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Purpose: In proton therapy, the conversion of the planning CT into proton stop-10

ping power is tainted by uncertainties which may jeopardize dose conformity. Proton11

radiography provides a direct information on the energy reduction of protons in the12

patient. However, it is currently limited by the degradation (’blurring’) of the 1-D13

depth-dose deposition profiles which constitutes the pixels.14

Methods: An iterative algorithm is implemented to extract high resolution water15

equivalent thickness (WET) maps from the measurements of depth-dose profiles. The16

method relies on the assumption that those curves are a function of the WET, which17

can benefit from a sparse representation.18

Results: When used without relying on any prior knowledge derived from the plan-19

ning CT, the method already outperforms the published one in terms of accuracy.20

We also propose a variant which integrates the planning CT in a robust fashion to21

further improve the deconvolution result and reach a submillimeter accuracy on the22

estimated WET. The methods are applied to both synthetic data and actual proton23

radiography acquisitions on phantoms.24

Conclusion: Besides the increase in accuracy achieved in the estimation of WET25

maps from proton radiography data, we demonstrate that the proposed deconvolution26

algorithm is also more robust with respect to confounding factors such as residual27

set-up errors or changes in the anatomy. Therefore, proton radiography using a range28

probe provides both the required accuracy to assess and reduce range uncertainty in29

proton therapy and the simplicity of integrated-mode proton radiography.30

Keywords: Proton Radiography, Particle Imaging, Range Uncertainty, Multi Layer31

Ionization Chamber, Deconvolution.32
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I. INTRODUCTION33

Proton therapy has the potential to confine most of the dose to the target thanks to the34

physical property of protons called the Bragg peak. Unlike photons used in conventional35

radiation therapy, protons deliver a sharp dose at a precise location which depends on36

their entrance energy and their interactions with the molecules on their way. However, a37

consequence of this dosimetric property is that the range of the protons inside the patient38

must be accurately predicted to ensure conformity between the prescribed dose and the39

delivered one. In clinical practices, proton ranges are predicted based on a planning CT40

of which the Hounsfiels Units (HU) are commonly converted to proton energy loss rates,41

also called proton stopping powers, via a piecewise linear relationship1. Unfortunately, this42

process is tainted by uncertainties to which others add up during treatment planning and43

delivery. To take them into account in the planning phase, treatment margins of 3.5% are44

conventionally used, de facto jeopardizing dose conformity2.45

During the last decade, a variety of approaches have been investigated to improve the46

prediction of the Bragg peak position and reduce the treatment margins such as prompt-47

gamma imaging, dual energy CT, PET, iono-acoustic, and proton imaging3. In the latter,48

a detector placed after the patient provides a direct measurement of the decrease in proton49

energy. In conjunction with x-ray based planning imaging, proton range data could be used50

to validate and even improve the process of converting the HUs of the planning CT into51

stopping powers4–8.52

Two main types of proton radiography systems are investigated worlwide. On the one53

hand, list-mode proton radiography tracks protons individually9. Both their energy loss and54

their trajectories are measured, which requires complex hardware to be placed before and55

after the patient. On the other hand, the integrated mode proton radiography integrates56

the contribution of every proton during the irradiation time of a pencil beam shot. If this57

approach implies only moderate requirements in terms of data acquisition rates and hardware58

capabilities, it comes at the cost of signal degradations resulting from the presence of lateral59

inhomogeneties along the path of the beam and, to a lesser extent, from multiple Coulomb60

scattering (MCS).61

Among the integrated mode proton radiography techniques, the use of multilayer ioniza-62

tion chambers (MLIC) has benefited from a recent body of research which demonstrated its63
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clinical potential10,11. The radiography was performed with pencil scanning by delivering64

a set of beamlets uniformly spaced. An integral depth dose (IDD) profile was measured65

for each spot by the detector placed as close as possible to the exit side of the patient.66

Because the shape of the IDDs are impacted by the transit of protons through lateral inho-67

mogeneties in a process called range mixing, one can not directly determine the integrated68

relative proton stopping power, also referred to as water equivalent thickness (WET), from69

the measurements.70

Two approaches currently exist to estimate the WET based on proton radiography data71

acquired with a MLIC. On the one hand, Farace et al.11 implemented the idea proposed by72

Mumot et al.12 of performing a comparison between the IDDs measured by the MLIC with73

those simulated by a treatment planning system. On the other hand, Krah et al.13 proposed74

to decompose each IDD into a set of pristine Bragg curves from which the WET would75

be directly obtained. To spatially distribute the WET determined by the decomposition,76

the use of a WET map estimated from the planning CT was shown to greatly improve the77

results of a demosaicing step based on the radiography data only.78

However, one can be concerned by the robustness of such a two-step method. In proton79

therapy, pencil beams exhibit a bi-dimensional Gaussian cross sectional profile. The WET80

estimation problem is consequently particularly ill-posed and the solution might be strongly81

affected by measurement noise. Moreover, the use of the planning CT in the two methods82

makes them sensitive to errors in the relative proton stopping power (RSP) computation83

and to residual set-up errors. The WET map estimate could also be altered by changes84

in the anatomy of the patient and relative displacements of moving organs that could take85

place between the CT acquisition and the proton radiography.86

In this paper, we build an iterative algorithm to perform a deconvolution of the IDDs87

and to increase the spatial resolution of the WET map, under a sparsity asumption. Used88

without relying on any prior knowledge derived from the planning CT the method already89

outperforms in terms of accuracy the published technique mentioned above. We then propose90

a variant which uses the prior information of the planning CT in a robust fashion to further91

improve the deconvolution result and reach submillimeter accuracy. The two methods are92

applied to both synthetic data and actual proton radiography acquisitions on phantoms.93
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Figure 1: Schematic of a proton imager relying on a MLIC. Proton radiography can be
used for quality assessment of CT conversion by computing the error between the range of

the protons predicted by the treatment planning system and the measured one.

II. MATERIALS AND METHODS94

Proton radiography using a MLIC does not directly provide a 2D image. As shown in95

Fig. 1, each pixel is not a scalar value but a sampled measurement of the proton integral96

depth dose (IDD) profile. A proton radiograph thus consists of a collection of IDDs from97

which we wish to infer the residual range or equivalently the WET of the imaged object.98

Eventually, the goal is to compare estimated WET values, called WPR, with those predicted99

by the TPS, named WCT . In other words, we want to determine:100

∆W PR(x, y) = WCT (x, y)−WPR(x, y) (1)101

A. Model102

As experimentally demonstrated by Farace et al.14 the measured IDDs, named IDDm

consist 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

5



Proton Radiography Deconvolution

to the IDD that would be measured without the phantom through the beam path:

IDDm(x, y, z) ≈
∑

(x′,y′)∈S

G(x− x′, y − y′) (2)

IDDref (z +W (x′, y′))

where (x, y) are the coordinates of each pencil beam, z refers to the depth axis of the IDD,103

W refers to the water equivalent thickness of the phantom along the path of the beam and104

S denotes the set of the indices of the pixels lying in the cross-section of the beamlet. In the105

case of parallel beamlets, the WET can be estimated from the HUs of the planning CT via106

WCT (x, y) =
∑
z

RSP (HU(x, y, z))sz (3)107

where RSP is usually a piecewise linear function associating to each HU the RSP1, and sz108

is the size of a voxel along the direction of the beam.109

B. Deconvolution110

In a previous conference proceedings paper15, we showed that estimating the actual WET

from the proton radiography data takes the form of an optimization problem:

WPR(x, y) = arg min
W (x,y)

∑
(x′,y′)∈S

∫ ld

0

(IDDm(x′, y′, z)

−G(x′, y′) (4)

∗IDDr(z +W (x′, y′)))
2
dz

where ld is the depth of the detector. In practice, the integral is replaced by a summation111

since IDDm is sampled along z.112

Because of the possible down-sampling and the convolution with a Gaussian kernel, this113

problem is particularly ill-posed. To deal with this, we propose to use a regularization114

technique relying on a sparsity assumption.115
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For clarity, we now use a matrix-like formulation of the equations. Eq. 2 becomes:116

IDDm(z) ≈ G IDDr(z1 +W ) (5)117

where G is the circulant matrix associated with the convolution kernel G and IDDr is118

defined by119

IDDr,i(z) = IDDref (z) (6)120

We consider a transform Ψ such that the WET can be represented through the coefficients121

α:122

W = Ψα (7)123

In this study, Ψ is the matrix associated with an inverse wavelet transform.124

Under sparsity assumptions, one could recover the WET by solving the problem125

αopt = arg minα ||α||0126

s.t.f1(α) ≤ ε (8)127

where the function f1(α) is the similarity measure between the measured data and the128

model.129

f1(α) =

∫ ld

0

||IDDm(z)130

−G IDDr(z1 + Ψα)||2 dz (9)131

and where the l0 norm ||α||0 transcribes the sparsity assumption.132

Relaxing Eq. 8 with a l1 norm and assuming that f1 is convex, the minimization problem133

can be solved with the proximal method, which provides an iterative algorithm16:134

αn+1 = proxγ,f2 (αn − γ∇f1(αn)) (10)135

with136

f2(λ,α) =
1

2λ
||α||1 (11)137
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The following expression was used for ∇f1:138

∇f1(α) = 2ΨT

∫ ld

0

(DIDDr(z1 + Ψα)139

◦ (G (G IDDr(z1 + Ψα)140

−IDDm(z)))) dz (12)141

where ◦ is the Hadamard product and DIDDr is defined as:142

DIDDr,i(z) =
d

dx
IDDref (x)

∣∣∣∣
x=z

(13)143

and was computed by finite difference.144

C. Resolution enhancement145

In general, the spatial resolution of the planning CT is different from the spot spacing

used to acquire the proton radiograph. This can be modeled by a downsampling operator,

named D. The spatial resolution can now be increased to match the one of the CT using

Eq. 10 and the similarity function f ′1(α):

f ′1(α) =

∫ ld

0

||IDDm(z)

−DG IDDr(z1 + Ψα)||2 dz (14)

D. Variant using the planning CT146

The above method has the advantage of not involving the CT in the determination of147

W PR. Therefore, it is robust to patient misalignment or to anatomical changes. Neverthe-148

less, an interesting variant could be to directly estimate ∆W without going through the149

computation of W PR, ie. to calculate150

∆WCT = arg min
∆W

f2(∆W ) (15)151
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with

f2(∆W ) =

∫ ld

0

||IDDm(z) (16)

−D G IDDr(z1 +WCT −∆W )||2 dz

Indeed, in the absence of large anatomical changes (which is certainly the case if the pro-152

ton radiograph is acquired shortly after the CT), range uncertainty is generally considered153

to be around 3.5%, much of which is imputed to the conversion of the planning CT into154

RSPs. As mentioned earlier, the majority of conversion methods from single energy CT to155

RSPs rely on a piecewise linear curve. Various sources of uncertainties alters this conversion156

process. First, the relationship between HUs and RSPs is actually not bijective. Secondly,157

the relevance of the model depends on the materials used to establish the curve. Usually, ta-158

bles of mean composition of human tissues are used1. The atomic content of patient tissues159

may differ however and small variations in elemental compositions and in mass densities160

were shown to significantly change CT numbers17. Since single energy CT cannot be used161

to obtain both information, it limits the precision to which tissues can be resolved. Con-162

sequently, this limitation is also reflected into the CT conversion. Finally, inconsistencies163

and approximations in the mean excitation energies may also impact the conversion2,18,19.164

Considering the nature of the contributions to the range uncertainty and their accumulated165

magnitude (typically less than 3.5%), the sparsity assumption is even more likely to be valid166

on ∆WCT .167

Minimization of Eq. 15 shows similar conditioning characteristics to Eq. 4. First, ∆WCT
168

may be expressed in some basis Ψ where it benefits from a sparse representation, through169

its coefficients αCT :170

∆W CT = ΨαCT (17)171

Then, assuming that ∆WCT can be sparse coded, problem 15 can be reformulated as:172

αoptCT = arg minαCT
||αCT ||0173

s.t.f3(αCT ) ≤ ε (18)174
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where f3(αCT ) is defined as:

f3(αCT ) =

∫ ld

0

||IDDm(z) (19)

−G IDDr(z1 +WCT −ΨαCT )||2 dz

This problem can be solved similarly to Eq. 9 with the proximal method (Eq. 10).175

E. Experimental validation176

1. Proton radiography177

The experimental validation relies on an anthropomorphic head phantom model 731-HN178

(CIRS, USA).179

Proton radiography data were acquired with the commercially available MLIC named180

Giraffe (IBA, Belgium), according to the acquisition method described by Farace et al.11.181

The MLIC was placed at the exit side of the object that was imaged. The proton radiograph182

was acquired in pencil beam scanning mode with a primary energy of 210 MeV and a spot183

size of 3 mm (one sigma). For each beamlet sent at a specified location, an IDD was184

measured by the Giraffe. Since this device has a restricted field of view (45 x 45 mm2),185

a whole radiography required several acquisitions, between each of which the object was186

translated. The translations were performed by moving the couch with a distance equal to187

the field of view. A single direction of acquisition was considered. The gantry angle was188

270◦, which gave a radiograph along the lateral direction.189

In addition, a single energy CT scan of the head phantom was acquired at 120 kV in a190

512× 512 matrix, 512× 512 mm2 field of view and with a slice thickness of 1.5 mm.191

2. Monte Carlo simulations192

To test the WET estimation methods, we must have a set of proton radiographs for which193

the WET maps are accurately known. To do so, we decided to use simulations based on a194

x-ray CT of the object under consideration. The MLIC was modeled by a water tank added195

to the CT, at the exit side of the patient. Proton radiographs were simulated with the196
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Monte-Carlo simulation tool named MCsquare20. The dose maps were exported separately197

for each beamlet so that the IDDs could have been later reconstructed.198

In order to mimic an acquisition with the Giraffe and in particular to take into account199

its limited field of view, a treatment plan with a specific isocenter was made for each position200

at which the object was placed. The IDDs obtained from those simulations were then re-201

sampled to correspond to the depth resolution of the Giraffe.202

As for the actual measurements, the primary energy was 210 MeV and the spot size was203

3 mm (one sigma). Five different spot sizes were considered: 4 mm, 5 mm, 6 mm, 7 mm204

and 8 mm.205

To compute W , the CT was converted into RSP using the same conversion tables that206

were fed into MCsquare. Specifically, two tables were used by the simulation tool: one to207

map the HUs of the CT to mass densities and one to map the HUs to material compositions.208

The WET map corresponding to the simulation was then obtained by integrating the RSPs209

along the path of the beamlets.210

3. Range uncertainty model211

WCT was computed with a calibration curve derived from the conversion tables used for212

the computation of W . To introduce differences between WCT and W , random variations213

can be added into the calibration curve13,21. This was done to have a mean absolute relative214

error between 3% and 4%. For each spot spacing considered in this study, the deconvolution215

method was applied to ten different WCT , each obtained with a randomly altered version of216

the calibration curve.217

III. RESULTS218

A. Deconvolution accuracy219

Fig. 2 shows examples of WET maps obtained with our methods, for a spot spacing of 5220

mm, a value often used for integrated-mode proton imaging10,11,13,21. For the method com-221

bining the planning CT, only one result among the ten performed experiments is illustrated.222

A WET map obtained from a range map estimated after a bi-cubic interpolation of the223

IDDs is also shown to provide a naive reference. It is hardly possible to visually distinguish224
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Figure 2: (a) Ground truth WET, W . (b) WET map obtained after converting a range
map estimated from a bi-cubic interpolation of the IDDs (c) WET map determined

through sparse deconvolution using the proton radiography data solely (d) WET map
determined through sparse deconvolution with an estimate WCT obtained using the

planning CT.

between the ground truth data and the WET resulting from the sparse optimizations.225

The difference between the optimized maps shown in Fig. 2 and the ground truth data are226

depicted in Fig. 3. Gamma index maps22 are also presented for the sake of comparison with227

the state of the art method. The acceptance level was a relative WET difference (RWET)228

of 2 % and a distance to agreement (DTA) of 2 mm. The passing ratio for those values was229

100 % for the two method presented in this paper and for all the considered WCT . On the230

contrary, in a similar experiment presented in the paper of Krah et al.13 with a spot spacing231

of 1 mm, the gamma passing rates approaches 100% only for the WET map optimized using232

the planning CT whereas the so-called non-optimized WET map shows large discrepancies233
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Method \Spacing (mm) 4 5 6 7 8
Proton radiograph only 2.7 2.3 2.8 3.8 4.3
Proton radiograph + CT 0.7 0.7 0.4 1.8 2.6

Table I: Deconvolution accuracy (95% intervals) expressed in water equivalent mm, with
respect to spot spacing.

in structured phantom regions and along edges.234

Fig. 4 shows the accuracy of the two optimization methods with respect to spot spacing.235

For the method combining the proton radiograph and the CT, the results of all the ten236

random experiments were aggregated for each spot spacing. The errors appeared to be237

almost non biased since they are symmetrically distributed around null medians.238

95% intervals are listed in Table I. The accuracy is submillimeter for the second method239

and a spacing up to 6 mm. For the first method, the accuracy was better than 3 mm for240

spacings up to 6 mm.241

The proposed method was also applied to real measurements as shown in Fig. 5. In242

Fig. 5a-b, the WET maps obtained from the acquired proton radiograph were compared243

with the one estimated by our treatment planning system. First, the error on the skull, at244

the interface with the air, seems to suggest that there remained a residual misalignement245

between the CT and the acquired proton radiograph, despite an accurate kV-kV alignment246

manually performed before the radiography. The application in post-processing of the reg-247

istration method proposed by Deffet et al.21 significantly decreased this error, as can be248

seen in Fig. 5c-d. Unfortunately, the absence of any ground truth makes it impossible to249

judge quantitatively the accuracy of the method on the basis of such experimental data.250

Nonetheless, the high resolution WET error map clearly shows that the RSP of the tita-251

nium implant was wrongly estimated, which is a striking example of the potential benefit of252

proton radiography since the CT conversion curve could accordingly be corrected.253254

IV. DISCUSSION255

Range uncertainty in proton therapy is a crucial issue for which experimental data are256

still remarkably lacking. Among the various methods currently being investigated for in vivo257

range verification, proton radiography using a MLIC is certainly one of the easiest to imple-258

ment, which is undoubtedly an advantage from the clinical point of view. Nevertheless, as259
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Figure 3: Examples of (a) |W −WCT | (b) gamma index between WCT and W (c)
|∆W PR| = |W −WPR| (d) gamma index between WPR and W (e) |∆WCT | (f) gamma

index between WCT
PR = WCT −∆WCT and W .
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Figure 4: Deconvolution accuracy (absolute errors) expressed in water equivalent mm, with
respect to spot spacing. Boxes and whiskers plot quartiles.

a technique relying on dose integration, it provides data affected by some kind of blur that260

were known to limit its accuracy. This is mainly a consequence of the range mixing effect261

induced by the interaction of proton beamlets of finite width with lateral inhomogeneities.262

In addition, it is important to maintain the lowest possible imaging dose and irradia-263

tion time. To this end, it is interesting to consider the use of a larger spot spacing and264

mathematical methods to extract a high-range error map from this low resolution data.265

The method for deblurring and increasing the spatial resolution of this type of proton266

radiography data explored up to this day was relying on a linear decomposition of the267

depth-dose profiles13. This problem is particularly ill-posed and obviously requires some268

regularization to be solved. Instead, their authors proposed the linear decomposition to be269

followed by a demosaicing step which uses the prior information from the planning CT. This270

only partially copes with the non-unicity of the linear decomposition and may potentially271

introduce errors caused by residual misalignment between CT and proton radiography or272

non-bijectivity in the relationship between HUs and RSPs.273

In this paper, we presented an novel method to estimate the range error much more274

robustly. The sparse deconvolution of the IDDs does not make use of the conversion of the275

HUs into RSPs other than in the definition of the cost function. Since the planning CT is276

only involved in the calculation of this term, the optimization method is also less affected277

by residual set-up errors. Nevertheless, to study only the contribution to the range error of278

the HUs to RSPs conversion, it is necessary to eliminate any residual set-up error existing279

between the planning CT and the proton radiograph. This could be done by conventional280
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Figure 5: Absolute error maps between WET estimated from actual measurements and
WET estimated based on a x-ray CT (a) from deconvolution using the proton radiograph
solely (b) from deconvolution combining the proton radiograph and the x-ray CT (c) same

as (a) after co-registration (d) same as (b) after co-registration.

registration methods based on a WET map estimated after the deconvolution. Neverthe-281

less, the registration algorithm for proton radiography data proposed by Deffet et al.15 has282

demonstrated a superior accuracy and can be executed prior to the deconvolution, which283

probably makes it possible to better condition the optimization problem by reducing the284

importance of the range errors to estimate.285

The evaluation of the performance of the proposed iterative method was carried out on a286

anthropomorphic head phantom. This anatomical site is particularly well suited for proton287

radiography since its limited WET whatever the acquisition direction does only require288

moderate energy.289
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Monte Carlo simulations were first carried out since they are based on known WET290

data which provide a ground truth against which the results could be compared. For this291

phantom, the WET could be determined with less than 3 mm uncertainty (95% interval)292

using the proton radiography data only and a spot spacing smaller or equal to 6 mm. In293

a combination with the CT, the WET could be estimated with a submillimeter accuracy294

for spot spacing up to 6 mm. The error appeared to be non-biased. This is a key result295

in the context of CT conversion assessment where errors in the calibration curve generate296

systematic errors in the range estimation which are usually considered to be around 3.5%297

of the nominal range. The largest discrepancies were located in area presenting a high level298

of lateral inhomogeneities. It would however not be appropriate to consider those areas299

when assessing range uncertainty because of the dependence of their WET to even tiny300

misalignment or changes in the anatomy.301

The experimental study was carried out on a perfectly rigid object. As a result, there302

could not be any anatomical differences between the CT and the proton radiograph. In303

practice and depending on the intention behind the proton radiography acquisition, there304

could be significant deformations that would make the deconvolution method combining CT305

and radiography less effective. In such a case, the accuracy would probably lie between those306

of the two variants presented. Ultimately, if the anatomy no longer corresponds to that of307

the CT, we would end up in a case where the CT does not provide any useful information308

and where the accuracy would probably be identical to that in the case where it is not used309

at all.310

Finally, in addition to providing an accurate estimate of range error, an advantage of the311

presented method is its ability to provide a map characterized by high spatial resolution from312

a low resolution proton radiography which contributes to reducing the imaging dose. In the313

case of the head studied in this paper, we showed that it was possible to use a spot spacing314

up to 6 mm to estimate a range error map with pixels of size 1 × 1mm, hence decreasing315

the dose by a factor of 36.316

V. CONCLUSIONS317

In this paper, we have developed an algorithm to estimate range error maps from318

integrated-mode proton radiography data. It was tested with Monte Carlo simulations and319
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measurements performed with the Giraffe. WET maps with pixels of 1 × 1mm were esti-320

mated from proton radiographs acquired with spot spacings ranging from 4 mm to 8 mm.321

The larger spot spacing that could be used while maintaining submillimeter accuracy was322

6 mm, thus decreasing the delivered dose by 36.323

Such a WET-map could be used to assess the RSP computation in a comparison with324

the one that could be computed by the treatment planning system. Our experimental325

validation showed that this kind of comparison can be impacted by residual set-up errors326

which were correctly mitigated by applying the registration method for proton radiography327

data proposed by Deffet et al.21.328
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