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pCT useful in proton therapy  

CPPM, 14/12/12 F. Cassol, Atelier pCT 

Advance form of radiotherapy based  
                               on the way protons lose energy in matter 

Thanks to the Bragg peak:  
  
•  Tumors can be precisely irradiated 
•  Close sensitive tissues can be avoided    

In general: 
 
Dose outside the target volume is reduced 
of a factor 2-5 compared to photons 
 



Proton therapy 
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Good results overall for: 
 

�  Cancers that need high doses:  eye, skull base, spinal tumor  

�  Cases where other tissues must be preserved: pediatric tumors 

�  For several cases the usefulness of PT is still a controversy 

�  Several centers from the ‘90-’00:  
               Usa, Japan, Germany, France, Italy, Russia 

�  In France: Nice (1991) and Orsay (1991) 



Centre Antoine Lacassagne Nice 
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Positioning of the patient 
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At present the positioning of the tumor is done in with X-radiographies 
compared with the XCT used for the treatment planning 

pCT would permit to directly 3D locate the tumor with the same beam 
that it would be used for the treatment    

Which is the present uncertainty? 
How much are we going to improve? 



Measurement of the proton energy loss 
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Proton Therapy is successful only if  
the p energy loss in the patient is precisely known 

The beam energy  is modulated 
 in order to : 
 
1.   cover the tumor 
2.   save the closed critical tissue  



The proton energy loss (stopping power) 
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Protons lose most of their energy with the inelastic collisions with the 
outer atomic electrons (ionizations and excitations). 
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At present, electron density derived from XCT 
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XCT  measures the attenuation coefficient of X-rays 
which also depends from the electron density.  

leNlN µ−= 0)(

( )incohcohph
e σσσρµ γ ++=

XCT gives HU  
we need the calibration :       

γηeHU ⇒

eHU η⇒



Calibration for radiotherapy from XCT 
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Phantoms with known materials are used to the estimate  

 

γηe

XCT has several sources of uncertainty :   (Schneider et al. PMB 41 1996) 
•  HU variations of 1-2% in homogenous materials 
•  HU variations till 3% as function of the position 
•  HU variation of 10% as function of the scanner  
•  Errors due to the approximation real tissues/substitute tissues 

Constantinou et al. MP 19 (1992) 



Calibration of stopping power for pCT from HU 
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The Bragg peak position is predicted to only 3-4% of the proton range in tissue or less in 
complicated tissue-air tissues-bone interfaces  

Range uncertainty in inhomogeneous 
densities due to Coulomb scattering 
 

> 5 mm > 10 mm > 15 mm 
Schneider et al. MP 22 (1995) 

Different methods = different results 

Schneider et al. PMB 41 (1996) 

Integrated stopping power: 
calculated - measured  
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The method 
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Main goal of pCT : to determine the volume electron density by measuring the 
energy loss of protons after traversing the object 
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Proton stopping power 

Integral over the proton path 

( ) ( )∫ ∫∫ −=−=
L

E

EL
e

out

in

dE
EIS

dx
dx
dE

EIS
dx

,
1

,
1

η

Radon transform of η 



First trails in the ’80  
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Assume a straight path L and only Eout, xin and xout measured  

Results are deceiving with respect to XCT, loss of interest for pCT 

pCT XCT  Hanson et al. MPB 27 (1982) 

Human heart 

But more and more proton therapy centers,  
                                                 in the 90’ people try to do better …  



pCT, more precisely 
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In pCT, proton energy sufficient to traverse the body 
�  200 MeV (R=25.8 cm) for adult skull (20 cm) 
�  250 MeV (R=37.7 cm) for adult trunk (34 cm) 
 
 
 
 
Three phenomena define the intrinsic limitation of pCT: 
1.  Coulomb scattering è limiting spatial resolution   
2.  Energy loss straggling è limiting electron density resolution  
3.  Nuclear interactions è noise and additive dose 

Reconstruction is made track by track (list mode) 



Multiple-Coulomb scattering 
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Protons undergo many individual elastic interactions that   
                                       change their final direction and position    

σΘ ∝
x / X0
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∝
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=

Protons don’t follow straight lines!  
 

pCT reconstruction must  include 
a  mathematical formalism to take into account MCS  



Most Likely Path (MLP) 
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Algorithm based on : 
�  proton position, energy and direction 
�  modeling of  MCS  

MCS limits intrinsically the pCT spatial resolution to ~ 1 mm 

MLP = Most Likely Path 
CSP = Cubic Spline Path 
SLP = Straight Line Path 

Shulte et al. MP 21 (1995)  
Williams PMB 49 (2004)  
Li et al. MP 33 (2006) 



Energy loss straggling 
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Is due to : 
�  the varying number of collisions  
�  the energy transfer fluctuations  

Well modeled  

Schulte MP 32 (2005) 
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  Energy straggling limits intrinsically the measure of ηe to ~ 1% 

Energy loss straggling 

),),(( voxelout

E

ddESFD
out

e ⋅
=

πσ
ση

Schulte MP 32 (2005) 
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pCT seems to be potentially better than XCT at E< 250 MeV 

Energy loss straggling 
Schulte MP 32 (2005) 



Non elastic-nuclear interactions 
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Loss of the primary proton and reduction of the p fluence  

)exp()( 0 kxx −Φ=Φ         k ~ 0.01 cm-1  
100 MeV< E< 300 MeV   

~10% (~20%) reduction after 10 (20) cm water 

These protons induce noise in pCT, 
They are eliminated with 3σ cut 

Which error in the treatment plan? 

With secondary proton 

Without secondary proton Geant 4 

0.16 mGy 1.6 mGy 3.1 mGy 



pCT design: summary  
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Schulte TNS 51 (2004) 

Measure of x, p, E with 
   σx< 1mm  σE < 1% 

MHz DAQ : 
A head with 100 p, 1 mm voxel  
7 108 p: 10 kHz  = 20 hrs 
               2 MHz =   6 min   
GPU recontruction 



Present designs 
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Group  Tracker Energy detector 

Firenze/LNS (Italy) Silicon strip detector  YAG:Ce crystals 

LLU-UCSC-NIU (USA) Silicon strip detector  CsI crystals  

NIU/FNAL (USA) Scintillating Fibers+ SiPM Range + WLSF+ SiPM 

TERA/CERN (Italy) Gas electrons multipliers Range + WLSF+ SiPM 

GSI/HIT (Germany): Ion 
radiography 

Stack of Ionisation chambers Stack of ionisation chambers 



PROton IMAging (PRIMA) Firenze/LNS 
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Tracker:  
•  Silicon strips, 200 µm pitch 
•  Active area 51 x 51 mm2 

•  RAM for 106 events 

Calorimeter: 
•  4 scint. crystals 30 x 30 mm2 

•  4 PM Hamamatsu 1.8 x 1.8 mm2 
•  1 MHz 
 

First tomographic image  
with 60 MeV p, 1 mm2 voxel, (MLP
+FDK) 

Sipala et al. IEEE 2011 



LLU-UCSC-NIU collaboration 
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14 cm 

Tomographic image 0.65 mm2 voxel,  
4 hrs at 20 kHz , reconstr. MLP+FDK+ART 

Sadrozinsky et al. IEEE (2011) 

Silicon strips 228 µm pitch  9 cm 

14 cm 

CsI(Tl) crystals 
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LLU-UCSC-NIU collaboration 

2003 back 



Proton Range Radiography (TERA) 
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F. Sauli et al. (NIMA629 (2011) 337) •  Tracking: 2 GEM detectors 
•  Range telescope: stack of 30 plastic 
scint., 3mm thick, read by SiPMs 

Range resolution : 1.7mm RMS 
Expected count rate with suitable acquisition system : 106 Hz 
30x30 cm2 surface easily achievable 
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K. Parodi, 2011 



Conclusions 
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Main challenges: 
� Detector spatial resolution < 1 mm  
�  Energy resolution < 1% 
�  Fast DAQ  > 1 MHz 
�  Iterative reconstruction in GPU 
 

pCT must do better than 3-4% in proton range      
but 

can not be better than ~1% due to intrinsic limitations 
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Thanks! 


