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Outline	
  of	
  talk	
  

•  Background	
  
•  Research	
  topics	
  	
  

è More	
  general	
  

•  Examples	
  
è Novel	
  ion	
  species	
  

è Moving	
  organs	
  

è Dose	
  pain3ng	
  

•  Outlook	
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Editors:	
  T.	
  Schreiner	
  &	
  D.	
  Georg	
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The	
  “view”	
  of	
  advanced	
  photon	
  beam	
  therapy	
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●  Medical	
  Univ.	
  Vienna:	
  ac;ve	
  research	
  in	
  external	
  
beam	
  therapy	
  and	
  brachtherapy	
  

Benchmarking	
  of	
  photon	
  beam	
  innova;ons	
  with	
  par;cles	
  became	
  obvious	
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Ongoing	
  projects	
  

•  Basic	
  and	
  applied	
  dosimetry	
  
•  Dose	
  calcula;on	
  and	
  op;miza;on	
  

è Helium,	
  Oxygen,	
  Protons,	
  Carbon	
  
ions	
  

•  Advanced	
  imaging	
  for	
  	
  
ion	
  beam	
  therapy	
  
è Methodologies	
  &	
  Technology	
  

(MR,	
  PET,	
  kV)	
  

•  Monte	
  Carlo	
  simula;ons	
  
è Applica;on	
  driven	
  

•  Research	
  plan	
  for	
  2015	
  -­‐	
  2018	
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Log	
  Term	
  Vision:	
  SeXng	
  up	
  mul;-­‐ins;tu;onal	
  research	
  group	
  	
  

Simula3on	
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Par3cle	
  beam	
  therapy	
  

•  Proton	
  and	
  Carbon	
  ions	
  are	
  in	
  
clinical	
  “focus”	
  

è Many	
  more	
  par;cles	
  in	
  high	
  	
  
and	
  low	
  LET	
  range	
  

•  Lack	
  of	
  physics	
  and	
  radiobiological	
  
data	
  on	
  other	
  ions	
  

•  Upcoming	
  facili;es	
  offer	
  new	
  
research	
  opportuni;es	
  

5	
  

Cucino4a	
  &	
  Durante,	
  
	
  Lancet	
  Oncol.	
  2006	
  

The	
  “Future”	
  of	
  Par;cle	
  Beam	
  
Therapy	
  has	
  just	
  started	
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Novel	
  Beam	
  Quali3es	
  –	
  e.g.	
  Helium	
  

•  Helium	
  offers	
  	
  
è  Reduced	
  sca_ering	
  

è  Sharper	
  penumbra	
  

•  Treatment	
  planning	
  system	
  needed	
  for	
  

pre-­‐clinical	
  assessment	
  “in-­‐silico”	
  
è  In	
  house	
  development	
  

•  (Currently)	
  very	
  few	
  experimental	
  data	
  	
  
è  Both	
  physic	
  and	
  radiobiology	
  

Ströbele	
  et	
  al	
  ZMP	
  (2012)	
  /	
  Fuchs	
  et	
  al	
  MP	
  39	
  (2012)	
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Are	
  Helium	
  ions	
  the	
  be_er	
  
protons	
  ?	
  

Vienna	
  MOCCAMED	
  Group	
  

Hirtl, Fuchs  et al  
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Helium	
  Ion	
  Pencil	
  Beam	
  Model	
  –	
  physical	
  dose	
  

•  Valida;on	
  Example	
  –	
  physical	
  dose	
  

è γ	
  -­‐	
  Index	
  criteria	
  with	
  2%	
  dose	
  and	
  2mm	
  DTA	
  criteria	
  fulfilled	
  

	
  

•  Implemented	
  in	
  research	
  treatment	
  planning	
  system	
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Monte	
  Carlo	
  (GATE)	
  

Air	
  

Bone	
  

H2O	
  Pencil	
  
Beam	
  

Pencil	
  Beam	
  

Research	
  version	
  of	
  a	
  He-­‐ion	
  TPS	
  successfully	
  developed	
  	
  	
  

Fuchs	
  et	
  al	
  Med	
  Phys	
  39	
  (2012)	
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Treatment	
  planning	
  study	
  using	
  4He	
  

•  Neuroblastoma	
  pa3ents:	
  11	
  pts,	
  21.0	
  Gy(RBE)	
  	
  
•  Wilms	
  tumour	
  pa3ents:	
  	
  5	
  pts,	
  14.4	
  Gy(RBE)	
  +	
  10.8	
  Gy(RBE)	
  
•  Hodgkin	
  Lymphoma	
  pa3ents:	
  9	
  pts,	
  19.8	
  Gy(RBE)	
  

p	
  higher	
  (difference	
  >	
  1Gy)	
  (red):	
  8.4	
  4He	
  higher	
  (blue):	
  2.1	
  

Representa3ve	
  
Neuroblastoma	
  

pa3ent	
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Next	
  step:	
  experimental	
  valida;on	
  of	
  theore;cal	
  developments	
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Novel	
  ion	
  species	
  –	
  general	
  aspects	
  

•  Mul;ple	
  ion	
  sources	
  

•  Energies	
  to	
  reach	
  >	
  20	
  cm	
  
water	
  equivalent	
  depth	
  

•  “Flexibility”	
  on	
  site	
  
•  Current	
  concepts	
  based	
  on	
  

dose	
  distribu;on	
  op;miza;on	
  

è Non	
  op;mal	
  for	
  OAR	
  

9	
  

Lehner,	
  Fuchs,	
  …	
  

LET	
  pain;ng	
  instead	
  of	
  dose	
  
pain;ng	
  is	
  current	
  focus	
  of	
  research	
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Moving	
  targets	
  &	
  scanning	
  beams	
  

•  Lung	
  lesions	
  treated	
  so	
  far	
  with	
  
passive	
  sca_ering	
  techniques	
  

•  Respira;on	
  management	
  

techniques	
  

è Tracking,	
  ga;ng,	
  breath	
  hold	
  

•  Rescanning	
  in	
  “2D”	
  
è Scanning	
  speed	
  cm	
  per	
  ms	
  

•  3rd	
  dimension	
  ?	
  

è “few”	
  mm	
  in	
  “hundreds”	
  of	
  ms	
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Maybe	
  a	
  combina;on	
  of	
  techniques	
  is	
  op;mal	
  solu;on	
  ?	
  

Gendrin	
  et	
  al	
  Med	
  Phys	
  (2011)	
  /	
  R	
  &	
  O	
  (2012)	
  	
  
Furtado	
  et	
  al	
  Acta	
  Oncol	
  (2013)	
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Mo3on	
  compensa3on	
  in	
  par3cle	
  therapy	
  

11	
  

magne3c	
  scanner	
  
system	
  

PMMA	
  wedge	
  
system	
  

suitable	
  
mo3on	
  
tracking	
  
system	
  dynamic	
  treatment	
  plan	
  

GSI	
  /	
  HIT	
  developments	
  
C.	
  Bert	
  et	
  al	
  

	
  Work	
  on	
  mo;on	
  compensa;on	
  to	
  premature.	
  .	
  .	
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Dose	
  pain3ng	
  

•  Idea	
  is	
  based	
  on	
  sub-­‐volume	
  characteriza;on	
  
of	
  tumor	
  ;ssue	
  

•  „Brushes“	
  for	
  pain;ng	
  
è High	
  energy	
  photons,	
  brachytherapy,	
  	
  

par3cles	
  

è Role	
  of	
  mul;modality	
  	
  
or	
  mixed	
  treatments	
  

•  Pre-­‐requisite:	
  	
  
”Quan3ta3ve”	
  Imaging	
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Biological	
  mo;vated	
  adapta;ons	
  open	
  new	
  degree	
  of	
  freedom	
  in	
  Rad	
  Oncol	
  	
  	
  

Ling	
  et	
  al	
  IJROBP	
  (2000)	
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Dose	
  pain3ng	
  

Requirements	
  

•  Small	
  spot	
  sizes	
  	
  

•  Spot	
  stability	
  
è spill	
  to	
  spill	
  and	
  intraspill	
  	
  

è <	
  0.5	
  mm.	
  

•  Image	
  guidance	
  of	
  pa;ent	
  

IMPT	
  

VMAT	
  

DCE	
  MRSI	
   11C	
  PET	
   DWI	
   Andrzejewski	
  et	
  al	
  T2w	
  

2	
  lateral	
  beams	
  

2	
  arcs	
  360o	
  

structures	
  

Andrzejewski	
  et	
  al,	
  submi4ed	
  to	
  R&O	
  

13	
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Concluding	
  remark	
  

14	
  

Opening	
  ceremony	
  CD	
  Lab	
  	
  /	
  March	
  2012	
  

Great ideas and achievements in  

Accelerator Phys, MedPhys, RadOnc, RadBiol, … 

The future of ion beam therapy requires more 
intensive inter-disciplinary discussion 
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Milestones	
  for	
  ion	
  beam	
  research	
  

15	
  

1998  2000  2002  2004  2006  2008  2010  2012  2014  2016 

Research	
  	
  
Beam	
  

Feasibility	
  
study	
   Designstudie	
  

Coopera;on	
  with	
  MedAustron	
  throughout	
  the	
  years	
  is	
  acknowledged	
  !	
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Visit	
  	
  	
  hfp://www.meduniwien.ac.at/hp/radonc/	
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and	
  many	
  others	
  ……	
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Summary	
  

From	
  a	
  (clinical)	
  medical	
  physics	
  
perspec;ve	
  	
  

è Novel	
  ions	
  species	
  

è Moving	
  targets	
  

è Dose	
  pain;ng	
  

with	
  impact	
  on	
  accelerator,	
  control	
  
systems	
  etc.	
  that	
  go	
  beyond	
  current	
  
standards	
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Opening	
  ceremony	
  CD	
  Lab	
  	
  /	
  March	
  2012	
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Milestones	
  for	
  the	
  ion	
  beam	
  facility	
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1998  2000  2002  2004  2006  2008  2010  2012  2014  2016 

Feasibility	
  
study	
   Designstudie	
  

Clinical	
  	
  
Beam	
  

Research	
  ac;vi;es	
  (even	
  without	
  a	
  beam)	
  were	
  given	
  high	
  priority	
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Impact	
  of	
  path	
  length	
  varia3ons	
  

20	
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Depth	
  [cm]	
  

Do
se
	
  [%

]	
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20 

10	
  MV	
  
Photons	
  

Increased	
  
density	
  

Protons	
  –	
  	
  Spread	
  Out	
  Bragg	
  Peak	
  

Protons	
  –	
  pris&ne	
  Break	
  Peak	
  

Sensi;vity	
  of	
  par;cles	
  to	
  path	
  length	
  varia;ons	
  mo;vate	
  verifica;on	
  
	
  

ΔD 

Tumor	
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“Imaging”	
  of	
  par3cle	
  beam	
  delivery	
  

•  Uncertain;es	
  in	
  beam	
  delivery	
  

è Range,	
  inter-­‐	
  and	
  intra-­‐frac;on	
  
mo;on,	
  CT	
  calibra;on,	
  RBE,	
  
shrinkage,	
  ……	
  	
  

•  Imaging	
  op;ons	
  under	
  inves;ga;on	
  

è PET,	
  prompt	
  gamma,	
  gamma	
  
spectroscopy,	
  par;cle	
  radiography,	
  	
  

è MR	
  guidance	
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11B 

γ (511	
  keV)  

e+ 

e- 

γ (511	
  keV)  
15N	
  15O	
  

16O	
  

15O*	
  

n

1H	
  therapy	
  	
  
beam	
  

γ  

In-­‐vivo	
  dosimetry	
  via	
  secondary	
  radia;on	
  is	
  feasible	
  in	
  ion	
  beam	
  therapy	
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In-­‐vivo	
  dosimetry	
  (IVD)	
  

•  Ac;vity	
  and	
  dose	
  are	
  not	
  directly	
  
correlated	
  

è Challenge:	
  low	
  coun;ng	
  sta;s;cs	
  

è  ß+-­‐	
  ac;vity	
  predici;on	
  model	
  

•  Visual	
  inspec;ons	
  of	
  ß+-­‐	
  ac;vity	
  
distribu;ons	
  by	
  team	
  of	
  experts	
  

è  very	
  ;me	
  consuming	
  

è  requires	
  well	
  trained	
  personnel	
  

è  not	
  objec;ve	
  

•  Automated	
  comparison	
  	
  

è  EC	
  Project:	
  ENVISION	
  

22	
  

Proof	
  of	
  principle	
  established	
  but	
  	
  
no	
  widespread	
  implementa;on	
  

Kuess	
  et	
  al	
  MP	
  39	
  (2012)	
  
	
  Kuess	
  et	
  al	
  Med	
  Phys	
  40	
  (2013)	
  	
  

Dose	
  distribu3on	
  
 

Ac3vity	
  (ß+)	
  distribu3on	
  
	
  

Monte Carlo Ideal	
  
 

Real	
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Towards	
  automated	
  PT-­‐PET	
  verifica3on	
  

•  1st	
  applica;on	
  of	
  image	
  comparison	
  methods	
  to	
  PT-­‐PET	
  images	
  

è  Pearson’s	
  correla;on	
  coefficient	
  (in	
  selected	
  ROI)	
  

o  PCC=1:	
  perfect	
  correla;on	
  	
  

o  PCC=0:	
  no	
  correla;on	
  at	
  all	
  

è Algorithms	
  developed	
  in	
  MATLAB	
  

•  Detec;on	
  Sowware	
  tested	
  for:	
  
è  Beam	
  range	
  distribu;ons:	
  4,	
  6	
  and	
  10	
  mm	
  	
  

è  Pa;ents’	
  set-­‐up	
  errors:	
  -­‐8	
  mm	
  to	
  +	
  8	
  mm	
  cranio-­‐caudal	
  and	
  rota;onal	
  shiws	
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  ith	
  voxel	
  in	
  reference	
  image	
  
yi...	
  ith	
  voxel	
  in	
  compared	
  image	
  

(Medical)	
  Image	
  Processing	
  is	
  becoming	
  increasingly	
  important	
  

Simula3on	
  
	
  

Measurement	
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PET	
  Verifica3on	
  -­‐	
  op3ons	
  

•  Use	
  of	
  image	
  processing	
  methods	
  (PCC)	
  for	
  comparison	
  of	
  measured	
  
ac;vity	
  distribu;ons	
  

è  Proof	
  of	
  principle	
  based	
  on	
  in-­‐beam	
  PET	
  data	
  from	
  GSI	
  and	
  synthe;c	
  data	
  

•  Is	
  the	
  detec;on	
  of	
  setup	
  errors	
  possible?	
  
è  comparison	
  in-­‐beam	
  vs.	
  	
  

in-­‐room	
  simulated	
  data	
  sets	
  

24	
  

Kuess	
  et	
  al	
  Med	
  Phys	
  39	
  (2012)	
  /	
  Helmbrecht	
  PMB	
  (2011)	
  

There	
  are	
  limita;ons	
  in	
  PET	
  verifica;on	
  for	
  range	
  verifica;on	
  .	
  .	
  .	
  
	
  

removable	
  plugs	
  

(PMMA	
  or	
  Bone)	
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Novel	
  QA	
  methods:	
  prompt	
  gamma	
  detec3on	
  

•  Not	
  influenced	
  by	
  metabolic	
  washout	
  

•  Gamma	
  distribu;on	
  can	
  be	
  predicted	
  
è Correla;on	
  between	
  dose	
  and	
  gamma	
  

emission	
  promising	
  

•  Open	
  issues	
  
è Op;mal	
  detector	
  

è  3D	
  maps	
  realis;c	
  ?	
  

è Clinical	
  valida;on	
  

è  Feedback	
  to	
  treatment	
  planning	
  

25	
  

©	
  A.	
  Müller	
  /	
  Dresden	
  

IMPT	
  	
  Dose	
  Distribu3on	
  

Prompt	
  Gamma	
  Emission	
  

ψ(t,x,y)	
  

Monte	
  
Carlo	
  

Janssen	
  et	
  al	
  

Prompt	
  gamma	
  imaging	
  is	
  in	
  its	
  
infancy	
  but	
  promising	
  .	
  .	
  .	
  	
  



2015	
  –	
  CAS	
  /	
  Medical	
  Radia3on	
  Physics	
  Research	
  -­‐	
  Georg	
  D.	
  

Dosimetric	
  Audits	
  

•  High	
  dosimetric	
  accuracy	
  mo;vated	
  

by	
  steep	
  dose	
  response	
  rela;on	
  	
  

è Required	
  in	
  some	
  EC	
  countries	
  by	
  

radia;on	
  protec;on	
  legisla;on	
  

è Required	
  for	
  par;cipa;on	
  in	
  trials	
  

•  For	
  par;cle	
  beam	
  therapy	
  there	
  is	
  	
  

no	
  dosimetric	
  audit	
  (in	
  Europe)	
  

è Suitable	
  detectors	
  and	
  procedures?	
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Holthusen,	
  Strahlentherapie	
  -­‐	
  1936	
  

Tumor	
  
Normal	
  3ssue	
  

External	
  dosimetric	
  audits	
  are	
  standard	
  in	
  photon	
  beam	
  therapy	
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Dosimetry	
  Audit	
  for	
  par3cle	
  beam	
  therapy	
  

•  Phantom	
  design	
  for	
  end-­‐to-­‐end	
  test	
  
è  20	
  Alanine	
  pellets	
  +	
  2	
  EBT	
  films	
  

è  IC	
  (for	
  the	
  first	
  tests)	
  

•  Challenge:	
  calibra;on	
  in	
  Co-­‐60	
  

	
  

è  Protons:	
  2.4	
  ±	
  0.9%	
  (1σ)	
  /	
  C-­‐12:	
  2.2	
  ±	
  1.1%	
  (1σ)	
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Ablei&nger	
  et	
  al	
  
R&O	
  108	
  (2013)	
  

( ) ( )walXal

w
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enCowXw SDD ρρµ
η

⋅⋅⋅≅
60

60,,
1

MC	
   MC	
  NPL	
  
reported	
  
dose	
  

≈	
  0.97	
  compared	
  
with	
  TPS	
  

Successful	
  pilot	
  tests	
  at	
  Heidelberg	
  facility	
  
(HIT)	
  for	
  protons	
  &	
  C-­‐12	
  ions	
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•  Physics	
  Evidence	
  
è  radia;on	
  type	
  &	
  modality,	
  energy,	
  …	
  	
  

•  Technology	
  Evidence	
  	
  
è  e.g.	
  this	
  car	
  has	
  a	
  2.7-­‐liter	
  flat-­‐six	
  	
  

engine	
  with	
  direct	
  fuel	
  injec;on	
  .	
  .	
  .	
  	
  

è  Pencil	
  beam	
  scanning	
  versus	
  	
  
passive	
  sca_ering	
  	
  

•  Clinical	
  Evidence	
  
è  e.g.	
  this	
  car	
  drives	
  faster	
  

è  less	
  side	
  effects	
  

Technology	
  assessment	
  

© Verellen 
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The	
  importance	
  of	
  health	
  technology	
  assessment	
  increases	
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Treatment	
  planning	
  comparisons	
  

•  „In-­‐silico“	
  trials:	
  rival	
  treatment	
  techniques	
  
are	
  “dosimetrically”	
  evaluated	
  	
  

è  Theore;cal	
  assessment	
  	
  

è Owen	
  includes	
  radiobiologic	
  modeling	
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Treatment	
  planning	
  comparison	
  is	
  common	
  first	
  benchmarking	
  method	
  

Georg	
  et	
  al	
  IJROBP	
  (2014)	
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Pediatric	
  Radia3on	
  Oncology	
  

•  E.g.:	
  Neuroblastoma	
  and	
  Wilms	
  tumour	
  

•  Current	
  standard	
  -­‐	
  opposing	
  photon	
  fields	
  
(2F)	
  vs.	
  photon	
  intensity	
  modulated	
  
radiotherapy	
  (IMXT)	
  vs.	
  proton	
  techniques	
  	
  

Hillbrand	
  et	
  al	
  R&O(2008)	
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Pediatric	
  pa;ents	
  are	
  a	
  main	
  indica;on	
  for	
  par;cle	
  therapy	
  	
  

•  Rela;ve	
  risk	
  for	
  SM	
  	
  is	
  valuable	
  indicator	
  
for	
  the	
  ranking	
  of	
  treatment	
  techniques	
  



2015	
  –	
  CAS	
  /	
  Medical	
  Radia3on	
  Physics	
  Research	
  -­‐	
  Georg	
  D.	
   31	
  

See	
  also	
  	
  
Medline	
  .	
  .	
  .	
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Helium	
  Ion	
  Pencil	
  Beam	
  Model	
  –	
  physical	
  dose	
  

•  Pencil	
  beam	
  “spot”	
  spliXng	
  

•  Longitudinal	
  dose	
  deposi;on:	
  	
  
è LUT	
  for	
  water	
  based	
  on	
  MC	
  generated	
  data	
  	
  

è water	
  equivalent	
  depth	
  scaling	
  

•  Lateral	
  dose	
  deposi;on:	
  	
  
è Gaussian	
  broadening	
  for	
  mul;ple	
  sca_ering	
  	
  

è Correc;on	
  for	
  nuclear	
  interac;ons	
  using	
  	
  

Voigt-­‐func;on	
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Fuchs	
  et	
  al	
  Med	
  Phys	
  39	
  (2012)	
  

Pencil	
  Beam	
  model	
  was	
  validated	
  for	
  protons	
  and	
  helium	
  ions	
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Facility	
  Layout	
  

●  4	
  Irradia;on	
  rooms	
  
è  2	
  x	
  	
  Horizontal	
  BL	
  
è  Horizontal	
  +	
  ver;cal	
  BL	
  
è  Proton	
  only	
  gantry	
  

●  Protons	
  
è  intensity	
  per	
  pulse	
  <	
  1010	
  

è  Energy	
  60	
  –	
  800	
  MeV	
  

●  Carbon	
  ions	
  
è  intensity	
  per	
  pulse	
  <	
  4	
  x	
  108	
  

è  Energy	
  120	
  –	
  400	
  MeV	
  /	
  A	
  

●  Later	
  addi;onal	
  ions	
  	
  

●  He,	
  O,	
  ….	
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Summary	
  

•  Con;nuous	
  research	
  ac;vi;es	
  w.r.t	
  to	
  
ion	
  beam	
  therapy	
  since	
  2000	
  

è Planning,	
  dosimetry,	
  dose	
  calc,	
  QA,	
  …	
  

è CD	
  Lab	
  opening	
  new	
  perspec;ves	
  

•  Necessity	
  for	
  building	
  up	
  research	
  
competency	
  pointed	
  out	
  permanently	
  

è Interdisciplinary	
  research	
  (MP,	
  MD,	
  RB,	
  
IT,	
  P,	
  ..)	
  is	
  a	
  “must”	
  ion	
  beam	
  therapy	
  

•  Milestone	
  reached	
  in	
  2015:	
  Medical	
  
Univ.	
  Vienna	
  investments	
  in	
  personnel	
  

34	
  

Opening	
  ceremony	
  CD	
  Lab	
  	
  /	
  March	
  2012	
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•  Biological	
  modeling	
  employing	
  a	
  	
  	
  

‚zonal‘	
  model	
  based	
  on	
  LET	
  varia;ons	
  

è Data	
  from	
  (historical)	
  literature	
  

and	
  	
  LET	
  taken	
  into	
  account	
  

è Helium	
  ions:	
  RBE	
  ranging	
  from	
  1.0	
  to	
  2.7	
  

è  Protons:	
  RBE	
  ranging	
  from	
  1.0	
  to	
  1.6	
  

•  Implemented	
  in	
  research	
  TPS	
  

	
  

Helium	
  Ion	
  Pencil	
  Beam	
  Model	
  –	
  biological	
  dose	
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Fuchs	
  et	
  al	
  (2014),	
  Submi4ed	
  	
  

Kase	
  et	
  al	
  (2006)	
  Radiat	
  Res	
  166	
  

Matsumoto	
  et	
  al	
  (2014)	
  J	
  Radiat	
  Res	
  55	
  

Dedicated	
  helium	
  ion	
  dose	
  calcula;on	
  module	
  was	
  developed	
  	
  	
  


