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Abstract— We have investigated selective electrical
stimulation of myelinated nerve fibers using a computational
model of temporal interfering (TI) fields. The model consists of
two groups of electrodes placed on the outer bundle surface, each
group stimulated at a different frequency. We manipulated the
stimulus waveform, magnitude and frequency of short-duration
stimuli (70ms), and investigated fiber-specific stimulus-elicited
compound action potentials. Results show that under 100Hz &
200Hz TI stimulation with 0.6mA total current shared by the
electrodes, continuous action potentials were generated in
deeper nerve fibers, and that the firing region was steerable by
changing individual electrode currents. This study provides a
promising platform for non-invasive nerve bundle stimulation
by TI fields.
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I. INTRODUCTION

Use of temporal interfering (TI) fields for nerve
stimulation (TT), such as vagus nerve stimulation (VNS), have
led to widespread excitement about the possible treatment of
various neural conditions, including epilepsy, depression and
cluster headaches [1-5]. There is also growing interest in using
TI to treat other conditions, including heart failure, rheumatoid
arthritis, inflammatory bowel disease, ischemic stroke and
traumatic brain injury, many of which are characterized by
inflammation [6-8]. Extensive pre-clinical evidence has
demonstrated the utility of TI in treating inflammatory
conditions, and further supports its widespread application
[9,10].

Recently, a non-invasive steerable method has been
proposed by Grossman et al. [3]. They found that high-
frequency electric field temporal interactions of fields of
different frequency can be used to selectively activate deeper
neurons in a nerve bundle or brain cortex [11-14]. In particular,
if two groups of electrodes, each stimulating with different
frequency, are placed at multiple sites outside a nerve bundle,
the resulting interference will generate an envelope waveform
oscillating at half the frequency difference of the two fields. If
the maximum envelope amplitude is high enough in the inner
nerve bundle, it might be possible to selectively activate deep-
lying neurons. One study has indicated that T1 stimulation may
be an effective method for non-invasive deep brain stimulation
in mice [15].

This study explores the possibility of using TI fields to
selectively activate myelinated neurons in the inner region of
a nerve bundle using computational modelling. We also
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examined the steerability of the activated region without
physically altering electrode positions.

1. METHODS

The finite element modelling software used was COMSOL
Multiphysics 5.5. The nerve bundle geometry, as shown in
Fig.1a, was defined as a cylinder 5 mm length and 1mm radius.
A series of axon fibers were defined as embedded edge
elements distributed in 5 X5 lattice, spaced 0.25 mm apart, and
centred along the nerve axis. Four square external cuff
electrodes of size 1 X Imm were wrapped equi-spaced around
the bundle surface. Two were active and the other two were
ground electrodes, as shown in Fig. 1a.

All nerve fibers were modeled as myelinated, consisting
of nodes (unmyelinated parts) and internodes (myelinated
parts). Each internode segment was much longer (1000 pum)
than each node segment (1 pum) [16]. The radius of each fiber
was fixed at 2.5 pum, with the conceptual structure of the
fibers shown in Fig.1b.

A distributed resistance boundary condition was incorporated
at the ends of each fiber, as given by Eq.1.
V=V

J== M

J is the inward axial current at the fiber ends

V. is the resting potential potential, in mV

Vp, is the fiber membrane potential at the boundary, in mV
0 is the fiber axial resistivity, in Q * m

L is the nominal distance between the boundary and a remote segment at
resting membrane potential, in m. This distance should be greater than the
length constant of the fiber.

The model also included line current sources for each node,
to account for the effect of nodal membrane currents on the
applied extracellular electric field due to the stimulating
electrodes. Defining Q as the outward nerve membrane
current per unit length along the axon, we have:

Q =277 (Cu 22 + i) )

Cyy is the membrane capacitance, in F/m?.

ijop iS the ionic current density through the nodal membrane, in A/m?.
r is the fiber radius, in m.

Ionic currents in the fiber nodes were modelled according to
the Hodgkin-Huxley equations [17]:
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iion
= Gnam*h(Vi = Vya) + ggn* (Vi — Vi) + g (U, = V1)
where m, n, h are gating variables, and remaining parameters

are given in Table 1. All model parameters are given in
Tables 1-3.

To visualize the number of action potential spikes
generated in each fiber, we defined an ordinary differential
equation (ODE) in variable w according to Eq.3. When the
membrane potential was positive, w transiently increased in
value. The higher the value of w, the longer was the time the
fiber was activated (i.e. whenever V;, > 0), and the greater the
number of spikes generated.
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Figure 1. (a) 3D schematic representation of nerve bundle model
containing 5 X5 axon fiber lattice and 2 groups of cuff electrodes.
The x-axis represents the direction of the nerve fibers. The y-z plane
represents the cross section of the nerve bundle. (b) Schematic
structure of each myelinated nerve fibre [15].

III. RESULTS AND DISCUSSION

We found that TI stimulation could selectively stimulate the
inner fibers of the nerve bundle. At 100Hz & 200Hz stimulus
frequencies and 0.6 mA total external current, the activated
fibers within the bundle are shown as Fig. 2.

@ (i) (i)

(iv) ™ (vi)
Figure 2. 2D cross-section visualization of activated fibers (w
variable) resulting from 100/200 Hz TI stimulation. The upper left
and right corner are the ground electrodes. The lower left corner is
the higher frequency current source and the lower right corner is
the lower frequency current source. Red dots indicate the fibers that
produce a train of action potentials with 20 ms interval, green dots
show fibers that produce lower frequency spikes, whilst black dots
indicate fibers that don 't elicit an action potential. (i) 100Hz 0.2mA;
200Hz 0.4mA. (ii) 100Hz 0.25mA; 200Hz 0.35mA. (iii) 100Hz
0.3mA; 200Hz 0.3mA. (iv) 100Hz 0.35mA; 200Hz 0.25mA. (v)
100Hz 0.4mA; 200Hz 0.2mA. (vi) 100Hz 0.45mA; 200Hz 0.15mA.

In each case, the fiber activated region was found to be thin
and stripped-shaped, as shown in Fig. 3. By decreasing the
fiber-fiber distance of the 5X 5 grid, and centering it to a new
location in the bundle, we could arbitrarily increase the
resolution of the activated region, providing a finer
visualization. As shown in Fig. 3, the total area of the thin,
activated region was similar under different stimulation
conditions, but the activated region shifted slightly toward the
electrode with the higher current when changing the electrode
current ratio. One potential method to enhance the shift, and
hence steerability of the activation region, would be to
simultaneously change the position of the cuff electrodes and
the ratio of current, but this was not explored further in the
current study.

(iv) V)

Figure 3. 2D visualization of activated fibers at finer resolution of
0.05 mm fiber spacing. The red dots indicate activated fibers, with
various panels showing a range of stimulus conditions. (i) 100Hz
0.2mA; 200Hz 0.4mA. (ii) 100Hz 0.25mA; 200Hz 0.35mA. (iii)
100Hz 0.3mA; 200Hz 0.3mA. (iv) 100Hz 0.35mA; 200Hz 0.25mA.
(v) 100Hz 0.4mA; 200Hz 0.2mA.

We also observed in our simulations that the myelinated neural
structure may promote deep region firing for low frequency T1
stimulation. Fig.4 shows results from the case when the 5 X5
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fibers were modelled as unmyelinated neurons. Under 100Hz
0.3mA/ 200Hz 0.3mA stimulation, the outer neural fibers
closest to the cuff electrodes were activated as opposed to the
inner ones. Comparing this with the earlier results in Figs. 2
and 3, we see that the myelinated structure itself may promote
selective activation of the inner nerve fibers under TI
stimulation, although the mechanism underlying this is still
unclear.

Figure 4. TI stimulation in the case of unmyelinated fibers.
Activated fibers are shown in red, highlighted by the red circles
around groups of activated fibers. Stimulus conditions were 100
Hz/200Hz with 0.3 mA in each electrode.

Different frequency T combinations were also implemented
in the model, as shown in Table 4. Results indicated that
frequency had a significant impact on TI stimulation. As
shown in Fig. 5, lower or higher frequencies than the 100-200
Hz range used earlier (see Fig. 5i, ii, iii) only activated the
outer fibers. Moreover, a much higher frequency (Fig. 5iv)
suppressed neuron firing, requiring a larger external current to
stimulate the fibers. Thus, we observed a frequency window in
which inner bundle fibers could be selectively activated.

The study did not explore the case of a mixed-fiber nerve
bundle model, or using more than two groups of electrodes.
Furthermore, nerve bundles typically exhibit a more complex
structure, such as different fiber radii, variations in myelin
distribution, and heterogeneous fiber densities [23-26]. In
future, we hope to carry out simulations using mixed fiber
types and more realistic fiber nerve bundle distributions.

IV. CONCLUSION

In our study, we used different strategies for TI nerve fiber
stimulation. Our results showed that TI stimulation can be
used for selective myelinated axon fiber stimulation in a
nerve bundle. It also indicates the possibility of steerable
nerve stimulation motor patterns by changing the cuff
electrode current ratio. Furthermore, inner myelinated fibers
could be selectively activated by T1I stimulation as compared
to unmyelinated fibers. We found that for our Hodgkin-
Huxley neuron, 100Hz & 200Hz T1 fields were the optimal
frequencies for selective inner fiber activation. Although
there are open questions which still need to be addressed,
including the mechanisms underlying the efficacy of T1
stimulation in the myelinated fiber case, our results provide
in principle support for selective, targeted, non-invasive
nerve stimulation. Future work will be focused on
mathematical optimization of the TI stimulation, to
investigate the internal fiber activation region in the nerve
bundle, particularly in the presence of multiple nerve fiber

types.

5}
unit ms

Figure 5. TI stimulation under various frequencies. The color bar
shows the total time of positive membrane potential (i.e. Vin > 0) in
ms, an indicator of the number of spikes generated in each fiber. The
red circles in each panel demarcate the activated fiber regions.
(i) 50Hz 0.3mA; 100Hz 0.3mA. Outer fibers are activated closest to
the electrodes (ii) 50Hz 0.3mA; 150Hz 0.3mA. Again, outer fibers are
activated. (iii) 300Hz 0.3mA; 400Hz 0.3mA. Activated fibers are
between the two active electrodes and the two ground electrodes in
the outer bundle region. (iv) 1000Hz ImA; 1100Hz, ImA. Fibers
closest to the active and ground electrodes can be activated, but a
larger current (1 mA in each active electrode) is required.

Table 1. Nodal Parameters.

Parameter Value  Unit Reference
Nodal length 1 pm [19]
Internodal distance 1000 pm [29]
Nodal radius (r) 2.5 um [18]
Nodal capacitance (C,,) 1 uF/cm?  [18]
9na 120000 uS/cm?  [21]
Jx 36000  uS/cm?  [21]
JL 300 uS/em?  [21]
VNa 55 mV [21]
Vi =72 mV [21]
v -49.38 mV [21]
Resting potential -60 mV [18]
Nodal resistivity 60 Q-cm [18]
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Table 2. Internodal parameters.

Parameter Value Unit Reference
Myelin length 1000 um [16]
Myelin 0  uF/em? [22]
capacitance(c,,)
Myelin conductance 0 S/cm? [22]
Boundary length (L) 1 cm
Table 3 Bulk nerve bundle parameters
Parameter Value Unit Reference
Inner space 1 S/cm? [18]
conductance
Shell 0 S/em? [18]
conductance
Nerve bundle 1 mm [18]
radius
Table. 4. Various frequency stimulation conditions
simulated.
Frequency 1 Frequency 2
Frequency Current Frequency Current
(Hz) (mA)  (Ho) (mA)
i 50 0.3 100 0.3
i 50 0.3 150 0.3
iii 300 0.3 400 0.3
iv. 1000 1 1100 1
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