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Context

List-mode proton CT for most-likely path (MLP) estimation

3

N Krah et al

2.1.2.  Passive field  +  pixel detector
(Lower left panel in figure 1) In a treatment facility with passive double scattering beam delivery, it has been 
proposed to irradiate the patient with an extended field and capture the protons with a position sensitive single 
plane detector placed behind the patient (Zygmanski et al 2000, Lu 2008, Muraishi et al 2009, Seco and Depauw 
2011, Testa et al 2013). The initial beam energy is modulated, e.g. with a spinning wheel with decreasing material 
thickness, while each detector pixel records the signal over time. The WET of the patient is estimated pixel per 
pixel from the shape of the so-obtained dose rate functions (Jee et al 2017, Zhang et al 2018). We will refer to this 
type of set-up with the abbreviated term ‘passive  +  pixel’.

2.1.3.  PBS  +  pixel detector
(Lower right panel in figure 1) A similar set-up can be used in combination with pencil beam scanning (PBS). 
Again, the initial beam energy must be modulated, either directly in case of a synchrotron accelerator or through 
a range modulator device in case of a cyclotron accelerator (Bentefour et al 2016). Telsemeyer et al (2012) used 
such a set-up in combination with carbon ion beams, but the principles are equivalent. The WET is determined 
essentially by identifying the beam energy for which the protons range out in the single plane detector. Contrary 
to the passive field set-up, the protons are known to have entered the patient in a relatively small region 
(≈50–100 mm2) around the centre of the pencil beam. Therefore, geometrical information is available to the 
tomographic reconstruction algorithm, both, by the pencil beam position and the pixel location. We call this type 
of set-up ‘PBS  +  pixel detector’.

2.1.4.  PBS  +  range telescope
(Upper right panel in figure 1) The fourth type of set-up considered in this work combines pencil beam scanning 
with a detector which is not position sensitive. When using a range telescope, typically realized as multi layer 
ionisation chamber (Rinaldi et al 2013, 2014, Farace et al 2016), the WET can be estimated from the measured 
integrated depth dose profiles, essentially from the Bragg peak position (Krah et  al 2015). Because range 
information is obtained from the integral signal over the entire ionisation chamber planes, the detector does 
not provide geometrical information. A two dimensional image is constructed based on the known pencil beam 
spot position, so that each spot corresponds to one image pixel. Alternatively, a calorimeter can be used instead of 
the range telescope to measure the protons residual energy (Rescigno et al 2015). We use the term ‘PBS  +  range 
telescope’ to collectively refer to this set-up category.

The above descriptions are to summarise the most important aspects of the four imaging set-ups and many 
technical details could certainly be added to each of them. We wish to underline that the purpose of this work is 
to compare types of imaging systems based on the characteristic properties rather than to make statements about 
specific implementations of these systems.

Figure 1.  Schematic illustration of the four types of proton imaging set-ups compared in this work.
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Figure from [Krah et al., 2018]
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Reconstruction algorithms with MLP

Direct reconstruction algorithms based on filtered backprojection
Filtering according to the distance to a straight line [Cirrone et al., 2011],
Distance driven binning [Rit et al., 2013],
Backprojection then filtering [Poludniowski et al., 2014],
Differentiated backprojection [Rit et al., 2015],
Maximum likelihood high resolution radiographies [Collins-Fekete et al., 2016],
Directional ramp filter (new).
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Reconstruction algorithms with MLP

Iterative reconstruction algorithms
ART [Li et al., 2006],
Total variation superiorization [Penfold et al., 2010], DROP [Penfold, 2010],
Statistical reconstruction [Hansen, 2014],
...
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Comparison of reconstruction algorithms

Existing comparisons between
iterative algorithms [Penfold and Censor, 2015]
iterative algorithms + one direct algorithm [Hansen et al., 2016].
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Objective

Comparison of 4 direct reconstruction algorithms from simulated data:
Distance driven binning [Rit et al., 2013],
Backprojection then filtering [Poludniowski et al., 2014],
Differentiated backprojection [Rit et al., 2015],
Directional ramp filter (new).
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Simulations

Monte Carlo simulations with Gate [Jan et al., 2011] (based on Geant4
[Agostinelli et al., 2003])

Most likely path estimation of [Schulte et al., 2008]

Two phantoms for the assessment of the spatial resolution [Rit et al., 2013]
Catphan resolution phantom
Water cylinder with inserts at different depths
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Backprojection/binning in list-mode pCT

Γ̂i

xout
Γ

Θi,l ' θk

x in
Γ̂i(ti,l)

ζj

Discretize space, voxel index j

Discretize directions, direction index k

Sample the most-likely path Γ̂i , position index l
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Backprojection/binning in list-mode pCT

Γ̂i

xout
Γ

Θi,l ' θk

x in
Γ̂i(ti,l)

ζj

Average measurement bj,k of protons going through the same voxel j with the
same direction k according to their most-likely path

bj,k =

∑
i,l ζj(Γ̂i(ti,l))ξk (Θi,l)gi∑

i,l ζj(Γ̂i(ti,l))ξk (Θi,l)
(1)
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Backprojection/binning in list-mode pCT
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Backprojection/binning in list-mode pCT
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Distance driven binning [Rit et al., 2013]

Backprojection/binning of each
direction on a grid parallel to the
detector,

Ramp filtering of each line,
Rotate,
Sum.
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Backprojection then filtering [Poludniowski et al., 2014]

Sum all directions of the
backprojection/binning,

2D filtering,
Correction of DC offset (truncated
backprojection).
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Backprojection then filtering [Poludniowski et al., 2014]

Sum all directions of the
backprojection/binning,
2D filtering,

Correction of DC offset (truncated
backprojection).
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Backprojection then filtering [Poludniowski et al., 2014]

Sum all directions of the
backprojection/binning,
2D filtering,
Correction of DC offset (truncated
backprojection).
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Differentiated backprojection [Rit et al., 2015]

Based on [Zeng, 2007]
Two weighted sum of the
backprojection/binning,

Derivatives along lines / columns,
Sum and finite Hilbert inverse.
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Directional ramp filter

Ramp filtering each direction of the
backprojection/binning in an oblique
direction,

Sum.
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Directional ramp filter

Ramp filtering each direction of the
backprojection/binning in an oblique
direction,
Sum.
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Results: spatial resolution
DD BPF
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Results: spatial resolution
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Results: accuracy and precision
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ROI1 ROI2
mean std mean std

DD 0.997 0.043 0.986 0.046
BPF 1.004 0.049 0.989 0.056
DBP 0.997 0.040 0.987 0.046
DR 0.996 0.053 0.988 0.058
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Results: accuracy and precision
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ROI1 ROI2
mean std mean std

DD 0.999 0.037 0.999 0.037
BPF 1.005 0.040 0.998 0.039
DBP 0.997 0.032 0.998 0.033
DR 0.998 0.042 0.998 0.043
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Conclusions

Comparison of four direct reconstruction algorithms
On-going work to include other algorithms

Small differences in spatial resolution where MLP uncertainty is small
Will likely vanish when accounting for tracker uncertainty

Comparable accuracy except for a slight bias in BPF

Better precision when spatial resolution is less good

Differences in computational times: DD / DR >> BPF / DBP
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