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Proton	  imaging	  :	  
	  
•  Direct	  reconstrucLon	  of	  Lssues	  relaLve	  stopping	  power	  (RSP)	  from	  proton	  energy	  loss	  :	  

•  Two	  main	  limits	  :	  spa4al	  resolu4on	  (complex	  proton	  path),	  reconstruc4on	  4me	  
•  Fast	  reconstruc4on	  algorithm	  (FBP)	  developed	  at	  CREATIS	  	  
	  	  	  	  	  (S.	  Rit	  et	  al.,	  Filtered	  backprojec0on	  proton	  CT…,	  2013)	  

Wobbling, or uniform scanning, is another delivery option for
particle therapy, in which beams are initially spread by a single
scatterer and then scanned magnetically along predetermined tra-
jectories, without beam current modulation. Uniform scanning
facilitates irradiation of larger fields, compared to double scatter-
ing for the same energy incident beam. PBS can accomplish the
same goal with an appropriately controlled beam of similar size
as the scattered wobbling beam.

SOBP

To design a clinical passively scattered 1H beam, an array of
monoenergetic proton beams of graded energies is layered so as
to achieve a near uniform dose in Gy(RBE) across the volume of
interest or target. This near uniform dose region [±1% (this degree
of uniformity pertains to dose in a water phantom)] is designated
spread-out Bragg peak or SOBP, as shown with a 15 MV X-ray
beam for dose vs depth on the central axis in Fig. 3a and for cross
section view in Fig. 3b. The depth spacing between Bragg peaks in
the SOBP, required to produce the desired dose uniformity, varies
with the energy spread in the primary beam and straggling in
the beam path. It is typically of the order of 2–5 mm for protons.
Due to less straggling in carbon beams compared to proton beams,
ridge filters are employed in two 12C ion centers in Japan to pro-
duce the spreads in Bragg peaks comparable to those of protons,
and thus allow for increased spacing of the layers.

As evident from inspection of Fig 3, a 1H beam delivers a near
zero dose deep to the target for each proton beam path. This con-
stitutes an unequivocal advantage for most treatment situations.
Importantly, the integral total body dose by 1H therapy is about
half that of intensity modulated X-ray therapy [IMXT] as calculated
by Lomax et al. [11]. For facilities equipped with gantries, planning
for dose delivery of 1H and for 12C ion therapy has the same flexi-
bility as for X-ray therapy in terms of beam number, direction,
intensity modulation and image guided therapy. There is, however,
a more stringent requirement for accurate dose delivery. An addi-
tional advantage for particle beam treatment is that fewer fields
are required to create the desired dose distribution than for IMXT.
The design of a SOBP for 12C ion beams is more complicated than
for protons because of the non-trivial task of correctly adjusting

physical dose for the variation in RBE so as to have a flat biologi-
cally effective dose across the SOBP. This is discussed in the section
on Radiation biological factors.

Fragmentation tails

A difference in dose distribution between 1H and 12C beams is the
fragmentation tail of the 12C beam as illustrated in Fig. 4. The tail
develops from the fragmentation of the 12C ions in the primary beam,
due to their nuclear interactions with the atoms in the irradiated
medium. These fragments are predominantly intermediate to low
energy ions of boron, beryllium, lithium, helium with protons being
the most numerous by a large factor [12,13]. Some of these frag-
ments travel non-negligible distances beyond the range of the 12C
beam and deposit their energy in the ‘‘fragmentation tail”. This is
illustrated in Fig. 4 for 195 MeV, 281 MeV and 392 MeV 12C beams.
The tails are low physical dose and relatively high RBE with the net
result being a low biologically effective dose in the fragmentation
tail of 12C beams [14,15] and Miller and Blakely, personal communi-

Fig. 3. (a) The layering of selected proton Bragg peaks to achieve an approximately uniform dose over the depth of interest, i.e. a SOBP. This is the central axis depth dose for a
150 MeV proton beam with a 7 cm SOBP. For comparison, the central axis depth dose curve of a 15 MV X-ray beam is included. (b) Cross section of dose vs depth for a
150 MeV proton beam with a 7 cm SOBP and for a 15 MV X-ray beam is shown.

Fig. 4. Display of the penetration of fragmentation tails of 195 MeV, 281 MeV and
392 MeV 12C beams. This contrasts with no tail for proton beams of energies of
103 MeV, 147 MeV and 204 MeV.
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Protontherapy	  margins	  :	  
	  
•  Sharp	  distal	  dose	  falloff	  ó	  Bragg	  peak	  posiLon	  	  
•  Uncertainty	  sources	  :	  

-‐	  physical	  parameters	  (Imean)	  
-‐	  paLent	  posiLonning	  
	  -‐	  X-‐ray	  CT	  calibra4on	  (HU	  to	  stopping	  power)	  
	  -‐	  …	  

•  Margins	  ≈	  1-‐3mm	  ±	  3%	  	  

(H.Suit	  et	  al.,	  Proton	  vs	  Carbon	  ion	  beam	  …,	  2010)	  
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X-‐ray	  CT	  :	  
•  Fit	  with	  2	  or	  3	  curves	  (to	  get	  a	  mean	  deviaLon	  between	  values	  and	  fit	  close	  to	  0)	  	  
•  DeviaLon	  between	  reconstructed	  values	  and	  fit	  around	  0.1±2.5%	  

Proton	  CT	  :	  
•  Fit	  with	  1	  curve	  is	  sufficient	  (fit	  funcLon	  compaLble	  with	  y	  =	  x	  ó	  no	  calibra4on	  needed)	  
•  DeviaLon	  between	  reconstructed	  values	  and	  fit	  around	  0.02±0.4%	  
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•  Reconstructed	  RSP	  maps	  for	  ICRP	  reference,	  X-‐ray	  CT	  and	  proton	  CT	  
•  X-‐ray	  and	  proton	  CT	  images	  are	  produced	  with	  an	  equal	  imaging	  dose	  (about	  2	  mGy)	  
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•  DeviaLon	  :	  	   	  xCT	   	   	   	  μ	  =	  3.6%,	  σ	  =	  4.4%	  
	   	   	   	  pCT 	   	   	  μ	  =	  0.1%,	  σ	  =	  3.3%	  

	  
•  Proton	  imaging	  enables	  :	  

-‐  a	  more	  reliable	  RSP	  reconstrucLon	  (μdev	  ≈	  0)	  
-‐  a	  more	  precise	  RSP	  reconstrucLon	  (σdev)	  
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•  Compute	  voxel	  by	  voxel	  rela4ve	  devia4on	  between	  xCT/pCT	  and	  reference	  map	  
•  Apply	  analysis	  on	  10	  uncorrelated	  reconstructed	  slices	  

Devia0on	  xCT	  (top)	  and	  pCT	  (bo=om)	  	  
wrt	  reference	  
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•  Convert	  voxel	  RSP	  values	  into	  Monte-‐Carlo	  materials	  with	  right	  stopping	  power	  	  	  
•  Compare	  Bragg	  peak	  posi4on	  with	  reference	  (ICRP)	  one	  

Energy	  deposi0on	  for	  mul0ple	  proton	  beams	  

	  Bragg	  peak	  posiLon	  for	  proton	  beams	  with	  E	  =	  140	  MeV	  (2mm	  size	  each)	  :	  
	   	  -‐	  proton	  CT	  :	  Δref	  =	  0.2	  ±	  1.0%	  
	   	  -‐	  x-‐ray	  CT	  :	  	  	  	  Δref	  =	  2.8	  ±	  1.1%	  
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X,	  θ	   X,	  θ	   energy	  

Image	  reconstruc4on	  constraints	  :	  
•  Proton	  direc4on	  /	  posi4on	  before	  and	  aier	  the	  paLent	  (proton	  path)	  
•  Proton	  energy	  before	  and	  aier	  the	  paLent	  (stopping	  power)	  
•  AcquisiLon	  proton	  by	  proton	  

Clinical	  constraints	  :	  
•  Maximum	  proton	  beam	  energy	  (about	  250	  MeV)	  
•  Gantry	  features	  (available	  space,	  rotaLon,	  …)	  
•  AcquisiLon	  Lme	  (high	  rate	  ó	  short	  Lme)	  

	   	  build	  a	  first	  prototype	  to	  study	  specifica4ons	  constraints	  

Schema0c	  view	  of	  a	  proton	  CT	  scanner	  
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Séminaire IPNL V. Reithinger – Assurance qualité des traitements par hadronthérapie carbone à l'aide de particules promptes chargées 14

Contexte
Imagerie des vertex d'interaction
▸ Développements
Résultats
Perspectives

▸ Trajectomètre de proton
▸ Hodoscope
Simulations

Trajectomètre de protons et hodoscope de faisceau

Systèmes d'acquisition
Systèmes d'analyse

Couplage
(à terme)

  

Séminaire IPNL V. Reithinger – Assurance qualité des traitements par hadronthérapie carbone à l'aide de particules promptes chargées 21

Contexte
Imagerie des vertex d'interaction
▸ Développements
Résultats
Perspectives

Trajectomètre de proton
▸ Hodoscope
Simulations

Réalisation d'un système de caractérisation et d'acquisition

Travail avec le service électronique :
● Rodolphe Della Negra  : labview soft + FPGA
● Chen Xiushan, Yannick Zoccarato, Fabien Doizon : carte + FPGA

Hodoscope 2x32 4x MA PMT
(H8500)

9 ASICS
1 FPGA

Analyse Temps réel

•  CMOS	  silicon	  trackers	  to	  measure	  proton	  posiLon	  /	  direcLon	  
✓excellent	  spaLal	  resoluLon	  (≈μm)	  
✗	  Slow	  readout	  Lme	  (≈100	  μs)	  ó	  limited	  acquisiLon	  rate	  

•  ScinLllaLng	  fibers	  hodoscope	  to	  tag	  protons	  in	  Lme	  
apply	  geometrical	  tracking	  to	  associate	  tracks	  from	  CMOS	  to	  Hodoscope	  	  

•  LaBr3	  calorimeter	  to	  measure	  proton	  energy	  
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Test	  prototype	  under	  beam	  condi4ons	  :	  
•  Detectors	  responses	  
•  Electronic	  behaviour	  
•  Coupling	  CMOS	  /	  Hodoscope	  /	  Calorimeter	  
	  

	  tests	  with	  carbon	  and	  secondary	  proton	  beam	  
	  actual	  acquisiLon	  rate	  ≈	  15	  kHz	  
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Proton	  Scanner	  Prototype	  :	  
•  Define	  a	  first	  prototype	  to	  improve	  experimental	  specificaLons	  
•  Succesful	  beam	  tests…data	  acquisiLon	  proton	  by	  proton	  at	  15	  kHz	  
•  Higher	  rate	  expected	  soon…to	  gain	  between	  one	  and	  two	  order	  of	  magnitude	  
	  
Proton	  therapy	  TPS	  :	  
•  Monte	  Carlo	  is	  a	  useful	  tool	  to	  quanLfy	  clinical	  interest	  of	  new	  imaging	  technics	  
•  One	  can	  reproduce	  a	  full	  protontherapy	  TPS	  from	  imaging	  to	  dose	  distribuLon	  
•  Other	  clinical	  tests	  in	  progress	  (ex	  :	  dental	  Ltanium	  implant	  to	  test	  metal	  artefacts)	  


