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ABSTRACT
Proton radiography using a multilayer ionization chamber
can potentially be used for assessing the quality of the stop-
ping power computation in proton therapy. However, the
finite proton beam profile leads to a degradation of the depth-
dose curves (’blurring’) measured by the range probe, which
makes the estimation of the integrated proton stopping power
a complex task. Existing methods aiming at determining a
map of the integrated proton stopping power currently in-
volve the use of the planning x-ray computed tomography
(CT) as a priori knowledge. Consequently, such methods are
very sensitive to small misalignment between the planning
CT and the proton radiography acquisitions, to errors in the
stopping power computation and to changes in the anatomy
of the patient. In this paper, we develop an algorithm based
on a sparsity assumption that estimates the integrated proton
stopping power map of an anthropomorphic phantom from
proton radiography data without using any prior information
from the CT.

Index Terms— Proton Radiography, Particle Imaging,
Range Uncertainty, Multi Layer Ionization Chamber, Decon-
volution

1. INTRODUCTION

The advantage of proton therapy over conventional radiation
therapy relies on the fact that protons deliver a sharp dose at
a precise location known as the Bragg peak. Unfortunately,
the conversion from the Hounsfield Units (HU) of the plan-
ning CT to relative proton stopping powers (RSP) is tainted
by uncertainties which usually lead physicians to choose to
irradiate an area larger than theoretically needed [1].

Proton radiography has benefited from a recent body of
research which demonstrated its clinical potential to better
quantify and potentially reduce the range uncertainty [2, 3].
In particular, it offers the potential to generate patient-specific
conversion curve from HU to RSP by combining a map of in-
tegrated RSP with the planning x-ray CT [4, 5, 6].

Proton radiography with a multilayer ionization chamber
consists in scanning through a phantom and recording the

pairs consisting of the position of each of the pencil beam
shots and its corresponding measured integral depth-dose pro-
files (IDD), examples of which are shown in Fig. 1.

Because the shapes of the IDD are impacted by the transit
of protons through lateral heterogeneities in a process called
range mixing, one can not directly determine the integrated
RSP also referred to as water equivalent thickness (WET),
from the measurements. Two approaches currently exist. On
the one hand, Farace et al [3] implemented the idea proposed
by Mumot et al [7] of performing a comparison between the
IDD measured by the MLIC with those simulated by a treat-
ment planning system. On the other hand, Krah et al [8] pro-
posed to decompose each IDD into a set of pristine Bragg
curves from which the WET would be directly obtained. To
spatially distribute the WET determined by the decomposi-
tion, the use of a WET map estimated from the planning CT
was shown to improve greatly the results of a demosaicing
step based on the radiography data only.

However, the use of the planning CT in the two methods
makes them sensitive to errors in the RSP computation and
to residual set-up errors. The WET map estimate could also
be altered by changes in the anatomy of the patient and rel-
ative displacements of moving organs that could take place
between the CT acquisition and the proton radiography.

In this paper, we show that under the assumption that the
WET map has a sparse representation, it can be obtained with-
out using any prior knowledge derived from the planning CT.
In section 2, an iterative algorithm is built to perform a de-
convolution of the IDD and to increase the spatial resolution
of the WET map. In section 3, the method is applied to both
synthetic data and actual proton radiography acquisitions.

2. MATERIALS AND METHODS

2.1. IDD Simulation

As experimentally demonstrated by Farace et al [9] the
measured IDD consists of a convolution of a Gaussian
kernel G having a standard deviation equal to the spot
size with shifted versions of a pristine Bragg curve, called
IDDref , which corresponds to the IDD that would be
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Fig. 1. (a) Projection in the form of a range map of a proton radiograph obtained with a gantry angle of 270◦ and examples of
the IDD underlying each pixel such as (b) the one corresponding to the square dot and (c) the one corresponding to the round
dot.

measured without the phantom through the beam path:

IDD(xi, yi, z) =
∑
j∈Si

G(xi − xj , yi − yj)

IDDref (z +WET (xi, yi)) (1)

where (xi, yi) are the coordinates of each pencil beam, z
refers to the depth axis of the IDD, WET refers to the water-
equivalent thickness of the phantom along the path of the
beam and Si denotes the set of the indices of the pixels lying
in the cross-section of the beamlet. In the case of parallel
beamlets, the WET can be estimated from the HU of the
planning CT via

WET (x, y) =
∑
z

RSP (HU(x, y, z))sz (2)

where RSP is usually a piecewise linear function associating
to each HU the RSP, and sz is the size of a voxel along the
z-direction.

2.2. Deconvolution

For clarity, we consider a matrix formulation of the equations.
In this matrix format, Eq. 1 becomes:

IDDmeas(z) ≈ G IDDr(z1+WET ) (3)

where G is the circulant matrix associated with the convolu-
tion kernel G and IDDr is defined by

IDDr,i(z) = IDDref (z) (4)

We consider a transform Ψ such that the WET can be
represented through the coefficients α:

WET = Ψα (5)

In this study, Ψ is the matrix associated with an inverse
wavelet transform.

Under sparsity assumptions, one could recover the WET
by solving the problem

α? = arg minα ||α||0
s.t. f1(α) ≤ ε (6)

where the function f1(α) is a similarity measure between the
measured data and the model consisting of Eq. 3 and 5:

f1(α) =

∫ ld

0

||IDDmeas(z)

−G IDDr(z1+Ψα)||22 dz (7)

Relaxing Eq. 6 with a l1 norm and assuming that f1 is con-
vex, the minimization problem can be solved with the proxi-
mal method which provides an iterative algorithm:

αn+1 = proxγ,f2 (αn − γ∇f1(αn)) (8)

with
f2(λ,α) =

1

2λ
||α||1 (9)

The following expression was used for∇f1:

∇f1(α) = 2ΨT

∫ ld

0

(DIDDr(z1+Ψα)
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◦ (G (G IDDr(z1+Ψα)

−IDDmeas(z)))) dz (10)

whereDIDDr is defined by:

DIDDr,i(z) =
d

dx
IDDref (x)

∣∣∣∣
x=z

(11)

and was computed by finite difference.
To increase the spatial resolution, a downsampling opera-

tor was added into Eq. 3:

IDDmeas(z) ≈D G IDDr(z1+WET ) (12)

and Eq. 7 and the expression of its gradient were adapted ac-
cordingly.

2.3. Proton Radiographs Simulations and Actual Mea-
surements

The deconvolution was applied to both actual measurements
performed with the commercial MLIC named Giraffe (IBA
Dosimetry, Belgium) and to simulated proton radiographs
which provide a ground truth to compare the results with.

The analytical model introduced in section 2.1 was used
to generate the simulated proton radiographs from a CT scan
of an anthropomorphic head phantom (CIRS, USA). Addi-
tive noise similar to the one used by Deffet et al [10] for the
robustness analysis of a registration method for proton radio-
graphy data was added to the simulated proton radiographs.

The actual proton radiographs were acquired with the Gi-
raffe after an accurate kV-kV alignment of the head phantom
on the treatment couch. As for the investigation of the Giraffe
for proton radiography [9, 10], the proton beam was char-
acterized by a spot size of 3 mm (one sigma), an energy of
210 MeV, a spot spacing of 5 mm and the beamlets were con-
sidered as being parallel.

3. RESULTS AND DISCUSSION

The conversion from HU to RSP is one of the major contribu-
tions to the range uncertainty in proton therapy [1]. Proton ra-
diography seems to be a promising tool for assessing the RSP
computation thanks to its ability to provide range error maps
obtained by a comparison with values based on the planning
CT.

The proposed WET estimation method was applied to
proton radiographs obtained with a spot spacing of 5 mm, a
value used by other authors for particle imaging [8, 3]. A
projection in the form of a range map of a simulated proton
radiograph is shown in Fig. 2b. The true WET is depicted in
Fig. 2a with pixels of size 1x1 mm. The WET map obtained
by the application of the proposed deconvolution technique is
shown in Fig. 2c. The spatial resolution was increased by 5
along each direction leading to pixels of size 1x1 mm.

In proton therapy, the contribution of the RSP computa-
tion to the range uncertainty is usually expressed in terms of
relative errors and is expected to be around 3.5% [1]. The map
of relative error between the optimized WET and the ground
truth is shown in Fig. 2d. Areas consisting only of air which
does not contribute significantly to the range uncertainty were
overwritten with black pixels. Omitting those areas, the mean
relative error was 1.1%. The largest errors appear to be mostly
localized on sharp transitions. This should be accounted for
if the WET-map is later used for optimizing the conversion
curve from HU to RSP. To do so, an intriguing option could
be the use of a heterogeneity index such as the one proposed
by Pflugfelder et al, in order to define regions of interest [11].

The proposed method was also applied to real measure-
ments as shown in Fig. 3. On Fig. 3c, the WET map obtained
from the acquired proton radiograph was compared with the
one estimated by our treatment planning system. First, the
error on the skull, at the interface with the air, seems to sug-
gest that there remained a residual misalignement between the
CT and the acquired proton radiograph, despite the accurate
kV-kV alignment. The application in post-processing of the
registration method proposed by Deffet et al [10] significantly
decreased this error, as can be seen in Fig. 3d. Secondly, the
similarities between Fig. 2c and Fig.3b and between Fig. 2d
and Fig. 3d suggest that the method worked equally well on
real data and simulated ones. Fig. 3d is a striking example
of the benefit of generating such high resolution WET maps
as it clearly appears that the RSP of the titanium implant was
wrongly estimated and the conversion curve to RSP could ac-
cordingly be corrected.

4. CONCLUSION

In this paper, we have developed an algorithm to estimate
the WET map of an anthropomorphic phantom from proton
radiography data without using any prior information from
the CT. Consequently, the results are not impacted by resid-
ual set-up errors, wrong RSP computation nor changes in the
anatomy of the patient. In the results section, WET maps with
pixels of 1x1 mm were obtained from proton radiographs ac-
quired with a spot spacing of 5 mm. The mean relative error
was 1.1%.

Such a WET-map could be used to assess the RSP com-
putation in a comparison with the one that could be computed
by the treatment planning system. Our experimental valida-
tion showed that this kind of comparison can be impacted by
residual set-up errors which were mitigated by applying the
registration method for proton radiography data proposed by
Deffet et al [10].
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Fig. 2. (a) Ground truth WET, (b) Projection in the form of a range map of the proton radiograph used as input, (c) WET
obtained after deconvolution and super-resolution, (d) relative error after deconvolution and super-resolution.
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Fig. 3. (a) Projection in the form of a range map of the proton radiograph used as input, (b) WET obtained after deconvolution
and super-resolution, (c) Relative error between the WET-map estimated by the treatment planning system and the one obtained
by deconvolution and super-resolution of proton radiography data, (d) Relative error after registration.
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