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Electrical stimulation of skin nociceptors is gaining attention in pain research and

peripheral neuropathy diagnosis. However, the optimal parameters for selective

stimulation are still difficult to determine because they require simultaneous

characterization of the electrical response of small fibers (Aδ- and C-fibers). In this

study, we measured the in vivo electrical threshold responses of small fibers to

train-pulse stimulation in humans for the first time. We also examined selective

stimulation via a computational model, which combines electrical analysis, and

terminal fiber and synaptic models, including the first cutaneous pain C-fiber model.

Selective stimulation of small fibers is performed by injecting train-pulse stimulation

via coaxial electrodes with an intraepidermal needle tip at varying pulse counts and

frequencies. The activation Aδ- or C-fibers was discriminated from the differences

in reaction time. Aδ-fiber elicited a pinpricking sensation with a mean reaction

time of 0.522 s, and C-fiber elicited a tingling sensation or slight burning itch with

a mean reaction time of 1.243 s. The implemented multiscale electrical model

investigates synaptic effects while considering stimulation waveform characteristics.

Experimental results showed that perception thresholds decreased with the number

of consecutive pulses and frequency up to convergence (five pulses or 70 Hz) during

the selective stimulation of Aδ- and C-fibers. Considering the synaptic properties,

the optimal stimulus conditions for selective stimulation of Aδ- vs. C-fibers were

train of at least four pulses and a frequency of 40–70 Hz at a pulse width of 1 ms.

The experimental results were modeled with high fidelity by incorporating temporal

synaptic effects into the computational model. Numerical analysis revealed terminal

axon thickness to be the most important biophysical factor affecting threshold

variability. The computational model can be used to estimate perception thresholds

while understanding the mechanisms underlying the selective stimulation of small

fibers. The parameters derived here are important in exploring selective stimulation

between Aδ- and C-fibers for diagnosing neuropathies.
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1. Introduction

Human skin contains sensory receptors such as large myelinated
Aβ-fibers, thin myelinated Aδ-fibers, and ultrathin unmyelinated
C-fibers, each of which recognizes a different sensation (Roudaut
et al., 2012; Abraira and Ginty, 2013; Djouhri, 2016). Aβ-fibers
endings are low-threshold mechanoreceptors in the dermal layer
and are involved in non-noxious mechanosensation, such as touch
and pressure. In contrast, Aδ- and C-fibers endings are high-
threshold mechanoreceptors in the epidermal layer and are involved
in mechanical pain sensation.

Therefore, in recent years, selective stimulation of small fibers
with terminals in the same epidermis (Aδ- and C-fibers) has
been used in basic studies on nociception, neuropathic pain, and
neuropathy diagnosis (Koga et al., 2005; Kodaira et al., 2014; Omori
et al., 2017). Several approaches for selective stimulation have been
developed, including the use of electrical, mechanical, and chemical
agents (Baumgärtner et al., 2012).

One promising method for using electrical agents is
intraepidermal electrical stimulation (IES), in which a localized
weak current is applied through a needle electrode piercing the skin
surface (Inui and Kakigi, 2012). IES is useful in pain research and
diagnosis because it is easy to manage and use, noninvasive, and
can predominantly stimulate painful nerves on the skin surface.
Recently, pain thresholds and pain-related evoked potentials have
been measured using IES in patients with diabetic neuropathy
(Kukidome et al., 2016; Omori et al., 2017). In IES, different
stimulation parameters were explored in experimental studies
toward the selective stimulation of Aδ- and C-fibers, including
duration, rising time, inter-stimulus interval of stimulation current,
and electrode polarity (Inui and Kakigi, 2012; Kodaira et al., 2014;
Hugosdottir et al., 2017; Omori et al., 2017).

Identification of activated fibers has been based on differences in
perceived sensation (Lefaucheur et al., 2021), or on measurements
of the reaction times or evoked potential latencies considering
the dependency of conduction velocity on fiber thickness (Kodaira
et al., 2014; Hugosdottir et al., 2017). However, it is difficult
to choose the parameters for selective stimulation of Aδ- and
C-fibers systematically considering a large number of factors,
such as stimulation site, biophysical electrical properties of the
skin, temporal/spatial neural activation integrated into the synaptic
processes, and individual differences affecting pain responses (Inui
et al., 2002, 2006; Otsuru et al., 2009; Patrick et al., 2018).

To overcome the above-mentioned difficulty, the first approach
was to perform electrical analysis in a microscopic skin (volume
conductor) model to evaluate the induced electric field intensity in
IES (Mørch et al., 2011; Frahm et al., 2013; Motogi et al., 2016).
A multiscale model, which integrates the computational model of
the biophysical nerve model with electrical analysis, can be used
to estimate the stimulation threshold for a single-pulse stimulation
with different durations in Aδ-fiber activation (Hennings et al.,
2017; Poulsen et al., 2020; Hirata et al., 2021; Tanaka et al., 2021b).
To estimate measured perception thresholds with multiple pulse
stimulation (Lilly et al., 1952; Gomez-Tames et al., 2019), we proposed
a novel multiscale model integrated with the synaptic effect (Tanaka
et al., 2021a). The model describes how the perception thresholds
of Aδ-fiber vary for different numbers of pulses. Only a few nerve
models have been reported for C-fibers in nonhuman subjects
(Neishabouri et al., 2014) and humans (Tigerholm et al., 2014),

and none for cutaneous pain modeling, limiting the development of
selective stimulation for Aδ- and C-fibers.

In this study, to characterize synaptic effects, we measured the
perception thresholds of Aδ- and C-fibers for different train pulses by
considering from the differences in perceived sensation and reaction
time. In addition, we propose a multiscale synaptic model that
describes the responses of both Aδ- and C-fibers via a comparison
with experiments that can be used for the first time to achieve
selective activation of small fibers.

2. Model and methods

2.1. Experimental design

Two experiments were conducted to measure and compare the
responses of Aδ- and C-fibers to train-pulse stimulation for the first
time. One experiment evaluated the effect of the number of pulses on
the perception threshold, and the other experiment investigated the
variation caused by frequency (the interval of pulse current). Eight
healthy participants were recruited for each experiment, six of whom
participated in both experiments.

In the first experiment (eight healthy participants, age
22.0 ± 0.5 years old, six males and two females), a square wave
with a pulse duration of 1 ms was used as the input current. The
number of pulses varied (1, 2, 3, 4, 5, 7, and 10) at a frequency
of 30 Hz.

In the second experiment (eight healthy participants, age
22.3 ± 0.7 years old, seven males and one female), the frequency
varied (20, 30, 40, 50, 70, 100, and 150 Hz) for four square pulses.
The order of the stimulation conditions was chosen randomly during
the experiments. The Ethical Committee of the Nagoya Institute of
Technology approved the experiments (No. 29–014).

2.2. Experimental setup

Perception thresholds for Aδ- and C-fibers were investigated
for different stimulation current parameters. Figure 1 shows the
experimental setup. The stimulation device (STG4004, Multi-
Channel Systems GmbH, Germany) delivered multiple square pulse
currents through a concentric bipolar needle electrode (NM-983 W,
Nihon Kohden, Tokyo, Japan). The inner needle and ring electrodes
were assigned to the anode and cathode of the stimulation device,
respectively. The stimulation current was applied to the dorsum of
the left hand to stimulate Aδ- or C-fibers.

2.3. Experimental protocol

The experimental protocol to measure the perception threshold
(the lowest current to generate sensation in participants) was based
on the limit methods in both experiments (Figure 2). Four trials
(ascending and descending) were performed per participant. In the
ascending trials, the injection current intensity increased in steps of
0.02 mA up to the response. If a response occurred in the ascending
trials, the current intensity was increased by 0.05 mA, and the trial
was changed to descending. The injection current intensity of the
descending trials was decreased in steps of 0.02 mA up to detection. If
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a response occurred in the descending trials, the current intensity was
decreased by 0.05 mA, and the experiment continued with ascending.
The participants were instructed to press a button immediately after
they felt the sensation in each stimulation. To reduce uncertainty
and obtain a more reliable perceptual threshold, the response was
detected only if it could be felt at least twice out of three times. Then,
the mean of the perceptual thresholds of the four trials was obtained
as the stimulus threshold. The timing between the three stimuli
was performed without informing the subjects, and the resting time
between sets of three stimuli was 1 min. The maximum stimulation
electric current was fixed at 1 mA. There are two reasons for upper
limit of the injection current: (i) to prevent the risk of activating larger
nerve fibers; (ii) because the subjects could not tolerate the pain.
The time from stimulus onset to perceiving and pressing the button
(termed reaction time) was automatically recorded. Each nerve has
a different conduction velocity due to the presence or absence of
myelination and different fiber diameters (Abraira and Ginty, 2013).
The C-fibers with the smallest fiber diameter have a conduction
velocity of 0.2∼2 m/s, followed by the Aδ-fibers with the largest
fiber diameter of 5∼30 m/s, and the Aβ-fibers with the largest fiber
diameter of 16∼100 m/s. Therefore, we used reaction time to identify
the firing fiber. Based on experimental pain-related evoked potentials
and reaction times after IES (Ragé et al., 2010; Kodaira et al., 2014),
reaction times between 200 and 800 ms were considered for Aδ-fibers,
and those exceeding 800 ms were considered for C-fibers. At the same
time, we also asked the subjects to report the quality of sensation
they felt.

2.4. Multiscale modeling of small fibers

A computational multiscale model of small fibers incorporates
synaptic effects generated by train-pulse stimulation.

2.4.1. Skin volume conductor modeling
Figure 3A shows that the skin model is modeled as a layered

passive volume conductor (Alekseev and Ziskin, 2007; Schmid
et al., 2013; De Santis et al., 2015; Motogi et al., 2016). It is
composed of three layers: stratum corneum, epidermis, and dermis.
In the hairy skin, the thickness of the stratum corneum layer was
5–20 µm. The epidermis thickness was reported as 50–70 µm

FIGURE 2

Pain threshold detection using ascending and descending trials. The
circle and cross signs represent cases with and without response.

(Valentin, 2002; Koster et al., 2012). The conductivity values and
dimensions [1.54 mm (depth) × 1.65 mm × 1.65 mm] of the skin
were the same as those reported in our previous studies (Tanaka
et al., 2021b). In detail, the conductivity of the stratum corneum
was selected as 2 × 10−4 [S/m] at 2.1 kHz based on (Gabriel et al.,
1996). In the transition region between the epidermis and dermis
(10–30 µm), the variation of the conductivity was approximately
proportional to the water content (Faes et al., 1999; Egawa and
Kajikawa, 2009). The conductivity of the dermis at sufficient depth
was 0.21 S/m (Wake et al., 2016). The inner electrode and ring
electrode of IES corresponded to the cathode and anode, respectively,
and were modeled as perfect conductors.

The scalar potential ϕ was solved numerically using the scalar
potential finite difference method, considering that the frequency
is below the kHz range and the displacement current is negligible
(Trevor and Stuchly, 1996; Hirata et al., 2013):

∇ (σ∇ (ϕ)) = 0 (1)

where σ is the tissue conductivity. The potential was solved iteratively
using successive-over-relaxation and multigrid methods (Laakso and
Hirata, 2012). A current source was connected between the inner and
outer rings of the bipolar needle electrode (Motogi et al., 2014). To

FIGURE 1

Experimental setup. (A) The stimulation device delivers an electric current via a concentric bipolar needle electrode attached to the left hand. (B) The
participant presses a button during the perception threshold experiment to record the reaction time.
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FIGURE 3

Multiscale electrical stimulation model with synaptic effects for intraepidermal electrical stimulation (IES) of small fibers (Aδ-fiber in the illustration).
(A) IES electrode and layered skin model. (B) Electric field distribution in the skin on a transversal plane for an injection current of 20 µA. (C) The afferent
spikes of the stimulated small fiber are computed and integrated into a synaptic model.

obtain the electric fields, the potential difference between the nodes
of the voxel was divided by the voxel length.

2.4.2. Nerve activation modeling for small fibers
Neural stimulation was investigated based on compartmental

nerve fibers using the general Equation 2 (McNeal, 1976; Rattay,
1999) that is driven by the extracellular potential (Ve = ϕ) from
Equation 1.

Cn
dVm,n

dt
= −Iion,n +

Vm,n−1 − 2Vm,n + Vm,n+1

0.5 (Rn + Rn+1)

+
Ve,n−1 − 2Ve,n + Ve,n+1

0.5 (Rn + Rn+1)
(2)

The parameter Cn is the membrane capacitance, and Rn and
Rn+1 are membrane resistivity of neighboring compartments. The
membrane potential Vm,n, is the difference between the extracellular
potential (Ve) and intracellular potential (Vi).

In this study, a C-fiber model was implemented for cutaneous
pain to consider thresholds for train-pulse stimulation for the first
time. The C-fiber was modeled with only Ranvier nodes, which
have ionic channels as nonlinear conductance with no myelin
sheath present. The ionic membrane current was formulated using
a modified Chiu–Ritchie–Rogart–Stagg–Sweeney model, which is a

conductance-based voltage-gated model (Sweeney et al., 1987). Axon
diameters (unmyelinated nerves) with an average of 1.08 ± 0.15 µm
have been reported (Reilly et al., 1997). The axon diameter for
the C-fiber models was chosen as 1.08 µm. Due to the difficulty
in performing strength–duration experiments using single-pulse
stimuli, the axonal portion was assumed to have the same parameters
as the axonal part of Aδ-fibers, considering their free endings in
the epidermis.

For the Aδ-fiber model, myelinated fiber compartments are
internodes (myelin segments) and Ranvier nodes (ionic channels)
(Figure 3B). The model is based on the developed Aδ-fiber
model from our previous studies that fitted the experimental
strength–duration experiment for single-pulse stimulation
(Tanaka et al., 2021a,b).

Table 1 lists the electrical parameters of the Aδ- and C-fibers. The
Aδ-fiber diameter was 1.69 µm (axon and myelination), considering
that the ratio of axon diameter to myelin sheath diameter was
approximately 0.6 (Gillespie and Stein, 1983). The depths of the
Aδ- and C-fiber terminals were 25 and 10 µm, respectively, from
the stratum corneum bottom. Since nerve endings are distributed
perpendicularly to the skin surface (MacIver and Tanelian, 1993;
Hilliges et al., 1995), these nerve models were placed in the
same way.
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TABLE 1 Electrical parameters of myelinated and non-myelinated nerves.

Parameter Value

Aδ-fiber C-fiber

Nernst potential for sodium channels (ENa) 115 mV

Nernst potential for leakage channels (El) –0.01 mV

Sodium channel conductance (GNa) 1445 mS/cm2

Leaked channel conductance (Gl) 17.92 mS/cm2

Capacitance of membrane (myelinated) (Cn) 1.00 pF –

Membrane resistance (myelinated) (Rn) 129 M� –

Myelin conductance (Gm) 0.045 nS –

Capacitance of membrane (non-myelinated)
(Cn+1)

1.12 pF

Membrane resistance (non-myelinated)
(Rn+1)

1.15 M�

2.4.3. Synaptic model
In our previous study (Tanaka et al., 2021a), we proposed a new

synaptic model. The model is briefly summarized. The synergistic
effects of train-pulse electrical stimulation were investigated in
a synaptic model (Figure 3C). The action potentials from Aδ-
or C-fibers produce an excitatory postsynaptic current that can
change the transmembrane potential of the postsynaptic neuron.
If the transmembrane membrane potential reaches a minimum
threshold, an action potential is fired in the postsynaptic neuron.
To begin, synaptic conductance is modeled as the difference
of two exponentials that is a general function adopted to
describe the observed experimental synaptic conductance profiles
(Roth and van Rossum, 2013):

gj = gmax,jf
(
e
−

t
τf ,j − e

−
t

τr,j

)
(3)

where gmaxx,j is the peak conductance, and τr,j, and τf ,j are the rise
and fall time constants, respectively. The normalization factor f (Roth
and van Rossum, 2013) is set such that the amplitude equals gmaxx,j.

A total synaptic conductance gtotal in the postsynaptic neuron is
calculated by combining the effects of each synapse j at time tx and the
spike sequences (action potentials) sj arriving from the presynaptic
neuron (Aδ- and C-fibers), as follows:

gtotal (tx) =
J∑

j=0

ωj

∫ tx

0
sj (τ) gj (tx − τ) dτ (4)

where J is the total number of presynaptic neurons (Aδ- and
C-fibers), and sj is the delta pulse. The probability of depolarizing the
synapse is considered by the weighting term wj. Then, the excitatory
postsynaptic transmembrane current (EPSC) is given as follows:

EPSC (tx) = gtotal (tx) [E− Vm (tx)] (5)

where E is the postsynaptic reversal potential and Vm is the
postsynaptic membrane potential. This represents the current that
passes through a synaptic channel that induces depolarization in the
postsynaptic cell.

We evaluated the synaptic responses in a postsynaptic neuron
using an Izhikevich spike model (Izhikevich, 2003).

The parameters in the synaptic effect model (Table 2) were
fitted by comparison results considering the spatial information (the

number of activated presynaptic neurons) and temporal information
(spiking sequence) to activate postsynaptic neurons under different
train-pulse conditions for C- and Aδ-fibers.

(1) Activation of multiple fiber terminals is required to elicit a
conscious perception (Mouraux et al., 2012). The relationship
between the stimulation threshold and the number of
stimulated fibers is obtained using the multiscale model,
considering that more fibers are activated at higher injection
currents, assuming a uniform fiber density. Therefore, the
number of presynaptic neurons was based on the reported
fiber densities of Aδ-fiber (160 fibers/mm2) and C-fiber
(640 fibers/mm2) (Ebenezer et al., 2007) multiplied by the
stimulation region for each current threshold. The maximum
number of fibers connected to the synapse were 212 and 849
fibers, considering the maximum area of the needle ring, for Aδ-
and C-fiber, respectively.

(2) The injection current required to activate the postsynaptic
neuron was computed for different numbers of train pulses
and frequencies. The parameters space comprising the synaptic
weights (ω), rise time (τr), and fall time (τf) of the synaptic
conductance were adjusted to minimize the least-squares error
between the experimental and computational injection current
threshold, as proposed in Gomez-Tames et al. (2019) (Table 2).

3. Results

3.1. Experimental threshold dependence
on pulse number and frequency

The train-pulse stimulation was investigated for different number
of pulses and frequencies. The measured perception threshold values
(and therefore reaction times) corresponded to C-fiber or Aδ-fiber.
In the ascending trial, the subjects first perceived a delayed sensation
like a tingle or itch (C-fiber) and then an earlier sensation like
a pinprick (Aδ-fiber). In the descending trial, the subjects first
perceived an earlier sensation like a pinprick (Aδ-fiber) then a delayed
sensation like a tingle or itch (C-fiber) and then the subjects felt
nothing. Table 3 summarizes the reaction times of the subjects in
each condition. Overall, the mean reaction time for the Aδ-fiber was
0.522±0.122 s and that of the C-fiber was 1.243 ± 0.290 s. Reaction
time was varied in average from 0.522 to 1.243 s or vice versa with
increasing or decreasing stimulus intensity.

The experimental thresholds dependence on pulse number
variation of Aδ- and C-fibers were obtained for train-pulse
stimulation with a different number of pulses at a fixed frequency of
30 Hz. Figure 4 shows that the thresholds of both nerves decreased
and converged to a minimum value with increasing the number

TABLE 2 Estimated synaptic model parameters based on the
measured results.

Parameter Value

Aδ-fiber C-fiber

Rise time constant (τr) 6 ms 6 ms

Fall time constant (τf) 11 ms 58 ms

Synaptic weight (ω) 6.1× 103 7.5× 103
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FIGURE 4

Experimental pain threshold (mean value and standard deviation,
n = 8). Variation with pulse number in Aδ- and C-fibers. Note that
there was no detection of C-fiber activation at single-pulse
stimulation.

of stimulation pulses. The difference in the threshold between 7
and 10 stimulation pulses was smaller than 10%. For single-pulse
stimulation, Aδ-fiber response was observed in all subjects, but not
for C-fiber, in which six of the eight participants were not confirmed.
The thresholds of the Aδ-fiber exceeded those of the C-fiber when
the stimulation pulse number was two or more. The threshold
normalized by a minimum threshold (average between the 7 and
10 pulses of stimulation) was 1.6 and 1.9 times higher at the two
pulses than the minimum threshold for Aδ- and C-fibers, respectively
(Supplementary Figure 1). The Aδ-fiber threshold for single-pulse
stimulation was two times higher than the minimum threshold. The
difference in the threshold between Aδ- and C-fibers was notable for
pulse numbers exceeding three.

The experimental thresholds dependence on frequency of
Aδ- and C-fibers were obtained for train-pulse stimulation at a
different frequency with a fixed number of stimulation pulses
(four pulses). Figure 5 shows that the thresholds of both nerves
decreased and converged to a minimum value with increasing
frequency. Thresholds were consistently higher for the Aδ-fiber. The
difference in the converged thresholds was 10% between 100 and
150 Hz for both fibers. The threshold normalized by a minimum
threshold (average between 100 and 150 Hz) was 2.1 and 1.7
times higher at 20 Hz than the minimum threshold for Aδ- and
C-fibers, respectively (Supplementary Figure 2). The difference
in the threshold between Aδ- and C-fibers was notable at 30–
70 Hz.

FIGURE 5

Experimental pain threshold (mean value and standard deviation,
n = 8). Variation with frequency in Aδ- and C-fibers.

For the stimulation conditions common to both experiments
(four pulses and 30 Hz), the thresholds of Aδ-fiber and C-fiber
in the first experiment (Figure 4) were 0.208 ± 0.057 and
0.133 ± 0.032 mA, respectively, and the thresholds for Aδ-fiber and
C-fiber in the second experiment (Figure 5) were 0.177 ± 0.043
and 0.107 ± 0.027 mA, respectively. In overall, the results of
the second experiment were lower overall than the results of
the first one, in part because the subjects were different in both
experiments.

3.2. Multiscale electrical stimulation model
with the synaptic effect of small fibers

Figure 6 shows the computational results for the perception
threshold using a set of parameters regarding the synaptic effect.
The root mean squared error (RMSE) of the experimental and
computational results was 12 and 11 µA for the Aδ- and C-fibers,
respectively.

3.3. Factors related to selective
stimulation and threshold variability

Factors affecting stimulation thresholds related to experimental
conditions and anatomical differences were examined

TABLE 3 Reaction time of the perception threshold at different numbers of pulses (frequency of 30 Hz) and frequencies (pulse number of four) in Aδ- and
C-fibers.

Pulse number Reaction time [s] (Mean ± SD) Frequency [Hz] Reaction time [s] (Mean ± SD)

Aδ-fiber C-fiber Aδ-fiber C-fiber

1 0.546± 0.163 – 20 0.460± 0.104 1.060± 0.149

2 0.504± 0.136 1.274± 0.372 30 0.489± 0.070 1.160± 0.220

3 0.554± 0.131 1.276± 0.365 40 0.475± 0.095 1.170± 0.266

4 0.578± 0.154 1.327± 0.326 50 0.473± 0.116 1.136± 0.138

5 0.542± 0.134 1.443± 0.344 70 0.487± 0.088 1.256± 0.243

7 0.550± 0.109 1.305± 0.342 100 0.512± 0.106 1.336± 0.345

10 0.595± 0.130 1.255± 0.316 150 0.542± 0.139 1.167± 0.202
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FIGURE 6

Multiscale electrical stimulation model results for pain thresholds.
(A) Variation with the number of stimulation pulses when the
frequency is fixed at 30 Hz. (B) Variation with frequency when the
stimulation pulse number is fixed at 4.

computationally. Table 4 lists the parameter variations and the
corresponding maximum variations of the computed injection
current thresholds (MacIver and Tanelian, 1993; Reilly et al., 1997;
De Santis et al., 2015). Variations in the depth needle electrode,
stratum corneum thickness, and depth of the fiber terminal modified
the threshold up to 3% for both fibers, whereas the variation in
the fiber diameter altered the threshold by 22–37%. Variation with
fiber diameter was higher in Aδ-fibers than C-fibers, similar to the
observed higher variability of experimental stimulation thresholds in
Aδ-fibers (Figure 4).

4. Discussion

This is the first study to investigate the perception thresholds
of Aδ- and C-fibers using IES with varying numbers of consecutive
pulses and frequencies to consider temporal and spatial summation
factors in the synaptic process affecting pain perception (Koga
et al., 2005; Roth and van Rossum, 2013). A multiscale model
with a synaptic effect was also implemented. It features the
first unmyelinated fiber for cutaneous pain that describes the
experimental responses of the C-fiber. Furthermore, the Aδ-fiber
and synaptic models developed in a previous study corroborated the
new experimental results presented here (Tanaka et al., 2020, 2021a).
The model allows for a deeper evaluation of the mechanism and an
examination of the optimal stimulation.

TABLE 4 Maximum variation in the computed injection current
thresholds for the reported range values of the simulation parameters.

Parameter Range [µm] Value [µA]

Aδ-fiber C-fiber

Needle depth (dN ) 5, 10, 20*, 30 1.08 (0.3%) 3.79 (2.7%)

Stratum corneum
thickness (dS)
(Motogi et al., 2016)

5, 10*, 15, 20 3.82 (1.6%) 2.06 (0.6%)

Nerve terminal
depth (dF) (MacIver
and Tanelian, 1993)

10, 25*, 40 (Aδ) 4.80 (2.1%) 0.85 (0.01%)

5, 10*, 15 (C)

Fiber diameter
(Reilly et al., 1997)

1.45, 1.69*, 1.92 (Aδ) 129 (37%) 97 (26%)

0.93, 1.08*, 1.23 (C)

*Values used in Section “3.3. Factors related to selective stimulation and threshold
variability” for fitting experimental results. Values within parentheses are the maximum
variation normalized by the experimental threshold value.

In our experiment, differences in perceived sensation and
conduction velocity between Aδ- and C-fibers were used to
distinguish the stimulated fiber (Weiss et al., 2008; Lefaucheur et al.,
2021). The measured response times corroborated other IES studies
of the hand (0.51 ± 0.10 [s] for Aδ-fibers and 1.46 ± 0.38 [s]
for C-fibers) (Omori et al., 2017; Table 3). The reduction of
the reaction time associated with successive increases in stimulus
intensity indicates that C-fiber were activated firstly (lower threshold)
and then Aδ-fiber is added at higher stimulation intensities. When the
response of Aδ- is added, the reaction time will be given by the faster
reaction of Aδ-fiber. However, we cannot discard or confirm (and to
a what degree) if the delayed nociceptive information from C-fiber
(when C- and Aδ- are activated) is integrated in some way into the
pain perception.

In the first experiment (Figure 4), the thresholds of both Aδ-
and C-fibers decreased to a convergent value as the number of pulses
increased. This is due to the synaptic effects of putative postsynaptic
neurons in the anterior horn of the spinal cord, as shown in previous
studies (Tanaka et al., 2021a). Experimental results for Aδ-fibers
(Supplementary Figure 1) showed that single-pulse stimulation was
2.0 ± 0.5 times the convergence value at a pulse width of 1 ms and
a fixed frequency (30 Hz). This tendency was found to be similar
to a previous study (Tanaka et al., 2021a) that used a pulse width of
400 µs and a fixed frequency of 30 Hz. The C-fiber presented a higher
variation in the stimulation thresholds within the number of pulses
investigated, which may reflect stronger synaptic effects.

In the second experiment (Figure 5), thresholds of both Aδ- and
C-fibers decreased to convergent values as the frequency increased
in agreement with a higher temporal summation of postsynaptic
potentials, as the neurotransmitters released from synaptic vesicles
cause depolarization more frequently and a temporary increase in the
membrane potential. The electrical stimulation conditions for this
series of pulses in our study are similar to those that elicit flexion
reflexes (Sandrini et al., 2005). However, since the intensity was at
the sensory threshold and the subject did not show any response to
retract his hand, it was assumed that no reflex was produced.

The multiscale model includes these synaptic effects in good
agreement with the experimental results. The computational model
was fitted simultaneously using the results of the two experiments
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(stimulus pulse number variation and frequency variation). For a
common stimulation condition in both experiments (four pulses
and 30 Hz), there was a 16 and 22% percentage difference between
Aδ- and C-fibers, respectively. The RMSE could be reduced if the
parameters were fitted for each experiment (12–9 µA and 11–5 µA
for Aδ- and C-fiber, respectively).

C-fiber activation for single-pulse stimulation could not be
detected in six out of eight participants (Otsuru et al., 2009; Motogi
et al., 2014). The lack of detection of C-fibers for single-pulse
stimulation could be explained if Aδ-fibers have a smaller threshold
at single-pulse stimulation. In this case, the reaction time would
correspond only to faster Aδ-fibers, even if C-fiber is activated with
enough injection currents. This was confirmed by the computational
model, which showed a higher stimulation threshold prediction
for C-fiber in single-pulse stimulation conditions (Figure 6A). The
computational results showed that the threshold for single-pulse
stimulation of the C-fiber (373 µA) exceeded the Aδ-fiber threshold
(349 µA).

We also revised the stimulation-related factors that may explain
why C-fiber could be detected in two out of eight subjects. In
particular, we investigated the effect of needle electrode depth
and anatomical differences (tissue thickness, nerve diameter, and
fiber terminal position) (Motogi et al., 2016). Needle depth and
stratum corneum thickness affect the potential distribution by IES,
nerve terminal depth affects the retrieved external potential when
calculated by the nerve model, and fiber diameter affects the
electrical parameters of the nerve. The dominant factor affecting
the stimulation threshold was solely the fiber thickness for the
parameter variation considered here. Decreasing both fiber diameters
increased the perceptual threshold. In this case, the Aδ-fiber threshold
surpassed the C-fiber threshold, even with single-pulse stimulation.
Aδ-fiber threshold did not preclude C-fiber activation in two subjects.
Experimental values of two subjects who showed a C-fiber response
to single-pulse stimulation were compared with numerical analysis
using two fiber diameters: original (Aδ-fiber: 1.69 µm, C-fiber:
1.08 µm) and smaller (Aδ-fiber: 1.45 µm, C-fiber: 0.93 µm)
(Supplementary Figures 3A, B, respectively). From the comparison
of the figures, the threshold for a smaller axon diameter was closer
to the experimental results for the two subjects. The RMSE of the
experimental and computed values for the two subjects decreased
from 49 to 9 µA for the Aδ-fiber and from 27 to 14 µA for the C-fiber
using a smaller axon diameter.

Given the variability of the experimental and computed results
of the multiscale model, among the conditions performed in this
study, the optimal stimulus conditions for selective stimulation of
Aδ- vs. C-fibers are train of at least four pulses and a frequency
of 40–70 Hz at a pulse width of 1 ms. Stimulation parameters in
IES mainly include electrode polarity, stimulation waveform (square
wave, triangular wave, or trapezoidal wave), pulse width, pulse
number, frequency, number of electrode pairs, and electrode size.
Although some preliminary experiments have been conducted, the
number of parameters is large and optimal conditions have not yet
been proposed (Otsuru et al., 2009, 2010; Kodaira et al., 2014; Motogi
et al., 2014). Since it is very difficult to search for optimal conditions
experimentally, it is desirable to use a computer model to do so, and
remained a challenging topic for the future.

If not selective stimulation of Aδ- and C-fibers, the optimal
parameters of stimulation to reduce the threshold of nociceptive fiber
activation should be train of at least four pulses and at least 100 Hz.
This is similar to the stimulus parameters for eliciting flexion reflexes
(RIII reflex) (Sandrini et al., 2005).

A limitation of the proposed model is that the target of the
threshold estimation is the dorsum of the hand. Parameters may
need to be changed if other sites are targeted for stimulation. Future
study is expected to use these nerve activation and synaptic models
to investigate the optimal electrode conditions for the selective
stimulation of peripheral nerves and to apply them to peripheral
neuropathy diagnosis.
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