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ABSTRACT The investigation of the effect of the stimulation parameters by computational modeling
helps to understand the electrical response of specific neural elements in Spinal Cord Stimulation (SCS)
therapy for chronic pain treatment. While the effect of the amplitude, the pulse width, and the electrode
configuration on neural activation has been widely studied and is well-established in tonic stimulation,
how frequency influences neural activation remains unclear. Thus, the aim of this work is to study the
effect of frequency on the electrical response of sensory Af neurons in tonic stimulation. Our approach
consisted of the development of a new nerve fiber model from the combination of two previous models used
in SCS modeling (the Wesselink-Holsheimer-Boom model and the Richardson-McIntyre-Grill model B).
We simulate the action potential and the gates probabilities evolution of a 12.8 um fiber diameter at different
pulse frequencies (50, 350, 600, 800, and 1000 Hz). We also simulated the firing rate of two nerve fiber
diameters (5.7 and 12.8 pm) in function of pulse frequency (from 1 to 1400 Hz) at different pulse widths
(100, 300, and 500 ws). In the range of 2-1000 Hz, the firing rate of a 12.8 um-diameter nerve fiber can
be maximized by utilizing a 350 Hz, 300 us-stimulus. Frequencies above 350 Hz reduce half to one-third
the firing rate, and 1000 Hz-stimulus overrides the electrical activity of the sensory nerve fiber. Small fibers
(5.7 pm-diameter) present lower firing rate values than large fibers (12.8 wm-diameter). High values of pulse
width decrease the firing rate of the nerve fibers as well as the range of frequencies that could be used to
stimulate. According to the results, the frequency could have a considerable implication on the modulation
of the firing rate of a nerve fiber. Thus, the frequency could play an important role to select and increase the
activity of specific neural elements of the spinal cord in SCS therapy.

INDEX TERMS ApB nerve fibers, pulse frequency, sensory nerve fiber model, spinal cord stimulation
therapy, tonic stimulation.

I. INTRODUCTION
Spinal Cord Stimulation (SCS) consists of delivering elec-

trical pulses to a targeted spinal cord area using leads
placed in the epidural space (a few levels above the affected
spinal segments) that are connected to a neurostimulator
[51]. This therapy has demonstrated to be effective for the
management of several neuropathic pain conditions, such as
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peripheral vascular disease, failed back surgery syndrome,
or complex regional pain syndrome, among others [33], [48],
[71], and for motor rehabilitation, such as the recovery of
functional walking, and restoration of dormant motor and
autonomic supraspinal pathways [10], [13], [23]. Despite
the substantial clinical benefits of SCS therapy for chronic
pain treatment [19], [34], [35], [66], the neurophysiological
mechanisms involved in SCS are still not well-known. Nev-
ertheless, the gate-control pain theory proposed by Melzack
and Wall is the one most accepted to explain the basis of SCS
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therapy for tonic stimulation [11]. This theory explains that
electrical activation of large, myelinated mechanoreceptor
afferents (Ap fibers) indirectly modulates the transmission
of painful information from small, unmyelinated afferents
(C fibers) within the dorsal horn [25], [49], [51], [53]. More-
over, some studies affirm that the aim of SCS is to activate
dorsal columns, which contains axons that originate in the
large-diameter afferent sensory nerve fibers, i.e. afferent AS
neurons [22], [26].

During the last 40 years, spinal cord stimulation modeling
studies have been used for understanding the effect of the
stimulation parameters (amplitude, pulse width, polarity and
frequency), such as Lee et al. [36], that predicted greater
activation of medial dorsal column fibers with increased
pulse width, which correlated with a clinical study from
Yearwood et al. [24]; Holsheimer and Wesselink [27], who
observed the major determinant of dorsal column and dorsal
root activation is electrode polarity; and Durd et al. [17],
that predicted higher dorsal column fibers activation with
dual-guarded cathode polarity. As for frequency, the recent
growing use of new stimulation strategies in clinical practice,
such as 10 kHz [31], [72] and burst stimulation [16], [58],
has increased the interest of studying, by computational mod-
eling, the effect of high-frequency stimulation on Ag fibers
electrical response, despite the limitation that the mechanisms
of actions are still not well-understood for these types of stim-
ulation [5], [37], [42]. However, although the mechanisms of
actions are well-known for tonic stimulation [11], [42], [50],
[73], little is known about how “low” frequency stimulation
management affects sensory AB nerve fibers activation.

Frequencies between 2-1,200 Hz can be delivered by most
neurostimulators [75]. However, tonic stimulation usually
applies an electrical stimulus with a “low” frequency that
ranges between 40-60 Hz, a pulse width of 150-500 us,
and amplitude producing comfortable tingling sensation
(paresthesia) in the painful area of the patient [11], [38], [42],
[50]. Several studies show that different type of neurons could
likely entrain electrical stimulation below 200 Hz [6], [8],
[70], end even at 900 Hz [50].

The goal of this work is to study the electrical response
of sensory AB nerve fibers to different frequencies that are
available in tonic stimulation. To achieve this, we present a
new sensory nerve fiber model based on electrophysiological
and morphometric data for human sensory nerve fibers. Then,
by computational modeling, we simulate the action potential
and the evolution of the gates’ probabilities of the ionic
channels to investigate the effect of frequency on the firing
rate of a nerve fiber. Finally, we also study the electrical
response of two nerve fiber diameters (5.7 and 12.8 pm).

Il. METHODS

A. NEW SENSORY NERVE FIBER

The new sensory nerve fiber is a combination of the
Wesselink-Holsheimer-Boom (WHB) sensory nerve fiber
model and the Richardson-MclIntyre-Grill (RMG) motor
nerve fiber model B. The parameters of membrane kinetics
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TABLE 1. Electrical parameters of the new sensory nerve fiber model.

Symbol  Parameter Value Unit

PNa NaT channel permeability 7.04-103  cm-s—T

9K Slow K™ channel conductivity 30 mS-cm~2

Ik Leak channel conductivity 60 mS-cm ™2

[Na]out NaT channels extracellular con- 154 mM
centration

[Na]in, Na't channels intracellular con- 30 mM
centration

F Faraday constant 96485 C/mol

R Gas constant 83144 mV/K

mol

T Temperature 310.15 K

Ex K™ channel equilibrium potential ~ —84 mV

Erg Leak channel equilibrium poten- —84.14 mV
tial

Virest Resting potential —84 mV

Paz Axoplasmic resistivity 70 Qcm

Pex External resistivity 300 Qcm

Cn Specific nodal capacitance 2 puF-cm—2

Cm Specific myelin capacitance 0.1 uF-cm™2

gm Specific myelin conductance 1 mS-cm™ 2

were taken from [76], which are described in Appendix. The
values of the electrical parameters of the nodal and intern-
odal (myelin) compartments are shown in Table 1. To yield
an action potential shape that includes hyperpolarizing after-
potential that matches experimental data from the electrical
behavior of sensory nerve fibers, the following parameters of
the model were adjusted.

The axoplasmic resistivity (0,x) iS shown to produce sig-
nificant changes in conduction velocity (CV) values [60].
The WHB model has a pax value of 33 -cm. In our model,
this value was increased to 70 Q2-cm to match CV values
to experimental data for fiber diameters ranging from 5.7 to
16 um. On the other hand, to avoid spontaneous firing and
match the action potential characteristics to experimental
data, the membrane kinetics was calibrated by adjusting the
sodium activation and inactivation gate coefficients (o, and
oy, respectively). Therefore, we used the oy, and oy, voltage
and time-dependent parameters obtained from the Howells
model for sensory nerve fibers (see Appendix) [28].

In Fig. 1, the electrical diagram of the new sensory nerve
fiber model is presented. As the figure shows, the internode
(myelin) is modeled as in the RMG model B, represented
by a conductance connected to a capacitor in parallel. In this
manner, the myelin behaves as an imperfect insulator, which
means that current losses are considered. On the other hand,
the model of the nodes of Ranvier includes three ionic cur-
rents: sodium current, fast potassium current, and leakage
current. The equations of the ionic currents, the myelin
parameters, and the gates’ probabilities of the ionic channels
are shown in Appendix.

Applying Kirchhoff’s law, the membrane currents at each
compartment n is equal to the sum of the incoming axial
currents and to the sum of the capacitive and ionic cur-
rents (if the compartment is a node of Ranvier) through
the membrane. Thus, two first-order differential equations
are required: one for nodal compartments (1) and one for
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FIGURE 1. Electrical diagram of the new sensitive nerve fiber model.

internodal compartments (2):

av,
dt = (Ga(Vm,n—l - 2Vm,n + Vm,n+l
+Veu—1 = 2Ven + Vent1) — mdllionn)/Cn (1)
dav,
dl‘n = (Ga(vm,n—l - 2Vm,n + Vm,n+1 + Ve,n—l

- 2Ve,n + Ve,n+l) - Gm(Vm,n - Vrest))/cm (2)

where G, is the axial conductance between two compart-
ments (mS), C;, is the nodal membrane capacitance (mF), Gy,
is the myelin membrane conductance (mS), Cy, is the myelin
membrane capacitance (mF), V5 is the membrane poten-
tial value at n compartment (mV), d is the nodal diameter
(cm), [ is the nodal length (cm), Lionn is the sum of the
ionic currents at n nodal compartment (mA/cm?), Vies is
the resting potential (mV) and V., is the external electric
potential in n compartment (mV). A complete description of
these parameters is presented in Appendix. The total number
of differential equations to be solved depends on the number
of nodes of Ranvier we consider the nerve fiber has.

B. OUTPUT PROCESSING
Several parameters were calculated using the new nerve fiber
model to characterize the simulated action potential.

The amplitude of the action potential corresponded to the
absolute value measured from the resting potential up to the
peak amplitude.

CV was used to compare the behavior of the model with
experimental data. It was measured from two consecutive
nodes of Ranvier with a stimulus amplitude of 1.2 the voltage
threshold (Vy,).

Chronaxie was also measured and compared to experi-
mental data values. Chronaxie value corresponded to the
stimulation pulse width needed to activate a nerve fiber at
2 Vin. Vi, is first measured using a pulse width of 1500 pus.

Absolute and relative refractory periods were also calcu-
lated using the new nerve fiber model to characterize the
refractory behavior of the model. Hence, to produce an initial
action potential, a stimulation pulse width of 100 us and
an amplitude of 20% above of the Vy, were used. Then,
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to elicit a second action potential, the same pulse width of
100 ws was used, but the amplitude was risen to 4 V.
Thus, the absolute refractory period corresponded to the
maximum interval between two pulses in which no second
potential can be produced; and the relative refractory period
corresponded to the maximum interval in which an elevated
stimulus was required to elicit a second propagating action
potential [76].

Finally, we simulated the evolution of the membrane poten-
tial and the gates’ probabilities of the ionic channels to study
the electrical response of a nerve fiber at 50, 350, 600, 800,
and 1000 Hz pulse frequencies with a pulse width of 300 us.
Moreover, the firing rate of 5.7 and 12.8 um-diameter nerve
fibers was calculated in the range of 1-1400 Hz-stimulus with
a pulse width of 100, 300, and 500 wus.

IIl. RESULTS

A. NERVE FIBER MODEL

1) SHAPE OF THE ACTION POTENTIAL

The simulated action potential obtained from the new sensory
nerve fiber model can be seen in Fig. 2. The characteristics
measured from the simulation of the action potential were
compared against the values estimated from experimental
data (see Table 2).

TABLE 2. Characteristics of the new sensory nerve fiber model and
experimentally determined characteristics of myelinated nerve fibers.
Calculated values with monopolar stimulus of 100 xs of pulse width;
12.8 um nerve fiber diameter and 0.5 mm of distance between the
electrode and the nerve fiber. DC: dorsal column; WM: white matter.

New E . tal Specifications of
Parameter model Xperimenta the experimental
data values
values data
Amplitude 108.5 117 [64] Human, 25°C of
(mV) temperature
Conduction 50 25—65 [59] Mammalian, DC
velocity myelinated
(m/s) axons, WM
25-70 [74] Human sural
nerve, body
temperature
Chronaxie(us)| 103 70-90 [59] Ma;n;:ﬁﬁz?e’fc
axons, WM
106—400 [56] Rat brain,
myelinated
axons, WM
Absolute 1.23 0.58—0.79  [69] Human sensory
Refractory nerve fibers
Period (ms)
Relative 242 2—-3.95 [69] Human sensory
Refractory nerve fibers
Period (ms)

We first calculated the action potential amplitude. For this
parameter, we obtained a value of 108.5 mV. Experimen-
tally, the action potential amplitude in human nerve fibers is
around 117 mV, according to Schwarz et al. [64]. However,
this experimental value corresponded to an action poten-
tial produced from a nerve fiber at 25°C and not at body
temperature (37°C).
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FIGURE 2. Simulated action potentials at 37°C obtained with the new model (left). The horizontal line represents the rest
potential considered (—84 mV); and action potential propagation through two nodes of ranvier and one internode located
between them (right). A nerve fiber of 12.8 xm in diameter was stimulated with a stimulus of 300 us of pulse width and an
amplitude of 1.2 Vy,. A separation of 6 nodes of ranvier between the two nodes was selected to clearly see the action
potential propagation. The internode that was just in the middle of the two selected nodes was the one whose action

potential is represented in the graph.

As for CV, the new nerve fiber model presented a
value that was within the physiologic range (25-70 m/s)
obtained from several experimental studies [54], [59], [62],
[74]. CV depends directly on nerve fiber diameter; thus,
CV increases with fiber diameter. In this case, the value
obtained (50 m/s) corresponded to a 12.8 um-diameter nerve
fiber.

Chronaxie values were also calculated. Here, experimen-
tal data from mammalian myelinated axons show chronaxie
values in the range of 70-90 us [56], while the experimental
range of myelinated axons from rat brain is 106-400 us [56].
The developed nerve fiber model presented a chronaxie value
of 103 us, a value 14.44% higher than the maximum value
of the experimental range mammalian DC myelinated axons
(90 ws) [59], and 2.9% lower than the minimum value of the
experimental data from rat brain [56].

The absolute and the relative refractory periods (ARP and
RRP, respectively) were also measured. ARP was 1.23 ms,
which is close to the maximum value of the experimental
range (0.79 ms). And RRP was 2.42 ms, a value that is within
the experimental range (2-3.95 ms) measured from human
sensory nerve fibers [69]. Therefore, the refractoriness of
the developed sensory nerve fiber model fits sensory human
nerve fibers experimental data.

The propagation of the action potential through the
myelin compartment of the nerve fiber was also simulated
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(see Fig. 2). The myelin is modeled as an imperfect insulator
and, when the action potential is propagated through the
myelin, current losses are produced. The action potential
amplitude is 108.5 mV in the first node of Ranvier but,
in the myelin compartment, the amplitude is decreased to
106.7 mV (1.66% lower). Then, when the action potential is
propagated to the following node of Ranvier, the amplitude
value remains as in the previous node of Ranvier (108.5 mV).
Thus, the figure shows that current losses are produced at
every internode compartment.

Fig. 3 shows the action potential shape of the WHB model
and the new nerve fiber model during the afterpotential of a
12.8 um-diameter fiber.

The figure reveals that neither depolarizing afterpotential
nor hyperpolarizing are generated in the WHB model. There-
fore, when the action potential is over, the membrane poten-
tial is maintained at the initial resting potential (—84 mV),
showing no voltage fluctuations. Nevertheless, the new nerve
fiber model developed generates a hyperpolarizing afterpo-
tential. In this case, the membrane voltage reaches 0.88 mV
below resting potential immediately following the action
potential, then rising gradually back to the resting poten-
tial (—84 mV). This voltage fluctuation had a duration
of 5.3 ms. From experimental data, it is shown that motor
nerve fibers generate a depolarizing afterpotential following
the action potential [14], while sensory nerve fibers produce
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FIGURE 3. Hyperpolarizing afterpotentials obtained with the
wesselink-holsheimer-boom nerve fiber model (above), and the new
nerve fiber developed (below). The curves of the models’ response shown
are semilog plot of the action potential. The electric response
corresponds to a 12.8 um-diameter nerve fiber stimulated with a

100 ps-duration monophasic rectangular pulse. Electrode is located

0.5 mm from the middle of the axon.

a hiperpolarizing afterpotential [67]. Therefore, the afterpo-
tential generated by the new nerve fiber model behaves as a
sensory nerve fiber.

On the other hand, differences between the action potential
durations were also observed. The action potential in the
WHB model had longer duration than the new nerve fiber
model (1 versus 0.8 ms, respectively). Experimental record-
ings showed an action potential duration of 2.6 ms. Thus, both
the WHB and the new nerve fiber model action potentials
were shorter than the experimental data (56.5 and 65.2%
lower, respectively).

2) STRENGTH-DURATION CURVE AND

CONDUCTION VELOCITY

The strength-duration and CV-diameter curves were gener-

ated for the new nerve fiber model and compared to experi-

mental data and previous nerve fiber models (WHB sensory

model, MRG motor model, and Gaines et al. sensory model).
The strength-duration curve was normalized to the

rheobase voltage, as shown in Fig. 4. The new nerve fiber
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FIGURE 4. a) Strength-duration curve of the developed model compared
to WHB model [76], MRG model [46], Gaines et al. model [21],
experimental data (Mogyoros et al. [52]) and clinical (Abejon et al. [1]).
b) Conduction velocity for different fiber diameters (5.7-16 um) of the
developed model, WHB model [76], MRG model [46], Gaines et al. model
[21], and experimental data from Van Veen et al. [74] and

Schalow et al. [63].

model data presents a similar shape to curves obtained
with previous nerve fiber models, experimental data, and
clinical. The developed model shows lower stimulation
threshold values than the experimental, clinical data, and
the other computational models for pulse durations below
400 ws. For instance, for 100 ps-duration, threshold stim-
ulus in the developed model is 28.42 and 38.2% lower
than the experimental and the clinical data (2.04 versus
2.85, and 3.3 the rheobase voltage, respectively), while
Gaines ef al. model has a threshold stimulus that is 45 and
68.4% higher (4.8 versus 2.85, and 3.3 the rheobase voltage,
respectively). The WHB sensory fiber model and the MRG
motor fiber model present values that are 17.6 and 22.5%
higher than the threshold stimulus obtained with the devel-
oped model (2.4 and 2.5 versus 2.04 the rheobase voltage,
respectively).

The CV-diameter curve also presents differences between
the nerve fiber developed and previous nerve fiber models
(see Fig. 4). Comparing to the MRG motor fiber model,
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FIGURE 5. Electric response of a 12.8 pm nerve fiber during a stimulus with a frequency of 50 Hz (left) and 350 Hz (right), and
pulse width of 300 ps. The figures above show the stimulus pattern applied. The figures below show the action potential and
the evolution of the gates’ probabilities in the node 75 of the nerve fiber at each pulse stimulus. The amplitude applied is

1.2 Vy, (threshold stimulus). Electrode is located at 0.5 mm from the middle of the axon.

the three sensory nerve fiber models (the WHB model,
Gaines et al. model, and the new model developed) show
lower CV for all fiber diameters considered (5-16 pm), which
matched better to the experimental data obtained from sen-
sory fibers [63], [74]. The CV values from 5.7 to 8 um in
Gaines et al. model and the developed model were lower
than the experimental data from Van Veen et al. [74]. How-
ever, in the range of 8.7-12.8 u, both models fitted well to
experimental data from Schalow et al. [63]. Instead, the WHB
model fitted well to Van Veen ef al. experimental data [74],
showing slight higher CV values than experimental data at
higher fiber diameters.
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B. EFFECT OF FREQUENCY ON NERVE FIBER ACTIVATION

In this study, several stimulation frequencies (50, 350, 600,
800, and 1000 Hz) were considered to simulate the action
potential and the gates’ probabilities of the ionic channels
of a 12.8 um nerve fiber diameter. A common frequency
used in tonic stimulation for SCS therapy is 50 Hz. As shown
in Fig. 5, when a 50 Hz stimulus is applied, an action potential
every pulse is obtained. At each pulse, the gates’ probabilities
of sodium (m and h gates) and potassium (n gate) channels are
ready to electrically depolarize the axon. The time between
pulses (20 ms) is higher than the refractory period of the nerve
fiber (2.42 ms), so the gates of the ionic channels have enough
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FIGURE 6. Electric response of a 12.8 um nerve fiber during a stimulus with a frequency of 600 Hz (left) and 800 Hz (right), and pulse
width of 300 us. The figures above show the stimulus pattern applied. The figures below show the action potential and the evolution
of the gates’ probabilities in the node 75 of the nerve fiber at each pulse stimulus. The amplitude applied is 1.2 Vy, (threshold
stimulus). Electrode is located at 0.5 mm from the middle of the axon.

time to recover and are available to be activated again at the
next stimulation pulse.

When the stimulation frequency is increased to 350 Hz,
an action potential per pulse is also obtained (see Fig. 5).
In this case, the gates’ probabilities of the ionic channels are
not totally recovered when the next pulse is applied, since the
time between pulses is 11.6% lower than the relative refrac-
tory period (2.7 versus 2.42 ms), and 119.5% higher than the
absolute refractory period (2.7 versus 1.23 ms). As shown
in Fig. 5, at the time the second pulse starts, m gate (sodium
channel) and n gate (potassium channel) are totally recovered,
but h gate has a value of 0.469, i.e. it is 76.94% recovered,
which means that the nerve fiber is still in the refractory state.
However, the stimulus amplitude applied (1.2 Vy,) is strong
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enough to depolarize the axon again, generating an action
potential every pulse.

Fig. 6 reveals that at a frequency of 600 Hz the firing
rate of the nerve fiber is reduced by half (300 Hz) i.e., an
action potential is obtained every two pulses. Here, after the
first pulse, the axon is depolarized, and then the recovery
cycle starts. For this stimulation frequency, the time between
pulses is 1.67 ms, which is 35.8% higher than the absolute
refractory period (1.23 ms) and 31% lower than the relative
refractory period (2.42 ms). Although the nerve fiber would
be in the refractory state, now the amplitude applied (1.2 V)
is not strong enough to produce another axon depolarization
in the second pulse. As shown in Fig. 6, m gate (sodium
channel) is recovered, but n gate (potassium channel) has
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a value of 0.3698 and h gate (sodium channel) is 0.2946,
being at 71.28% and 48.3% of their recovery, respectively.
Instead, when the third pulse starts, the recovery cycle has
progressed; m and n gates of the ionic sodium and potassium
channels are recovered while h gate is almost at their initial
value (0.4664 versus 0.6096), thus an action potential can be
generated again.

On the other hand, with an 800 Hz-stimulus, the sen-
sory fiber is depolarized every three pulses, producing a
firing rate that is reduced to one third of the stimulation
frequency (see Fig. 6). In this scenario, the time between
pulses is 1.25 ms, which is 1.63% higher than the abso-
lute refractory period (1.23 ms) and 51.65% lower than the
relative refractory period (2.42 ms). The evolution of the
gates’ probabilities shows that at the first pulse the action
potential is produced. When the second pulse is applied,
the fiber had not enough time to recover and leave from the
absolute refractory period. Although m gate (sodium channel)
is recovered, n gate (potassium channel) and h gate (sodium
channel) are still at 28.6% (0.4924) and 32.46% (0.197) of
their initial values (0.2873 and 0.6096, respectively), hence
no depolarization is produced. At the third pulse, the gates of
the ionic channels had more time to recover. As the second
pulse did not generate an action potential, the axon is now
more excitable. The time between the third and the first pulses
is 2.5 ms, which means that the nerve should have finished the
recovery cycle (the relative refractory period is 3.3% lower
than the time between pulses (2.42 versus 2.5 ms)). However,
although the second pulse did not generate an action potential,
the gates’ probabilities were slightly reverted. Hence, at the
third pulse, m gate is totally recovered, n gate value is almost
at its initial value (0.3204 versus 0.2873, respectively), and h
gate recovery has increased to 64.1%. In this case, the stimu-
lation amplitude is not high enough, thus an action potential is
not produced. But, at the fourth pulse, although the recovery
cycle is not finished yet (m and n gates are recovered, but h
gate is at 74% of its recovery), the time between the first and
fourth pulses is 3.75 ms, which is about 55% higher than the
relative refractory period (2.42 ms), thus the nerve fiber is not
in the refractory state and it can be depolarized again.

The electrical response of a sensory nerve fiber to a
1000 Hz-stimulus is shown in Fig. 7. The figure reveals that
after the first pulse depolarization, no more action potential
can be generated again. The time between pulses is 1 ms,
which is 18.7% lower than the absolute refractory period
(1.23 ms). At the second pulse, the fiber is still in the absolute
refractory period, and the stimulus cannot elicit an action
potential. At the third pulse, the nerve fiber would be in the
refractory state. But, although the gates have partly recovered,
the stimulus is not strong enough to depolarize the fiber.
From this point, Fig. 7 shows that the recovery of the ionic
channels gates is slower than in previous pulses. As there is
only 1 ms between pulses, the fiber has no time to advance
in the refractory state i.e., the recovering produced between
pulses is always reverted by the stimulation pulse. Although
m gate recovers completely, n gate and h gate recover a
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FIGURE 7. Electric response of a 12.8 um nerve fiber during a stimulus
with a frequency of 1000 Hz and pulse width of 300 ns. The figure above
show the stimulus pattern applied. The figure below show the action
potential and the evolution of the gates’ probabilities in the node 75 of
the nerve fiber at each pulse stimulus. The amplitude applied is 1.2 Vy,
(threshold stimulus). Electrode is located at 0.5 mm from the middle of
the axon.

maximum of 81% and 68.72%, respectively. Owing to the
fact that the fiber cannot enter an excitable state as well as
the stimulus amplitude is not sufficient to depolarize the nerve
fiber, the rest of pulses do not generate action potentials, and
the firing rate of the nerve fiber is overridden.

C. PATTERNS OF ACTIVITY AND NERVE FIBER DIAMETER

According to a histological study from Feirabend ef al. [18],
the largest fibers that can be recruited in the medial DC
have a diameter of 12 um. However, the maximum fibers
density in the medial DC corresponds to fibers diameters
< 7.1 um. As there are available data for the geometric
parameters of 5.7 and 12.8 um-diameter fibers [46], and
previous computational models also considered these fiber
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FIGURE 8. Firing rate in function of stimulation frequency for 5.7 and
12.8 um-diameter nerve fiber when applying a pulse width stimuli of:
a) 100 us; b) 300 us; and c) 500 us. The nerve fibers are stimulated with
a rectangular monophasic pulse, and an amplitude of 1.2 Vy, (threshold
stimulus). Electrode is located at 0.5 mm from the middle of the axon.

diameters [37], [39], [68], we simulated the activation pattern
of a 5.7 and 12.8 um-diameter nerve fiber in function of the
stimulation frequency at different pulse widths: 100, 300, and
500 us.

Fig. 8 shows that higher stimulation frequencies gen-
erate lower firing rates in both fiber diameters (5.7 and
12.8 um). Moreover, there are frequencies where the firing
rate of a 5.7 um nerve fiber is lower than the one of a
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12.8 um nerve fiber. For instance, in a 100 us-stimuli,
a 400 Hz-stimulus produced 400 Hz of firing rate in a
12.8 um-diameter fiber while it is reduced by half (200 Hz)
in a 5.7 um-diameter fiber. In a 300 us-stimuli, it is with a
600 Hz-stimulus when the firing rate of a 12.8 wm-diameter
fiber is reduced by half (300 Hz) while it is one-third
reduced in a 5.7 pum-diameter fiber (200 Hz). A similar
effect is obtained with a 500 ps-stimuli 300 Hz-stimulus,
where the firing rate of a 12.8 um-diameter fiber is equiv-
alent to the stimulation frequency (300 Hz), but the firing
rate of a 5.7 um-diameter fiber is reduced to one-third
(200 Hz). Therefore, there are ranges of stimulation fre-
quency where the neural activity of small nerve fibers is
reduced, and the activity of the large axons is higher. For
example, in a 100 ps-stimuli, the activity of large nerve
fibers would be greater than small fibers at 375-425 Hz,
600-800 Hz, 900-1100 Hz, and 1100-1300 Hz. Instead, in a
500 ps-stimuli, the activity of large nerve fibers would be
greater than small fibers at 200-400 Hz, and 600-800 Hz.

Fig. 8 also reveals that the higher the pulse width is,
the firing rate is limited to a lower range of frequencies. Thus,
a 100 pus-stimuli generates firing rates from 1 to 1300 Hz; a
300 ws-stimuli produces firing rates from 1 to 900 Hz; and
the firing rate of a 500 ps-stimuli is produced between 1 and
775 Hz.

Fig. 9 shows the neural activity produced when applying
a 300 us, 350 Hz stimulus in 5.7 and 12.8 um-diameter
nerve fibers. In 12.8 um nerve fiber, every pulse generates an
action potential, while an action potential every two pulses
is generated in 5.7 um nerve fiber. At the second pulse, m
(sodium channel) and n (potassium channel) gates are totally
recovered in both nerve fiber diameters, however, the h gate
(sodium channel) value is 0.496 (81.4% recovered) for the
12.8 um-diameter fiber and 0.4676 (76.7% recovered) for
the 5.7 pm-diameter fiber, i.e. the h gate recovery is faster in
the 12.8 um nerve fiber than in the 5.7 wm one. The threshold
stimulus needed to activate both fibers is different. In this
case, the threshold stimulus to activate a 5.7 um-diameter
fiber is 80% higher than the one for a 12.8 yum-diameter fiber
(0.81 versus 0.45, respectively).

IV. DISCUSSION

A. NEW NERVE FIBER MODEL

This paper presents a new sensory nerve fiber that is a combi-
nation of the most used nerve fiber models in SCS modeling: a
sensory nerve fiber model (the WHB model, which is the one
that most approximates to human nerve fibers behavior [76])
and a motor nerve fiber model (the RMG model B, which is
the one that most approximates to the real electrical behavior
of the myelin [60]).

The main difference between the WHB model and the
RMG model B is that they consider different ion channels.
While the WHB model considers sodium, fast potassium,
and leakage currents to have an approximate behavior of a
human sensory nerve fibers, the RMG model B considers fast
and persistent sodium current, slow potassium, and leakage
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FIGURE 9. Electric response of a 12.8 um nerve fiber (left) and 5.7 8 um nerve fiber (right) during a stimulus with a frequency of 350 Hz
and pulse width of 300 us. The figures above show the stimulus pattern applied to 12.8 xm nerve fiber (left) and 5.7 xm nerve fiber

(right). The figures of the right column show the action potential and the evolution of the gates’ probabilities in the node 75 of the nerve
fiber at each pulse stimulus. The amplitude applied is 1.2 Vi, (threshold stimulus). Electrode is located at 0.5 mm from the middle of the

axon.

currents with the aim of having an approximate behavior
of mammalian motor nerve fibers. Moreover, they present a
different myelin model; the WHB model considers the myelin
as a perfect insulator, which is known to be an incorrect
approximation, and thus a limitation of the model [47], [76];
and, otherwise, the RMG model B considers the myelin as an
imperfect insulator, i.e. with current losses, which make the
model more physiological accurate [60]. With the objective
of having a more accurate sensory nerve fiber, a combination
between these two models has been made. Thus, the new
model maintains the same ion channels of the WHB model,
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and the myelin is modeled as in the RMG model B, i.e., as an
imperfect insulator. Some model parameters were calibrated
using action potential characteristics derived from physiolog-
ical data and/or validated in previous computational studies.

To validate the electrical behavior of the new sensory nerve
fiber model, we studied the shape and propagation of the
action potential, the generation of afterpotentials, and the
strength-duration and CV-diameter relationships.

We observed that amplitude, CV, chronaxie, absolute
and relative refractory periods values obtained from the
new model present a good approximation to experimental
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data (see Table 2). The inclusion of the myelin as an imper-
fect insulator had significant changes in the fiber response.
On the one hand, when the action potential is propagated
to an internodal compartment, there is a decrease of the
action potential amplitude, for this model considers current
losses produced in the internodes of a myelinated nerve fiber.
This effect produced a reduction of the CV, which is in
concordance with Mclntyre et al. [46]. On the other hand,
the finite impedance myelin model considered also produced
changes in the strength-duration and CV-diameter curves.
From the strength-duration relationship results, the model
developed presented a lower threshold stimulus than the
WHB model. Furthermore, while the WHB had higher values
than the MRG motor model for pulse durations below 200 us,
the model developed in this study showed lower values than
the MRG motor fiber for all pulse durations. This outcome
is in concordance with previous modeling results and exper-
imental data [20], [21], [28], [45], [52], which show that
sensory nerve fibers have lower stimulation thresholds than
motor nerve fibers.

The CV-diameter curve also showed that the nerve
fiber model of this study had lower CV values than the
WHB sensory model for diameters above 8.7 um. How-
ever, the CV obtained were within the experimental range
from mammalian DC axons [59] and was also lower than
the MRG motor nerve fiber, which is in accordance with
Dawson et al. [15], who showed that sensory nerve fibers
have lower CV than motor nerve fibers from human exper-
imental data.

Moreover, we adjusted the voltage and time-dependent
parameters of the sodium activation and inactivation coeffi-
cients. These changes avoided spontaneous firing and favored
the generation of hyperpolarizing afterpotential following
the action potential (see Fig. 3). However, no depolariz-
ing afterpotentials were generated. Both depolarizing and
hyperpolarizing afterpotentials can be produced in motor and
sensory nerve fibers [46]. However, experimental recordings
show that depolarizing afterpotentials are produced after the
action potential in motor nerve fibers [14] while hyperpolar-
izing afterpotentials are produced after the action potential
in sensory fibers [67]. According to previous studies [9],
[43], [46], the afterpotential phenomena can extend tens of
milliseconds after the action potential (~20 ms or more).
Therefore, as the maximum timeframe of this study is 20 ms
(in 50 Hz-stimulus), we can just consider the hyperpolariza-
tion after a spike that affects the refractory time of the nerve
fiber model [5].

Hence, the agreement of the nerve fiber model behavior
with experimental data made this computational model valid
for the purpose of this study.

B. EFFECT OF FREQUENCY ON NERVE FIBER ACTIVATION
To investigate the role of frequency on neural activation,
we simulated the action potential and the gates’ probabilities
at 50, 350, 600, 800, and 1000 Hz-stimulus, with a pulse
width of 300 pus.
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The results show that frequency is the stimulation parame-
ter that allows us to increase or decrease the electrical activity
of a sensory A nerve fiber. Thus, while 50 Hz-stimulus
produce a firing rate of 50 Hz in a 12.8 pum-diameter,
the firing rate could be maximized to 350 by applying a
350 Hz-stimulus, since an action potential is obtained every
pulse (see Fig. 5). North et al. stated that the stimulation
rate of the neurons could be doubled by frequency doubling
[55], which is in accordance with our results, since a higher
stimulation frequency can increase the firing of large sensory
ApB nerve fibers. On the other hand, the results obtained
in this study are also in agreement with the hypothetical
neuron response stated by Miller et al. [50], who showed a
neuron that would generate an action potential every three
pulses when frequency was increased. As shown in Fig. 6,
at 600-Hz pulse the nerve fiber fires every two pulses while
it fires every third pulse at 800 Hz-stimulus. This outcome
is in accordance with an experimental study, based on rat
DC single axons recordings, from Crosby et al. [12], who
showed that the increase of the kilohertz-frequency SCS from
1 to 20 kHz lowered the neuronal activity in the DC. Fur-
thermore, according to Bowman and McNeal [7], stimulation
frequencies higher than 1000 Hz generated a firing decrease
and/or blockade of the action potential conduction of single
alpha motoneurons from cats. This finding is also presented
in Fig. 7, which shows how 1000 Hz-stimulus would override
the electrical activation of a 12.8 pum-diameter nerve fiber
(only an action potential is obtained at the first pulse). As for
the gates’ probabilities, the results show that m (sodium
channel) gate recovers faster than n (potassium channel) and
h (sodium) gates, playing an important role in nerve fiber
depolarization, but not in repolarization. Although n and h
gates participate in nerve fiber repolarization, the recovery is
slower for h gate. Indeed, Fig. 5 and Fig. 6 show that the fiber
cannot be depolarized until having h gate around 70-75%
recovered. At 1000 Hz-stimulus (see Fig. 7), the time between
pulses only allows h gate to recover a maximum of 68.72%,
then no more action potentials are obtained after the first
nerve depolarization. This outcome reveals that sodium chan-
nels, and more especifically the h gates, are responsible for
the sensory nerve fiber excitability, which is in agreement
with Bucher and Goaillard [8], who stated that the nerve fiber
pattern activity is limited by the refractory period as well as
the sodium channel inactivation. Another experimental study
from Ackermann et al. [2] showed that fast sodium con-
ductances play a role in determining the frequency at which
the fiber was blocked. And a previous kilohertz-stimulation
computational study from Arle ef al. also stated that h gate
was one of the primary ionic gate dynamics leading to high
frequency blocking phenomena [5].

Therefore, the results of this study suggest that, in tonic
stimulation, i.e., supra-threshold stimulation, low- (from 1 to
50 Hz), mid- (50-500 Hz), and high- (>500 Hz) frequency
stimulation could have important implications in clinical
practice. For instance, low-frequency would activate Af
fibers at each pulse, yielding pain relief with a low duty cycle
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(low energy consumption) [50], [65]. Mid-frequency would
also produce A fibers firing at each pulse up to 350 Hz,
which would suppose the increase of AB neurons activity
at the cost of increasing energy consumption. In this case,
the cost-efficacy in terms of energy consumption of stimula-
tion frequencies ranging from 50 to 350 Hz should be ana-
lyzed clinically to determine the stimulation frequency that
is more efficient to produce pain relief. And high-frequency
(>500 Hz), instead, would increase energy consumption
without increasing sensory Ap fibers firing, even going so far
as to override the electrical activity of the sensory Af fibers
(1000 Hz) [50].

On the other hand, not only does the stimulation pat-
tern of an axon depend on the pulse frequency, but it also
depends on the pulse width utilized and the size of the
nerve fiber. As shown in Fig. 9, there are ranges of fre-
quencies where the firing rate of large (12.8 pwm-diameter)
fibers is higher than the one of small (5.7 pwm-diameter)
fibers. This outcome demonstrate the hypothesis proposed by
Miller et al. [50], who stated that the percentage of activated
axons at any point in time would depend on the charge
delivered as well as the depolarization and refractory period
state. Moreover, Parker er al. provided direct electrophys-
iological evidence of recruitment of large-diameter, high-
conduction-velocity AS sensory nerve fibers in the dorsal
columns of the human spinal cord from measurements of
evoked compound action potentials from patients undergoing
SCS for pain relief [57]. According to Richardson et al. [60],
variations in both the myelin conductance and capacitance
(Gm and Cp,) influence the excitation and conduction prop-
erties of the neuron, such as the chronaxie time, conduction
velocity, or rheobase amplitude. As both the G, and the
Cm depend on the geometric parameters of the nerve fiber
considered (see Appendix), the higher electrical response
observed in the 12.8 um-diameter fiber compared to the
5.7 pm-diameter fiber could be explained by the differences
produced in the internodal parameters. Hence, as the refrac-
tory period is higher in small sensory fibers, it could be
possible to modulate the neural activation of different neural
structures to maximize the activity of the large AB neurons
in SCS. This finding is in accordance with Mahmud and
Vassanelli [44], who showed that the difference in membrane
conductance properties of excitatory and inhibitory neurons
allows modulating their firing by the stimulation wave
parameters.

Besides, the results also show that the firing rate of a
nerve fiber depends on the pulse width, since frequency and
pulse width are inversely related when rectangular stimu-
lation pulses are used [50]. Hitherto, the increase of pulse
width produces lower firing rates, for the range of stimulation
frequencies are also reduced (see Fig. 8).

Therefore, the knowledge of the electrical and geometrical
properties of different neural structures, such as motoneurons,
pyramidal neurons, sensory neurons, glial cells, etc., and the
posterior development of computational neural models could
help to better manage the frequency stimulation parameter to
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increase (or decrease) the activity of the targeted neural struc-
tures in a population of neurons, as stated by Jilge et al. [29].

In SCS therapy for chronic pain treatment, the stimulation
protocols that are used in clinical practice can be divided
into two groups: paresthesia-based SCS, known as tonic or
“low” frequency stimulation; and paresthesia-free SCS, such
as burst, high-frequency, and 10-kHz high-frequency SCS.
While tonic stimulation uses supra-threshold stimulus and the
mechanisms of action are well-known, the paresthesia-free
protocols use sub-threshold stimulus, and the mechanisms
of action are still unrevealed [11], [30], [73]. However,
the advantage of paresthesia-free SCS is that patients can
have pain relief without noticing the paresthesia sensation
[3], [61]. In terms of energy cost, tonic stimulation is the
most efficient, for it produces pain relief with the lowest duty
cycle compared to burst or 10-kHz stimulation (4.6% versus
20 and 30%, respectively), as stated by Miller et al. [50].
Hence, the increase of alternative frequencies and stimulation
patterns to improve patient’s experience makes necessary the
performance of computational studies that help us to under-
stand the effect of the stimulation parameters for the better
management of SCS therapy.

C. LIMITATIONS

In the new nerve fiber model, the myelin is modeled as a lin-
ear conductance in parallel with the membrane capacitance.
There are more sophisticated sensory nerve fiber models
developed, such as Howells et al. [28], Zhu et al. [77], and
Gaines et al. [21], that include different segments (paranodal,
juxtaparanodal, and internodal), in addition to ionic chan-
nels (fast KT, slow K+, leak, and hyperpolarization-activated
cyclic-nucleotide gated (HCN)) in the internodes, which have
a significant influence on the resting potential, and fiber
accommodation [28]. Although these models are physiolog-
ically more accurate, the added computational complexity,
and the parameter uncertainty of the dynamic behavior of
the internodal channels they present justify the use of the
simplified sensory nerve fiber model developed in this study
[21], [46], [60]. Nonetheless, a recent study from Joosten
and Franken [30] indicates that tonic SCS can depolarize the
sensory Ap fibers in both the antidromic and orthodromic
directions. Antidromically, due to sensory Ap fibers are
branched, the inhibitory interneurons located in the dorsal
horn can be activated, inhibiting then the incoming signals
from nociceptors and thus closing the ‘““spinal gate of pain”.
Therefore, future sensory nerve fiber models should include
branch points since it could increase the accuracy of the
model-based predictions when investigating the excitability
of sensory Af nerve fibers.

This work is focused on the simulation of the effect
of frequency on neural activation in tonic stimulation.
It is well-known that stimulation frequencies ranging
between 40-60 Hz produce paresthesia and increase
GABA neurotransmitter release from GABAergic inhibitory
interneurons that are activated by Ag fibers inputs, according
to the gate-control mechanism of action [22]. However,
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higher frequencies seem to produce other mechanisms that
help to relief neuropathic pain, such as 100 Hz, that likely
activates endogenous §-opioid systems; or 500 Hz, that was
shown to improve peripheral blood flow [22], [50]. Our
nerve fiber model does not consider any transsynaptic net-
work processing nor any neurotransmitters release, which
are known processes involved in the tonic SCS mechanisms
of action [30]. Thus, the real clinical effects could differ
from the clinical implications exposed from the results of this
work.

A recent computational study from Arle er al. [4]
shows that threshold accommodation is higher in the large-
diameter fibers than in the small ones, yielding thus the
inversion of larger and smaller diameter fiber thresholds.
Unlike tonic spinal cord stimulation, the accommodation
phenomenon could suppose the recruitment of smaller
DC fibers (medium-diameter fibers) in burst stimulation
and high-frequency stimulation, which could explain the
paresthesia-free mechanism of action treatments [4]. Fiber
accommodation phenomenon is produced after applying a
single or a train of conditioning pulses, which help us to
investigate the fiber’s excitability [4], [28], [40], [41]. Owing
to conditioning pulses are not used in SCS therapy, nor are
different stimulus pulses applied simultaneously, we did not
analyze the threshold accommodation phenomenon in this
work. Nonetheless, future computational studies that use con-
ditioning stimulus should consider this effect to investigate
the influence of fiber accommodation.

The effect of the stimulation amplitude to different stim-
ulation frequencies on the neuronal activation pattern was
not included in this study. According to Miller et al. [50],
the amplitude should be considered when discussing the
neural mechanisms of SCS frequency. For example, with
moderate-high amplitude, the high frequency could induce
axonal blocking mechanisms, while subthreshold stimula-
tion could favor non-activating neuronal mechanisms, such
as temporal summation, or desynchronization of the neural
activity [32], [37]. Thus, future computational studies related
to the effect of frequency on neural response in SCS therapy
for chronic pain treatment should include the influence of the
stimulation amplitude.

The findings of this computational study are based on the
electrical response of a single sensory AB nerve fiber under
extracellular stimulation. Although the outcome of this work
has been extrapolated to possible clinical implications in tonic
SCS, both a computational study using a realistic SCS model,
and a clinical study related to the effect of the stimulation
frequency in tonic SCS should be performed to validate the
results. The nerve fiber distribution in the dorsal columns,
the electrical properties of the spinal cord, and the different
spinal elements involved in the mechanisms of action of tonic
SCS are elements that should be considered in future research
works to increase the accuracy of the model-based predictions
in SCS therapy.
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V. CONCLUSION

We developed a new sensory nerve fiber model which is
physiologically accurate and simulates the behavior of human
sensory nerve fibers. The findings of this computational
study suggest that in tonic SCS for chronic pain treatment,
large sensory Af fibers activity can be risen by increasing
the stimulation frequency up to 350 Hz. On the contrary,
frequencies from 350 to 1000 Hz would decrease sensory
fibers firing, or even override it, with an additional increase
of energy consumption. Moreover, the outcomes show that
frequency can also increase large sensory fibers activity while
decreasing small sensory fibers, suggesting that frequency
plays an important role to modulate the firing rate of a nerve
fiber size. Thereby, according to our results, frequency could
be a stimulation parameter that would allow us to select and
increase the activity of a specific neural structure.

APPENDIX
The new sensory nerve fiber model and its parameters at body
temperature (37°C).
Fiber geometry parameters [46]:
D: axon diameter (cm)
F,: fiber diameter (cm)
L: internodal length (cm)
l: nodal length (cm) (its value is 1-107%
d: nodal diameter (cm) (value depends on fiber diameter)
lamyyemp: number of myelin lamellas (value depends on
fiber diameter)
lam: number of lamella membranes per lamella (its value
is 2)
D = CyFy; — Dy
L = Cplog(D-(Dr)™")
where C; = 0.76, Dy = 1.81 - 1075, C;, = 7.87-107*, and
Dy =3.44-1075.

The parameters d and lam depend on fiber diameter as
follows [46]:

Fiber diameter (um) | d (um) | lam

5.7 1.9 80
12.8 4.2 135

Gating parameters [76]:
Sodium m gates activation («,, is taken from Howells ef al.
[28]):

tm = [3.13 - 10°(V, + 36.3)]/[1 — & 736:37Vm)/103]
Bm = [0.33-10°(=22.7 — V,)1/[1 — &VnH22D/9:16

Sodium h gates activation (o, is taken from Howells et al.
[28]):

ap = [0.153 - 103 (—113.8 — V,,)]/[1 — eVmF113:8)/11.9
B = [14.1 - 103/[1 +e(728.87Vm)/13.4]
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Potassium n gates activation:

ay = [51.7(Vy, + 93.2)1/[1 — e(—93.2—vm)/1.1]
B = [92(=76 — Vy)]/[1 — eV t70)/10.5]

Membrane potential V,, in millivolts (mV)
Canonical gate probability equation:

da)_ (1 )
o = W) — Pow

where @ = m, h, n and the initial conditions (when ¢t = 0)
are:

m(0) = 0.07427
h(0) = 0.6096
n(0) = 0.2873

Internode parameters [60]:

C,»: Myelin capacitance (mF)

G, Myelin conductance (mS)

C,: Nodal capacitance (mF)
G,: Conductance between compartments (mS)

Cn = (cmr FaL)(lam - lamypemp) ™"
Gy = (gmm FgL)(lam - lammem;,)_1
C, = cpmdl

Ga = (D*)(4par L)

Membrane currents [76]:

ing: Sodium channel current density (mA/cm?)

ix: Fast potassium channel current density (mA/cm?)
irk: Leak channel current density (mA/cm?)

Iion: Total ion current (mA/cm?)

iNg = (pnam® hVF*(INal, — [Nalie¥r ))(RT(1 — e¥r))~!
ix = n* gk (Vi — Eg)
itk = gLk(Vin — Eri)
lion = iNa + ks + iLk

The sodium equilibrium potential (Ep,) can be calculated
applying the Nerst equation:

RT . [Nal,
=—In—2"

Eng = F 0 Nl 3
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