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Abstract—A nerve is an enclosed, cable-like bundle of periph- Il. OVERVIEW OF THE ELECTRODE SPECIFICATIONS

eral axons. Each axon or set of axons carries neural afferent . : .
or efferent information. Many applications need to detect or The propagation of neural signal along myelinated axons

record these specific nervous data inside the nerve but it is a big IS due to the saltatory conduction. The action potenti) (
challenge. The main issue is to achieve a good selectivity insidepropagates along the axon from Nodes of RanvieoR) to
the nerve without being invasive. In this context, we propose a NoOR (figure 1). When ampP occurs, several NR are active
new layout of multipolar electrode allowing a very high level 4t the same time, and the current density is localized around

of spatial selectivity. This electrode has a flat-interface electae . : .
with an array of poles. The idea is to find the best value for these active MR. This local effect creates a voltage difference

the inter-pole distance and the most suitable post processing in In the neighborhood of the dR.
order to both improve selectivity in the nerve and reject externa Solutions for neural activity recording are widely based on
parasitic signals. In this preliminary work, we put emphasis on the dynamic features of these voltage differences due to the
the simulation of the action potential as a method to help the propagation okps. In this paper, the pragmatical approach we
electrode specification. propose consists in focusing firstly to the static sensjbif

l. INTRODUCTION the considered electrode before studying the dynamictsffec

) ] ) In other words, before studying the dynamic neural activity
The propagation of action potentialsF) along the axons (3nq the propagation), we propose to optimize the static
can be recorded via the electrical activity of the ”ervedelesensibility of axon activities inside the nerve.

troneurogrammeNG). Unfortunately, this signal appears to be The main types of electrodes available are: cuff electrodes
of very low level and even often below the micro-volt. (flat or cylindrical), intrafascicular and sieves. Eachdkinas

Moreover, bioelectrical activity makes the-vivo environ-  aqyantages and drawbacks, but for our application, we focus
ment very noisy, the worst noise being the signal generated &, the safety for the nerve and the selectivity of the eleletro
muscle activity (electromyogram, @MG). In the particular gy safety, at the electrode level, we mean the property of
case of peripheral nerve sensing, @G can exceedENG  the electrode to be as non-invasive as possible for the nerve
by three order of magnitude at least. This parasitic signél Wejectrode selectivity is the ability for the electrode tolate
inevitably masks th&NG signal. Analog pre-processing musthe activity of a particular set of axons inside the targeted
therefore be carried out in order to rejeonc-type noise. nerve.

The majority ofENG systems are dedicated to intracortical Because safety is the most critical issue, we choose to
recording [1] where the electrode is an array of contacfynsider only cuff electrodes. This kind of electrode is not
inserted into the brain. The systems dedicateéNG record- jnyasive for the nerve, and benefits of a large experience of
ing on peripheral nerves are often based on tripolar [2}, [3png-term implantation on human beings [6]. Unfortunately
multipolar cuff [4] electrodes. The electrodes consistioke |assical cylindrical cuff electrode has a very low selétti
or more conductor rings around the nerve. Another kind @bcause it gives global information averaged over the nerve
electrodes is based on a flat interface [5] where the centégytace. In the case of flat-interface electrode [5], thecsel
poles are placed perpendicularly to the propagation dmect ity js enhanced but it is not possible to extract activity
These electrodes reach the best selectivity of the inter@%me or small set of axons yet.
nerve activity. Nevertheless, it has been shown [5] that it o objective is to develop an electrode topology based
is impossible to distinguish sources if they are closer thaj this flat shape electrode but with new characteristice Th
few millimeters. Based on this flat shape we propose a neWsyiting multipolar electrode is defined by the number, the
multipolar electrode. To be more selective, this electrie type, the size and the layout of the poles around the nerve.
designed according to the nerve physiology and topology. The simulations presented in the next section will allowais t

The first section of this paper gives an overview of th@etermine the best values of these electrode charaateristi
electrode specifications. The third section presents sitiouis

of axons. Based on simulation results, the fourth and the fift lll. SIMULATION

section present the proposed solution for preprocessinlg an The ENG signal can be described as the superimposition of
electrode respectively. The last section gives some cdimgu extracellular potentials generated by several axonsatetivat
remarks and perspectives of this work. the same moment. Our objective is to detect activity from
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Internode . . .. . . .
lny) It must be noticed that inn vivo environment, the main

A Y id contribution of parasitic signal such asmc would be in low

] {
K spatial frequencies (at zero frequency for an uniform gpati
M"ye““kndoneum sheat \\‘Ode of Ranvier influence). Our objective will be thus to reject this freqogn
Axon Schwann cell nucleus domain in order to avoid any saturation of the electronic
amplifier used for recording, while amplifying as much as
possible the targeted neural signal. To achieve this goal a

specific preprocessing on the signals recorded on the eiffer

a set of these axons. We can assume that if the electr@ifdes is essential.
characteristics are optimized to detect one axon actiignt

they can be extrapolated to be the best solution for a set of

axons. We thus start by simulating an individual axon thanks Principle

to the Neuron simulation software [7].

Fig. 1. Structure of a myelinated nerve fiber. Adapted from [9]

IV. PREPROCESSING

h h
A. Nerve Fiber Model ; . .

For the simulation, we consider the myelinated axon il- @) ) EI:QR
lustrated figure 1 wheré,,, is the distance between two s - ot
successive NoR and is the fiber diameter. According to (=h) © (r)
the study by Mcintyreet al. [8], Imy can vary from0.5 to Fig. 3. Tripolar cuff electrode.

1.5 mm, withd varying from5.7 to 16 um. We used these char-
acter.istics to bqild several}lleurop mo.dels cpmposed of 150 The classical preprocessing usedeRG recording is per-
myelinated sections. The following simulation results®on  formed with tripole electrodes (see fig. 3). It consists in

three different fibers, for a length ¢f,, = 0.5 —1—1.5mm calculating the average of the potential differences betwe

with respectively a diameter of = 5.7 — 8.7 — 16 pm. the central pole and each of the outer poles [10], [11]:
B. Extracellular Potential Smulation

The action potential is triggered by synaptic current at Vi = (V(0) = VI(=h)) + (V(0) = V(h)) 2)
one end of the fiber. To limit border artifacts, the electrode Vieh 2 Vih
is placed near the middle of the nerve fiber model at a =V(0) - M (3)

distance of abou?.5 cm from the starting point of the axone 2
and 2cm from the ending point of the axone. In order to The last expression shows that this operation consists in
estimate the contribution of local membrane currents to tlag@plying a spatial high-pass filter calculating the seconfio
total extra-cellular signal, we use the extension caligtta- derivative (Laplacian filter). Laplacian filters can rejdacith
cellular Simulation and Recording available on theNeuron homogeneous and linearly varying potentials like thosate
websité. The basic principle of this program is to computeby distantEmG sources [12].
the transfer resistances coupling the trans-membranerdurr This kind of processing can be extended to the case of
to the recording site potential. multipolar electrode. For example, Riegeral. [4] present

A typical result is shown on the figures 2 al), a2), a3) fan 11-pole electrode with the associated amplifier giving 9
different fiber diameter$.7,8.7 and 16 um, at a distance of laplacian-filtered outputs.
200 um from the membrane. We can clearly distinguish the It is commonly admitted that the inter-pole distance should
pseudo-periodical variations due to the discontinuitiesi@ not be too small in order to not attenuate the signal of istere
the myelin shield. These variations are specific to the reuBut a genuine optimization of this distance may be achieved
signal and can be highlighted by a spatial frequency armlysby studying the spatial filter frequency response.

C. Spatial Frequency Analysis B. Filter Characteristics

The figures 2 bl), b2), b3) give spectrum for different The frequency response of the filter can easily be expressed
fiber diameters5.7,8.7 and 16 um, at a distance o200 um ysing the Fourier transform. We will assume that the poles ar
from the membrane. The frequencies of the highest amplitugigatively small with regard to the wavelength of the signal
value are clearly linked to the internode distaigg and occur (reflecting the variation of the potential). The potentiattien

for wavenumbers equal to: ideally sampled by the pole distribution over the space and
— neN @ the frequency response of a laplacian filter composed oéthre
" e ’ poles located respectively at, = —h, 0, h is:
whereas the low frequency energy denotes the global vari- 1 . 1 .
ations due to the signal propagation along the axon. H(k) = 7562”’”‘ +1-— 56’2”’”‘ (4)

=1 — cos2rkh. (5)
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Fig. 2. Extracellular potential plotted along the axon’ssaat a distance o200 ym from the membrane, for different fiber diametéx§,8.7 and 16 pm
respectively in(al),(a2) and(a3). Typical spectrum of the extracellular potential regagdihe spatial frequency in the axon’s axis direction, fofedlént fiber
diameters5.7,8.7 and 16 um represented respectively (b1),(b2) and (b3).

10709500 1000 1500 2000 2500 300G which is a surprisingly small interval. The result of this
! fi/m] filtering is shown on the fig. 5.

V. ELECTRODEDESIGN
A. Introduction

As previously explained, the preprocessing used in claksic
ENG systems to reject parasitic signal likG is based on a
Laplacian filter. This is the same preprocessing as we peopos
but in these cases each pole is a complete ring or at least the
size of each pole is very large in comparison to the distance
— between two NoR. Moreover, the width of poles acts like a

low-pass filter (in spatial domain) by averaging the potdnti
Fig. 4. Gain for the transfer function of our filter placed ating to typical In this context, they offer very poor spatial selectivitydaare
spectrum present in the fig. 2 not really suitable for source separation. Therefore, wpase
an entirely new design of multipolar cuff electrode usingyve
small pole distributed all over the cuff. The figure 6 gives

This last expression shows that the Laplacian approximatithe top and the cross section view of this kind of electrode.
(second order derivative) is only true for wavenumbex.<  Previous works have shown that this kind of multipolar desig
%, when persents both better sensitivity and greater selectitigy tthe

H(k) ~ 2n2h)k? = —K (ik)?, (6) tripolar cuff with regard to the potential created by a singl
0 NoR [12]. We will consider only six poles of this electrode
sinceik denotes the spatial derivative. In this equation, lofS lustrated fig. 6. The objective is to evaluate the siityit
frequencies (potential created by distant sources) aripogly ©f this set of poles versus type and depth of the axon.
rejected with a10 dB/dec cutoff. But it can easily be seen on
the real frequency response (equation 4) that the filtereptss e
a 6 dB-bandwidth between /4h and3/4h (fig. 4).
The first bin of theENG spectrum is centered dn= 1/l,,, [ "

Ps[Vm] ....

b e -
(fig. 4) for 0.5 mm < I, < 1.5mm. To fit the bandpass of [ P
the filter for all kind of fiber, the optimal inter-pole distzm R
should simply be (0)

h = 375 um, @) Fig. 6. Multipolar electrode cuff model.
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Fig. 5.

Laplacian potential plotted along the axon’s axia aistance oR00 pm from the membrane, for fiber diameteé pm (a). Typical spectrum of the

Laplacian filter output versus the spatial frequency in® dxon’s axis for this fibe(b).

Y o ‘ only the propagation of the action potential, but also thelé$o
i ~© -Daamm i of Ranvier (_NoR) _IO(_;at|0ns. _
Wl ' . An experiment is in progress, to prove that electrodes with
s Ty 0P o short inter-pole distance can measure the influence of NoR
v S Sy ao locations and to evaluate signal to noise ratio. This expent
10” *\*\Gﬂ\e; 5 E’/;@/Ue/*/* : will be set up on a worm because of its really simple neural
e ki i;ﬂe ool e/;(i Bog system consisting of only three axons, and having pseudo
oo’ :‘;;; i;t ®oug eﬂﬂ NoR. For a complete study on selectivity the next work will
1 i* ook TRy, *f: consist in creating a realistic model of a complete nervethas
on classical distributions and properties of axons.
10730 100 200 300 400 ’ [um.r],oo REFERENCES

Fig. 7. Maximal measurable voltages according to the depthhefaxon (1]
from the 6 pole electrode for various axon diameters.

[2]
B. Sensibility versus Type and Depth of the Axon

To evaluate the sensibility we perform two Laplacian filter-13]
ing on 3 poles : one on the top and another one on the bottom
of the electrode (see fig. 6). The figure 7 gives the maximd#]
values in the two filter outputs for different axon diameters
and for a flat-interface electrode with a thicknessl 2 mm.

Obviously, larger and/or closer axons are easier to deted®]
We can notice that the attenuation of the measured signal
due to the distance between 3 poles (top or bottom) ang]
the considered source (the axon) becomes quickly significan
But when this distance is higher than 0.25mm the opposite
3 pole motif sensitivity becomes higher and could be usef
to detect axon activity. Moreover, this high variation otth
signal attenuation means that each 3 pole motif would bl
only sensitive to fibers close to it. In other words this type
of electrode has a high spatial selectivity (aboy® mm). @l

VI. CONCLUSION AND PERSPECTIVES [10]

This premilinary work has presented &anG recording
electrode design. The two main principles are the use of[3;
flat-interface electrode with numerous poles and the Laghac
filtering on longitudinal poles. The simulations have shown
that the optimal distance between the poles for this type of
electrode is abous75 um. This inter-pole distance is much[12]
less than the classical distance between poles in multipola
cuff electrodes. These first results allow us to explore lzarot
kind of multipolar electrodes based on distributed poleth wi
small inter-pole distance. This new type of electrodeswalo
us to have a new view on treNG signal. We do not consider
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