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Dose quantification in carbon ion therapy using in-beam PET 2

Abstract.23

This work presents an iterative method for the estimation of the absolute dose24

distribution in patients undergoing carbon ion therapy, via analysis of the distribution25

of positron annihilations resulting from the decay of positron-emitting fragments26

created in the target volume. The proposed method relies on the decomposition27

of the total positron-annihilation distributions into profiles of the three principal28

positron-emitting fragment species - 11C, 10C and 15O. A library of basis functions29

is constructed by simulating a range of monoenergetic 12C ion irradiations of a30

homogeneous polymethyl methacrylate phantom and measuring the resulting one-31

dimensional positron-emitting fragment profiles and dose distributions. To estimate32

the dose delivered during an arbitrary polyenergetic irradiation, a linear combination33

of factors from the fragment profile library is iteratively fitted to the decomposed34

positron annihilation profile acquired during the irradiation, and the resulting weights35

combined with the corresponding monoenergetic dose profiles to estimate the total36

dose distribution. A total variation regularisation term is incorporated into the fitting37

process to suppress high-frequency noise. The method was evaluated with fourteen38

different polyenergetic 12C dose profiles in a polymethyl methacrylate target: one39

which produces a flat biological dose, ten with randomised energy weighting factors,40

and three with distinct dose maxima or minima within the spread-out Bragg peak41

region. The proposed method is able to calculate the dose profile with mean relative42

errors of 0.8%, 1.0% and 1.6% from the 11C, 10C, 15O fragment profiles, respectively,43

and estimate the position of the distal edge of the SOBP to within an average of44

0.7 mm, 1.9 mm and 1.2 mm of its true location.45

1. Introduction46

Carbon ion therapy is a form of radiotherapy in which accelerated carbon ions are used47

to deliver a therapeutic dose to the target volume [1, 2, 3]. This treatment modality48

offers several advantages over photon therapy, such as a well-defined energy-dependent49

depth of maximum dose shortly before the particles come to rest (known as the Bragg50

peak), and a high relative biological effectiveness (RBE), particularly at the distal end51

of the particle range [2, 4, 5]. The Bragg peak can be extended to deliver a uniform52

dose over a depth range by superimposing monoenergetic beams with different energies53

and fluences to form a polyenergetic beam, also known as a spread-out Bragg peak54

(SOBP) [1]. However, anatomical changes, errors in patient positioning and errors in55

the estimation of ion range may cause significant dose to be delivered outside the target56

region due to the steep dose gradients between the target region and surrounding healthy57

tissue [6].58

During carbon ion therapy, a variety of target and projectile fragments are produced59

through nuclear inelastic collisions between ions in the beam and nuclei in the target60

volume in a process known as fragmentation [4, 5]. Some of these fragments are61

radioactive and decay via positron emission after their creation, at a random time62

depending on their half-life. Positron emission tomography (PET) imaging of these63

decays can therefore be used for in-vivo treatment quality assurance, either after64

treatment (principally via longer-lived positron-emitting fragmentation products such65
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Dose quantification in carbon ion therapy using in-beam PET 3

as 11C or 13N), or during treatment with in-beam PET (which primarily exploits the66

decay of short-lived fragmentation products such as 10C and 15O) [7, 8, 9, 10, 11]. In-67

beam PET systems are one type of real-time treatment verification technique available68

for carbon ion therapy, and a number of in-beam scanner geometries have been proposed69

and are under development [11, 12, 13, 14, 15, 16, 17, 18].70

The estimated distribution of positron annihilations obtained using a PET scanner71

during or after carbon ion therapy can be compared to the distribution predicted by72

the treatment planning system and/or a Monte Carlo simulation of the treatment73

[19, 20, 21, 22]. The accuracy of treatment delivery then can be confirmed by evaluating74

the difference between the two distributions [23, 24]. However, accurately estimating75

the actual dose delivered from the spatial distribution of positron-emitting fragments is76

difficult due to the complex physics involved in charged particle energy deposition and77

nuclear inelastic collisions [5]. In addition, tissue-dependent metabolic washout of the78

produced activity can degrade the accuracy of these calculations [23, 25, 26].79

One method for minimising the effect of metabolic washout on an acquired PET80

image is to apply a correction factor based on estimated washout rates of tissues in the81

treatment region [9]. Several studies have attempted to quantify the rate and impact82

of biological washout on distributions of positron annihilations obtained following the83

delivery of heavy ion beams, specifically in rat brains and rabbits, by fitting the observed84

PET signal in different tissues to a multi-exponential model with fast, medium and slow85

decay constants [27, 28, 29, 30, 31, 32]. However, metabolic washout of positron-emitting86

isotopes created through fragmentation is a complex process and is dependent on many87

factors such as the specific treatment region, physiological state of the tumour, and the88

species of positron-emitting fragments present [29, 32, 33].89

An alternative to correcting the impact of washout on a long-duration scan is to90

largely avoid washout in the first place by limiting the duration of the image acquisition91

- and acquiring the image during or immediately after irradiation - via the use of an92

in-beam or in-room PET scanner [9, 33, 34]. However, shorter scan times will result in93

a corresponding degradation in the signal to noise ratio in the resulting image.94

In this work, a new method for PET image-based dose quantification in carbon95

ion therapy is proposed and evaluated using the Geant4 Monte Carlo simulation96

toolkit. A relationship between the observed positron annihilation and the delivered97

dose was developed based on the observation that the spatial distribution of each98

positron-emitting fragment species is unique for each monoenergetic carbon ion beam99

and target material. Our proposed technique estimates the delivered carbon ion dose100

by (1) measuring the distribution of the positron-emitting fragment yield within the101

target volume, (2) decomposing it into profiles of the individual positron-emitting102

fragment species (3) performing factor analysis on the decomposed activity profiles,103

using activity profiles resulting from the irradiation of a polymethyl methacrylate104

(PMMA) phantom with monoenergetic carbon ions as basis functions, and hence to105

calculate the proportional contribution of each energy to the beam. This approach can106

be tuned to minimise the effects of biological washout in tissues where this is likely to107
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Dose quantification in carbon ion therapy using in-beam PET 4

degrade the accuracy of the dose estimate.108

This paper is divided into six sections, beginning with a summary of related work109

in Section 2. Section 3.1 describes the method used to generate a library of estimated110

positron-emitting fragmentation product distributions from simulated dynamic PET111

images of a PMMA phantom irradiated by a range of monoenergetic 12C beams at112

different energies obtained using a Geant4 Monte Carlo simulation [35]. Section 3.2113

details the procedure for estimating the weighting factors of energy components in a114

delivered SOBP 12C beam from a dynamic PET image, and subsequently estimating115

the deposited dose profile. Results of the dose calculation procedure are presented in116

Section 4, and the effectiveness and accuracy of the proposed method is discussed in117

Section 5. Conclusions of this work are presented in Section 6.118

2. Related Work119

This section summarises different approaches proposed for PET-based treatment120

verification. These can be divided into indirect methods, based on comparing post-121

treatment PET images with predictions of Monte Carlo simulations or analytic models,122

and direct methods which estimate the dose distribution corresponding to the observed123

PET image. A number of techniques utilising both approaches have been developed for124

both proton and carbon therapy.125

2.1. Indirect PET-based dose verification126

Enghardt et al. developed one of the first methods for verifying a delivered dose127

distribution in carbon therapy by comparing a PET signal acquired following the128

treatment with an expected positron annihilation distribution [23]. This method129

produced an expected positron annihilation distribution using Monte Carlo simulations130

and compared it to the experimental PET signal to detect positioning errors and131

variations in local tissue density, before quantifying the difference between the132

recalculated and planned dose using the treatment planning system [23, 36]. Parodi133

and Bortfeld then proceeded to develop a method to estimate the expected PET signal134

from an intended dose map in proton therapy through convolution of the planned dose135

distribution with an analytical Gaussian-powerlaw filter function [37]. Parodi et al. and136

Attanasi et al. later applied this approach to clinical data, and Frey et al. integrated the137

method into a full treatment planning system (TPS) [9, 24, 38, 39]. These studies138

demonstrate the potential for indirect dose verification in charged particle therapy139

through comparison of the theoretically-predicted positron annihilation distribution and140

the experimentally acquired positron activity distributions, and the approach has been141

used in a number of subsequent investigations [19, 20, 21, 40, 41, 42]. However, a142

direct quantitative comparison between planned and delivered doses rather than positron143

annihilation distributions is preferable, as the dose is the quantity of interest [43].144

Hofmann et al. extended the filtering approach developed by Parodi and Bortfeld to145
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Dose quantification in carbon ion therapy using in-beam PET 5

carbon ion therapy, and developed an analytical model to predict the positron-emitting146

fragment distribution from the depth-dose distribution [37, 44]. The filtering approach147

was used to predict the distal edge of the fragment distribution, and an analytical148

model fitted to data generated from Geant4 Monte Carlo simulations was used to149

estimate the shape of the distribution. The approach was validated against positron-150

emitting fragment distributions obtained from Monte Carlo simulations, and was found151

to estimate the position of the distal edge of the Bragg peak to within 0.6 mm for152

homogeneous and 1.3 mm for inhomogeneous phantoms, with mean relative errors to153

the maximum of the distributions below 4% [44].154

2.2. Direct approaches to dose estimation155

Remmele et al. proposed a deconvolution-based approach to the inverse dose estimation156

problem based on the filter kernel developed by Parodi and Bortfeld, combined157

with either total variation (TV) or Tikhonov-Miller (TM) regularisation to enforce158

smoothness in the dose distribution [45]. Remmele et al. demonstrated that their method159

could recover accurate dose distributions in proton therapy from PET signals obtained160

from Monte Carlo simulations, and also PET signals experimentally obtained from both161

a PMMA phantom and a head and neck patient following a 2 Gy irradiation. While162

excellent results were obtained for the simulation data, artefacts in the experimental163

PET images resulted in significant errors in the estimation of the position of the distal164

edge of the spread-out Bragg peak, averaging 2-3 mm and with a maximum of 8 mm.165

Aiello et al. propose a similar approach (also using Tikhonov regularisation) to the166

inverse dose estimation problem in proton therapy [43]. The proposed technique was167

evaluated in simulation using both a pristine proton Bragg peak and SOBP, simulated in168

homogeneous and heterogeneous phantoms using the FLUKA Monte Carlo simulation169

package [46]. The authors state that good agreement between the simulated ground170

truth and estimated dose distributions was obtained in the distal fall-off region of the171

pristine Bragg peak and SOBP. However, significant discrepancies were observed in172

the proximal regions of both the pristine Bragg peak and SOBP in the heterogeneous173

phantom [43].174

Fourkal et al. also developed a deconvolution-based approach for direct dose175

verification in proton therapy, with the filter function analytically calculated using the176

β+ activation cross-section and proton energy fluence spectrum [47, 48]. The method177

was implemented for a parallel-opposed proton beam arrangement and simulated using178

FLUKA [46]; the dose distribution was estimated from the PET image to within 2%179

of the ground truth dose delivered in a homogeneous tissue phantom. Extending this180

method for heterogeneous targets such that it can be used for in-vivo dose reconstruction181

for patients would require substantial further development of the optimisation technique;182

the method would also need to be substantially modified for it to be applicable to carbon183

or other heavy ions. To our knowledge, no further work on this technique has been184

published as of 2020 [48].185
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Dose quantification in carbon ion therapy using in-beam PET 6

Hofmann et al. recently reported the first deconvolution-based approach for186

estimating the dose distribution in carbon ion therapy [49]. Construction of the filter187

function used in this method uses a generalisation of the approach originally proposed188

by Parodi and Bortfeld in 2006 [37]. The filter kernel was iteratively optimised to189

minimise the error between the observed positron-emitting fragment distribution and190

the convolution of the kernel with the depth dose distribution obtained from Monte191

Carlo simulations [37]. Monte Carlo simulation was used to deliver monoenergetic 12C192

ion beams to homogeneous and heterogeneous targets, and depth dose distributions193

were estimated based on the simulated fragment distributions to within a mean relative194

absolute error (relative to the maximum value) of 1% in homogeneous media, and195

2% in heterogeneous media. Polyenergetic 12C beams were delivered to homogeneous196

and heterogeneous phantoms in simulation, and the deconvolution approach estimated197

the depth dose distribution with an average mean relative absolute error of 2%. The198

deconvolution approach was applied to measured fragment distributions in homogeneous199

and heterogeneous targets, and estimated the dose with a mean relative absolute error200

of 10% compared to the predictions of Monte Carlo simulations. These deviations were201

mainly attributed to the discrepancy between Monte Carlo simulated and measured202

fragment distributions. Finally, the deconvolution approach estimated the dose delivered203

by a simulated monoenergetic 12C beam in a CT-derived model of a patient’s head, based204

on the simulated fragment distribution, with a mean relative absolute error of 0.24%205

compared to the Monte Carlo simulation. This study demonstrates the feasibility of206

deconvolved PET image-based dose estimation methods to carbon ion therapy; however,207

at this stage, the effects of biological washout are not considered.208

Inaniwa et al. developed a maximum likelihood expectation maximisation (MLEM)209

algorithm to predict the depths of the proximal and distal edges of SOBP ion beams,210

and later extended this method to estimate the shape of the deposited dose distribution211

[50, 51]. Most recently, Masuda et al. proposed a technique for estimating the dose212

distribution in proton therapy which combines the filtering approach with a MLEM213

algorithm [52]. The MLEM algorithm was implemented to iteratively estimate the dose214

delivered by monoenergetic and SOBP proton beams in water, based on distributions of215

positron-emitting fragments acquired using an in-beam planar PET scanner. A MLEM216

algorithm was also used in conjunction with the Monte Carlo-based software PHITS217

to iteratively calculate the filter functions, which were used in the dose estimation,218

and in the calculation of expected PET signals from intended dose maps [53]. Dose219

distributions were estimated in 1D and 2D using this method, with an accuracy of 7%220

for monoenergetic proton beam deliveries and 12% for SOBP proton beam deliveries.221

The authors claim the approach has advantages over the deconvolution-based algorithm222

used by Hofmann et al. particularly with regards to the speed of the dose calculation.223

However, the technique has yet to be adapted to carbon and other heavy ion therapies,224

and similarly to Hofmann et al. does not consider the effect of biological washout on225

the dose estimation.226

In summary, several promising deconvolution-based solutions have been proposed227
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Dose quantification in carbon ion therapy using in-beam PET 7
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Figure 1. Flowchart summarising the method for dose calculation from a positron

activity distribution induced by carbon ion irradiation. The red box illustrates the

process of basis function generation (Section 3.1). The process of dose estimation is

shown in the blue box (Section 3.2).

for the problem of estimating the dose distribution from the observed positron228

annihilation distribution resulting from the irradiation of a target by proton and heavy229

ion beams. However, the effects of biological washout have not been considered as yet.230

The approach proposed in this paper instead estimates the dose deposited by 12C SOBPs231

from the observed positron-emitting fragment distribution obtained via a decomposition232

of the PET signal into spatial distributions of individual positron-emitting fragment233

species rather than the total activity map, which will allow the effects of biological234

washout to be minimised by selecting specific positron-emitting isotopes with short half-235

lives. This will enable a reduction in the PET acquisition time according to the half-life236

of the selected positron-emitting isotope, and consequently the activity distribution will237

be degraded by washout to a lesser extent during the imaging process. The proposed238

method is validated for three positron-emitting fragment species with different half-lives.239

3. Materials and Methods240

In this section, the proposed method for calculating the dose distribution delivered by241

a polyenergetic 12C irradiation based on the observed distribution of positron-emitting242

fragments is presented. A detailed overview of the method is shown in Figure 1. In243

summary, a dynamic PET image of the positron annihilations within the target resulting244
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Dose quantification in carbon ion therapy using in-beam PET 8

from irradiation by a polyenergetic carbon ion beam is decomposed along the beam path245

into the initial (t = 0) spatial profiles of each of the three principal positron-emitting246

radioisotope components present - 11C, 10C and 15O. Since this model neglects the247

remaining minor positron-emitting fragments, the profiles overestimate the numbers of248

the three principal positron-emitting radionuclides; therefore, an empirically-derived249

scale factor is applied to compensate, resulting in an unbiased estimate of each of250

the true positron-emitting fragment profiles. A reference library of the ground-truth251

distributions of 11C, 10C and 15 (basis functions) resulting from the irradiation of the252

PMMA target with individual monoenergetic carbon ion beams is generated using a253

combination of Monte Carlo simulations and interpolation; corresponding ground-truth254

dose profiles for each energy are also recorded. A linear combination of these fragment255

profiles is then fitted to the observed fragment distribution separately for each positron-256

emitting fragment species, resulting in three estimates of the contributions of each energy257

component to the original polyenergetic beam. A regularisation term is included in the258

cost function while iteratively fitting the observed fragment distribution to suppress259

high-frequency noise in the estimated dose profile. Finally, the estimated weights are260

finally used to produce a composite estimate of the corresponding dose distribution261

along the beam path.262

The method used to generate the positron-emitting fragment and dose profiles263

for the monoenergetic 12C beams is described in detail in Section 3.1. All Monte264

Carlo simulations were performed with the Geant4 toolkit (version 10.2.p03) [35, 54].265

The Geant4 QGSP BIC HP physics list was chosen to model hadronic processes, and266

electromagnetic processes were modeled using G4EmStandardPhysics option3, based267

on the recommendation of a comparative study of Geant4 hadronic ion inelastic physics268

models by Chacon et al. [55]. The dose distribution estimation procedure is explained269

in detail in Section 3.2. The performance of the proposed method is evaluated using270

simulations of synthetic random SOBPs, as described in Section 3.3.271

3.1. Basis Function Generation272

Simulated monoenergetic 12C beams with energies of 200, 215, 230, 245, 260, 275,273

290, 305, 320, and 350 MeV/u and a total particle fluence of 1.0 × 108 particles were274

delivered to a PMMA target phantom with dimensions of 100 × 100 × 300 mm3 using275

the Geant4 toolkit. The beam was modeled with a circular Gaussian intensity profile276

with a diameter of 8 mm full width at half maximum (FWHM) and an energy spread277

of σ = 0.2% (chosen based on previously published values for a 12C ion pencil beam278

[55, 56]). The 12C ion beams were delivered to the phantom across a simulated air279

gap of 175 cm from the beam origin to the surface of the phantom, and a scoring280

resolution of 1.5 mm3 (based on current in-beam PET scanner attributes [56, 57]) was281

used to record the spatio-temporal distribution of positron-annihilation positions. Data282

were acquired for 36 minutes following beam delivery and binned into 5 second temporal283

frames. Additionally, the deposited dose was recorded with a spatial resolution of 1 mm3,284

Page 8 of 28AUTHOR SUBMITTED MANUSCRIPT - PMB-110069.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Dose quantification in carbon ion therapy using in-beam PET 9

normalised per incident particle.285

Profiles of positron-emitting fragments, with activity normalised per primary286

particle, were constructed by selecting a 2D region of interest (ROI) in the transverse287

plane, with a width equal to the full width at tenth maximum (FWTM) of the beam for288

each voxel along the path of the beam, and scoring the annihilation positions of positrons289

originating from the decay of 11C, 10C and 15O fragments in each slice. Deposited one-290

dimensional profiles of energy deposition per primary particle were also constructed by291

summing the deposited energy scored in a FWTM ROI in the transverse plane around292

each voxel along the path of the beam. An initial library of one-dimensional positron-293

emitting fragment profiles and deposited dose profiles was constructed by repeating this294

procedure for the 10 simulated monoenergetic 12C ion beams delivered to the PMMA295

phantom. PMMA was chosen as the target material as it contains both oxygen and296

carbon, and yields a range of fragmentation products similar to that produced by heavy297

ion irradiation of human adipose tissue. In addition, PMMA and human adipose tissue298

have a similar electron density, resulting in a similar depth-dose profile [58].299

To reduce the computational workload required to construct a complete library300

of dose and activity profiles, an interpolation procedure was used to calculate301

monoenergetic dose profiles and corresponding 11C, 10C and 15O positron annihilation302

profiles for the beam energies between the specific values directly simulated in Geant4303

[59, 60]. Critical parameters of the simulated deposited dose and fragment profiles - such304

as depth and magnitude of the Bragg peaks - are extracted and linearly interpolated305

to estimate the values for the intermediate monoenergetic beams. For each new energy,306

the fragment profiles from the nearest two simulated beam energies are stretched or307

compressed to match the estimated Bragg peak magnitude and depth. The estimated308

positron-emitting fragment profile of the target incident beam energy is the average of309

these two estimates. The energies of simulated monoenergetic 12C beams are separated310

by a maximum of 30 MeV/u‡.311

At the conclusion of this step, a set of spatial profiles of the quantity of 11C, 10C312

and 15O fragments produced during irradiation, and the corresponding dose profiles is313

created for monoenergetic beams with energies from 200 MeV/u to 350 MeV/u in steps314

of 1 MeV/u.315

3.2. Dose Quantification Method316

The dose quantification procedure is summarised in Figure 1. A cumulative activity317

profile, ASOBP,k, is generated by the delivery of a SOBP 12C beam according to (1):318

ASOBP,k =
∑
i

Wi

∑
j

Ni,j(k)× e
−t ln 2
τj (1)

‡ A greater energy separation reduces the accuracy of this method, as range straggling changes the

peak-to-entrance ratio of fragment yield profiles at a non-linear rate, which this approach would not

accurately model. The interpolation method is validated in Appendix A.
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Dose quantification in carbon ion therapy using in-beam PET 10

ASOBP,k is a weighted summation of positron activity maps produced by each319

monoenergetic beam, weighted by a factor Wi, at a time t after injection of the primary320

particles (assuming simultaneous injection of all particles). The ith monoenergetic beam321

produces a number of positron-emitting fragments, Ni,j(k), of species j with half-life τj,322

in the kth voxel, normalised per incident particle.323

One-dimensional estimates of the spatial profiles of 11C, 10C and 15O fragment324

production in the image are generated by extracting a time activity curve (TAC) from a325

2D ROI normal to the beam around each voxel along the path of the beam, defined by326

the FWTM of the beam in the transverse plane. Each extracted TAC is parametrically327

fitted with a multi-exponential model equation using the Levenburg-Marquardt (LM)328

error minimisation algorithm to obtain an estimate of the initial activity A0 of each329

positron-emitting fragment species in each voxel [61, 62, 63]. Total activity as a function330

of time t in a volume with initial activities A0,11C , A0,10C and A0,15O of 11C, 10C and 15O331

respectively, is given by (2):332

Atotal(t) = A0,11Ce
− ln t/τ11C + A0,10Ce

− ln t/τ10C + A0,15Oe
− ln t/τ15O (2)

where τ11C , τ10C and τ15O are the half-lives of 11C (20.39 min), 10C (19.26 sec) and333

15O (122.24 sec) respectively.334

The substantially longer half-life of 11C relative to 10C and 15O results in the number335

of 10C and 15O nuclei decaying to a negligible quantity by 20 minutes post beam delivery;336

therefore, the final 15 minutes of each TAC can be solely attributed to the 11C fragment337

component [64]. This information was used to reduce the dimensionality of the problem338

of finding the relative contributions of the shorter-lived isotopes, 10C and 15O, in the339

earlier part of the time-activity curve.340

Equation (2) implicitly assumes that all positron annihilations have resulted from341

the decay of 11C, 10C and 15O nuclei. However, since several additional miscellaneous342

positron-emitting fragmentation products are also present, the number of 11C, 10C and343

15O nuclei tends to be overestimated (10C in particular). To correct this overestimation,344

an empirical multiplicative scaling factor for each of the three estimated fragment profiles345

is calculated for all of the simulated monoenergetic 12C beams such that the mean346

squared error between the estimated and ground truth fragment profiles is minimised,347

thereby compensating for the absence of the miscellaneous radionuclides. Across all of348

the simulated energies and fragment profiles, the standard deviation of the scaling factors349

was consistently low - between 2.2% and 3.6% of the mean. Therefore, by applying the350

mean scaling factor to the (over)estimated fragment profile, an unbiased estimate of the351

true fragment distribution can be reliably recovered.352

To estimate the dose distribution, a linear combination of the one-dimensional353

monoenergetic fragment distributions (see Section 3.1) is iteratively fitted to the SOBP354

region of observed spatial fragment profiles to estimate the relative contributions of each355

energy component. However, the problem is ill-posed, and the linear combination which356

minimises the mean squared error between the observed and fitted fragment distributions357

can result in physically infeasible high-frequency fluctuations in the estimated dose358
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Dose quantification in carbon ion therapy using in-beam PET 11
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(a) Not regularised
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(b) Regularised

Figure 2. Results of the dose estimation procedure, with no regularisation (2(a)) and

with total variation (L1) regularisation applied (2(b)), for one 12C SOBP.

distribution. Therefore, a total variation (L1) regularisation term is included in the359

cost function to suppress these high-frequency fluctuations (since the dose distribution360

is assumed to be smooth and continuous between the proximal and distal edges of the361

SOBP). The problem may then be expressed as finding the optimal weight vector Wopt362

such that:363

Wopt = argmin
W

{
‖NjW −Atrue,j‖2 + αjRfit,j(W)

}
(3)

The first part of the cost function to be minimised is the sum of the squared errors364

between the ground truth fragment distribution Atrue,j and fitted fragment distribution365

NjW in the SOBP region, where Nj is the matrix of monoenergetic fragment production366

profiles corresponding to fragment species j, with columns representing increasing energy367

and rows representing depth along the path of the beam. The second part is a total368

variation (L1) regularisation term Rfit,j, moderated by a factor αj to adjust the degree369

of high-frequency suppression. Rfit,j is determined by calculating the dose distribution370

from the fragment weights in each iteration, transforming the profile into the frequency371

domain via a discrete cosine transform, and calculating the sum of absolute energy372

components above a critical threshold frequency ft. This frequency is determined by373

computing the DCT of the planned dose distribution, setting frequency components374

above ft to zero, performing an inverse DCT and calculating the root mean squared375

error between the result and the original planned dose distribution; ft is progressively376

increased until the error is less than 0.25%. The presence of any spectral components377

above ft in the estimated dose profile is therefore penalised. The highest frequency378

components in the planned dose distribution result from discontinuities in the dose379

distribution - principally, the proximal and distal edges of the SOBP. The optimal value380

of αj is also iteratively calculated for each polyenergetic beam, and the average optimal381

value calculated for subsequent fitting of spatial fragment distributions. The effect of382

the regularisation term (after application of the target material-dependent correction383

factor) on the dose estimates for one 12C SOBP is illustrated in Figure 2.384

The fitting procedure is performed separately for each of the spatial 11C, 10C and 15O385
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Dose quantification in carbon ion therapy using in-beam PET 12

profiles, resulting in three sets of estimated weights of the different energy components386

of the original particle beam. While biological washout is not modeled in this work,387

we hypothesise that the most appropriate estimate can be selected depending on the388

irradiated tissue, its vascularisation, and on the most prominent processes of biological389

washout. Each set of weights provides an estimate of the number of incident particles of390

each energy originally used to generate the SOBP. Finally, the dose distributions from391

the individual monoenergetic components Ei,k are summed using the weighting factors392

Wi derived in the previous step, according to (4), to derive the estimate of the total393

deposited dose:394

ESOBP,k =
∑
i

Wi × Ei,k (4)

3.3. Performance Evaluation395

The performance of the proposed method was evaluated on Monte Carlo simulated 12C396

ion beams with a variety of random dose distributions. The dose profiles estimated using397

the distribution of fragment species j were compared with the ground truth values using398

the mean relative error (MRE), defined relative to the maximum of the ground truth399

dose distribution in the region r:400

MREr(Dtrue,j(k), Dest,j(k)) =
1

n

n∑
m=1

|Dtrue,j(km)−Dest,j(km)|
maxr(Dtrue,j(kr))

(5)

The MRE was evaluated in three regions: the entrance, SOBP and tail. The401

SOBP region is defined as the region between the most proximal and most distal Bragg402

peaks. The entrance region and tail region are then defined as the regions proximal and403

distal to the SOBP region, respectively. The MRE was also evaluated across the entire404

distribution for a direct comparison with the results of Hofmann et al. (2019a) [49].405

Monte Carlo simulations were performed for 14 different 12C SOBPs, each with a406

total of 1.0 × 108 primary particles, in a PMMA target phantom. The SOBPs were407

composed of up to 76 monoenergetic beams with energies ranging from 200 MeV/u to408

350 MeV/u. The first profile used a set of weights designed to produce a flat biological409

dose; the next ten used randomised weight factors of between 1 and 10 for each energy;410

finally, the last three included well-defined dose maxima and/or minima within the411

spread-out Bragg peak region (Figure 3). Random variation was included in the weights412

to provide a more robust evaluation of the method. The statistical error in fragment yield413

and deposited dose profiles was calculated by dividing the delivered monoenergetic 12C414

beams into 20 populations of 5.0× 106 particles, and calculating the standard deviation415

in each voxel. Spatial fragment profiles are generated by fitting the decay model (2) to416

the simulated PET image; the energy weight estimation procedure is then applied to the417

profiles obtained from each simulation and composite dose estimate profiles generated;418

these are compared to the ground truth profiles, with the MRE evaluated across the419

entire distribution, and in the entrance, SOBP and tail regions.420
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Dose quantification in carbon ion therapy using in-beam PET 13

(a) Flat beam (b) Beam 11 (proximal and distal maxima)

(c) Beam 12 (proximal maximum) (d) Beam 13 (distal maximum)

Figure 3. Total positron-emitting fragment profiles (black) and deposited dose profiles

(red) resulting from one simulated polyenergetic 12C beam designed to produce a flat

biological dose (a), and three simulated polyenergetic 12C beams with distinct dose

maxima or minima within the spread-out Bragg peak region (b)-(d).

The position of the distal edge of the SOBP was located (both for the ground truth421

and estimated dose profiles) by first differentiating the profile, and then identifying the422

deepest point at which the absolute gradient exceeds 0.03 Gy/m (indicating the onset423

of the SOBP).424

4. Results425

The dose calculation procedure was implemented for the 14 different 12C SOBP beams,426

each composed of a linear combination of monoenergetic components with energies from427

200 MeV/u to 350 MeV/u in steps of 2 MeV/u. The mean, standard deviation and428

maximum MRE between the calculated dose deposition profiles and the ground truth429

(obtained directly from the dose scored in the simulation) in the entrance, SOBP and430

tail regions for each simulated irradiation are presented without the use of regularisation431

in Table 1, and with the use of regularisation in Table 2. Examples of the parametric432

fitting of positron-emitting fragment profiles and estimated dose deposition profiles are433

presented in Figure 4 and 5 respectively, for 4 of the 14 12C SOBPs.434

Finally, the distal edges of the SOBP dose profiles calculated using L1 regularisation435

were located for each of the 14 12C SOBP beams, and compared to the ground truth436

distal edge locations. The mean, standard deviation and maximum error between the437

calculated distal edge depth and ground truth are presented in Table 3.438
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Dose quantification in carbon ion therapy using in-beam PET 14

(a) 11C (b) 10C

(c) 15O

Figure 4. Fragment profiles from four simulated polyenergetic 12C beams,

parametrically fitted using a library of fragment profiles from a range of monoenergetic

incident beams. For clarity, only every fifth fitted point is shown.
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(c) Beam 12
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(d) Beam 13

Figure 5. Comparison of ground truth dose deposition profiles (red) of four simulated
12C SOBPs, and dose profiles calculated using dose estimation procedure applied to

the observed distributions of 11C (yellow), 10C (purple) and 15O (green) fragments.

L1 regularisation has been enforced to suppress high-frequency noise.
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Dose quantification in carbon ion therapy using in-beam PET 15

Region Mean MRE (%) Std Dev. MRE (%) Max. MRE (%)

11C

Entrance 1.0 0.9 3.3

SOBP 1.7 0.9 4.2

Tail 0.6 0.3 1.3

Overall 0.9 0.5 2.3

10C

Entrance 0.6 0.8 3.3

SOBP 3.1 0.8 5.3

Tail 1.7 0.5 2.8

Overall 1.4 0.4 2.5

15O

Entrance 1.7 1.5 6.2

SOBP 4.7 0.8 6.8

Tail 0.3 0.1 0.5

Overall 2.3 0.6 4.1

Table 1. Mean MRE, standard deviation of the MRE, and maximum MRE between

calculated and ground truth dose profiles, without regularisation, over all SOBP 12C

beam deliveries.

Region Mean MRE (%) Std Dev. MRE (%) Max. MRE (%)

11C

Entrance 1.0 0.8 3.2

SOBP 1.5 0.9 3.9

Tail 0.7 0.3 1.4

Overall 0.8 0.5 2.2

10C

Entrance 0.6 1.0 3.5

SOBP 2.1 1.0 5.0

Tail 1.0 0.4 1.6

Overall 1.0 0.6 2.4

15O

Entrance 1.8 1.5 6.3

SOBP 3.1 1.1 6.0

Tail 0.4 0.2 0.8

Overall 1.6 0.7 3.8

Table 2. Mean MRE, standard deviation of the MRE, and maximum MRE between

calculated and ground truth dose profiles, using L1 regularisation, over all SOBP 12C

beam deliveries.
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Dose quantification in carbon ion therapy using in-beam PET 16

Mean Error (mm) Std Dev. Error (mm) Max. Error (mm)

11C 0.7 0.8 2.0
10C 1.9 1.7 4.0
15O 1.2 1.3 3.0

Table 3. Mean error, standard deviation of the error, and maximum error between

the distal edge of calculated and ground truth dose profiles, using L1 regularisation,

over all SOBP 12C beam deliveries.

5. Discussion439

The mean overall MRE between calculated and true dose profiles remained below 0.9%,440

1.4% and 2.3% for 11C, 10C and 15O, without the use of L1 regularisation. After441

incorporating the regularisation term, the mean overall MREs were reduced to below442

0.8%, 1.0% and 1.6% for 11C, 10C and 15O, respectively. The greatest errors after adding443

the regularisation term were observed when estimating the dose distribution based on444

15O fragments in the SOBP region.445

The accuracy of dose estimation could potentially be further improved by446

implementing a combination of L1 and L2 regularisation, as L1 regularisation is typically447

better at preserving edge features, while L2 regularisation results in a better fit to smooth448

and continuous signals [45]. The scaling factor calculated to address the overestimation449

of yield profiles produced through the TAC-fitting procedure is expected to be dependent450

on the specific target material and image acquisition time. The factor is needed to451

compensate for the omission of the minor contributions of positron-emitting fragments452

other than 11C, 10C and 15O from the model fitted to the total positron yield, and it is453

expected that the total yield of these fragments relative to 11C, 10C and 15O will change454

in each target material, and therefore the factor required to correct for this error will455

change.456

The distal edge of delivered SOBP dose profiles was reconstructed to within an457

average of 0.7 mm, 1.9 mm and 1.2 mm of the ground truth for 11C, 10C and 15O,458

respectively.459

In this work, biological washout rates were not modeled since no biological processes460

are present to degrade the signal in a solid PMMA phantom. In reality, biological461

washout is a source of significant error in quantitative PET data analysis, and must462

be corrected for using a biological washout model [25, 29, 32]. By performing dose463

calculations using distributions of single fragment species, the PET scan length can464

be optimised for each isotope, depending on the biological washout rate in the target465

tissue. While the most accurate dose calculations were achieved using 11C fragment466

distributions, the shorter half-life of 10C allows for the dose quantification procedure to467

be implemented on data obtained from a relatively short PET scan, since more than468

99% of 10C fragments will have decayed within 2.5 minutes of the end of the irradiation469

period. In this case, a fast dose calculation may be performed using 10C fragments470
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Dose quantification in carbon ion therapy using in-beam PET 17

based on a short initial PET scan to quickly identify any deviations from the treatment471

plan. However, in treatment regions where metabolic processes may rapidly affect the472

distribution of positron-emitting fragments, a washout model based on the washout473

rate of each significant positron-emitting fragment species should be applied [25, 32]. A474

washout model will be incorporated in future in vivo dose estimation studies.475

The present study is limited to the irradiation of a homogeneous PMMA target by476

polyenergetic 12C ion beams. In order to extend this method to heterogeneous targets,477

including realistic tissue models, the basis function library must first be expanded478

to include fragment yield and deposited dose profiles for a range of homogeneous479

target materials. Heterogeneous targets will be divided into homogeneous sub-volumes,480

and acquired annihilation yield maps can be fitted using a piecewise function of481

fragment profiles from the expanded basis function library [60]. The material-dependent482

scaling factor used to correct the yield overestimation observed when separating the483

acquired dynamic yield profiles into each positron-emitting fragment species must be484

calculated for the material in each homogeneous sub-volume. Automatic selection of the485

proper correction factors can be performed using lookup tables based on automatically486

segmented CT or MRI image data. The factors will then be applied to the piecewise487

yield segments in their respective sub-volumes.488

Finally, in this work, cumulative activity profiles were produced using Monte Carlo489

simulation of injected 12C particles, where all particles were injected simultaneously.490

However, particle therapy is typically delivered in a series of consecutive spills [56]. The491

duration of each spill, and the duration of the beam-off period between each spill, will492

affect the cumulative activity profile as positron-emitting fragments will begin decaying493

immediately after their creation. In order to apply the dose quantification procedure to494

real therapeutic beam deliveries, additional terms must be included in (1) to account495

for the decay of positron-emitting fragments during the beam delivery. This will also496

enable inter-spill imaging, where PET data is acquired between consecutive spills while497

the beam is off.498

During inter-spill periods, short-lived positron-emitting fragments, such as 10C, will499

decay at a greater rate than longer-lived positron-emitters, such as 11C. Consequently,500

despite the greater total yield of longer-lived positron-emitting fragments over a long501

scan length, short inter-spill images will be predominantly representative of short-lived502

positron-emitting fragment distributions. By using positron-emitting isotopes with503

short half-lives, such as 10C, real-time dose estimations based on inter-spill PET data504

will be feasible while mitigating the degrading effects of biological washout.505

6. Conclusion506

This work presented a dose quantification technique based on PET imaging in carbon ion507

therapy. A PET image of a volume irradiated by a polyenergetic 12C beam is decomposed508

into the three main positron-emitting fragmentation products, and the proportional509

contribution of each energy component estimated by fitting a linear combination of510
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Dose quantification in carbon ion therapy using in-beam PET 18

monoenergetic fragment profiles to the observed monoisotopic fragment distribution.511

The dose is then estimated by using the same weights to sum the individual dose profiles,512

subject to total variation regularisation, in each iteration of the fragment-fitting process.513

The method was evaluated by simulating a diverse range of polyenergetic 12C irradiations514

of a homogeneous PMMA target using the Geant4 Monte Carlo toolkit, and comparing515

the estimated dose with the ground truth dose as measured directly in the simulation.516

The proposed dose quantification method provided a very accurate estimate of517

the dose in the PMMA phantom, consistently yielding an estimated dose within 0.8%518

of the ground truth, and estimating the position of the distal edge of the SOBP to519

within 0.7 mm using the 11C yield profile. For comparison, Hofmann’s deconvolution-520

based approach estimated the dose distribution from polyenergetic 12C irradiation of a521

PMMA target from simulated PET images with an accuracy of 1.41%, and estimated522

the distal edge position to within 0.25 mm. Our work demonstrated that accurate523

dose estimates may be obtained even using short-lived positron-emitting fragments.524

The shorter half-lives of these fragments (particularly 10C) will allow dose estimates to525

be made after very short PET signal acquisitions, which will significantly reduce the526

impact of biological washout compared to a typical 20 minute post-irradiation scan.527

However, the limited extent to which biological washout has been studied in larger528

animals (including humans) to date means that this hypothesis cannot be evaluated via529

simulation and will require an in-vivo experiment to be performed to properly evaluate530

the benefits of short-acquisition scans in relation to washout.531

Taking the idea of dosimetry via short-duration PET acquisitions to its ultimate532

conclusion, it may be possible that clinical dose estimates can be obtained in real time via533

inter-spill imaging targeting the distribution of short-lived positron-emitting isotopes,534

which would enable real-time adaptation of a treatment plan to correct for deviations535

from the planned dose distribution.536
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Appendix A. Basis Function Generation using Profile Interpolation546

The accuracy of the profile interpolation procedure is assessed by splitting the set of547

10 positron-emitting fragment profiles and deposited dose profiles corresponding to548
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the monoenergetic irradiations of the PMMA target into a training set and testing549

set. The fragment and dose profiles of the 200 MeV/u, 230 MeV/u, 260 MeV/u,550

290 MeV/u, 320 MeV/u, and 350 MeV/u monoenergetic beams are used to create551

a profile interpolation model; fragment and dose profiles for other 4 energies which552

have been simulated (215 MeV/u, 245 MeV/u, 275 MeV/u, and 305 MeV/u) are then553

estimated using this profile interpolation model, and compared to the Monte Carlo554

simulated fragment and dose profiles. Comparisons of ground truth and estimated 11C,555

10C and 15O fragment and dose profiles are shown in Figure A1. The MRE between true556

and estimated profiles in the entrance, SOBP and tail regions are presented in Table557

A1.558

(a) 11C (b) 10C

(c) 15O (d) Deposited dose

Original 215MeV/u Profile
Calculated 215MeV/u Profile
Original 245MeV/u Profile
Calculated 245MeV/u Profile

Original 275MeV/u Profile
Calculated 275MeV/u Profile
Original 305MeV/u Profile
Calculated 305MeV/u Profile

Figure A1. Profiles of 11C, 10C, and 15O fragment production and deposited dose

profile resulting from irradiation of a homogeneous PMMA phantom by monoenergetic
12C beams with energies of 215 MeV/u, 245 MeV/u, 275 MeV/u and 305 MeV/u in

Monte Carlo simulation, plotted against fragment and dose profiles estimated using

the profile interpolation procedure.
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Table A1. Mean relative error between true and interpolated 11C, 10C, 15O and

deposited dose profiles, calculated in the entrance, SOBP and tail regions, relative to

the maximum of the true profile in the specified region.

Interpolated Profile Beam Energy (MeV/u)
Mean MRE (%)

Entrance SOBP Tail

11C

215 0.49 5.81 0.41

245 0.51 4.04 0.41

275 0.92 5.07 0.37

305 1.01 4.19 0.48

10C

215 0.39 1.57 0.44

245 0.59 2.71 0.65

275 0.55 4.11 0.78

305 0.52 2.69 0.93

15O

215 0.71 3.11 0.42

245 0.49 2.79 0.53

275 0.62 1.44 0.45

305 0.66 3.24 0.86

Dose

215 0.61 2.47 0.12

245 1.02 2.04 0.25

275 3.44 6.62 0.49

305 3.00 5.67 0.66

Appendix B. Additional Information for 12C SOBPs559

The weight values used in Monte Carlo simulation to deliver the flat 12C SOBP, the560

3 12C SOBPs containing well-defined dose maxima and/or minima, and 4 12C SOBPs561

with randomised weights are presented in Figure B1.562
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(e) Beam 1
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(f) Beam 2
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(g) Beam 3
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(h) Beam 4

Figure B1. Weight values used in Monte Carlo simulation to deliver a flat biological

dose (1(a)), the profiles with well-defined dose maxima and/or minima within the

SOBP region (1(b)-1(d)), and 4 SOBPs produced using random weighting values (1(e)-

1(h)).

Examples of the positron-emitting fragment yield, and corresponding deposited563

dose profiles for 4 of the 10 random-weighted 12C SOBPs are displayed in Figure B2.564
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(a) Flat beam
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(b) Beam 11 (proximal and distal maxima)
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(c) Beam 12 (proximal maximum)
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(d) Beam 13 (distal maximum)

Figure B2. Total positron-emitting fragment profiles (black) and deposited dose

profiles (red) resulting from 4 of the 10 random-weighted 12C SOBPs.
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[26] M. Priegnitz, D. Möckel, K. Parodi, F. Sommerer, F. Fiedler, W. Enghardt, In-beam PET677

measurement of 7Li3+ irradiation induced β+-activity, Physics in Medicine & Biology 53 (16)678

(2008) 4443–4453 (Jul. 2008). doi:10.1088/0031-9155/53/16/015.679

URL https://doi.org/10.1088/0031-9155/53/16/015680

[27] H. Mizuno, T. Tomitani, M. Kanazawa, A. Kitagawa, J. Pawelke, Y. Iseki, E. Urakabe, M. Suda,681

A. Kawano, R. Iritani, S. Matsushita, T. Inaniwa, T. Nishio, S. Furukawa, K. Ando, Y. K.682

Nakamura, T. Kanai, K. Ishii, Washout measurement of radioisotope implanted by radioactive683

beams in the rabbit, Physics in Medicine & Biology 48 (15) (2003) 2269–2281 (Jul. 2003).684

doi:10.1088/0031-9155/48/15/302.685

URL https://doi.org/10.1088/0031-9155/48/15/302686

[28] T. Tomitani, J. Pawelke, M. Kanazawa, K. Yoshikawa, K. Yoshida, M. Sato, A. Takami, M. Koga,687

Y. Futami, A. Kitagawa, E. Urakabe, M. Suda, H. Mizuno, T. Kanai, H. Matsuura, I. Shinoda,688

S. Takizawa, Washout studies of 11C in rabbit thigh muscle implanted by secondary beams of689

HIMAC, Physics in Medicine & Biology 48 (7) (2003) 875–889 (Mar. 2003). doi:10.1088/0031-690

9155/48/7/305.691

URL https://doi.org/10.1088/0031-9155/48/7/305692

Page 24 of 28AUTHOR SUBMITTED MANUSCRIPT - PMB-110069.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Dose quantification in carbon ion therapy using in-beam PET 25

[29] I. Mart́ınez-Rovira, C. Jouvie, S. Jan, Technical Note: Implementation of biological washout693

processes within GATE/GEANT4-A Monte Carlo study in the case of carbon therapy694

treatments, Medical Physics 42 (4) (2015) 1773–1778 (Mar. 2015). doi:10.1118/1.4914449.695

URL https://doi.org/10.1118/1.4914449696

[30] Y. Hirano, S. Kinouchi, Y. Ikoma, E. Yoshida, H. Wakizaka, H. Ito, T. Yamaya, Compartmental697

analysis of washout effect in rat brain: in-beam OpenPET measurement using a 11C beam,698

Physics in Medicine & Biology 58 (23) (2013) 8281–8294 (Nov. 2013). doi:10.1088/0031-699

9155/58/23/8281.700

URL https://doi.org/10.1088/0031-9155/58/23/8281701

[31] Y. Hirano, H. Takuwa, E. Yoshida, F. Nishikido, Y. Nakajima, H. Wakizaka, T. Yamaya, Washout702

rate in rat brain irradiated by a 11C beam after acetazolamide loading using a small single-703

ring OpenPET prototype, Physics in Medicine & Biology 61 (5) (2016) 1875–1887 (Feb. 2016).704

doi:10.1088/0031-9155/61/5/1875.705

URL https://doi.org/10.1088/0031-9155/61/5/1875706

[32] C. Toramatsu, E. Yoshida, H. Wakizaka, A. Mohammadi, Y. Ikoma, H. Tashima, F. Nishikido,707

A. Kitagawa, K. Karasawa, Y. Hirano, T. Yamaya, Washout effect in rabbit brain: in-beam PET708

measurements using 10C, 11C and 15O ion beams, Biomedical Physics & Engineering Express709

4 (3) (2018) 035001 (Mar. 2018). doi:10.1088/2057-1976/aaade7.710

URL https://doi.org/10.1088/2057-1976/aaade7711

[33] A.-C. Knopf, K. Parodi, H. Paganetti, T. Bortfeld, J. Daartz, M. Engelsman, N. Liebsch,712

H. Shih, Accuracy of Proton Beam Range Verification Using Post-Treatment Positron713

Emission Tomography/Computed Tomography as Function of Treatment Site, International714

Journal of Radiation Oncology, Biology, Physics 79 (1) (2011) 297–304 (Jan. 2011).715

doi:10.1016/j.ijrobp.2010.02.017.716

URL https://doi.org/10.1016/j.ijrobp.2010.02.017717

[34] A. C. Kraan, Range Verification Methods in Particle Therapy: Underlying Physics and Monte718

Carlo Modeling, Frontiers in Oncology 5 (Jul. 2015). doi:10.3389/fonc.2015.00150.719

URL https://doi.org/10.3389/fonc.2015.00150720

[35] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Arce, M. Asai, D. Axen,721

S. Banerjee, G. Barrand, F. Behner, L. Bellagamba, J. Boudreau, L. Broglia, A. Brunengo,722

H. Burkhardt, S. Chauvie, J. Chuma, R. Chytracek, G. Cooperman, G. Cosmo, P. Degtyarenko,723

A. Dell’Acqua, G. Depaola, D. Dietrich, R. Enami, A. Feliciello, C. Ferguson, H. Fesefeldt,724

G. Folger, F. Foppiano, A. Forti, S. Garelli, S. Giani, R. Giannitrapani, D. Gibin, J. G. Cadenas,725
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