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Selective Recording of the Canine Hypoglossal Nerve
Using a Multicontact Flat Interface Nerve Electrode

Paul B. Yoo, Member, IEEE, and Dominique M. Durand*, Member, IEEE

Abstract—A flat-interface nerve electrode (FINE) is presented
as a potential solution for using multifascicle nerve recordings as
part of a closed-loop control system. To investigate the ability of this
electrode to achieve selective recordings at physiological signal-to-
noise ratio (SNR), a finite-element model (FEM) of a beagle hy-
poglossal nerve with an implanted FINE was constructed. Action
potentials (AP) were generated at various SNR levels and the per-
formance of the electrode was assessed with a selectivity index (0 <
SI < 1; ability of the electrode to distinguish two active sources).
Computer simulations yielded a selective range (0.05 < SI <
0.76) that was 1) related to the interfiber distance and 2) used
to predict the minimum interfiber distance (0.23 mm < d <
1.42 mm) for selective recording at each SNR. The SI was fur-
ther evaluated using recorded compound APs elicited from electri-
cally activating the branches of the beagle hypoglossal nerve. For
all experiments (n = 7), the selectivity (SI = 0.45 £ 0.16) was
within the range predicted by the FEM. This study suggests that
the FINE can record the activity from a multifasciculated nerve
and, more importantly, distinguish neural signals from pairs of fas-
cicles at physiologic SNR.

Index Terms—Action potential (AP), beagle hypoglossal nerve,
cuff electrode, neural recording, selectivity index, signal-to-noise
ratio (SNR).

1. INTRODUCTION

HE therapeutic significance of functional electrical
stimulation (FES) is underscored by the myriad of neu-
roprosthetic devices that have been applied to physiologically
impaired organs or systems. For these implantable prostheses,
the design criteria are chosen to influence the nervous system
at specific levels (i.e., peripheral or central) and for various
applications: bladder control [1], [2], functional reanimation
of the upper and lower extremities [3]-[6], auditory and vi-
sual restoration [7]-[9], respiratory disorders [10], [11], and
treatment of Parkinson’s disease [12]. Equally important to
the efferent effects of these implementations, however, is the
ability to detect the functional and/or dysfunctional state of the
biological system and to use this information to control (i.e.,
initiate, modulate and terminate) stimulation.
In contrast to conventional artificial sensors (e.g., joint angle
transducer), which exhibit problems such as maintenance,
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cosmesis and biocompatibility, direct recording of electrical
activity from biological sources has proven to be an effective
means of acquiring reliable control signals. These generally
include electromyographic (EMG) and electroneurographic
(ENG) recordings obtained from implanted wire or surface
muscle electrodes and nerve cuff electrodes, respectively [13],
[14]. More recently, the development of multicontact elec-
trode arrays fabricated at the micron level have initiated novel
methods for obtaining cortical signals, which may particularly
benefit FES systems involving individuals with spinal cord
injury (SCI) at high cervical levels. This approach is commonly
referred to as the brain-computer interface (BCI) and involves
electrical recordings derived from higher neural structures:
electroencephalogram (EEG) and more invasive recordings
from various cortical areas [15]-[17].

For most individuals with SCI and stroke survivors, a sig-
nificant portion of the peripheral nervous system is intact and
can provide viable sources for FES control signals. As such,
recording the electrical activity from a whole nerve or function-
ally specific branches is a particularly appealing choice. Unlike
recording methods associated with EMG or EEG, direct neural
recordings are specific and provide rapid feedback. In addition
to the relatively noninvasive surgical procedure associated with
nerve cuff electrodes, the reported long-termreliability and safety
of these devices offer further validation for the implementation of
this technology into FES systems [18]—[20]. The majority of FES
applications, however, involve nerve trunks (e.g., radial, sciatic
or hypoglossal nerves) that consist of multiple bundles of motor
and sensory fibers, the electrical activity of which could be used
to control both the afferent and efferent pathways involved with
the prosthesis. As a consequence, multicontact cuff electrodes
have been developed to circumvent the need for multiple elec-
trodes implanted on each distal nerve branch. While numerous
studies have documented the selective stimulation properties of
these conventionally round (i.e., transverse geometry) and even
self-sizing electrodes [21], [22], there is a paucity of experi-
mental data concerning the ability of such electrodes to record
and distinguish between different active fascicles [23], [24].

The flat-interface nerve electrode (FINE) presents a unique
cuff electrode design for selective nerve recording by realigning
the fascicles and reshaping the nerve into a more flattened cross
section [25]. This anatomical modification increases the surface
area of the exposed nerve and, in turn, offers greater access
to fascicles, which may otherwise be surrounded by adjacent
fascicles. Improvements in the recording characteristics of this
electrode (compared to round transverse geometry) have been
demonstrated in a previous modeling study for geometrically
idealized neuroanatomical structures [26].
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Fig. 1. Schematic diagram of the FINE. (a) Cross section of the FINE with
all thirteen recording positions (i.e., cathodes) and height of electrode opening
labeled 1-13 and H, respectively. (b) Rotated drawing of the FINE showing
the spot-welded platinum pieces (white) and the exposed cathodic (0.5 mm X
0.5 mm) and anodic contacts (black; 0.5 mm X 6.5 mm). Tripolar recording is
achieved by measuring the differential voltage between the center cathode and
the electrically shorted anodes. The width (W) and length (L) of the space
inside the FINE are labeled accordingly.

This paper examines the feasibility of selectively recording
the neural activity of a multifasciculated nerve using the FINE.
First, a three dimensional finite-element model (FEM) was
derived from a cross-sectional image of a canine hypoglossal
nerve. The model could generate single fiber action poten-
tial (AP) signals to: 1) investigate the recording selectivity
(i.e., ability to distinguish two active fascicles) at various
signal-to-noise ratio (SNR) levels and 2) determine the op-
timum number of electrode recording positions. The model
was validated subsequently via acute beagle experiments:
hypoglossal nerve branches were electrically stimulated, while
compound APs were recorded with the FINE and used to
quantify the performance of the electrode. Preliminary results
of this study have been previously reported [27].

II. METHOD

The recording selectivity of the FINE was investigated using
both computational and experimental approaches. In both
cases, the electrical activity of the canine hypoglossal nerve
was recorded with a multicontact FINE [Fig. 1(a)] to quantify
electrode performance. All animal care and experimental pro-
tocols were in accordance with NIH guidelines and approved
by the Institutional Animal Care and Use Committee of Case
Western Reserve University.

A. FEM

A cross section of the canine hypoglossal nerve corre-
sponding to the location at the cathodes of a FINE was
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Fig. 2. FEM of a cuff electrode and hypoglossal nerve. The solved model is
depicted by the surface mesh. (a) The active voltage source is located just outside
the FINE and immersed in a cylindrical volume of saline. (b) Image of the nerve
cross section with the fascicles (GH; GG; and HG/SG) and functional branches
(branches 1-3) labeled. (c) Zoomed image of the shaded area in (b), where the
typical locations of nerve fibers are denoted by the dots. Five evenly spaced fibers
were placed in the fascicles corresponding to the GH and GG, while only four
axons were placed in the fascicles innervating the HG/SG (i.e., total = 26).

TABLE 1
ELECTRICAL PROPERTIES OF PERIPHERAL NERVE
Material Conductivity (S/m) Reference

Endoneurium 8.26¢-2 (transverse) [42-44]
5.71e-1(longitudinal) [42-44]

Perineurium 2.1e-3 [42]

Epineurium 8.26e-2 [42]

Silicone le-7 [26]
Saline 2 [26,43]

traced, digitized and translated into a finite element soft-
ware package (Maxwell 3D, Ansoft Corp.). The electri-
cally anisotropic endoneurium, epineurium, and perineurium
(thickness = 50 pm) were extruded [length = 60 mm;
Fig. 2(a)—(c)] and enclosed within a silastic cuff representing
the FINE [L x W x H = 1 cm x 6.5 cm x 0.5 mm; Fig. 1(b)].
The electrical conductivity of each model component is pre-
sented in Table I. A single cylindrical voltage source (node of
Ranvier at 0.1 V; radius = 3 pm; length = 4 pm) was placed
within one of the fascicles to represent a node of Ranvier,
while the outer boundary of the cylindrical volume of saline
(radius = 12 mm; length = 60 mm) was defined as the
electrical ground [Fig. 1(a)]. A simple analysis of the model
[results not shown] determined that the accuracy of the FEM
solution was unaffected for dimensions of saline that were two
orders of magnitude greater than the source.

In order to account for the contribution of each node of
Ranvier along the nerve to the recorded electric potential
within the FINE, the FEM was repeatedly solved (computa-
tion time >15 min per node of Ranvier; number of elements
(tetrahedra) >60000) as the voltage source was displaced
at 1 mm intervals, as depicted in Fig. 3(a). Each solution of
the model yielded 1) the electric potential at the anodic and
cathodic recording positions within the FINE and 2) the total
current exiting the voltage source that was defined as the nodal
current (Isnsorr). This series of computations was repeated
for various locations of the nerve fiber within any one of the
fascicles [Fig. 2(c)].
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Fig. 3. Single fiber action potential. (a) Sequential images of the solved
electrical field potential on the inner surface of the cuff electrode as the node
of Ranvier is displaced along the nerve. In this example, the interval distance
is 0.5 mm. (b) Time-dependent nodal current (INEURON) obtained from a
myelinated axon model (NEURON) using mammalian membrane dynamics
(Sweeney et al., 1987). (c) An example of a computationally generated single
fiber action potential.

B. Computational Simulation of Action Potentials

A computational algorithm (Matlab, Mathworks Inc.) was
created to simulate action potential recordings from a single
active 10-pm fiber. At each microsecond, the number of active
nodes of Ranvier was determined according to the saltatory con-
duction properties of a propagating action potential [30]. Based
on a NEURON computer model ([28]) of a myelinated mam-
malian axon activated via intracellular current injection [29],
the membrane current of a single node of Ranvier [/INgurON
in Fig. 3(b)] was then obtained and used to linearly scale
(InguroN: IansorT) the electric potential corresponding
to each active node of Ranvier. The final tripolar nerve cuff
reCOTdngS [Vtripole(t) = Vcathode(t) - Vanode(t); Flg 3(C)]
were generated by summing these scaled voltages at each time
interval. It is noted that while the number of recording contacts
on the FINE used in the animal experiments was thirteen,
the FEM employed a greater number of recording positions
(n = 26) to explore the limits of the FINE. These are shown in
Figs. 6(a) and 7(a), respectively.

C. Acute Canine Experiments

Six adult beagles (9—12 kg) were anesthetized with an ini-
tial I V. injection of 2.5% sodium thiopental (1 ml/kg) and sub-
sequent ventilation of 1%-3% halothane with 100% oxygen.
With the dog placed in a supine position (Fig. 4) an incision
along the submandibular region (i.e., hyoid bone to mandible)
and blunt dissection of the underlying fascia and muscle tissue
were performed to expose the hypoglossal nerve and its distal
branches. A multicontact FINE (Fig. 1) was implanted just prox-
imal to the branching point of the hypoglossal nerve, while
single tripole FINEs were placed on each accessible distal nerve
branch. While the branches innervating the GH and GG muscles
usually consisted of a single fascicle, the nerve branch associ-
ated with the tongue retractors (HG and SG) contained multiple
fascicles that formed an aggregate of small branches. Conse-
quently, these functionally homologous branches were grouped
into a single electrode.

As the individual hypoglossal nerve branches of each
beagle (n = 7) were maximally activated by current pulses
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Fig. 4. Schematic of acute beagle experiment. Current pulses were delivered
through one of the stimulating FINEs implanted on each nerve branch, while
compound APs were filtered, amplified (differential amplifier) and recorded
with the recording FINE. Note the anodes of the FINE are electrically
shorted in the conventional tripolar configuration. The innervated muscles
and corresponding nerve branches are labeled, accordingly. The site of sub-
mandibular incision in the beagle is indicated as the shaded area in the inset.

(I = 0.5 to 2 mA; pulse width = 50 us; f = 2 Hz; n = 16)
delivered through the corresponding single-tripole FINE, an-
tidromic compound action potentials (CAP) were recorded
using a 13-tripole FINE (Fig. 4). The recorded signals were
filtered (bandpass: 10 Hz-10 kHz; notch: 60 Hz) and am-
plified (gain: 5000-100000) with an ac-coupled differential
amplifier (Grass P511, Astromed Inc.) and digitally archived
(sampling rate = 40 kHz).

Prior to euthanasia, the nerve was severed distal and prox-
imal to the stimulating and recording electrodes, respectively.
The hypoglossal nerve and recording FINE were stored in 10%
formalin solution. The nerve was later sectioned into 1-cm seg-
ments, embedded in paraffin, sliced, and stained with methylene
blue to yield cross-sectional images of the nerve.

D. Selectivity Index

The performance of the FINE was characterized by a
recording selectivity index (SI) and defined as the ability of
the electrode to distinguish between two active sources (i.e.,
anatomical fascicles or functional branches) located within a
nerve. The selectivity was quantified by computing the Eu-
clidian distance between two [N-dimensional vectors, each
generated by two sources and denoted by the peak-to-peak
voltage (Vpp) or root-mean-squared (rms) value of the action
potentials recorded with the FINE. The amplitude of the evoked
neural signal (Vpp) was used to compute SI, unless the selec-
tivity was evaluated for data with finite SNR. In such cases, the
rms was used to compute SI. As previously shown [26], these
two sets of N-dimensional vectors formed a matrix (V},_,,) that
was normalized to eliminate the effects of electrode contact
impedance variability. The recorded signals from each contact
(Um,n) was divided by the sum of the responses of that contact
for all active sources

Vm,n ) (1)

Cm,n = 2
> Vi
m=1
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Each vector (¢;,,,,) was then normalized to unit magnitude
to account for the source dependent differences in recorded
peak-to-peak amplitudes

Cm,n

\/(C?n,l + C?n,? +o Cr2n,N)

Following normalization of the matrix, V,, », the Euclidian
distance (0 < SI < 1) between the vectors defined by the two
active sources (m1 and m?2) is calculated as shown in (3) at the
bottom of the page.

The lower (SI = 0) limit of selectivity represents a case
where an active fiber yields identical recorded signals at every
contact position, while maximum selectivity (SI = 1) occurs
when only one contact is different from the other recording po-
sitions (i.e., infinite distance between contacts).

2

Wm,n =

)

E. Analysis of Nerve Model

To investigate the selective properties of the cuff electrode
using a finite-element nerve model, action potential recordings
were first generated for active fibers located within each fascicle
[Fig. 2(c); n = 26 axons]. The selectivity index for paired sets
of these signals was computed for all possible combinations of
axons located in different fascicles (n = 281). Based on the
computed SI range for these pairs of active fibers, the effects of
nerve geometry (relative position of fascicles within the nerve)
on the selectivity were studied via a cluster analysis: 1) fiber
pairs were grouped according to interfiber distances that were
within £10% of the mean; 2) each cluster consisted of fiber
pairs that were associated with more than one distinct pair of
fascicles; and 3) an ANOVA test was used to determine any
significant differences within each cluster.

Next, the relationship between the recording selectivity and
the electrode contact configuration was investigated. Using
single axons located in the middle of active pairs of fascicles,
the SI was computed for all possible combinations of 7 contacts
from one (single side; n = 2, 3, 5, 7, and 13) or both (double
side; n = 3, 5,7, 13, 20, and 26) sides of the nerve electrode
[Fig. 7(a)]. The calculated SI for five contacts in the single
side case, for example, involved all possible combinations of
n = b contacts chosen from recording positions 1 to 13 in
Fig. 7(a). The five contact double-sided SI, on the other hand,
was computed by using the combined possibilities of (a) n = 3
contacts chosen from recording positions 1 to 13 and (b) n = 2
contacts chosen from recording positions 14 to 26.

Finally, to relate the selectivity index to the signal to noise
ratio (SNR) of the recorded signals, the nerve model was further
analyzed as a function of the amplitude of uniformly distributed
random noise added to the computationally generated action po-
tentials. Using the rms value of action potentials recorded with a
double-sided 13 contact FINE configuration [see Fig. 5(a)], the
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Fig. 5. Sample tripolar recordings obtained from the model (FEM) and
experiments (EXP) are shown in (a) and (c), respectively. The paired signals
(solid and dashed lines) are numbered according to the contact position.
(b) The selectivity was subsequently computed for all combinations of fibers
(FEM: n = 281) and fascicles (EXP: n = 21) and plotted as a function
of the distance between the two sources. The SI for the signals in (a) and
(c) are indicated by the arrows: SI = 0.53 at 1.85 mm and SI = 0.38 at
1.53 mm, respectively. The data were fitted second-order polynomials: (a) y =
—0.04x? + 0.34x (12 = 0.97); (b) y = —0.03x* 4+ 0.28x (r? = 0.47).

ST was calculated for every pair of active fibers (n = 281) at
various levels of noise (0 dB < SNR < 20 dB).

III. RESULTS

A FEM of the canine hypoglossal nerve was used to investi-
gate the recording selectivity of the FINE by computing the SI
for pairs of axons located within different fascicles. The compu-
tational model was verified through subsequent in vivo experi-
ments (n = 7) that were performed in six beagles. Both the left
and right hypoglossal nerves were used in one animal (Exp #6).

A. Recording Selectivity-Simulations

The recording selectivity of a multicontact nerve electrode
was studied using a finite element model based on a sample
image of a canine hypoglossal nerve. In order to quantify the

\/(wml,l — Wm21)% + (W12 —

SI =

Wm22)2 + -+ (Wi N — Wma N )2

NG 3
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performance of the electrode, sets of action potential record-
ings were first simulated for single active axons located within
each fascicle [Fig. 2(c)]. For these 10 pm diameter axons and
the electrode dimensions used in the model, the exhibited char-
acteristics of the generated action potentials [Fig. 3(c)] were
similar to those obtained from A fibers using experimental
and computational methods: triphasic waveform, duration and
peak-to-peak amplitude [31].

Paired sets of simulated APs corresponding to two active fibers
located in different fascicles (denoted as A and B) were used
to compute the recording selectivity. An example is shown in
Fig. 5(a), where the generated signals for single active fibers lo-
cated in fascicles A and B were plotted as solid and dashed lines,
respectively. The marked difference in the peak-to-peak voltages
(V,p) exhibited between contacts located closest (e.g., contact
1) and farthest (e.g., contact 6) from an active fascicle (e.g., fas-
cicle A) predict a high degree of recording selectivity, as indi-
cated by a value of SI = 0.53 calculated for the data in Fig. 5(a).

B. Recording Selectivity-In Vivo

The in vivo recording selectivity of the FINE was also inves-
tigated. A sample set of data is presented in Fig. 5(c), where
sequential activation of branches 1 and 2 resulted in the paired
signals labeled according to the number of the recording po-
sition. Using the V pp values of the recorded APs, the ST was
computed for all hypoglossal nerve branch combinations and
plotted as a function of distance between the middle of each re-
spective branch [Fig. 5(b)]. Similar to the results obtained from
the computer model, the FINE exhibited high selectivity values
[e.g., ST = 0.38 at an interfiber distance of 1.53 mm; Fig. 5(b)]
that increased with the measured distance between the electri-
cally activated sources. Furthermore, the second-order polyno-
mial fitted to the data also confirmed the quadratic relationship
observed in the model.

C. Effect of Nerve Geometry on Selectivity

Further analysis of the computed SI resulted in five distinct
clusters with mean interfiber distances of 0.35, 0.5, 1.8, 2.0, and
3.7 mm, respectively [Fig. 6(b)]. Within each cluster, there were
two subsets of fiber pairs that represented different combina-
tions of paired fascicles. For example, as shown in Fig. 6(c),
there were a total of 25 fiber pairs corresponding to a mean sep-
aration of 2.0 mm. Of these, 13 pairs represented fascicles A
and B, while the remaining 12 pairs corresponded to fascicles B
and D [Fig. 6(a)]. Given that the position of both the fascicles
and axons within the model were randomly determined, a series
of ANOVA tests for each cluster revealed that there was no sig-
nificant difference in the mean SI values between these fascicle
pairs. These results indicate that the relative position of the pair
of active fibers within the FINE does not significantly affect the
recording selectivity.

D. Effect of Electrode Contacts (Number and Configuration)
on Selectivity

Using the single- and double-sided electrode configurations
previously described, the computed SI (mean + standard devi-
ation) was plotted with respect to the number of contacts and
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Fig. 6. Analysis of recording SI as a function of nerve geometry. Active fiber
pairs were clustered according to two conditions: 1) interfiber distances were
within 10% of specified values and 2) each cluster consisted of more than one
combination of fascicles. (b) At each specified interfiber distance, paired t-tests
were performed between each fascicle combination identified by the letters A-F
[refer to image in (a)]. The results show that there was no significant difference
in SI between each equidistant pair of fascicles.

shown in Fig. 7(b). The increase and subsequent plateau (at
x = 7 contacts) for both the single and double-sided SI (e.g.,
fascicles A and F) were consistently observed for all fascicle
combinations of this nerve model. The marked decrease in the
standard deviation of SI at » = 7 contacts is important, since it
represents a threshold beyond which the selectivity is not signif-
icantly affected by the number of electrode recording positions.
The results of the recording selectivity in Fig. 7(b) (i.e., single
versus double at n = 3, 5, 7, and 13 contacts) further reveal
that there is no significant difference between these electrode
recording configurations, regardless of the number of contacts.

Experimental data confirmed these conclusions, where com-
pound action potentials were recorded from canine hypoglossal
nerves (n = 7) implanted with a thirteen-contact FINE (Fig. 1).
In each experiment, the SI (mean + standard deviation) was
computed using the recorded peak-to-peak signals from all pos-
sible contact combinations for both single (n = 2, 3, 5, and 7)
and double-sided (n = 3, 5,7, and 13) selectivity. The computed
SI values for every branch pair exhibited similar characteristics:
1) the selectivity reached a plateau at » = 7 contacts and 2) there
was no difference between the single and double-sided contact
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Fig. 7. Effect of the number of recording positions on selectivity. (a) Two

active fibers (interfiber distance = 4.11 i) located in the middle of
fascicles A and F, respectively, were used to compute SI. (b) The selectivity
for this pair was computed for various configurations: all combinations of
contacts chosen for one (2, 3, 5, 7, and 13 selected from 13 contacts; solid
line) or both sides (3, 5, 7, 13, 20, and 26 selected from 26 contacts; dashed
line) of the electrode in (a). The SI increased with the number of electrode
contacts and reached a plateau beyond five recording positions. (c) The
experimental SI (mean + standard deviation, experiment 5) for branches 1 and
3 (interbranch distance = 3.35 mm) is plotted as a function of electrode
contacts (x = 2,3, 5,7, and 13) and configuration (single versus double
sides). Similar to the nerve model, both configurations reach a plateau at x = 7
contacts.

configurations. The results from one experiment are shown in
Fig. 7(c): the single and double-sided SI for branches 1 and 3
are plotted as a function of the number of contacts.

E. Effects of Noise on Selectivity

For this particular analysis of the computer model, the rms
values of the generated single fiber action potentials were used
to re-compute the selectivity index for all fiber pairs were com-
puted at each noise level. The maximum and minimum SI were
respectively defined as the upper and lower limits of the com-
puted SI of each data set and plotted as a function of SNR in
Fig. 8(a). The most noticeable characteristic of this plot is that
the selective range of the electrode (shaded area) significantly
decreases below SNR = 5 dB. In fact, the selective range at
SNR = 0 dB is severely limited: 0.01 < SI < 0.05. While any
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Fig. 8. The effects of random noise on selectivity. As increasingly larger levels
of noise was added (i.e., 10 to 100 percent of maximum recorded action potential
at 10 percent increments), the SI was re-computed for all possible axon pair
combinations (n = 281). (a) The upper and lower limits of selectivity are
plotted as a function of SNR. The maximum SI (= 0.05) at SNR = 0 dB
was defined as the threshold SI, below which the pair of recorded signals were
equivalent to random noise (i.e., not selective). (b) The threshold SI was used,
in turn, to determine the minimum distance between two fibers that could be
distinguished (e.g., 0.23 mm for SNR > 5 dB).

nonzero SI denotes, by definition, a measurable difference in the
recorded signals for a given pair of active fibers, the reliability
of such an assertion becomes uncertain at SNR = 0 dB as the
neural signal is equal to noise. Consequently, the upper limit of
selectivity at SNR = 0 dB [SI = 0.05; dashed line in Fig. 8(a)]
was defined as the threshold SI and represents the minimum se-
lectivity for this model, at which the FINE can distinguish the
signal from two fibers. This threshold SI, however, further lim-
ited the selective range below SNR = 5 dB, as the SI for any
fiber pair below 0.05 was not considered selective.

The threshold SI was, in turn, used in estimating the minimum
possible separation of two selective fibers. At each respective
level of SNR, the distance between fiber pairs that yielded the
smallest SI greater than the threshold was plotted in Fig. 8(b).
This minimum distance ranged from the closest pair of fibers
(0.23 mm, SNR > 5 dB) to the pair corresponding to the
largest interfiber distance (4.22 mm, SNR < 1 dB) for this
nerve model. It is important to note that the FINE [Fig. 8(b)]
can selectively distinguish fibers separated by at least 0.54 mm
at SNR = 2.3 dB, which is comparable to experimentally ob-
served noise levels [20], [32].

Finally, to test the validity of the computational SI values
the experimental SNR was first computed by taking the ratio
of the rms value of the maximum recorded compound AP to
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Fig. 9. Experimental selective recording. (a) The experimental SI (mean
=+ standard deviation) of the FINE was plotted as a function of SNR. The
experimental results were within the computed SI limits obtained from the
FEM also greater that the threshold SI. Traced images of representative canine
hypoglossal nerves are indicated in (a) as (b)—(d). The similar SI values are
reflected in the nerve cross-sectional geometry of the nerves.

that of the background noise. The recording SI (mean + stan-
dard deviation) were then computed and plotted in Fig. 9(a) as a
function of the computed SNR for each respective experiment.
The computationally derived upper and lower SI limits of the
FEM [refer to Fig. 8(a)] were then superimposed in this plot to
directly compare the results. Within the range of experimental
SNR, the mean SI values of the FINE were within the predicted
limits of the model and were also greater than the minimum
(i.e., threshold) selectivity. Furthermore, the predictability of the
observed experimental SI is a result of the consistent geomet-
rical properties of the canine hypoglossal nerve, as shown in the
traced images in Fig. 9(b), (c).

IV. DISCUSSION

An important design objective for chronically implantable
nerve electrodes is to simplify the implementation of the device,
which may become particularly critical for applications used, for
example, to record the activity of a multifasciculated nerve as
part of a feedback control mechanism. To this end, the feasibility
of using a single multicontact FINE was investigated. Initially,
a FEM was constructed from a digitized image of a canine hy-
poglossal nerve and used to determine the ability of the electrode
to selectively record signals from anatomically separated nerve
bundles. The model makes several assumptions to maximize
computational efficiency: 1) the generation of neural activity was
approximated by a monopolar current source; 2) the anatomical
cross section was uniform along the nerve; and 3) linearity al-
lowed scaling and superpositioning voltage recordings from each
active node of Ranvier. The observed amplitude, duration and
waveform of these simulated single fiber APs were, nevertheless,
comparable to those previously reported [26], [31], [33].
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The performance of the FINE was quantified with a selec-
tivity index (0 < SI < 1) that was defined as the ability of the
electrode to distinguish any pair of active sources located within
the nerve. Based on a previously derived mathematical expres-
sion [26], [34], the SI simply denotes the distance between the
end-points of two normalized N-dimensional vectors, which
represent the N recording positions of the FINE. This defini-
tion ensures that the recording selectivity is not significantly af-
fected by the amplitude of the signal source (e.g., longitudinal
position or diameter of fiber). Rather, the SI is determined by the
recorded voltage distribution within the cuff electrode, which is
strongly related to the interfiber distance, as shown in Fig. 5(b).
This relationship is further supported by limited effect of the
nerve geometry on the recording selectivity of the FINE. As
shown in Fig. 6(c), there is no significant difference in the com-
puted ST for equidistant fascicle pairs that occupy different areas
of the nerve cross section.

Another factor that influences the selectivity of the FINE is
the number of recording positions (i.e., contact density) placed
around the nerve. While previous work has shown that max-
imum overall selectivity is achieved when the number of con-
tacts equals that of the nerve fascicles [26], this generally oc-
curs when the distribution of the contacts are optimally placed
with respect to each bundle of fibers. Since the fascicular mor-
phology is assumed to be unknown a priori, our analysis in-
volved computing the SI for all possible contact combinations
for each given number of recording positions [Fig. 7(b)]. The
results showed that the SI improved with the number of tripoles
and reached maximum selectivity at thirteen contacts. In con-
trast, the experimentally derived SI in Fig. 7(c) shows a signif-
icant discrepancy between the two configurations: double-side
yielded lower selectivity. This is not only a result of the smaller
number of contacts (total 13 positions) used in the experiments,
but it is also a function of the relative size of the nerve with
respect to the electrode. As shown is Fig. 5(c), the nerve was al-
ways smaller than the nerve cuff electrode opening and so there
were contacts that were not directly over the nerve. As a con-
sequence, the computed selectivity for such configurations that
mainly surrounded the biological saline within the FINE [e.g.,
contacts 1, 2, 7, 8, and 9 in Fig. 5(c)] yielded poor selectivity
and, hence, large variations in SI. The significance of analyzing
the electrode contact configuration is underscored by the prac-
tical implications of the results: the maximum SI can be approx-
imated with as little as seven recording positions that can be
evenly distributed on one or both sides of the FINE [Fig. 7(b),
(©)]. This is particularly important in minimizing the complexity
of the implanted device while also ensuring selective recording,
as the fascicular morphology of the nerve at the site of implan-
tation may not necessarily be predictable nor consistent [35].

It is clear that the upper limit of the recording selectivity
for this nerve model (SI = 0.76) represents a pair of “distin-
guishable” sources, but this quantity becomes rather ambiguous
at the other end of the SI spectrum. As a result, increasingly
larger amplitudes of random noise was added to the simulated
APs to yield a minimum limit (¢thresholdST = 0.05) of selec-
tivity at SNR = 0 dB [Fig. 8(a)]. Given that the signal ampli-
tude is equivalent to the noise at this SNR level, any SI below
this threshold was not considered selective. A more significant
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outcome of this model was that this noise analysis provided a
means of estimating the minimum interfiber distance for “selec-
tive” pairs of axons at each respective level of SN R [Fig. 8(b)].
According to the model, the estimated minimum interfiber dis-
tances for pairs of axons that can be selectively recorded with
the FINE, range from 0.34 to 1.4 mm at typical SNR values ob-
served (1 ~ 3 dB) for cuff electrodes [32], [36].

Experimentally, the average recording selectivity of the
FINE at each respective SNR [Fig. 9(a)] was within the SI
range predicted by the nerve model, thus confirming the results
of the FEM. For this series of canine hypoglossal nerves, the
cross-sectional images exhibited a consistent pattern at the site
of electrode implant, which is reflected in the computed SI
values. A large middle fascicle (GG muscle) was found with
an adjacent single fascicle innervating the GH and smaller
multiple fascicles innervating the HG/SH muscles [Fig. 9(b)].
While it is difficult to predict the performance of the FINE
in a chronically implanted application, the average distance
between the closest branch pair (i.e., branches 1 and 2; 1.39
4 0.37) is sufficiently large enough, according to the nerve
model, to achieve selective recording at as low as SNR = 1 dB
[minimum interfiber distance = 1.22 mm; Fig. 7(b)].

The recording characteristics of the FINE are achieved
through reshaping the nerve and optimizing the spatial orien-
tation of the fascicles, with respect to the contacts of the cuff
electrode. This is further enhanced by the inherent noncircular
nerve geometry that has been observed near the branching point
of peripheral nerves (e.g., hypoglossal or pudendal nerves).
The fact that selectivity is improved without compromising
the perineurium does not preclude concerns regarding the
long-term safety of the FINE [37], [38]. The potentially delete-
rious effects (e.g., neural damage or functional deficit) of neural
reshaping are justifiably anticipated by the observed sequelae
of compression forces on peripheral nerves [39], [40]. Never-
theless, these issues may be circumvented by avoiding severe
fascicular reshaping as recently shown in the rodent sciatic
nerve: the FINE reshaped the nerve without causing significant
postimplant changes in nerve histology or physiology [41].

This paper presents several important findings: 1) the
recording selectivity of the FINE is dependent on the distance
between the active sources; 2) the number of recording posi-
tions (i.e., contact density) influences the recording SI; and 3)
a FEM can be used to estimate the minimum interfiber distance
that can be selectively recorded with the FINE. While the
model suggests that the FINE could selectively record sources
at physiological SNR levels (1 ~ 3 dB) that are separated by
as little as 340 pm, the evoked compound action potentials
of the experimental data limit the predictions of the model.
Further studies involving naturally generated neural activity
(i.e., SNR < 3 dB) and signal extraction algorithms such as
blind source separation should yield greater insight into the
limits of selective nerve recording.
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