Evaluation of electric fields induced in the patient during body rotations in the static magnetic field of a MRI-LINAC system
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Introduction: Image-guided radiotherapy treatment with the hybrid MRI - linear particle accelerator (MRI-LINAC) system is one of the most recent
and significant MRI research avenues. Moving (i.e. rotating or translating) the patient relative to the strong magnetic field of the split cylindrical
MRI-LINAC magnet can potentially induce high levels of electric field and associated current densities in the conducting tissues. The prediction and
evaluation of patient safety in terms of electromagnetic (EM) field exposure has received little attention for a split magnet configuration, especially in
the vicinity of the gap region. In this novel study, rotation-induced EM exposure is evaluated using the quasi-static finite-difference (QSFD) method
while considering a tissue-accurate human body model in both axial (A) and radial (B) orientation relative to the magnet gap. This new research
provides useful insights into the safe use of the MRI-LINAC technology and optimal orientations of the patient during image-guided treatment.

Method: A 2mm-resolution whole-body voxel model NORMAN (1.75 m, 72 kg, 35 tissues, see Figl(a)) [1] was assumed to rotate inside a 1 T split
superconducting magnet (Agilent Technologies, Rjner = 0.45 m, Ryyer = 0.9 m, Gap = 0.5 m and Length = 2 m) with a rotational period of T,, = 60 s.
The electric field E', in the reference frame that is co-moving with the patient, is given by E' = E; + E; = (vo(t) + @(t) Xr) x (VX A) — VD,
where in the MR reference frame, Ejand E, are the primary and secondary electric field, vy (t) is the translational velocity and w(t) is the angular
velocity (about origin) of the moving body, r denotes the position vector, V is the gradient operator, A is the vector magnetic potential of the magnetic
field source and —V® is the negative gradient of the scalar electric potential that includes free and bound charges (i.e. V& = V&, + V®,,). The vector
potential A due to the magnet solenoids can be calculated with elliptic integrals [2]. Since w(t) is low, the quasi-static assumption applies and the
induced field can be computed with the QSFD method [3], which is governed by the surface integral equation |, S{J(El)} ds = S(O'VCD) -ds and the

Neumann boundary condition d®/dn = i - (Eq). The full details for the numerical evaluation of ®, which effectively yields E’, are given in [3]. The
current density can then be calculated as J' = o E’, where o is the low-frequency scaled tissue-dependent conductivity. The numerical method of this
study was successfully validated against the benchmark [4], details of which are found in [5].

Results and Discussions: Fig.1 illustrates the model setup and the low (8mm) and high-resolution (2mm) simulation results of induced electric field
and current density. The largest field exposure occurred during the chest treatment (orientation A) and head/knee treatment (orientation B). The IEEE
[6] and ICNIRP [7] guidelines recommend field exposure evaluations in the tissues of the central nervous system. For the patient exposure in the
orientation B, the peak induced E field was 13.75 mVm™' in the brain, 12.29 mVm™ in the cerebrospinal fluid (CSF) and 12.91 mVm" in the spine,
with corresponding lcm*-averaged current density (Jioym,) values of 5.42 mAm?, 9.03 mAm™ and 4.35 mAm™, respectively. The corresponding
exposure values were about one order of magnitude smaller in orientation A. This is in agreement with the Faraday’s law, which states that a constant
rotation of a conducting body of any shape, size, and conductivity distribution in an axisymmetric magnetic field produces no net in situ E field,
given that the field’s axis of symmetry is concentric with the body’s axis of rotation. In this study however there was a small misalignment of about
6mm between these two axes, which resulted in non-zero E field. In terms of both orientations, the worst-case E field of 37.11 mVm™' occurred
during the head treatment in orientation B. A linear scaling of T,, = 60 s will result in a proportional increase/decrease in the exposure results.
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Fig.1 — Shown are: (a) the body model, (b) the two body-system arrangement possibilities, i.e. in axial and radial orientation relative to the actively shielded split MR
magnet (green: LINAC unit), (¢) peak electric field and current density versus body position along the magnet (a total of fifty five 8mm-simulations were performed
with the body repositioned at intervals of 32 mm) and (d) central coronal and sagittal profiles of the electric field (E) and 1cm*-averaged current density (Jicm2) based on
the high-resolution (2mm) simulations during image-guided treatment of pelvis, chest and head. The corresponding body-system orientations are also illustrated.

Conclusion: Rotating the patient in orientation B will produce at least an order of magnitude larger field exposure than when the patient is rotated in
orientation A. However, the disadvantage of orientation A is that the LINAC proton beam undergoes a curved trajectory towards the target pathology
due to Lorenz forces, which can lead to undesired obliteration of healthy tissues surrounding the pathology. Irrespective of that, the exposure limits
set out in the IEEE (Epey = 25.03 mVm™) [6] and ICNIRP (J,,,> = 40 mAm?,,,) [7] guidelines may not be exceeded in setup B if the patient is
rotated at T, > 43.3 s and T, > 15.3 s, respectively. Rotating at these periods or slower is desirable for patient comfort and it is unlikely to pose an
issue for the LINAC treatment in terms of radiation dose independence. In orientation A however, the patient can be rotated safely at T, > 3.0 s.
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