Journal of Neural &%, PURPOSE-LED
*=f” PUBLISHING"

Engineering
PAPER * OPEN ACCESS You may also like
. . . . - Sufficient sampling for kriging prediction o
Micromagnetic stimulation (uMS) dose-response Soricatpotental it at. monket. and
. . hqman ;ECoG_ ) )
Of the rat SClat|C nerve Michael Trumpis, Chia-Han Chiang, Amy L

Orsborn et al.

. X X - Strength-frequency curve for
To cite this article: Renata Saha et al 2023 J. Neural Eng. 20 036022 micromagnetic neurostimulation through
excitatory postsynaptic potentials (EPSPs)
on rat hippocampal neurons and numerical
modeling of magnetic microcaoil (coil)
Renata Saha, Sadegh Faramarzi, Robert
View the article online for updates and enhancements. P Bloom et al.
- Electrospinography for non-invasively
recording spinal sensorimotor networks in
humans
Alexander G Steele, Amir H Faraji and
Jose L Contreras-Vidal

This content was downloaded from IP address 192.58.125.22 on 26/09/2025 at 19:02


https://doi.org/10.1088/1741-2552/acd582
https://iopscience.iop.org/article/10.1088/1741-2552/abd460
https://iopscience.iop.org/article/10.1088/1741-2552/abd460
https://iopscience.iop.org/article/10.1088/1741-2552/abd460
https://iopscience.iop.org/article/10.1088/1741-2552/ac4baf
https://iopscience.iop.org/article/10.1088/1741-2552/ac4baf
https://iopscience.iop.org/article/10.1088/1741-2552/ac4baf
https://iopscience.iop.org/article/10.1088/1741-2552/ac4baf
https://iopscience.iop.org/article/10.1088/1741-2552/ac4baf
https://iopscience.iop.org/article/10.1088/1741-2552/ac4baf
https://iopscience.iop.org/article/10.1088/1741-2552/ad1782
https://iopscience.iop.org/article/10.1088/1741-2552/ad1782
https://iopscience.iop.org/article/10.1088/1741-2552/ad1782

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
22 October 2022

REVISED
20 April 2023

ACCEPTED FOR PUBLICATION
15 May 2023

PUBLISHED
31 May 2023

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

J. Neural Eng. 20 (2023) 036022 https://doi.org/10.1088/1741-2552/acd582

Journal of Neural Engineering

PAPER

Micromagnetic stimulation (:MS) dose-response of the rat sciatic
nerve

Renata Saha' ©, Zachary Sanger’©, Robert P Bloom' (), Onri ] Benally' ©, Kai Wu' @, Denis Tonini'©,
Walter C Low”*’ ([, Susan A Keirstead" (2, Theoden I Netoff*( and Jian-Ping Wang"*

Department of Electrical and Computer Engineering, University of Minnesota, Minneapolis, MN, United States of America
Department of Biomedical Engineering, University of Minnesota, Minneapolis, MN, United States of America

Department of Neurosurgery, University of Minnesota, Minneapolis, MN, United States of America

Stem Cell Institute, University of Minnesota, Minneapolis, MN, United States of America

Department of Integrative Biology & Physiology, University of Minnesota, Minneapolis, MN, United States of America

1
2
3
4
5
* Author to whom any correspondence should be addressed.

E-mail: jpwang@umn.edu
Keywords: micromagnetic neurostimulation, dose-response relationship, microcoils, induced electric field, orientation-dependence,
rat sciatic nerve, spatially-selective neuromodulation

Supplementary material for this article is available online

Abstract

Objective. The objective of this study was to investigate the effects of micromagnetic stimuli
strength and frequency from the Magnetic Pen (MagPen) on the rat right sciatic nerve. The nerve’s
response was measured by recording muscle activity and movement of the right hind limb.
Approach. The MagPen was custom-built to be stably held over the sciatic nerve. Rat leg muscle
twitches were captured on video, and movements were extracted using image processing
algorithms. EMG recordings were also used to measure muscle activity. Main results. The MagPen
prototype, when driven by an alternating current, generates a time-varying magnetic field, which,
according to Faraday’s law of electromagnetic induction, induces an electric field for
neuromodulation. The orientation-dependent spatial contour maps of the induced electric field
from the MagPen prototype have been numerically simulated. Furthermore, in this in vivo work on
1MS, a dose-response relationship has been reported by experimentally studying how varying the
amplitude (Range: 25 mV,_, through 6 V,,,) and frequency (range: 100 Hz through 5 kHz) of the
MagPen stimuli alters hind limb movement. The primary highlight of this dose-response
relationship (repeated over n rats, where n = 7) is that for a uMS stimuli of higher frequency,
significantly smaller amplitudes can trigger hind limb muscle twitch. This frequency-dependent
activation can be justified by Faraday’s Law, which states that the magnitude of the induced electric
field is directly proportional to the frequency. Significance. This work reports that uMS can
successfully activate the sciatic nerve in a dose-dependent manner. The impact of this
dose-response curve addresses the controversy in this research community about whether the
stimulation from these pcoils arise from a thermal effect or micromagnetic stimulation. MagPen
probes do not have a direct electrochemical interface with tissue and therefore do not experience
electrode degradation, biofouling, and irreversible redox reactions like traditional direct

contact electrodes. Magnetic fields from the picoils create more precise activation than

electrodes because they apply more focused and localized stimulation. Finally, unique features of
uMS, such as the orientation dependence, directionality, and spatial specificity, have been
discussed.

© 2023 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Implantable neuromodulation devices have been
used for the treatment of chronic pain [1-3], brain
disorders [4—7] and have been applied as retinal [8, 9]
and cochlear prostheses [8, 9]. The use of electric
shock from Torpedo fish for the treatment of chronic
pain dates back to the 15" century AD [10]. This
practice was soon followed by reports of muscle con-
traction due to electrical stimulation [11, 12] in the
18th century. However, the modern era of neuromod-
ulation for the treatment of chronic pain began in the
1960s [13]. Sciatica is a diagnostic condition where
excruciating pain travels along the path of the sci-
atic nerve, which originates from the spinal cord
and extends through the legs. Transcutaneous elec-
tric nerve stimulation [14, 15] has been proven to
be quite effective for sciatica treatment, and percu-
taneous electric nerve stimulation is being investig-
ated as a viable and possibly even better alternative
[16, 17].

The spatially selective and directional activation
of the peripheral nervous system (PNS) has been
pursued for over two decades by peripheral nerve
interface designers [18]. Of the electrodes that have
been designed for the precise stimulation of the PNS,
the transverse intrafascicular multi-electrode array
(TIME) [19], the longitudinal intrafascicular elec-
trode (LIFE) [20], the Cuff electrodes, and the Utah
slanted electrode array (USEA) [21] deserve special
mention. TIME, LIFE, and USEA are intrafascicu-
lar electrodes, which means they are surgically inser-
ted to penetrate the peripheral nerve and provide
microstimulation. Cuff electrodes provide extran-
eural activation, which means they wrap around the
nerve, and it is impossible for the nerve to escape the
Culff electrode contact. While USEA electrodes have
been recently reported as an advanced electrode array
design, literature reports suggest that TIME is the only
electrode that offers good neural stimulation selectiv-
ity at both the intra- and interfascicular level. LIFE
allows enhanced selectivity on only the intrafascicular
level, while multipolar Cuff electrodes offer selectiv-
ity on the interfascicular level. Despite the success
of these peripheral nerve stimulators, the electrodes
are in close galvanic contact with biological tissue,
which can result in biofouling [22, 23]. Biofouling
increases the voltage required to achieve the same
field strength in tissue and can cause the field strength
needed to activate tissue to exceed safe limits. Here, we
present an implantable technology based on micro-
magnetic stimulation (4MS). It uses submillimeter-
sized coils, or microcoils (pcoils), which, when driven
by a time-varying current, generate a time-varying
magnetic field. This magnetic field induces an electric
field in the surrounding tissue according to Faraday’s
laws of electromagnetic induction. Because stimula-
tion occurs through an inductive effect, the pcoils
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do not come in direct galvanic contact with the bio-
logical tissue. Therefore, these pcoils are invulner-
able to biofouling, unlike electrodes. Furthermore,
peoils offer advantages such as MRI compatibility
[24], spatial specificity, and directionality [25]. This
technology was first reported over a decade ago in
tests of solenoidal pcoils on rabbit retinal neurons
in vitro [26]. Various pcoil shapes have been invest-
igated in several different experimental settings. The
optimized shape of the coil for neuromodulation is
still under investigation, with several designs reported
based on both computational modeling and exper-
imental approaches [25-30]. Some of the notable
experimental settings these pcoils have been tested
in include in vivo intracortical uMS using V-shaped
peoils [28], in vitro focal control of pyramidal neur-
ons with solenoidal pcoils [31], in vitro somatic and
axonal inhibition of action potentials of ganglion cells
in marine mollusk using solenoidal pcoils [32, 33],
and in vitro activation of the CA3-CA1 synaptic path-
way in hippocampeal tissue slices [25].

Kagan et al [34] reported in vivo magnetic stim-
ulation of the sciatic nerve using centimeter- and
millimeter-scale solenoidal coils. Their work did not
use pcoils and lacked additional experiments to prove
that the stimulation effect on the rat sciatic nerve
was indeed an effect of magnetic stimulation. In this
work, we present uMS using the Magnetic Pen (Mag-
Pen) [25] on the rat sciatic nerve and report a dose-
response relationship for ©MS that confirms a micro-
magnetic stimulatory effect on the nerve. Based on
MagPen’s contact with the nerve, it offers extraneural
activation. The spatial specificity that the MagPen
offers is a function of the relative orientation of the
peoil to the tissue (see section 3.1), the angular con-
tact of the MagPen with the nerve (see section 3.2),
and the direction of the sinusoidal current through
the pcoil. The depth of neural activation that the
MagPen offers is a function of the magnitude of the
induced electric field generated by the pcoil for a
particular combination of amplitude and frequency
of sinusoidal current (see section 3.5). In addition,
the depth of activation also depends on how fast the
induced electric field decays with distance between
the pcoil and the nerve (see supplementary inform-
ation S2). Therefore, peripheral nerve activation by
the MagPen is unique, as it is attached to the nerve
like a Cuff electrode but offers both extraneural and
intraneural activation, similar to TIME. Furthermore,
the ability to simply position the MagPen over the
nerve makes this method significantly more versat-
ile, as it does not need specialized surgical training
for electrode penetration inside the nerve, as is the
case for TIME, LIFE, and USEA. In their work on
the micromagnetic activation of hippocampal tissue
slices, Saha et al [25] briefly reported based on numer-
ical simulations that the nature of micromagnetic
activation is frequency dependent. Meaning, that at
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higher frequency of the current driving the pcoils, the
amplitude of the current through the picoils required
to activate the neural tissues is less; at lower frequency,
a current of higher amplitude driving the pcoils
is required to trigger neural activity. Although the
report of such frequency-dependent activation of the
neural tissues by uMS follows directly from Faraday’s
laws of electromagnetic induction, an experimental
justification was missing. Herein, we measure the
dose-response relationship of micromagnetic stim-
uli (varying amplitudes and durations) on hind limb
twitches evoked via rat sciatic nerve activation. The
results of this dose-response measurements of ©MS
experimentally confirm that the stimulatory effect
of these pcoils is micromagnetic in nature rather
than thermal or electrical [35]. Finite element ana-
lysis (FEA) has been previously used to study the
thermal effects of Utah microelectrode arrays on
grey matter tissues [36]. An experimental method to
determine the temperature increase caused by Utah
Arrays using infrared cameras in in vitro salt baths
has also been previously reported [37, 38]. We have
used FEA and numerical techniques to corroborate
those in vitro salt bath temperature measurements
to affirm that the nature of stimulation imposed by
the MagPen is indeed micromagnetic. Overall, this
work demonstrates the efficacy and feasibility of focal
neuromodulation using ;MS, which may open a new
avenue for the study of sciatica and chronic pain
management.

2. Materials and methods

2.1. MagPen: micromagnetic neurostimulation
probe fabrication

The fabrication method of the micromagnetic
neurostimulation probe, MagPen (see figure 1(a)),
both Type Horizontal (Type H) and Type Vertical
(Type V), has been reported previously [25].
In this work, we used a commercially available
solenoidal pcoil (Model no.. TDK Corporation
MLG1005SR10JTD25). Regarding the appropriate
choice of the pcoil model, it was made sure that the
electrical characteristics of the pcoil were reduced to
that of a simple resistive—inductive (RL) circuit (see
table S1 for LCR meter measurements of the RLC
characteristics). Each picoil was soldered (using solder
flux & hot air blower) at the tip of a printed circuit
board (PCB) with a length of 3 cm. For ease of orient-
ation of the MagPen over the nerve, we thinned the
PCB down to 0.4 mm along the z axis (see figure 1(a)).
The tip of the MagPen where the picoil is located has
a width of 1.7 mm in Type H and 1.4 mm in Type
V. A complete image of the prototype is provided
in figure S1 of supplementary information S1. The
peoil measures 1 mm x 600 pm x 500 pum, which is
smaller than the size of a pencil tip (Dixon No.2 HB
pencil) (see figure 1(b)).
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In the study of the neural activation capability of
a micromagnetic implant, complete blockage of cur-
rent leakage and capacitive current from the proto-
type is extremely essential. This requirement can be
achieved by encapsulating the ypcoil within a biocom-
patible polymer coating. In this study, we introduced
a 10 pum-thick Parylene-C coating on the tip of the
MagPen using a SCS-Labcoater Parylene-C depos-
ition system. The efficacy of the current anti-leakage
coating in the MagPen prototypes was validated by
measuring the impedance between one terminal of
the MagPen and laboratory-made standard artificial
cerebrospinal fluid (aCSF) with a composition (in
mM) of 124 NaCl, 2 KCI, 2 MgSQOy, 1.25 NaH,POy,
2 CaCl,, 26 NaHCO3, and 10 D-glucose [39]. Dur-
ing the measurement of this impedance, the Mag-
Pen was immersed in the solution, and a single-cycle
sinusoidal current of 2 A was driven at a frequency
of 2 kHz with 1 s intervals. If the measured imped-
ance was 5 M{2 and above, the prototype passed our
quality control test. As further discussed in supple-
mentary information S2, limiting the thickness of this
Parylene-C coating is also essential, as the induced
electric field drops rapidly with distance.

2.2. Circuit characteristics of the pcoil

An LCR meter (Model no. BK Precision 889B; see
table S1 in supplementary information S1) was used
to measure the resistance (R), inductance (L), and
capacitance (C) values of the picoil implant. The pcoil
reduced to a RL series circuit. As per Faraday’s laws
of electromagnetic induction, the electromotive force
(emf) is directly proportional to the series induct-
ance (Ls). The relationship is given by the expres-
sion v () = Lg dil(;) , where v (#) is the emf induced in
an electrical circuit (here, neurons: the biological cir-
cuits) due to a time (¢)-varying magnetic field (B(t));
v(t) contributes directly to the induced electric field
that will stimulate the neurons, and did—(tt) is the time
derivative of the current through the picoil (i(t)). The
DC resistance (Rpc) of the pucoil contributes solely
to the Joule heating of the pcoils during neuron
activation [24, 40, 41] (heat = i(t)zRDCt). A previ-
ous study by Minusa et al [27] reported a temperat-
ure increase of ~1-1.5 °C in aCSF when the pcoils
were driven by the alternating current necessary for
neural activation. Recently, Jeong et al [38] used an
optical probe to measure the temperature increase
in the neural tissue during micromagnetic activa-
tion and reported a similar observation. Park et al
[41] used FEA techniques to optimize the geomet-
rical parameters of a planar pcoil such that the tem-
perature rise in neural tissues is below 1 °C. We have
performed an independent study involving experi-
mental and numerical calculations of the heat energy
released from the pcoil. The temperature change that
is expected to be observed in the nerve from Mag-
Pen stimulation corroborates that of other reports
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the tip of a pencil (Dixon No. 2 HB pencil).

Figure 1. (a) The Magnetic Pen (MagPen) prototype fabricated in two different orientations: Type Horizontal, or Type H, and
Type Vertical, or Type V. The implant, or the magnetic microcoil (ucoil), is situated at the tip. (b) Size comparison of the jicoil to

(see supplementary information S7). Overall, com-
pared to the pcoil model used in our previous work
(Rpc = 3.8-4.4 Q) [25], the Rpc values for this pcoil
are lower (between 1.8 {2 and 2.2 (2), and we expect
the heating effect to be two orders of magnitude
lower.

2.3. Animal handling & surgery

All in vivo experiments were performed in accord-
ance with a University of Minnesota-approved Insti-
tutional Animal Care and Use Committee protocol.
Seven 349 £ 91 gram Long—Evans rats were admin-
istered 1200 mg kg~! Urethane anesthesia through
intraperitoneal injection and given 4 mg kg~! Lido-
caine and 2 mg kg~! Bupivacaine local anesthesia
via subcutaneous injection at the incision site [42].
Urethane was used to preserve the neurochemical
environment of the rat. The rat was placed on
an appropriate heating device, and supplemental
oxygen was given via nose cone throughout the
experiment. A 30 mm incision exposed the dorsal-
medial right quadricep muscular interstitial space
where the sciatic nerve could be accessed. One
cotton-tipped applicator was placed between the sci-
atic nerve and the quadricep for effective place-
ment of the pcoil (see figure 2(a)(i)). Anesthetic
depth and vital signs were monitored every 15 min
throughout the experiment to ensure rat comfort and
homeostasis.

2.4. The ‘Dose’: MagPen driving circuitry

The MagPen driving circuitry and the associated
waveforms are illustrated in figure 2(b). The stim-
ulus was applied to the sciatic nerve using a func-
tion generator (Model no. RIGOL DG1022Z) as

single-cycle sinusoids with 1 s intervals (see Wave-
form in figure 3). The current through the ucoil
(i()) is represented by the equation i () = A;sin2 ft,
where A; and f are the current strength/amplitude
and frequency through the pcoil, respectively. The
1/f component is equivalent to the duration of the
micromagnetic stimulus. A; and f consist of a sig-
nificant component of the ‘dose’ The current, i(¢),
is amplified by a class-D amplifier (Model no. Pyr-
amid PB717X) set at a constant gain, A. An altern-
ating current drives the pcoil to generate a time-
varying magnetic field (B(t)). As per Faraday’s law
of electromagnetic induction, this time-varying mag-
netic field induces an electric field (E;,q), which activ-
ates the nerve. The field is expressed by the equation

$Eina-dl=— [[ alfT(:) - dS. Therefore, we obtain the

expression Ejg o< d‘;—(:) [6'S %(:). Hence, on applying a

sinusoidal current waveform (i(¢)) through the pcoil,
we will obtain an induced electric field waveform
(Ejng) in the form of a time-derivate of the current.
As this induced electric field activates the nerve, it
induces a sinusoidal current (J(¢)) in the nerve, which
activates the axons in it (see figure 2(b)).

2.5. Finite element modeling (FEM) of the picoil

It is challenging to experimentally measure the mag-
netic field and the corresponding induced elec-
tric field from these sub-mm-sized pcoils. Minusa
et al [27] reported the use of miniaturized, custom-
made pick-up coils for this purpose. For such meas-
urements, it is extremely essential to place the
pcoil implants close to the pick-up coils. Khalifa
et al [43] reported the use of nitrogen vacancy
magnetometers to measure the induced electric field
from these pcoils. A cost-effective yet reliable way

4
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pcoil driver connections ~
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‘ tibialis anterior
muscle EMG

—p Current through pcoil, i(t)
- == & |Vagnetic field, B(t)
=== Induced electric field, Eind
=——p Current through nerve, J(t)

Figure 2. Experimental set-up for studying the effect of ©MS on the rat sciatic nerve. (a) The right sciatic nerve of a rat under
anesthesia has been surgically exposed, and the MagPen: Type V has been placed over the nerve. A pulse oximeter continually
measures the heart rate and oxygen saturation in the blood of the rat. The power source connections driving the picoil have been
marked. (i) A more detailed orientation of the jicoil (MagPen: Type V) on the rat sciatic nerve that activated the nerve fibers.

(ii) EMG electrodes have been inserted in the front and back muscles of right hind limb of the rat. (b) The MagPen driving circuit
consists of a function generator (G), which generates single-cycle bursts of sinusoidal waveforms of varying amplitude and
duration. This waveform is amplified by a class-D amplifier set at a constant 10X gain, thereby generating the current that drives
the picoil (denoted by solid black lines). This amplified current, when fed into the pcoil, generates a time-varying magnetic field
(denoted by dotted black lines), which in turn induces an electric field (denoted by solid red lines) on the nerve. This induced
electric field generates a current through the nerve (denoted by solid green lines).

to conduct such magnetic field and induced elec-
tric field measurements is the numerical modeling
of electrical currents in neural tissues using FEM-
based calculations [44—46]. In this work, we used the
eddy current solver of ANSYS-Maxwell [47] (ANSYS,
Canonsburg, PA, United States) to study the mag-
netic field and the induced electric field from the
pcoils. It solves an advanced form of the T-{2 formu-
lation of Maxwell’s equations [48]. The pcoil ceramic
core dimensions, tissue slab parameters, boundary
conditions, and high-resolution tetrahedral mesh size

used in the model are detailed in table 1. All the
modeling work was performed using the Minnesota
Supercomputing Institute at the University of Min-
nesota (8 cores of Intel Haswell E5-2680v3 CPU,
64 x 8 =512 GB RAM and 1 Nvidia Tesla K20 GPU).
The induced electric field values were then expor-
ted for analysis using a customized code written in
MATLAB (The Mathworks, Inc., Natick, MA, USA).
For the numerically simulated spatial contour plots
of the magnetic field (By,;) and induced electric field
(Exyz), refer to supplementary information S6.
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Table 1. FEM modeling parameters for the pcoil.

Parameter description

Value

pcoil dimensions (L x W x H)
Number of turns (N)

Wire diameter

Tissue dimension (L x W x H)
Conductivity of tissue (o)

Air dimension (L x W x H)
Energy error (user-specified)

Final solution no. of mesh elements
Adaptive passes (converged)

I mm X 600 pm X 500 pm
21

7 pm

4 mm X 4 mm X 300 pm
0.13Sm™'

10 mm X 10 mm X 4 mm
1%

410000

6

The magnetic and electric fields induced by picoils
are highly directional, and so the sensitivity of nerves
to uMS will be highly orientation-dependent [25, 49].
In our previous work [25] using the MagPen for
the in vitro activation of the hippocampal CA3-CA1
synaptic pathway, we had generated induced elec-
tric field spatial profiles from ANSYS-Maxwell for
both MagPen: Type H and MagPen: Type V. Perform-
ing NEURON simulations (https://neuron.yale.edu/
neuron/) on the induced electric field spatial profiles,
we reported that when the MagPen’s long axis was
oriented out-of-plane with respect to the tissue, the
simulated pyramidal neuron was activated. When the
MagPen’s long axis was oriented in-plane with respect
to the tissue, the neuron at the same location as in
the previous case could not be activated [25]. Further
investigation into the orientation-dependent activa-
tion of the pcoils in this work helped us to conclude
that the orientation of the neurons in the tissue with
respect to the long axis of the pcoil also plays a key
role in successful activation (see figure 4).

2.6. The ‘Response’: recording and tracking the
hind limb movement activity

Stimulation of the rat sciatic nerve activates the hind
limb, causing the leg muscles to twitch. To record
limb muscle activation, we used EMG electrodes
(Model no. Disp. Subdermal Needle-27 ga. 12 mm
from Rochester Electro-Medical Inc.) in the tibialis
anterior and gastrocnemius leg muscles of the rat
(see figures 2(a)(ii) and 3(c)). EMG electrodes were
connected to a headstage (Intan 32ChRHD2132),
and muscle activity was recorded at 30 kHz with an
Open-ePhys system (https://open-ephys.org/). EMG
recordings are shown in figure S3 in supplementary
information S3.

Due to the close proximity of the MagPen and
the EMG electrodes, there were significant stimulus
artifacts in the EMG signals. In addition to the EMG
recording, we also measured the leg twitch activ-
ity via video tracking for image processing. A Web-
Cam (LogiTech C270 WebCam; 720p & 30 fps) was
used to record the hind limb movements. To aide
subsequent image processing, a patch of green tape
was attached to the foot. Video was collected (see

supplementary video SV1) while stimulating the sci-
atic nerve with the MagPen at 1 Hz. The image data
were processed using MATLAB’s Computer Vision
ToolBox (The Mathworks, Inc., Natick, MA, USA)
and a customized code for motion tracking developed
using MATLAB (see figure 3(d)). For data analysis,
images were cropped around the green tape placed on
the limb (see supplementary video SV2). A total of 9 s
of data were analyzed. Movement was calculated by
tracking changes in the green tape in the video. A Kal-
man filter was used to remove noise in the resulting
signal. The pixel changes were tracked and predicted
inside boundary boxes (bboxes) (see supplementary
information S4: Pictorial demonstration of the Image
Processing Algorithm).

3. Results

3.1. Orientation specificity of the picoil with
respect to the nerve

In our experimental set-up in figure 2(a), both Mag-
Pen prototypes, Type H and Type V, were tested
on the sciatic nerve. Only MagPen: Type V helped
us achieve the orientation for successful hind limb
movement (see figure 2(a)(i)). In this section, we
provide physics-based justifications for the orienta-
tion specificity of uMS. In figure 4, we schematically
represent how various orientations of the pcoil relat-
ive to the tissue and the corresponding arrangement
of nerve fibers (yellow cylinders in figure 4) affect the
directionality of the induced electric field. This also
affects how a nerve is activated by uMS.

Figure 4(a) shows how bipolar electrical stimula-
tion electrodes activate the nerve. Nerves are activated
due to membrane hyperpolarization and membrane
depolarization from the electrode tips. For a pcoil,
when the long axis is oriented in-plane with the tis-
sue (MagPen: Type H) and the nerve is aligned along
the x axis (see figure 4(b)), due to the directional-
ity of the induced electric fields (shown as solid red
lines), it successfully activates the nerve. For the same
peoil orientation but with the nerve fiber aligned
along the y axis (see figure 4(c)), the directionality
of the induced electric field from the pcoils does not
favor successful membrane hyperpolarization and
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Figure 3. Schematic overview of the in vivo MagPen-sciatic nerve experimental set-up. (a) The sciatic nerve originates from the
spinal cord and projects to the hind limb muscles. In this work, we used MagPen: Type V (single pcoil prototype) to demonstrate
micromagnetic activation of the sciatic nerve. (b) The ‘Dose’: The MagPen was driven by a single wave of a sinusoidal current
waveform of varying amplitude and frequency; each stimulus is separated by 1 s. (c) The ‘Response’: stimulation of the sciatic
nerve evoked electrical activity in the muscle, which was recorded using electromyography (EMG) in the limb muscles. (d) In
addition, hind limb movement was tracked by applying an image processing algorithm to the video recording of the hind limb

movement obtained from pMS.

depolarization. For similar reasons, in figure 4(d),
when the long axis of the ucoil is out-of-plane with
respect to the tissue (MagPen: Type V) and the nerve
is aligned along the x axis, it cannot be activated.
However, by keeping the same orientation of the picoil
relative to the tissue as that shown in figure 4(d)
(MagPen: Type V) but aligning the nerve along the y
axis (see figure 4(e)), the nerve can be activated. Our
findings closely corroborate those of Golestanirad
et al [49].

In this in vivo experiment, we tried to position
the picoil with respect to the nerve fibers as shown in
figure 4(b) (Type H) or in figure 4(e) (Type: V). How-
ever, only the orientation in figure 4(e) (Type V) suc-
cessfully activated the sciatic nerve and showed hind
limb movements. We believe that for the orientation
shown in figure 4(b) for Type H, the nerve fascicles
that were responsible for hind limb movements were
not activated due to the spatially specific nature of
uMS. It might also be possible that the induced elec-
tric field magnitude was not sufficient to activate the
nerve fascicles (see figure 5(a)(iii)). However, for the
orientation in figure 4(e) for Type V, those specific
fibers in the sciatic nerve were successfully activated.
This is where the orientation specificity of the pcoils is

significant in this work. In section 3.2, we have further
quantified the angular dependence of the pcoils with
respect to the neural tissue on the magnitude of the
induced electric field.

3.2. Angular significance of the pcoil with respect
to the neural tissue

Our previous report already showed that the Mag-
Pen offers spatially specific activation of the neural
tissues [25]. The pcoil in the MagPen can activate a
maximum of 2.672 mm? (out of 16 mm?) of the tis-
sue area (see the black dotted line in figure 5(e)(iii))
[25]. However, in previous studies, the angular ori-
entation of the pcoil with respect to the tissue and
its contribution to spatially specific activation has not
been investigated in detail. While trying to place the
MagPen over the sciatic nerve at reproducible loc-
ations, as in figures 4(b) or (e), there were several
experimental instances (estimated to be caused by
motion of the hind limb upon successful activation
or breathing of the rat, etc) where the angular ori-
entation of pcoil to the nerve changed. This resul-
ted in a change in the stimulation threshold, as meas-
ured by activation of the hind limb. Figure 5 shows a
simulation of the spatial contour map of the induced
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Figure 4. Schematic representation of the importance of the directionality/orientation of the pcoil with respect to the nerve for
successful activation of the nerve using uMS. (a) Mechanism of activation of the sciatic nerve using bipolar electrical electrodes.
(b) Long axis of the ycoil in-plane to the tissue (MagPen: Type H) and nerve aligned along the y axis. (c) Long axis of the pcoil
in-plane to the tissue (MagPen: Type H) and nerve aligned along the x axis. (d) Long axis of the picoil out-of-plane to the tissue
(MagPen: Type V) and nerve aligned along the x axis. (e) Long axis of the jcoil out-of-plane to the tissue (MagPen: Type V) and

nerve aligned along the y axis.

electric field as the pcoil changes angular orientation
relative to the nerve. The spatial contour plots of the
induced electric field demonstrate that in addition
to the magnitude of current driving the pcoils, the
angular orientation of the pcoils relative to the tis-
sue also alters the magnitude of the induced elec-
tric field (see figures 5(a)(iii), (b)(iii), (c)(iii), (d)(iii)
and (e)(iii)). Furthermore, whether the angular ori-
entation of the pcoil activates the nerve depends on
the alignment of the nerve (see figure 4). This fact
affected our experiments while studying MagPen’s
efficacy in activating the sciatic nerve. The neural
activation probability was lowest for the angular ori-
entations in figure 5(a)(i) (achieved by MagPen: Type
H) and figure 5(e)(i) (achieved by MagPen: Type V).
The greatest probability of neural activation was for
the angular orientations in figure 5(a)(ii) (achieved
by MagPen: Type H) and figure 5(e)(ii) (achieved
by MagPen: Type V). Tedious efforts were made to
ensure that the orientation of the MagPen on the sci-
atic nerve was as shown in figure 5(a)(ii) (achieved
by MagPen: Type H) and/or figure 5(e)(ii) (achieved
by MagPen: Type V). This is the same condition as
shown in figures 4(b) and (e), respectively. If, due to
human error, the MagPen was oriented under any of
the other conditions shown in figure 5, a much higher
magnitude of current would be required to trigger
hind limb movements. However, in figures 5(a)(i)
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and (e)(i), which are the same conditions as those
shown in figures 4(c) and (d), no hind limb move-
ment was observed. However, in the experiments,
only MagPen: Type V (see figures 2(a)(i) and 5(e)(ii)
showed successful hind limb movements because the
induced electric field magnitudes were greater com-
pared to those generated by MagPen: Type H (see
figures 5(a)(iii) and (e)(iii)).

Summarizing figure 5, a particular orientation
of the pcoil with respect to the tissue generates a
specific induced electric field contour plot. Whether
that induced electric field spatial distribution activ-
ates the nerve depends entirely on the alignment of
the nerve relative to the pcoil. This is the reason
why only the condition in figure 5(e)(ii) (MagPen:
Type V) activates the nerve despite figures 5(e)(i)
and (e)(ii) having the same induced electric field
spatial distributions. Supplementary information S9
has further quantified the effect of the angular
orientation of the pcoil on the induced electric
field.

3.3. Frequency dependence of the induced electric
field

Our previous work with the MagPen to activate the
CA3-CA1 synaptic pathway in hippocampal slices
[25] also reported a numerically simulated ‘strength-
frequency’ plot of uMS. When the pcoils are driven
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Figure 5. Schematic demonstration of the angular dependence of the picoil with respect to the nerve alignment along both the x
and y axes in the plane of the nerve tissue. The long axis of the pcoil is represented by a dashed yellow line. The alignment of the
nerve fiber in the tissue is represented by a solid green line. The red outline denotes the location of the bottom side of the pcoil

with respect to the tissue. (a)(i) 6x = 0° (same as figure 4(c)), (ii) Oy = 90° (same as figure 4(b)), (iii) normalized induced
electric field on a tissue projected along z direction. (b)(i) 6x = 30°, (ii) 6y = 60°, (iii) normalized induced electric field on a
tissue projected along z direction. (c)(i) 6x = 45°, (ii) 6y = 45°, (iii) normalized induced electric field on a tissue projected along
z direction. (d)(i) 0x = 60°, (ii) 8y = 30°, (iii) normalized induced electric field on a tissue projected along z direction.

(e)(i) Ox = 90° (same as figure 4(d)), (ii) 6y = 0°, (same as figure 4(e)) (iii) normalized induced electric field on a tissue
projected along z direction. The black dotted outline denotes 2.672 mm? (out of 16 mm?) of the tissue area that has the
maximum probability of getting activated. (6 + 6, = 90°). The distance between the picoil and neural tissue is taken to be

100 p2m along the z axis. The pcoil was driven by a sinusoidal current of 2 A at a frequency of 2 kHz.

by a time (t)-varying single-cycle sinusoidal current
of frequency fand amplitude A;, the current (in units
of ampere (A)) through the picoil can be expressed as:

i(t) = Aysin2w ft. (1)

This amplitude, A;, of the current through the
peoil can also be written as:

1%
A= i (2)
where Vis the voltage applied to the picoil (in volt (V))
from the driving circuit, as in figure 2(b), and R is the
resistance of the picoil (in ohm (£2)). This current i (¢)

generates a time-varying magnetic field B (¢) given by
the equation:

 Hrphol (N
==
where, i, is the relative magnetic permeability of the
medium, g is the vacuum permeability, N is the
number of turns in the pcoil, and L is the length of
the pcoil. This magnetic field, as per Faraday’s laws
of electromagnetic induction, induces an electric field
(Eina) in the medium that is expressed by the follow-
ing equation:

%Emd-dl:—//a%it)-ds (4)

B(t) 3)

9
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Figure 6. FEM modeling showing that with an increase in the frequency of the sinusoidal stimulus, there is an increase in the
induced electric field magnitude. The working window shows the numerically simulated normalized induced electric field (E in
V m™!) calculated for a pcoil being driven by a current of 2 A at varying frequencies. The E was measured on a tissue of
dimensions 4mm X 4mm X 300 m. The distance between the pcoil and neural tissue is taken to be 100 pm. Frequency
dependence of the induced electric field for (a) MagPen Type V (b) MagPen Type H. The position of the jcoil with respect to the

tissue has been marked with a solid red boundary.

where, I and S are the contour and the surface area
of the neural tissue, respectively. By substituting the
expressions for B(t) and i () in equation (4) followed
by some basic differentiation, we obtain the value of
E;pnq as follows:

%Eimydl: —@.Al.f.zmos (27rft)//d5
(5)

%Eind-dl: —%\].%,f.zw.cos(zwﬁ)//ds.
(6)

From equation (5), we deduce that Ei,q o< A;.f,
indicating that the value of the induced electric field
is directly proportional to the two significant com-
ponents of the ‘dose’: the amplitude (A;) and the fre-
quency (f) of the sinusoidal current driving the pcoil
(see section 2.4). Keeping all the other variables in
equation (5) constant, to achieve a particular value
of Einq necessary for nerve activation, if either com-
ponent of the ‘dose’ for uMS (A; or f) is increased,
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the other component can be decreased. This fre-
quency dependence of the induced electric field is a
unique feature of pMS that directly obeys Faraday’s
laws of electromagnetic induction. Figures 6(a) and
(b) show that the magnitude of the induced electric
field increases with frequency for both MagPen ori-
entations (i.e. Type V and Type H) while the cur-
rent driving the pcoils is kept constant. Equation (6)
has been obtained from equation (5) by substituting
equation (2) into equation (5). In this work show-
casing uMS of the rat sciatic nerve, we have exper-
imentally demonstrated this frequency-dependent
phenomena (details explained in section 3.5). For
numerically simulated spatial contour plots of the
magnetic field (By,,) and induced electric field
(Ex,y2), refer to supplementary information S6.

3.4. Tracking hind limb movement using image
processing algorithms

The successful activation of the sciatic nerve by Mag-
Pen stimulation has been determined from muscle
twitches causing foot dorsiflexion. We recorded the
dorsiflexion movements using videos. Figure 7(a)
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Figure 7. Image processing algorithm used to detect leg muscle twitches/movement from a 9 s-long video sampled at 30 Hz with
the MagPen activating the sciatic nerve at 1 s intervals. (a) A rat under anesthesia with the right sciatic nerve surgically exposed
and green tape attached to the leg. (b)(i). The algorithm classifies a bbox around the rat leg keeping the green tape on the leg as a
centroid for the bbox. (b)(ii). The binary image formed from the image in (b)(i) color-codes the green tape on the leg as white
pixels (see the area under the bbox). (c) Sum of the white pixels in each frame (pixel noise unfiltered). (d) Pixel noise filtered
using a pixel intensity threshold (denoted by the dotted yellow line) from figure 7(c). This gives rise to distinct peaks separated by
1 s, where each peak corresponds to sciatic nerve activation by the MagPen. The ‘dose’ driving the MagPen was a single-cycle
sinusoidal waveform of three V., amplitude at a frequency of 1 kHz; each cycle was separated by 1 s.

shows the experimental set-up in which green tape
is wrapped around the toe of the right hind limb
of the rat with the MagPen held over the sciatic
nerve. Figure 7(b)(i) is a single frame from the 9 s
video (see supplementary video SV2) showing the
successful tracking of the green tape-wrapped hind
limb inside the bbox (marked with a yellow outline
in figures 7(b)(i) and (b)(ii)). Using the image pro-
cessing algorithm explained in detail in section 2.6,
we successfully created a binary image of the tracked
limb, as shown in figure 7(b)(ii). The sum of Os in
the matrices defining each binarized frame is a meas-
ure of the white space in the frame. In figure 7(c), we
plot the variation in the observed white space over

the 275 frames of the 9 s video. In frames where
limb movement was detected, a greater patch of white
is observed, represented via the spikes observed in
figure 7(c). The MagPen was driven by a single-cycle
sinusoidal waveform of 3 V., amplitude at a fre-
quency of 1 kHz, and stimulus was delivered at 1 s
intervals. Therefore, following equations (1) and (2),
V=3V,_, and f = 1 kHz. Since the micromagnetic
stimulus was applied at 1 s intervals, we expect to
observe a leg twitch every 1 s. To distinguish the
spikes from the noise generated by the algorithm,
a threshold is applied (the dotted yellow line in
figure 7(c)). The result clearly shows nine distinct
spikes at 1 s intervals, as shown in figure 7(d). Those

11



10P Publishing

J. Neural Eng. 20 (2023) 036022

(a) (b)

-+ + + o+ttt + + ++6V,,

L+ + I T RV,

p-p g

=

-+ + + o+ ++Ettd S 3V,

—

L]

©

-+ + + 4 FEEE+ o+ + o+ o+ 4] l.SVp_p 3

)

- + + tHtt e+t + o+ E =

+ o+ H+E+4 . 1V, =

-+ + + o+ dEEEtd + &+ 4dso0v,, £

-+ + + o+ttt is + 4+ #4600V, <
- ox X + ok bttt + + 4 44400V,
L x 3 X X XXXX++ + & # 700V,
- X X X X XXXXXXX X + + +_1OOVPW
- % 3 XX XXX XK X X X X450V,

O o O o
R i TG SN S i

Frequency (in Hz)

R Saha et al

3.79

3.25

2.709

2.168

1.626

1.084

0.542

Current through the microcoil (in A)

1k 2K 3k 4k
Frequency (in Hz)

5k E(V/m)

Figure 8. (a) The dose-response relationship experimentally measured by uMS of the rat sciatic nerve (n = 7). In this plot, the
‘dose’ is the amplitude (in V/,.p) and frequency (in Hz) of the 4MS. The ‘response’ is the intensity of the rat hind limb muscle
twitch observed. The green ‘+ symbols indicate the zMS that elicit hind limb movements in all seven rats independently. The red
‘x’ symbols indicate those that did not elicit hind limb movements in any of the seven rats independently. Areas shaded in light,
moderate and dark green represent parameters with weak, moderate, and strong leg responses, respectively. (b) Numerically
simulated variation in the normalized induced electric field value (E in V m~!) with the current through the pcoil (in A). The
current through the picoil (in A) = Amplitude (in V7,,)/Resistance of the picoil (in £2).

nine spikes were observed throughout the MagPen
stimulation period. In this way, we have successfully
tracked hind limb movements following MS of the
rat sciatic nerve using image processing. EMG record-
ings were also used to monitor muscle activation
(see supplementary information S3). However, due
to the proximity of the MagPen to the EMG elec-
trodes, large stimulus artifacts were observed. More
image processing results are provided in supplement-
ary information S5. We have applied image processing
algorithms to supplementary video SV3 and showed
that the algorithm can successfully track limb move-
ments, identifying leg kicks at three-second intervals,
corresponding to the uMS interval.

3.5. The dose-response relationship for uMS

We varied the ‘dose’ of the micromagnetic stim-
ulus and measured the ‘response, as determined
by whether there was a measurable twitch in the
hindlimb (see figure 8(a)). The twitch response was
measured as we varied the stimulation peak-to-peak
voltage (V,.,) and the frequency of the single-cycle
sinusoidal current (corresponding to the duration of
the micromagnetic stimuli). We found four behaviors
that were later used to classify the responses: (1) no leg
movement; (2) weak leg movement; (3) moderately
strong leg movement; and (4) strong leg movement.
Here, ‘leg movement’ refers to the right hind limb
movement of the rat. The dose-response relationship
reported in figure 8(a) was measured for seven rats
independently (n = 7).

Summarizing figure 8(a), we observe that for a
dose with lower frequency (f) (higher duration of
the micromagnetic stimulus (1/f)) and lower voltage
(Vp-p), there is no leg movement (see supplementary
video SV5). For lower frequency (f) (higher duration
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of the micromagnetic stimulus (1/f)) but high voltage
(Vp-p), there is weak leg movement (see supplement-
ary video SV4). At moderate frequency (f) and higher
voltage (V,.p), there is moderately strong leg move-
ment (see supplementary video SV6). Finally, at high
frequency (f) (lower duration of the micromagnetic
stimulus (1/f)) and higher voltage (V,,), there is
strong leg movement (see supplementary video SV2).
The intensity of the hind limb movement is charac-
terized in figure S3 (see supplementary information
S3). This phenomenon and its frequency-dependent
characteristic can be directly explained by Faraday’s
laws of electromagnetic induction, as explained in
section 3.3 and figure 8(b). The amplitude of the
response agrees well with the amplitude of the estim-
ated induced electric fields (from equation (6)).

4, Discussion

This work is the first report of the micromagnetic
activation of the rat sciatic nerve using sub-mm-
sized pcoils. We observed a dose-response relation-
ship for uMS that follows directly from Faraday’s
laws of electromagnetic induction [25]. The fact that
we were able to observe this frequency-dependent
phenomenon experimentally validates the hypothesis
that we were activating the sciatic nerve using uMS
rather than through electrical stimulation contrib-
uted by current leakage from the pucoils; in elec-
trical stimulation, one would expect to observe strong
leg movements at higher duration-higher amplitude
combinations and weak leg movements at lower
duration-higher amplitude combinations. Further-
more, this dose-response relationship further con-
firms that the frequency-dependent activation of
the sciatic nerve cannot be the result of the Joule
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heating effect from the pcoils [38] (see supplement-
ary information S7). To prevent activation of the
sciatic nerve through current leakage at the picoil con-
nections of the MagPen, a water-tight and biocom-
patible coating was used to insulate the MagPen. The
thickness of the coating was less than 100 yum so as
not to affect the induced electric field because the
field strength decreases rapidly with distance (see sup-
plementary information S2). The waveform driving
the MagPen needs to be carefully determined, as it
controls the Joule heating of the pcoils. Maintaining
an appropriate time interval between two consecut-
ive stimuli is key to properly dissipate the thermal
energy that may cause the neural tissue to heat up
(see supplementary information S7). In a study by
Park and Kim [50], the thermal effects from planar-
shaped micromagnetic coils were investigated using
FEA. The major highlights of their work included
optimizing the geometrical parameters of a planar
coil and the stimulation parameters (pulse width,
frequency, amplitude, and shape of the driving wave-
forms) such that the temperature rise in the neural tis-
sues remained below 1 °C. However, all such optimiz-
ations were made while keeping the desired induced
electric field constant at 10 V. m™! to ensure activa-
tion of the neural tissues. Keeping the induced elec-
tric field constant while optimizing the geometrical
parameters of the coil and stimulation parameters is
potentially a great fallacy of their work, as the induced
electric field is frequency-dependent (or dependent
on the stimulation parameters) [25]. Furthermore,
the study lacks a comparison of the thermal effects of
different shapes of the coils (such as solenoid, planar
rectangular helix, or planar circular helix), which
could contribute to future work in this field of study.

As expected from the induced electric field dir-
ectionality, the orientation of the ucoil relative to
the neural tissue strongly modulates the response
(see section 3.1). However, in this work, we showed
that the alignment of the nerve with respect to the
pcoil in the tissue is also critical. For induced elec-
tric fields with the same spatial contours, the direction
along which the nerve is aligned determines whether
the pcoil will ultimately activate it. This unique fea-
ture of uMS highlights both strength of the neur-
omodulation technique and one of its fatal flaws.
The orientation dependence of activation contrib-
utes to the directionally sensitive and spatially spe-
cific activation of the nerve. However, after long-term
implantation of the yicoil within the human body to
activate a peripheral nerve, implant movement due
to unavoidable circumstances might alter the jicoil’s
contact with the nerve [51]. We hereby propose the
design of a MagPen-Hook prototype where a hook
will hold the nerve and press it against the pcoil (see
supplementary information S8). This design could
potentially solve this challenge caused by changes in
the orientation of the pucoil after implantation. The
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MagpPen is a single pcoil prototype. In the future, the
spatial specificity for neural activation by the Mag-
Pen could be further enhanced by designing arrays of
ucoils [52].

The dose-response relationship was measured
for seven rats independently. Interestingly, in two
rats, we observed the activation of different muscles
depending on the waveform used. In these experi-
ments, low frequency (high duration) micromagnetic
stimuli induced dorsiflexion of the foot (see supple-
mentary video SV7) while high frequency (low dur-
ation) micromagnetic stimuli generated knee flexion
(see supplementary video SV8). Most frequencies on
the dose-response chart in figure 8(a) generated dor-
siflexion. It would be of interest to show a veterin-
arian the experimental set-up to judge which muscles
are being activated. We estimate where to place the
EMG needle and which muscles are activated based
on an anatomical atlas of the leg. The location of
each is correlated to where the MagPen is stimulat-
ing on the sciatic nerve and likely to where we cut
down during surgery. Based on the orientation of
the pcoil with respect to the stimulation site on the
nerve, the pathway for dorsiflexion would primar-
ily be activated. Another interesting experiment that
could be performed with the neuromodulation tech-
nique is to demonstrate fascicle-specific activation in
the nerve. However, this process is extremely chal-
lenging to demonstrate on a rat sciatic nerve because
of the existing difficulty of orienting the pcoil to see
activation and targeting a specific fascicle to stimulate
would be even more difficult. Such an experiment will
likely need to be performed on a frog sciatic nerve (a
bigger nerve).

5. Conclusions

This in vivo experimental work reports the activa-
tion of the rat right sciatic nerve using sub-mm-sized
peoils by tracking right hind limb motion. For the
first time, we experimentally report the dose-response
relationship for uMS using the MagPen prototype.
The orientation dependence of the nerve with respect
to the pcoils was studied. The resulting relationship
between orientation and stimulus waveform was pre-
dicted directly from Faraday’s laws of electromagnetic
induction. While uMS resulted in similar responses
as electrical stimulation, there are important differ-
ences. First, the pcoils do not have an electrochem-
ical interface, so they may not be as sensitive to
biofouling as electrodes. Second, magnetic fields fall
off faster than electric fields, so pcoils may have much
higher specificity than monopolar, or even bipolar,
electrodes. Third, the MagPen induces electric fields
in the tissue, and the strength of the field increases
with frequency for the same amplitude of cur-
rent driving the pcoil. This work demonstrates that
uMS using sub-mm-sized picoils can be used as an
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alternative to the electrode technology for focal neural
stimulation.
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