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Electrical stimulation of the central and peripheral nervous systems - such as deep
brain stimulation, spinal cord stimulation, and epidural cortical stimulation are common
therapeutic options increasingly used to treat a large variety of neurological and
psychiatric conditions. Despite their remarkable success, there are limitations which
if overcome, could enhance outcomes and potentially reduce common side-effects.
Micromagnetic stimulation (WMS) was introduced to address some of these limitations.
One of the most remarkable properties is that WMS is theoretically capable of activating
neurons with specific axonal orientations. Here, we used computational electromagnetic
models of the wMS coils adjacent to neuronal tissue combined with axon cable models
to investigate wMS orientation-specific properties. We found a 20-fold reduction in the
stimulation threshold of the preferred axonal orientation compared to the orthogonal
direction. We also studied the directional specificity of uMS coils by recording the
responses evoked in the inferior colliculus of rodents when a pulsed magnetic stimulus
was applied to the surface of the dorsal cochlear nucleus. The results confirmed that
the neuronal responses were highly sensitive to changes in the wMS coil orientation.
Accordingly, our results suggest that WMS has the potential of stimulating target nuclei
in the brain without affecting the surrounding white matter tracts.

Keywords: eddy currents, TMS, finite element method, microcoils, inductive stimulation, numerical modeling,
neurostimulation

INTRODUCTION

Implanted medical devices based on electrical stimulation such as cardioverter-defibrillators and
pacemakers (Ellenbogen and Wood, 2008), spinal cord stimulation (Kreis and Fishman, 2009), and
deep brain stimulation (DBS) (Montgomery, 2010) devices have become well-accepted therapeutic
options to treat a wide variety of medical conditions. Electrical stimulation has considerable clinical
impact in alleviating symptoms of an increasingly diverse range of neurological and psychiatric
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disorders including for example, cochlear (Gifford, 2013) and
auditory brainstem implants for restoring hearing (Moller, 2006),
DBS to treat symptoms of Parkinsonism (Benabid, 2003; Deuschl
et al.,, 2006), cortical stimulation for epilepsy and depression
(Howland, 2008; Morace et al., 2016; Williams et al., 2016), spinal
cord stimulation for neuropathic pain (Lopez et al., 2016), and
vagus nerve stimulation for epilepsy (Panayiotopoulos, 2011)
and depression (O'Reardon et al., 2006; United States Congress
Senate Committee on Finance, 2006), just to mention a few. More
recently, electrical stimulation has also shown promise for the
restoration of function of retinal implants to restore vision in the
blind (Humayun et al., 2012; Shepherd et al., 2013; Zrenner, 2013;
Ayton et al., 2014; Stingl et al., 2015).

Although electrical techniques for neuronal stimulation have
proven quite useful, they have several limitations that can be
overcome by micro magnetic stimulation (WMS) which uses
sub-millimeter coils. For example, for an electrode pair to
generate currents it needs to be placed in contact with a
conductive media (e.g., excitable tissue). Electric currents that
are delivered by these electrodes diffuse and can spread to
undesired areas adjacent to the structures being targeted, leading
to unintended side-effects (Histed et al., 2009; Behrend et al,,
2011; Licari et al., 2011; Weitz et al,, 2015). A magnetic coil,
on the other hand, can induce electric currents in the tissue
from a distance (i.e., through an insulation layer). In nature
these currents are closed-loop circular currents with a higher
spatial focality (Figure 1). Furthermore, the fact that pMS coils
can deliver stimulation while being insulated from the tissue
increases their biocompatibility and compatibility with magnetic
resonance imaging (considering no ferromagnetic material is
present). Finally, as wMS coils can be positioned within or
immediately adjacent to the neural tissue, the power needed
to evoke neuronal activities is significantly reduced compared
to techniques such as transcranial magnetic stimulation (TMS)
which are designed to generate strong magnetic fields that
pass through the skull and deliver stimulation to the cortical
tissue.

Our group recently demonstrated the feasibility of using
WMS to elicit neuronal activation in vitro (Bonmassar et al.,
2012), as well as the activation of neuronal circuitry on
the system level in vivo (Park et al., 2013). As pMS is a
novel technology, its mechanism(s) of nerve activation, induced
field characteristics, and optimum topological features are
yet to be explored. In this work, we performed numerical
simulations to provide an insight into spatial distribution of
wMS-induced electric fields, which in turn dictate the dynamics
of nerve stimulation threshold changes with different axonal
directionalities. Electromagnetic simulations were performed
to estimate the magnetic flux B and the electric field E
and its spatial gradient at different distances from the coil.
These simulations were based on the actual coil prototypes
built (Figure 2) and utilized in our animal experiments
(Figure 3). The estimated E fields were then used in conjunction
with the NEURON cable model to investigate the directional
sensitivity of wWMS (Figures 4, 5). Finally, we performed in vivo
experiments where we studied responses evoked in the inferior
colliculus (IC) of rodents by applying uMS stimuli to the

surface of animal’s dorsal cochlear nucleus (DCN). Specifically,
we examined the IC responses to different coil orientations
(Figure 6).

METHODS

Electromagnetic Simulations

Numerical modeling has been long used to understand the
phenomenology of field-tissue interaction in a wide variety of
medical and diagnostic applications. Examples include use of
electrostatic finite element modeling to predict the volume of
activated tissue in electrical brain stimulation (Mclntyre and
Grill, 2001; Butson and Mclntyre, 2006; Golestanirad et al.,
2012b), eddy current modeling to assess the distribution of
cortical currents in magnetic brain stimulation (Wagner T.
et al., 2004; Wagner T.A. et al., 2004; Golestanirad et al., 2010,
2012c), and analysis of body exposure to low frequency magnetic
fields and safety hazards due to motion of medical implants in
magnetic fields (Condon and Hadley, 2000; Golestani-Rad et al.,
2007; Golestanirad et al., 2012a). Recently, the role of numerical
modeling has also been emphasized in safety assessment of
MRI in patients with conductive implants (Clare McElcheran
and Graham, 2014; Golestanirad et al., 2017a,b; McElcheran
et al, 2017). The use of computational modeling to predict
the response of neurons to external electric fields has been
pioneered by eminent works of McIntyre and Grill (2001) and
Mclntyre et al. (2002, 2004) and followed by others (Wei and
Grill, 2005; Woock et al, 2010; Golestanirad et al., 2012b,
2013). Electromagnetic simulations have also been successfully
applied to quantify induced currents and assess the safety of
transcranial magnetic brain stimulation (Wagner T.A. et al,
2004; Golestanirad et al., 2010, 2012¢; Deng et al,, 2013). In
this work, we used ANSYS Maxwell (ANSYS, Canonsburg, PA,
United States) which solves a modified T — Q formulation of
Maxwell’s Equations expressively designed for low-frequency
calculations (Ren, 2002) using the finite element method (FEM).
Simulations were performed with solenoidal wMS coils (500 pm
diameter, 600 pm height, 21 turns, wire diameter 7 um, carrying
~20 amperes for a total current per turn = 420 AT). Coils
were placed 20 pm above the surface of the tissue and were
excited with a 70-kHz sinusoidal current. The tissue was modeled
as a 10 mm x 10 mm x 1 mm slab of conductive material
(0 =0.13S/m). The ensemble of the coil-tissue system was
enclosed in a 14 mm x 14 mm x 6 mm air box with Neumann
boundary conditions applied to its outer faces which ensured
that magnetic field was tangential to the boundary and flux did
not cross it. ANSYS Maxwell was set up to follow an adaptive
mesh scheme. A high-resolution initial tetrahedral mesh (60 j1m)
was seeded inside the tissue close to the coil. Maxwell generated
a field solution using the specified mesh. It then analyzed the
accuracy of the solution by calculating an energy value based on
the error in the solution. The exact mechanism for evaluating
the error varies by solution type. For eddy current solution,
Maxwell uses V x H to find current density and then subtracts
all input currents and other sources. For a perfect solution,
the result would be zero, whereas for a real finite mesh the
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Virtual anode
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FIGURE 1 | Electric and magnetic nerve stimulation mechanisms. (A) In electric nerve stimulation conductive electrodes are positioned in direct galvanic contact
with the tissue. A DC (as in tDCS) or pulsed (as in DBS) voltage is applied between two electrode contacts to induce electric currents in the tissue. These currents
follow a diffuse path from anode to cathode, hyperpolarizing neuron’s membrane under the anode and depolarizing it under the cathode. The current path, however,
is diffuse and hard to control. (B,C) In magnetic nerve stimulation a time-varying electric current is passed through a coil, generating a time-varying magnetic field
around the cail (as in TMS). According to Faraday’s law of induction, these time-varying magnetic fields induce a time-varying circular electric field in the tissue. The
direction of this magnetically induced electric field depends on the orientation of the magnetic coil and thus, its stimulating effect on neurons can be better controlled.
(D) For axons running with an orientation parallel to the axis of the cail, there will be no hyperpolarizing/depolarizing membrane net effect.
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result would include some amount of residual current density.
An energy value calculated from this residual current density
is then used as the criteria to refine the mesh. An iterative
process then will follow, which refines the mesh in each step
until the energy error is below a user-specified value (1% in
our case). The final solution had ~630,000 mesh elements with
edge length varying from 9 pm inside the tissue to 2 mm
at the outer boundary the air box. The simulations converged
after two adaptive passes which completed in 17 h on a Dell
PowerEdge R730 with 16x32GB = 512GB of RAM, an NVIDIA
K80 GPU and 28 cores (2xIntel Xeon CPU with each 14
cores) running 64-bit Windows Server 2012. Electric field values
were then exported to MATLAB (The Mathworks, Inc., Natick,
MA, United States) for smoothing and were used to simulate

the response of neurons with different orientations below the
coil.

wMS Coil Orientations

In our previous work (Bonmassar et al., 2012) we showed that
response of ganglion cells to WMS could be altered by changing
the coil’s orientation. Specifically, we demonstrated that when
the long axis of a solenoidal WMS coil was perpendicular to
the surface of the excitable tissue (corresponding to Figure 1B),
weaker neuronal responses were evoked compared to the
case where the coil’s long axis was parallel to the surface of
the tissue. Our surgical setup at the time, however, did not
allow further examination of WMS directionality when the coil
was parallel to the surface of the tissue. Theoretically, the
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Bottom: a more compact model recently developed.

FIGURE 2 | The pMS caoils. (A) Image of the microcoil used in the experiments. (B) The outer layer of the conductor was chemically removed to expose the structure
of the underlying solenoid. (C) Model of the coil with 21 turns of 6 pm gold microwire implemented in ANSYS Maxwell 18.0. The generated magnetic field is shown
for a unit current of 1 A passing through the coil. (D) Top: the origin used in the experiments with the microcoil mounted on a syringe connected to a BNC connector.

WMS coil in a perpendicular orientation generates symmetric
electric fields in the tissue underneath the coil, affecting
axons with different orientations alike (see Figure 1B, axons
with orthogonal orientations A and B experience similar
electric field). This symmetry breaks down when the long

axis of the coil is parallel to the surface of the tissue.
In theory, the parallel pMS coil highly depolarizes axons
that are located under its center and are orthogonal to its
long axis (Figure 1C). We refer to this relative coil-axon
orientation as the parallel-orthogonal orientation. In contrast,
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