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A B S T R A C T

Purpose: An analytical simulator of ion Radiography (iRad) and Computed Tomography (iCT) for protons is
proposed to serve as imaging benchmark for different detector configurations.
Methods: The analytical simulator is applied to an anthropomorphic phantom and provides iRad and iCT
benchmarks. Proton trajectories are traced relying on the Most Likely Path (MLP) algorithm. To simulate the
proton trajectories the Multiple Coulomb Scattering (MCS) model embedded in the MLP algorithm is extended to
non-uniform water equivalent materials according to variable substitution in the well-known statistical de-
scription in uniform water. The proton trajectories are instead estimated relying on the typical assumption of
uniform water, thus causing intrinsic inaccuracies of the MLP algorithm. In this work the analytical simulator is
used to explore and firstly compare the imaging performances of list-mode and integration-mode detector
configurations with proton pencil beam scanning.
Results: The intrinsic inaccuracies of the MLP algorithm affect the imaging performances of list-mode detector
configuration, which nevertheless remains superior to integration-mode detector configuration for iCTs. For
relatively higher proton statistics, comparable or better imaging performances are offered by integration-mode
detector configuration for iRads (upto 29.2% of WET difference). Uncertainties of proton trajectories due to
beam spot size are shown to compromise the imaging performances of integration-mode detector configuration,
but also to affect the accuracy of the MLP algorithm for list-mode detector configuration.
Conclusions: Based on MCS model in non-uniform water equivalent materials, the proposed simulation en-
vironment can serve for development and testing of dedicated imaging methodologies prior to and in combi-
nation with realistic Monte Carlo simulations.

1. Introduction

Compared to photon beam therapy, ion beam therapy enables im-
proved targeting of the therapeutic dose to the tumor, relying on the
Bragg peak [1,2]. Full clinical exploitation of the physical and biolo-
gical advantages offered by ion beam therapy is still challenged by
underlying inaccuracies in treatment planning and delivery, especially
due to uncertainties in the used patient model. These planning un-
certainties mainly relate to conversion of the X-ray Computed Tomo-
graphy (CT) image, expressed as relative photon linear attenuation
coefficients in Hounsfield Units (HU), into the ion stopping power re-
lative to water, or the relative Water Equivalent Path Length (rWEPL)
[3,4]. Additional delivery uncertainties are due to inter- and intra-

fractional anatomical changes occurring during the course of the
treatment [5,6].

Radiographic and tomographic ion imaging [7–9], or ion Radio-
graphy (iRad) and ion Computed Tomography (iCT) respectively, are
increasingly emerging research concepts in ion beam therapy [10–12].
Their rationale relies on the information retrieved by highly energetic
ions that completely traverse the object of interest. An iRad provides
the Water Equivalent Thickness (WET) of the object of interest relying
on the approximate energy independence of the stopping power ratios
in the energetic regimes of interest [13]. Extending the use of multiple
iRads acquired by either rotating the object of interest or the beam
delivery system for tomographic acquisition, the iCT image can be re-
constructed as spatial distribution of rWEPLs, thus basically eluding the
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uncertainties inherent in the conversion of X-ray CT image into rWEPL.
The detector configuration originally designed for iCT imaging is

composed of a total absorption detector (i.e., a calorimeter) to measure
the residual energy of each individual ion and a synchronized tracking
system [14–20]. The tracking system consists of two pairs of thin silicon
detector layers placed prior (entrance position) and posterior (exit po-
sition) to the object of interest in order to measure position and angle of
the ion. Thus, such a detector configuration is defined as “list-mode”.
Simplified configurations are derived by removing the tracking system
[21] with advantages in terms of realization costs and clinical im-
plementation. In pencil beam scanning these detector configurations
are typically defined as “integration-mode”, as the residual energy
measurement is carried out for the ion ensemble of each pencil beam. In
particular, the total absorption detector can be discretized into a stack
of absorbers interleaved with detector layers to obtain a discrete Bragg
peak signal, thus retrieving the ion range instead of the residual energy
[14,22]. This integration-mode detector configuration has been initially
explored in the research context of carbon ion beam therapy. Ambi-
guities in range signals occur in the presence of material heterogeneities
within the object of interest. For protons, these ambiguities increase
due to larger Beam Spot Size (BSS) and Multiple Coulomb Scattering
(MCS). Prior knowledge of the Bragg peak shape enables the applica-
tion of signal processing methodologies capable of decomposing the
signal into a linear combination of pristine Bragg peaks, thus recovering
the individual WET components as a WET histogram [23]. Based on
decomposition and in the presence of overlapping pencil beams due to
BSS and MCS, the spatial information of WET components can be par-
tially recovered to compensate for the loss of spatial resolution in the
integration-mode detector configuration. These signal processing
methodologies, adapting the WET histogram of each pencil beam based
on anatomical priors [24] or working on the WET histogram of a
neighborhood of pencil beams [25] have paved the way towards ex-
ploration of the integration-mode detector configuration in the research
context of proton beam therapy. However, no comparative investiga-
tions with respect to the list-mode detector configuration for protons
have been performed yet.

The technology developments in iRad and iCT are calling for dedi-
cated imaging methodologies to make the most of the available in-
formation acquired with the selected detector configuration [26]. With
the integration-mode detector configuration, tomographic image re-
construction relies on an imaging system model based on straight in-
tegration lines [23,27]. Although this is justified for carbon ions, al-
gorithms have been specifically developed for protons to estimate the
curved proton trajectory [28,29]. With the list-mode detector config-
uration, an estimation of the proton trajectory in uniform water is given
by the Most Likely Path (MLP) algorithm, which is based on the in-
clusion of the Fermi-Eyges MCS model in the Bayes’ formalism
[30,31,32]. In principle, the MLP algorithm can be provided with MCS
model extended to uniform water equivalent materials (water with
uniform rWEPL different from one) and, when priors about hetero-
geneities are available, to non-uniform water equivalent materials
(water with non-uniform rWEPLs different from one). However, the

traversed object of interest is typically assumed to be uniform water and
imaging methodologies are not extended either to uniform or non-
uniform water equivalent materials. Conversely, the extension to ma-
terials non-equivalent to water requires a detailed physical character-
ization in terms of density and elemental composition of the object of
interest [33].

In this work we firstly extend the MCS model embedded in the MLP
algorithm to non-uniform water equivalent materials according to
variable substitution in the well-known statistical description in uni-
form water. Secondly, we propose the so called PiRadAS or Proton
imaging (Radiographic and Tomographic) Analytical Simulator, an
analytical simulator of proton iRad and iCT to enable the development
and testing of imaging methodologies [34]. The analytical simulator
relies on the MLP algorithm provided with the MCS model extended to
non-uniform water equivalent materials of the iCT reference. Finally,
we make use of PiRadAS to compare the imaging performances of list-
mode and integration-mode detector configurations, the latter enabled
with a decomposition of the Bragg peak signal, with proton pencil beam
scanning.

2. Material and methods

2.1. The imaging system model

In this work, PiRadAS is applied to the anthropomorphic non-uni-
form rational B-spline cardiac and torso (NCAT) phantom, version 2.0.2
[35]. The phantom represents the human anatomy and allows to model
anatomical changes due to breathing and heart beating. Firstly, the
photon linear attenuation coefficients of the phantom are linearly
converted to HU and secondly to rWEPL, relying on realistic piecewise-
linear calibration curves. The tomographic domain is parameterized in
x y z( , , ) with z representing the rotational axis of the imaging system.
For each z , the projection lines are defined as = +xcos ysin , where
is the projection angle, while the integration lines are defined as
= ycos xsin , and thus perpendicular to the projection line. The

pencil beam position is therefore identified by z( , ) in the radiographic
domain (i.e., the sinogram), which is therefore parameterized in

z( , , ). The iCT reference in the tomographic domain is the spatial
distribution of rWEPLs, directly given as input to the PiRadAS in order
to describe the object of interest. The iRad reference in the radiographic
domain is calculated as:

= + == =WET z rWEPL cos sin cos sin z rWEPL z( , , ) ( , , ) ( , , , )D D
1 1

where = D{1, , } is the discretization index of the integration line.
Both radiographic and tomographic domains are discretized by the
pencil beam binning , which represents the voxel size of the tomo-
graphic domain and the pixel size of the radiographic domain, respec-
tively. The geometrical and physical parameters of the analytical si-
mulations based on PiRadAS are detailed in Table 1, with respect to the
parameters of an original PiRadAS. The original PiRadAS is provided
with proton statistics that are able to cover, entirely or partially, the
voxel of the tomographic domain (for the given geometrical

Table 1
The geometrical and physical parameters of PiRadAS. The parameters adopted for the original PiRadAS are specified in bold.

Geometry
Radiography sampling Isotropic size of the pencil beam binning, (cm) {0.30; 0.15}

Number of bins along , N {128; 256}
Number of bins along z, Nz {100; 200}

Tomography sampling Size of the angular step in , (°) {2.0; 1.0; 0.5}
Number of the angular steps in , N {180; 360}

Physics
Beam energy Energy of the pencil beam, Ep (MeV) {280; 300}
Proton statistics Number of proton trajectories per pencil beam, Np {100,75,50,25,20,15,10,5,3,1}
Beam spot size Standard deviation of the BSS, BSS (cm) {0.0 (i.e., ideal pencil beam), 0.3; 0.6}
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parameters). Since this number is progressively reduced (Table 1), the
number of proton trajectories of the original PiRadAS can be regarded
as relatively high proton statistics.

2.2. The MCS model in non-uniform water equivalent materials

Firstly, the MCS model in uniform water is translated into the dis-
crete form (see description in supplementary material). Secondly, the
MCS model is extended to non-uniform water equivalent materials. In
particular, the physical characterization of water in terms of density
and elemental composition is maintained, whereas the discretization
index adopted for the MCS model in uniform water is replaced ac-
cording to variable substitution by the water equivalent cumulative
vector = = =rWEPL z rWEPL z{ ( , , , ), , ( , , , )}we

D
1

1
1 , with
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Both the MCS models in uniform water and in non-uniform water
equivalent materials are validated with respect to Monte Carlo (MC)
simulations. Relying on the FLUKA platform [23,36,37], the water
equivalent materials are obtained by scaling the density for charged
particle ionization processes in water (excluding both elastic and in-
elastic nuclear interactions). Ideal pencil beams (annulled BSS) com-
posed of 106 protons are simulated at 280MeV and 300MeV in 20 cm3

uniform water with differently scaled mass density, and scored at 20 cm
depth. The density is scaled by 0.6 and 1.4. Moreover, a total of 2480
ideal pencil beams each composed of 106 protons are simulated at
aforementioned energies in the non-uniform water equivalent materials
defined by integration lines of the anthropomorphic phantom with
approximately 20 cm length (± 1 voxel). A bivariate Gaussian fitting is
applied to the distribution of position and angle deviations. The dif-
ference between fitted (from MC simulations) and analytically calcu-
lated standard deviations is quantified. Accuracy and precision of the
MCS model in non-uniform water equivalent materials with respect to
MC simulations are then expressed as median value and interquartile
range among the integration lines of the anthropomorphic phantom.

2.3. Simulation of the proton trajectory in non-uniform water equivalent
materials

The proton trajectory deviates along the integration line from the
pencil beam position z( , ) due to MCS and BSS. A (constant) standard
deviation BSS describes the Gaussian distribution due to BSS in air
whereas the standard deviations t MCSwe and t MCSwe describe the bi-
variate Gaussian distribution of position and angle deviations t and t
due to MCS in non-uniform water equivalent materials. The bivariate
Gaussian distribution accounting for both MCS and BSS at the exit

position of the object of interest is calculated according to the con-
volution of t MCSwe with BSS, thus leading to +t MCS BSSwe . The selection of
the entrance and exit position deviations is based on a uniform random
sampling of a standard Gaussian distribution (i.e., with zero mean and
unit standard deviation), with a number of samples coinciding with the
proton statistics of the pencil beam. These samples are then multiplied
by the standard deviation +t MCS BSSwe , thus obtaining the position de-
viations t t( , )z . The most probable angle deviations t t( , )z are then
calculated as:

=

=
+

+

t t

t tz z

t MCSwe
t MCSwe BSS

t MCSwe
t MCSwe BSS

thus resulting in linear functions of the position deviations. The simu-
lation of the proton trajectories relies on the MCS model in non-uniform
water equivalent materials embedded in the MLP algorithm (see de-
scription in supplementary material). The simulated proton trajectory is
therefore defined as t t( , )MLP z MLPwe we and is traced as unitary voxels
centered in t t( , )MLP z MLPwe we .

2.4. List-mode and integration-mode detector configurations

The WET components in the radiographic domain of each pencil
beam are analytically calculated by integrating the iCT reference along
the traced trajectories t t( , )MLP z MLPwe we as:

where =p N{1, , }p is the proton index.
In the list-mode detector configuration the WET components

WET z( , , )p are stored independently for each proton of the pencil
beam. Therefore, a 4D sinogram, parameterized in z p( , , , ) is ob-
tained.

In the integration-mode detector configuration the WET compo-
nents WET z( , , )p are instead stored as a histogram for the proton
ensemble of each pencil beam (i.e., the WET histogram of the WET
components). Therefore, a 4D sinogram, parameterized in z s( , , , ) is
obtained, where s corresponds to the discretization index for the stacks
of the total absorption detector. The discretization defining the number
of WET components of the WET histogram is set to 179 discretization
indexes, slightly larger than the maximum integer WET of the iRad
reference (46 cm). Consequently, the WET histogram is obtained using
the decomposition of the signal in a linear combination of pristine
Bragg peak signals. Hence, the WET component with maximum oc-
currence can be selected as WETmax along the integration line.
Alternatively, the WET components, weighted for the corresponding
occurrences, are averaged to obtain the WETmean along the integration
line.

2.5. Tomographic image reconstruction

The tomographic image reconstruction relies on the Simultaneous
Algebraic Reconstruction Technique (SART), which is considered state-
of-the-art for transmission tomographic reconstruction [38]. In fact, the
SART reconstruction is feasible even with a limited number of projec-
tions due to dosimetric and/or geometrical constraints, where the
continuity of image and projection functions is not guaranteed. Dif-
ferent system matrices are implemented for list-mode and integration-
mode detector configurations. The system matrix for the list-mode de-
tector configuration requires estimation of proton trajectories relying
on the MCS model in uniform water embedded in the MLP algorithm
(see description in supplementary material). The estimated proton tra-
jectory is therefore defined as t t( , )MLP z MLP and, similarly for
t t( , )MLP z MLPwe we , is traced as unitary voxels centered in t t( , )MLP z MLP .

= + + + +
=

WET z rWEPL t cos sin cos t sin z t( , , ) (( ) , ( ) , )p
D

MLP MLP z MLP1
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The intrinsic inaccuracies of the MLP algorithm, related to simulating
the proton trajectories in non-uniform water equivalent materials and
estimating them in uniform water, determine the ill-posed nature of
tomographic image reconstruction in iCT imaging. The self-consistent
reconstruction makes the estimation consistent with the simulation by
using the simulated proton trajectories directly as estimation. In other
words, the imaging system model is used for both simulation and es-
timation, thus excluding the intrinsic inaccuracy of the MLP algorithm.
The proton trajectories are traced only within the object of interest
relying on prior knowledge about edges of the object of interest. Con-
versely, the system matrix for the integration-mode reconstruction is a
geometrical system matrix, thus treating the integration line as a tra-
jectory. For a valid comparison, the same priors used for the list-mode
detector configuration are adopted and outside the object of interest no
lines are traced.

A schematic representation of the analytical simulator for proton
iRad and iCT is displayed in Fig. 1.

2.6. Quantitative analysis

The imaging performances of the list-mode detector configuration,
including self-consistent reconstruction, are compared to the imaging
performances of the integration-mode detector configuration. The in-
fluence on imaging performances of the physical and geometrical
parameters reported in Table 1 is explored. The following quantifica-
tions of imaging performances are assessed in both radiographic and
tomographic domains in terms of:

• Difference of WET (radiographic domain) and rWEPL (tomographic
domain) to iRad and iCT references, respectively, to globally
quantify and statistically analyze the performance.
• Median value and interquartile range of the rWEPL difference to iCT

reference within anatomical regions of interest of the anthro-
pomorphic phantom to locally quantify the performance: heart,
liver, lung lesion and lung [39].
• Spatial resolution of the lung lesion (i.e. lung as background),
quantified at the 10% of the Modulation Transfer Function (MTF)
[40].

3. Results

3.1. Validation of the MCS model in non-uniform water equivalent
materials

The quantification of the MCS models in uniform water and in
uniform and non-uniform water equivalent materials with respect to
MC simulations is provided in Table 2.

The disagreement of the MCS model in uniform water with respect
to MC simulations is compatible with the adjustability of the formula
due to corrections or constant refinements (see description in supple-
mentary material). The disagreement is consistent in the extension of
the same MCS model to uniform and non-uniform water equivalent
materials. Particularly, precision and accuracy of the MCS models result
adequate for the proposed analytical simulator (fractions of the voxel
size and the angular step).

3.2. Comparison of imaging performances of list-mode and integration-
mode detector configurations

The number of iterations for the tomographic image reconstruction
based on SART relies on the typical trade-off between convergence and
noise break-up for the anatomical regions of interest [41]. The tomo-
graphic image reconstruction converges at iteration numbers about one
hundred. The variation in subsequent iterations of the median value

Fig. 1. Schematic representation of the analytical simulator for proton iRad and iCT. Tomographic image reconstruction for the list-mode detector configuration
requires estimation of proton trajectories (dashed lines).
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Table 2
Difference between fitted and calculated standard deviations of the Gaussian distributions describing position and angle deviations for different density scaling of the
water and the median value (m) and interquartile range (iqr) of the same quantification for the integration lines of the anthropomorphic phantom.

Uniform water Uniform water equivalent materials Non-uniform water equivalent materials

1 0.6 1.4

position (mm) angle (crad) position (mm) angle (crad) position (mm) angle (crad) position (mm) angle (crad)

m iqr m iqr

280MeV 0.43 0.39 −0.19 −0.21 0.96 1.00 0.39 0.18 0.43 0.02
300MeV 0.40 0.38 −0.16 −0.20 0.91 0.92 0.38 0.17 0.40 0.02

Table 3
Median value (m) and interquartile range (iqr) of the rWEPL difference for list-mode and integration-mode detector configurations, for proton statistics equal to 100
protons, in comparison to self-consistent reconstruction.

self-consistent PiRadAS

list-mode list-mode integration-mode
(WETmax )

integration-mode
(WETmean)

m iqr m iqr m iqr m iqr

Ep 280 MeV BSS 0.0 cm WET (mm) global – – −2.15 2.62 −1.53 2.62 −2.16 2.65

rWEPL (−10-2) global 0.04 1.24 0.03 2.37 −0.21 5.25 −0.42 4.38

local heart 0.33 1.70 0.12 2.33 −0.51 5.25 −0.48 4.16

liver 0.08 0.37 0.02 1.26 −0.20 4.52 −0.37 3.26

lung lesion −5.39 20.48 −3.61 20.56 −3.64 19.90 −5.36 19.62

lung 0.12 1.38 0.25 2.94 0.03 4.04 0.40 3.27

Ep 300 MeV BSS 0.0 cm WET (mm) global – – −1.98 2.32 −1.40 2.39 −1.99 2.36

rWEPL (−10-2) global 0.04 1.19 0.08 2.33 −0.06 5.08 −0.25 4.26

local heart 0.29 1.65 0.09 3.47 −0.35 5.06 −0.35 4.21

liver 0.07 0.37 0.03 0.41 −0.06 4.28 −0.24 3.08

lung lesion −5.39 20.64 −1.48 21.73 −4.07 20.36 −5.40 20.28

lung 0.15 1.36 0.67 4.06 0.10 4.05 0.50 3.41

Ep 280 MeV BSS 0.3 cm WET (mm) global – – −3.54 5.27 −1.74 3.69 −3.55 5.28

rWEPL (−10-2) global −0.01 1.08 0.07 2.22 −0.45 8.87 −0.13 7.64

local heart 0.10 1.32 −0.01 1.70 −0.29 9.60 −1.10 7.66

liver −0.03 0.41 −0.26 1.28 −0.19 7.22 0.02 5.68

lung lesion −7.87 23.64 −8.30 23.19 −7.45 29.64 −25.98 23.73

lung −0.09 1.45 −0.02 2.28 −0.26 8.06 2.53 8.11

Table 4
Spatial resolution (mm) for list-mode and integration-mode detector configurations, for proton statistics equal to 100 protons, in comparison to self-consistent
reconstruction.

self-consistent PiRadAS

list-mode list-mode integration-mode
(WETmax )

integration-mode
(WETmean)

Spatial resolution (mm)

Ep 280 MeV BSS 0.0 cm 2.91 3.11 2.58 3.09
Ep 300 MeV BSS 0.0 cm 3.08 3.06 2.68 3.09
Ep 280 MeV BSS 0.3 cm 3.29 3.38 3.44 4.17
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and interquartile range of the rWEPL difference is at most of order 10-3,
also for the lung lesion, for both list-mode and integration-mode de-
tector configurations, in all analytical simulations. The number of
iterations is therefore set equal to 100.

The comparison of the imaging performances in selected analytical
simulations, quantified as WET difference, rWEPL difference and spatial
resolution, for list-mode and integration-mode detector configurations,
for proton statistics equal to 100 protons, is reported in Tables 3 and 4.
Median values of WET difference are approximately the same order of
magnitude as the interquartile ranges. In the radiographic domain, the
list-mode detector configuration performs worse than the integration-
mode detector configuration based on WETmax (29.2% of WET differ-
ence) but comparable to the integration-mode detector configuration
based on WETmean (1.4% of WET difference). In the integration-mode
configuration based on WETmax, the selection of the WET component
with the maximum occurrence favours the straighter proton trajectories
[42], thus leading to sharp interfaces in the radiographic domain. For
this reason, spatial resolution in the radiographic domain cannot be
quantified in terms of blurring, such as a Point Spread Function or MTF.
Median values of rWEPL difference are approximately one order of
magnitude smaller than interquartile ranges. Smaller interquartile
ranges of rWEPL difference are observed for the self-consistent re-
construction. In the tomographic domain, the list-mode detector con-
figuration performs slightly better than the integration-mode detector
configuration, except for lung lesion. For the integration-mode detector
configuration based on WETmax the lung lesion has lower median value
and interquartile ranges of rWEPL difference and better spatial re-
solution (though comparable to the voxel size). The spatial resolution
expresses partial volume effects at the interfaces between lung and lung
lesion. The partial volume effects are better compensated due to the
assignment of the WET component with the maximum occurrence to
the straight proton trajectory during tomographic image reconstruc-
tion. Hence, partial volume effects at anatomical interfaces in the to-
mographic domain differ from those in list-mode configuration and
integration-mode configuration based on WETmean. For the list-mode
detector configuration, the maximum (absolute) difference between the
simulated and estimated proton trajectories, quantifying the intrinsic
inaccuracies of the MLP algorithm, is 0.32 cm for 280MeV pencil
beams. The larger errors occur along trajectories traversing larger

heterogeneities, determining inhomogeneous inaccuracies in the list-
mode detector configuration [43], which are seen to be appreciable in
Fig. 2.

The non-parametric Wilcoxon statistical test (two paired groups)
demonstrated that the rWEPL difference of the original PiRadAS is not
statistically equivalent to the analytical simulations characterized by
different physical parameters, for both list-mode and integration-mode
detector configurations. The investigation about physical parameters
shows that smaller BSS (i.e., ideal pencil beam) and higher Ep (i.e.,
straight trajectories) benefit the imaging performances of the integra-
tion-mode detector configuration, more than the list-mode detector
configuration. The list-mode detector configuration is affected by un-
certainties of proton trajectories that depend on the object of interest
(i.e., heterogeneities within the object of interest and concavities at the
edge of the object of interest) rather than physical parameters. A BSS
larger than the voxel size strongly affects imaging performances of the
integration-mode detector configuration, reaching median values of
rWEPL difference that largely double the original PiRadAS. The in-
vestigation about geometrical parameters is performed with respect to
the Nyquist sampling condition, which expresses the relation between
the size of the angular step and the number of bins along ρ, N , as:

= ( )arctan .N
1
/ 2 In particular, an angular step equal to 1° does not

fully satisfy the Nyquist sampling condition for 128 bins along ρ.
However, halving the angular step to match the Nyquist sampling
condition does not lead to a statistically significant improvement. The
differences are imputable to additional interpolation inaccuracies in-
troduced by twice the number of angles. Using 256 bins along ρ in
combination with the 1° angular step clearly violates the Nyquist
sampling condition. However, an improvement approximately doubling
the spatial resolution is observable, suggesting that the deviated proton
trajectories compensate for an overvalued angular step according to the
Nyquist sampling condition. Finally, no statistically significant im-
provement is observed when doubling the number of angular steps N .

For the following investigations on proton statistics, the original
PiRadAS is taken into consideration. The non-parametric Kruskal-Wallis
statistical test (more than two paired groups) demonstrated that in the
radiographic domain the WET difference is not statistically equivalent
to the original PiRadAS for proton statistics less than 3 protons for both
the list-mode detector configuration and the integration-mode detector
configuration based on WETmean, but solely less than 25 protons for the
integration-mode detector configuration based on WETmax. In the to-
mographic domain the rWEPL difference for both list-mode detector
configuration and integration-mode detector configuration based on
WETmean is statistically equivalent for different proton statistics. Instead,
the rWEPL difference for the integration-mode detector configuration
based on WETmax is not statistically equivalent for proton statistics less
than 5 protons.

4. Discussions

This work proposes an analytical simulator (PiRadAS) to benchmark
the imaging performances of list-mode and integration-mode detector
configurations with proton pencil beam scanning. Typically, realistic
acquisitions are obtained with MC simulations by providing the phy-
sical characterization of the object of interest. When MC simulations
rely on a clinical CT image, look-up-tables for elemental composition of
the object of interest are used for different tissue densities. Relying on
the look-up-tables, the spatial distribution of rWEPLs is then calculated.
Therefore, investigations on imaging methodologies that rely on clin-
ical CT imaging are affected by the inaccuracies of the MLP algorithm in
materials non-equivalent to water, thus compromising the available
reference (i.e., the calculated spatial distribution of rWEPLs). To avoid
these inaccuracies, MC simulations in non-uniform water equivalent
materials can be obtained in water by artificially scaling the density for
charged particle ionization processes according to the spatial

Fig. 2. Imaging performances of list-mode (A), self-consistent reconstruction
(B), and integration-mode detector configurations, based on WETmax (C) and
based on WETmean (D) for the original PiRadAS.
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distribution of rWEPLs. Compared to MC simulations, the PiRadAS
traces the proton trajectories in non-uniform water equivalent materials
relying on the iCT reference (i.e., the spatial distribution of rWEPLs),
thus excluding or controlling the inaccuracies of the MLP algorithm. For
this reason, only MCS is modeled and other phenomena like nuclear
interactions and range straggling are not taken into account. Indeed,
the neglected nuclear interactions prevent the use of the PiRadAS in
attenuation iCT imaging [44] but have the same impact on list-mode
and integration-mode detector configurations. The proton statistics
have to be interpreted as compensated for detection efficiency, proton
statistics loss due to nuclear interactions and uncertainties of proton
trajectories due to range straggling. In a recently investigated integra-
tion-mode detector configuration for carbon ions based on MC simu-
lations, the minimum number of ions per pencil beam enabling the
decomposition of the Bragg peak signal is of order one hundred [23].

In this work, the influence of physical and geometrical parameters
which are relevant to iRad and iCT imaging is explored independent of
the detector technology. It is worth noting that the discretization of the
total absorption detector for the integration-mode detector configura-
tion defines the accuracy of the WET components of the WET histo-
gram. The WET histogram defined in this work is based on the max-
imum integer WET of the iRad reference to optimize the accuracy and
robustness compromise of the WETmax selection. In the radiographic
domain, the integration-mode detector configuration for relatively
higher proton statistics offers comparable (based on WETmean) or su-
perior (based onWETmax) imaging performances with respect to the list-
mode detector configuration. However, the integration-mode detector
configuration based on WETmax is affected by reduced proton statistics,
as the selection of the WET component with the maximum occurrence
eludes the straighter proton trajectories. In the tomographic domain the
reduction of proton statistics is mitigated by the multitude of projec-
tions. Nevertheless, in the tomographic domain imaging performances
of the list-mode detector configuration remain superior to that of the
integration-mode detector configuration. Therefore, dedicated imaging
methodologies that fully exploit the WET histogram of each pencil
beam acquired with the integration-mode detector configuration put
forward potential advantages of this simple and cost-effective config-
uration in clinical scenarios. The uncertainties of proton trajectories
due to MCS are reduced at higher pencil beam energies. The un-
certainties of proton trajectories due to the BSS compromise the ima-
ging performances of the integration-mode detector configuration, but,
similarly to the uncertainties of proton trajectories at the edge of the
object of interest, affect also the accuracy of the MLP algorithm [43].
Ideally, an infinitesimal BSS is desired. From a geometrical point of
view, there is no justification for doubling the number of angular steps
N . The Nyquist sampling condition has to be matched with tolerance
on the angular step .

The analytical simulator is also applicable to helium and carbon
pencil beam scanning, if the MCS model embedded in the MLP algo-
rithm is adjusted accordingly. Finally, the MLP algorithm provided with
the MCS model extended to non-uniform water equivalent materials
can be used to estimate the proton trajectories when priors about het-
erogeneities are available such as from the X-ray treatment planning
CT.

5. Conclusion

The analytical simulator for proton iRad and iCT is proposed and
used to explore and firstly compare imaging performances of list-mode
and integration-mode detector configurations with proton pencil beam
scanning. This work is a decisivestep towards assessment of the po-
tentialities of the integration-mode detector configuration enabled with
decomposition of the Bragg peak signal. The intrinsic inaccuracies of
the MLP algorithm affect the imaging performances of the list-mode
detector configuration, which nevertheless remains superior to the in-
tegration-mode detector configuration in the tomographic domain. For

relatively higher proton statistics, comparable or better imaging per-
formances are offered by the integration-mode detector configuration
in the radiographic domain. Therefore, the competitiveness in clinical
scenarios of the simple and cost-effective integration-mode detector
configuration with respect to the originally proposed list-mode detector
configuration relies on the full exploitation of the available informa-
tion, given that the BSS is not larger than the voxel size. For this pur-
pose, dedicated iRad and iCT imaging methodologies for the integra-
tion-mode detector configuration are required. The proposed analytical
simulator newely establishes a useful simulation environment for the
development and testing of such methodologies.
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