interfractional motion

conventional Worst case SFUD

pat.6 dose for fraction 0 (conv) Slice # 57 D0se [Gy RBE] Dose [Gy RBE]

pat.6 dose for fraction 0 (wc) Slice # 57

pat.6 dose for fraction 0 (sfud) Slice # 57 Dose [Gy RBE]

140 140 140

130 130 130

100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

[mm] [mm] [mm]

J Steitz, P Naumann, S Ulrich, MF Haefner, F Sterzing, U Oelfke & M Bangert. (2016). Worst case optimization for
interfractional motion mitigation in carbon ion therapy of pancreatic cancer. Submitted to Radiation Oncology

-> Brought (voxel-wise) worst case optimization to matRad
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Example Education & Outreach: Particle Therapy Master Class

* Part of the “International Masterclasses — Hands on Particle Physics’
(https://physicsmasterclasses.org/)

* Educational course for school children
* Introduced by DKFZ/GSI/CERN (Main coordination: Yiota Foka)
—> First successful stresstests in April 2019 & 2021
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https://physicsmasterclasses.org/

Conclusion

* matRad is an open-source treatment planning toolkit with focus on research &
education

* Used within internal & external research projects / collaborations

* Dose calculation & treatment planning for photons, protons, helium and
carbon (including base data & data import)

* Active development (internal & external)

* Monte Carlo interfaces
* new modalities / optimization techniques

* Efforts in professionalizing software development (i. e., continuous
Integration)
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How to get going with matRad?

1. Go to our page on GitHub: www.matRad.org
2. Download standalone or code, or even better: Familiarize with git and clone

3. Checkout the Ul & the code
*matRadGUI.m & matRad.m

* many examples in the examples/ folder
* Wiki on GitHub: https://github.com/e0404/matRad/wiki

4. Ask for help & join the community on GitHub

5. Use for your research (and contribute)!
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MATLAB

a
| i  GNU Octave
GPZ

Free as in Freedom

GitHub

www.matrad.org

[=]7

matRad
Data IO

DICOM
*nrrd, *.mha, *.vtk

Dose calculation

Photons
SVD pencil beam
ompMC interface

Particles
IMPT pencil beam
MCSquare & TOPAS interface
- incl. phase space approx.

Analysis & visualization
GUI CT & dose distribution browser
Dose statistics
DVHs

Thank you for your attention!
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Dose optimization
Fluence and experimental direct aperture optimization
IPOPT https://projects.coin-or.org/Ipopt

Matlab’s proprietary fmincon
Objectives: Quad. dose deviation, mean dose, EUD, DVH

Constraints: Min, max, mean dose, EUD, DVH
Xia, Engel, Siochi MLC sequencer

Base data
Patient data (CT & RTSS)

Photon pencil beam base data
- Can be generated from measurements

Generic proton and carbon ion pencil beam base data
Carbon ion biological base data (LEM IV)



https://projects.coin-or.org/Ipopt

THANK YOU

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548
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