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Treatment planning software needs accurate knowledge about the  
proton stopping power in the patient: 

S(x) = �dE

dx
(E(x))

<latexit sha1_base64="4BK7PdgYreX7DzIblBkufjfP0gA="></latexit>

Convenient to define Relative Stopping Power (RSP) in reference to 
water: 

RSP ⌘ S(x)

Sw(x)
<latexit sha1_base64="D3V7Bcv/NLywO5/FqV0q4b8jJc8=">AAACB3icbVC7TsMwFHXKq5RXAIkFCVkUpLJUSRlgrGBhLJQ+pDaKHNdprToPbKdQRd1Y+Ae+gIUBhBhY+AU2/oCNX8BpO0DLka7u0Tn3yr7HCRkV0jA+tdTM7Nz8Qnoxs7S8srqmr29URRBxTCo4YAGvO0gQRn1SkVQyUg85QZ7DSM3pniZ+rUe4oIF/KfshsTzU9qlLMZJKsvWdi3IJNslVRHuw6XKE43Lu5mAQl+3rpNt61sgbQ8BpYo5Jtlj8/nrbut8r2fpHsxXgyCO+xAwJ0TCNUFox4pJiRgaZZiRIiHAXtUlDUR95RFjx8I4B3FdKC7oBV+VLOFR/b8TIE6LvOWrSQ7IjJr1E/M9rRNI9tmLqh5EkPh495EYMygAmocAW5QRL1lcEYU7VXyHuIJWGVNFlVAjm5MnTpFrIm4f5wrlK4wSMkAbbYBfkgAmOQBGcgRKoAAxuwQN4As/anfaovWivo9GUNt7ZBH+gvf8A7XmccQ==</latexit>

approximately energy independent

depends on proton energy

Integration yields the protons’ penetration depth, called range: 

Range =

Z Ein

Efinal

dE

⇢S(E)
<latexit sha1_base64="Mlizr9GajOVcYPNVXT1MeUM1vAs="></latexit>
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Reconstruction formula for proton CT:

Option 1: Get Stopping Power from proton CT

Generates list mode data:  
Trajectory estimate and 
WET for each proton. 

Rotate around 
patient

Not used clinically.  
Only prototypes!

Johnson, R. P. (2018). Review of medical radiography and tomography with proton beams.  
Reports on Progress in Physics, 81(1), 016701. https://doi.org/10.1088/1361-6633/aa8b1d 

Ein Eout

�
<latexit sha1_base64="p0gHkfprO1Ulnxa9AZtP2BTSdwc=">AAAB7XicbZC7SgNBFIZnvcb1FrW0WQyCVdiNhTZi0ELLCOYCyRLOTmaTMXNZZmaFsOQdbCwUsbHwUextxLdxcik08YeBj/8/hznnRAmj2vj+t7OwuLS8sppbc9c3Nre28zu7NS1ThUkVSyZVIwJNGBWkaqhhpJEoAjxipB71L0d5/Z4oTaW4NYOEhBy6gsYUg7FWrXUFnEM7X/CL/ljePARTKJx/uGfJ25dbaec/Wx2JU06EwQy0bgZ+YsIMlKGYkaHbSjVJAPehS5oWBXCiw2w87dA7tE7Hi6WyTxhv7P7uyIBrPeCRreRgeno2G5n/Zc3UxKdhRkWSGiLw5KM4ZZ6R3mh1r0MVwYYNLABW1M7q4R4owMYeyLVHCGZXnodaqRgcF0s3fqF8gSbKoX10gI5QgE5QGV2jCqoijO7QA3pCz450Hp0X53VSuuBMe/bQHznvP7bAkjY=</latexit>

WET: water equivalent thickness

WET =

Z

�
RSP (x)dl =

Z Ein

Eout

dE

Sw(E)
<latexit sha1_base64="JpGLDUmrMiXz++KQV4/gVdlLUaQ="></latexit>
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Option 2: Use X-ray CT plus conversion (clinically used)

Conversion depends on chemical 
tissue composition  
-> inter/intra patient variation
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Typical clinical workflow in proton therapy

Planning  CT

Treatment planning Fraction 1 Fraction 2

RSP map (3D)

Conversion curve

Treatment plan

Treatment

Fraction 3

Treatment Treatment

Fraction …
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Goal: Find patient specific optimal conversion curve
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Patient specific CT-RSP calibration using proton radiography

HU
RSP

Proton radiography 
(pR)

Optimize R1, R2, R3 ...

  
 

projection

Proton Digitally Reconstructed 
Radiography (pDRR)p

[1] Schneider, U. et al. (2004). First proton radiography of an animal patient. Medical Physics, 31(5) 

[2] Doolan, P. J. et al. (2015). Patient-specific stopping power calibration for proton therapy planning based on single-detector proton radiography. PMB 60(5) 

[3] Collins-Fekete, C.-A. et al. (2017). Pre-treatment patient-specific stopping power by combining list-mode proton radiography and x-ray CT. PMB 62(17)
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Modified clinical workflow

Planning  CT

Treatment planning Fraction 1 Fraction 2

RSP map (3D)

Optimal conversion curve

Treatment plan

Treatment

Fraction 3

Treatment Treatment

Fraction …

Proton Image
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Proton imaging system

Krah, N. et al. (2018). Proton radiography with a commercial range telescope detector using dedicated post processing methods. PMB, 63(20), 205016

Simulated via Monte 
Carlo in this work
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Example of a proton radiography system

 … used at CPO, France  … and Maastro, Netherlands
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Monte Carlo simulation of proton radiographies

Used fast GPU-accelerated 
Monte Carlo code “Fred” 
developed at the University of 
Rome la Sapienza.  

Takes 1-2 min per proton 
radiography.  

Ground truth CT-RSP curve is 
the one used for the 
simulation. 

Schiavi, A., Patera, V.  et al. (2017). Fred: A GPU-accelerated fast-Monte Carlo code for rapid treatment plan recalculation in ion beam therapy. Physics in 
Medicine and Biology, 62(18)
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Patient specific CT-RSP calibration using proton radiography

HU
RSP

Proton radiography 
(pR)

Optimize R1, R2, R3 ...

  
 

projection

Proton Digitally Reconstructed 
Radiography (pDRR)p

[1] Schneider, U. et al. (2004). First proton radiography of an animal patient. Medical Physics, 31(5) 

[2] Doolan, P. J. et al. (2015). Patient-specific stopping power calibration for proton therapy planning based on single-detector proton radiography. PMB 60(5) 

[3] Collins-Fekete, C.-A. et al. (2017). Pre-treatment patient-specific stopping power by combining list-mode proton radiography and x-ray CT. PMB 62(17)
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Efficient implementation of projection (1) HU
RSP

Proton radiography 
(pR)

Optimize R1, R2, R3 ...

  
 

projection

Proton Digitally Reconstructed 
Radiography (pDRR)p

Krah, N., Rit, S. et al. (2019). Regularised patient-specific stopping power calibration for proton therapy planning based on proton radiographic images. PMB, 64(6)

w↵(h) ⌘
h�H↵�1

H↵ �H↵�1
⌦↵(h) +

H↵+1 � h

H↵+1 �H↵
⌦↵+1(h)

w0(h) =
H1 � h

H1 �H0
⌦↵=1(h)

wN (h) =
h�HN�1

HN �HN�1
⌦↵=N (h)

<latexit sha1_base64="Tt0ptaVopOM8w35eFtK6qrmQyVY="></latexit>

In each voxel, replaces CT number h by weight vector w: 

⌦↵(h) =

(
1 for H↵�1  h < H↵

0 otherwise.
<latexit sha1_base64="UKlVGuz1VfgGv23JjRseTQ7phKE="></latexit>

with

r =
NX

↵=0

w↵R↵ = ~w · ~R
<latexit sha1_base64="Q5kRK+4gP9fxColbvV7ukPvcmz8="></latexit>
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Efficient implementation of projection (2)

Krah, N., Rit, S. et al. (2019). Regularised patient-specific stopping power calibration for proton therapy planning based on proton radiographic images. PMB, 64(6)

3D RSP map is given by: 

rijk =
NX

↵=0

wijk,↵ R↵ = ~wijk · ~R
<latexit sha1_base64="ObAFSZfgkwd9UWjdMdYp52FOZFE="></latexit>

Proton digitally reconstructed radiography: 

Dipjp = projk,ipjp

 
NX

↵=0

wijk,↵ R↵

!
=

NX

↵=0

projk,ipjp(wijk,↵)R↵ =
NX

↵=0

Aipjp,↵ R↵

<latexit sha1_base64="3CMuNlgR5f4EP7/RYMZutDCH3Kg="></latexit>

with Aipjp,↵ = projk,ipjp(wijk,↵)
<latexit sha1_base64="9JMo6pe0cVLzamZ1zmUn82x2Jsw="></latexit>

allows splitting projection from optimization
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Naïve optimization 

Krah, N., Rit, S. et al. (2019). Regularised patient-specific stopping power calibration for proton therapy planning based on proton radiographic images. PMB, 64(6)

Cost function contains only data term: 

Find:

~̂R = argmin
n
E(~R)

o

<latexit sha1_base64="wFsERsjxsfWGwD1jCkMqMZ+7v3Y="></latexit>

Edata(~R) = k~P �A~Rk2
<latexit sha1_base64="oR+juDVtjZ8yEfG8dFFxUkFMou4="></latexit>
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Residuals after optimization

!17



What goes wrong?
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Parameter correlation
Correlation coefficient: 

⇢↵↵0 =
Cov↵↵0

p
Cov↵↵ Cov↵0↵0

with Cov↵↵0 = (ATA)�1
↵↵0

<latexit sha1_base64="9nOAOtOuSBM88TPCCsL9iwzesSo="></latexit>

Size of proton 
beam is crucial
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Regularization

Penalize variation of conversion curve:

Ereg =
↵MX

↵=↵0

(d↵+1 � d↵)
2 with d↵ =

R↵ �R↵�1

H↵ �H↵�1
<latexit sha1_base64="TMohbPQFfWijHyVe4MNJR6Wy0lo="></latexit>

Note: Ereg can be written as matrix equation: 

Ereg =
↵MX

↵=↵0

(Areg
↵0↵R↵)

2
= kAreg ~Rk2

<latexit sha1_base64="6HQB0ukRey+5/QBZkJ6HyMt8go4="></latexit>

A
reg
↵0↵ =

1

H↵+1 �H↵�1
(�↵0,↵�1 � 2�↵0,↵ + �↵0,↵+1) , with �↵0,↵ =

(
1 for ↵0 = ↵

0 otherwise.
<latexit sha1_base64="+ntiOovSHlIJ/uAKYuWkjZbboDE="></latexit>

with

E(~R) = Edata + �airEreg,air + �softEreg,soft + �boneEreg,bone
<latexit sha1_base64="9FagF5M8+Rx+npFgZBk/KcuH/AI="></latexit>
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Regularization: proton beam size matters
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Regularization: does physics matter? 
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How to choose the regularization weights?

E(~R) = Edata + �airEreg,air + �softEreg,soft + �boneEreg,bone
<latexit sha1_base64="9FagF5M8+Rx+npFgZBk/KcuH/AI="></latexit>

Choose the weighting factors so that the 
regularizer cost of the optimized curve is similar 
to that of a reference curve. (by iteration)

Less variation expected -> higher weight

More variation expected -> lower weight
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Choose regularizer weights based on reference curve
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And what about the CT number intervals?

!25



And what about the CT number intervals?
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Test range accuracy in Monte Carlo simulation
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Range accuracy with optimized CT-RSP curve
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Does it matter of which region in the patient 
the proton radiography is acquired?
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Does it matter of which region in the patient the proton radiography is acquired?

!30



Does it matter of which region in the patient the proton radiography is acquired?
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Does it matter of which region in the patient the proton radiography is acquired?
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Does it matter of which region in the patient the proton radiography is acquired?

Optimized vs. ground truth Ground truth vs. ground truth

Standard deviation of range distribution
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Summary

• Patient specific calibration of CT-RSP curve feasible  
with relatively simple imaging system.  

• Optimization needs to be regularized.  

• Range accuracy with optimized curve better than 0.5% 

• Region of which the proton radiography is acquired is not essential 

• Intra-patient tissue variability not considered by this study 

• Poor one-to-one correspondence between CT number & RSP cannot be 
resolved by patient specific conversion 
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Thank you 


