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Disclaimer

Follow up to Feriel’s presentation at the Loma Linda workshop in 20201 based on
her journal article2.

1F. Khellaf et al. “A deconvolution method to improve spatial resolution in proton CT”. In: The Sixth Loma Linda Workshop. Loma Linda, USA, 2020.
2F. Khellaf et al. “Projection deconvolution for proton CT using the spatially variant path uncertainty”. In: IEEE Trans Radiat Plasma Med Sci

(2022). DOI: 10.1109/TRPMS.2022.3167334.
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Spatial resolution in ion CT

Limited by the stochastic curved path due to Coulomb scattering.
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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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The lower row of figure 3 depicts the relative difference between σMLP(u) obtained from the MC simulations 
and calculated through our amended analytical formalism. From the MC simulations, σMLP(u) was estimated as 
standard deviation of the simulated proton trajectories. The coloured blue halo gives the standard error of the 
standard deviation of the simulated proton trajectories.

3.2.  Idealised set-up parameters
We used a set of idealised set-up parameters for each of the set-ups. Their purpose was to provide a reference 
case in which MCS was the only source of uncertainty while neglecting set-up related factors. Specifically, where 
appropriate, we assumed perfectly precise trackers, an infinitely thin pencil beam, infinitely small pixels, and a 
proton field which follows a perfect cone beam geometry without angular confusion (i.e. no residual scattering 
due to elements along the beam line). The parameters are summarised in the upper half of table 2. Figure 4 
presents an overview of the uncertainty envelopes for the four set-ups under idealised conditions. We set 
WETphantom = 15 cm and dentry = dexit = 15 cm as moderate choice of geometric parameters.

3.3.  Non-idealised geometric set-up parameters
Figure 5 illustrates examples of uncertainty envelopes under non-idealised conditions for different distances 
dentry and dexit and phantom thickness values WETphantom, and figure 6 shows the dependence of the spatial 
resolution f10% on the distance between detector/trackers and phantom (left) and on the phantom thickness 
(right). For the Σin and Σout matrices, we used the parameters reported in the lower half of table 2. The value 
σθin = 15 mrad corresponds to the angular confusion created by a 1 mm lead foil in double scattering.

For completeness, we have calculated the spatial resolution for single tracking set-ups which do not measure 
the protons’ propagation angle (violet curve in figure 6). We set Σin = diag(σtin ,σθin) and Σout = diag(σtout ,σθout), 

Figure 3.  Upper row: Uncertainty envelopes obtained with Geant4/Gate simulation with the emstandard physics list (yellow) and 
the QGSP-BIC full physics list (blue). The dashed envelope shows the analytically calculated σMLP(u) (equation (24)). Note the 
different scales used for the y-axis. Lower row: Relative difference between the analytically calculated and the MC simulated values of 
σMLP(u). The blue halo gives the statistical uncertainty due to the limited number of selected events in the MC simulation.

Figure 4.  Uncertainty envelopes of idealised set-ups calculated using equation (20). The protons propagate from left to right and the 
origin of the depth coordinate refers to the entrance surface of the phantom. For the single tracking set-up, the two vertical dashed 
lines indicate the proton tracker pairs. For the other three set-ups, the vertical dashed line to the right of the phantom refers to the 
detector, although this is for reference purpose only in the case of the range telescope which does not provide spatial information. 
Note the different scale in the leftmost panel.

Phys. Med. Biol. 63 (2018) 135013 (19pp)

Even with pairs of ideal trackers before and after the scanned object, the spatial
resolution will be limited by the uncertainty on the most likely path3.

3N. Krah et al. “A comprehensive theoretical comparison of proton imaging set-ups in terms of spatial resolution.”. In: Phys Med Biol 63.13 (13
2018), p. 135013. DOI: 10.1088/1361-6560/aaca1f.
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Resolution modeling

“Aims to model the very phenomena that degrade resolution within the
reconstruction algorithm”4

Clinically used in emission tomography, has also been investigated in x-ray CT5

4A. Rahmim, J. Qi, and V. Sossi. “Resolution modeling in PET imaging: Theory, practice, benefits, and pitfalls”. In: Med Phys 40.6Part1 (2013),
p. 064301. DOI: 10.1118/1.4800806.

5S. Tilley II, J.H. Siewerdsen, and J.W. Stayman. “Model-based iterative reconstruction for flat-panel cone-beam CT with focal spot blur, detector
blur, and correlated noise.”. In: Phys Med Biol 61.1 (2016), pp. 296–319. DOI: 10.1088/0031-9155/61/1/296.
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Goal

Deconvolve the blur due to the path uncertainty in the distance-driven binning
algorithm6.

6S. Rit et al. “Filtered backprojection proton CT reconstruction along most likely paths”. In: Med Phys 40.3, 031103 (2013), p. 031103. DOI:
10.1118/1.4789589.
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Simulated scanners with GATE
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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.

Phys. Med. Biol. 63 (2018) 135013 (19pp)

1 Ideal trackers: perfect measurements of the
position and direction of the protons before
and after the object

2 Realistic trackers: postprocessing of ideal
data using

a strip pitch of 228 µm,
a material budget of x/X0 = 5× 10−3,
a distance of 10 cm between the trackers,

i.e. in usual specifications of pCT scanners7.

7V.A. Bashkirov et al. “Development of proton computed tomography detectors for applications in hadron therapy”. In: Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 809 (2016), pp. 120–129. DOI:
10.1016/j.nima.2015.07.066.
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Test object
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Distance-driven binning

gj,k ,p =

∑
i∈Ip

ζj(ui,k , vi,k ,wk )WEPLi∑
i∈Ip

ζj(ui,k , vi,k ,wk )
(1)

with Ip the subset of protons for a given
detector orientation and ζj the indicator
function of the j-th pixel.

Projection deconvolution for proton CT using the spatially variant path uncertainty Munich, October 13, 2022 S. Rit 8



Introduction Materials and Method Results Conclusions

Distance-driven binning

Projection deconvolution for proton CT using the spatially variant path uncertainty Munich, October 13, 2022 S. Rit 8



Introduction Materials and Method Results Conclusions

Distance-driven binning
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Blur model8

The likelihood that a proton passes through an intermediate position y1 and ỹout
given ỹ in is

L(y1, ỹout|ỹ in) =

∫
Lscat(y1|y in)Lmeas(ỹ in|y in) dy in

×
∫

Lscat(yout|y1)Lmeas(ỹout|yout) dyout

(1)

8N. Krah et al. “A comprehensive theoretical comparison of proton imaging set-ups in terms of spatial resolution.”. In: Phys Med Biol 63.13 (13
2018), p. 135013. DOI: 10.1088/1361-6560/aaca1f.
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Blur model8

The likelihood that a proton passes through an intermediate position y1 and ỹout
given ỹ in is

L(y1, ỹout|ỹ in) =

∫
Lscat(y1|y in)Lmeas(ỹ in|y in) dy in

×
∫

Lscat(yout|y1)Lmeas(ỹout|yout) dyout

(1)

∝ exp

(
−1

2
(y1 − yMLP(w))TΣMLP(w)−1(y1 − yMLP(w))

)
(2)

under the usual Gaussian approximation.

8N. Krah et al. “A comprehensive theoretical comparison of proton imaging set-ups in terms of spatial resolution.”. In: Phys Med Biol 63.13 (13
2018), p. 135013. DOI: 10.1088/1361-6560/aaca1f.
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Blur model8

The likelihood that a proton passes through an intermediate position y1 and ỹout
given ỹ in is

L(y1, ỹout|ỹ in) =

∫
Lscat(y1|y in)Lmeas(ỹ in|y in) dy in

×
∫

Lscat(yout|y1)Lmeas(ỹout|yout) dyout

(1)

∝ exp

(
−1

2
(y1 − yMLP(w))TΣMLP(w)−1(y1 − yMLP(w))

)
(2)

under the usual Gaussian approximation.
yMLP(w)1 is the most likely position,
ΣMLP(w)1,1 is the squared path uncertainty σMLP(w)2

8N. Krah et al. “A comprehensive theoretical comparison of proton imaging set-ups in terms of spatial resolution.”. In: Phys Med Biol 63.13 (13
2018), p. 135013. DOI: 10.1088/1361-6560/aaca1f.
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Shift-variant blur

Distance-driven binning of the path uncertainty

σj,k ,p =

√√√√∑i∈Ip
ζj(ui,k , vi,k ,wk )σ2

MLP,i(wk )∑
i∈Ip

ζj(ui,k , vi,k ,wk )
(3)

The projection g resulting from the distance-driven binning is the result of a
shift-variant blur of the non-blurred projection g∗

gk ,p = Hk ,pg∗k ,p (4)

where hj−m,m,k ,p is computed from a 1D Gaussian function due to the Gaussian
model used for the MLP uncertainty

hj−m,m,k ,p =
1√

2πσm,k ,p
exp

(
− (j −m)2τ2

2σ2
m,k ,p

)
(5)
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One-dimensional deconvolution

The problem
ĝk ,p = arg min

g∗
k,p

||Hβ
k ,pg∗k ,p − gk ,p||22 + α2||∇g∗k ,p||

2
2 (6)

was solved with a conjugate gradient method. It has two hyper-parameters:
α controls the spatial regularization9,
β ∈ (0,1] is an underestimation of the uncertainty to reduce overshoot
artifacts10,11.

9J. Nuyts. “Unconstrained image reconstruction with resolution modelling does not have a unique solution”. In: EJNMMI Physics 1.1 (2014), p. 98.
DOI: 10.1186/s40658-014-0098-4.

10S. Tong et al. “Properties and mitigation of edge artifacts in PSF-based PET reconstruction”. In: 58.5 (2011), pp. 2264–2275. DOI:
10.1109/TNS.2011.2164579.

11S. Stute and C. Comtat. “Practical considerations for image-based PSF and blobs reconstruction in PET”. In: Phys Med Biol 58 (11 2013),
pp. 3849–3870. DOI: 10.1088/0031-9155/58/11/3849.
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Blur model - Ideal trackers
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Blur model - Realistic trackers

Projection deconvolution for proton CT using the spatially variant path uncertainty Munich, October 13, 2022 S. Rit 13



Introduction Materials and Method Results Conclusions

Resolution phantom
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Overshoot artifacts
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Resolution phantom

Ideal trackers Realistic trackers
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ICRP phantom - Head
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ICRP phantom - Lungs
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Conclusions

Blur in binned projections due to MCS can be modeled under a Gaussian
approximation.

Proof-of-concept 1D deconvolution of projections obtained with
distance-driven binning with spatial regularization and correction of overshoot
artifacts.

Resolution modeling has the potential to improve spatial resolution.
Up to 29% without introducing overshoot artifacts in the resolution phantom.
Visual enhancement of spatial resolution in anthropomorphic images which had
less overshoot artifacts.

Potential improvements with alternative approaches (2D/3D deconvolution,
iterative reconstruction12, etc.)

12D. Wang, T.R. Mackie, and W.A. Tomé. “On the use of a proton path probability map for proton computed tomography reconstruction”. In: Med
Phys 37.8 (2010), pp. 4138–4145.
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Tuning of the hyperparameters

Ideal trackers Realistic trackers
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Uncertainty maps
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Uncertainty maps
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Uncertainty maps
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