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Abstract11

Purpose: This paper investigates via magnetic modelling and Monte Carlo simulation the ability to deliver12

proton beams to the treatment zone inside a split-bore MRI-guided proton therapy system.13

Methods: Field maps from a split-bore 1 T MRI-linac system are used as input to GEANT4 Monte Carlo14

simulations which model the trajectory of proton beams during their paths to the isocentre of the treatment15

area. Both inline (along the MRI bore) and perpendicular (through the split-bore gap) orientations are simulated.16

Monoenergetic parallel and diverging beams of energy 90 MeV, 195 MeV and 300 MeV starting from 1.5 and 517

m above isocentre are modelled. A phase space file detailing a 2D calibration pattern is used to set the particle18

starting positions, and their spatial location as they cross isocentre is recorded. No beam scattering, collimation or19

modulation of the proton beams is modelled.20

Results: In the inline orientation the radial symmetry of the solenoidal style fringe field acts to rotate the21

protons around the beam’s central axis. For protons starting at 1.5 m from isocentre this rotation is 19◦ (90 MeV),22

and 9.8◦ (300 MeV). A minor focusing towards the beam’s central axis is also seen, but only significant, i.e. 2 mm23

shift at 150 mm off-axis, for 90 MeV protons. For the perpendicular orientation, the main MRI field and near fringe24

field acts strongest to deflect the protons in a consistent direction. When starting from 1.5 m above isocentre shifts25

of 135 mm (90 MeV) and 65 mm (300 MeV) were observed. Further to this, off-axis protons are slightly deflected26

towards or away from the central axis in the direction perpendicular to the main deflection direction. This leads27

to a distortion of the phase space pattern, not just a shift. This distortion increases from zero at the central axis28

to 10 mm (90 MeV) and 5 mm (300 MeV) for a proton 150 mm off-axis. In both orientations there is a small but29

subtle difference in the deflection and distortion pattern between protons fired parallel to the beam axis and those30

fired from a point source. This is indicative of the 3D spatially variant nature of the MRI fringe field.31

Conclusions: For the first time, accurate magnetic and Monte Carlo modelling has been used to assess the32

transport of generic proton beams towards a 1 T split-bore MRI. Significant rotation is observed in the inline33

orientation while more complex deflection and distortion is seen in the perpendicular orientation. The results34

of this study suggest that due to the complexity and energy-dependent nature of the magnetic deflection and35

distortion, the pencil beam scanning method will be the only choice for delivering a therapeutic proton beam inside36

a potential MRI-guided proton therapy system in either the inline or perpendicular orientation. Further to this,37

significant correction strategies will be required to account for the MRI fringe fields.38
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I. INTRODUCTION40

MRI-guided radiotherapy has fast become a topic of interest in the field of medical physics research. The promise41

of high quality real-time MR-images of a changing patient anatomy, coupled with a dynamic radiation beam delivery,42

is the clear advantageous end goal of this modality. At present clinical treatments have been reported for the related43
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and less complex MRI-cobalt system[1], but not for a linac based system. Current MRI-linac based programs include44

a 1.5 T, 6 MV 2nd-generation system at UMC Utrecht[2], a 2nd-generation 0.56 T, 6MV design at the University of45

Alberta[3], and a new 1 T split-bore 6MV system (under construction) at the Ingham Institute, Sydney, Australia[4].46

The mechanical and design hurdles overcome to bring these two systems together has been well documented in the47

literature, and is still active. Electron gun and/or waveguide operation and shielding has been investigated by various48

authors[5, 6, 7, 8, 9]. MLC motor operation and impact on MRI uniformity has been studied[10, 11]. MRI magnet49

and coil design has been presented[12, 13, 14, 15]. Radiofreqency interference between the MRI and Linac has also50

been studied[16, 17]. The various dosimetry changes caused by the magnetic fields are also described, including both51

transverse[18, 19, 20, 21, 22, 23, 24, 25, 26, 27] and longitudinal magnetic fields[22, 28, 29, 30]. The performance of52

common radiation detectors in magnetic fields has also been investigated[31, 32, 33, 34, 35].53

Contrary to working prototypes, MRI-guided proton beam therapy has only been described in simulations or54

general discussions. This hypothetical modality could in theory couple MRI guidance with the well known and often55

desirable characteristics of proton beams. Further to this, it could be argued that MR-guidance is more important56

for protons than photons as they are more sensitive to anatomical variations. There are obvious physical problems57

however with this modality: the charged proton beam will undergo deflections by the MRI magnetic field. To the best58

of our knowledge only three specific studies exist with the main theme related to MRI-proton therapy. In the first59

study by Raaymakers et al.[36] in 2008, the dose changes in a water phantom irradiated by a 90 MeV proton beam60

in the presense of a 0.5 and 3 T perpendicular fields were simulated using conventional Monte Carlo methods. These61

fields were intended to represent the magnetic field where the patient or phantom would lie, namely the MRI imaging62

field which is highly uniform in both direction and magnitude. It was discussed that the fringe field of the MRI would63

potentially slightly change the path of the proton beam before arriving at the patient surface. A suggested solution64

was to include a small extra gantry rotation or translation to correct for this effect. In the second paper by Wolf and65

Bortfeld[37], a numerical solution was developed to predict the Bragg peak deflection of a proton beam traversing a66

water phantom in magnetic fields. This work described a similar match to the first work by Raaymakers et al. at67

90 MeV, however further calculations were perfomed showing that at 200 MeV the proton beam deflection is much68

stronger within a water phantom, but still predictable.69

In the third and most recent work by Moteabbed et al.[38] a Monte Carlo based planning study was performed70

describing the effects of 0.5 T and 1.5 T magnetic fields on various clinical proton treatment plans. In total nine patient71

plans were simulated across a wide range of tumor sites using the passive or double scattering (DS) technique. Gantry72

rotation offsets and isocentre shifts were investigated as methods to restore the dose changes to the target volumes73

as a result of the magnetic field changing the proton beam delivery inside the patient. In summary, small changes in74

gantry angle and isocentre position was sufficent to restore the dose delivery to essentially that of without a magnetic75

field. The most heterogeneous case however, a skull-base plan, was also further simulated using pencil beam scanning76

(PBS) with both single field uniform dose (SFUD) and intensity modulated proton therapy (IMPT). It was reported77

that the SFUD method indicated the same end result as double scattering, while the IMPT plan did not fully recover78

dose to the target volume. This was because the IMPT scenario is more complex, with corrections ideally needing to79

be applied for each individual spot, and/or coupled with optimization. Optimization of the IMPT (PBS) technique80

was not the focus of that work. The authors did however mention that the PBS method is the more likely method to81

be implemented in a potential MRI proton therapy system as it could inherently better handle optimization than DS82

methods.83

Finally, in a review paper on emerging proton beam technologies by Schippers and Lomax[39], general discussion84

is presented which describes the main challenges to face MRI-proton therapy being the interaction of the MRI fields85
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and the proton beam transport magnets and beam monitoring systems.86

The general consensus from these works on MRI guided proton therapy is that the proton beam deflection within a87

patient or water phantom is predictable and so essentiallly correctable during planning stages. No serious concerns for88

proton beam deflection via the MRI fringe field have been discussed, in either the inline or perpendicular orientations.89

Further to this, the beam delivery preference is briefly discussed as being ideally via PBS rather than DS due to the90

inherent ability of PBS to take advantage of the optimization that the MRI guidance could offer.91

In this current work, we investigate the ability of generic proton beams of therapeutic energy to be transported92

to the isocentre of a 1 T split-bore MRI for the first time. We aim to conclusively describe the impact of the fringe93

fields from an MRI scanner in both the inline and perpendicular orientation and so fill a void in the current literature.94

The split-bore MRI is a practical superconducting magnet design based on the Australian MRI-linac Program which95

is currently under construction for MRI-linac research purposes.96

II. MATERIALS AND METHODS97

98

II. A. Magnetic modeling and field maps of the MRI design99

A fully benchmarked finite element model of the 1 T split-bore MRI system has been reported previously[11].100

Fig 1 shows a 3D CAD based interpretation of a potential MRI-proton therapy system with magnetic field lines and101

magnitudes overlayed. In part (a) the inline orientation is shown while in part (b) the perpendicular orientation is102

detailed. In this figure a generic proton PBS delivery system is included to aid interpretation of the system setup.103

Essentially the inline orientation refers to the proton beam travelling along the z-axis towards the isocentre of the104

system, which is coincident with the isocentre of the MRI system, or the diameter spherical volume (DSV). The z-axis105

is also in the same direction as the main MRI field direction. The perpendicular orientation is when the beam travels106

along the x-axis towards isocentre. Fig 2 shows a magnetic field contour map from topview of the system and match107

to the manufactures’ specifications. Also shown in fig 2 is a general classification of the type of magnetic fields that108

exist in and around the MRI. The imaging field is defined basically as the field which encompasses the patient for109

imaging. In our definition this is shown as a 50×50×50 cm3 volume centered around the isocentre. In this volume the110

magnetic field is very uniform in both direction and magnitude, i.e. 1 T in the z-direction. We define the near fringe111

field as the zone extending from 25 cm to 100 cm from isocentre. In this region the magnetic field drops strongly in a112

roughly linear fashion from 1 T to around 0.2 T in both the inline orientation and perpendicular orientation. Beyond113

1 m from isocentre is defined as being the far fringe field.114

From the benchmark simulations look-up-tables (LUT’s) of the magnetic field data was exported, one for the inline115

orientation and one for the perpendicular orientation. The volume of each was 1×1×6 m3, and contained 101×101×601116

Bx, By, and Bz values, that is, at a 10 mm grid spacing. The LUT started at 5 m above isocentre and stopped 1 m117

below, essentially encompassing the imaging, near and far fringe fields as shown in figure 2.118

119

II.B. Monte Carlo simulations120

Geant4 version 10.0.p.02[40] was used for the Monte Carlo modelling. For this particular modelling application,121

the simulation is entirely for transporting a charged partice through a 3D varying magnetic field. This is because122

for this evaluation study the simulation volume is considered as a vacuum, and no modulation or collimation of the123

proton beams was performed.124
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In essence this type of simulation could be performed using numerical 2D-symmetric MRI magnetic modelling (B-125

field calculation) and analytical methods (charged particle transport in a vacuum). Such methods do not work in the126

case where any part of the proton’s paths is non-vacuum, or any ferromagnetic objects exist such as magnetic shielding,127

bending magnets, or any item required for beam generation or collimation. We have used the full 3D finite element128

(B-field calculation) and Monte Carlo (charged particle transport in non-vacuum) framework so that real situations129

can be handled. In this particular study the choice of using a vacuum with no collimation objects is designed to show130

the reader the simplest case available - the fundamental underlying proton deflection without complicating geometries131

or mediums.132

The magnetic field implementation inside Geant4 was taken directly from the advanced example ‘Purging Magnet’133

that is part of the software distribution. This allows the simulation of particles through an arbitrary 3D varying134

magnetic field and has been benchmarked as documented in the example. Implementation in our case required135

registration of protons and testing of the transport parameters to confirm the paths. Simple sanity checks included136

ensuring that the protons travelled with a constant radius inside uniform magnetic fields. This step was done by137

creating uniform LUTs of 0.1 T, 1 T, and 3 T and analysing the path data. No modification of the default magnetic138

field specific transport variables (DeltaStep = 0.01 mm, MinEpsilonStep = 5e-05 mm, MaxEpsilonStep = 0.001 mm,139

DeltaIntersection = 0.001 mm) is required to obtain a radius match to theory as the simulation volume is a vacuum.140

The primary variables that would have an impact on this type of simulation are the grid resolution of the 3D LUT141

and the maximum step length of the protons. In our case we used 10 mm grid spacing and 1 mm maximum step142

length. If the grid spacing is too coarse, then the real magnetic field may be under or over estimated in regions of143

strong gradient change, while if the step length is too large, the deflections will not be calculated accurately as they144

may miss the changing field values. Various grid spacing and step lengths were tested for our unique 3D LUT. Overall145

proton deflection paths did not change once the grid spacing became ≤ 10 mm, and the step length ≤ 1 mm. In other146

words our sampling of the magnetic field map from the finite element model, and hence subsequent transportation is147

sufficent at 10 mm resolution.148

149

II.C. Generic Proton Beams150

For the proton particle sources, two types of phase space files were generated. When fired, the particles pass151

through the isocentre plane with spatial location forming a simple calibration pattern consisting of 1765 protons in152

total (as shown in figures 7-8). The proton energies included 90 MeV, 195 MeV and 300 MeV. Graphically, the153

calibration pattern consists of a single row or line of protons forming a 30x30 cm2 field outline, cross-hairs at the154

central axis (CAX), a 9 cm radius circle, and single points at ±12 cm.155

In this initial investigation we aim to make simple beams with corresponding simple interpretation of the results.156

Hence the calibration pattern beams are considered as being fired in a simple particle by particle fashion. There is no157

time delay or factors involved and they are designed to show simply how protons will deflect based on some given static158

magnetic field starting properties. Inherently there is no reason for timing to alter these paths due to MRI-gradient159

field changes such as during imaging. The magnetic field changes are within mT/m during imaging, which represents160

less than 0.1% change in the field strength properties.161

The first phase space type was designated as a parallel particle source (PPS), where the particle positions inside the162

phase space matched the calibration pattern, and the momentum directions set to unity in the direction perpendicular163

to the phase space plane. In other words when fired, the particles travelled parallel to each other and start at locations164

as indicated in the calibration pattern. This phase space file was fired from both 5 m and 1.5 m from isocentre.165

The former is designed to detail the natural paths taken by protons as they approach the MRI system, including the166
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different effects of the far fringe, near fringe, and imaging field. The latter will detail proton deflection over the last167

1.5 m, a value closer to a clinical broad proton beam as generated by the DS method.168

In the second type of phase space file the particle positions are all collapsed to the CAX, however each particle had169

a momentum vector set so that, under no magnetic field, the particles would diverge and pass through the isocentre170

plane with coordinates matching the calibration pattern. This type of phase space file source was designated as a171

diverging point source (DPS). This phase space file was fired 1.5 m from the isocentre. This is intended to approximate172

the PBS proton beam delivery scenario, where a highly monoenergetic pencil beam exits a scanning magnet with173

spatial location very close to the CAX. For example the IBA Dedicated and Universal Nozzles (IBA Particle Therapy,174

Louvainla-Neuve, Belgium) have the lower (y-direction) scanning magnet at 1.94 m from isocentre[41]. The PTC-H175

system at MD Anderson also appears to have a similar location of the lower scanning magnet (x-direction)[42].176

For all simulations each phase space was cycled once to generate the proton path data for each energy. In order to177

analyse the path deflection data, a simple stepping action argument was implemented inside the Monte Carlo simulation178

which exported the step properties of each proton to a text file. This file was processed using Matlab(MathWorks,179

Natick MA). Full paths of selected particles were examined, as well as the starting and finishing positions of all particles180

in the phase space files.181

III. RESULTS182

III.A. Magnetic field maps183

Inline Orientation184

Figure 3 details the magnetic field properties in the inline orientation approach. Part (a) shows a top view of185

the magnetic flux density extending along the z-axis. Superimposed onto this are the CAX line (along z-axis), a186

line through x = 15 cm, y = 15 cm, i.e. offset from the z-axis, and the outline of the 30 cm DSV. In part (b) the187

corresponding magnetic field components along these two profiles is shown. Along the CAX or z-axis there is only188

ever a Bz component to the magnetic field, in other words a proton travelling along this CAX would not experience189

any magnetic forces. However, once we consider the profile at x = 15 cm and y = 15 cm, Bx and By appear equal and190

> 0. This is completely expected due to the symmetric nature of the solenoid style magnet. This radial symmetry191

around the z-axis of the Bx and By components will act to rotate protons travelling towards the isocente around the192

CAX in a clock-wise direction, as seen from the beams eye view. Further to this, there will be a minor focusing effect193

towards the CAX. This is analogus to charged particle optics when passing through a solenoid; a charged particle194

beam will rotate around the CAX and focus[43]. We therefore expect that the inline magnetic field will act to rotate195

our calibration phase space file pattern around the CAX, as well as focus it towards the CAX.196

197

Perpendicular Orientation198

Figure 4 details the magnetic field in the perpendicular orientation approach. Part (a) shows a top view of the199

magnetic flux density extending along the x-axis. Superimposed onto this are the CAX line (along x-axis), a line200

through y = 15 cm, z = 15 cm, i.e. offset from the x-axis, and the outline of the 30 cm DSV. In part (b) the201

corresponding magnetic field components along these two profiles is shown.202

For a proton beam travelling along the CAX (i.e. the x-axis) the primary deflection component is the Bz component.203

Interesting to note however, is that the -Bz component ranging from 0.95 m to 5 m from isocentre will deflect protons204

in the -y direction, while from 0.95 m to isocentre the opposite will occur. At this point they enter the strong +Bz205
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component of the near fringe and main MRI imaging field. This will deflect protons in the +y direction, offsetting the206

initial -y direction deflection. Further to this, a small By component is seen in the near fringe field. This will set up207

smaller deflections in the ± x-directions. Therefore, we can expect a large difference between the deflections seen for208

the inline orientation and the perpendicular. The phase space calibration pattern will undergo a general shift in one209

direction in the perpendicular orientation with further distortions seen in the directions perpendicular to the main210

shift direction. Also, firing the phase space pattern from 1.5 m will differ from at 5 m as the protons will experience a211

different degree of Bz component, namely that at 5 m there is the small but long acting -Bz component from 5 m to212

0.95 m from isocentre.213

III.B. Proton beam deflection214

215

Inline Orientation216

To best illustrate the the proton beam deflection, we present 3D plots of the paths of individual protons as the217

travel from the phase space source and cross the isocentre plan, as well as beams-eye-view diagrams showing the218

trajectories. Figure 5 shows 3D plots of the paths of 97 protons (selected from a regular 15 mm spaced grid overlayed219

onto calibration pattern) as they travel from 5 m above ioscentre to the isocentre plane. Part (a) details the non-220

magnetic field case while part (b) shows the inline orientation, and further part (c) shows the perpendicular orientation.221

The particles were fired from the 90 MeV PPS, that is fired parallel. Also shown in the plots are the starting positions222

(black dots), intended stopping positions (no magnetic field) on the isocentre plane (grey dots), and actual finishing223

locations (blue dots) as they cross isocentre. Figure 6 shows the same information except that the starting plane is224

1.5 m from isocentre, both the PPS and DPS are presented, and the energy is 300 MeV. Figure 7 provides a detailed225

beams-eye-view of the deflection process.226

It is immediately obvious how the calibration pattern has been rotated around the CAX in a clockwise fashion at227

all energies, and greatest for the lowest energy 90 MeV as expected. The rotations, as gauged from the calibration228

pattern cross-hairs is 19.0◦, 12.8◦ and 9.8◦ deg for the 90 MeV, 195 MeV and 300 MeV beams respectively when229

fired from the PPS. The rotation amounts decrease slightly when fired from the DPS, due to the fact that the DPS230

particles orginate at CAX where there is no rotation induced initially. However once they diverge off-axis the rotation231

commences.232

We note that the rotation of the pattern is not linearly related to the energy. The Lorentz force is related to the233

velocity, and due to relativistic effects the velocity of a 300 MeV proton is only 1.85× higher than a 90 MeV proton.234

This approximately matches the observed rotation of these two patterns, namely that 1.85×9.8◦ ∼ 18.6◦.235

Further to this a small focusing effect is observed, most noticeable at 90 MeV. This is in the order of 1-2 mm focus236

towards CAX for particles located at 3 cm from CAX, that is, as seen from the perturbation of the circle with 6 cm237

diameter in the calibration pattern. In general, the deflection of the proton beam calibration pattern, namely rotation238

around the CAX and to a lesser extent focusing, confirms the predictions as described in the methods section. The239

results of this section indicate that delivery of a proton pencil beam of a given energy to a precise position on the240

isocentre plane, with a precise momentum direction, will be possible if three key parameters are known; the starting241

position, the proton energy and the momentum direction at the starting positon. Reverse engineering, or rather242

reverse particle transport in a magnetic field, will allow one to determine the exact required starting position and243

momentum direction of a proton in order for it to hit a desired target. One can quickly reverse the currently presented244

data and see that in order to deliver a 30x30 cm2 flood field of monoenergetic protons to the isocentre (all with a245
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momentum vector that is parallel with the beam CAX) that a continuous range of shifts in proton starting positions246

and momentum vectors is required.247

248

Perpendicular Orientation249

Similar to the previous section, results for proton beam deflection in the perpendicular orientation is presented in250

figures 5, 6 and furthermore in figure 8. Part (c) of figure 5 shows the paths taken by 90 MeV protons when fired251

from the PPS phase space file at 5 m from isocentre. A strong distortion of the calibration pattern is seen, and we252

can also note that the protons were first deflected in the -y direction before undergoing a stronger deflection in the +y253

direction. This deflection in the -y direction was prediced by analysis of figure 4(b), where the far fringe field contains254

a mostly -Bz component which then swaps rapidly in direction inside the near fringe and imaging field. However for255

this proton beam staring at 5 m from isocentre the strongest overall deflection occurs in the ± z-directions; basically256

a focussing of off-axis particles towards the CAX. This is due to the strong off-axis -Bx component in the near fringe257

field, as shown by the profile at 15 cm in figure 4(b).258

We next consider the proton beam deflections when fired from 1.5 m above the isocentre, as shown in figure 6259

parts (c) and (d). In this case, the influence of the far fringe field is mostly removed, the the near fringe and imaging260

field sets up a more consistent general deflection in the +y-direction. Figure 8 details the deflection of the proton261

calibration maps when viewed from beams-eye-view. Figure 7a-7c details deflection for the PPS proton beams while262

figure 7d-7f details that of the DPS. The two beam types clearly result in different distortions. The magnetic field263

components change strongly over the last 1.5 m to isocentre, as indicated by the profiles shown in figure 4 part b. For264

all of these patterns, the general deflections in the +y direction arise from the primary Bz component of the near fringe265

and imaging field. The focusing towards CAX, primarily on the -y side, is caused by the Bx component which rises266

sharply at about 1.2 m from isocentre to a maximum at 0.8 m from isocentre. It then drops back to zero inside the267

imaging field, not inducing any more distortion in that direction. In summary perpendicular (-x direction) deflections268

of 135 mm, 85 mm and 65 mm are observed for protons of energy 90 MeV, 195 MeV and 300 MeV respectively269

traveling along the CAX. For protons fired at y = 15 cm, z = 15 cm (off-axis) such as in the PPS the phase space,270

the deflections are of similar magnitude in the -x direction however a further shift in the z-direction (towards CAX) is271

seen. There are also subtle differences between the DPS and the PPS deflection patterns; in essence there is greater272

+x direction deflection when fired from the DPS, however less ±z (focusing towards CAX) deflection. As seen in figure273

4(b), the magnetic field components in the near fringe field change quickly as you move away from the CAX. It is this274

fact that causes the subtle differences in the deflection and distortion of the calibration pattern when fired from the275

PPS and DPS.276

In summary a proton beam fired in the perpendicular orientation will undergo significant deflections that depend,277

similarly to the inline orientation, on the proton starting positions, energy and momentum directions. Just like the278

comments made regarding the delivery of parallel flood field in the inline orientation, the perpendicular orientation279

will require a similar continous shift in the delivery properties of the protons.280

IV. DISCUSSION281

In this paper, the authors have attempted to address one of the next steps towards MRI-proton therapy: modelling282

of generic proton beam transport to the treatment zone. Accurate magnetic and Monte Carlo modelling has been283

employed to predict the impact that a 1 T MRI imaging and fringe field has on the proton paths as they approach284

the MRI system. Despite being high energy and relatively heavy particles (as compared to electrons from MRI-linac285

interactions), there is still significant distortion of the particle paths. The imaging, near and far fringe field acts to286
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deflect, distort, and rotate proton paths, depending on which approach is taken. It has been predicted previously that287

a simple gantry offset or patient shift could account for the effects of a transverse field or perpendicular orientation288

MRI fringe field[23]. This would appear to be entirely true for a single monoenergetic pencil beam, i.e. with calculated289

offsets it would be possible to deliver a proton pencil beam with a known energy to a known spatial location at isocentre290

or some point at the patient surface. This type of proton beam delivery is essentially what happens in PBS (neglecting291

the. Thus we could expect that proton beam delivery by the PBS technique to be the natural choice for a potential292

MRI-proton therapy system. The gives further support to the notion first described by Moteabbed et al.[38]; that293

the PBS technique would be ideal as it could take advantage of the image guidance offered by the MRI system on294

a pencil beam-by-beam basis. We note however that as mentioned in the results sections, the delivery of a broad,295

monoenergetic and parallel (to the beam CAX) proton beam to the isocentre plane will require a continous change in296

intial momentum directions and starting positions. Delivery from the scanning magnets in PBS will change the starting297

momentum directions in a timely fashion, however not starting locations. The only apparent way at present would be298

to rotate the gantry or change on the fly the location of the scanning magnet assembly; both methods would be slow.299

This notion of having a parallel beam however is not required in practice and is used as an example to demonstrate300

the complexities of correcting for the impact of the proton beam deflection. It could be predicted that with full inverse301

planning and magnetic field transport that a desired dose distribution, within a patient specific phantom, could be302

acheieved by a combination of gantry offsets, proton beam energy and momentum direction changes, and patient303

shifts.304

At present, techniques like IMPT typically selects proton energies and positions in a fashion which somewhat paints305

or accumulates dose to cover the total volume of interest. There are no requirements that this needs to be performed306

in a manner which is comforting to the human eye. In the case of MRI-guided proton therapy it may be required that307

dose be built-up using a time-optimized arrangement of beam delivery parameters, or perhaps even future hardware308

improvements in scanning magnet design may allow for both precise momentum direction changes as well as location309

in space as they exit the scanning magnet. In any case, the results of this work indicate that a strong symbiosis is310

required between the properties of the MRI fringe field and the proton beam delivery system. The proton paths are311

significantly altered by the fringe field, and correction is required by the beam delivery system which inherently lies312

inside the MRI fringe field. It is expected that magnetic and Monte Carlo modelling in the potential development of313

MRI-guided proton beam therapy would continue to play a major role.314

As a side point, we note the expected performance of double scattered proton beams where patient specific modu-315

lators lie above the patient. Firstly, far from isocentre a range modulator wheel splits up the energies of the primary316

highly monoenergetic proton beam. These protons would then then travel through the far and near fringe fields before317

arriving at the patient specific modulator. Without a magnetic field the protons would have arrived at their intended318

spatial location, ready for their final energy or range modulation. Based on the results of this work, the impact of319

an MRI near and far fringe field would be detrimental to the intended beam delivery. Basically, the protons would320

not arrive as intended at the modulator, and then incorrect final modulation would occur. A simple gantry offset or321

patient shift will not solve this problem. The distortion caused is related to proton energy and is further dependent322

on the spatial location of the proton paths. That is, you could correct for a small area of a broad beam only. Every323

portion of the beam would require different gantry offsets which seems impossible. In essence one could conclude that324

MRI-guided proton beam therapy would not work with passive or double scattering beam delivery methods. We note325

however that based on current trends, that most proton therapy machines will likely be of the scanning pencil beam326

type.327

As a final comment, we note that the proton beam deflections observed in this work represent those unique to328
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the particular split-bore 1 T system modelled. Other MRI designs will inherently have different fringe-field maps and329

main field strengths, which will generate different deflection paths from those presented in this work. One aspect of330

MRI design which would have some impact on the overall proton beam deflection would be to minimize the magnitude331

and extent of the fringe field. This requirement was in fact a specification of the split-bore design currently presented.332

There are low fringe field regions (as low as possible from a design perspective) extending from 50 cm from isocentre.333

Regardless of MRI design, there will remain a strong magnetic field change (both magnitude and direction in 3D) as334

the main imaging field drops off across the near fringe field. As shown in this work this zone contributes significantly335

to the overall deflection. In summary it can be expected that modelling the proton beam deflection inside a potential336

MRI-proton therapy system will need to be system specific and a fully benchmarked process. The current work337

presents a real benchmarked design and serves as a reference for a system without any ferromagnetic components such338

as shielding or scanning magnets specific to a proton treatment head.339

V. CONCLUSION340

In this current work, the next steps towards MRI-proton therapy are modeled: transportation of proton beams341

towards the treatment area of a real MRI system. The proton beam deflections are as predicted previously, of an342

order that undoubtedly needs some sort of correction. In the inline orientation a proton beam will exhibit significant343

rotation around the CAX, and to a much lesser extent some small focussing towards the CAX. In the perpendicular344

orientation there is both significant deflection and distortion. Future research efforts may including modelling of345

full PBS proton beam delivery coupled with magnetic shielding of the scanning magnets, and the development of346

amelioration strategies to overcome the observed deflections.347
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Figure 1: 3D diagrams of the inline (a) and perpendicular (b) orientations for a potential MRI-guided proton therapy
system. A generic proton pencil beam delivery system is shown in each configuration to demonstrate the orientations.
This consists of a simple vacuum shield surrounding the scanning magnets and a focussing quadrapole magnet. Note
that magnetic flux density and direction overlay is of the default MRI system, i.e. without any external magnetic or
ferromagnetic components. In the two orientations the patient position is indicated by the long cylinder in the MRI
bore. The proton beam path is indicated by the large arrow traversing the PBS assembly.

10



Perpendicular or x−direction (mm)

0.0
6

0.06

0.06

0.06

0.06

0.
06

0.06

0.
06

0.06

0.06

0.06

0.1

0.1

0.1

0.1

0.
1

0.1

0.10.1

0.1

0.1 0.1

0.
2

0.2

0.2

0.2

0.2

0.2

0.2

0.2
0.2

0.2

0.65

0.65

0.65

0.65

0.65

0.65

0.
65

0.65

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

2

2

2
2

2

2

2

2

2

2

2

2

2

2

2

2

N
e
a
r
 

F
r
i
n
g
e

F
a
r

F
r
i
n
g
e

−1500 −1000 −500 0 500 1000 1500 2000

−1500

−1000

−500

0

500

1000

1500

2000

Inline

Perp

Agilent
COMSOL

Imaging Near
 Fringe

Far
 Fringe

Figure 2: Top view of the MRI field map; the fill plot displays the manufactures’ model while the contour lines show
our COMSOL finite element model. The imaging, near and far fringe fields along the beam CAX for both the inline
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almost entirely of a Bz component. The near fringe field encompasses the volumes where the field drops strongly in
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direction is out of the page.
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extending along the z-axis. (b) Corresponding magnetic field components along the z-axis (CAX) and at 15 cm offset
in both the x and y directions. The radial symmetry along this axis is evident by the fact that the Bx and By
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[x = 15 cm, y = 15 cm] will rotate these around the CAX in a clock-wise direction as seen along the beam direction.
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12



−0.3

−0.15

0

0.15

0.3

−0.3
−0.15

0
0.15

0.3

0

1

2

3

4

5

x 
(m

)
90 MeV PPS from 5 m, No Field

y (m)

z (m
)

(a)

−0.3

−0.15

0

0.15

0.3

−0.3
−0.15

0
0.15

0.3

0

1

2

3

4

5

x 
(m

)

90 MeV PPS from 5 m, inline

y (m)

z (m
)

(b)

−0.3

−0.15

0

0.15

0.3

−0.3
−0.15

0
0.15

0.3

0

1

2

3

4

5

z 
(m

)

90 MeV PPS from 5 m, perp

y (m)

x (m
)

(c)

Figure 5: Proton paths as they travel towards the isocentre of the MRI. (a) No magnetic field. (b) Inline orientation.
(c) Perpendicular orientation. The protons were fired from the 90 MeV parallel particle source (PPS) at 5 m from
isocentre. The black circles show the starting positions, the blue circles show the locations as they cross the isocentre
plane while the gray circles show the intended isocentre crossing locations (no magnetic field case). In total 97 particles
are displayed from the calibration pattern phase space file. As described by the theory of charged partice beams passing
through a solenoid style magnet, there is rotation as well as a small focussing effect observed in the inline orientation.
While in the perpendicular orientation deflections in both ±y and ±z directions are observed. The complex deflection
or distortion seen in the perpendicular orientation is attributed to the differences in the magnetic field components
between the imaging, near and far fringe fields.
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Figure 6: Similar to figure 5 except that the starting position of the phase space file is 1.5 m from the isocentre. In
parts (a) to (c) we see particles paths as fired from the 300 MeV PPS phase space file. Parts (d) to (f) details the paths
of 300 MeV protons from the diverging particle source (DPS). In the inline orientation there is slightly less rotation
around the CAX for the DPS, while in the perpendicular orientation there is slightly greater deflection. Figures 7 and
8 details the differences in more detail.
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Figure 7: Beams-eye-view of the proton finishing locations without a magnetic field (grey dots) and with a magnetic
field (red dots) in the inline orientation. Parts (a) to (c) show the changes for the PPS phase space files of each energy
originating at 1.5 m from isocentre. Parts (d) to (f) repeat the results of (a)-(c) except that the DPS is used.
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Figure 8: Similar to figure 7 except that the perpendicular orientation is used. Deflection of the PPS particles in
the y-direction is generally less, however the distortion in the ±z-directions is stronger than the DPS. This is simply
due to the non-symmetric nature of the fringe field components and the fact that the DPS particles spend more time
nearer to CAX than the PPS particles.
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