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A method of nerve electrical stimulation by magnetic induction

Guanghao Zhang, Yue Li, Xiaolin Huo, and Tao Song

Abstract—The implantable electrical stimulator is usually not
suitable for long term use because of its large size and short
battery life, besides the magnetic stimulation can not provide
deep nerve stimulation. Therefore, this paper developed a
method of the electrical stimulation by using the magnetic
induction. We implanted a small inductive coil which was
connected with nerve electrodes. When the stimulation was
applied, a coaxial coil containing a pulsed current was placed
outside. So the electrical field evoking the nerve was formed
because of the generation of inductive electromotive force in the
inductive coil. Finite element analysis was used to analyze the
electric field in the nerve and fiber model was used to predict the
generation of action potential. This innovative method was
applied on the sciatic nerves of rats. EMG was successfully
recorded after the electrical stimulation by the magnetic
induction. The results demonstrated that this new method was
effective to stimulate the deep nerve.

I. INTRODUCTION

ECONSTRUCTION of motor and sensory functions

after spinal cord injury (SCI) is one of the most

challenging tasks in neuroscience. With the development
of biomedical engineering and neuroscience, rehabilitation
engineers have designed devices and systems that can apply
electrical currents to neural tissues for the purpose of
restoring absent body functions, a technique referred to as
functional electrical stimulation (FES) [1,2]. In addition,
research on the application of oscillating field stimulation
(OFS) to enhance axonal regeneration has existed for more
than 15 years [3,4,5]. OFS, which imposes a weak electric
field of about 500puV/mm on the nerve, seems to be safe and
effective in enhancing neurological outcome after SCI.
However, implantable FES and OFS systems are invasive
interventions and multiple risks (surgical technique, wound
infection, breakage of wires, battery life, and control device)
are associated with theses kinds of therapy [6].

Comparing to the implantable FES and OFS systems, non
invasive magnetic stimulation is better accepted by patients.
Transcranial magnetic stimulation was first introduced by
Barker in 1985 [7]. Recently, this technology was widely
used in evaluating corticospinal tract functionality after SCI,
which made spectacular progress in research of SCI [8,9]. In
contrast to electrical stimulation, the application field of
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magnetic stimulation is relatively small, because the
magnetic field and inductive electric field reduce rapidly as
the distance increases. For example, it is not possible to
stimulate the descending motor tracts of spinal cord by
magnetic stimulation [10]. Moreover, magnetic stimulation
can not produce direct current in biological tissue, and it is
unlikely to use magnetic stimulation to substitute OFS.
Fortunately, some researchers had proved that superthreshold
electrical stimulation (3V, 0.1ms at 20Hz) was effective on
peripheral nerve regeneration in rats [11,12]. Therefore,
magnetic stimulation can be used as a therapeutic method as
long as the stimulating depth is deep enough.

This paper proposes a method of deep nerve electrical
stimulation by magnetic induction (ESMI). A small inductive
coil connecting to the nerve electrodes was implanted under
the skin in priority. When the stimulation was applied, a
coaxial stimulating coil containing a pulsed current was
placed outside. So the electric field, which makes the nerve
excited, is formed on the nerve because of the generation of
inductive electromotive force (IEMF) in the inductive coil. In
this paper, we first proved that ESMI could produce much
stronger electric field on the nerve than direct magnetic
stimulation. Then finite element analysis was used to analyze
the electric field on the nerve, and fiber model was used to
predict the generation of action potential. Finally, the
compound action potential was successfully recorded in the
muscle when ESMI was applied on rats.

II. PRINCIPLES OF ESMI

The key components of ESMI were two coaxial coils. The
position of coils and nerve was shown in Fig. 1. A N turns
circular coil containing a pulsed current /(f) was fixed on
XOY plane. The radius of each turn of the coil was a;. Nerve
electrodes with a distance of d were connected with a single
turn coaxial inductive coil with a radius of b. The distance
between the two coils was A. The deep nerve was not
necessary to be parallel to the coils.

The current /() in the stimulating coil was predicted by a
series RLC model. The current pulse was generated when a
capacitor C, initially charged to a voltage V), discharged
through a coil whose inductance was L and resistance was R.
Let f=R/2L. In the damped case (°-1/LC<0), the current was
given by the following expression:

I(tH)= ie_ﬁt sin(ar) (1)
oL
where w’=1/(LC)-f°. Actually, a diode was used to reduce
oscillations. So the real waveform of the current pulse
contained only the first positive peak.
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Fig. 1. Position of nerve and coils

The magnetic vector potential A in arbitrary point P (p, a,
z) produced by the stimulating coil was [13]

A(p,a’z):M

v T2 ) )
z ;[(;—kl.)K(ki)—;E(ki)]ea

where p is the permeability of vacuum, K(k) and E(k) were
complete elliptic integral of the first and second kind, e, was
the unit vector on a direction, and

4a.p
k= |—"~L 3
N@tpy+2 ®

From (2), the magnetic vector potential could be divided
into spatial term Ay(p, z) and temporal term I(f). Due to
Maxwell equation, the electric field E; in arbitrary point was

dl
E.(p,z)= —Ao(p,z)Eea -Vo (4)

where ¢ was the accumulating charge on the interface. Then
the IEMF Egvr was equal to the integral along the inductive
coil direction. Hence,

dl

If the distance between the two electrodes was small
enough, the electric field between the electrodes Ey was

E,=E,./d (6)

In order to study whether ESMI was more effective than
direct magnetic stimulation, we defined the effectiveness
coefficient # to be the ratio between electric field produced by
ESMI and that produced by direct magnetic stimulation. We
supposed that the stimulating coil was parallel to the nerve
and the interface when magnetic stimulation was applied,
because the largest longitudinal electric field gradient, which
made the nerve excited, would be formed on the nerve and the
accumulating charge could also be neglected. The distances
from stimulating coil and Z axis to the nerve were 4, and ¢ as
shown in Fig. 1. The electric field on the nerve produced by
direct magnetic stimulation could be expressed as the product
of Ay(p, z) and d//d¢. Hence,

_Ey _27b4,(b,—h)
E dAy(c,—h)

1

(7

If the inductive coil and the deep nerve were on the same
plane and the distance between the nerve and Z axis was equal
to the radius of the inductive coil, in other words, #;=h, c=b,
(7) can be written as

n=2xbld ®)

According to (8), the electric field on the nerve was greatly
improved after implanting the inductive coil. For example, if
b=5mm and d=2mm, the electric field was about 16 times of
that produced by direct magnetic stimulation.

III. MODEL OF EXTRACELLULAR STIMULATION

A. Cuff Electrodes

Bipolar silicon cuff electrodes (2 parallel ring stainless
steel electrodes) with a diameter of 2mm were used. The two
ring electrodes were connected with the two terminals of the
inductive coil. Thus, the voltage between the two electrodes
was equal to the IEMF. In Fig. 2, the inhomogeneous volume
conductor was shown schematically. The length of the
volume conductor was 500mm, and the height was 100mm.
The potential at the upper, left, and right boundary was set to
zero, whereas the normal current density at the lower
boundary was zero. The model consisted of a nerve bundle
(fascicle) with a radius of 0.7mm, a perineurium with a
thickness of 50um, and a cuff with a length of 16mm, an inner
diameter of 2mm and a thickness of 1mm. The electrodes
were 4mm from the edge of the cuff. The conductivities were
shown in table I [14].

Fascicle Surrounding Medium

Cuff Electrodes

Perinurium I
[ ] I\_> z

Fig. 2. Volume conductor mode

B. Fiber Model

The fiber model was a cable model, identical to the widely
used Mcneal model [15] for extracellular electrical
stimulation. The membrane current at node n was equal to the
sum of the incoming axial currents and to the sum of the
capacitive and ionic currents through the membrane. Hence,

Cm dI/”l +Ii n = Ga
dt ’ ©)
: (Vn—l - 21/;, + I/;,+1 + Ve,n—l - 2I/e,n + V;,n+l)

where Cy, Ga, Ven, Vi, and [;,, were the nodal capacitance,
axial nodal resistance, extracellular potential at node n,
membrane potential at node », and total ionic current at node
n. For stimuli near or greater than threshold, the ionic current
at the excitation node was given by

I =iy, +i, +i,+i, .

i,n

(10)
where the terms on the right side were the individual
component of ionic current specified by Schwarz [16], since
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our experiment animals were Sprague-Dawley rats. The
extracellular potential V., could be acquired from section A.
The waveform of stimulus could be obtained form the
temporal part of IEMF. Integration of the differential
equations was performed with a simple Euler integration with
a step size of 0.1ps.

IV. EXPERIMENTS AND RESULTS

A Effectiveness of ESMI

The magnetic stimulator used in the experiment was
designed by our lab. A 10 turns coil with an inner diameter of
30mm and an outer diameter of 60mm was used. The
inductance and resistance of the coil were 7.7uH and 0.06C.
The capacitor was initially charged to 1000V. The radius of
single turn inductive coils ranged from 10mm to 60mm. We
placed the coaxial inductive coils of different diameters at a
distance of 6mm away from the stimulating coil. The two

electrodes with a distance of 2mm were placed in saline water.

Voltage between the electrodes was measured as IEMF.
Electric field produced by direct magnetic stimulation was
equal to IEMF divided by the perimeter of inductive coil.
Electric field produced by ESMI was equal to IEMF divided
by the distance between electrodes. Fig.3 showed the
measured values of IEMF in different inductive coils and
those calculated by (5). Fig. 4 compared the effectiveness
coefficient acquired from experiment data and those
calculated by (8). Results showed that (8) was correct and
ESMI was more effective than direct magnetic stimulation.
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Fig. 3. IEMF in the inductive coils
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Fig. 4. Effectiveness coefficient as a function of radial distance

B Electric field in the cuff electrodes

The electric field on the nerve was calculated by COMSOL.

When the voltage between two electrodes was 1V, the electric
field on Z axis was shown in Fig. 5. Results showed that the

TABLE I
CONDUCTIVITIES
Subdomain Conductivity (S/m)
Fascicle Transverse 0.083
Longitudinal 0.6

Perineurium 0.034

Cuff 1x10™"
Surrounding Medium 1
Electrodes 1.1x10°

0.4

potential(V)

-1.5 -1 -0.5 0 0.5 1 1.5 2
z(mm)

Fig. 5. Electric field on Z axis

largest longitudinal electric field gradient appeared just under
the electrodes, where action potential would be evoked.

C Fiber model

A myelinated fiber with a diameter of Sum, which located
in the axis of the nerve, was studied. Results showed that
when the IEMF exceeded 1.4V, the fiber was excited at the
cathode. Since our stimulating waveform was biphasic, action
potentials would be evoked at each electrode. At the first
phase, action potential was evoked at one electrode and it
propagated bidirectionally. After about 60us, action potential
was triggered at the other electrode, and then it propagated
bidirectionally, too. Since an action potential spent much
more time than 60us to travel form one electrode to the other,
the two action potentials would collide at a point between the
two electrodes. Finally, there was only one action potential
propagating in one direction. The simulated single fiber
action potential was described in Fig. 6. Results showed that
action potential could be evoked by ESMI successfully.
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Fig. 6. Action potential as a function of time

D Sciatic nerve stimulation

Five Sprague-Dawley rats were studied. In Fig. 7, the rat
and experiment equipment were shown schematically.
Bipolar silicon cuff electrodes described in section III were
implanted around the sciatic nerves. The two ring electrodes
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were connected with the two terminals of the single turn
inductive coil with a diameter of 14mm. Silicon, a kind of
biological compatible material, was used to insulate the
implanted components. The inductive coil was fixed under
the skin. When stimulation was applied, the coaxial
stimulating coil was placed outside. The distance between the
two coils was variable. The capacitance in the stimulator was
charged to 1000 volts, and then stimulation was applied to all
these rats. The compound action potential could be recorded
on the muscles of hind limbs when the distance between the
two coils was less than 55mm. Direct magnetic stimulations
were also applied on these rats, but compound action
potential could not be recorded when the distance from
stimulating coil to sciatic nerve was 55 mm. Fig. 8 showed
the compound action potential evoked by ESMI in the
experiment. Thus, ESMI could stimulate deeper nerves than
direct magnetic stimulation.

Stimulating Coil

Stimulator

Inductive Coil

Electrodes
Sciatic Nerve

Fig. 7. The rat and experiment equipment

0.lmV

50ms

Fig. 8. Compound action potential recorded in the experiment

V.CONCLUSION

This paper proposes a method of nerve electrical
stimulation by using the magnetic induction, which abandons
the implanted battery and reduces the size of implantable
stimulator. Various kinds of nerves, especially deep nerves,
such as sciatic nerve, spinal cord and brain, can be effectively
excited by this method. However, the waveform of the [EMF
is relatively simple, and the frequency of stimulation is
constrained by the magnetic stimulator. So it is hard to use
ESMI to restore complex motor function.

Although superthreshold pulsed electrical stimulation was
effective on peripheral nerve regeneration [11,12], the
stimulation was applied only one hour or 2 weeks after injury.
It is logical to deduce that longer time electrical stimulation is
beneficial. Because implanted batteries could not provide
enough energy for long time stimulation, the method of ESMI,
which requires external power source and much less
implanted components, will be an ideal substitution.
Therefore, our future work will focus on the therapeutic
effects of daily ESMI on peripheral nerve and spinal cord
regeneration.
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