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Introduction

Proton CT is not new1

Little interest in the 80s compared to photon CT
Expensive source
Lack of spatial resolution due to multiple Coulomb scattering

Renewed interest with the development of proton therapy
Reduce uncertainty on proton range2

Lower imaging dose
Reduction of metal artifacts

1A.M. Cormack. “Representation of a Function by Its Line Integrals, with Some Radiological Applications”. In:
Journal of Applied Physics 34.9 (1963), pp. 2722–2727.

2H. Paganetti. “Range uncertainties in proton therapy and the role of Monte Carlo simulations”. In: Phys Med
Biol 57.11 (2012), R99–117.
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Proton imaging
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Multiple Coulomb scattering

p+ →

⇒ Poor spatial resolution
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Integrated mode setups
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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. 00 (2018) 000000 (19pp)

Ilaria Rinaldi (Lyon / Maastricht):
acq. in Orsay, PBS+range telescope
Christian Finck (Strasbourg):
simulations for PBS acquisitions

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.

Phys. Med. Biol. 00 (2018) 000000 (19pp)

Hsiao-Ming Lu (Boston): custom
made modulator wheel and a
commercial flat panel)
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Single tracking scanners
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pCT collaboration (Reinhard Schulte): silicon strip trackers, 5-stage
calorimeter
PRaVDA (Nigel Allinson): silicon strip trackers
Bergen project (Helge Pettersen): CMOS telescope, no up-stream trackers
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Most likely path estimation from single tracking data

One can estimate the path of each proton from tracked positions and angles,
assuming an homogeneous object3

Small difference in an object with longitudinal4 and transverse heterogeneities
(Feriel Khellaf, Lyon)

3D.C. Williams. “The most likely path of an energetic charged particle through a uniform medium”. In: Phys
Med Biol 49.13 (2004), pp. 2899–2911.

4C.-A. Collins-Fekete et al. “Extension of the Fermi-Eyges most-likely path in heterogeneous medium with
prior knowledge information”. In: Physics in medicine and biology 62 (24 2017), pp. 9207–9219.
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Nils Krah, Lyon: framework for comparing set-ups5
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with σtin = σtout = 0.5 mm representative of the width of scintillating fibres, σθin = 15 mrad a figure of merit for 
the angular confusion, and σθout → ∞ because no angular information is measured.

Figure 7 intends to provide a more intuitive understanding of the degree of blurring observable in the four 
set-ups. The plots show the (back-projected) profile which would be observed with a density step (e.g. half a 
slab of bone-like material) transversal to the beam axis inserted at some depth within the phantom. Within the 
Gaussian approximation of MCS, such a profile is described by an error function (see section 2.7).

3.4. Pencil beam spot size and pixel size
In the left panel of figure 8, we have calculated the spatial resolution f10% as a function of beam spot size for the 
two PBS-based set-ups. The phantom thickness was 15 cm. The right panel of figure 8 shows the spatial resolution 
as a function of pixel size in the PBS  +  pixel set-up for three different distances of the flat panel to the phantom 
and for a phantom thickness of 15 cm. The PBS  +  range telescope set-up is shown as reference.

Figure 5. Uncertainty envelopes of the four set-ups calculated using equation (20) for different phantom thickness values (1 cm 
and 15 cm, respectively) and detector to phantom distances. 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. Note the 
different scale in the leftmost column.

Figure 6. Average spatial resolution f ave
10% as a function of detector/tracker distance (left) and phantom thickness (right). The 

coloured halo depicts the range [ f min
10%, f max

10%].

Phys. Med. Biol. 00 (2018) 000000 (19pp)

5N. Krah et al. “A comprehensive theoretical comparison of proton imaging set-ups in terms of spatial
resolution”. In: Physics in medicine and biology (2018).
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Proton CT reconstruction using most likely paths

Yair Censor (Haifa): iterative reconstruction can naturally account for curved
paths (and other effects)6

Simon Rit (Lyon): filtered backprojection reconstruction (FBP) algorithms
using backprojection first strategies with small approximations7

6S.N. Penfold et al. “Total variation superiorization schemes in proton computed tomography image
reconstruction”. In: Medical Physics 37.11 (2010), pp. 5887–5895.

7S. Rit et al. “Filtered backprojection proton CT reconstruction along most likely paths”. In: Med Phys 40.3,
031103 (2013), p. 031103.
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Proton CT reconstruction using most likely paths

FBP Iterative

0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

Distance from isocenter (mm)

S
p
a
ti
a
l 
re

s
o
lu

ti
o
n
 (

m
m

)

 

 

FBP

Iterative

8S. Rit and D.C. Hansen. “Comparison of Filtered Backprojection and Iterative Reconstruction for Proton CT
Using Most Likely Paths”. In: IEEE Nuclear Science Symposium and Medical Imaging Conference (NSS/MIC).
Seattle, USA, 2014.

9D.C. Hansen, T. Sangild Sorensen, and S. Rit. “Fast reconstruction of low dose proton CT by sinogram
interpolation”. In: Phys Med Biol 61.15 (2016), pp. 5868–5882.
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Ion radiography and CT

Tim Gehrke and Carlo Amato (Heidelberg): silicon pixel detector system for
helium radiography, potential for spatial resolution improvements (reprinted
from10)
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The doses that correspond to the radiographs analyzed in figure 6–9 are tabulated in table 3. The expected higher 
doses due to nuclear fragmentations for αRad and cRad (see figure 1(c)) are overcompensated by the higher 
losses in pRad due to protons that are scattered out of the detection area for this particular set-up.

5. Discussion

Due to the different physical properties of different ion types with regard to MCS, energy loss straggling and 
dose deposition, their performance in ion imaging differs. Prior works related to the comparison of different 
ion types for ion imaging are mainly based on MC simulations and theoretical considerations, comprising a 
study that compares pCT, αCT and cCT (Hansen et al 2014) and a work on a MLP algorithm for different ions 
types (Collins-Fekete et al 2017). Only a single experimental work on αCT and αRad reports a comparison of 
the SR between a pRad and an αRad, which showed an increased SR of αRad (Volz et al 2017). Our present study 
contributes to the field of research, since it contains—to the best of our knowledge—the first comprehensive 
experimental comparison of radiographs obtained with protons and helium ions, taking into account both SR 

Figure 8. Quantitative comparison of the measured and simulated radiographs obtained with the SLP-reconstruction. Panel 
(a) shows the comparison with respect to the SR. The simulations were performed without pixelation of the detectors. Only one 
simulated αRad for the air gap at 0 mm was obtained with the worst-case pixelation of 55 μm to show the effect on the SR. Panel (b) 
shows the CNR comparison. For clarity of the figure, the results of the CSP and APR algorithm are not shown.
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Figure 9. Image quality parameters for the simulated pRads, αRads and cRads obtained with the CSP algorithm. Panel (a) shows 
the SR values of the three imaging modalities, while (b) shows the CNR. The results of the other reconstruction algorithms provide 
similar ratios comparing the different ion types and are not shown for reasons of clarity.

Table 3. Imaging doses of the radiographs analyzed in figure 6–9. They were obtained by MC simulations (including effects of nuclear 
interactions). Calculations were conducted without (with) the consideration of experimental losses in detection efficiency due to the 
filtering of signals with degraded information (see section 3.5).

Dose of iRads of figure 6–8 (μGy) Dose of iRads of figure 9 (μGy)

pRad 250 (460) 1490 (2740)

αRad 210 (470) 1280 (2830)

cRad 230 (a) 1350 (a)

a Calculations with the consideration of experimental losses could not be performed for the simulated cRads.

Phys. Med. Biol. 63 (2018) 035037 (18pp)

Sebastian Meyer (Munich): quantitative investigation of helium and carbon
CT, including clinical applications11

10T. Gehrke et al. “Theoretical and experimental comparison of proton and helium-beam radiography using
silicon pixel detectors”. In: Physics in medicine and biology 63 (3 2018), p. 035037.

11S. Meyer et al. “Comparative Monte Carlo study on the performance of integration- and list-mode detector
configurations for carbon ion computed tomography”. In: Physics in medicine and biology 62 (3 2017),
pp. 1096–1112.
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Particle filtering / “Cuts”

Selecting only particles that have not encountered nuclear interactions:
Charles-Antoine Collins-Fekete (London): a most likely generating process
filter in particle imaging,
Lennart Volz (Heidelberg): importance of data filtering in helium CT.
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Alternative approaches for proton CT

Guillaume Landry (Munich): fluence field modulated proton CT to (further)
reduce the imaging dose12.

Catherine Therese Quiñones (Lyon): scattering proton CT to reconstruct the
scattering power13.

Jean Michel Létang (Lyon): combination with dual-energy CT to reconstruct
the map of the mean excitation energy14.

12G. Dedes et al. “Application of fluence field modulation to proton computed tomography for proton therapy
imaging”. In: Physics in medicine and biology 62 (15 2017), pp. 6026–6043.

13C.T. Quiñones. “Proton computed tomography”. PhD thesis. Institut National des Sciences Appliquées
(INSA) de Lyon, 2016.

14G. Vilches-Freixas et al. “Deriving the mean excitation energy map from dual-energy and proton computed
tomography”. In: Physics and Imaging in Radiation Oncology 6 (2018), pp. 20–24.
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Discussion on clinical workflows

With current systems, ion radiography can be used in combination with a
pre-treatment x-ray CT for verification of the treatment planning.

Use of ion CT for treatment planning or image guidance probably requires
further improvements of single tracking set-ups, e.g., faster acquisitions,
larger field-of-view and more compact scanners.
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Conclusions

Several teams have demonstrated experimental feasibility of ion CT (protons
and other ions), in integrated and single tracking modes
Large improvement in spatial resolution with single tracking
Further improvement with other ions than proton
Importance of data filtering prior to reconstruction
Several efficient FBP and iterative reconstructions with single tracking
Network of groups working on ion imaging, see http://ionimaging.org
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