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Abstract.23

Objective: To compare the accuracy with which different hadronic inelastic physics24

models across ten Geant4 Monte Carlo simulation toolkit versions can predict positron-25

emitting fragments produced along the beam path during carbon and oxygen ion26

therapy.27

Approach: Phantoms of polyethylene, gelatin, or poly(methyl methacrylate) were28

irradiated with monoenergetic carbon and oxygen ion beams. Post-irradiation, 4D29

PET images were acquired and parent 11C, 10C and 15O radionuclides contributions30

in each voxel were determined from the extracted time activity curves. Next, the31

experimental configurations were simulated in Geant4 Monte Carlo versions 10.0 to32

11.1, with three different fragmentation models - binary ion cascade (BIC), quantum33

molecular dynamics (QMD) and the Liege intranuclear cascade (INCL++) - 30 model-34

version combinations. Total positron annihilation and parent isotope production yields35

predicted by each simulation were compared between simulations and experiments36

using normalised mean squared error and Pearson cross-correlation coefficient. Finally,37

we compared the depth of the maximum positron annihilation yield and the distal38

point at which the positron yield decreases to 50% of peak between each model and39

the experimental results.40

Main results: Performance varied considerably across versions and models, with no41

one version/model combination providing the best prediction of all positron-emitting42

fragments in all evaluated target materials and irradiation conditions. BIC in Geant443

10.2 provided the best overall agreement with experimental results in the largest44

number of test cases. QMD consistently provided the best estimates of both the depth45

of peak positron yield (10.4 and 10.6) and the distal 50%-of-peak point (10.2), while46

BIC also performed well and INCL generally performed the worst across most Geant447

versions.48

Significance: The best predictions of the spatial distribution of positron49

annihilations and positron-emitting fragment production along the beam path during50

carbon and oxygen ion therapy was obtained using Geant4 10.2.p03 with BIC or QMD.51

These version/model combinations are recommended for future heavy ion therapy52

research.53

1. Introduction54

One of the chief advantages of particle therapy as a treatment for cancer is the high55

dose gradient between the treatment area and surrounding regions [1]. This precision56

necessitates the use of sophisticated treatment planning and quality assurance methods57

to ensure proper delivery of the prescribed dose to the target only. These methods,58

in turn, are heavily reliant on Monte Carlo simulation methods, which are used for59

modelling the interaction of high-energy charged particles with the patient.60

Good models for nuclear fragmentation processes are especially critical for faithfully61

simulating imaging applications in particle therapy, such as PET-based dose estimation62

methods for quality assurance, since the production and distribution of positron-63

emitting radionuclide fragments directly affects the quality of the resulting image64

[2, 3, 4, 5]. One of the leading fully open source Monte Carlo toolkits for modelling the65

interaction of radiation and matter, Geant4, currently offers a choice of three hadronic66
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inelastic fragmentation models that are appropriate for particle therapy - binary ion67

cascade (BIC), quantum molecular dynamics (QMD), and Liège intranuclear cascade68

(INCL++) [6, 7, 8]‡. In a previous study, we evaluated these models by comparing the69

spatial distributions of positron-emitting radionuclides predicted following irradiation70

of PMMA, gelatin and polyethylene targets by monoenergetic carbon and oxygen71

ion beams (simulated using Geant4 10.2.p03) to equivalent results estimated from72

experimentally-obtained PET data [10]. The BIC model was found to provide the best73

estimates overall; however, none of the models provided a perfect fit in all evaluated74

cases, and some significant discrepancies were observed.75

Since the publication of our previous study, there have been several updates to76

Geant4; specifically, six minor releases (versions 10.x) and one major release (version77

11, which has since been updated to version 11.1). Each of these releases includes78

modifications to the physics models implemented in Geant4, which can affect the79

simulation of positron-emitting fragment production in particle therapy.80

In this work, we have extended our earlier study, and present a quantitative81

evaluation of Geant4’s ability to predict positron-emitting fragment production across82

a total of ten different stable versions (10.0.p04, 10.1.p03, 10.2.p03, 10.3.p03, 10.4.p03,83

10.5.p01, 10.6.p03, 10.7.p02, 11.0 and 11.1) which have followed the previous major84

release (10.0) for each of the three different fragmentation models [10]. In addition85

to the normalised mean squared error (NMSE) metric used in the previous study,86

three additional metrics - the Pearson cross-correlation coefficient (CCC), the depth87

of the positron annihilation peak, and the depth at which the positron annihilation88

intensity has decreased to 50% of the peak - are also used to compare the shape of the89

predicted positron-emitting fragment distributions with the experimentally measured90

distributions.91

2. Materials and Methods92

This section describes the methods used for obtaining and quantitatively comparing93

the experimental and simulated positron annihilation profiles. The general approach is94

similar to that used in our previous study (see [10]); however, it has been extended to95

include a much wider range of Geant4 versions, and additional comparison metrics are96

introduced.97

The experimental methods used to estimate the total positron annihilation profile98

and activity of the dominant positron-emitting fragment isotopes (11C, 10C and 15O)99

are briefly summarised in Section 2.1. Equivalent simulation configurations were100

constructed for each Geant4 version under test, and the total positron annihilation101

profile and activity of 11C, 10C and 15O were predicted for each beam ion/energy, target102

material, hadronic inelastic fragmentation model and Geant4 version; the design and103

parameters of these simulations are described in detail in Section 2.2.104

‡ INCL++ is considered the most appropriate option for neutron spallation simulations, but is included
here for completeness [9].
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Table 1. Beam parameters for each ion species and energy. The energy spread is
0.2 % of nominal energy in each case; 95% confidence intervals are given for beam flux.

Ion Energy (MeV/u) σx (mm) σy (mm) Beam flux (pps)
12C 148.5 2.77 2.67 1.8×109 ± 3.8×107

12C 290.5 3.08 4.70 1.8×109 ± 6.4×107

12C 350 2.50 2.98 1.8×109 ± 4.6×107

16O 148 2.79 2.89 1.1×109 ± 2.8×107

16O 290 2.60 4.90 1.1×109 ± 7.0×107

Results in each of the three target materials and 5 ion/energy combinations were105

then compared to those predicted in equivalent simulations performed in Geant4 using106

each of hadronic fragmentation models (BIC, QMD and INCL++) across the ten107

evaluated Geant4 versions for a total of 150 unique target/ion/energy/version/model108

test conditions. The total positron yields and yields of the individual positron-emitting109

fragment species from each model and Geant4 version were then compared with the110

experimental annihilation profiles using the following metrics in each of the entrance,111

build-up, and Bragg peak and tail regions:112

• Normalised mean squared error (NMSE); and113

• Pearson cross-correlation coefficient (CCC)114

Additionally, the depth of the positron annihilation peak and the depth of the distal115

point at which the magnitude of the positron annihilation profile decreases to 50% of116

the peak value are evaluated. All metrics are described in detail in Section 2.3.117

2.1. Experimental configuration118

The experimental data obtained in our 2019 paper were used as the ground truth119

for this simulation study; a detailed description of the experimental procedures is120

presented in that paper [10]. In summary, phantoms constructed from either pure121

PMMA, polyethylene or gelatin (encased in a thin-walled PMMA container), each with122

dimensions of 100 mm×100 mm×300 mm, were irradiated with monoenergetic carbon123

or oxygen ion beams of various energies - three for carbon ions and two for oxygen124

(see Table 1). Positron annihilation profiles (with respect to depth in the target) were125

estimated across the full width at tenth maximum (FWTM) of the beam using the126

whole-body DOI-PET scanner prototype developed at QST [11]. These profiles were127

decomposed into the individual population of each of the dominant parent positron-128

emitting fragments (11C, 10C and 15O) at t = 0 (end of irradiation period) by fitting the129

observed time-decay curves in each voxel to a multiexponential decay model.130
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2.2. Simulation parameters131

The same beam parameters, phantom compositions and geometries used in the132

experimental measurements were modelled in each version of Geant4. Apart from minor133

modifications to the simulation source code required due to version-to-version changes134

in certain Geant4 application programming interfaces (APIs), the code was identical135

across versions. Simulations were performed using each of the 10 most recent stable136

releases of Geant4: 10.0.p04, 10.1.p03, 10.2.p03, 10.3.p03, 10.4.p03, 10.5.p01, 10.6.p03,137

10.7.p02, 11.0 and 11.1. For brevity, the patch number will be dropped when referring138

to the version of Geant4.139

For each version of Geant4, three alternative hadronic ion fragmentation models140

were evaluated - Binary Ion Cascade (BIC), Quantum Molecular Dynamics (QMD) and141

Liège Intranuclear Cascade (INCL) models§ [7, 8]. All simulations modelled electromag-142

netic interactions using the standard option 3 list (G4EmStandardPhysics_option3).143

The remaining physics processes, including hadronic physics models, are listed in Table144

10.145

The location of each positron annihilation, as well as the identity of the parent146

isotope which decayed to emit each positron (principally 11C, 10C and 15O), were147

scored with a resolution of 1.5 mm3 to match the voxel dimensions of the experimental148

OpenPET image reconstruction output. The pristine positron annihilation profiles were149

convolved with a 2.3 mm FWHM Gaussian filter to simulate the measured point spread150

function of the PET system [11].151

A total of 20 runs, each with 108 primary particles were simulated for each152

version/model combination. In our previous work, we established that this is sufficient153

to limit the run-to-run ratio of standard deviation to mean across the build-up and154

Bragg peak region of the profiles to less than 5% ([10]). Each of the simulated profiles is155

randomly paired with one of the experimental profiles (for the same target, ion species156

and beam energy) and then the performance metrics are calculated, with the statistical157

distribution of each metric used to generate the confidence intervals shown in the results158

presented in the Supplementary Materials.159

2.3. Evaluation methods and metrics160

The irradiated target was divided into three separate regions for analysis since different161

physics processes dominate in each: the entrance region, the build-up and Bragg peak162

region, and the tail region. This segmentation is defined in the same way as in our163

previous paper [10]; in summary, the central build-up and Bragg peak region is defined164

as follows:165

• The proximal edge in the z dimension (along the path of the beam) is defined as the166

first point at which the dose deposited along the central axis exceeds the entrance167

§ The INCL model was developed specifically for spallation reactions but is included in this study as
it can also model fragmentation.
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plateau dose by more than 5% of the difference between peak dose and the entrance168

plateau dose; and169

• The distal edge in z is defined as the last point at which the deposited dose is170

greater than 5% of the absolute peak dose value.171

The entrance region is then defined as the region proximal to the build-up and172

Bragg peak region, while the tail region is defined as the region distal to the build-up173

and Bragg peak region.174

The yields of the positron-emitting nuclei are defined by (1):175

Yield (Isotope) =
N (Isotope)

N (Primary)
(1)

where N (Isotope) is the yield of the isotope under study in that region and176

N (Primary) is the total number of primary particles. Yields were calculated for each177

voxel along the beam path.178

Three different metrics were chosen to quantify the accuracy of each model in179

Geant4: the normalised mean squared error (NMSE), the Pearson cross-correlation180

coefficient (CCC), and the range (depth along the path of the beam) of both the positron181

annihilation peak and the point beyond the peak at which positron annihilation intensity182

decreases by 50%.183

NMSE measures the average squared difference between the experimental184

measurements and simulation-predicted positron yields in each region. NMSE is most185

useful in regions of relatively high yield (especially in the entrance and build-up and186

Bragg peak regions); the relatively low statistics available in the tail region limit the187

value of the NMSE there.188

NMSE is defined as:189

NMSE =

Nreg∑
i=1

|Si − Ei|2

Nreg∑
i=1

|Ei|2
(2)

where Si and Ei are the simulation and experimental yields in the ith voxel of the190

Nreg voxels in region reg (with a lower value indicating a better match).191

For the NMSE metric, we identify the best-performing model (with the lowest192

mean NMSE) and consider any other model whose mean NMSE is within two standard193

deviations of the best-performing version/model as being statistically equal. For a194

Gaussian random distribution, this would correspond to a 95% confidence interval195

(although, as can be seen in the box plots of the NMSE results included in the196

Supplementary Materials, the NMSE distributions often deviate from the Gaussian197

model).198

The Pearson cross-correlation coefficient compares the degree of linear dependence199

of one profile to another - that is, the degree to which changes in the profiles occur200
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at the same location and in the same direction. Thus, the Pearson CCC quantifies201

the differences in shape between the simulation-predicted positron-emitting fragment202

distributions and the experimental measurements, without regard to differences in the203

magnitude of the profiles. The Pearson CCC is defined as:204

CCC =

∑Nreg

i=1 (Snorm,i − Snorm)(Ei − Enorm)√
(
∑Nreg

i=1 (Snorm,i − Snorm)2)(
∑Nreg

i=1 (Enorm,i − Enorm)2)
(3)

where Snorm,i and Enorm,i are the normalised simulation and experimental yields in205

the ith voxel of the Nreg voxels in region reg. Normalisation is performed by dividing206

each Si and Ei by the maximum value in its respective region. Snorm and Enorm are the207

mean values in each region.208

When comparing the models, the closer that the CCC between the simulation209

output and the experimental estimate of positron-emitting fragment distribution is to210

+1, the more accurate the prediction. A Pearson CCC greater than +0.8 is generally211

considered to be “very strong” [12]. In this work, we aim to identify the very best212

version/model combinations; therefore, a Pearson CCC threshold of 0.95 is chosen to213

identify those combinations which have produced exceptionally good predictions of the214

shape of the yield profiles. It is important to note that this threshold is quite arbitrary,215

and the most appropriate threshold depends on the application; readers are referred to216

the Supplementary Data for the complete set of results.217

For each version of Geant4, phantom, beam type and energy, the NMSE and CCC218

were calculated for both total annihilation photon yield profiles and also for the profiles219

of the three main positron-emitting fragment species (10C, 11C and 15O). The calculation220

was repeated for each of the Nreg regions (entrance, build-up and Bragg peak, and tail221

regions). The NMSE and the CCC were then compared across all evaluated Geant4222

versions for each region, phantom material and beam type.223

A total of 5 energy/ion combinations are evaluated (carbon ions at three energies224

and oxygen ions at two energies). For oxygen ions, three target materials (gelatine,225

PMMA and polyethylene) are evaluated for total positron annihilation yield and226

11C/10C/15O yield. For carbon ions, the same three target materials are evaluated for227

total positron annihilation yield and 11C/10C yield and two for 15O yield (polyethylene228

is omitted since it is not possible to produce 15O fragments with a 12C ion beam and229

a PE target which only contains carbon and hydrogen). Thus, a total of 15 cases are230

evaluated for total positron annihilation, 11C yield and 10C yield, while 12 are cases231

evaluated for 15O yield.232

For range calculations, the difference between the depths at which the positron233

annihilation yield reached its maximum value in the experiment and simulation was234

calculated (see (4)). Additionally, the point distal to this maximum at which positron235

annihilation yield decreases to 50% of the maximum value was also compared between236

experiment and simulation. For each version and model, the mean differences between237

the experimental and simulation-based values, as well as the standard deviations and238
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Table 2. Number of test cases for which each Geant4 version/model combination
achieved the lowest or equal-lowest NMSE in the entrance region. Bold text denotes
the version/model achieving the highest (or equal-highest) number of best results for
each combination of ion/energy/target.

Version
Total 11C 10C 15O

BIC QMD INCL BIC QMD INCL BIC QMD INCL BIC QMD INCL

10 6 0 0 11 3 2 0 0 2 6 2 0

10.1 6 0 0 11 3 2 0 0 3 6 2 0

10.2 5 0 0 11 3 2 0 0 3 5 2 0

10.3 6 0 0 6 0 0 5 3 6 4 2 0

10.4 6 0 0 1 0 0 2 3 6 9 2 0

10.5 2 0 0 0 0 0 2 5 8 3 1 0

10.6 4 0 0 1 0 0 0 0 5 5 4 0

10.7 3 0 0 1 0 0 0 0 5 5 2 0

11 4 0 0 1 0 0 0 0 5 5 2 0

11.1 4 0 0 0 0 0 0 0 5 5 2 0

maximum differences were calculated across all test cases (ion species, energies and239

target materials).240

δvoxel = Rsimulation −Rexperiment (4)

where Rx is the range (depth) of the voxel with the maximum value (or, for distal241

50%-of-peak, the first distal voxel to fall below 50% of the maximum value) in either242

the simulation or experiment.243

3. Results and Discussion244

The number of cases in which each version/model combination performed the best or245

equal-best in terms of each of the evaluated metrics are counted across all simulations in246

the entrance, build-up and Bragg peak and tail regions, and summarised in this section.247

Detailed results for each experiment are included in the Supplementary Materials.248

3.1. Entrance region249

In the entrance region, positron-emitting fragments are created by target fragmentation250

rather than projectile fragmentation. The projectile ions lose energy via Coulomb251

interactions, slowing down at an approximately constant rate as they traverse this region,252

with only gradual changes to projectile/target cross sections. As a result, the positron-253

emitting fragment distributions are expected to exhibit an approximately flat depthwise254

profile in this region.255

NMSE and Pearson CCC results between simulation and experimental total256

positron annihilation profiles in the entrance region are summarised in Tables 2 and257

3, respectively, with corresponding figures shown in Supplementary Material Section 1.258
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Table 3. Number of test cases for which each Geant4 version/model combination
achieved a CCC greater than 0.95 in the entrance region. Bold text denotes the
version/model achieving the highest number of best results for each combination of
ion/energy/target.

Version
Total 11C 10C 15O

BIC QMD INCL BIC QMD INCL BIC QMD INCL BIC QMD INCL

10 2 0 1 4 0 0 2 2 0 3 0 3

10.1 1 0 1 4 0 0 2 2 0 3 0 3

10.2 2 0 1 3 0 0 2 2 0 3 0 3

10.3 2 0 3 3 1 3 2 2 0 3 0 2

10.4 2 0 3 4 1 3 1 2 0 3 0 2

10.5 3 0 1 3 2 4 1 2 0 3 0 3

10.6 3 0 1 2 1 2 1 2 0 3 0 2

10.7 3 0 1 3 1 3 1 2 0 3 0 2

11 3 0 1 2 1 3 1 2 0 3 0 2

11.1 1 0 1 2 1 2 1 2 0 3 0 2

For the entrance region, the BIC model implemented in Geant4 versions 10,259

10.1, 10.3 and 10.4 provided the (equal) lowest NMSE of the yields of total positron260

annihilation in 5 out of 15 cases. The BIC model in Geant4 10, 10.1 and 10.2 also261

provided the (equal) lowest NMSE for 11C fragment production (11/15 cases), whereas262

for 10C the best version/model combination was 10.5/INCL (8/15 cases) and for 15O it263

was 10.6/BIC (9/12 cases).264

Geant4 versions 10.5-11 with BIC and 10.3/10.4 with INCL each achieved a Pearson265

CCC greater than 0.95 (3/15 cases) for total positron yield; QMD did not reach the266

threshold for any test case in any version of Geant4.267

Results for individual radionuclides were also mixed, with 10/BIC, 10.1/BIC,268

10.4/BIC and 10.5/INCL achieving the threshold in 4/15 cases for 11C, 10-10.4/BIC269

and all versions with QMD reaching the threshold in 2/15 cases for 10C, and all versions270

with BIC and 10/INCL, 10.1/INCL, 10.2/INCL, and 10.5/INCL reaching the threshold271

for 15O.272

3.2. Build-up and Bragg peak region273

In the build-up and Bragg peak region, positron-emitting fragments are produced via a274

combination of target fragmentation and projectile fragmentation. There is a rapid275

change in positron-emitting fragment yield with respect to depth, especially since276

different positron-emitting fragments stop at different distances from their point of277

production.278

NMSE and Pearson CCC results between simulation and experimental total279

positron annihilation profiles in the build-up and Bragg peak region are summarised280

in Tables 4 and 5, respectively, with corresponding figures shown in Supplementary281

Material Section 2.282
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Table 4. Number of test cases for which each Geant4 version/model combination
achieved the lowest or equal-lowest NMSE in the build-up and Bragg peak region.
Bold text denotes the version/model achieving the highest (or equal-highest) number
of best results for each combination of ion/energy/target.

Version
Total 11C 10C 15O

BIC QMD INCL BIC QMD INCL BIC QMD INCL BIC QMD INCL

10 4 0 0 11 6 3 0 0 2 3 2 0

10.1 5 0 0 11 6 3 0 0 2 3 2 0

10.2 11 1 0 14 6 3 0 0 1 5 1 0

10.3 1 0 0 5 0 0 4 1 2 3 0 0

10.4 1 0 0 1 0 0 3 2 2 4 0 0

10.5 0 0 0 0 0 0 3 4 7 1 2 0

10.6 1 0 0 0 0 0 3 0 9 2 1 2

10.7 1 0 0 0 0 0 3 2 7 0 0 1

11 2 0 0 0 0 0 3 2 9 2 0 2

11.1 1 0 0 0 0 0 3 2 9 2 0 2

Table 5. Number of test cases for which each Geant4 version/model combination
achieved a CCC greater than 0.95 in the build-up and Bragg peak region. Bold
text denotes the version/model achieving the highest number of best results for each
combination of ion/energy/target.

Version
Total 11C 10C 15O

BIC QMD INCL BIC QMD INCL BIC QMD INCL BIC QMD INCL

10 9 4 3 3 3 2 4 3 6 3 2 3

10.1 9 4 4 3 3 3 4 3 6 3 2 3

10.2 10 8 4 6 6 3 5 4 5 3 3 3

10.3 9 6 6 6 5 3 2 2 2 4 3 3

10.4 6 8 7 6 5 3 1 1 3 4 3 3

10.5 8 8 6 6 5 4 2 2 3 3 3 4

10.6 9 9 6 6 7 6 2 1 4 4 3 4

10.7 6 6 4 3 5 2 2 1 4 3 2 3

11 8 8 6 4 5 4 3 2 4 3 3 3

11.1 6 5 6 2 3 4 3 2 4 3 3 3

In the build-up and Bragg peak region, according to the NMSE metric, total283

positron yield is most accurately predicted by the BIC model in Geant4 version 10.2,284

being (equal) best in 11/15 cases. This is much higher than the next-best combinations285

(10.1/BIC with 5/11 cases followed by 10/BIC with 4/11). Similar results are observed286

for 11C yield, with 10.2/BIC achieving (equal) best performance in 14/15 cases, and287

10/BIC and 10.1/BIC each achieving (equal) best results in 11/15 cases; QMD also288

performs reasonably well in this case with 10, 10.1 and 10.2 achieving wins in 6/15289

cases. For 10C, 10.6/INCL, 11/INCL and 11.1/INCL are the best performers (each290

winning in 9/15 cases). Finally, for 15O, 10.2/BIC is the best-performing model with291

5/12 wins, followed by 10.4/BIC with 4 wins.292
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Table 6. Differences between the depths of the maximum positron annihilation yield in
experimental and simulation results. Each voxel has a width of 1.5 mm; the maximum
error is always in multiples of 1.5 mm increments.

Version
BIC QMD INCL

µ
(mm)

σ
(mm)

max
(mm)

µ
(mm)

σ
(mm)

max
(mm)

µ
(mm)

σ
(mm)

max
(mm)

10 1 1.85 6 -0.20 1.69 3 1.10 3.82 10.50

10.1 1 1.85 6 -0.20 1.69 3 1 3.91 10.50

10.2 0.60 1.37 3 -0.60 1.58 -3 0.60 3.39 9

10.3 1.30 1.78 6 -0.30 1.41 -3 2.30 4.12 9

10.4 1.60 1.55 6 -0.10 1.44 -3 4 4.45 10.50

10.5 0.69 0.99 3 0.60 2.03 6 2.20 4.24 9

10.6 0.60 1.37 3 -0.10 1.55 3 0.10 2.50 7.50

10.7 1.20 1.72 4.50 0.60 1.95 4.50 0.70 3.40 10.50

11 1.10 1.65 4.50 0.60 1.95 4.50 0.60 3.09 9

11.1 0.30 1.62 3 -0.30 1.62 3 0 2.78 7.50

Using the Pearson CCC metric, the best-performing version/model combinations293

for overall positron yield are 10.2/BIC (10/15 cases), followed by 10/BIC, 10.1/BIC,294

10.3/BIC, 10.6/BIC and 10.6/QMD (9/15 cases). Generally, BIC performed very295

well, with all Geant4 versions achieving (equal) best performance in at least 6 cases.296

11C yield was best predicted by 10.6/QMD (7/15 cases) however many version/model297

combinations did well here also, with 10.2/BIC, 10.2/QMD, 10.3/BIC, 10.4/BIC,298

10.5/BIC, 10.6/BIC and 10.6/INCL all achieving 6/15 wins. 10C yield was best predicted299

by 10/INCL and 10.1 INCL (6/15 cases), closely followed by 10.2/BIC and 10.2/INCL300

which won in 5/15 cases. The best-performing version/model combinations for 15O yield301

were 10.3/BIC, 10.4/BIC, 10.5/INCL, 10.6/BIC and 10.6/INCL with 4/15 wins each,302

and all other version/model combinations achieving 2 or 3 wins.303

Table 6 lists difference between the experimental and simulation positron peak,304

while Table 7 lists the difference between the 50% fall off point for the experimental and305

simulated positron peak.306

The smallest differences between experimental and simulation-based depth of307

maximum positron annihilation were obtained with Geant4 10.4/QMD (µ = −0.1 mm;308

max = -3 mm) and 10.6/QMD (µ = −0.1 mm; max = +3 mm). While a smaller309

mean value was obtained with 11.1/INCL, the maximum value and standard deviation310

were much larger (+7.5 mm and 2.78 mm) compared to 10.4/QMD and 10.6/QMD.311

Differences in the depth of the distal 50%-of-peak point were much smaller; the best312

estimates were obtained with 10.2/QMD (µ = 0 mm; max = +1.5 mm), 11.1/BIC313

(µ = 0 mm; max = -3 mm) and 11/INCL (µ = 0 mm; max = +3 mm).314
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Table 7. Differences between the distal depths at which the positron annihilation
yield has decreased to 50% of the peak value in experimental and simulation results.
Each voxel has a width of 1.5 mm; the maximum error is always in multiples of 1.5 mm
increments.

Version
BIC QMD INCL

µ
(mm)

σ
(mm)

max
(mm)

µ
(mm)

σ
(mm)

max
(mm)

µ
(mm)

σ
(mm)

max
(mm)

10 0.70 1.49 3 0.30 1.41 3 -0.20 1.49 -3

10.1 0.70 1.49 3 0.30 1.41 3 -0.20 1.49 -3

10.2 0.30 1.01 1.50 0 1.13 1.50 -0.50 1.22 -3

10.3 0.50 1.09 3 0.20 1.11 1.50 -0.20 1.37 -3

10.4 0.60 1.11 3 0.30 1.01 1.50 0.10 1.20 -3

10.5 0.35 0.90 1.50 0.20 1.11 1.50 -0.50 1.22 -3

10.6 0.40 0.89 1.50 0.20 1.11 1.50 -0.40 1.33 -3

10.7 1 1.46 3 0.70 1.59 3 -0.10 1.65 3

11 1 1.46 3 0.70 1.59 3 0 1.60 3

11.1 0 1.60 -3 -0.10 1.44 -3 -0.60 1.68 -3

3.3. Tail region315

In the tail region, positron-emitting radionuclides are primarily produced through316

fragmentation of the target material caused by light fragments created upstream from317

the primary beam. As such, the production of positron-emitting fragments in the tail318

region is highly dependent on fragmentation and scattering cross sections upstream.319

Therefore, the yield of positron annihilation is not expected to rapidly change across320

this region compared to the build-up and Bragg peak region.321

NMSE and Pearson CCC results between simulation and experimental total322

positron annihilation profiles in the tail region are summarised in Tables 8 and 9,323

respectively, with corresponding figures shown in Supplementary Material Section 3.324

Using the NMSE metric, 10.2/BIC was the best-performing version/model325

combination for overall positron yield (12/15 cases), with 10.2/QMD being the second-326

best (10/15). Results were similar for 11C yield, with the best version/model327

combinations being 10.2/QMD (12/15 cases) and 10.2/BIC (11/15). For 10C, the most328

wins were obtained by 10.6/INCL and 11/INCL (6/15 cases) followed by 10.6/BIC,329

10.7/INCL and 11.1/INCL (5/15 cases). Finally, for 15O, the best results were obtained330

with 10.6/QMD (10/12 cases) followed by 10.2/BIC and 10.2/QMD (7/12 cases).331

The Pearson CCC results in the tail region were all very similar across Geant4332

versions, with only a few wins separating the best and worst-performing version/model333

combinations in most instances. All version/models exceeded the threshold of 0.95 for334

a clear majority of cases for total positron yield as well as 11C and 15O production. For335

total positron annihilation yield, 10/BIC, 10.1/BIC, 10.2/BIC, 10.6/INCL, 10.7/BIC,336

10.7/INCL, 11/BIC, 11/INCL, 11.1/BIC and 11.1/INCL all exceeded the target337

threshold for 12/15 cases. Even the worst-performing version/model combinations still338
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Table 8. Number of test cases for which each Geant4 version/model combination
achieved the lowest or equal-lowest NMSE in the tail region. Bold text denotes the
version/model achieving the highest (or equal-highest) number of best results for each
combination of ion/energy/target.

Version
Total 11C 10C 15O

BIC QMD INCL BIC QMD INCL BIC QMD INCL BIC QMD INCL

10 3 2 2 5 9 4 2 2 1 4 4 4

10.1 4 2 2 6 9 4 1 1 2 4 4 4

10.2 12 10 2 11 12 4 1 1 3 7 7 4

10.3 1 1 1 1 1 1 2 4 0 3 4 4

10.4 1 1 1 1 1 1 2 3 0 3 4 3

10.5 1 1 1 1 1 1 3 4 2 2 2 2

10.6 1 2 1 1 1 1 5 3 6 4 10 4

10.7 1 1 1 1 1 1 3 3 5 3 4 3

11 1 1 1 1 1 1 4 3 6 4 4 3

11.1 1 1 1 1 1 1 4 3 5 4 4 3

Table 9. Number of test cases for which each Geant4 version/model combination
achieved a CCC greater than 0.95 in the tail region. Bold text denotes the
version/model achieving the highest number of best results for each combination of
ion/energy/target.

Version
Total 11C 10C 15O

BIC QMD INCL BIC QMD INCL BIC QMD INCL BIC QMD INCL

10 12 11 11 10 11 11 4 3 4 8 7 9

10.1 12 11 11 11 11 11 4 4 4 8 7 9

10.2 12 11 11 10 11 11 4 4 4 8 7 7

10.3 11 11 10 11 11 11 2 2 1 8 7 8

10.4 10 10 10 9 11 10 2 2 0 7 7 8

10.5 11 11 11 11 11 11 2 2 3 7 7 8

10.6 11 11 12 11 11 11 2 3 3 7 7 9

10.7 12 11 12 11 11 12 3 3 3 7 7 9

11 12 11 12 11 11 13 3 3 3 8 8 9

11.1 12 11 12 11 11 13 3 3 3 8 8 9

exceeded the threshold in 10/15 cases. For 11C yield, 11/INCL and 11.1/INCL reached339

the threshold in 13/15 cases (with the worst-performing combination scoring 9/15 wins).340

Fewer wins were seen with 10C; the best results were obtained with 10/BIC, 10/INCL,341

10.1/BIC, 10.1/QMD, 10.1/INCL, 10.2/BIC, 10.2/QMD and 10.2/INCL (4/15 cases).342

Finally, 15O yield was best predicted by 10/INCL, 10.1/INCL, 10.6/INCL, 10.7/INCL,343

11/INCL and 11.1/INCL (9/12 cases) - again, in this case, even the worst-performing344

version/model combinations exceeded the threshold in 7/12 cases.345
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3.4. Overall recommendation346

The accuracy of Geant4’s hadronic inelastic physics models (BIC, QMD and INCL)347

in predicting both total positron annihilation yield and individual positron-emitting348

fragment production is not consistent between different versions of Geant4; furthermore,349

later releases do not necessarily provide a more accurate prediction of experimental350

observations than preceding versions. In some cases, NMSE and Pearson CCC yielded351

conflicting results, due to the different features of the respective profiles which are352

emphasised by each metric (NMSE quantifying the overall average squared differences353

between the profiles while Pearson CCC quantifying the degree of linear dependence,354

independent of relative or absolute magnitude).355

In the entrance region, BIC was clearly the best-performing model, with the best356

choice of Geant4 version depending on the particular metric and fragmentation product357

of interest. NMSE results generally favoured 10-10.4/BIC (especially 10.2/BIC), except358

for 10C yield, which was better predicted by 10.3+/INCL. Pearson CCC performance359

did not strongly favour any particular version/model combination, with at most 1/3 of360

test cases achieving the target CCC threshold of 0.95 for any version/model.361

In the build-up and Bragg peak region and tail region, the results are more362

conclusive. The NMSE metric conclusively shows that version 10.2/BIC is the best363

choice for total positron yield as well as 11C and 15O yield, while 10.5-11.1/INCL364

performed the best for 10C. Pearson CCC results are more mixed, but again, 10.2/BIC365

gives the best results for total positron annihilation yield, with most versions of Geant4366

with BIC performing well. 10.6/QMD performed the best for 11C, 10/INCL and367

10.1/INCL performed the best for 10C, and there was no clear winner for 15O.368

Using the depth-of-maximum-yield metric, the smallest mean differences were369

obtained with 10.4/QMD and 10.6/QMD. These versions/models also achieved the370

equal-smallest maximum difference (-3 mm and +3 mm, respectively). Across all371

versions of Geant4, QMD demonstrated the best overall accuracy (lowest average mean372

difference in peak depth) and highest precision (lowest average standard deviation).373

INCL was the worst-performing model across all versions, with much larger maximum374

differences, and a consistent underestimation of depth of maximum yield across Geant4375

versions, with the exception of version 11.1 (which, despite a mean difference of 0,376

exhibited a large standard deviation and maximum value). Standard deviations obtained377

using INCL were generally around double those of QMD and BIC. BIC also showed378

a consistent underestimation in depth of maximum yield, although the maximum379

differences were much smaller than for INCL. For context, the difference between the380

depth of the positron annihilation peak and the Bragg peak with monoenergetic ion381

beams is of the order of -5.6±0.8 mm for 12C and -6.6±0.8 mm for 16O [13, 14, 15].382

Results were generally better for the the distal depth at 50% of peak metric. In this383

case, 10.2/QMD, 11.1/BIC and 11/INCL all achieved a mean of zero, with 10.2/QMD384

also having the equal-lowest maximum value of 1.5 mm (a depth difference of one voxel).385

QMD’s maximal values were slightly smaller overall compared to BIC, and INCL’s were386



A quantitative assessment of Geant4 for QA in ion beam therapy 15

the largest at ±3 mm for all versions. INCL tended to consistently overestimate the387

depth of this point, with both mean and maximum differences being negative in most388

cases. BIC and QMD both tended towards underestimating the 50%-of-peak depth,389

with the exception of version 11.1 (negative maxima for both, and means of 0 and -390

0.1 mm, respectively). Standard deviations were quite small for all versions and models391

(with the maximum standard deviation being 1.68 mm, for 11.1/INCL).392

Finally, in the tail region, Geant4 10.2 with BIC and QMD again provided the393

best prediction of total positron and 11C yield in terms of NMSE, while 10.6/INCL394

performed the best for 10C and 15O. All version/model combinations performed well for395

total positron annihilation, 11C and 15O yield according to the Pearson CCC metric,396

while no version/model performed especially well for 10C.397

Across all regions, ion species, beam energies, and target materials evaluated, the398

combination of Geant4 version 10.2 and BIC is best able to reproduce experimental399

results as evaluated using the NMSE and Pearson CCC metrics - especially in the build-400

up and Bragg peak region and tail region. Since the build-up and Bragg peak region401

is the location where (1) the majority of the dose resulting from carbon or oxygen ion402

beam irradiation in heavy ion therapy is deposited, and (2) where the strongest positron403

annihilation signal is observed, the results in this region are the most relevant to PET404

image-based QA simulation work. Version 10.2 also provided the best estimate of the405

depth of the distal depth at which positron yield decreased to 50% of peak, although406

this was obtained with QMD rather than BIC; the most accurate estimate of the depth407

of the peak itself was also achieved with QMD, but with Geant4 versions 10.4 and 10.6.408

As QMD exhibited the best accuracy and precision across Geant4 versions, it is the409

recommended model if the depth of the yield peak is critical.410

The BIC model implemented in Geant4 version 10.5 suffered from a run-time411

stability error which resulted in it being unable to simulate all test scenarios; therefore,412

we recommend that this version/model combination should be avoided for future studies.413

In the evaluation of individual positron-emitting fragment yield profiles, predictions414

of 10C distribution were generally the least accurate in terms of both the NMSE and415

Pearson CCC. Interestingly, the INCL model often performed the best for prediction of416

10C fragment yield, although it rarely performed the best for total positron annihilation417

and 11C or 15O. Therefore, INCL should be considered for studies focusing on 10C418

fragmentation, with the caveat that range estimation will be less accurate with this419

model.420

Not all models met or exceeded the set threshold of 0.95 for the Pearson CCC421

metric. This means that in these cases, the shape of the predicted positron distribution422

differs significantly from the experimental measurements. This is of particular concern423

if these models are to be used for dose estimation using a deconvolution approach [2, 3]424

or for the training of machine learning models for feature extraction [16].425

One may reasonably ask why the performance of the fragmentation models in426

Geant4 has not continued to steadily improve with each release, and in fact has regressed427

at times. Positron-emitting isotope production channels represent only a fraction of all428
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possible reaction outcomes, so it may be the case that by improving results for one429

subset of reaction processes, the positron-emitting nuclide production cross sections430

became worse. Another possible reason is the implementation of different numbers of431

de-excitation channels in the Fermi Break-Up model in different versions of Geant4.432

Unfortunately, to date, no detailed investigation has been conducted into Geant4 to pin433

down the specific cause, and it is unknown at this stage if there are other contributing434

factors as well. In order to more strictly monitor the impact of the evolution of Geant4 in435

the results of a simulation application of interest, the Geant4 developers are developing436

an automated benchmarking system for medical applications in Geant4 (the G4-Med437

project) which should help to document the reasons behind different results when using438

different Geant4 releases with higher granularity [17].439

In the next release of Geant4, 11.2, a new quantum molecular dynamics model,440

“Light Ion QMD”, will be be introduced∥ with a specific focus on hadron therapy [18].441

In future work, we will be collaborating with the developers of this model to compare442

its performance against the other models included in Geant4 11.2 with a focus on in443

vivo PET applications.444

Finally, it is worth noting that current evaluations of fragmentation cross sections445

exhibit uncertainties exceeding 10%, which must be tightened in order to accurately446

model positron fragmentation, particularly in the case of complex fragmentation447

reactions such as the production of 10C [19, 20]. These uncertainties are especially due to448

the effective cross-sections that are double-differential in angle and energy. Since these449

cross-sections provide a strong constraint on nucleus-nucleus reaction models, access to450

improved experimental measurements of these cross-sections is vital to constraining451

these models and improving their accuracy. This also impacts other Monte Carlo452

simulation platforms (such as FLUKA, MCNP and PHITS) which also rely on accurate453

cross section data (although notably PHITS uses a new version of this model, JQMD2,454

which tries to correct the main flaw of the QMD model, the drop in effective cross-455

sections at low angles [21]).456

4. Conclusion457

In this study, the accuracy with which Geant4 is able to predict the distribution458

of total positron annihilation yield and the distributions of individual positron-459

emitting fragmentation products (11C, 10C and 15O) during carbon or oxygen ion460

therapy was compared to experimental data. Three different hadronic inelastic physics461

models - Binary Ion Cascade (BIC), Quantum Molecular Dynamics (QMD) and Liege462

Intranuclear Cascade model (INCL) were used with ten different versions of Geant4 -463

10.0.p04, 10.1.p03, 10.2.p03, 10.3.p03, 10.4.p03, 10.5.p01, 10.6.p03, 10.7.p02, 11.0 and464

11.1, in three different homogeneous phantoms. The simulated and experimental data465

were compared using two different metrics - normalised mean squared error and the466

Pearson cross-correlation coefficient. Additionally, the differences between the simulated467

∥ Note: this model had not been included in Geant4 prior to the submission of this manuscript
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and experimental depth of maximum positron annihilation yield, as well as the distal468

point at which positron yield declines to 50% of the peak were evaluated. It was found469

that the accuracy of the hadronic inelastic physics models strongly depends on the470

version of Geant4 in which it was implemented, and newer versions of Geant4 were not471

always more accurate at predicting positron-emitting fragmentation compared to older472

versions. Furthermore, it was found that not all version/model combinations were able473

to satisfactorily predict the shape of positron annihilation or positron-emitting fragment474

distributions, even though they could provide a good estimation of the total positron475

annihilation yield and range. For future simulation studies of therapeutic irradiation476

using carbon or oxygen ion beams, it is recommended that Geant4 version 10.2 with477

the BIC model be used as it is currently the version/model combination best able to478

replicate the experimentally-observed total positron yield and the fragmentation product479

distributions, while the depth of the maximum positron yield and distal 50%-of-peak480

point were best predicted using the QMD model from Geant4 10.4, 10.6 (peak) and 10.2481

(distal 50%-of-peak).482
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6. Appendix622

Table 10 lists the physics models which were used in the simulations.623

Table 10. Hadronic physics processes and models used in all simulations.

Interaction Energy Range Geant4 Model

Radioactive Decay All energies G4RadioactiveDecayPhysics

Particle Decay All energies G4Decay

Hadron Elastic 0–100 TeV G4HadronElasticPhysicsHP

Ion Inelastic <100 MeV Binary Light Ion Cascade
100 MeV–10 GeV BIC or QMD or INCL++

Neutron Capture 0–20 MeV NeutronHPCapture
>19.9 MeV nRadCapture

Neutron Inelastic 0–20 MeV NeutronHPInelastic
>19.9 MeV Binary Cascade

Proton Inelastic 990 eV–10 TeV Binary Cascade
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