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How mlp benefits proton CT

• Protons are affected by multiple Coulomb scattering

• Challenging reconstruction, which voxels are hit?

• In proton CT, individual protons can be distinguished

• Predict the protons most likely path inside the patient using MLP methods
o Proton path predictions should be accurate enough to help reach the goal of 1 mm 

spacial granularity and 1% electron density resolution accuracy along the trajectory 
(Schulte et al 2003).

R. Schulte et al, 2003, “Design of a Proton Computed Tomography System for Applications in Proton Radiation Therapy”



Typical proton CT setup, with trackers

• Two trackers in the front of the patient/phantom and two behind

• Phantom is assumed to be homogeneous in current MLP methods

Figure from: H.E.S. Pettersen , 2018, “A Digital Tracking Calorimeter for Proton Computed Tomography”



• Earliest results deriving protons internal path between two points

• Analytical formulas account for energy loss in the material
o Based on generalized Fermi-Eyges theory of scattering

o Gaussian distribution of scattering angles

o Derive projected distribution function (mlp)

o Compared with experimental results

• Calculates spatial resolution of 200 MeV protons in
water using varying amount of parameters



• Calculation of the most likely path with known entrance and exit positions and 
angles, along with a probability envelope
o Verified using Monte Carlo simulations (geant4)

• Closely follows the work by Schneider and Pedroni (1994), but simplifies it with a 
χ2 formalism

• MLP predicted path is accurate to < 1 mm

• Observe good agreement between
calculation and Monte Carlo simulation



• Compares three different path-estimation methods used in proton CT
o Straight Line Path (SLP)

o Cubic Spline Path (CSP)

o Most Likely Path (MLP) <- D.C. Williams

• RMS difference between 
MLP and CSP is no more 
than 10%



• Matrix based MLP method employing Bayesian statistics
o Equivalent to MLP formalism by D.C. Williams, but more compact and adaptable

o Applied to scenarios with incomplete proton track information (D.C. Williams’s require 
information about entrance, exit and angle)

• Able to predict MC tracks of 200 MeV                                                                              
protons in water to within 0.6 mm, using                                                                                     
a 3σ cut on the relative exit angle



• Compares SLP and CSP performance with MLP and MC
o Predicting the Bragg peak location

• Employing SLP or CSP may yield lower spatial resolution, but can still accurately 
predict Bragg peak location



• Motivated by the computational burden of MLP, and the reasonably good 
estimation power of CSP 

• Improve the estimation power of CSP by introducing an optimized factor when 
calculating the direction vector magnitude used in CSP.



• A rigorous Bayesian formalism predicting the MLP of any ion between two points
o First to extract ions MLP

• Based on the work by Schulte (2008), but more compact

• The optimized CSP is concluded to be an efficient characterization of MLP



Summary

• All studies apply Gaussian approximation of MCS and use the same scattering 
theory foundation (Fermi-Eyges theory)

• Only homogeneous materials are considered
o Scattering in two perpendicular planes are treated as uncorrelated and investigated 

seperately. 

• The MLP Bayesian formalism has become more compact (2008-2017)
o The CSP formalism provides a good and less resource heavy estimation of the proton 

path  

• All methods (except SLP) report a sub-mm deviation from MC 



Going forward – Bergen pCT

• MC simulations
o Four trackers, two on both sides of a homogeneous water phantom

• Implement CSP method
• Basic and optimized version

• Implement MLP method
o Williams, χ2 formalism
o Fekete, Bayesian formalism

• Investigate the effect of removing                                                                                           
the two front trackers.

• Inhomogeneous materials(?)
o Iteratively update the MLP with                                                                                              

density information
o Take advantage of the information                                                                                            

found in MCS


