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Artefact Reduction With Alternative Cuff
Configurations

Lotte N. S. Andreasen*Associate Member, IEEBNd Johannes J. Strujjidember, IEEE

Abstract—In nerve cuff electrode recordings of neural signals,
the pick-up of interfering signals can be reduced by choosing
appropriate cuff configurations. In the traditionally used tripolar
configuration, short circuiting of the end electrodes is expected to
reduce the field inside the cuff from interfering signals. A model
study suggests that moving the end electrodes toward the center
of the cuff reduces the pick-up of interfering signals [9]. In this
paper, these properties are studied in more detail using a rabbit
model. In addition, a new cuff configuration is suggested, which
has an additional set of short circuited end electrodes. The total
improvement of signal-to-noise ratio in the new configuration as ) ) ) )
compared with the traditionally used tripolar configuration was Fig. 1. The cuff elect_rodes_ and the different cor_1f|gur§1t|ons use(_j for recording.
73% for muscle signals and 127% for the stimulus pulse. (&) The trl_polar configurations could be obtained in three d|ff(_erent ways:

tl—recording from the center electrode versus the electrode pair 1 (standard

Index Terms—CAP, cuff configuration, cuff recordings, EMG, tripolar configuration); t2—the central electrode versus the electrode pair 2;
nerve cuff electrode, nerve signals, stimulus artefacts. and t3—the central eIe(_:trodg versus electrode pair_:;. (b) E_ach of_ t2 an_d t3

could be used for recording with additional short circuiting, t2s is configuration
t2 with electrode pair 1 shorted, t3s (shown in the figure) is configuration t3
with electrode pair 1 and 2 all shorted together.

. INTRODUCTION

ECORDINGS with nerve cuff electrodes have mad
human sensory information available for use in long-ter
neural prostheses [1], [2]. When neural information is recorde ducing the field inside the cuff,

external sources such as muscles and electrical stimuli give rise theory, short circuiting should nearly eliminate the po-

to an interfering potential field which contaminates the recorgéntial gradient inside the cuff, but this has been shown not to

Icnr%i:.alT?:r f;]gensl-é?:-enszlﬁ‘ t(hS é N)rcr)zt'r?eg;;h:ngufa;eggrg'ntglf].'ﬁe the case [15]. The relatively large electrode tissue interface
” u b - '%%%edance [16] at the end electrodes introduces resistance in

Fhr?ugh tktlet_chmced Of. CUT dlmens_lons, (:tl;ﬁdcogf'glirjltlon%he short circuiting path between the end electrodes and thereby
instrumentation, and signal processing methods [3]-{14]. limits the reduction of the internal field. In addition, any dif-

teri%ﬁ'l:aslg :)hr'e Pnu;f{.f af:f;lrit'ggI%ézggoa?:.;:%ogvguf?i tlhr?eg%rence in the electrode tissue interface impedance at the two
it 'ginating u utsi utl 1S IN€3L ., 4 electrodes leads to an average potential that differs from the

with the longitudinal position inside the cuff. The trad't'ona"ypotential of the central electrode, and reduces the effect of sub-

applied tripolar configuration [5], where the signal is recordetﬁjacting the averaged end electrode potential from the central

between the central electrode in the cuff versus two short'c(!zrl'ectrode potential [15]. Therefore, the question remains: How

cuited end-electrodes [Fig. 1(a)], gives two important ProPeLio ctive is the short circuiting?

ties with respect to the reduction of interfering fields of external Model studies have suggested that short circuiting does in-

origin: deed reduce the gradient of the interfering signals inside the
First, by short circuiting, a terminal is created that gives th )
average potential of the two cuff-ends, which, because of téaUﬁ' but only up to & factor two [8]. Another model study sug

linearity of the potential field inside the cuff, is equal to the ceng-SSted that additional reduction of the interfering signals can be

. . - obtained in a true tripolar configuration by moving the end elec-
tral electrode potential. This average potential is subtracted fr Bdes of the tripole away from the cuff ends [9]. This suggests

the central potential, ideally yielding zero potential for the 'nteEhat the linearization of the field inside the cuff suffers from end
effects [9].
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Il. METHODS , Ground electrode
A. Cuff Preparation
Six cuff electrodes with inner diameters of 2 mm and lengths

of 27 mm were fabricated using the method described by Sciatic nerve Stimulation electrode
Haugland [17] (Fig. 1). The cuffs had three electrodes close to Ramus muscularis
each end and one center electrode [see Fig. 1(a)]. All electrodes s Gt olocirade

were ring electrodes made of 2B8n-thick Pt-foil and the lead Hene

wires were made of Teflon coated stainless steel. The electrode

width was 1 mm and the distance between the end electrode

pair number 3 was 20 mm (Fig. 1). In addition to the electrodes

inside the cuff, one electrode €14 mm) was mounted on the

outer wall of the cuff to be used as reference for electrode

impedance measurements (not shown in the figure). The cUffg 2. The rabbit with the cuff implanted around the tibial nerve.

were opened with a straight slit to allow for implantation around

the intact nerve. The cuffs had an external flap covering tlanplified 5000 times in tripolar recordings and 250 times in
slit-opening giving an effective closure [12]. After implantatiorbipolar recordings using an Axon amplifier (Cyber Amp 380
in the rabbit the cuffs were closed with three sutures. Each cpifis preamplifiers). The amplifier was set to a bandpass filter:

was used in five rabbits. 300 Hz-6 kHz (second-order). In addition, a notch filter was
used. Finally, the signal was sampled at 50 kHz. For each
B. Rabbit Preparation trial/configuration data were recorded for 10 ms after each

Five New Zealand White rabbits were used for implantatioffmulus pulse and each trial included ten pulses.

in acute experiments on five different days. The rabbits wereSignal ProcessingThe ten 10-ms data intervals from each
sedated using 1 ml midazolam (dormicum) and anaesthetideigl were averaged for each configuration and S/N ratios were
with 0,3 ml fentanyl and fluanisa (hypnorm). Every 20 min th&alculated. The S/N ratio was defined as the ratio of the CAP
anaesthesia was supplemented with the mentioned amount§6§fk-peak) and either the EMG (peak-peak) or the stimulus
midazolam (dormicum) and fentanyl and fluunisa (hypnormpuise (peak-peak). An improvement ratio (IR) for the different
In addition, a lumbar spinal block between L5 and L6 was cr&onfigurations relative to the S/N ratio of the standard tripole
ated using 0.2 ml bupivacain, which was administrated every §(§S defined as the S/N ratio of the configuration divided by the
min. Three cuffs were implanted subsequently in each hind |§éN ratio of th(_a standard trllpolar conflgurat_lon (Fig. 1). For the
around the tibial nerve, just distal to the bifurcation of the sciatRiPolar recordings only noise\() was considered and the IR
nerve (Fig. 2). Care was taken to remove potential air bubbl@@S defined as the noise (peak-peak values of either the EMG
from the cuff. After each implantation the wound was close®f the stimulus pulse) in a standard configuration divided by
with sutures and the electrode impedances were measured theynoise in the studied configuration. For each of the cuffs the

KHz. average IR from the five implantations was calculated. The dif-
One stimulation electrode (65 mm platinum disc 25:m férent configurations are described in Section II-D
Pt-foil) was implanted on the sciatic nerve just proximal to the %
. . . configuration
ramus muscularis of the sciatic nerve to evoke both compound IRconfiguration = ———g———. 1)
action potentials (CAPs) from the tibial nerve and muscle sig- Ntandard_tripolar

nals [electromyogram (EMG)]. The distance between the prox-The significance of the results were evaluated using the

imal end of the cuff and the stimulation electrode was 25-30ilcoxon matched-pairs signed-ranks test [18], [19]. This

mm. A needle electrode was inserted in the back of the rabbittonparametric test was chosen since histograms showed that

provide a return path for the stimulus current (Fig. 2). the results were not normally distributed. The null hypothesis
The rabbits were kept warm throughout the experiments wittas: H, = There is no difference in the S/N ratio between

a blanket and a heating lamp. After the experiments the rablilte two configurations being compared. The significance

were sacrificed using an injection of overdose sodium pentobdevel of this two-sided test was 5%. Before performing the

bital (Mebumal). significance test, the S/N ratio of the two configurations being
compared was normalized with the S/N value of the one being
C. Stimulation and Data Acquisition the reference for the comparison (the denominator for the IR

Supramaximal stimulation was used to activate the ner¥&lue in (1). This was done to avoid results from recordings
This was obtained by applying a current that was 50% high@th high amplitudes to have higher weight than results with
than the current giving maximal response. The amplitude of tiver amplitudes.
applied stimulus current was up to 5 mA and the pulse width
was 100us. The pulse repetition rate was 4 pps. D. Measurement Procedure

All eight cuff wires were directly connected to a configura- 1) Effects of Short Circuiting On the Internal Cuff
tion board on which the different amplifier combinations wer€ield: Bipolar measurements were performed to study the
created during the experiments in order to reduce the stre$tect of short circuiting on the internal cuff field. Four config-
on the cuff wires. The output of the configuration board wasrations were used.
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Combination b2s: between electrodes no. 2 with short c Amplitude

cuiting electrodes no. 1. [mV]
Combination b2: between electrodes no. 2 without shc 1 ’
circuiting.
Combination b3s: between electrodes no. 3 with short ¢ 0 0
cuiting electrodes no. 1 and no. 2.
Combination b3: between electrodes no. 3 without shc -1 _ -1
circuiting. , Config. ) Config. t3
The IR were calculated for the EMG and stimulus pulse ¢
IRy,5/e = Niz/Npoe andIRys /s = Nig/Nie. 18 20 22 24 26 28 18 20 22 24 26 28
2) Effects of Moving the Electrodes Inwardipolar
and tripolar measurements were performed to study t 1 4
effect of moving the measurement electrodes inward. F
the bipolar measurements three configurations were us 0 0
(Fig. 1): measurement between the electrodes number
(configuration = bl), measurement between the electrode -1 Config. 2 -1 Confi
. . onfig. t3s
2 (configuration = b2), and measurement between th - -
electrodes number Zdnfiguration = b3). The IR were :
calculated for EMG and stimulus pulse 8%, /> = Np1 /N2 18 20 22 24 26 28 18 20 22 24 26 28
andIRy1/3 = Np1/Nps. Time [ms]

Also for the tripolar measurements, three configurations
were used: measurement between the center electrode and égiﬂ)ﬁ-d_ Exaf_ﬂr?li ofa regor(éed_SiglnaL Witfh IR close t10(the Sa\_/erallQE- (Ulo?er legt)
. . . B - _ ecoraing with the standar trlpo ar con |gurat|0nt a. Stimulus artefact, b:
circuited electrodes number 1 (Fig. 1¢c(nﬁgurat10n = tl), CAP, and c: EMG wave). The results of moving the end electrodes (lower left)
measurement between the center electrodes and short L&mm inwards, (configuration t2), (upper right) 3 mm inwards (t3), and (lower
cuited electrodes number Zoffiguration = t2), and right) 3 mminwards and short circuit two additional end electrode pairs (t3s).
measurement between the center electrodes and short circuited
electrodes number 3cdnfiguration = £3). The IR Was 4 yia|in the tripolar was that the recording failed to show a stim-
calculated for the S/Ns between the CAP and the EMG Qs artefact

stimulus peak-peak values d&:,/; = (S/Ni2)/(S/Nu)and — ap example of the recorded CAP, EMG and stimulus pulse

[Riz/n = (S/Nt?’)/(s/_Nﬂ)- . . giving IR values close to the average is shown for different
3) Effects of Additional Short CircuitingTripolar mea- yiqar configurations in Fig. 3. The amplitude of the CAP is
surements of CAPs, EMGs, and stimulus artefacts Wefgy sjightly altered as compared with the interference when the
performed to study the effect of additional short circuitinge gt of the recording tripole is reduced by moving the tripole

Two configurations with and w!thout additional short cwcu_n_mgend electrodes 1.5-3 mm away from the cuff ends.

were used and compared with the results of the traditional, £ig 4 one of the results with the greatest improvements of
tripolar configuration, t;, where the signal was measuredye g)N ratio is shown. The total improvement with electrodes
from the center electrode versus electrodes 1, short C|rcunfgnd 2 short circuited gave IR values of 4.2 for the EMG and
(Fig. 1). The two configurations with additional short Cir-4 g ¢or the stimulus pulse.

cuiting are: measurement between the center electrode angyg reqyits shown in Figs. 3 and 4 are obtained from the same

electrodes number 2 (Fig. 1) withednfiguration = t25) ¢\t in two different rabbits, Fig. 4 being the first of the two
and without ¢onfiguration = t2) short circuiting of elec- implantations.

trodes number 1, and measurement between the center
electrodes and the electrodes number electrodes 3 WX(h
(configuration = t3s) and without ¢onfiguration = t3) '
short circuiting electrodes number 1 and 2. The IR was The field inside the cuff was reduced by short circuiting, but
calculated for the S/Ns between the CAP and the EMG te value of the reduction depended on the signal source and on
stimulus peak-peak values dRss/i2 = (S/Ni2s)/(S/Ny2) the area of the electrodes used for short circuiting. For the EMG
and IR¢ss/t3 = (S/Niss)/(S/Nes). Further, the improve- the average IRs, weilfy,; /s = 2.00 andIR},3/; = 3.63, which
ment with respect to the standard tripolar configratioshows that the field could be reduced to nearly one-quarter by
t;, was calculated:IR¢o,/c> = (S/Ni2s)/(S/Ne1) and short circuiting. Further, a double-sized short circuiting elec-
IRess/t3 = (S/Niss)/(S/Niw). trode area (the end electrodes 1 and 2 in Fig. 1 were shorted
together in configuration b3s) gave a 180% increase in the field
reduction, as compared with the use of a single pair of end
Ill. RESULTS electrodes for short circuiting. The first (Q1), secofgR(=
median), and third (Q3) quartiles [18] of the IR are shown in
The improvement rates and the statistics shown below dfig. 5 for both the EMG and the Stimulus pulse.
based on 30 implantations for the bipolar recordings and 29 im-For the stimulus pulse the field reduction was more than twice
plantations for the tripolar recordings. The reason for excludirag high as for the EMG and the average IRs W&ig /s = 5.00

Effects of Short Circuiting on the Internal Cuff Field
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Amplitude 4T Q3
EMG
[mV) e, A
° Pulse Q1
0 0 ‘\/l/\/\’ E 1+
t 08+
)
-2 -2 £
) . 9 0,6 -
Config. t1 Config. t3 3
-4} a -4 g 04+
18 20 22 24 26 28 18 20 22 24 26 28 - 02 1
0 } t t {
1,5 3
0 0
Distance to cuff end [mm)]
-2 . -2 . ) . . -
Config. t2 Config. t3s Fig. 6. Effects of moving the electrodes inwards in bipolar measurements. The
IRs are shown for the two configurations b2 and b3, relative to b1l. The first,
-4 -4 second, and third quartiles are shown.

18 20 22 24 26 28 18 20 22 24 26 28
. the standard bipolar configuration, b1 (Fig. 1). For configuration
Time [ms] b2, where the electrodes are moved approximately 1.5 mm fur-
ther inwards, the average IR wd®y,; , = 1.13 for the EMG
Fig. 4. Example of a recorded signal, with one of the high_est IR. (upper 'e%)_ndIRbl/Q = 1.12 for the stimulus pulse. The first, second,
Recording with the standard tripolar configuration t1, a: Stimulus artefact, b; . . . .
CAP, and c: The EMG wave. The results of moving the end electrodes (|0V@Pd third quartiles of the IR are shown in Fig. 6 for both the
left) 1.5 mm inwards, (configuration t2), (upper right) 3 mm inwards (t3), anEMG and the Stimulus. For configuration b3, where the elec-
(lower right) 3 mm inwards and short circuiting two additional end electrodgodes are moved approximately 3 mm inwards, the average IR
pairs (3s). was: IRy /3 = 1.27 for the EMG andRy,; 3 = 1.25 for the
stimulus pulse (Fig. 6). All the abovementioned improvements
were statistically significant with P values less tharn2)—°.
Q3 For the tripolar measurements the field reduction due to an
increased distance from the end electrodes to the cuff end was
Pulse Q2 larger. For a distance of 1.5 mm the average IRs WRfg/, =
Ql 1.33 for the EMG andR;,,; = 1.62 for the stimulus pulse as
compared with the standard tripolar configuration (using elec-
EMG trodes no. 1 as the end-electrodes). This was statistically signif-
‘/I icant with P values less than 0.001. For an increased electrode
cuff end distance of 3 mm the IRs became 13%-33% larger:
b2/b2s b3/b3s IR¢3/1 = 1.50 for the EMG andRy3,; = 2.15 for the stimulus
configurations pulse (P values were 0.0007 and 0.0003), and the field was re-
_ § cold reduction by short cireuiting in bisol i duced to only half of the interference recorded by the traditional
e o e e polar cuffconfiguration. The firs, second, and third quaries
configurations b2 and b2s and between b3 and b3s. of the IR are shown in Fig. 7 for both the EMG and the Stimulus
pulse.

. . Moving the electrod from the cuff end alters th
andIRb?,/S:11.43(F|g.5).Thus,doubllngtheareaoftheshorgi oving the slectrodes away from the cUt ena aters e nernve

L - : . nal, since it is equivalent to reducing the length of the cuff
circuiting electrodes again increased the field reduction due\kﬁich reduces the nerve signal [3], [5], [11]. The reduction of

short_tgrcm;ung ‘.N'tT aplpn:xw(;]ately a factor 2. Bl{; alsgl Sr}_‘"ﬂa‘e nerve signal is on average (Table I) 22% as the tripole length
circuiting of a single electrode pair gave a considerable fie anges from 27 to 20 mm.

r_eductlon down to 1./5 c_)f_ the original .f'e.ld' The_ re(_j_uct|on c_)f the At the same time, the average reduction of the EMG and the
field due to short circuiting was statistically significant with P

values less than 210~ for all the abovementioned IR values.(s)??]lélusslﬁurlzteiowas larger (Table I) which gave an improvement

) The first, second, and third quartiles of the normalized am-
B. Effects of Moving the Electrodes Inward plitudes are shown in Fig. 8. The size of the reduction in the
Moving the end electrodes used for bipolar recording inwardsterference pick up is decreasing as the electrodes are moved
in 1.5 mm steps (the width of an electrode plus the space Werther away from the cuff end, and between a distance of 1.5
tween the electrodes), by choosing different end electrode pairsl 3 mm the loss of nerve signal becomes close to the decrease
(Fig. 1), gave only a small but consistent reduction of the imf interference which means that the distance of 3 mm is close
terfering signals in the bipolar configurations as compared with optimal.

—_— s

Improvement Ratio
O=NWAUIONROO—-NWHON

TS S U U T S N WO T S N T T N |

T




1164 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 50, NO. 10, OCTOBER 2003

3 -
3 pulse L
25 + P
CAP
.% . Q2 pulse
« 3 EMG 0,8 + Q3 pulse
< Pulse (]
@ °
£ 115 T Q2 EMG 3
: EMG g
g 14 1 pulse and E 067 Pulse
E EMG g Q2 pulse
0,5 + s
E 04 ¢
(]
0 ; : : | = ol pul
pulse
1,5 3
Distance to cuff end [mm)] 0.2 1
Fig. 7. Improvement of the S/N ratios in tripolar recordings due to moving tt
end electrodes away from the cuff end. The first, second, and third quartiles 0 ' ; ; ; ' i
shown for the IRs. The quartiles shown with the bold line refers to the EMG. 0.2 15 3
Distance to cuff end [mm]
TABLE | Fig. 8. Signal dependency on distance from tripole end electrodes to cuff end.
AVERAGE REDUCTION OF THESIGNALS RECORDEDWITH A TRIPOLAR CUFF The amplitudes are normalized with the amplitudes from the recording with the
CONFIGURATION, DUE TO MOVING THE ELECTRODESINWARD end electrodes at the cuff end, t1. The first, second, and third quartiles of the

normalized amplitudes are shown. The quartiles shown with bold refer to the
EMG, the quartiles shown with grey refer to the nerve signal and the solid line
refers to stimulus pulse.

Distance to cuffend 0.2 1.5 3.0

[mm]
CAP 1 0.89 0.78 16 -
EMG 1 072  0.66 ' Q3
Stimulus 1 073 057 g 47 J :
. 1'3 T EMG
= 17 % 2
é 0,8 + Stimulus 1(;21
. . L. [ 4
C. Effects of Additional Short Circuiting 3 g'j
a 7T
Additional short circuiting had only a limited effect on the E 02+
S/N ratio in the tripolar recordings. With only a single set of 0 ’ " f 1 t°="/t3 ‘
additional short circuiting electrodes (configuration t2s) the av- 125/12 =
erage IRs werelR ;.2 = 1.06 for the EMG andRyz/t2 = Compared Configuration

1.11 for the stimulus pulse. The result for the EMG had a P value

of 0.06 and was statistically significant while the result for thEig. 9. The effect of additional short circuiting in tripolar recordings. The first,
stimulus artefact was nonsignificant with a P value of 0.6, THES 2 e uarles areshouyfor e s betueen e confoustons 2
first, second, and third quartiles of the IRs are shown in Fig. 9 féfe solid line refers to the stimulus pulse.

both the EMG and the Stimulus pulse. Using both the electrodes

1 and 2 for additional short circuiting doubled the increase of the 3+
S/N ratios, which gave an improvement of 18%—24%. The av-
erage improvements rates welBs, .3 = 1.20 for the EMG
andIRyss/¢3 = 1.18 for the stimulus artefact. This was statisti-
cally significant for the EMGI = 0.016) but still nonsignifi-
cant for the stimulusi = 0.28).

Comparing the results for the configurations with additional 0,5+
short circuiting with the standard tripolar configuration (t1) 0 ; , ; , ;
gives the total achievable improvement of the S/N ratios due to t25/1 t3s/t1
the increased distance between the cuff end and the tripole end Configuration
electrodes and due to the additional short-circuiting. This gave
the following average IRSR;»./:1 = 1.40 for the EMG and Fig. 10. The total effect of additional short circuiting and moving the

IR;5./c1 = 1.60 for the stimulus pulse a3,/ = 1.73 for electrodes inwards in tripolar recordings. The first, second, and third quartiles
h t E/MG dR _ for th i | 35/t | Fia. 10 are shown for the IRs between the configurations t2s and t1 and between t3s
the andRys, /41 = 2.27 for the stimulus pulse (Fig. 10). 3nqt1. The bold line refers to quartiles of the EMG and the solid line refers

The P values for these four IR values were all less than 0.00@ilthe stimulus pulse.

Q3

»
N o
= 1

Stimulus

51 = @

EMG

Improvement Ratio
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V. DISCUSSION induced by external sources, which is also suggested in [9]. But
] ) also partly because the distance between the electrodes directly
A. Field Reduction, affects the voltage because of the linear potential field inside the

In an ideal tripolar cuff configuration, the interference caused!ff- The fact that the effect of moving the electrodes inward is
by sources outside the cuffis perfectly cancelled. But imperfdgfger for the tripolar recording than for the bipolar could indi-
electrode placement, asymmetry in the electrode-tissue impgate that short circuiting itself might affect the field linearization
ances, asymmetry in the tissue impedance distribution inside @dhe cuff ends and increase the abovementioned end effects.
cuff, and an imperfect cuff closure are unavoidable in real cuffs. The improvement of the S/N ratio by moving the end elec-
All these imperfections attribute to a less than perfect noise cdfdes inwards depends of the change in both interfering signal
cellation. For each of these cases, a reduction of the interfer@f the nerve signal. The amplitude of a single fiber action po-
field inside the cuff will reduce the effect of the imperfectiontential depends strongly on the distance between the end elec-
This reduction of the field inside the cuff due to external sourc&&des of the recording tripole [3], [S], [11], and this depen-
was obtained by short circuiting. The effectiveness of the sh&igNCY is even more prominent for the compound nerve signal
circuiting path depends on the signal source and on the ared3f Therefore, the choice of distance to the end of the cuff is a
the electrodes used for short circuiting. With a 100% increai@deoff and the ideal distance depends on cuff length and fiber
of the area of the shorted electrodes, the short circuiting pgigmeter. The change of tripole length from 27 mm to 20 mm
became approximately twice as effective. The EMG interfefl/€ to moving the end electrodes away from the cuff end gave
ence was on average reduced with a factor 5 while the inté? average reduction of the nerve signal amplitude of 22%. As-
ference from the stimulus pulse was on average reduced withning the fiber diameters being in the range of S0 this is
factor 11 as compared with the fields without short circuitingnore than expected from amplitude studies of single fiber action
These reductions are larger than the maximum reduction oP@tentials [5], [11], but agrees well with studies of the depen-
factor two described in a model study [8]. Reasons for this didency of the root mean square value of the electroneurogram on
crepancy can be the sensitivity of the reduction to source (e gff 1ength [3]. As long as the interference is reduced more than
frequency content) and cuff specific parameters, because of the nerve signal the electrodes can bg moved further away from
use of a different source of the field, a different cuff and a dithe cuff end. In the present study, a distance of 3 mm was close
ferent end-electrode size. Furthermore, the distance between{fh@ptimal. For shorter cuffs the nerve signal may decline more
source and the cuff is also important, especially when they daPidly and less than 3 mm may be optimal.
close together (within 1.5 cm) [12]. It could be argued that the
high reduction of the field, when a larger end-electrode area is . L
used, is partly due to the fact that the end electrodes of the bipSie Effécts of Additional Short Circuiting
in the measurements are moved inward [9] when two electrodes N o
(electrodes 1 and 2 in Fig. 1) are used for short circuiting. But, The effect of additional short circuiting was not as strong as
as shown in the results, moving the electrodes inwards had offyoving the end electrodes away from the cuff ends, but the
little effect on the bipolar measurements. The strong effect #ycrease of the S/N ratio clearly depends on the size of the short
increasing the area of the short circuiting electrodes empl§cuiting electrodes. The maximum achieved improvement was
sises the strong effect of short circuiting and the importance $$%—24%, and these improvements were significant only for
keeping the impedance of the electrode electrolyte interface I3fe EMG.

Even though the improvement of additional short circuiting is
small, itis significant for the EMG and we suggest an alternative
tripolar cuff configuration with wide additional end electrodes

Moving the end electrodes away from the cuff end had onfgr additional short circuiting. Hereby the end electrodes of the
little effect on the pick up of interfering signals in the bipolarecording tripole are moved away from the cuff end. With such a
recordings, as compared with the effect of short circuiting. Th@nfiguration (total additional end electrode widt?2 mm and
largest reduction of the pick up of 25% was obtained with thgistance between tripole end electrodes and cuff-er®imm)
largest distance from the electrodes to the cuff ends which wagotal S/N improvement of 73% for the EMG and 127% for the
approximately 3 mm. This configuration reduced the distane@mulus pulse was obtained with a 27 mm long cuff.
between the recording electrode pair by about 6 mm or 22%,A reduction in the S/N ratio as a result of using a shorter cuff
which should cause a reduction of the voltage between the agifl mainly be due to loss of nerve signal. For a afi-diam-
electrodes of about 22% if the field was perfectly linear. Theter fiber, a change of cuff length from 27 to 20 (where 7 mm are
reduction of the stimulus pulse was slightly larger than the omged for the additional end electrodes, resulting in a 13-mm-long
of the EMG. recording tripole) the signal loss is expected to be 56% [3]. Since

In the tripolar recording, the effect was larger but alsthe new configuration on its own improves the S/N ratio with
biggest for the longest distance between the end electrode @886, shortening the cuff to 20 mm gives no loss in S/N ratio
the cuff end. The maximum improvement of the S/N ratio wass compared to using the traditional tripolar configuration in a
50%-100% and was highest for the stimulus pulse. 27-mm-long cuff. Therefore, in addition to using this new con-

The reason why moving the end-electrodes inwards redudiggiration for improving the S/N ratio for a fixed cuff length, it
the interference pick up is probably mainly due to reduction efin also be used to reduce the cuff length without impairing the
end effects related to the linearization of the field inside the cU#/N ratio.

B. Effect of Moving the end Electrodes Inwards
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