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Improved Nerve Cuff Electrode Recordings
with Subthreshold Anodic Currents

Mesut SahinMember, IEEE,and Dominique M. Durand,Member, IEEE

_Abstract—A method has been developed for improving the signal output when recording from slow fibers. However, the
signal amplitudes of the recordings obtained with nerve cuff time taken by the action potentials to travel the distance
electrodes. The amplitude of the electroneurogram (ENG) has penveen the contacts of the same electrode is much shorter

been shown to increase with increasing distance between '[he]c fast fib d theref | ff ired t
contacts when cuff electrodes are used to record peripheral nerve 07 @ Tast TIber, and thereiore longer cufls are required 1o

activity [9]. The effect is directly related to the propagation speed record maximally from the fast (large) fibers. The maximal
of the action potentials. Computer simulations have shown that available length of the nerve of interest places a limitation
the propagation velocity of action potentials in a length of a on the cuff length in manyin vivo studies. Moreover, in

nerve axon can be decreased by subthreshold extracellular anodic tripolar configuration, the middle band has to be exactly at

currents. Slowing the action potentials is analogous to increasing the electrical middl int of th . d bet
the cuff length in that both result in longer intercontact delays, € Electical middie point ot the Neve Impecance between

thus, larger signal outputs. This phenomenon is used to increase the end contacts in order to eliminate the electromyogram
the amplitudes of whole nerve recordings obtained with a short (EMG) contamination from the surrounding muscles into the

cuff electrode. Computer simulations predicting the slowing effect recordings. In the case of asymmetrical impedances, longer
of anodic currents as well as the experimental verification of this cuffs can produce larger EMG disturbances, in comparison

effect are presented. The increase in the amplitude of compound L . .
action potentials (CAP’s) is demonstrated experimentally in an to short cuffs, due to their higher intercontact impedances.

in vitro preparation. This method can be used to improve the Moreover, the Johnson (thermal) noise level increases as the

signal-to-noise ratios when recording from short nerve segments square root of the nerve impedance between the contacts [10],

where the cuff length is limited. which is proportional to the cuff length. Therefore, it would
Index Terms—Active membrane models, cable model, com- be very advantageous to use short cuffs for both anatomical

pound action potentials, cuff electrodes, extracellular potentials, and electric noise considerations if the ENG signal amplitudes
hyperpolarization, nerve simulation, propagation velocity, whole could be improved.

nerve recording. Computer simulations have shown that low amplitude an-
odic currents can slow down the propagating action potentials
|. INTRODUCTION by hyperpolarizing the membrane. Slowing the action poten-

UFF electrodes with circumferencial metal contacts ha\%;lIS is analogous to increasing the cuff length since both result

been used to record peripheral nerve activity [1], [2], [5 n longer intercontact delays, hence, larger signal outputs.

[6], [10], [11]. The metal contacts are usually configured in thehus’ it should be pOS.S'ble to record from large fibers W't.h
tripolar mode, and therefore, the output signal is the seco"ﬁlashor.t cuff by decreasing the propagation speeq of the action
' ’ otentials as they pass through the cuff. In this study, the

spatial difference of the extraneural potentials sampled at thige . ; I X
' : : résults of the computer simulations predicting the slowing ef-
different locations along the nerve [9]. The signal outpL*

) . . . Tect of anodic currents as well as the experimental verification
is obtained by taking the difference between the potennaﬁ . ) . .
of this effect are presented. The increase in the amplitude

waveforms induced by the prqpagatmg actlo_n potgnﬂals &t recordings made with a short cuff due to extraneural
the metal contacts. The amplitude of the signal increases

o o . anodic currents is demonstrated wiithvitro experiments using
with increasing time delays between the waveforms, i.e., with . T . .
. o . o ; eripheral nerves. Preliminary data was published in abstract
increasing intercontact distances, and it is proportional to t

€
square of the cuff length [9]. As the distance between the " 71

contacts, hence the cuff length is further increased, the signal
output reaches a maximum value [10]. Short cuffs can provide IIl. METHODS
sufficiently long delays to achieve the maximum differential
A. Simulations
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Fig. 2. Experimental setup. The nerve was fitted into the cuff electrodes
through longitudinal openings and placed in a 2-l tank filled with Krebs
solution. The temperature was kept between 35.5 and 3C.5Three cuff
electrodes were placed along the nerve: a stimulation cuff (Cuff#l, contact
separation is 3 mm), an anodic current and recording cuff (Cuff#2, three bands
with a 3-mm separation between each and a longitudinal metal contact that
is 3x 1 mm), and another recording cuff (Cuff#3, three bands with 3-mm
separations). Both Cuff#2 and Cuff#3 were configured in the tripolar mode
0 20 s a0 s0 e w0 s s 100  for recording.
node number

(o) the extracellular voltage profile were applied to the nodes

Fig. 1. Axonal simulation. (a) The compartmental cable model of thgyracellularly while all the nodes were short circuited on the
axon. A mammalian model (SW) is used for the active behavior of the

nodal membrane [12]. The passive parameters are: intracellular resisti\ﬁc§tracf9||u'ar_Side- _

= 54.7cm, membrane capacitance (Cr) 2.5 pF/cnt, outer diameter A stimulation pulse [, = 20 nA, 10 us) was applied at the

with the myelin sheath= 10 m, axon diameter= 6 um, the node length first node at time equal to zero. The temporal waveform of

= 1.5 pm, and the internodal distanee 1 mm. (b) Spatial distribution of the

extracellular voltage generated by the anodic current source 800 mA) the_ transmembrane voltage was computed at each node as the

located 0.8 cm away from the1 axon between the nodes 50 and 51 insidea@tion potential propagated along the axon. Local propagation

infinite conductive mediunfo™" = 54.7 {2cm). velocities were calculated by taking the reciprocal of the time
interval between the action potential peaks at consecutive

membrane at the nodes of Ranvier [12]. Internodal axoplasrfiedes. The additional delay generated by the injection of

resistance (Ra) and the nodal transmembrane capacitaféacellular anodic current was defined as the anodic delay.

(Cm) were lumped into discrete components. An anodic point

current source was placed 0.8 cm away from the axon aBd Experiments

centered between the nodes 50 and 51. The axon and thf) In Vitro Recording Setup: In vitroexperiments were

anodic current source were placed in an infinite conductiy® |4 cted by placing a nerve and three cuff electrodes (inner

medium. o diameter= 0.76 mm) in a tank filled with Krebs solution (pH
The extracellular potential field along the axon generated by 7.4) with temperature maintained between 35.5-3T5

the anodic current source was computed using the folIowh@gig_ 2). Ten nerves (eight pig phrenic, one pig vagus, and
equation and plotted in Fig. 1(b): one rat sciatic) were tested with various cuff designs to

extracellular voltage (V)
| | |

©
i
1

Lonodic demonstrate the slowing effect of the anodic currents. The
G = omodie (1) . . .
drnoa® £ 22 nerves were dissected and placed in the recording chamber

immediately. A gas mixture of 95% oxygen and 5% carbon

whereo is conductivity of the mediumo(~! = 54.7 2cm), =  dioxide was bubbled through the solution for oxygenation of
is the longitudinal axis along the axanjs the normal distance the nerve. Three different cuff electrodes were placed along
from the current source to the axon (0.8 cm), dpgqic is the nerve. These cuff electrodes were fabricated manually
the current source amplitude. The distortion of the extracellulasing silicone tubing and platinum foil contacts that were
field due to the presence of the axon was ignored [4]. fixed on the inner surface of the tubing and were soldered to

NEURON was modified to incorporate the extracellular fieltbad wires for electrical connection. The first cuff (Cuff#1)
by adding an equivalent set of intracellular current sourcéad two circumferencial platinum band contacts located 3 mm
as previously shown by Warmaat al. [13]. Discrete current apart and was used for stimulation of the nerve. The second
sources proportional to the second order spatial differencecfff (Cuff#2) had three bands with 3 mm separations between
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each and a & 1 mm longitudinal contact. The middle band .
was not a complete circle leaving 1-mm gaps on each side 50 miliseconds
of the longitudinal contact. This cuff was used to apply a
subthreshold anodic current to the nerve to slow down the ...
action potentials and also to record the compound action current
potentials (CAP’s). The third cuff (Cuff#3) had three full  pulse
circle bands with 3 mm separations and was used to measite
the propagation delay of the CAP’s. All the platinum band ‘
contacts were 1-mm wide and 5@m in thickness. All the |
cuffs had slits along their lengths to allow the nerve to be fitted
inside the cuffs. The openings and the ends of the cuffs were .. ihed
sealed with petroleum jelly before the preparation was bathed pulse |
into the Krebs solution. A reference electrode was placed in fr
the tank at a distance from the cuff electrodes and connected
to the electronic ground. The recordings began within 2 h
of the nerve dissection and very high signal-to-noise ratios
(SNR'’s) were obtained for at least 3—6 h. fﬁ;ﬁﬁé‘;fé‘;ﬁ;;?
Two hypotheses were tested with the experiments: 1) tie
propagation velocity of the action potentials can be lowered | f
by extracellular anodic currents as predicted by the computer \ ‘
simulations, 2) the action potential amplitudes recorded with  CAP from Cuff#2
a short cuff (Cuff#2) increase as a result of the decrease in the '
propagation velocity taking place inside the culff. | V |
The propagation delay was estimated from the Cuff#3 | |
recordings and defined as the time interval between the stim-
ulation pulse and the time when the CAP’s crosses the zero | |
. .. . . . CAP from Cuff#3
line from positive to negative [the waveform with no anodigg) | ;
currentT(0 1:A) in Fig. 6(a)]. The anodic delay was defined j
as the additional delay generated by the anodic current, a(&d 1 : : ! . .
is given by 0 20 40 60 80
time (msec)

Iy
Y

| 45 miliseconds

A

d

Pulse Width=10 psec

anodic delay= T (Inodic) — T(Tzero) 2
Fig. 3. Temporal relation between the stimulus pulse and the recorded
where T(I,u0qic) iS the propagation delay for the anodicvaveforms in the experimental setup. (a) Anodic current pulse, (b) voltages

) . . V. andV}, in Fig. 2, showing that the edges of the anodic current are smoothed
current value offanodic and T(IZGTO) is the propagation delay by the low-pass filter consisting of an inductor (10 H @ 60 Hz) and a capacitor

without the anodic current. The amplitudes of the CAP’s froqioo nF), (c) stimulus current; pulse width was set tq:50and the amplitude

Cuff#2 were computed using the following: was set a value between 5®-1.5 mA for all the nerves, (d) CAP recorded
from Cuff#2, and (e) CAP recorded from Cuff#3. The voltage wavefovins
Voo — V.. andV; do not return to zero immediately after the anodic pulse is turned off
min min 2 . L o
Vear = Vipax — ———————— (3) because of the charge remained on the contact capacitance. Sufficiently long
2 time intervals were allowed for this capacitance to discharge before the next

. . . , . dic pul lied.
where V,,,.. is the positive peak}i,i,1 is the first negative anadic puise was applie

peak, andV,,;, 2 is the second negative peak of the triphasic

CAP waveform [see Fig. 6(b)]. consisted of 512 data points sampled at 4- oru$0time
The percent increase in the CAP for a given anodic currentervals.
amplitude is defined as A Grass S88 stimulator was used to generate both the
stimulus and anodic current pulses [Fig. 3(a) and (c)]. A low-
%increasé Innodic) = [Vear (anodic) = VearUaero)] % 100. pass filter consisting of an inductor (10 H @ 60 Hz) and a

Voar(Lzero) capacitor (100 nF) was used for smoothing the edges of the
(4)  anodic pulse to reduce the artifact in the recordings [Fig. 3(b)].
An interval of 45 ms between the onset of the anodic current
Sﬂlse and the stimulus pulse was allowed for the outputs of the
re-amplifiers to stabilize after the onset of the anodic pulse.

The recording electronics for each channel consisted of
audio transformer (turn ratie= 1:20, Part # 24400, PICO
Electronics), a commercial preamplifier (Model 113, EG&CE
PARC) with a built in Band-Pass filter (300 Hz—10 KHz), )
and a digital storage oscilloscope (Tektronix 2230-100 MHZy: EXperimental Protocol
A DMA board (NB-DMA2800, National Instruments) and The nerve was stimulated with a rectangular current pulse
a data acquisition software (Labview, National Instrument§}0 i:s, 50A—1.5 mA). The amplitude of the anodic current
were used to transfer the acquired CAP’s from the digitatas first raised from @A to a maximal value (110-150A)
storage oscilloscope to a Macintosh IllIfx computer. Each tratteen lowered back to QuA in predetermined steps while
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Fig. 4. Simulated action potential waveforms shown at nodes 10, 20, 30, #itg nodes of the axon model shown in Fig. 1(a). The propagation velocity
42, 44, 46, 48, and 50. The temporal resolution of the plotssis.INote that without extracellular anodic current was 64.73 m/s. Only the values between

the peak amplitudes are increased for the hyperpolarized nodes (46, 48, #&dnodes 31 and 71 are shown.
50) and decreased for the depolarized nodes (30, 40, and 42).

the anodic current. The anodic delay values computed along
CAP's from Cuff#2 and Cuff#3 were recorded and storeghe nerve are also shown in Fig. 5. The propagation delay
into the computer. This procedure was repeated four to $i$tween the nodes 42 and 54 increased from 185x30¢hen
times (N = 4 — 6) within 30-90 min. Anodic delays, CAP the anodic current is applied. Therefore, the application of the
amplitudes, and percent increases in the CAP amplitudgsodic current increased the propagation delay by 63% within
were computed for each acquisition. The mean and standgiis segment of the axon. These simulation results suggest that
deviations were calculated for the data points obtained frafshould be possible to slow down the propagation of action
the same nerve at corresponding anodic current values. potentials by applying subthreshold anodic currents.

[ll. RESULTS B. Experimental Results

) ) Different cuff designs provided different degrees of anodic

A. Computer Simulations current effect (see discussion). The slowing down effect and

The axon model shown in Fig. 1(a) was stimulated #be increase of the CAP amplitudes with the anodic currents
node #1 with no extracellular anodic source resulting in tHeve been observed with all the working cuff designs and
generation of an action potential propagating at the velocity nérves. Here, we present data from experiments carried out
64.73 m/s. An anodic current source (300 mA) located 0.8 awith the cuff design shown in Fig. 2. Four nerves, three
away from the axon between nodes 50 and 51 was then appldenic nerves from pigs (2.5-5 kg), and one rat sciatic nerve
at timet = 0 generating the extracellular potential field showmwere used. A typical set of CAP’s recorded from Cuff#3
in Fig. 1(b) along the axon. The resulting action potentiafsom a pig phrenic nerve following electrical stimulation (50
computed at several nodes are shown in Fig. 4 to demonstrafe 10 us, applied through Cuff#l) is shown in Fig. 6(a)
the effect of the anodic current on the resting membrafier various amplitudes of the anodic current (applied through
potentials (initially set to-80 mV), the peak amplitudes, andCuff#2). The arrival time of the CAP is delayed indicating
the propagation velocity. The anodic current hyperpolarizes ttieat the propagation velocity is reduced by the anodic current
nodes closer to the electrode (nodes 44-56) and depolarig@gothesis 1). As the current is increased above [1A0the
the others. The nodal transmembrane potentials reach their reemplitude of the CAP starts to decrease. This may be due to
value and stabilize shortly after the onset of the anodic currehe fact that some fibers are blocked by the anodic current
(within 70 us). The fact that no action potential is produce{B]. Blocking was evident at larger anodic currents and it was
at the most depolarized node immediately after the anodiossible to annihilate the entire CAP signal by increasing the
current is applied shows that the anodic current amplitudmodic current amplitude further.
is subthreshold. The amplitudes of the action potentials areThe CAP’s recorded from Cuff#2 simultaneously with those
increased at the hyperpolarized nodes (46, 48, and 50) drain Cuff#3 are plotted in Fig. 6(b). This figure shows that the
decreased at the depolarized nodes (30, 40, and 42). Ther€Ad® amplitude recorded from a short cuff (Cuff#2) increases
also a decrease in the slope of the rising edge of the actiwith increasing anodic current amplitudes (hypothesis 2). The
potentials at the most hyperpolarized nodes (by 4%, 29%AP amplitude for zero anodic current is small (14M) due
and 48% at nodes 46, 48, and 50, respectively). The lotalthe small separation between the contacts (3 mm). As the
propagation velocities computed at the nodes of Ranvier ameodic current amplitude is raised, a greater number of fibers
plotted in Fig. 5. The velocity is maximally reduced at nodare slowed down and begin to contribute to the signal. The
#49 by 59% of its original value, i.e., the velocity withoutmaximum output (45Q.V) in this data set is obtained for the



1048 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 45, NO. 8, AUGUST 1998

100
80 200
60— /g
s 2] ig phrenic #3
3 ao ] 2 150 pigp
) TGORA) >
e <
5 T(100pA) <
= 204 T <
g (150pA) < 100
=1 0 - baseline '8
&
.20 | 50
-40 -
T T T T 0 g
0.0 0.5 1.0 1.5 2.0 T T T T T T T T
. 0 20 40 60 80 100 120 140
time (msec)
@) anodic current (LA)
, (@)
£ 100 nA
300 350
_ 50uA . .
50 uA pig phrenic #3
200 §
< § 300
Vminl + Vmin2 =
= Vorp=Vmax - —— % 9]
g CAF 2 =
— o
= 100 S 250
= stimulus artifac ] L.
[a% - rat sciatic
g =]
IS 0~ =
g« 200 pig phrenic #2
<
-100 | Py
< 150
V)
I T T T
0.0 0.5 1.0 1.5 2.0
; 100
time (msec) f f T f f f T T
0 20 40 60 80 100 120 140
b .
() anodic current (LA)
Fig. 6. CAP’s recorded from a pig phrenic nerve for the anodic current
values of 0, 50, 100, and 150A. (a) CAP’s recorded from Cuff#3 are (b)

delayed by the anodic current indicating that the propagation velocity jgg 7. Mean anodic delay generated within Cuff#2 and the mean percent
reduced within Cuff#2 (hypothesis 1). The propagation delays are denojg@reases in the CAP amplitudes from the same cuff versus the anodic current
as T(1anode) for each anodic current level. (b) Recordings obtained frorgee Methods). Standard deviatiorsSD) are also shown. (a) Mean anodic
Cuff#2 simultaneously with those in (a). This figure demonstrates that the C Blays for the pig phrenic #2V = 6), the pig phrenic #3 N = 4), and the
amplitude recorded from a short cuff (Cuff#2) is increased with increasingt sciatic(V' = 4) nerves. (b) Mean percent increases in the CAP amplitudes
anodic currents (hypothesis 2). The points at which the measurements @{gne pig phrenic #1N = 6), the pig phrenic #2 N = 6), the pig phrenic
taken to calculate the CAP amplitudes [see (3)] are marked on one of ?&@(N = 4), and the rat sciati¢ N = 4) nerves. The percent increases are
waveforms. computed relative to the CAP amplitudes acquired without the anodic current
[see (4)].

anodic current value of 100A. Further increases in the anodic . . .
current causes the CAP amplitude to decay. amplitudes are 49s for the pig phrenic #2, 78s for the rat

The mean values of the anodic delay are plotted asS§@atic, and 175s for the pig phrenic #3 nerves. Although

function of the anodic current for the pig phrenic nerves #2 afjge CAP amplitudes were readily available for all the nerves,
#3 and the rat sciatic nerve in Fig. 7(a). The delay increadd€ anodic delay measurements from the pig phrenic #1 were
with increasing anodic current after an initial plateau. THaot included since the noise level did not allow accurate delay
mean percent increases in the CAP amplitudes from Cufff3asurements. The percent increases of the CAP amplitudes
for the same nerves in addition to that of the pig phrenf?:re larger for the nerves for which larger anodic delays are
nerve #1 are plotted in Fig. 7(b) as a function of the anogfbtained. No excitation of the nerve with the anodic current
current. There is a steady increase in the CAP amplituoBglse was observed even at the anodic current amplitudes that
with increasing values of the anodic current. The maximufifovided the maximal increases in the CAP amplitudes.

percent increases in the amplitudes of CAP’s are 108, 144,
200, and 238% for the pig phrenic #2, the rat sciatic, the pig
phrenic #1, and the pig phrenic #3 nerves at the anodic currenThe data presented here shows that it is possible to reduce
values of 108, 120, 130, and 12@\, respectively. The mean the propagation velocity of action potentials using subthresh-
values of the anodic delay for these increases in the CARI anodic currents. Computer simulations show that the

IV. DISCUSSION
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propagation velocity is decreased when the axon is hyperpoltre longitudinal contact, the middle band of the cuff was used
ized by the applied current. A possible mechanism underlying deliver the anodic current. But, this method did not provide
this effect is that the hyperpolarizing currents from the anodsignificant anodic delays, suggesting that a minimum length
source cancels out a fraction of the depolarizing currerfa the longitudinal contact is required to effectively decrease
generated by the preceding nodes, and therefore it taketha velocity. A longer cuff with the same intercontact distance
longer time to bring the next node to the activation threshol(2 x 3 mm) was very effective for obtaining large anodic
Another mechanism by which the slowing down effect catlelays. However, this design was abandoned since the design
occur is through the decrease in the slope of the rising edgedad not satisfy our original criteria for minimizing cuff length.
the action potentials due to hyperpolarization. In either casehe current design was found to give the largest anodic delays
the anodic delay effect should take place shortly after the onseid increases in the CAP amplitudes with a short cuff (6 mm).
of the anodic current. A minimum delay of 25 ms was required The percent increases obtained in the signal amplitude
in these experiments, but this delay was attributed to the loagd the anodic current values required for these increases
time constant of the low-pass filter used (including the nerweere variable from preparation to preparation. However, in
impedance) to reduce the artifact generated in the recordiml preparations there was always an increase in the signal
amplifier by the rising edge of the anodic current. Thereforamplitude when the anodic current was applied [Fig. 7(b)].
it should be possible to use shorter anodic pulse durations Adysmall percentage of the increase can be attributed to the
removing the artifact with a blocking circuitry placed beforéncrease in the amplitude of the action potentials at the
the recording amplifier [6]. hyperpolarized nodes of Ranvier, as was observed with the
Interestingly, the minimum velocity peak in Fig. 5 is shiftecdsimulations (see Fig. 4). However, this effect cannot account
toward the left by two nodes with respect to the maximuror signal increases as large as 238%. It is suggested that the
value of the extracellular voltage which is between the nodesin factor for the signal increase must be the increase in the
50 and 51. Moreover, the velocity curve is asymmetric relatidelay between the contacts under anodic currents, which is
to the negative peak. The shift and the asymmetry in thimalogous to increasing the cuff length.
plot can only result from the directionality introduced by the The amplitude of the CAP’s recorded with Cuff#3 start to
propagation of the action potentials, which is from left talecrease before the Cuff#2 recordings are maximally increased
right. A possible explanation for these effects is as follows: th®y the anodic current. As shown in Fig. 6, the CAP’s recorded
amplitudes of action potentials increase at the hyperpolarizedm Cuff#3 are slightly decreased in amplitude for an anodic
nodes and decrease at the depolarized nodes as, shownuiment amplitude of 10pA although the CAP amplitude from
Fig. 4. These variations in the action potential amplitudeduff#2 is at maximum for the same anodic current value. This
result in an additional complexity because the activatiatecrease in the amplitudes recorded from Cuff#3 could be
latency is not only determined by how much hyperpolarizingxplained by the fact that some fibers are being blocked by the
or depolarizing current a given node experiences but also &yodic current [8]. Another possible explanation is that there is
the action potential amplitudes of the preceding nodes thamporal cancellation between the positive and negative phases
activate that node. The activation time of a node is maximuaf the action potentials from different fibers. Because the fibers
if the node is hyperpolarized but preceded by nodes that d@ve different sizes and are located at various distances from
depolarized. Considering the two corresponding nodes on edlel contact, the anodic current generates different amounts of
side of the central node, the left one has a larger activatidelay in each one of them. The larger and the closer fibers
latency since it is preceded by the nodes that are depolarizate delayed more than others. Negative and positive phases
Since this effect takes place at all the nodes, the velocity curvkaction potentials from various fibers can cancel each other
is shifted toward the left with respect to the center node awodt as a result of this effect. It is not possible to differentiate
is asymmetrical relative to its negative peak. between the two factors. The blocking effect is probably not
The experiments verified the predictions of the computsubstantial for a large range of anodic current values after the
simulations that the extraneural anodic currents reduce W@aff#3 recordings begin to decrease since the CAP amplitude
propagation velocity. In the simulations, the total anodiitom Cuff#2 continue to rise with increasing anodic currents.
delay for the axon segment between the nodes 42 and Ndtice also that due to the reasons mentioned above, the shape
was 117 us, which corresponds to 9.7ps per millimeter of the CAP’s is modified by the anodic current [Fig. 6(b)].
of the axon. The maximum anodic delay values obtaingétbwever, this should not present a problem for most nerve
with the experiments using a 6-mm cuff ranged betweercording applications using the cuff electrodes since the cuff
49-175 us, which corresponds to 8-28s per millimeter electrodes function like a linear filter in the frequency domain
of the nerve inside the cuff. This wide range of the anodend modify the shape of CAP’s even in the absence of the
delays can be explained by the differences in the sizes of #ueodic currents. In these applications, it is usually the amount
fibers being stimulated. For the same percent changes in tieactivity or the presence of activity that is used as the
velocity, different anodic delays are generated if the originaiformation source [1], [2], [6].
propagation velocities, i.e., the sizes of the fibers, are different.The large increase in the CAP amplitudes with even small
Several designs for Cuff#2 were tested to maximize tlamplitudes of the anodic current suggest that this method could
anodic delay. In an early design, the longitudinal contact was used to improve the SNR of nerve recordings. The nerve
divided into two halves and placed on each side of the middieff recordings usually have low signal amplitudes unless very
band that was used for recordings [7]. In an effort to eliminateng cuffs are used [1], [2], [6], [10], [11]. This method can
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be used as a tool to improve the quality of nerve recordingg] M. Sahin and D. M. Durand, “Improved nerve cuff electrode recordings

when noise presents a problem. One can chose a very short bY subt_hreshold anodic currents,” Rroc. IEEE 17th Ann. Conf. Eng.
ft inimize the Joh th | . but still d Med. Biol. Sog. 1995. ) ) ) )
cuff to minimize the Johnson (thermal) noise, but still record agg) m. sassen and M. Zimmermann, “Differential blocking of myelinated

large signals, as can be recorded with long cuffs. This method nerve fibers by transient depolarizatio®flugers Arch. vol. 341, no.

. . 3, pp. 179-195, 1973.
can also make it possible to record from short nerve branCh?a R. B. Stein and K. G. Pearson, “Predicted amplitude and form of action

with good SNR where the cuff length is limited. Another " potentials recorded from unmyelinated nerve fibets, Theor. Biol,
potential application of the technique is selective whole nerve vol. 32, pp. 539-558, 1971.

: e P 0] R. B. Stein, D. Charles, L. Davis, L. Jhamandas, A. Mannard, and
recordings. By specifically hyperpolarizing a local cluster 0[11 T. R. Nichols, “Principles underlying new methods for chronic neural

fibers (e.g., a fascicle) in the nerve trunk, one can amplify the  recording,”Can. J. Neur. Sci.Aug. 1975, pp. 235-244.
signals recorded only from that cluster excluding the otherd11] R. B. Stein, T. R. Nichols, J. Jhamandas, L. Davis, and D. Charles,
“Stable long-term recordings from cat peripheral nervé&sdin Res,
vol. 128, pp. 21-38, 1977.
[12] J.D. Sweeney, J. T. Mortimer, and D. Durand, “Modeling of mammalian
V. CONCLUSIONS myelinated nerve for functional neuromuscular stimulation, Piroc.
. . . . . IEEE 9th Ann. Conf. Eng. Med. Biol. Speol. 1577, 1987.
Computer simulations predict that the propagation VeIOCIEX:H E. Warman, W. M. Grill, and D. Durand, “Modeling the effects of

of action potentials can be decreased by using subthreshold electric fields on nerve fibers: Determination of excitation threshold,”
anodic currents. Experimental data verified the simulations 'EEE Trans. Biomed. Engvol. 40, pp. 1175-88, 1993.

and also demonstrated that the compound action potential

amplitudes recorded with a short cuff can be increased up

to three times as a_ result of this reduction I_n VeIOCIty' Thﬁesut Sahin (S'95-M'97) received the B.S. degree in electrical engineering
data suggest that this method can be used to improve the SiNiR Istanbul Technical University, Turkey, in 1986, and the M.S. degree
of nerve recordings, in biomedical engineering from Case Western Reserve University (CWRU),
Cleveland, OH, in 1992. He received the Ph.D. degree in biomedical engi-
neering from CWRU in 1998.
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