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On Statistical Properties of Whole Nerve
Cuff Recordings

S&o0 Jezernik,*Student Member, IEEEaNd Thomas SinkjaeMember, IEEE

_Abstract—Whole nerve cuff electrodes can record an electric due to longitudinal resistive potential drops. Cuff electrode
signal generated by the superposition of single fiber action poten- geometry and configuration have a filtering effect on the
tials (AP’s). Using a simple stochastic model for the superposition waveform of each recorded AP traveling through the cuff

of AP’s, the statistical properties of nerve cuff signals are math- - . . )
ematically derived in this study. Consequences of common signal [5]. This filtered version of superimposed AP’s generated

processing methods like rectification and time-averaging are also by nerve fibers with similar axonal size distribution, thus,

explained. The nerve cuff signals are found to be approximately make up a signal recorded by whole nerve cuff electrode.
identically, independently distributed Gaussian signals with zero The number of AP’s in a fixed time window is a function

mean and varying variance. The spectral properties of the cuff ¢ yhe firing frequency in active nerve fibers and also of
signals generated by single AP shape or different AP Shaloesthe number of active fibers. For a constant number of active
are also addressed and investigated by examining the properties . : o -
of the autocorrelation functions of the nerve cuff signals. The Nnerve fibers the number of recorded AP’s is proportional to

theoretical results were found to be in accordance with computer the rate of firing of the neurons (nerve activity), which for

simulations and processing of actual recorded data. sensory fibers encodes stimulus intensity. The goal of signal
Index Terms—Action potentials (AP’s), cuff electrode nerve Processing is, thus, generally to derive a signal proportional
recording, nerve signals, statistics. to the nerve activity. It will be shown that the recorded

nerve cuff signal is approximately independently identically
distributed (i.i.d.) Gaussian signal with zero mean and varying
variance and that the common signal processing method of
SLNCE a method for recording nerve activity by means dfectifying the recorded signal and averaging it is proportional
uff electrodes was introduced by Hoffer [1] and Stein [2}o the square root of number of AP’s present in a fixed time
the method has been extensively applied in neurophysiologigahdow. Furthermore, it will be shown that the autocorrelation
and neural prosthesis research, e.g., [3] and [4]. Stein descrilgsttion of the nerve cuff signal is primarily determined by
the physical principles behind the method, however, not mughe single AP shape, and is a scaled version of the single
theoretical work has been done toward explaining statistiG&p autocorrelation function. In case of several different AP
properties of the recorded signals. Contributions presentedsiiapes, the autocorrelation function will be a weighted average

the present paper try to establish a basis for the applicatignthe different single AP autocorrelation functions.
of advanced signal processing methods to the neurographic

recordings. Some application examples could be, e.qg., classifi- I
cation of nerve signals, optimal filtering and signal detection.

Specifically, mathematical derivations of the statistical pro
erties of nerve cuff signals are carried out, complemented
computer simulations, and some actual nerve cuff recordingdt is assumed that the signal is analyzed in a finite, fixed
are analyzed with respect to the theoretical results of tHgth time windowt € [0, 7] and results from superposition

I. INTRODUCTION

. METHODS

%Iy Mathematical Derivation of Statistical Properties

manuscript. of N AP’s, each having lengti. <« T’

The electroneurogram (ENG) from a whole nerve results N
from superposition of electric potentials generated by active s(t, to1, - - -, ton) = Z AP(t — tg;) (1)
nerve fibers present in the nerve. Extracellular electric cur- =1

rent flow generated by traveling action potentials (AP’s) is

restricted and confined by an insulating cuff, which is pIac:eV(\:i/here ARt) has a zero mean, aug are uniformly distributed

. random variables on intervad [ 7'— L] that determine positive
around the nerve. One or more electrode contacts along in

ner, ! .
side of the cuff are then used to measure potential dif'I‘erenc:‘Seﬁs"ct of each AP. Only one single AP shape is assumed to be

summed in this simple model, and Al represents voltage
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recall the value of the ratio degrees of freedom, thH, hypothesis is accepted)
VE{w?} \/? 2 _ N (ni = npio)?
Yo S ~1.2533 2 c=x*= —_
Buly V2 @ 2

for Gaussian random variable. E{—} stands for the statis- Autocorrelation functions were computed for the actual
tical expected value. nerve cuff recordings, the artificial nerve cuff signals, and
the single AP. They were compared with respect to their
amplitude and time course and may be used to explain the

. i ) spectral properties of the nerve signals.
A triphasic compound AP (CAP) of duration 1 ms was

extracted from a porcine pelvic nerve cuff recording following
the threshold current stimulation of the sacral root S3 [7].
It, therefore, resulted from a superposition of several AP’s )
that probably belonged to the nerve fibers with same/simitar 11€oretical Results
fiber diameters. The recorded CAP was, thus, a representativ€onsider first time-average estimate of the variance of the
of a small subpopulation of nerve fibers and is a goowerve cuff signal [due to linearity the signal has a zero mean,
approximation of the single AP shape, which is also supportethce ARt) has a zero mean]
by its triphasic form. In the remaining part of the manuscript N 9
we refer to it as AP. The mean amplitude of the recorded , , 1
AP was slightly adjusted (correction of the direct current (s°(t, tov, - fow))r = T/ <Z AP(t_tOi)) dt.
offset present in the recording equipment) to give a perfect =t (3)
zero mean. Artificial zero mean nerve cuff signals were the&yuaring the quadratic term gives
generated on a time interval [0,100 ms] resulting from linear N
superposition of 1-61 790 AP’s. Superposition of more than (52 = Z %/ AP2(t — to;) dt
=1

B. Computer Simulations

lll. RESULTS

100 AP’s resulted necessarily in overlap of AP’s. For each
of the resulting 61 790 signals we calculated the time-average

N
. . 5 - : 1
estimate of the vanan(?(es ) and of the.rectlfled S|gn.a(l|s|>. I _/ Z AP(t — to;) - AP(t — to;) dt. (&)
The time-average estimate of the single AP variance was T =
calculated as well{AP?). (-) denotes time averaging on ij

[L, T — L] interval. ) . ,
Next, the expected valuE{{s*)} with respect to indepen-

dent, uniformly distributed random variablég; (ensemble

average) is taken resulting in cancellation of the cross terms
Nine feline sacral root S1 nerve cuff recordings (from fivand, thus, the second term in (4), since

cats) [8] were sampled at 8 kHz (for 125 ms) during rapid blad- . , . . 9

der injections that excited bladder wall afferents, during rectil: / AP(t — to;) - AP(t — to,) <;> dto; dto;

mechanoreceptor stimulation, or during the stimulation of the: toj—o r—-L

sacral dermatomes. Activity in the S1 nerve root increased T—L 1 2

due to increased firing frequency of different receptors. It was = </ AP(t — to;) <ﬁ) dt0j>

possible to detect the onset of bladder pressure rise caused by to5=0 -

C. Real Nerve Cuff Recording Processing

0i=0

rapid bladder injection by maximum likelihood (maximizing =0 for¢e [0, T — L]. (5)
cumulative sum of likelihood ratios= CUSUM algorithm) _
detection of change in signal variance [9]. Neglecting the cross-terms far € [T'— L, T] (L < T,

Histograms were computed for the actual nerve cuff recorgoundary effects) and noting that the first term in (4) does
ing and for the artificially generated nerve cuff signals. Alsdl0t depend on random variablég after integration by time,
goodness-of-fit tests (Pearson’s method) [6] were performedﬂf@ final result is
\{enfy the hyppthess of the Gaussian probability density func- B, tw{<32>} ~ N . (AP2>. (6)
tion. Distributions computed from 1000 and/or 2000 samples
of the artificial and actual nerve cuff signals, respectively, wefthus the expected value of the time-average estimate of the
tested for Gaussian probability distribution having zero meaerve cuff recording variance is proportional to the number
and the variance estimated from the sigrial=18 intervals of AP’s NV and to the time-average variance estimate of the
(classes) were used in the goodness-of-fit tests that covereddingle AP waveform.
peak of the distribution as well as the tails. Goodness-of-fit testThe second part of our analysis concerns the probability

density function of the nerve cuff signal. Fixing time at
Null hypothesis:Ho: p1 = p1o; - - -5 Px = Pro- t = t; produces a random variablety, to1, ..., ton)-
It is convenient now to view each AR, — to;) as being
The random variable: used in the test (ifkc is lower than an independent random variabfeP;. The random variable
the significance level of chi-squared distribution with- 1 s(¢x, to1, - .-, tow) iS then given by a sum of identically



1242 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 46, NO. 10, OCTOBER 1999

x 10 0.13 T T T T T T T
7 . . . .

—— sqri(variance) . A N . .
0.12F-| = sqri(pi2)*mean(l.p - - - - LB oo L e oo

s(t)

=

«

Z.

.............................. O

<

w

P ; : i ; B

0 200 400 600 800 1000 8

SAMPLE NUMBER E

o~

=

A V4

z =

7 3
A

o 2

\ (b)
£
&
. 0.05 ; ; ; ; ; ; ;
11 ! . ; } : ' 0 200 400 600 800 1000 1200 1400 1600
Q 10000 20000 30000 40000 50000 60000
SAMPLE NUMBER

NUMBER OF APs
. I . . ig. 2. A good agreement between the standard deviation of the raw actual
Fig. 1. Inthe top graph, the ar_t|f|C|a| nerve cuff signal is shown, generated gc:'ve cuff gsignal gand 1.2533 times the time-averaged rectified raw nerve
61790 AP's, with each AP having a duration of 1 ms. One thousand samp, signal is found during the increased bladder afferent activity. This result
correspond to 100 ms. The bottom graph shows the convergence of the rgfig, s trom (2) and (6). The ratio is higher during the beginning of the
square root((s2))/{|s|) for artificial nerve cuff signals toward theoretically

expected value of 1.2533 (dashed line) as a function of the number of Apg%gr?;(ljl\rflv%svﬁig n;f)escttr(i)ga}hﬁogt;ers were probably silent and most of the

distributed random variableAP; (since y; are identically

distributed). As the number of AP’'SV goes to infinity,
the central limit theorem applies [6] stating that the result- |
ing probability density function will be Gaussian with mean @
E{s} =NxE {AP} = 0 and varianceE{s’} = Nx E
{AP?}. The latter result agrees with (6). Due to the finite R 35
nonzero length of each AB(ty, to1, -- ., ton) iS Only corre- E
lated tos(t, to1, - . -, ton) fOr |tx — #;| < L. Signal samples Y |
2 5 (b)
separated in time by more thdnare, thus, uncorrelated and &
also independent. Each realization gf) is, thus, approxi- g
mately i.i.d. Gaussian signal. 2
The autocorrelation function of(t) is given by
A
N N % 1(c)
E <Z AP(¢ —tOi)> A3 APt -ty -1 | . (@)
i=1 j=1 3;5
x 10

L . NUMBER OF APs
Again it can be observed that the above expression reduces to

N« B{AP(t — t0;)AP(t — to; — 7)}. Autocorrelation of the Fig. 3. (a) Variance of the artificially generated nerve cuff signal increases
nerve signal is, therefore, equal A6 times the autocorrelation proportionally with the number of AP’s/ that generated the artificial signal,

. . . . . ) shown is the exact proportionality of varianceXq the number of AP’s
of the AP. The Wlener_Khthhme theorem., thus, implies t_h‘(fﬂ‘ue expected value of the plotted ratio is one), and (c) the time-averaged,
the power spectral densities of the nerve signal and the singl@ified artificial nerve cuff signal is proportional to the square roaof

AP will have the same shape, scaled Byin amplitude.

to the properties of the noise present during this recording).
Fig. 3(a) depicts the time-average estimate of the variance of
Fig. 1 shows an artificial nerve cuff signal generated tthe signals(¢) depending on the numbéy of AP’s used in
61790 AP’s and the left side of (2), calculated for the artificialeneratings(t). Also shown is the ratio(s?) /(N * (AP?))
signals generated b = 1 to N = 61790 AP’s. The ratio which should ideally be close to 1 [Fig. 3(b)]. The time-
(2) assumes the values around theoretically expected vahweraged rectified signal values are shown to follow the square
1.2533 for signals generated by more than 5000 AP’s (mesoot of N(sqr{V)) relation as can be seen in Fig. 3(c). This
+SD = 1.28+ 0.02 calculated for signals betwedh=10000 can be explained by (2) and (6).
and N =60000). Good agreement of (2) is also found for an The actual nerve cuff recording and its histogram are
actual nerve cuff recording (Fig. 2), when the nerve fibers asbown in the top of Fig. 4 and compared to those for an
active (samples 700-1200). The ratio from (2) is higher thatificial nerve cuff signal in the bottom. Plotted is also the
1.2533 when the nerve fibers are not active (probably digeal Gaussian probability density function of the artificial

B. Simulations and Real Nerve Cuff Recording Results
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Fig. 6. Top trace (a) shows the rectified and time-averaged S1 nerve cuff
(b) signal recorded during rapid bladder distension. Bladder afferent activity

increased with the increased bladder pressure. (b) Testing of the Gaussian

Fi%‘ 4. Cdc_>mpatred aredtr:;: timgflc(_)ulgse and thtedhistogramsﬁof_the Iacgu?tl n P’(ﬁ)ability distribution hypothesis for the actual nerve cuff signal shown in
cuff recording (top) and the artificially generated nerve cuff signal (bottom a). During increased nerve activity the signal had a Gaussian distribution

Both histograms are approximately bell shaped. (values of1/c above the dashed line). Each valuelgf: represented by a
circle was calculated by goodness-of-fit test (Pearson’s method) using 1000
samples of the actual nerve cuff signal.

0.25 . . . . .

and 33.4 for 5%, 2.5%, and 1% levels, respectively (chi-square
distribution with 17 degrees of freedom). Signals generated
by more than 500 AP’s start having Gaussian distribution.
: . : The mean of the test variable is also plotted in the Fig. 5
o i : and crosses the 0.05 significance level at about 2500 AP’s.
: : : This means that for more than one half of artificial nerve cuff
signals (64%) generated by 500-30000 AP’s the Gaussian
distribution hypothesis was accepted.

A total of nine actual nerve cuff recordings was tested for
Gaussian probability density function with the data originating
from five cats. In cat 1, the Gaussian hypothesis was clearly
accepted in both analyzed recordings, when the bladder re-
ceptors became active. Also in cat 2 (three recordings) the

«10°  increased nerve firing made the signal “more” Gaussian (the
NUMBER OF APs Gaussian hypothesis was accepted more times and also with

_ _ o o higher confidence intervals: the valueslgt: became higher).
Fig. 5. Values of lc laying above the solid line at 0.036 indicate the-l-he results of the test in cats 4 and 5 are less obvious (one

acceptance of the Gaussian probability distribution of the artificially generated .
nerve cuff signal (at 0.05 significance level). First value above the solid lif@cording was analyzed for each cat), but some tendency

occurred atV' = 480. Goodness-of-fit test (Pearson’s method with 18 classeg) higher values ofl/c test variable was observed during
was performed using 1000 samples of each artificial nerve cuff signal. Plot

is also the mean value of 1/c that crosses the 0.05 significance level Iinéﬁ%reased nerve al‘CtIVIty' In Fat .6' the valug's: increased in
about 2500 AP’s. one recording during the activation of the receptors, but stayed

more or less the same or decreased in another recording, for
which we have no explanation. It needs to be said, however,

nerve signal (dotted line). Both histograms are approxmatetwat the goodness-of-fit testing of the actual nerve cuff signals

bell-shaped. Fig. 5 depicts inverse values of the chi—squ%gs impaired due to low signal to noise ratio. There was
distributed random variableused for testing the hypothesis of o 4 background nerve activity present in the sacral root

Gaussian probability density function for artificially ge”eratefkcordings when we did not excite specific receptors targeted
nerve cuff signal (goodness-of-fit test). The values above theour study and, thus, the Gaussianity test was also testing
0.05 significance level (solid line at/c = 1/27.6= 0.036) the distributions of the background nerve activity at low signal

indicate the acceptance of hypothesis that the distributionlésiels. The goodness-of-fit test applied to an actual nerve cuff
Gaussian. The significance levels of the test were 27.6, 3Gs®ynal recorded during rapid bladder distension is shown in

0.2+ -nn- ] R R R R SRR -

1/¢c

0.1

0.05 >




1244 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 46, NO. 10, OCTOBER 1999

L 4 : ‘ : fibers that are slowly conducting. The recorded single AP
S b % 7777777777777777 e | shape was however extracted at threshold current stimulation,
§ L 15 o : @) where bigger, faster conducting fibers were stimulated.
;:f 0 -k-*—\#x«N»/—\Tw A ~J \ TS -"v-\——%%/\f—ﬂw—ﬁm?w
6 s 0 5 10
a : : IV. DISCUSSION
E e S — ,,,,,,,,,,,,,,, 1 Although some simplifications were undertaken during the
% o hoe et A oo nd O mathematical derivatiqn of the statistics of the nerve Cl_Jff
‘ recording (assumed single AP shapes), the results obtained
=g 5 5 0 with computer simulations and actual nerve recording data
500 : ‘ are comparable with the theoretical results. In practice, nerve
a M \Af\ fibers with different axonal size are expected to be active
< 0 ;L{ LY at the same time. In that case, the shape of different AP’s
500 ; g : : : will not be the same [5], [10]. Slower conducting fibers will
0 5 10 4 2 0z 4 have AP’s stretched out in time, resulting in a wider nonzero
TIME [ms] TIME [ms] autocorrelation function and lower frequency content of the
(© (d) power spectral density. However, nerve cuff signal model

Fig. 7. Bottom left trace (c) shows the CAP recorded in the pig pelvigsmg Summatlon of or!ly On.e qIStht AP. waveform was
nerve cuff after stimulation of the sacral root S3. This AP was used fépund sufficient to explain statistical properties of nerve cuff
generatio? of thf artti)‘icrial nfetrr\]/e cuff Sitgnflils- rthe Otf??f thrrz'?ngfaléhs i:lolwtﬂiﬁ:ordings. Moreover, it can easily be seen that in the case
Perve cuff signal, and the () autocorrelation fnction of the singis AP, Thej] Several different AP's, the variance of the superimposed
all approach zero aftet-1 ms as expected, since the duration of the singi§ignal will be proportional to the linear combination of single
AP is 1 ms. AP’s variances with the numbers of corresponding AP’s
as coefficients of the linear combination: Yar = N; *
Fig. 6. Test is performed on 1000 samples throughout 320 00&r(AP; ) + N2 % Var(APz) + - - - + N; * Var(AP;) + - - -. This
samples (40’s). First trace shows the rectified and timistrue when the sources are independent, and the power, thus,
averaged nerve cuff signal that increases when the bladdedds linearly.
afferents increase their activity due to increase in the bladderSpecifically, we have shown that rectifying and averaging
wall tension caused by rapid injection of saline into tha nerve cuff signal results in a signal proportional to square
bladder. It can be seen that in the beginning, when the affererist of the number of AP's/N. To yield a signal directly
are silent, the signal is not Gaussian, but acquires Gausgaportional to firing frequency or number of active nerve
probability density function when the afferents become activébers, squaring is, thus, required. It was also shown that the
Theoretical results regarding autocorrelation functions wesame information about the number of AP’s is contained in
also in agreement with the simulated and actual nerve ctifie variance of the raw nerve cuff signal. Since the signal
recordings. The autocorrelation functions of an actual nerweas proven to be approximately Gaussian with zero mean,
cuff recording during bladder distension, artificial nerve cuff becomes clear, that it is the variance of the signal that is
signal and of the single AP are shown in Fig. 7 together witleally changing with varying nerve activity. The problem of
the typical triphasic AP used in simulations. The triphasisignal detection can, thus, be addressed by detecting changes
form of the AP is a consequence of the filtering effect dh variance of the raw nerve signal or, analogously, changes in
the cuff electrode (second difference filtering) on the forrmean of the rectified and time-averaged nerve signal. One way
of monopolarly recorded AP. Note the great similarity obf doing this is by applying maximum likelihood detection
the shapes of the three autocorrelation functions. They EBUSUM algorithm) [9].
approach zero at time-lags larger tharl ms (since the  The nerve cuff signal will still have Gaussian distribution
duration of the AP is approximately 1 ms). The amplitudeven when generated by fibers belonging to several differ-
of the autocorrelation function of the artificially generateént axonal size populations, since a sum of normal random
nerve cuff recording is about 45000 times the amplitude whriables is still a normal random variable. The latter result
the autocorrelation function of the single AP. Ideally this ratimight explain difficulties of some denoising algorithms that
should be close t&v = 61790, so it is reduced by 18.2% oftry to differentiate between Gaussian additive noise and nerve
the theoretically predicted value [see (7)]. The first minimurouff signals to separate signal and noise [11]. Furthermore,
peaks are reached at 0.625, 0.30, and 0.32 ms, the first zesults shown in Fig. 6 actually indicate that the amplifier
crossings at 1.36, 0.50, and 0.56 ms, and the first maximumoise is not Gaussian (although its distribution is symmetric).
peaks at 1.75, 0.68, and 0.72 ms for the actual, simulateésults published in [11] that show non-Gaussian nerve cuff
and single AP autocorrelation functions, respectively. Thusignal distribution might have been a consequence of the EMG
qualitatively, the simulated nerve cuff signal autocorrelatiopickup, which is minimal or absent during recording from
function and the single AP autocorrelation function are simildnladder afferents in an acute experiment.
in the shape, and the actual nerve recording autocorrelatiorinformation on the active nerve fibers can be obtained from
function is stretched out in time. The likely explanation fothe autocorrelation function of the raw nerve cuff signal. The
this is that the bladder afferents are small A-delta myelinatstiape of the autocorrelated single AP should become evident,
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allowing determination of the length of AP, and indirectly [5]
of the nerve fiber conduction velocity (using information on
nerve cuff geometry). The power spectral density of a nervg;
signal generated by differently shaped AP’s will however
deviate from the shape of the signal generated by only on[(;
single AP shape. We expect the spectrum to be a weightea]
average of different single AP spectra. The nerve cuff signal
autocorrelation function could be used to differentiate betwee
the nerve signals and would allow classification of the mos@
active nerve fibers.
(9]
V. CONCLUSIONS
ENG recordings made by means of whole nerve cuff eleg0]
trodes have approximately i.i.d. Gaussian statistical distribu-
tion. This follows from the fact that the signal is generatef 1
by superposition of several independent, random AP’s, since
whole nerve contains hundreds of single axons firing with
frequencies up to 1 kHz. This signal has a zero mean and
variance proportional to number of AP’sy, counted in a
fixed length time window. The detection of the nerve activit
increases can, therefore, be addressed by detecting an incriy
in the raw ENG variance, or detecting an increase in the me
of the rectified and time-averaged nerve signal. The latt
signal is proportional to the square root 6f, and should
be squared to yield a measure proportional to nerve activ
(V). The autocorrelation function and, thus, the power spect|
density (frequency spectrum) of the nerve cuff recording
primarily determined by the shape of the single AP, b%
will deviate from it in case where several different AP's,
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