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Modeling Study of Peripheral Nerve Recording
Selectivity

Javier Perez-Orive and Dominique M. Duramdember, IEEE

Abstract—Recording of sensory information from afferent fascicles in a nerve are known to migrate and intermingle with
fibers can be used as feedback for the closed-loop control of neural each other along the length of the nerve, the anatomical evidence
prostheses. Clinical applications suggest that recording selectively jicates that there still is a considerable degree of fiber local-

from various nerve fascicles is important. Current nerve cuff .. . . .
electrodes are generally circular in shape and use a tripolar ization [4], [32], [33]. The localization of fibers coming from

recording configuration. Preliminary experiments suggest that @ SPecific branch is usually largest close to the point where the
slowly changing the shape of the nerve to a flatter cross section can nerve trunk branches [32]. Spatial recording selectivity is based
improve its selectivity. The_ objective of this wor|_< is to determine gn the fact that signals generated by a localized group of fibers
the effects of nerve reshaping and other cuff design parameters on i, 4 nerve will decrease in amplitude as the distance between the
the fascicular recording selectivity of a nerve cuff. A finite-element . . - - .
computer model of a multifasciculated nerve with different cuff recording electrode and th,e flber§ Increases. Spgtlal Sel,eCt'V'ty
electrodes was implemented to simulate the recordings. The can therefore be used to distinguish between active fascicles.
model included the inhomogeneous and anisotropic properties Several attempts have been made to achieve fascicular
of peripheral nerves. The recording selectivity was quantified recording selectivity with cylindrical nerve cuff electrodes [8],
with the use of a Selectivity Index. The results from the model [14], [22], [30], [19] and achieved good selectivity. However,

provided information regarding the effect of using monopolar t I d and limi . ¢
versus tripolar recording configurations, the length of the tripoles nerves are not normally round and preliminary experiments

in tripolar recordings, the number of contacts that maximize the suggest that changing the shape of the nerve to a flatter cross
selectivity index, and the cuff length. Nerve reshaping was found section can improve its stimulation selectivity [35]. This flatter

to cause important recording selectivity improvements (106% cross section could also improve the recording selectivity by
average). These results provide specific criteria for the design of 4 6wing larger differences in the voltage distribution within the
selectively recording nerve cuff electrodes. . X .
cuff. Therefore, the goal of this paper is to determine the effect
of nerve reshaping on fascicular recording selectivity. The
effect of various parameters such as electrode configuration,
EURAL prostheses seek to restore function to neurolotpngth of the electrode and number of recording positions on
ically impaired individuals by using functional electricalrecording selectivity was quantified with the use of a selectivity
stimulation (FES) in order to electrically activate the nervougdex (SI) originally defined by Cheat al. [6] and modified
system [1], [28]. Closed-loop control with appropriate sensof@r this analysis. A modeling approach based on finite-element
can improve the performance of these neural prostheses [3], pf}alysis was used in order to take into account the inhomo-
However, the use of artificial sensors to provide feedback sigeneities and anisotropies in the volume conductor.
nals for this control poses several problems such as: donning and
doffing times, frequent calibrations, cosmesis, mechanical reli- [I. METHODS

ability and biocompatibility [16], [24]. Peripheral nerve record- 1) Selectivity Index (Sl)Let vectorV; be defined ag/; —

ings of the sensory signals contained in afferent fibers can pro-

vide information about variables such as pressure, joint angﬁ@fl’m’ -+, viy) formed with v elements;;, taken from

muscle force, or length [11][13], [16], [31]. To reduce Iorob_he peak-to-peak amplitudes (p-pAs) of the recording obtained

lems associated with implanting large numbers of recordilg.r%)m contacy (outof N possible contacts) while fascicles ac-

electrodes, it is necessary for a single electrode to be abletI § (out of M possible fascicles), such thit vectors inN-di-

provide selective recordings mensional space are generated. The voliggés first normal-
Fascicular recording selectivity is defined as the ability of iged to the average value of all the contacts to eliminate the effect

nerve electrode to distinguish between different active fascicl%fscontam impedance
based on their spatial location within the nerve. Even though the Vi
Cij = M .
> vk
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Fig. 1. (a) Three-dimensional finite-element model representation of 1.2-cm-long circular cuff. (b) Cross-sectional areas of finite-eleisaoitemodlar and
flat cuffs surrounding multifasciculated nerves. Both models have the same cross-sectional areas of all nerve tissues and the same thighs@ssion ¢issae
layer, saline layer and cuff. The amount of flattening was determined by keeping constant the minimum distance from fascicle to cuff.

With the vectors normalized across contacts and fasciclesher vectors. The selectivity index (SI) of the cuff will be the
the Euclidean distance between ftile andkth vectors is then average of the selectivity indexes for each fascicle
calculated

1 M 1 M
Sl= - M-LE dir | - 2)
k=1 i=1, i5#k

— 2) Model Implementation:Several models of three-di-
V2 mensional (3-D) multifasciculated nerves surrounded by cuff
-\/(wﬂ —wk1)?+(wiz —wr2)?+ - +H(wiv—wkn)?. electrodes with different lengths and cross-sectional geometries
(1) were implemented (Fig. 1). Three different cuff lengths and
two cross-sectional geometries were modeled: 1.2-, 2.4-, and
This distance is normalized as a percentage of the theoretiddl-cm cuff lengths, and circular and flat geometries, respec-
maximum value obtained when all vectors are orthogonal tiwely. A finite-element modeling software package (Ansys
each other. The selectivity index for théh fascicle,Sy, is de- 5.3, Ansys Inc., Canonsburg, PA) was used. The size of the
fined as the average distance between veltgrand all the models ranged between 13396 nodes and 16 976 elements in
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Fig. 2. (a) Waveform of action potential versus time. (b) Waveform of action cugfgntversus time. These waveforms were obtained with a compartmental
cable model using Sweeney kinetics (Hsu and Durand, 1996; Swetmdy1987) of a 20um diameter fiber with 2-mm internodal distance. The arrow in (b)
indicates the third phase ir, necessary for the model to produce triphasic recordings. The action current resembles the second derivative of the action potential.

the 1.2 cm cuff model, and 27 580 nodes and 36 074 elemefitan fascicle to cuff (this feature determined the amount of
in the 4.8-cm cuff model. flattening of the model); cross-sectional areas of endoneurium,
The nerve model consisted of three different tissues wigierineurium and epineurium; thickness of encapsulation tissue
different electrical resistivities: endoneurium (longitudindiyer, saline layer and cuff. The cross-sectional perimeters
p = 1.0 Qm; transversep = 100 Q-m), perineurium increased in the flat cuff model. The voltage was setat 0 V at the
(p = 1592 Q-m) and epineuriumg = 1.0 ©Q-m). The boundary of the saline bath surrounding the nerve and cuff. The
cuff was modeled with the resistivity of silicone rubbesizes of the saline bath and of the longitudinal nerve extrusion
(0 =1 x 10t ©2-m). Between the cuff and the nerve, a layer ofvere chosen to be large enough so that increasing their size
tight encapsulation tissug & 15.17 ©-m) and a layer of saline further would have a negligible effect on the recordings [5].
(p = 0.5 ©-m) were placed. The nerve and cuff are immersed Each longitudinal node in the endoneurium section of the
in a bath of saline solution. The following model dimensionfinite-element model represents a node of Ranvier in a single
were used: circular model nerve diameter: 3 mm; fascicle diber. Action potentials were simulated as propagating in a
ameter: 617:m; perineurium thickness: 2bm; encapsulation single fiber located in the center of the fascicles. An action
tissue thickness: 42m; saline layer thickness: 42m; silicone potential propagating through an axon was modeled as a series
rubber cuff thickness: 300m; diameter of external saline bath:of current sources that represent the current flowing through
40 mm. Longitudinally, the nerve extruded 10 mm from the cuthe cell membranéi,,,) at each node of Ranvier (Fig. 2).
at both ends. The model dimensions are representative of thé compartmental cable model with Sweeney active dynamics
sciatic nerve of a cat, an animal model used for nerve recordifig], [33], which include the kinetics of a mammalian myeli-
experiments [16], [24]. To reduce the number of parametarated axon, was used to simulate the action potential [Fig. 2(a)]
involved and to facilitate the interpretation of the results, thgenerated by a 2pm diameter fiber with 2-mm internodal dis-
fascicles were positioned equidistant from each other withiance. Time steps of Ls were used in the model. The mem-
the cuff, had a similar round shape and diameter. The efféotine current waveform obtained with this model agrees with
of fascicle diameter on selectivity was studied separatefyrevious experimental [34] and modeling [9], [20], [28] results.
By varying the cross-sectional geometry of the model, thEhe current sources simulating thg waveform were moved
following variables were kept constant: minimum distancalong the endoneurium of the finite-element model at discrete
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a) b) third phase and the shorter cuff a small third phase. In the
longer cuff, the first and third phase are of similar magnitudes
and the second phase is approximately twice as large. The same
relationship between the magnitudes of the three phases was
obtained experimentally by Stegt al. [24]. The p-pA of the

< waveforms produced by the model ranged between QM8
recording  and 6.59uV, depending on the recording configuration, the

| recor
active fiber  POSItion  distance between the recording position and the active fascicle,
the length and shape of the cuff. The peak-to-peak duration of
the waveforms produced by the model ranged betweenss0

and 240us, depending on the recording configuration and the

c)

S S~ Ienth of th_e cuff. Both the p-pA a_\nd the peak-to-peak durati_ons
obtained with the model are within the range of values obtained

experimentally [14], [24].

1) Effect of Contact Distribution:The effects of tripole

1 v Igngth on p-pA and Sl are showr_1 in Fig. 4(a). Longer tripoles
yield larger p-pA than shorter tripoles [91% average voltage
100 s decrease going from longest to shortest tripole for the cuff

shown in Fig. 4(a)]. However, longer tripoles produce smaller
d) Sl values than shorter tripoles [82% average Sl value decrease
going from shortest to longest tripole for the cuff shown in
/\ N Fig. 4(a)]. For a given tripole length, the p-pA are largest for
the contact closest to the active fascicle and smallest for the
contact farthest from the active fascicle (180as expected.
Fig. 4(a) also shows that the monopolar recordings behave
similarly to the longest tripole. They provide large p-pA, but
small SI. Monopolar recordings have no advantage over tripolar
recordings: they provide worse selectivity than any tripole
length while recording similar p-pA than the long tripoles.
_J The effect of the number of recording positions on the selec-
1uVv o . . . ) .
tivity index is shown in Fig. 4(b). The figure shows that there is
an optimum number of recording positions for maximum selec-
Fig. 3. (a) Diagram of tripolar configuration in cuff model. (b) ArrowstIVIty' a_nd_ that_ this number depend_s 9” th_e number of fgSCICIGS
indicate locations of active fiber inside fascicle and recording position d®@ be distinguished [Fig. 4(b)]. To distinguish between five fas-
interior surface of cuff. (c) Voltage versus time recording with tripolacicles, the highest Sl is obtained by using four recording posi-

configuration in 1.2-cm-long circular cuff. (d) Voltage versus time recordin ; ot ol ; :
with tripolar configuration in 4.8-cm-long circular cuff. The Waveforms,’ﬁons while distinguishing between two fascicles requires only

amplitudes and durations of the recordings agree with those reported by S&MP recording positions.
et al(1975) and Hofferet al. (1981) for single fiber recordings in animal ~ 2) Effect of Cuff Length:For monopolar recordings, in-

experiments. Recordings from flat cuffs had similar waveforms, durations a : : ~
amplitudes. B?eas_lng the cuff Ien_gth mcrez_ased the p-pA but decreas_ed the
Sl [Fig. 5(a)]. That is, changing the length of the cuff in a

steps that corresponded with the conduction velocity (100 m Sonopolar recordlng produc_es similar effgcts to changing Fhe
. : : enhgth of the tripole in a tripolar recording. Conversely, in
of the propagating action potential.

. . . t
Monopolar recordlng§ were simulated by measurnng t}?ﬁe tripole length constant causes negligible changes (less than
voltage of a contact with respect to the reference. Tl’lp0|%(%)) in both p-pA and SI values [Fig. 5(b)]

recordings were simulated by subtracting the average of t o
recordings at the two end contacts from the recording at the ) Effect of Nerve Reshapindig. 6(a) shows the average

central contact [Fig. 3(a)] value Qf the amplitudes at the contacts c!osest and far_thest to
' ' the active fascicle for monopolar (M) and tripolar (T) configura-
tions, and 1.2- and 2.4-cm cuff lengths. Changing the cross-sec-
tional geometry of the cuff from circular to flat did not cause
Two tripolar ENG recordings obtained from 1.2- andignificantdifferences betweenthe average p-pA of the recorded
4.8-cm-long circular models are shown in Fig. 3(c) and (djvaveforms. However, the amplitude difference from the closest
respectively. The locations of the fiber and of the recording the farthest contact is always larger for the flat model [see
position on the inside surface of the cuff are shown in Fig. 3(l}ig. 6(b) and the error bars of Fig. 6(a)]. This difference suggests
These waveforms have the same characteristics as single fibat the flat cuff has a less homogeneous voltage distribution
recordings obtained in animal experiments with similar lengthisan the circular cuff. As a result, the Sl values obtained from the
of isolating medium surrounding the nerve [24]: the recorddtht model were always larger than those for the circular model,
waveforms are triphasic with the long cuff producing a largeegardless of the cuff length, the recording configuration used

100 ps

ripolar recordings varying the length of the cuff while keeping

Ill. RESULTS
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Fig. 4. (a) Effectof tripole length on p-pAand Sl for circular model with 2.4-cm cuff length. Values of p-pA are shown for contéd¢80atdhd 180 (measured
relative to the active fascicle). Sl values are shown for two recording positions to distinguish between two féacigleg), and four recording positions to
distinguish between four and five fascicles /4 f and4rp/5 f, respectively). Tripole length has an opposite effect on p-pA and SlI. Distinguishing between larger
numbers of fascicles decreases the selectivity. All other cuff lengths, as well as the flat nerve geometry, yielded similar results. Valueofar reoaafings

are plotted here for easier comparison with tripolar recordings. The monopolar recording configuration produces p-pA values similar to tieakeitibtae
longest tripole available in a given cuff length. Sl values for monopolar recordings are smaller than those for any tripole length. (b) Effect of nexobging
positions used on the SI for circular cuffs 1.2- and 2.4-cm long. Data are shown for Sl while distinguishing betwexf) taval five(5 f) fascicles. The optimum
number of recording positions to use depends on the number of fascicles to be distinguished.

(monopolar or tripolar) or the number of fascicles distinguished 4) Effect of Fiber Diameter and Perineurium Resistivitjo

[Fig. 6(c)]. The average Sl improvement obtained with the flainalyze the effect of fiber diameter on the recordings, the action
cuff in these different recording simulations was 106%. Distirpotential generated by a 1@m diameter fiber was simulated in
guishing between four or five fascicles did not make a large di finite-element model of a 1.2-cm-long flat cuff. The results
ference in the selectivity improvements (103% and 109% infrom this simulation showed that the amplitudes of the record-
provement for four and five fascicles, respectively). ings were on average 71% smaller for a;i®-fiber than for



PEREZ-ORIVE AND DURAND: MODELING STUDY OF PERIPHERAL NERVE RECORDING SELECTIVITY 325

a) Monopolar configuration

7 16
.-nm
B+ ° PP +14
> ‘\ .- - Ed
2 . n +12 3
% 5 \ s E
2 et 110 >
F— 4 T 'r N .;
o . . lg =
£ | . [T
< 3+ ' %
9 \\ ”6 w
e , | o .
~~~~~~~~~ T4 |@ppA
- e Y]]
1T +2
0 : ! : 0
1.2 2.4 3.6 4.8
Cuff length (cm)

b) Tripolar configuration

2.5 45
+ 40
1 m------- WM-------ememm e n
s 2 1385 5
= [«
= 130 B
® .| ®------- @----mmmmmmmmmme ® =
5 " +25 &
= 2
a +20 ©
5 1+ §
1 [}]
Q
0.5 | 710 lmppA
ls eS
0 } ¢ t 0
1.2 2.4 3.6 4.8
Cuff length (cm)

Fig. 5. Effect of cuff length on (a) monopolar and (b) tripolar recordings in circular model. The cuff length has an important effect on monopdilagsecor
(longer cuffs produce larger p-pA and smaller Sl) and a negligible effect on tripolar recordings of a constant tripole length (in the case o, thig figuy. Flat
cuff model produced similar results.

a 20u:m fiber in a cuff of the same length. However, the rerormal perineurium resistivity used for all other simulations re-
sults indicate that the cuff design parameters still have the sapwated above.

general effect on the recordings in this model as in the20

diameter fiber models. To investigate the effect of resistivity on IV. DISCUSSION

the lp-pA ing Slhresutlrt]s, a Zétc;nl(;rtlg circular cuff model was 5 gpite_element model of an inhomogeneous anisotropic
implemented where the resistivity of Ine perineurium was magr?ultifasciculated nerve with different cuff geometries has been
equalto that of the epineurium (km). Similarly, the results ob- implemented. The waveform, amplitude and duration of the
tained from this model showed that the absence of perineuri gfordings obtained from thi,s model agree with single fiber
caused the average p-pA and Sl to increase by 36% and 1 e/?fordings from animal experiments [14], [24]. The simulations

respectively. However, the cuff de3|gr_1 parameters still have t rformed in this model provide specific criteria for the design
same general effect on these recordings as in the models f electively recording nerve cuff electrodes
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Fig. 6. Effect of nerve reshaping on recordings. (a) The bars represent the average of the amplitudes at the contacts closest and farthestiasdivteactive
(these extreme p-pA are shown in the error bars). Amplitudes are shown for 1.2- and 2.4-cm-long cuffs and monopolar (M) and tripolar (T) configresgsn
amplitudes recorded from circular and flat models are similar. (b) Normalized decrease of p-pA from closest to farthest contact for tripaigsiech@&dcm-long
circular and flat cuff models. The amplitude differences from closest to farthest contact are larger in the flat model [which can also be seeor ipattseoérr

Fig. 6(a)]. The same relationship was observed for monopolar recordings and other cuff lengths. (c) Sl values for circular and flat modelshghishidigti
between fou4f) or five (5 f) fascicles, using 1.2- or 2.4-cm-long cuffs and monopolar (M) or tripolar (T) recording configurations. The Sl values for the flat
model are always significantly larger than those for the circular model.

Several investigators have modeled the extracellular potent#fiect of the length of the isolating medium was also similar to
generated by a single fiber in a uniform volume conductor, eithérat reported here [Fig. 3(c) and (d)]. To the best of our knowl-
infinite [9] or restricted by an isolating medium [2], [19], [26],edge, there has only been one other attempt at modeling the
[28]. These models produced extracellular potential waveforraffect of an action potential in an inhomogeneous anisotropic
with characteristics similar to our results. In these models, thelume conductor resembling the different tissues in a nerve
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Fig. 7. (a) Relationship between normalized amplitude difference from closest to farthest contact and Sl value for circular and flat 2.4-chdodglsuf
Each series represents a given combination between cuff geometry and number of fascicles to be distinguished. The points in each series arelércandnonop
tripolar recordings (of different tripolar lengths). The amplitude difference from closest to farthest contact is strongly related to the 8lh@therscuff lengths
showed the same behavior. (b) Relationship between tripole length and normalized amplitude difference from closest to farthest contactdog Zidectar

cuff model. There is an inverse relationship between tripole length and amplitude difference from closest to farthest contact. The flat cufl otbdelcarf
lengths showed the same behavior.

trunk: endoneurium, perineurium and epineurium [20]. How- An unexpected result is that the number of recording posi-
ever, this model focused on studying intrafascicular recordingens for the maximum Sl value is related to the number of fas-
in a unifascicular nerve. Using finite-element analysis softwaoécles that are to be distinguished. This optimum number is not
it is possible to implement models that are not radially synalways the highest number of recording positions available. Ad-
metric and to include complex inhomogeneities known to hitional recording positions can provide more information in-

present in peripheral nerves. creasing the Sl but too much information is redundant and can
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decrease the Sl. In clinical applications, it is unrealistic to execording from the median and ulnar nerves. The results using
pect that the contacts will be always close to specific fascicldbeir cuff design show that identification accuracy is 71-92%
Therefore, implanting cuffs with a larger number of recordingnd a correlation coefficient of 0.79 between Sl and percentage
positions increases the probability that some of those recordimgruracy of identification. Based on these findings, our results
positions will be placed directly above a given fascicle. Once tiseggest that a high percentage of accurate identification is fea-
cuff is implanted and the recording positions that are closestdible with these cuff designs.

the fascicles are identified, only a certain number of recording
positions should be actually used for the SI to be maximized.

The tripole length results indicate that there is a compro- (1]
mise between signal amplitude and selectivity [Fig. 4(a)]. Sim-
ilar relationships between tripole length and recorded amplitude2]
have been reported elsewhere [14], [22], [25]. When a recording
system provides a satisfactory signal-to-noise ratio (SNR), sej3)
lectivity can be improved with a shorter tripole length.

The simulation results show that there is a high degree of
correlation ¢ = 0.996 for circular cuffs;» = 0.995 for flat [4]
cuffs) between the amplitude difference from closest to farthest
contact and the recording selectivity [Fig. 7(a)]. The normalized 5
amplitude difference from closest to farthest contact was then
plotted as a function of tripole length [Fig. 7(b)]. This figure
shows a linear relationship with a high inverse correlafios
—0.998), and can explain why short tripole recordings are more
selective than long tripole recordings. (7]

It has been suggested [28] that the presence of the cuff de-
creases selectivity because the cuff’s isolating medium makess)
the electric field within it more homogeneous. Our results indi-
cate that the decrease in selectivity observed in longer cuffs is
related to the use of a longer tripole and not to the effects of a[9)
longer isolating medium surrounding the nerve. A 4.8-cm-long
cuff did not have a more homogeneous electric field within it[m]
than a 1.2-cm cuff: the difference between maximum and min-
imum voltages on the surface of the cuff is¥ in both cases
(data not shown). Using a short tripole yielded the same hig
value of Sl independent of the length of the cuff where it was
used [Fig. 5(b)].

The modeling results also indicate that changing the shape gfz]
the nerve by using a cuff with a flatter cross section can double
the recording selectivity without decreasing signal amplitudel13]
Chronic experiments with these electrodes implanted on the sci-
atic nerves of rats for three months have revealed that the rgr)
shaping of these nerves can be done with little or no damage
[35]. Three types of cuffs applying small, medium or large ini-[15]
tial pressure to the nerve were tested. The results show that an
electrode that applies only a small amount of pressure can flatten
the nerve and the fascicles without any observable histologiczﬁe]
or physiological damage. Cuffs with higher pressure produced
a small amount of demyelination and regeneration. The flat cuff
produced similar selectivity improvements while distinguishing
between four (103%) or five (109%) fascicles. Hence, the maim7]
factor involved in the selectivity improvement is not the fact that
the position of the fifth fascicle (which is the central fascicle in [18]
the circular cuff model) but rather that the flat cuff produces
larger amplitude differences from closest to farthest contact.

Once a cuff has been implanted around a nerve, there still r&g]
mains the task of predicting which fascicle is active from the
recordings obtained at the different recording positions. Chrisl20]
tensenet al. [8] used discriminant analysis to identify which
cat digit had been mechanically stimulated while selectively

i
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