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Abstract o

Objective. Over the recent years, several small area electrodes have been introduced as tools
for preferential stimulation of small cutaneous nerve fibers. However, the performance of the
electrodes is highly debated and have not previously been systematically compared. The
electrodes have been developed empirically and little is kmown about the electrical potential
they produce in the skin, and how this influences.the merve fiber activation. The objective of
the present study was to develop and validate /a comiputational model to compare the
preferential stimulation of small fibers for. electrodes of different designs.

Approach. A finite element model of the skm was developed and coupled with an AB-fiber
and an Ad-fiber multi-compartmental, nerve fiber model, to describe the current spread and
consequent nerve fiber activation produced by five different surface electrodes; intra-
epidermal, planar concentric, pin, planar array, and patch. The model was validated through
experimental assessments of the strength-duration relationship, impedance and reaction times.
Main results. The computational. model predicted the intra-epidermal electrode to be the most
preferential for small fiber activation. The intra-epidermal electrode was however also found
to be the most sensitive to positioning relative to nerve fiber location, which may lLmit the
practical use of‘the electrode.

Significance{The present study highlights the influence of different electrode design features
on the current spread and resulting activation of cutaneous nerve fibers. Additionally, the
computational model may be used for the optimization ofelectrode design towards even better

preferential stimulation of small fibers.
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1. Introduction

Probing the pain system using a nociceptive selective stimulus, is an important instfument for
assessing the integrity and functional status of the pain pathways [1], [2] as well as for pain control
and modification [3]-[5]. Additionally, nociceptive selective stimulation gis essential for
electrophysiological studies to understand the mechanism of pain processing and'the pathophysiolo gy
of different pain syndromes. Selectively activating the nociceptive system isthowever a challenging
task, that demands specialized equipment. Often, laser stimulation is used to selectively activate small
nociceptive fibers, ie. Ad- and C-fibers without concomitant activation of large-non-nociceptive Af-
fibers [6]. However, lasers are very expensive and limited in their use i relation to possible
application areas, different pulse shapes, and the risk of skin lesion [6], [7]. Due to these limitations,
specialized electrodes have been suggested as an alternative .toel foriactivation of small nociceptive
nerve fibers [3], [8]-[11]. Conventional transcutaneous .lectrical stimulation using regular patch
electrodes activates large fibers at a lower intensity thanémall, fibers. However, it is possible to change
the order of recruitment, by generating a high current density h: the superficial layers of the skin,
where the small fibers terminate, and limit the current spread to deeper tissues, where the large fibers
termmate [9], [12], [13]. This can be achieved by the use of small area or intra-epidermal cathodes
and concentric electrode configurations™ [3], [8]=[10], [13]. These electrodes evoke a pmprick
sensation [3], [8]-[10], delayed cortical potentials, [7], [14]-[17] of bilateral origin [18], and delayed
reaction times [14], [19], all indicating preferential activation of small nociceptive fibers. However,
concomitant activation of large fibers cannot be excluded, and becomes especially pronounced when

the intensity of the stimulation éxceeds two times the perception threshold [7], [16].

Existing electrodes, designéd for small fiber stimulation, have not been directly compared and it is
unclear if and how different electrode designs influence the ability to preferentially activate small
fibers. The electrodes have all .been developed empirically and only a few design features such as
cathode diameter [13], length-of protruding elements and anode surface area [20] have been evaluated
through computational modeling: Computational modeling enables comparison of electrode designs,
as it is possible to deseribe the electrical potential generated in the skin and the resulting nerve fiber

activation, mrelation to specific electrode designs.

The aim of the present work was therefore to compare the nerve fiber activation between availab le

electrode designs. Therefore a computational model was constructed and validated. The model was
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composed of a finite element model of the skin at the volar forearm, to simulate the generated
electrical potential i the skin, and two multi-compartmental models of an AB- and Ad-fiber with a
wide range of voltage-gated ion channels [21] to quantify the resulting excitation of cutaneous nerve
fibers. The model was validated through experimental assessments of electrode [ impedances,

perception thresholds and reaction times.

2. Methods

Five surface electrodes (four designed for preferential small fiber activationpand a regular patch
electrode) were modeled in atwo-step hybrid model fashion, to mvestigate the influence of electrode
design on the electrical potential produced in the skin and the resulting “activation of cutaneous nerve
fibers (figure 1). The first model step was a finite element_model (COMSOL Multiphysics 5.3,
Stockholm, Sweden), which described the electrical potential generated in the skin. The second step

of the model contained two multi-compartmental axonsmedels, (NEURON, Yale, USA [22]) of an
Ad- and an AP-fiber axon, to describe the nerve fiber (activation [21].
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A) Intra-epidermal electrode B) Pin electrode
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C) Planar concentric electrode
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Figure 1: Sp of the modeled electrodes. Not drawn to scale. Red areas indicate the cathode(s), while the
dark grey a the anode(s). A) The intra-epidermal electrode has a concentric design with a protruding
stainless etrating the stratum corneum [8]. B) The pin electrode has 15 interconnected pin cathodes and
a conc made of stainless steel [23]. C) The planar concentric electrode has a small metal cathode in the
center ntric anode [9]. D) The planar array electrode has 12 interconnected square cathodes and two
rectan , the electrode is printed with conocting paste on a flexible PET base [24]. E) The regular Ag-AgCl
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2.1 Finite element model of the skin

The extracellular potential was calculated through either a 2D-axisymmetrical model (for the planar
concentric and intra-epidermal electrode) or a 3D model (for the pin, planar array,,and patch
electrodes) of the skin at the volar forearm. The models were further developed fiom the finite
element model presented by Merch et al [13]. The skin model consisted of the four horizontal,
homogeneous skin layers; stratum corneum, epidermis, dermis, and hypodermis (see figure 2). The
thickness and electrical properties of the four skin layers were adopted«from literature. The values
from Yamamoto and Yamamoto [25] and Tavernier et al [26], were interpolatzd from the presented
graphs and fitted to a power function of the frequency (f). The electrical properties used in the finite

element models are presented i table 1.

The electrode skin interface was included in the models as'aithin 10 pm layer between the electrode
and the skin, and the conductivity and permittivity of the interfaceywas deduced by the resistance and
capacitance values presented by Chi et al [27]sfor all electrodes. As the regular patch electrode was
covered by a conductive gel, an additional rectangular layer of conductive hydrogel was modeled
under this electrode (see electrical properties in table 1). Otherwise, electrode materials were not
included in the models. According to recommendations by Pelot et al [28] a normal current density
and ground condition was employed, to the model to achieve a high accuracy and computational
efficiency. A total current of 1 mA and -1 mA was evenly distributed on the surface of the interface
or hydrogel layer of cathode and aner, respectively. The ground condition was applied to the bottom
of the hypodermal layer (see supplementary figures S15-18 for investigations of'the ground influence
on the electrical potential): /All other _external boundaries were considered electrically insulated, while
current continuity conditions were applied to the inner boundaries. A mesh of free triangular elements
was generated for the axisymmetric models, while a swept mesh of hexahedron elements, based on
free triangular elements, 'was generated for the 3D models. The mesh density was highest at the
electrode edges, where the current density was expected to be highest. To ensure adequate mesh
density and/model side length, convergence studies were performed. The mesh density or model size
was gradually, increased until the change in the electrical potential, from the previous increment,

became less than 0.1 mV. Final model side length, maximum and minimum element sizes, and
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average element quality are listed in table 2 (See supplementary figures

illustrations).
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S12-S16 for mesh

Table 1: Thickness and electrical conductivity and permittivity of different material layers included in themodel. For

most of the properties, a frequency (f) dependency was implemented. Functions for the stratum.corneum were derived

from fitting data of the figures presented by [29].

Functions for the relative permittivity of the epidermis and dermis

were derived from fitting the data of the figures presented by [26]. For the skin-electrodeinterface the resistance and

capacitance values from [27] was used togetherwith the thickness of the interface layer, the area ofthe electrode, and
the permittivity of vacuum (€,) to calculate the corresponding conductivity and permittivity for the interface layer.

Skin model | Thickness Electrical conductivity (S/m) Relative electrical permittivity
layer (nm)
Stratum 2030135 1 -0.
Suam BOH3S | e 144 % 10* « f 7049 + 1,285
[25] [25]
Epidermis 82 [31], [33], —1.332 f1212 4+ 3,731 % 10° [26]
[34] Horizontal: 0.95 [26] IS
6.32 % 10% % 70562 — 1,196 x 10*
Vertical:n0.15 [26] [26]
Dermis 1300[36] . ) 5.394 % 108 x f~1.012 4+ 2.301 %
Horizontal: 2.57 [26] 1075 [26]
Vertical:, 1.62 [26] 3.255 x 109 >|<f—1.25 _ 8,433 [26]
Hypodermis | 5000 2.3 %1072 [37], [38] 1% 103 [37], [38]
Skin- 10 Wet: [27] Wet: [27]
electrode N
interface inter faceThickness 257? « inter faceT hickness
3503 * ElectrodeArea & * ElectrodeArea
Dry: [27] Dry: [27]
inter faceT hickness 127° * inter faceT hickness
1.36 x ElectrodeArea g, * ElectrodeArea
Hydrogel 1000 0.0149 5000
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Table 2: Model size and mesh element restrictions and average quality for each electrode model. The skin model was a
square model and the model size refers to the length of the sides of the square. The mesh consisted of free triangular
and swept hexahedron elements.

Electrode Model Size (cm) | Maximum element | Minimum element | Average mesh
size (m) size (m) quality (COMSOL
skewness
measure)
Intra-epidermal [8] 11 0.0037 2.1e-5 0.9019
Pin [23] 10 0.0037 2.1e-5 0.8771
Planar  concentric 0.9007
9 5 0.0015 le-6
[9]
Planar array [24] 7 0.0026 1.les5 0.8943
Patch (Ambu® 0.9150

To mvestigate the complex mmpedance response as a function of frequencies for all electrodes, a
frequency domain study was conducted for each electrode imodel#In the frequency domain study, the

time-harmonic equation of continuity was used for calculation’ of the electric potential:
—V - ((e=yjwee )VWVez —J,) = 0

Where o is the conductivity, &, 1s the permittivity of vacuum and &, is the relative permittivity. Vg is
the electrical potential calculated by the finite, element model and J, the external current density that
was applied only to the areas of‘the eleetrodes. The study was conducted for frequencies between 10
Hz and 100 kHz with ten frequencies per decade.

The frequency dependeéncies, of the tissues were important to capture the impedance response of the
electrodes, however; preliminary investigations of the time-dependent solution revealed a limited
effect of the tissue permittivity and frequency dependencies over the time course of the square pulses
used for simulations (0.1, 0.5, 1, and 10 ms) (see supplementary material figure S1). Consequently,
it was congidered afreasonable approximation to omit the effect of permittivity and use the steady-
state solution to.investigate the distribution of the electrical potential in the different skin layers, and

to extract the extracellular potential at the nerve fiber location. All other simulations than the one for
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the impedance were thus computed from the steady-state solutions calculated by the quasi-static form
of the continuity equation described by Laplace’s equation:

V- (oVWpr —J.) =0

2.2 Axon models

The nerve fiber activation resulting from changes in the extracellular potential was simulated through
an Ad-fiber model and an AB-fiber model developed by Tigerholm ‘et.al [21]. The models will be
briefly described here, however for a more detailed description the reader is'referred to Tigerholm et
al [21]. The nerve fiber models were implemented in the NEURON enviconment, as representations
of the average of the nerve fiber populations. The AB-fiber model'had a diameter of 9 pm, was 4.994
cm long and consisted of 27,120 compartments (1.8 compartments/um). The model ran horizontally
in the hypodermal layer prior to making a 45 degrees angled branch that ascended in a straight line
and termmated in the dermis (see figure 2). The, Ad-fiber. model followed a similar path, however
terminating as a free unmyelinated nerve ending m the epidermis after losing its myelin at the dermal-
epidermal junction [39]. Furthermore, twowsmall side branches, branched out in the epidermis with
an angle of 90 degrees from the main branch and equally distanced to produce a nerve fiber density
of 17 free nerve endings per millimeter, [40]. A total of 26,088 compartments (2 compartements/pum)
made up the Ad-fiber model with/a total length of 5.472 cm and a diameter of 3.5 um. The ion
channels of the nerve fiber models~were implemented as Hodgkin-Huxley-type ion channels and
included: Navl.6, Navl.7, Navl.8, Navl.9, Ka, Km, Ka, and the hyperpolarization-activated and
cyclic nucleotide-gated (HCN) channéls.

The electrical potential<caleulated by the finite element model was used as the extracellular potential
mput to the axon models, by mterpolating the potential onto the locations corresponding to the nerve
fiber positions. The extracellular potential was multiplied by a step-function corresponding to the
stimulation pulse durations and linearly increased to find the nerve fiber activation threshold, which
was defined as the stimulation current needed to generate an action potential that propagated to the
end of theraxon.model, and was determined by solving the model using the variable time step method.
The action potentials were mitiated at the tip of the nerve fiber models for all other electrodes than

the patch, which activated the Ad-fiber model at the first node of ranvier.
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Anode: -1 mA
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Figure 2: Example of the combined skin andnerve fiber model for the concentric electrode, not drawn to scale. The skin
model consisted of four layers; stratum corneumy epidermis, dermis, and hypodermis. The bottom of the hypodermis was
grounded. The electrode model consisted of the cathode and anode and an additional electrode-skin interface layer. The
nerve fiber models were located directly under the cathode and followed similar paths, except the AP-fiber model
terminated in the middle of the dermistandithe Ao-fiber model terminated in the middle of the epidermis. The Ao-fiber

model lost its myelin at the epidermal-dermal junction.

The area of selectivity was defined, as a 2D area in the x-y plane, for which the activation threshold
of the Ad-fiber model is lower than that of the AB-fiber model. When the nerve fiber models were
located directly under thecathode, for which location the activation threshold was at a mnimum, the
activation threshold /for the Ad-fiber model was lower than for the AP-fiber model, for all other
electrodes than the regular patch. Therefore, the area of selectivity was only investigated for the
electrodes developed for small fiber activation. Simulations were performed with 0.1 and 10 ms
rectangular pulses i both the x and y direction. The Aod-fiber model was mitially located directly
under the center of the cathode. If the activation threshold was lower than that of the AB-fiber model,

therdistance from the Ad-fiber model to the center of the cathode was increased in either the x ory
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direction. When the Ad-fiber model activation threshold became higher than that of the AB-fiber
model, the distance was decreased. The calculations were terminated when the difference m.agctivation
threshold between the AB-fiber model and the Ad-fiber model was less than 10 pA, corresponding to
the accuracy of the nerve fiber model. The area of selectivity was evaluated at three different
termination depths of the Ad-fiber model with the nerve fiber ending positioned at z= 21,61, or 101
um, all within the epidermis.

Furthermore, the strength-duration relationship was evaluated for rectangular pulses of 0.1, 0.5, 1,
and 10 ms duration, at 12 random spatial locations of'the nerve fiber models. TEe locations ofthe Ao-
fiber model were restricted to the calculated area of selectivity, as it was assumed that mamnly the
fibers within this area are activated with the small fiber preferential electrodes and thus are the main
contributors to the perception threshold. The locations for the AB-fiber model were randomly chosen
mn a horizontal radius of 600 um from the center of the cathode and at depths between 702-792 pum
corresponding to the middle of the dermis + 40 pm.. The, number of included locations were
determined by including one location at the time and evaluating:the change in the average activation
threshold of all included locations. No more locations were added when the change in the average

was less than 1 pA.

2.3 Experimental validation

Fifteen healthy volunteers (aged20-39)participated i the study. All participants gave written,
mformed consent according to the' Declaration of Helsinki, prior to participation. The study was
approved by the local ethics, committee (ref. no N-20180050).

Measurements of impedances, strength-duration curves, and reaction times were performed for all
five modeled eleetrodes.” The ‘subject was seated in the laboratory 10 minutes prior to the first
measurement in order to adjust to the environment. The skin was cleaned with alcohol wipes prior to
electrodesplacement. The electrodes for small fiber stimulation were placed on the volar forearm,

with the centet of the electrode 5 cm distal to the elbow joint. For the regular patch electrode, the
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center of the cathode was placed 5 cm distal to the elbow joint and the anode was placed 2 cm distal

to the cathode.

Impedances were acquired with the frequency response analyzer Solartron 1260 and the Selartron
1294 impedance mterface (Ametek Scientific instruments, Farnborough, USA), n a two-pomt setup.
The impedance was measured as the ratio of the measured voltage across thenelectrodes. when
applying a low amplitude (30 pA) constant sine wave stimuli (50 cycles), in the frequeney range of
10 Hz to 100 kHz, with 10 measurement points per decade.

The strength-duration curve can be used to describe the excitability ofthe-activated nerve fibers [41]—
[43]. The rheobase, defned as the stimulus mtensity required to ‘reach n&ve activation for an
mfinitely long pulse, and the chronaxie, defined as the pulse durationicorresponding to an intensity
two times the rheobase, differ between nerve fiber types [41], [44].. The strength-duration curves were
obtained through perception threshold determination of four/rectangular pulses, with durations of 0.1,
0.5, 1, and 10 ms [43]. The pulse durations and the order of the electrodes were randomized between
subjects. Rheobase and chronaxie values were subsequently estmated by Weiss law [45].

The perception threshold was determined through»a modified dmethod of limits, where the limits were
defined as three consecutive perceived or not perceived stimuli in four ascending and four descending
measures, respectively [43], [44]. The mter-stimulus, interval was randomized between 2.5 and 3.5
seconds. The stimulus intensity started at 0.1'mA and increased with 20 % until the subject by the
click of a button had indicated threenperceived stimuli at the same intensity. Then the intensity
decreased with 20 % until the subjéct had notiindicated perception for three consecutive stimulations
at the same intensity. For the following, three sequences the intensity was increased and decreased
with 12%, 8%, and 5% (see figuré 3). The final threshold was calculated as a weighted average of
ascending and descending lmits with weights corresponding to the inverse of the corresponding step

size.

Reaction times ‘wete recorded during threshold determination as an indirect measure of nerve
conduction,/ by instructing the subject to push a button as fast as possible whenever a stimulus was
perceivedsyThe 4x3 teaction time recordings, for consecutive perceived stimuli at the ascending limits,
for each pulsefand subject were mncluded for analysis (see red circles m figure 3). Reaction times

below 100'ms were discarded as results of anticipation or fast guessing. Additionally, reaction times
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above 1,500 ms were considered to be related to undetected stimuli or poor attention and were
discarded from further analysis.

Sequence 1 : Sequence 2 - Sequence 3 .- Sequence 4
QX - 12% . .
e S =
‘®m X -S%r.. » - |
< 04 . . . .
é . \ -
2 :
2 -
>
= 20%
S 02 °I.
|
|
|
|
0 - - >
0 9 39
Time (s)

Figure 3: Example of the modified method of limits used for. the determination of the perception threshold. A sequence
contained one ascending limit and one descendinglimit. The limits were defined as three consecutive felt or not felt stimuli
at the same intensity for ascending and descending limitsyrespectively. Squares indicate the time and intensity of the
stimulation and every square with a cross indicate'a perceived stimulus as the subject pressed the button. The green
squares indicate the limits used to estimate the perception threshold. The step size for sequence 1, 2, 3, and 4 were 20 %,
12 %, 8 %, and 5 %, respectively. The circled ascending limits indicate the stimuli for which reaction times were analyzed

further.

2.4 Statistical Analysis

Statistical analysis on the experimental data was performed using SPSS statistics (Version 24.0.
Armonk, NY: IBM Corp). The reaction time, chronaxie, and rheobase measures were non-normally
distributed and consequently /log-transformed prior to the statistical tests. A linear mixed model
analysis was performed for each of the three dependent parameters. The linear mixed model for the
chronaxie and theobase included the main effect of the electrode as a repeated fixed effect and a
random intercept for each subject. For reaction times the main effects pulse duration and electrode
were mcluded asrepeated fixed effects. The duration-electrode interaction was likewise set as a fixed
effect. "Asrandom intercept for each subject was included and the recording number for each of the 12

mcluded reaction times for each subject, pulse and electrode, were included as a repeated covariate.
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Additionally, to account for the difference between the dominant and non-dominant hand, the arm of
stimulation was introduced as a covariate. The autoregressive repeated-measures covariance. structure
was applied, as the data was expected to have homogeneous variance and imhomogeneous covariance,
meaning the variability of the measurements is constant, but the covariance between measures that
are close in time is larger than measurements far apart. For significant main effects,, pairwise
comparisons were performed, using Bonferroni correction for multiple comparisons. »A p-value, of

less than 0.05 was considered statistically significant.

3. Results

3.1 The electrical potential produced in the skin

All electrodes, except the regular patch, produced a substamtially higher electrical potential in the
epidermis than in the dermis and had a large drop in/ potential throughout the epidermal layer. The
mtra-epidermal electrode and the planar array glectrode additionally exhibited a drop in the electrical
potential throughout the dermal layer, which wasnot as pronounced for the planar array and the pin
electrode, see figure 4(A-F). The intra-epidermal clectrode produced the highest electrical potential
in the epidermis (13.87 V) and additionally nexpressed the largest drop in potential in both the
epidermal and dermal skin layer, see figure 4(A).
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Figure 4: The distribution ofthe electrical potential within the stratum corneum, epidermis and dermis, for
the.five electrodes. Electrical potentials (A, B, C, D, E) are normalized to the maximum potential observed
in thexmiddle of the epidermal layer. F, shows the drop in the electrical potential through the skin (not
normalized), at a straight line under the cathode. The electrical potential underneath the intra-epidermal
electrode starts in the epidermis at a skin depth of 30 um, andnot at the stratum corneum, due to the needle
penetration.
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3.2 Electrode and skin model impedance

To validate the finite element model of the skin and electrode-skin mterface, experimental
impedances were acquired for fiequencies between 10 Hz and 100 kHz (see figure 5). Due to. noise;
the 50 Hz data were discarded. The electrode-skin interface can be viewed as a parallel capacitance
and resistance, in series with the bulk impedance between the anode and cathede, resulfing in
decreasing impedance with increasing frequency [46] (see figure SF illustrating theimpedance
contribution of the inter and skin to the total impedance). At low frequenciestmamly, the electrode
resistance can be observed as a constant impedance (particularly visible for the pm electrode, figure
5(C)). With increasing frequency, the electrode capacitance becomes more andsmore dominant in the
impedance spectrum (visble for all electrodes, figure S5(A-E). ¢At the highest frequencies, the
electrode capacitance is shorted and the bulk impedance, which is considered mainly resistive,

becomes visible in the spectrum (best shown for the patch eleetrode, figute 5(E-F)).

The impedances calculated by the computational model followed the same pattern as the
experimentally obtained impedances and were for the/most part within one standard deviation of the
experimental data. However, the planar coneentric electrode model slightly overestimated the
impedance, and the planar array model primarily underestimated the bulk impedance. Measured
impedances for the patch electrode ranged between 450 €, reflecting the bulk skin impedance, and
170k Q, reflecting the impedance of the anode and cathode. This was the lowest observed impedance
spectrum for all the electrodes. For the pin, planar concentric and planar array electrodes the
impedances were similar across thedrequency spectrum and in the kQ- MQ range. The Pin electrode
did however, exhibit lower impedarQe than the planar concentric and planar array electrodes at the
low frequencies. The intra-epidermal electrode had the highest impedances (15k Q -14MQ).
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Figure/5: Experimental (mean and standard deviation) and model impedance magnitude of the five different electrodes
in the frequency range from 10 Hz to 100 kHz. A) Impedance response of the intra-epidermal electrode. B) Impedance
response of the planar concentric electrode. C) Impedance response of the pin electrode. D) Impedance response of the
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planar array electrode. E) Impedance response of the patch electrode. F) Modelled impedance response for the patch
electrode, illustrating the contributions ofthe interface impedance and the skin impedance to the total impedance.

3.3 Strength-duration curves

The nerve fiber models were activated at the nerve fiber ending, when stimulation was. provided through

electrodes preferential for the specific fiber type (Ad-fiber model: small area electrodes;AB-fiberimodel: patch
electrode). The normalized strength-duration curves showed the model predictionsto lie within one
standard deviation of the experimental data, for most of the pulse durations, for all €lectrodes (figure
6(A-E)). The model predictions for the regular patch electrode were slightly_underestimated, most
pronounced for the 0.1 ms pulse duration. Rheobases and chronaxies were estimated by Weiss law
and are listed in table 3 (see coefficient of determination values in supplementary table S5). The
theobase values of the electrodes designed for small fiber activation were all significantly smaller
than for the regular patch electrode (p < 0.01). The chronaxie values for the small fiber electrodes
additionally depict a wider mnterquartile range (IQR)wthanythe patch, however no significant
differences in chronaxies were found between any ofthe electrodes (p=0.764).

Table 3: Median and interquartile range (IQR) forrexperimental and model estimations of rheobase, and chronaxie for
each of the electrodes.

Electrode Rheobase mA,| Computational Computational Chronaxie us
(IQR) model Rheobase mA | model Chronaxie | (IQR)
(QR) ps (IQR)

Intra- 0.168 (0.11 1-0.205)\0.1302(0.057-1.037) 654 (210-1,527) | 750 (496-1,223)
epidermal

Planar 0.222 (0.104-0.310) | 0.0425 (0.026-0.157) | 723 (614-776) 711 (319-1,310)
concentric

Pin 0.107 (0.090-0:146), | 0.092 (0.088-0.201) | 869 (741-976) 599 (416-1,375)
Planar array | 0.151/0.116-0.237) | 0.689 (0.373-0.730) | 533 (415-645) 756 (434-1,275)
Patch 0.381(0.334-0.412) | 0.210 (0.206-0.217) | 461 (432-467) 687 (544-762)
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Figure 6: Avérage of the experimentally obtained and modeled strength-duration curves (SD-curves) normalized to
rheobase, for all electrodes. The modelled nerve fiber for each electrode correspond to the nerve fiber model for which
the electrode achieved the lowest activation threhsold, and thereby the nerve fiber population that is preferentially
activated for the specific electorde. Evror bars indicate standard deviations across subjects for the experimental data and
standard deviations across nerve fiber locations for the modelling results. A) SD-curve for the intra-epidermal electrode
and Ad+fiber model. B) SD-curve for the planar concentric electrode and Ad-fiber model. C) SD-curve for the pin
electrode and Ao-fiber model. D) SD-curve for the planar array electrode and Ao-fiber model. E) SD-curve for the patch
electrode and AS-fiber model.
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3.4 Area of selectivity

The area for which the electrodes are selective for activation of Ad-fibers is depicted i figure 7. With
a 10 ms stimulation pulse the area of selectivity was largest for the planar array (2.69 mi)»and the
pin (1.14 mn?) electrode, due to the multiple cathode design, where each cathode produced a selective
area of activation of 0.22 mn? and 0.08 mn?, for the planar array and pin electrode, respectively.
With a 0.1 ms stimulation pulse the planar array was not selective for Aod-fibers at any location.
Additionally, the area of selectivity produced by the planar array electrodewas sestricted to the
superficial part of the epidermis (z=21 um) and was no longer present in the middle of the epidermal
layer (z =61 um). The pin did produce an area of selectivity in the stperficial layer for the 0.1 ms
(0.04 mm?) pulse and the middle of the epidermis for the 10 ms pulse (0.17 mm?). However, for the
0.1 ms pulse condition the area of selectivity produced by the pmn was smaller than the areas produced
by the intra-epidermal (0.12-0.13 mm?) and planar concentriceelectrode (0.16-0.32 mm?). For the 10
ms stimulation pulse the intra-epidermal and planar concentric electrode produces areas of Ad-fiber
selectivity of 0.16 mm? and 0.64-0.81 mm?, respectively,” None of the electrodes were selective at the
deep fiber location i the epidermis (z =101 pm). y

The intra-epidermal electrode generated the smallestharea of selectivity, however the ratio between
the activation thresholds of the nerve fiber _models,  were highest for this electrode (15-200.7). The
maximum ratio for the planar concentric, pmy and planar array electrode were 11.6, 3.44, and 1.42,

respectively.

Increasing the pulse duration incréased bothithe activation ratio and the area of selectivity for all
electrodes. The largest increase«in selectiveé area was observed for the planar array electrode (2.69

mn?), while the largest increase i ratio was observed for the intra-epidermal electrode (303 %).
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Figure7: Area of selectivity and current activation threshold ratio between the current activation thresholds ofthe large
ApP-fiber model and the current activation threshold ofthe small Ao-fiber model, for small area electrodes. A ratio above
1 indicates selectivity for Ad-fibers. Columns vepresent 0.1 and 10 ms rectangular stimulation pulses, while rows
represent the depth (z) of the location of the Ao-fiber model.
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3.5 Reaction time

Reaction times were acquired 'during the estimation of the perception threshold (see figure 8). All of
the electrodes designed for small fiber activation had longer reaction times than the regular patch
electrode (p <0.001):The reaction times for intra-epidermal stimulation was significantly longer than
for the other electrodes (p <0:001). The planar concentric electrode exhibited significantly longer
reaction times than the'planar array electrode (p < 0.001), but neither the planar concentric nor the
planar array electrode had reaction times significantly different from the pin electrode. An effect of
pulse duration was found between the shortest 0.1 ms and longest 10 ms pulses, where reaction times
for the ‘short pulse on average was 15 ms faster than for the 10 ms pulse. No interaction effect was

found between the electrodes and the pulse durations (p = 0.466).
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4. Discussion

Preferential small fiber activation by electrical stimulation was mvestigated through the development
of a finite element model of the skin and the electrode-skin interface, in combination with'nerve fiber
models of an Ad-fiber and an Ap-fiber. The results of the computational models predicted all
electrodes except the regular patch to be preferential for small fibers, however, not to.the same degree.
The mtra-epidermal electrode produced a higher current density in the epidermal layer and less
current spread to deeper tissues than the other electrodes. This profile of the eleetrical, potential in the
skin led to a higher threshold ratio between large and small fibers for the ‘intra-epidermal electrode,
suggesting this electrode type to be the most preferential electrode for small fibers:"However, the area
of preferential activation in the superficial epidermis was smaller #or the intra-epidermal electrode

than for the planar concentric and pin electrode.

The computational model was validated through impedance, measurements, assessments of

perception thresholds, and reaction times.

4.1 Preferential small fiber activation

The mtra-epidermal, planar concentric fand. pin electrodes have previously been found to elicit
pinprick like sensations, indicating Ad-fiber activation [8], [9], [18]. These findings agree with the
present computational model that predicts the electrodes to activate small fibers at a lower intensity
than large fibers. However, the preferentialy activation of small fibers has been greatly debated for
these electrodes. Katsarava et al [47]found /the pnprick sensation and the evoked potentials, elicited
by the planar concentric electrode, to’be abolished after application of local anesthetics, mainly
affecting small fibers. Onithe contrary, La Cesa et al [16] found that the pinprick sensation was only
reduced after capsaicin-induced netve fiber denervation and the latency of evoked potentials was not
altered, indicating that concomitant activation of AB-fibers occurs even at low stimulation intensities,
slightly over perception threshold. Mouraux et al [7] similarly, found the mtra-epidermal electrode
to concomitantly activate'a substantial degree of AB-fibers when the stimulation intensity increased
above two times perception threshold. Furthermore, latency findings of evoked potentials elicited by
the planar,coneentric electrode are conflicting as they have been found to both be within the Ad-fiber
range [47], [48] and to be too short for Ad-fiber activation [14]. The present study suggests that the

planar concentric electrode is Ad-fiber preferential, as the Ad-fiber model needed less current to
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activate than the AB-fiber model and as the reaction times were significantly longer for the planar
concentric electrode than for the regular patch electrode. However, some Ap-fibers may lie more
superficial in the dermal layer and consequently, a small proportion of AB-fibers could be activated
at lower intensities, which may account for shorter evoked potential latencies, despite the pmprick
sensation. Additionally, it is important to notice that the presented model is @ single fiber model,
however to achieve perception, single fiber stimulation is not sufficient [49], {50]. Consequently,
nerve fibers in the present model are to be considered as principal represemtations of a larger

population of similar nerve fibers.

4.2 Effects of electrode design

Common for all the electrodes for small fiber activation is the small, area/cathode(s), which has been
shown to be important for generating a high current density in the epidermal layer and thus for the
preferential activation of small fibers, as these terminates.in the epidermis [13]. Of the electrodes
mvestigated in the present study, the intra-epidermal (electrode had the smallest contact surface area
for the cathode and generated the highest electrical potential‘in the epidermis as well. It is however
important to notice that the smaller the cathode area is, the more sensitive the electrode will be to the
relative nerve fiber location and the larger therimpedance. Assuming that the smaller the cathode the
more preferential the electrode is for small fibers; the pin electrode should have the second-highest
ratio between activation thresholds of'the two nerve fiber models. However, this was not the case.
The planar concentric electrode had a larger cathode area than the pin and planar array electrodes, but
still generated a higher electrical potential’ in the epidermis and produced a higher ratio between
activation thresholds for the AB-fiber and Ao-fiber models. This is likely due to the anode-cathode
distance, which is shorter for the planar concentric electrode (2.25 mm), than for the pin (6 mm) and
the planar array (7 mm) electrodes: A small distance between the cathode and anode limits the current
spread to deeper tissues [9], [11] which can explain why the planar concentric electrode is more
preferential for small fibers than the pin and planar array. Additionally, the anode area differs between
the electrodes, . which may be a contributing factor to the difference of the electrical potential produced
within the dermis for the pin and planar concentric electrodes. The planar concentric electrode has a
steeper.decrease,of the electrical potential within the dermis than does the pin electrode, limiting the
amount, of current reaching the AB-fiber model. This could explain the larger activation ratio for the

nerve fiber models observed for the planar concentric electrode compared to the pin electrode. The
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limited current spread to deeper tissues may also be the basis for the larger selective area produced in

the middle of the epidermis by the planar concentric electrode compared to the pin electrode:

The intra-epidermal electrode was the only investigated electrode with a needle shape. This. shape has
been shown to be able to target nerve fibers at the needle depth and a few micrometers deeper,
however, it is crucial that the electrode is long and sufficiently sharp to just penetrate the resistive
stratum corneum [20]. Penetrating the stratum corneum will decrease the impedance ‘and provide the
possibility to have a very small cathode area and as mentioned produce.a higher electrical potential
in the superficial epidermis. It is however difficult to know exactly how much\the needle penetrates,
and penetration depth will vary, as the thickness of the stratum corneum varies both between body
regions and between subjects [33], [35]. The stratum corneum ‘deminates the skin impedance in the
low frequency range until frequencies of about 1 kHz [51], and the inflience of the stratum corneum
on the net electrode impedance depends on the needle depth, as the depth determines the contact area
of the electrode. The difference in experimentally asseéssed mpedance and model predictions for the
intra-epidermal electrode may thus be due to the actual ability of the needle to reach viable tissue. If
the needle, experimentally, did not reach 10 yum, down the epidermis, the stratum corneum would
contribute more to the net impedance and in particular, at lower frequencies the impedance would
become higher.

4.3 Area of preferential small fiber activation
N

In the present study, the needle shape and resulting small cathode-skin contact of the intra-epidermal
electrode, limited the area of preferential activation compared to the other electrodes, but made it
possible to target smallifibers in.both the superficial and middle part of the epidermis. This is in
agreement with thesfindings ‘of Motogi et al [20], who additionally showed that the stimulation
volume would become deeper and narrower with an increased penetration depth of the electrode. The
narrow area of activation’ makes the electrode sensitive to actual nerve fiber location and limits the
reproducibility and the practical use of the electrode, which corresponds to the practical experience
with having “to,be moved the electrode around to achieve a reasonable perception threshold. There
seems to be a tradeoft between the area of activation and the effective ratio between large and small

fiber activation thresholds. The intra-epidermal electrode has a high ratio, but a small area of
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activation, while the planar array electrode has a large activation area, but a low ratio between
activation threshold of the large and small fiber models which limits the range of stimulation

mtensities that can be used for preferential small fiber stimulation.

4.4 Increased preferential activation of small fibers by stimulation pulse

~
Another approach to increasing the ratio between the activation threshelds of large and small fibers

could be to increase the stimulus duration. The computational model prédicted the nerve fiber
activation ratio to increase with increasing pulse length, which is,in agreement with the results of
Hugosdottir et al [52] and Jonas et al [53], who showed that long,duration current stimulation was
able to increase the perception threshold ratio of the patch and pin electrodes. The ratio did not only
increase for longer stimuli, but also for pulse shapes with a slow#rise time [52]. This approach takes
advantage of the differences i voltage gated iotnchannel ' distribution between nerve fiber types [21],
and the phenomenon of accommodation for large fibets. Accommodation is defined as an increase in
activation threshold for a mamntained/local potential and can be achieved through a slow
depolarization of the membrane which leadsto,sodum channel mactivation [42], [54]. It may thus be
important to combine the electrode design with special stimulation currents to maximize preferential

activation of small fibers.

4.5 Experimental validation

The model implemented electrical’ properties for the skin and electrode-skin interface were able to
predict the measured electrode impedances within one standard deviation for most of the electrodes.
For the planar afray electrode the model impedance of the high frequencies were underestimated
compared to the experimentally obtained impedances. The contact area for the planar array electrode
was higher| than the planar concentric electrode due to the multiple cathode design and was thus
expectedto have adower impedance than the planar concentric electrode. The high impedance for the
planar array electrode may be due to difficulties in achieving good contact between the skin and the

electrode, ‘and perhaps not all cathodes have been in contact with the skin making the total cathode
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area smaller and thus increasing the impedance. This could additionally explain the model
underestimation of impedance for the planar array electrode. The computational model predicted all
other electrodes than the regular patch to be able to activate small fibers at lower intensities_than large
fibers. Additionally, the experimentally measured reaction times indicate that the electrodes designed
for small fiber activation activate slower conducting AJd-fibers to a greater €xtent thamithe patch
electrode, which is known to preferentially activate AP-fibers. The interquartile, range of assessed
reaction times for the small cathode electrodes was 317-476 ms which is within the.range of Ad-fibers
(300-650 ms [19]), while the reaction times interquartile range for the patch electrode was 271-404
ms, which in fact is containing longer reaction times than expected for the é[}-ﬁbers (< 300 ms).
Reaction times are influenced by a lot of different processes and depend.on the nerve fiber conduction
velocities as well as the attention to the stimuli and the decision processing®and the motor execution
[55]. These are all factors that cannot not be neglected are notieasily ‘controlled, why especially
cognitive aspects may have had an influence on the recorded reaction times. We did however try to
minimize the attention factor by randomizing the order of the electrodes to even out possible attention
drop throughout the experiment and we likewise included several breaks enabling the subjects to keep
focus on the stimuli throughout the experiment. Reaction times additionally, become faster with
increased stimulation intensity [56], likely due toa faster decision processing of the signal. This may
explain the relatively long reaction timeS vas.the stimulation intensities used were low, around the
perception threshold. Additionally, the rheobase was lower for the electrodes designed for small fiber
activation compared to the regular patch. However, the chronaxie values were not significantly
different between electrodes, which/ would mean the strength-duration curve is only shifted vertically
and the targeted fiber types didsmotihave different excitability. The difference in rheobase may be
explained by the difference in electtode limpedance and thereby the cathode area. This would however
contradict previous findings by Hennings et al [43] and Hoberg et al [44] who showed the pin and
patch electrodes to exhibit differenceés in both chronaxie and rheobase. The reason that no significant
difference was foundrin the present study may be due to the patch configuration used. The anode in
the patch setting #vas smaller and positioned closer to the cathode than in the previous studies, which
may have decreased the current spread in the skin to an extent where a more mixed population of
nerve fibers have been activated and resulted in a shift of the strength-duration curve towards less

excitabilitys This may likewise explain the long reaction times seen for the patch electrode.

4.6 Model limitations
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The skin was considered homogeneous i order to simplify the model, but in fact the skin is a highly
heterogeneous structure and skin appendages such as sweat ducts can have a large influence» on the
current spread as they are highly conductive [57]. Current flowing through a sweat duct would result
in a decreased perception threshold and a current spread to deeper tissues, increasing the possibility
of activating large fibers. The nerve fiber models were activated at the tip or at the' first nodeof ranvier
for all electrodes, which is likely the reason why, the models were able to predictrexperimental

outcomes despite the mentioned model simplifications.

5. Conclusion

A skin and nerve fiber model was mmplemented for comparing, surface electrodes. The model
predicted the intra-epidermal electrode to be the most preferentialy for activating small nociceptive
fibers, which is likely due to the needle shape and the short cathode-anode distance. Even though the
needle shape was beneficial for achieving a large ratio bétween "activation thresholds for large and
small fibers it was highly sensitive to nerve fiber location’ as the produced area of small fiber
selectivity was limited. Consequently, the electrode may have to be moved around to find a reasonable
threshold, which introduces an obsernyversubjectivity to the measurements, why it would be
recommended to use either more than oneintra-epidermal electrode or use multiple cathodes
electrodes. The developed model may:be used for electrode optimization to achieve both substantial

preferential activation of small fibets and high usability.
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