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Abstract

Objective: Electrical impedance tomography (EIT) is capable of imaging fast.compound
electrical activity (Compound Action Potentials, or CAPS) inside peripheral nerves. The
ability of EIT to detect impedance changes (dZ) which arisé:from the opening of ion channels
during the CAP is limited by the dispersion with distance from the site of‘onset, as fibres have
differing conduction velocities. The effect is largest for autonomic nerves mainly formed of
slower conducting unmyelinated fibres where signals.cannot be recorded more than a few cm
away from the stimulation. However, as CAPs are biphasic,"menophasic dZ are expected to
be detectable further than them; testing this hypothesis was.the main objective of this study.
Approach: An anatomically accurate FEM meodel and simplified statistical models of 50-fibre
Hodgkin-Huxley and C-nociceptor nerves were developed with normally distributed
conduction velocities; the statistical models were extended to realistic nerves. Results: 50-
fibre models showed that dZ could persist further than biphasic CAPs, as these then
cancelled. For realistic nerves consisting of Aa or Ap fibres, significant dZ could be detected
at 50-cm from the onset site with signal=to-noise ratios (SNR, mean + s.d.) of 2.7+0.2 and
1.840.1 respectively; Ad and rat sciati¢ nerye — at/20 cm (1.6+0.03 and 1.6+0.06), rat vagus —
at 10 cm (1.620.05); C fibres —at. 142 cm (2.4+0.02). Significance: This study provides a
basis for determining the distance over which'EIT may be used to image fascicular activity in
electroceuticals and suggests dZ'will persistfurther than CAPs if biphasic.

Keywords: Dispersion in nerve, Electrical impedance tomography (EIT), Finite Element Method (FEM), model of the nerve

1. Introduction

Electricaldmpedance Tomography (EIT) allows imaging of
impedance changes (dZ) in neural tissue which arise from the
opening of ion channels over milliseconds [1]-[6]. It has the
potential to be used in neuroprosthetics [7] and the new area
ofielectroceuticals [8], [9]. This latter aims to treat disease by
electrical stimulation of autonomic nerves. EIT with a

XXXX-XXXX/ XX/ XXXXXX

cylindrical nerve cuff offers a novel means to image the
compound action potential (CAPs) in fascicles within
autonomic nerves and so provides a method to avoid off-target
effects by selective stimulation of identified fascicles.

In Electroceuticals in humans, one aim might be to
undertake fast neural EIT with a cuff around the cervical vagus
nerve and modulate activity in abdominal organs which could
be one metre distant. Fast neural EIT relies on imaging of
impedance changes over time and so the differences over
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milliseconds during the CAP. Dispersion has the effect of
smoothing out these differences and so poses a challenge for
recording EIT images in relation to the CAP in
Electroceuticals.

1.1 Dispersion in nerves

Due to variability in sizes of fibres in nerves and
proportionality of conduction velocity to the fibre diameter
[10], propagation velocities of individual fibres vary. As a
result, the amplitude of the compound action potential being
an aggregate sum of all individual action potentials decreases
along the nerve following its initiation; this is commonly
defined as temporal dispersion [11]-[15] (Fig. 3).

The effect of dispersion is much greater in small diameter
unmyelinated nerves. It has mainly been studied in peripheral
nerves consisting of mainly large myelinated fibres because
they produce signals of higher magnitudes and possess lower
stimulation thresholds [16], [17]. For example, there was a
36% reduction in the compound action potential when
stimulating the human ulnar nerve at above-elbow and wrist
regions and recording at the fifth digit [12]. In [14] and [15],
large human peripheral nerves including median, ulnar,
common peroneal and tibial were stimulated and compound
motor action potentials were recorded a few tens of cm away
from the stimulus. These studies showed only a small
amplitude and area decay which were in the range of 5-45%
per meter of nerve length. In contrast, in the olfactory nerve of
the cat [11] which comprises mainly small unmyelinated
fibres 0.1 — 0.5 pm in diameter, CAPs could not be recorded
further than 2.5 mm from the stimulation site. Innvagal C
fibres, there was a > 50% decrease at 4 mm from the point of
activation [18].

1.2 Fast neural EIT

Similar to traditional EIT, fast neural/ EIT is able, to
reconstruct an image of change in conductance of a tissue by
injection of electrical currents and recording surface voltages
[2]. Fast neural EIT has been shown to be capable of imaging
fast changes in the somatosensory cortex of the rat [1] and was
successfully applied to rat sciatic nerve in vivo to obtain real-
time images in its tibial and peroneal fascicles [2]. For this,
the posterior tibial and common: peroneal nerves were
electrically stimulated anddhe activity was recorded with the
flexible multi-electrode cuff-placed on'the main sciatic nerve
trunk few centimetres/away from_the:site of stimulation. The
spatial and temporal resolutions of the images were 100 um
and 0.3 ms respectively which-were shown to be better than
those obtained fusing inverse-source analysis. The results
presented in that\study served as a proof of concept and
demonstrated the highs-potential of fast neural EIT to image
inside nerves at a fascicular level.

However,about half of the fibres in the rat sciatic nerve are
myelinated [6], [19] with larger diameters and conduction

velocities and therefore they occupy the majority of the nerve
cross-sectional area. Only these large fibres were imaged in
[2] because they had lower activation thresholds and
significantly lower levels of dispersion in comparison to the
unmyelinated ones (for detailed explanation see 1.3 below).

1.3 Implications of dispersion for Fast' neural EIT

Using EIT for imaging inside,autonomic,nerves is more
challenging as there is a lower signal=to-noise ratio. This has
motivated the development of numeric models of ion:channel
opening and the consequent impedance changes in peripheral
nerve with the aim of suggesting»optimal electrical and
geometrical parameters for EIT duringthe CAP. These have
so far been published for unmyelinated giant squid axons with
Hodgkin-Huxley (HH)_ion’channels [20] and mammalian C
nociceptors [21] with up<t0~ 8 identical fibres with
simultaneously initiatedaction potentials (AP) [22]. However,
real autonomic nerves such.@s the cervical vagus nerve
comprise thousands of similar small fibres. More than two-
thirds of those are. unmyelinated in mammals [23]-[26] and
humans [27];[28]; these have slow conduction velocities (CV)
of about +0.5-2 m/s:[29]. These fibres have differing diameters
and so‘CV. This causes dispersion of action potentials along
the nerve during propagation. Consequently, it is challenging
to record a signal of sufficient amplitude when moving away
from a'point of stimulation, and this effect is proportionately
greater for.unmyelinated fibres than faster conducting fibres.
For example, in rat sciatic nerve, significant impedance
changes could only be recorded in fast fibres with low
dispersion more than 5 cm from the onset site [2]. Impedance
measurements in the walking leg nerve of the crab which are
unmyelinated [30] also demonstrated high dispersion with the
possibility of CAP recording only up to 1.6 cm from the
stimulus. In addition, only fast fibres were possible to be
imaged with fast neural EIT in the rat sciatic nerve experiment
[2] while the activity of C fibres was not visible.

In spite of this issue, there is potential for EIT to image
unmyelinated fibres at greater distances than the CAP. This is
because extracellular action potentials of individual fibres
may be expected to disperse sooner than the related impedance
changes. This is because CAPs are usually biphasic or
triphasic [31]-[34] so they cancel when separated by
dispersion. This effect may be expected to be much less for
impedance changes which are mainly monophasic [2], [4]; in
principle, therefore, dZ should decrease slower than CAP.

We have explored the possibility of recording dZ further
than CAPs by developing 3D FEM computational models
comprising 50 fibres with HH [20] or C nociceptor [21] ion
channels with normally distributed sizes and propagation
velocities. These models were bi-directionally coupled with
the external space which allowed injection of electric current
via external electrodes and simultaneous external recording at
various distances down the nerve. Simplified statistical
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models matching the accurate ones were developed to
accelerate computations and allow dZ simulations of complex
nerves with > 10k axons. If computationally optimised, the
developed accurate 3D FEM models could be extended to up
to thousands of fibres with various geometrical and electrical
properties and with the addition of connecting tissue. Such full
3D models would be a valuable tool for simulation of nerve
behaviour in normal or abnormal conditions and under
different external stimuli.

1.4 Purpose

The purpose of this study was to investigate the impedance
change behaviour in complex compound nerves relative to
CAP. A specific interest was to test the hypothesis that
impedance changes can be recorded further down the nerve
from the site of its stimulation than the CAP.

Specific questions addressed in this study were:

1. Isitpossible to record dZ further than CAP?

2. Are there differences between models in the effect of

dispersion on dZ?

3. What s the largest distance from the site of stimulation

at which dZ can be recorded ?

a. for nerves consisting of Aa, AB, Ad and C fibres;

b. for realistic nerves such as the right vagus and
sciatic nerves of the rat.

2. Methods

2.1 Experimental Design

The study was accomplished by development of 3D fully
coupled models of nerve comprising 50 active fibres with
normally distributed conduction velocities: giant axons of the
squid [20] or mammalian C nociceptors [21]. These models
were based on previously developed accurate active models of
single fibres coupled with external space [22]. They utilized
the finite element method (FEM) approach_and. were built in
COMSOL Multiphysics software (COMSOL\nc, USA) in
conjunction with MATLAB using LiveLink forr MATLAB
interface. Due to the different,size of the axons involved,
diameters of the nerve models and circumferential electrode
rings were 2.4 and 0.01 cm forsthe HH»and\C fibre models,
respectively. The width of the electrode rings was adjusted
accordingly to 100 and 5um respectively (Table I). Although
a nerve diameter of 24w=cm nerve exceeds the human
anatomical range, it neéded to be thisilarge to contain 50 giant
axons of the squid, each having 1 mm diameter. Such a nerve
model is computationally efficient and is a useful basis to
answer the questions about.dispersion stated above.

Realistic EIT experimental conditions were simulated in
which a linear electrodearray was used for dZ measurements
[3], [35]./This enabled calculation of action potentials and
impedance changes by external electrodes along the nerve in
order to explore'ifthe initial hypothesis were supported. The

detailed models were complemented with simplified statistical
models which allowed dZ of much larger nerves with >10k
axons to be simulated without extensive computation; these
were still in good agreement with the 3D»FEM models.
Statistical models were based on the histological studies
which provided morphological properties offibres and. their
conduction velocities. Measurements with/FEM madels were
accomplished using direct current; alternating current was
added in the statistical models. The reason was that
simulations at DC demanded significantly smaller. time to
compute: 8 hours per single simulation vs 20chours forthe 225
Hz AC case; this time increased with increasing frequency
because of the appearanceof transient effects and their
interaction with the active membrane.AViodelling [22] showed
that the dZ reached maximum at DC and no differences in
biophysical origin of /dZ recorded using AC or DC were
observed.

2.2 Model setup

a. Accurate FEM models

The eurrent modelsiincluded 50 1-dimensional active nerve
fibres.and @.3D extracellular space bi-directionally coupled
together. The developed coupling feedback system allowed
simultaneous recording of intracellular action potentials and
extracellular/field created by the membrane currents and the
injected current [22]. The fibres were simulated as cables with
active voltage-dependent experimentally validated ion
channels using either Hodgkin-Huxley model of the giant
axon of the squid or mammalian C fibre with 10 active ion
channels and voltage-dependent ions’ concentrations [21].

The interaction between fibres was omitted as it was shown
to not significantly affect the measurements [22]. The external
space was represented as a cylinder with a uniform electrical
conductivity of the extracellular medium of 10 mS/cm [36].
EIT current (Table 1) was injected and the resultant voltage
was recorded by means of external electrodes. The mesh of
HH and C fibre models comprised 1.6M and 530k tetrahedral
elements, respectively.

The main equations and electrical parameters of the models
can be found in [22] and in the appendix. The external field
was simulated with volume conduction Poisson’s equation;
the current was injected as a constant flux through the ring
electrodes. Stimulation of the fibres was implemented via the
inclusion of an activating function into the main equations of
the nerve fibres. Membrane currents flowing out of the fibres
to the external space were represented as a normal flux
through the boundaries of the modelled axons.

Fibres were uniformly distributed inside the insulated
cylinder with the diameter depending on the type of fibres
(Table 1). The size of the cylinder defined the diameters of the
electrodes as well as the amount of the external space (Table
1, Fig. 1). Impedance of the electrodes did not affect the
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measured dZ because a 4-electrode measurement paradigm
[37] was used for time-difference single impedance
measurements [38].

Dispersion was implemented by normally distributing
propagation velocities of the fibres by randomizing their
intracellular resistivities. Their mean values were taken from
the developed validated models: 0.05 kQ-cm and 0.02 kQ-cm
for the model with HH axons, and 0.0354 and 0.01 kQ-cm for
the one with C fibres (Table I) [20], [21]. Standard deviations
were chosen to have a significant visible dispersion along the
modelled lengths of the nerves (60 cm for HH and 2 cm for C
fibre, Table 1) and so that it is similar to experimental
recordings [39], [40] (Table 2).

< HH axons
. _
&
C fibres
- N
n
b
&
N
X z

@) I—»z () I—” ©

Fig. 1. (a) 3D geometry of the developed 50-fibre models with
normally distributed conduction velocities (Table 2). The AP was induced
at the end simultaneously for all the fibres; the current was injected via
two external electrodes (blue) and the electric:field was recorded by an
external electrode (green) locatedibefore the injecting ones with respect to
ground. Four sets of electrodes. were,used to/record impedance change
accompanying action potential propagationt(Table 1).

(b) Example of tetrahedral FEM mesh used in the models (Methods,
2.1).

(c) Side view of the uniform distribution of the fibres used in the
models.

For each model; four sets of electrodes were placed along
the nerve;each set consisted of two injecting ones through
which the constant small direct current not affecting the
membrane ‘was applied: 30 pA (40 pAlcm?) for HH and 6.3

nA (4 mA/cm?) for C-fibre nerves; the recording electrode
used for measuring the resultant external voltage in respect to
ground (Fig. 1). Impedance changes recorded at DC have been
shown to have the largest values and the same, physiological
nature as the AC ones [22], so they provided a good starting
point for simulations. Electrodes had diametersiof 2.4 em.and
0.01 cm and widths of 0.1 cm and 5 um for models with HH
and C axons respectively (Table I). This large electrode
diameter for the HH axons was‘chosen to accommodate all
giant squid axons (d = 1 mm) inside itand so thatthe packing
density would be similar to the nefve with-C:fibres (Fig. 1).

TABLE 1
MAIN PARAMETERS OF THEFFEM MODELSWITH 50 FIBRES
Parameter HH model C fibre
Fibre diameters 1'mm 1pm
- \
Diameter qf the electrodes? 24em 0.01cm
surrounding volume, Dy
Width of the electrades, He 0.1cm 5pum
Length.of the nerve 60 cm 2cm
Number of electrodes sets 4 4
Distances of electrodes sets from 10, 19, 25, 0.4,08,1,1.4
stimulation point 35cm cm
Injected EIT current 30 A 6.3nA
Distance between recording and
injecting electrodes in each set, Axg 0.2cm 0.01cm
Distance between injecting
electrodes in each set, Ax; 0.5cm 0.002 ¢cm
Intracellular resistivit 0.05:0.02 0.035420.01
Y kQ-cm kQ-cm
Conduction velocity (1) 15+2.8 m/s 0.60.07 m/s
Scaling coefficients of single fibre 16 100

signals for simplified models

The location of the recording electrode in each set was at
10, 19, 25, 35 cm from the activation point for the HH nerve
and 0.4, 0.8, 1, 1.4 cm for C fibre nerve; distances between
recording and injecting electrodes (Axg) for HH and C fibre
cases were 0.2 and 0.01 cm; distances between injecting
electrodes (Axg) were 0.002 and 0.5 cm respectively (Table
1). The action potentials were initiated simultaneously at the
end of the nerve.

The COMSOL model files saved in Matlab format are
provided in the EIT-lab GitHub repository at
https://github.com/EIT-team/Dispersion-modelling as well as

on the Physiological Measurement website.

b. Signal processing

Two simulations with and without current injection were
done for each location of the electrode sets. Each simulation
lasted 40 ms for HH and 30 ms for C fibre models. Overall, 4
electrodes locations - 2 states = 8 simulations were done for
each type of the nerve. The process of dZ extraction was
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identical to the ones utilized in recent studies [2], [22]. In case
of DC injection which was performed in the current study
(Fig. 2), it included a) subtraction of the signals with and
without the injected current to eliminate action potentials but
preserve impedance change and b) subtraction of the mean
baseline voltage in order to express the impedance change in
terms of absolute voltage change in pV. If percentage values
were needed, normalization of the obtained absolute dZ was
done.

.
[

- | - ‘ dz, %/pv
\

/

Fig. 2. Signal processing utilized to extract impedance changes (dZ)
from the recorded voltages, similar to [22]. The AP signal without the
injected current was subtracted from the one with the injected current; the
mean baseline voltage was subtracted to express the signal as a change of
voltage; if percentage values were needed, the resultant signal was
normalized.

The dZ could be expressed in pV because the constant
current was injected and the phase shift between the current
and the measured voltage is close to zero [41]. Thus, voltage
traces in Fig. 2, Fig. 5 and Fig. 6 are referred to as dZ as they
signify impedance changes and can be directly compared with
dZ expressed in percent [22].

The negative integral areas under the CAPs and dZ curves
recorded by each electrode set were calculated to compare the
effect of their cancellation due to dispersion. Because the
absolute values of these areas had different orders of
magnitude and in order to compare their behaviour; they were
normalized in respect to the ones at the shortest computed
distances (Table 1): 10 cm for HH and 0.4.cm for C fibre
models.

c. Simplified statistical models of 50-fibre nerves

50-fibre fully coupled FEM models\ were  very
computationally intensive, a simplification avas developed in
order to obtain necessary statistics for‘calculation of the
desired area under the CAP and dZ curves. CAP and dZ
signals were obtained at the same.distances from stimulation
point as in the developed FEM 'model (Table 1) by
summarizing 50 units of AP and dZ signals simulated on a
single fibre [22] (Fig. 5).with-each fibre possessing a constant
normally distributed conduction veloeity (Fig. 3). Single fibre
dZ signals measured at DC'and at AC currents (1 kHz for HH
and 2 kHz for C fibre) were,used for simulations. To increase
the absolute magnitude of,impedance changes measured at
AC, the EIT current used for obtaining them was 10 times
larger than,at DC, duetothe increase in safe range values [22].
Because dZ is linear, with respect to the amplitude of the
injected EIT current [38], [42], the absolute pV amplitudes of
the single fibre signals were linearly corrected to the same

current level as in the FEM model. Before summation, these
signals were scaled in amplitude due to the difference in
electrode diameters used for single fibre and 50-fibre
simulations and therefore different distances» from the
electrode to the fibre. The recorded amplitudereduction due
to the increase in distance to the fibre was proportional to 1/r?,
according to Coulomb’s law, therefore the used single fibre
signals were decreased (dso/d1)? timeS»where dsp is the
diameter of the electrodes used ‘in 50-fibre ‘models’(2.4 and
0.01 cm, Table 1) and d; are the diameters used for single fibre
models which equalled 0.6 cm and 10 umfor.HH and C fibre
model respectively [22]. Thus, the single fibre'signals inserted
into the developed simplified«50-fibre model were decreased
100 times in the case of C fibres and/6 times for HH axons
(Table 1).

Parameters of the velocities’ distribution were chosen so
that they correspond to® the' distribution of axoplasm
resistivities in the FEM model (Table 1). As the conduction
velocity of a nerve fibre'equals the ratio of its length constant
to the time constant, it can be written as follows [43]:

_A_ 0:5: Lo P P 1 1)
T PGy \/;T

where A [m] and t [s] are length and time constants of the
nerve, rax [em] igythe axon radius, pm [Q-cm], pi [Q-cm?] and
Cm [F/em?] are'a membrane and intracellular resistivities and
membrane capacitance.

Thus,"CV is inversely proportional to the square root of
intracellular resistivity. Given that mean values are 15 m/s for
HH model and ~0.6 m/s for C fibre model, S.D. obtained from
(1), were 2.8 and 0.07 m/s for these fibre types respectively
(Table 1).

Source code for 50-fibre statistical models is available at
https://github.com/EIT-team/Dispersion-modelling and on the
website of Physiological Measurement.

\

2.3 Statistical modelling of dZ in large complex nerves

As it was impossible to implement computationally-heavy
realistic 3D FEM models for realistic nerves containing
thousands of fibres, simplified statistical models containing up
to 100k different fibre types were developed. The
implemented approach was based on the inverse
proportionality of the recorded impedance changes to the
cross-sectional area of the measured nerves; the decrease in
fast neural impedance change is observed because the
intracellular resistivity of fibres is lower than the external one.
When ion channels open, the injected current flows to the area
with lower resistivity and we observe a small decrease in the
dZ of the system “nerve + external space”. Approximating the
nerve fibre as a cylinder with a constant diameter, its
resistance can be written as:
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:pi”_.l'”-..i (2)

where p is the axoplasm resistivity [©Q-cm], L, [cm], Sh
[cm?] and d [cm] are length, cross-sectional area and diameter
of the nerve. So, the resistance of the nerve is inversely
proportional to cross-sectional area meaning that the recorded
dZ has the same dependence.

Simple statistical models were developed to find the
maximal distances at which impedance changes may be
theoretically measured. This was accomplished for four types
of nerves consisting of a single type of fibres: Aa, Ap, Ad and
C as well as for realistic sciatic and right vagus nerves of the
rat (Table 2). Compound action potentials were not simulated
in these models as the main interest was to study how dz
disperses with the distance from the onset site.

TABLE 2
PARAMETERS OF THE STATISTICAL MODELS [39], [40], [44], [45]
Parameter Aa AB Ad (¢}
Velocity 90+8 m/s 659 m/s  20£3 m/s 2d%5
Fibre diameter 16.5 um 12 pym 4 um 0.8+0.2um
. Area = 0.1 mm?
Size of the nerve .
Diameter = 357 um
Number of fibres 300 500 4800 76000
Area o'ccupled by 60 %
fibres
Single dZ latency 0.5ms 0.8 ms 1ms 2 ms

Scaling

= k= ke ~3.3.10%
coefficients Keonn = 26.1; ke = 1270; ky =~ 3.3-10

These models were implemented in the same way as the
simplified 50-fibre models (Methods 2.1, c). In'the madels, the
compound impedance changes at DC and at 2 kHz were
computed as a sum of modified dZs of-all single fibres at
different distances from the stimulation spoint (Fig. 3).
Conduction velocities in each fibre \weré assumed to be
constant and normally distributed; the values for normal
distributions were taken from the experimental data found in
the literature (Tables 2, 3). Modifications0f the previously
simulated dZ of a single realistic.mammalian C fibre
depended on the fibre type (Fig. 3): the dZ latency for fast
fibres linearly decreased in accordance to the latency of their
APs (Table 2); the dZ amplitudeincreased proportionally to
their cross-sectional area‘(2) (Fig. 3). Conduction velocity
(mean and S.D.)‘and latency data for Aa, Ap and Ad fibres
was taken from [40] for motor and cutaneous nerves of the cat.
Data for C fibres was obtained from diameters distribution
[39] and /experimentally found equation (3-1) [39], [44]
presented below:

Vunmyel = 2. «fd fibre )

Vinyel = 4.6-d fibre

where Vunmyet and Vmyel [M/s] are conductionwvelocities for
unmyelinated and myelinated fibres and dsfe [Um?] is the
cross-sectional area of the fibre.

A number of fibres in each type of nerve was chosen so
that they fit into the 0.1 mm? rat vagus nerve [23] given that
around 60% of nerve cross-sectional area is occupied by fibres
[45] (Table 2). The numbers were (Fig.6):300, 500, 4800 and
78000 fibres for Aa, AB, Ad and.C fibres respectively.

All the parameters for realistic nerves (Table 3) were based
on morphometric data for sciatic [19] and.vagus nerves of the
rat [23] and the experimentally found CV vs diameter
dependencies for unmyelinated, C fibre [39], [44], as well as
myelinated AB and small Ad filores (3-2) [40]. Each nerve type
was simulated with up te.50-cm length and 50 ms duration.

Stepl Jj\ AB 5

b x; + Ax x; + 2Ax
Fibre 1 —= i > ! > i >

Stepi2

Vi

Fibre 2 ~
v; +Av }!N

—c,‘?.
—1‘7

Fibre 3
v; + 24v

X

Step 3

Scaled X

Time

Fig. 3. Schematic representation of impedance change dispersion in the
developed model. The same is applicable to action potentials.

The models in this study were implemented in three steps: 1)
modification of the dZs of each fibre in accordance with their cross-
sectional area (2) and action potential latencies; 2) summarizing the AP or
dZ of single fibres having constant but different normally distributed
conduction velocities; 3) scaling of the resultant signals in accordance with
the nerve diameter and conductivity of connective tissue (4) and adding
the experimental noise.

Step 2 on this picture demonstrates on a simple three-fibre example,
how the compound dZ (red) is formed from the dZ of single fibres (blue)
with slightly different velocities. In each fibre, the action potential
propagates with constant velocity V;; the compound dZ is equal to the sum
of dz; in all single fibres. It is seen that the amplitude of compound dZ
decreases with distance. The shape of dZ used this picture was obtained
from simulations for realistic single C fibre [22]; it was inserted into the
developed statistical multiple-fibre models with velocity distribution taken
from the literature (Table 2).
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Because some of the parameters in the model of a single C
fibre [22] differed from the realistic nerve model, the dZ taken
from it had to be scaled before fitting it into the models with
multiple axons. There were two main differences: first,
extracellular space in a single fibre model was simulated as a
high conductive saline, while in reality it consists of more
resistive connective tissue; second, the diameter of the
recording electrode was small (10 um) so that it could fit only
one fibre. Thus, the scaling coefficients Keonn and ke were
introduced to account for these discrepancies; the dZ obtained
after summation of all single dZ across all fibres (Fig. 3) was
scaled by dividing it by the product of these coefficients (4).
The connective tissue was assumed to consist of 3%
endoneurium, 3% perineurium and 94% epineurium with
resistivities 1.211, 1.211 and 47.8 kQ-cm respectively [46].
The weighted average of these values equalling 2.6 kQ-cm
was used which was around Keonn = 26 times smaller than 0.1
kQ-cm previously used for saline [22]. To account for larger
distance from measuring electrode to the fibres, and because
the electric field is inversely proportional to the squared
distance from the object, the scaling coefficient was chosen to
be equal to ke = (r1/ro)?> where r; and ro are new and previous
distances to the fibre respectively equalling to electrode radii.
In the single fibre model [22] electrode diameter was 10 pm;
the complex nerves had diameters equalling 357 um for the
right rat vagus nerve and a single fibre type nerves (Table 2):
the number of fibres in them were chosen to match this
diameter. The diameter was 700 um for rat sciatic nerve
(Table 3) [19]. Thus, ke was equal ~1270 and 4900 for these
nerves respectively.

The resultant scaling coefficient was (Tables 2/°3):

2
Ks = Keonn ket = ﬂ_[dne_rveJ )
Peomn del 1

where psa and peonn [k€2-cm] are resistivities of the.saline
and connective tissue composed of epineurium, endoneurium
and perineurium, dei,1 and dnerve [UmM] are-therdiameters of the
electrodes in the single fibre simulations and the simulated
nerve respectively. For scaling, the final compound dZs found
in step 2 of the model (Fig. 3) ‘were divided,by the resultant
coefficient ks (Table 2).

TABLE 3

PARAMETERS OF THE RIGHT VAGUS AND SCIATIC NERVES OF THE RAT
[23], [27], [39], [40], [44]

Parameter Right vagus nerve Sciatic nerve
Nerve diameter 357 um 700 pm
) A 7000 As 7800 AB

Fibre composition

40000 C 19000 C

. . Ad: 2.68+1.75 um AB: 63 um

Fibre diameters
C:0.76+0.28 um C: 0.76+0.2 um

Scaling coefficient, ks ~3.3-10* ~1.3-10°

Using the sequence of the steps explained above, dZ for all
nerves were obtained at 2, 4, 10, 20 and 50 cm from the
stimulation site. Experimentally observed neise»of 0.5 uV
RMS [2] was added to the resultant compound dZ,as the last
step (Fig. 3). Then, a signal-to-noise ration(SNR). was
computed as a ratio of the amplitude of a pure compound dZ
signal to the standard deviation of the added noise. Ten
random models with the parameters specified, above were
computed for statistics. The maximum distance at\which dZ
can be theoretically measured and possibly imaged was
calculated. The impedance change. signal was considered
measurable if SNR (ratio of mean signal.to S.D. of the noise)
was more than 1 (> 0 dB); the dZ waspossible to be imaged if
SNR > 4 (>= 12 dB) [47].-Allthe results were compared with
the available experimental data using SNR and maximum
distances of signals’ detection.

Source code fofstatistical models of complex nerves is
available at https://github.com/EIT-team/Dispersion-
modelling and(Physiological'Measurement website.

3. Results

3.1 Hodgkin-Huxley axons model

The amplitudes of the CAPs simulated with the realistic 3D
FEM model (Fig. 1) decreased with the distance from the AP
initiation,paint (i.p., Fig. 4): they were ~ 7 mV at 10 cm, 6 mV
at,19 cm, 4.5 mV at 25 cm and 3 mV at 35 cm from the
stimulation point. Duration of the negative phase of the
compound AP increased from 4 to 5, 6 and 7 ms along the
same distances respectively (Fig. 4a). dZ had the same
behaviour. It decreased from -3.5% (-7 uV) at 10 cm, to 2.9%
(-5.8 uV) at 19 cm, 2.5% (5 uV) at 25 cm and 1.8% (3.5 puV)
at 35 cm from stimulus while duration of its negative phase
increased from 9 to 11, 12 and 15 ms at the same distances
(Fig. 4a).

The area under the CAP fell to about 62% of the one at 10
cm from the location of nerve stimulation. In contrast, the area
under dZ signal curves was close to constant at these distances
(Fig. 4c).

Necessary statistics (standard deviations) in the calculated
areas were obtained with the computation of 100 simplified
statistical models with 50 fibres and the same velocity
distributions as in the FEM model. The CAP and dZ at DC
current in these models were close to the ones obtained with
the accurate FEM model (Fig. 5b, Fig. 4a); they also allowed
computation of dZ dispersion recorded at AC (1 kHz in HH
case) current. The areas under the CAP computed with these
models were (in respect to the ones at 10 cm, Fig. 4d):
83.1+2.9% at 19 cm, 75.6+3.8% at 25 cm and 67.9+4.3% at
35 c¢cm. Impedance changes measured at AC at the same
distances were also decreasing with distance: 84.4+2.7%,
77.5+£3.3% and 71.5+3.3% with respect to the dZ at 10 cm
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from the stimulus. The area under the dZ curves measured at
DC was constant and independent on the distance from AP
initiation point (i.p.) (red line in Fig. 4d, left). These values are
in close agreement with the results obtained using the accurate
FEM model.

3.2 Cfibres model

At first glance, the FEM model containing 50 C fibres
behaved similarly to the one with HH axons: CAP amplitude
and compound dZ decreased while their durations increased
further from the site of AP initiation (Fig. 4b). The values of
CAP decrease were from 0.95 mV at 0.4 cm to 0.65, 0.5, 0.35
mV at 0.8, 1 and 1.4 cm from the site of stimulus respectively;
dZ decreased from -0.5% (-0.4 pV) to -0.45% (-0.35 pV), -
0.44% (-0.34 pV), -0.24% (-0.2 pV) at the same distances.
Duration of the negative phases of the dispersed CAP
increased from3 msat0.4cmto 5.5, 7,9 msat 0.8, 1 and 1.4
cm from stimulation; dZ durations — 3, 4.5, 6, 7.5 ms (Fig. 4b).

AP HH dZ HH
5 2 4
< 0 f o =0
E \/ V4 < <
E N =
> 5 T -2 4 Z
B
-10 -4 -8
(a) 0 10 20 30 0 10 20 30
Time (ms) Time (ms)
AP C fibre dZ C fibre
v}
0 0 v 0 N
z £ 3
> -0.5 % -0.5 1 -0.4 %
-1 -1 -0.8
(b) 0 10 20 30 0 10 20 30
Time (ms) Time (ms)
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Fig. 4. Compound action potentials (CAP) and impedance changes
(dZ) of nerves comprising 50 HH.axons (left) or C fibres (right) measured
at various distances from stimulation using the 3D FEM model (a)-(c) and
100 simplified models (d). dZ are depicted in per cent and in pV for
comparison with the simplified model.

(a)-(b) FEM.models of HH.axon and C fibre;

(c) Normalised integral areas under the CAPs (blue dashed lines) and dZ
(red solid lines) vs distance- from AP initiation point (i.p.), FEM model;
(d) Areas under.CAP and dZ curves obtained using the simplified 50-fibre
models. Blue dashedrand red solid lines designate areas under CAPs and

dZ measured at DC; yellow lines designate dZ measured with AC current:
1 kHz for HH, 2 kHz for C fibre model. Standard deviations are computed
on the basis of 100 random models with the same CV distributions (Table

1 eq. (1)

However, the dependence of the areas under the. compound
AP and dZ on the distance from the point of nerve activation
were different from the HH nerve (Fig. 4c). In contrast to the
HH model, the area under CAP stayed constant; the area under
dZ decreased but fluctuated approximately»80% from the
maximum value due to the noise’ associated with weak
convergence of the C fibre FEM model requiring to solve 22
PDEs in parallel (see Discussion):

Single HH axon Single C fibre
4 .
AP Udz, DC_ AP '\{" dz,DC
& —
v
po 102, 1 kiiz dZ, 2 kHz
Time
(@ 50 HH.axons 50 C fibres
05 AP
S 0
E \/
% 05 “ .
-15 & -1
0 5 10 "15 20 25 30 0 5 10 15 20 25 30
o . dZatDC 02 dZatDC.
z z 0 \{ y
B 02 ‘
-20 0.4
0 5 10 15 20 25 30 0 5 10 15 20 25 30
10 dZ at 1 kHz 0.2 dZ at 2 kHz
> OT—@A‘Eﬁﬂ > 0 z
S ol \VAS > o V \/W
© o
-20 0.4
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (ms) Time (ms)

(b)

Fig. 5. (a) Examples of single HH and C fibre action potentials (AP)
and impedance changes (dZ) which were used for implementing the
simplified 50-fibre models (Methods 2.1, b) as well as for extension to
nerves with realistic morphology (C fibre only, Methods 2.3). The EIT AC
current was 10 times larger than DC to increase the absolute measured dZ.
The signals were taken from [22].

(b) Compound action potentials and impedance changes at the same
distances as were used in the FEM model (Table 1). Lines of different
colours represent AP and dZ simulated using different statistical models
with the same mean and S.D. parameters (Table 2, 3) to obtain necessary
statistics (Fig. 4d). Velocity distribution of the AP and dZ signals was
based on the values of resistivities used in the FEM model (Table 1) and
their proportionality (1). The signals were summarized and scaled due to
the increased diameter of the electrode from a single fibre model to 50-
fibre model (Table 1, details are in the text).

As for the nerve model with HH axons, a 50-fibre statistical
model with C nociceptors was implemented to compute
statistics for the obtained values. In the developed model, the
CAPs and dZ recorded at DC were in a good agreement to the
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ones simulated with the FEM model (Fig. 5b, Fig. 4b). This
made it possible to implement 100 of these models with the
same CV distributions as well as to add impedance change
measured with an AC current (2 kHz) which was impossible
to do with the computationally-heavy FEM model. The same
as in the FEM model, areas under the CAP in respect to the
area measured at 0.4 cm were practically constant (blue
dashed line at Fig. 4d) at 99.5+0.4%, 99.5+0.5% and
99.3+1.4% at 0.8, 1 and 1.4 cm from the stimulus. In contrast
to the HH model, dZ measured at DC decreased with distance
from 86+5.3%, to 79.2+5.1% and 68.8+4.0% at the same
locations. Compound dZ measured with AC current decreased
slower than the one at DC: 97+0.4%, 95.8+0.6%, 93.7+0.8%
at the same sites in respect to the dZ measured at 0.4 cm.

3.3 Models of mixed diameter fibre nerves

Due to the computational heaviness of the developed 50-
fibre FEM models, the simplified statistical models of realistic
nerves consisting of nerve fibres of a single type or mixed
types were implemented. The parameters utilized for the
development of these models were found experimentally in
various studies (Table 2, 3).
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Fig. 6. Compound impedance changes (dZ) simulated for nerves
consisting of multiple Ao, Af, Ad or C fibres'(Table 2) and with realistic
rat sciatic and right vagus nerves (Table 3). Compound dZ were formed of
single dZ of a C fibre (Fig. 3)/recorded at DCyand scaled in time and
amplitude depending on the fibre’s AP latency and cross-sectional area.
The number of fibres in single type-models were chosen to fit into a 0.1
mm? nerve which/approximately equals the size of the rat vagus nerve
(Table 2). For detailed explanations, see Methods 2.3.

dZ were computediat different distances from stimulation point: 1, 4,
10, 20 and 50 em (1 cm wasomitted for simplicity in A fibres and sciatic
nerve); the colour legend is embedded into the graphs. The average
experimental, white noise with RMS of 0.5 pV [2] was added to the
recordings after.the simulations (Fig. 3); it was omitted in the figure to
improve its readability.

Signal-to-noise ratio decreased with distance from
stimulation for all nerves, but the maximum distances at which
dZ could be measured were larger for nervesewith larger and
faster fibres. dZ of 0.1 mm nerves consisting.of Ao and Ap
fibres were visible at up to at 50 cm from the.stimulus (Fig:6)
with SNR at DC equalling to 2.7+0.2 and 1.8+0.1 respectively
at this location (Fig. 7). A8 fibres had sufficient SNR =
1.6+0.03 at 20 cm from initiation point but it fell below the
noise to 0.6x0.02 at 50 cm. These values were similar for rat
sciatic nerve with the SNR falling from 1.620.06 at 20 cm to
0.6£0.02 at 50 cm making the signal at this distance
undetectable. dZ in the right branch of the vagus nerve of the
rat consisting of small Ad and C fibres was visible at 10 cm
(SNR = 1.6+0.05) but was. indistinguishable at 20 cm where
SNR fell below 1. C fibres dZwasonly distinguishable at 1
cm from stimulation (point‘with signal-to-noise equalling to
2.4+0.02 there. SNRyobtained with the dZ computed at 2 kHz
(Fig. 5a) were in close agreement with the ones at DC (Fig. 7,

Table 4).
TABLE 4
MIXED. DIAMETER FIBRE NERVES MAIN RESULTS

Nerve Max. SNR at DC™ (mean =+ s.d.)

type 4 distance”  1cm* 4cm 10 cm 20 cm 50 cm
AaT>506m, 11101 92$02 70802 5502  2.740.2
AP A>500m ¥99:01 75:01  57:01 4001  1.8+0.1
A5 40cm  8.9+0.06 5.9+0.05 32:0.05  1.6+0.03  0.6£0.02
c 3em  24+002 0.6+001 024¢0.003 0.1+0.003 <0.1

Right

15cm 64401  3.7:0.08 16+0.05  07:0.04 0.3+0.02
vagus
Sﬂi‘f\f’; 40cm  9.50.09 6.240.07 3.2:0.06  1.6+0.06  0.6£0.02

*Maximal distance of dZ recording from the onset site
**Calculated as a ratio of the dZ amplitude to the standard deviation of the noise

All these results were in fair agreement with experimental
data (see Results 3.4).
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Fig. 7. Signal to noise ratio (SNR) simulated at various distances from
AP initiation point (i.p.). Solid lines represent C fibre dZ recorded at DC,
dashed — at 2 kHz (Fig. 5a). SNR was calculated as a ratio of the pure dZ
amplitude to the standard deviation of the noise. Standard deviations of the
SNR were computed on the basis of 10 random models for each type of
the nerve. The signal was treated undetectable where SNR was below 1.
Colour labels are embedded in the figure.

Thus, the theoretically maximum distances of dZ
measurement where SNR fell below 1 were (Fig. 7): > 50 cm
for Aa and Ap fibres, ~40 cm for Ad fibres and the sciatic
nerve of the rat, ~15 cm for the rat vagus and about 3 cm for
C fibres (Table 4). These distances are at the limit of visibility
because, at low values of SNR, a lot of averaging will be
necessary to distinguish the sought-for signal from the
unwanted noise.

As was found in [47], dZ could be reliably imaged when
SNR > 4 which significantly decreases the possible distances
to 35 cm for Ao and A fibres, ~8 cm for Ad and rat sciatic, 4
cm for rat vagus and < 1 cm for C fibres.

3.4 Comparison with experimental data

The maximum distances and SNR simulated for different
types of fibres and realistic rat vagus and sciatic nerves closely
matched experimental data in the literature. Low level of CAP
dispersion in Aa and AP fibres where they could be seen at up
to a meter from stimulation was shown in [12], [14], [15]; it
corresponds to the found low dispersion in dZ for these types
of fibres.

High dispersion of C fibres was also shown in [11], [18],
[30]: in [11], CAP of mainly unmyelinated olfactory nerve of
the cat could be recorded at up to 2.5 mm from the stimulus;
CAP of the vagal C fibres of the mouse was shown to fall >
50% at 4 mm [18]. This is similar to the results obtained for
50 C fibres where CAP decreased ~ 2-fold at 1:4 cm from the
site of stimulation (Fig. 4a, Fig. 5b); the 50-fibre-dispersion is
lower due to smaller number of fibres. CAP dispersion_for
complex nerves was not simulated in this study, however, its
shape for C fibre closely matches the ong’of dZ'at'2.kHz (Fig.
5a) which makes them comparable. Also, in the experiment on
unmyelinated crab nerve [30], the dZ was.shown to be visible
up to 16 mm from the onsite. Thus,.as the modelled dZ in C-
fibre nerve could not be seen further than,1-2 cm (Fig. 7), these
results closely agree with the experiments.

In recently accomplished EIT imaging of rat sciatic nerve
[2], the highest obtained SNR was equal to 8 after averaging
which is also in fair agreement with.the obtained values at 4
cm for this nerve (6.2£0.14 Fig.'7) Inthe same study, the C
fibre response was.not visible at ~ 4 cm (length of the rat
sciatic nerve) which also agrees with the current study. The
literature on the'dispersion for right vagus nerve of the rat was
not availableyhowever, the results obtained for this nerve can
be a reference of what to expect in this nerve as well as in
human vagus nerve which is the main aim for
neuromodulation.of the internal organs it supplies.
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4. Discussion

4.1 Summary of results

1) Accurate coupled FEM models of the nerves.comprising

50 HH axons or 50 C fibres and their simplified
statistical equivalents showed different behaviour of
compound AP and dZ with distance from the site of
stimulation. In the HH case, the action potentials,cancel
out with distance due totheir biphasicity while the
impedance changes measured at,DC do not. The inverse
was true for the nerve consisting ef C fibres due to
differences in the shapes of the‘studied signals. The dZ
recorded at AC .current, showed the decrease with
distance in both models«(Fig: 4d).
Thus, it was, revealed that for compound impedance
changes to be 'seen further from the stimulus than
compound action potentials, the shape of these signals
must satisfy, certain condition: dZ needs to be more
monophasic than,the CAP, as in the case of HH axons at
DC(Fig. 5a, Fig. 4a).

2) Byextension of the study to real nerves consisting of Aa,
AB,Ad or.C fibres, the theoretical maximal distances at
which' dZ4could be recorded were obtained. These
distances were more than 40 cm for a 0.1 mm nerve
consisting of A fibres and only up to ~3 cm for the one
with C fibres. These findings agree with experimental
data on impedance changes and action potentials
dispersion [12], [14], [15], [30]. SNR for rat sciatic nerve
at the distance of its length (4 cm) obtained in this study
was close to the experimental one [2]. In the same study,
C fibres could not be measured, which also agrees with
the results obtained in the current work (Fig. 6, Fig. 7).
Values for the rat vagus nerve were obtained to serve as
an expectation guideline for further studies which need
to be carried out with a purpose of its subsequent
imaging and selective stimulation.

4.2 Limitations and technical difficulties

One of the limitations of the current study was that only one
accurate 3D FEM nerve model was undertaken for each nerve
type consisting of only 50 fibres. This was due to the lack of
computational resources: the C fibre model demanded a
system of 20 nonlinear equations [21], [22] (appendix) to be
solved at the 10 FEM elements at each time step which
demanded around 100 Gb of RAM and a week of
computations on a 2-CPU machine. However, the developed
statistical simplifications were in a close agreement with the
accurate models in terms of CAPs and dZ amplitudes (Fig. 4b
and Fig. 5b) and areas (Fig. 4c, d). Therefore, they were used
for performing necessary statistical analysis.
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The extension of the models to different types of nerve
fibres and realistic nerves relied on experimentally found
distributions of conduction velocities and fibre diameters as
well as their relation to each other. These values were based
on a limited number of studied nerves and therefore were
approximate. Also, the choice of scaling coefficients for the
transition from the modelled to experimental conditions was
based on limited literature and simple assumptions providing
qualitative results which were in a fair agreement with the
literature. To obtain such results as well as to predict the
behaviour of studied signals on various nerves and
experimental conditions was the original purpose of our study.

4.3 Answers to the stated questions
1) Isit possible to record dZ further than CAP?

The level of dispersion of CAP and dZ signals highly
depended on the shape of these signals for each particular
case. In general, if multiple phases are significantly expressed
in the compound action potential of a nerve, the compound dZ
may be measured further from the stimulus than the CAP.
Such nerves with largely multiphasic extracellularly recorded
compound action potentials include the ones containing many
fast fibres like rat sciatic nerve [2]; recordings in unmyelinated
nerves [3], [42] confirmed that their CAPs are monophasic
which is in accordance with this study.

Multiphasicity in the action potential does not have the
same significance in the impedance change due to the
difference in the origin of these signals. Action potentials
represent changes in the flow of the current through the
membrane while dZ —changes in its impedance. In‘particular;
a negative phase in the AP signal (or positive phase inythe
extracellular AP, Fig. 5a) appears mainly due to opening of
the potassium ion channels; however, this induces decrease in
the impedance, the same as when Na channels.open during the
positive AP phase (negative EAP). A positive phase inthe,dZ
is induced either by deactivation of Na channels.in the end of
AP in the DC case or phase change in the injectéd AC current
[22]; this does not change the shape of the action potential.

These findings are relevant for assessing the feasibility of
EIT imaging inside long autonomic nerves for development of
neuromodulation techniques [8];»the vagussnerve is a good
target for them as it has access to various internal organs [48].
For this, SNR of spontaneous activity from internal organs in
this nerve should be sufficient at the cervical level.

2) Are there differences between models in the effect of
dispersion on:dz?

In terms of dZ and CAP dispersion, HH giant axons of the
squid and mammalian C fibres differed significantly. Because
the CAPs 0f the HH.model had larger positive phase than C
fibres (Fig. 5), the APs cancellation in the HH case was
quicker thaniinithe € fibre case (Fig. 4); the converse was true
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for impedance changes. Consequently, it is possible to
measure dZ further than CAP in the HH case but not in the C
fibre case. This result can be extended to nerves made of any
fibre types: the more multiphasic the CAP is, the more the
increment in distance for dZ measurement can bexreached in
respect to CAP measurement.

3) What is the largest distance from the site of stimulation
at which dZ can be recorded:
a. for nerves consisting of Ao, A, Ad and € fibres

As may be expected from .he values of the standard
deviations of the conduction velocities of the simulated fibre
types as well as their sizes proportional to'the amplitude of the
dZ (Table 2, Fig. 3), the amplitude of the dZ decreases with
distance significantly slower for.the nerve consisting of large
fast Ao or AP fibres. These nerves produce signals
significantly larger,thansthe noise level even at half a meter
from the stimulation peint. dZ{in A nerve was found to be
detectable at up to 35 cmjthe effect of dispersion becomes
much stronger for,C fibre inerve where the reliable signal can
be obtained'uprto 2-3 em‘from the stimulus (Fig. 6, Fig. 7).

The maximum distance of dZ recording which is where
SNR approaches 1 is not equal to the SNR required for dZ
imaging. It was, shown that for reproducible imaging of fast
impedance changes the SNR of 4 is required which
substantially decreases the above distances.

b.~for the realistic vagus and sciatic nerves of the rat.

The SNR of the dZ in the rat sciatic nerve was shown to
decrease to 1 at ~35 cm, in the vagus nerve — at 15 cm; these
values defined the maximum distances of dZ measurement for
these nerves. The SNR values for the sciatic nerve of the rat
show that only A fibres can be imaged at its length (~4 cm)
(Fig. 7) which is in agreement with experiment [2]. The same
is valid for the vagus nerve: its SNR is higher than the one for
C fibres (~6 at 1 cm and 1 at 15 cm, Fig. 7) because it also
contains A fibres. However, the majority of its fast-myelinated
fibres direct into the motor recurrent laryngeal nerve [49], they
cannot be used as a channel for neuromodulation. Conversely,
the autonomic part of the vagus leading to the internal organs
is mainly unmyelinated [50], therefore, it is expected to be
hardly measured and therefore imaged further than 2-3 cm
from the location of stimulation (Results 3.3). Thus, an issue
arises for imaging its spontaneous activity originating from
different organs at a cervical level located tens of cm away. It
may be possible to overcome it, by recording close to the
stimulus, or concentrating on fast fibres, or perhaps recording
for longer periods during changes in state.

5. Conclusion

Due to variability in conduction velocities of fibres
composing nerves, it is challenging to record compound
activity externally at a distance from a point of stimulation.
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The effect of dispersion is especially strong in unmyelinated
fibres whose CAPs cannot be reliably recorded starting from
a few centimetres from initiation. The accurate 50-fibre 3D
FEM and statistical multi-fibre models developed in this study
demonstrated that, for the nerves containing fibres with non-
monophasic action potentials, like HH axons, the evoked
impedance changes could be measured and possibly imaged
with EIT, at greater distances than CAPs could be recorded.
The reason is mainly that the bi-phasic action potentials of
these fibres cancel out when desynchronised while the
impedance changes do not. If taken together with the
proportionality of the dZ to nerve cross-sectional area, this
enables estimation of the maximal distances at which
impedance changes could be measured as well as the SNR
expected at these distances. The model predictions are in
agreement with the available experimental data.

6. Acknowledgements

This research was supported by GSK/Verily (Galvani
Bioelectronics)-UCL collaboration grant “Imaging and
selective stimulation of autonomic nerve traffic using
Electrical Impedance Tomography and a non-penetrating
nerve cuff”.

References

[1] K. Y. Aristovich, B. C. Packham, H. Koo, G. S. dos
Santos, A. McEvoy, and D. S. Holder, “Imaging fast
electrical activity in the brain with electrical impedance
tomography,” Neuroimage, vol. 124, pp. 204-213, 2016.

[2] K. Aristovich, M. Donega, C. Blochet, J. Avery,S.
Hannan, D. J. Chew, and D. Holder, “Imaging fast neural
traffic at fascicular level with electrical impedance
tomography: proof of principle in rat sciatic nerve,” J.
Neural Eng., vol. 15, no. 5, p. 056025, Oct»2018.

[3] T. Oh, O. Gilad, A. Ghosh, M. Schuettler, and B. S.
Holder, “A novel method for recording netironal
depolarization with recording at 125-825 Hz: Implications
for imaging fast neural activity in the brain with electrical
impedance tomography,” Med. Biok Eng.ﬁmput., vol.
49, no. 5, pp. 593-604, 2011.

[4] M. Faulkner, S. Hannan, K. Aristovich; J. Avery, and D.
Holder, “Characterising the frtéquency response of
impedance changes during evoked physiological activity in
the rat brain,” Physiol. Meas, pp. 0=17, 2017.

[5] S. Hannan, M. Faulkner, K. Aristovich, J. Avery, and D.
Holder, “Frequency-dependent characterisation of
impedance changes during epileptiform activity in a rat
model of epilepsy;” Physiol."Meas., vol. 39, no. 8, p.
aad5f4, 2018.

[6] A. Fouchard, V., Coizet, V. Sinniger,’D. Clarengon, K.
Pernet-Gallay;:S. Bonnet, and O. David, “Functional
monitoring of peripheral nerves from electrical impedance
measurements,” J. Physiol. Paris, vol. 110, no. 4, pp. 361—
371, 2016.

[7] J. Hope, F. Vanholsbeeck, and A. McDaid, “A model of
electrical impedance tomography implemented in nerve-
cufffor neural-prosthetics control,” Physiol. Meas., vol.
39, na. 4;.p..aab73a, 2018.

12

(8]
(9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(201

[21]

[22]

[23]

[24]

[25]

[26]

Kristoffer Famm, “A jump-start for electroceuticals,”
Nature, vol. 496, pp. 159-61, 2013.

E. Waltz, “A spark at the periphery,” Nat. Biotechnol., vol.
34, no. 9, pp. 904-908, Sep. 2016.

S. G. Waxman, “Determinants of conduction‘velocity in
myelinated nerve fibers,” Muscle Nerve, val. 3, no. 2, pp.
141-150, Mar. 1980.

W. J. J. Freeman, “Spatial Divergence/and Temporal
Dispersion in Primary Olfactory Nerve of Cat,”
J.Neurophysiol., vol. 35, no.6, pp. 733-744, 1972.

R. K. Olney, H. J. Budingen, and R. G. Miller;*“The effect
of temporal dispersion on compound.action potential area
in human peripheral nerve.,”Muscle Nerve, vol. 10, no. 8,
pp. 728-33, 1987.

L. J. Dorfman, “The distribution of conduction velocities
(DCV) in peripheral nerves: A review;” Muscle Nerve, vol.
7,n0.1, pp. 2-11, 1984.

P. K. Taylor, “CMAP dispersion, amplitude decay, and
area decay in a normal population,” Muscle Nerve, vol. 16,
no. 11, pp. 1181-1187; 1993.

W. J. Schulte-Mattler, T. Miller, D. Georgiadis, M. E.
Kornhuber, and'S. Zierz,~Length dependence of variables
associated with temporal dispersion in human motor
nervesy”Muscle and Nerve, vol. 24, no. 4, pp. 527-533,
2001,

R/G. Hallin and H. E. Torebjork, “Electrically induced A
and C fibre résponses in intact human skin nerves,” EXp.
Brain Res., vol. 16, no. 3, pp. 309-320, 1973.

H. E. Torebjo rk and R. G. Hallin, “Identification of
afferent Qunits in intact human skin nerves,” Brain Res.,
vol. 67, no. 3, pp. 387-403, Mar. 1974.

R. B./Chang, D. E. Strochlic, E. K. Williams, B. D.
Umans, and S. D. Liberles, “Vagal Sensory Neuron
Subtypes that Differentially Control Breathing,” Cell, vol.
161, no. 3, pp. 622-633, Apr. 2015.

H. Schmalbruch, “Fiber composition of the rat sciatic
nerve,” Anat. Rec., vol. 215, no. 1, pp. 71-81, 1986.

A. L. Hodgkin and A. F. Huxley, “A quantitative
description of membrane current and its application to
conduction and excitation in nerve,” J. Physiol., vol. 117,
no. 4, pp. 500-544, Aug. 1952.

J. Tigerholm, M. E. Petersson, O. Obreja, A. Lampert, R.
Carr, M. Schmelz, and E. Fransén, “Modeling activity-
dependent changes of axonal spike conduction in primary
afferent C-nociceptors.,” J. Neurophysiol., vol. 111, no. 9,
pp. 1721-35, 2014.

1. Tarotin, K. Aristovich, and D. Holder, “Model of
Impedance Changes in Unmyelinated Nerve Fibers,” IEEE
Trans. Biomed. Eng., vol. 66, no. 2, pp. 471-484, Feb.
2019.

N. Soltanpour and R. M. Santer, “Preservation of the
cervical vagus nerve in aged rats: Morphometric and
enzyme histochemical evidence,” J. Auton. Nerv. Syst., vol.
60, no. 1-2, pp. 93-101, 1996.

J. C. Prechtl and T. L. Powley, “A light and electron
microscopic examination of the vagal hepatic branch of the
rat,” Anat. Embryol. (Berl)., vol. 176, no. 1, pp. 115-126,
1987.

S. a Asala and a J. Bower, “Anatomy and Embryology An
electron microscope study of vagus nerve composition in
the ferret,” pp. 247-253, 1986.

K. J. De Neef, J. R. C. Jansen, and A. Versprille,
“Developmental morphometry and physiology of the rabbit
vagus nerve,” Dev. Brain Res., vol. 4, no. 3, pp. 265-274,



Page 13 of 14

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMEA-102911.R1

Journal XX (XXXX) XXXXXX

Author et al

[27]

[28]

[29]

[30]

[31]

[32]

(33]

[34]

(35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

1982.

T. Shimizu, M. Hayashi, A. Kawata, T. Mizutani, K.
Watabe, and S. Matsubara, “A morphometric study of the
vagus nerve in amyotropic lateral sclerosis with circulatory
collapse,” Amyotroph. Lateral Scler., vol. 12, no. 5, pp.
356-362, 2011.

T. J. M. Verlinden, K. Rijkers, G. Hoogland, and A.
Herrler, “Morphology of the human cervical vagus nerve:
Implications for vagus nerve stimulation treatment,” Acta
Neurol. Scand., vol. 133, no. 3, pp. 173-182, Mar. 2016.
J. C. Coleridge and H. M. Coleridge, “Afferent vagal C
fibre innervation of the lungs and airways and its
functional significance.,” Rev. Physiol. Biochem.
Pharmacol., vol. 99, pp. 1-110, 1984.

K. G. Boone, “The possible use of applied potential
tomography for imaging action potentials in the brain,”
University College London, 1995.

N. Ghitani, A. Barik, M. Szczot, J. H. Thompson, C. Li, C.
E. Le Pichon, M. J. Krashes, and A. T. Chesler,
“Specialized Mechanosensory Nociceptors Mediating
Rapid Responses to Hair Pull,” Neuron, vol. 95, no. 4, p.
944-954.e4, 2017.

A. A. Harper and S. N. Lawson, “Electrical properties of
rat dorsal root ganglion neurones with different peripheral
nerve conduction velocities.,” J. Physiol., vol. 359, no. 1,
pp. 47-63, Feb. 1985.

C. Gold, D. A. Henze, C. Koch, and G. Buzséki, “On the
origin of the extracellular action potential waveform: A
modeling study.,” J. Neurophysiol., vol. 95, no. 5, pp.
3113-3128, 2006.

A. Agudelo-Toro and A. Neef, “Computationally efficient
simulation of electrical activity at cell membranes
interacting with self-generated and externally imposed
electric fields,” J. Neural Eng., vol. 10, no. 2, 2013.

K.Y. Aristovich, G. S. Dos Santos, and D. S. Holder,
“Investigation of potential artefactual changes in
measurements of impedance changes during evoked
activity: implications to electrical impedance tomography
of brain function.,” Physiol. Meas., vol. 36, no. 6, pp.
1245-59, 2015.

S. Elia and P. Lamberti, “The Reproduction of the
Physiological Behaviour of the Axon of Nervous Cells by
Means of Finite Element Models,” in Innovations in
Intelligent Machines -3.Studies in Computational
Intelligence, Springer Berlin Heidelberg, 2043)pp-69—87.
H. P. Schwan and C. D. Ferris, “Four-electrode:null
techniques for impedance measurement with high
resolution,” Rev. Sci. Instrumg vol. 39, no. 4,pp. 481485,
1968.

D. Holder, “Introduction to.biomedical electrical
impedance tomographys” in Electrical Impedance
Tomography: Methods; History and Applications, London:
IOP Publishing, 2004, pp. 423-451.

H. S. Gasser, “UNMEDULLATED FIBERS
ORIGINATING IN DORSAL ROOT GANGLIA,” J. Gen.
Physiol., vol. 33, no.6, pp. 651-690;Jul. 1950.

I. A. Boyd and K. U. Kalu,/“Scaling factor relating
conduction velocity and diameter for myelinated afferent
nerve fibres in the cat hind limb.,” J. Physiol., vol. 289, no.
1, pp. 277-297, Apr,/1979.

K. 8. Cole and H:J. Curtis, “Electric Impedance of the
Squid Giant Axon During Activity.,” J. Gen. Physiol., vol.
22, no. 5, pp. 649-70, 1939.

0. Gilad,.A..Ghosh, D. Oh, and D. S. Holder, “A method

13

[43]

[44]

[45]

[46]

[47]

[48]

[49]

(501

[51]

for recording resistance changes non-invasively during
neuronal depolarization with a view to imaging brain
activity with electrical impedance tomography,” J.
Neurosci. Methods, vol. 180, no. 1, pp. 87-96, 2009.

D. Johnston and S. M.-S. Wu, Foundations of cellular
neurophysiology. MIT press., 1994.

W. A. H. Rushton, “A theory of the effectsiof fibre sizedin
medullated nerve,” J. Physiol., vol. 115, no. 1, pp. 101—
122, Sep. 1951.

J. E. Birren and P. D. Wall, “Age changes,in conduction
velocity, refractory period, number of fibers, connective
tissue space and blood vessels in sciatic nerve of rats,” J.
Comp. Neurol., vol. 104, no.1, pp. 1-16; Feb. 1956.

A. Q. Q. Choi, J. K. K. Cavanaugh, and D. M. M. Durand,
“Selectivity of multiple-contact nerve cuff electrodes: a
simulation analysis,” |[EEE Trans. Biomed. Eng., vol. 48,
no. 2, pp. 165-172, 2001.

O. Gilad and D. S_Helder, “Impedance changes recorded
with scalp electrodes during visual evoked responses:
Implications for Electrical Impedance Tomography of fast
neural activity,” Neuroimage, vol. 47, no. 2, pp. 514-522,
2009.

H. R. Berthoud and' W. L. Neuhuber, “Functional and
chemicahanatomy of the afferent vagal system,” Auton.
Neurosci. Basic Clin., vol. 85, no. 1-3, pp. 1-17, 2000.
R/R. Gacek, L. T. Malmgren, and M. J. Lyon,
“Localizationrof adductor and abductor motor nerve fibers
to the larynx,”Ann. Otol. Rhinol. Laryngol., vol. 86, no. 6
Iy pp. 770-776, 1977.

E. Agostani, J. E. Chinnock, M. D. B. Daly, and J. G.
Murray, “Functional and histological studies of the vagus
nerve and its branches to the heart, lungs and abdominal
viscera in the cat,” J. Physiol., vol. 135, pp. 182205,
1957.

F. Rattay, “Analysis of Models for Extracellular Fiber
Stimulation,” IEEE Trans. Biomed. Eng., vol. 36, no. 7, pp.
676-682, 1989.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMEA-102911.R1

Journal XX (XXXX) XXXXXX

Author et al

Appendix.

Equations for the 3D FEM model with 50 fibres

The equations for the accurate FEM model with included
coupling feedback system were the same as for the single fibre
[22]. The difference was that in the current study, equations
for 50 fibres had to be solved simultaneously with the volume
conduction for external space. This required significant
computational resources as the fibres were located close to
each other and the mesh size increased with them nonlinearly.

As in [22], the main volume conduction equation was:

~V(0(VV,)) =0 (5)

where o¢ is extracellular conductivity in (10 mS/cm); Ve is
the potential [mV].

The main membrane equation describing each fibre in the
50-fibre nerves was:

r, 0V dv
2 a2 " ar + 2 ion (V) (6)

Here, Vi and Cp are transmembrane potential and
membrane capacitance in [mV] and [uF/cm?]; Zlion V) is

the sum of the ionic currents for HH axon or for C fibre.
In the Hodgkin-Huxley model case, the ionic currents were:

> lion Vin) = Ta Vi) + 1 Vi) + Ve Vi) @

In this equation, Ina, Ik and I ek are sodium, potassiumand
leakage currents respectively, [ud/cm?].
In the case of C nociceptor:

2 lionVm) = Ina,17 + Inay28 + Inaye + Tk, The, +

~ (8)

IKM +|h+|KNa +|Na/K pump+|Leak

The C fibre model contained ten ‘active experimentally
validated ion channels [21]: Nay1.7,,Na,1.8, Na,1.9, Kpg, Ka,
Kwm, Kna, h-channel, Na-K Pump.and Leakage.

Systems of differential equations for. ionic currents for both
types of fibres as well as their gating variables can be found in
[20]-[22].

The membrane current from the fibres flowing into external
space was simulated as:

dv
|m|r:aevve.n:cmjtﬂ+2|ionwm), onT" 9)

14

Here, Vm and Cp, are transmembrane potential and
membrane capacitance in [mV] and [pF/cm?]; Zlion(vm)
sum of the ionic currents for HH axon or for C fibre.

The current injection via external electrodes was simulated

using activating function [51] so that the equation ,(6)
becomes:

42V, (x| 4%V, ()
dx? dx?

av,

Fax
Py ( m dt

2p;

)=C

+2 TalVe) (10)

where ra is the radius of the fibre in [cm]; pi'is the resistivity
of the axoplasm, [kQ-cm];
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