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A. STATISTICAL RELATIONSHIPS BETWEEN THE FIRING

OF TWO AUDITORY-NERVE FIBERS

PATTERNS

The firing patterns of action potentials (spikes) in single auditory nerve fibers of the
1-4

cat have been studied extensively in our laboratory for the past few years. A knowl-

edge of the relationships between firing patterns in different fibers, as well as the timing

of spikes in each auditory-nerve fiber, is important for understanding the coding of

acoustic stimuli into spike trains. In this report we present results that suggest that

the firing patterns of auditory-nerve fibers can be considered as independent random

processes. 5
Data were obtained simultaneously from two auditory nerve fibers by means

of two micropipettes. The data were then analyzed "off-line" on a PDP-4 com-

puter.
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1. Analysis of Spike Activity Modeled as a Renewal Process: Spontaneous

Activity and the Responses to High-Frequency Tones

In the absence of acoustic stimulation, a spontaneous sequence of action potentials

can be recorded from an auditory-nerve fiber. Statistical analyses show that the spon-

taneous activity of auditory-nerve fibers can be modeled as a renewal process1,6 (i. e.

the interspike intervals are modeled as independent, identically distributed, random

variables). In response to high-frequency tonal stimuli (greater than 3-7 kHz), the

instantaneous rate of firing is also constant. Preliminary results 7 show that the spike

trains of auditory-nerve fibers in response to high-frequency tones can also be modeled

as a renewal process.

First, we shall explain our test for the independence of two renewal processes. Let

us define T to be an instant of time chosen at random.

DEFINITION. The interval u measured from time T until the next event in the

renewal process occurs is called the forward recurrence time.

The probability density function (pdf) of u, fu(L), is given by

f (L) = f (x) dx, (1)
u E[T] L

where f (x) is the probability density function of the interspike interval T, and E(T) is

the expected value of T.

One way of estimating f (L) is to determine the interval distribution of the renewal

process f (x), and then apply Eq. 1.

A second method of estimating fu(L) makes direct use of the definition of the forward

recurrence time. We can use a train of sampling pulses to define a sequence of times

{Ti} from which we measure the forward recurrence times. If the sampling train is

itself a renewal process independent of the sampled renewal process, this estimate will

converge to fu(L) as the number of samples becomes large. 8

Our test for the independence of two renewal processes compares these two methods

of estimating fu(L). If the difference between the two estimates E(L) lies within some

"allowable error" bound (AEB), we shall call the renewal processes statistically

independent. If E(L) crosses the AEB, we shall say that the renewal processes are

not independent. For the purposes of this analysis, we have chosen the AEB to be

two and one-half standard deviations of the error E(L). It can be shown 9 that the

variance of E(L) is of the form

N L+AL +AL
var [E(L)] = 9 fu1- f (x) dx , (2)
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Fig. XV-1. Analysis of the independence of the spontaneous activity
of fiber pair K547-Al, B2. Number of spikes of unit B2
(the sampling train) used in the analysis: 6997.
(a) The estimate of f (L) for unit K547-Al using Eq. 1

is shown as a heavy smooth line, while the estimate
of fu(L) made with the second method is shown as a

jagged line.
(b) The AEB is shown as an envelope about E(L), the dif-

ference between the two estimates of f (L).
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where AL is the resolution of histograms used to estimate f (x), and N is the number

of samples in the estimate of f u(x).

A typical result of the application of this test to auditory-nerve fiber data is shown

in Fig. XV-1. For almost every value of L the estimate of the difference E(L) is

within the allowable error bound (AEB). Hence, this pair of spike trains can be con-

sidered statistically independent. Spontaneous activity was analyzed for a total of

23 fiber pairs. The spontaneous rates ranged from 10 spikes/s to 105 spikes/s. Of

this population, all fiber pairs but one were judged to be statistically independent.

Eight fiber pairs have been considered in the analysis of responses to high-frequency

tones. Seventeen stimulus presentations covering stimulus frequencies from 8 kHz

to 25 kHz at sound levels ranging over 60 dB were made. All but one fiber pair

were judged to be statistically independent on the basis of our criterion.

2. Analysis of Responses to Low-Frequency Tones

For low-frequency sinusoidal stimuli (less than 3-7 kHz) the instantaneous rate of

firing of auditory-nerve fibers is periodic, with a period equal to the period of the stim-

ulus. A stationary characterization of this periodic firing pattern can be obtained by

defining statistics that average over a period of the process. We need to calculate

statistics that depend upon the following functions:

1. p(n), the probability of n spikes occurring in one period

2. c(k), the correlation function of the number of events in period i and in period

i + k.

The functions p(n) and c(k) were each estimated for 12 auditory-nerve fibers. The

examples shown in Fig. XV-2 are typical and no fiber that was examined showed

results that deviated significantly from those shown. The results may be summarized

as follows.

1. The probability of more than one spike in one period of the stimulus is much less

than the probability of one spike.

2. The correlation function reveals that the firings in intervals separated by more

than 4 periods of the stimulus are uncorrelated. Intervals separated by less than

4 periods of the stimulus are negatively correlated.

In order to test for the independence of two processes having the characteristics

described above, we would need to know p(n) and c(k) for each process. To simplify

the calculations, we have made the following assumptions: (a) no more than one spike

occurs in any one period of the stimulus, and (b) the firings in disjoint intervals

are independent. These assumptions allow us to describe the time-locked firing pattern

of an auditory-nerve fiber as a Bernoulli process. It can be shown that the AEB found

from the Bernoulli-process model is a lower bound on the AEB computed from the more

exact model with the p(n) and c(k) functions 9 used.
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Fig. XV-2. (a) The function p(n) is shown for unit K545-B17. Stimulus
frequency: 0. 499 kHz at a level of -50 dB re 200 V peak-
to-peak to the earphone; number of periods of the stim-
ulus used in this estimate: 28, 775.

(b) The function c(k) is shown for unit K545-A12. Since c(k)
is an even function, only the values for positive k are
shown. Stimulus frequency: 1. 212 kHz at a level of
-40 dB; number of periods of the stimulus used in this
estimate: 106, 280. A total of 7270 spikes occurred in the
run.
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Fig. XV-3. Analysis of the independence of the time-locked activity
of fiber pair K546-A8, B5. Number of joint occurrences
in periods of the two spike trains as a function of k is
indicated by the heavy line. The expected number of
joint occurrences (independence assumed) is indicated
by the light line. The dashed line denotes the AEB.
Stimulus frequency: 0. 393 kHz. (a) Stimulus level =
-60 dB; N = 34, 767. (b) Stimulus level = -50 dB; N =
38, 183. (c) Stimulus level = -40. dB; N = 34, 816.
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The test for the independence of two Bernoulli processes (A and B) is based upon

the following property of joint probabilities: The probability of the joint occur-

rence of two events is the product of the probabilities of each event if the events

are independent. Therefore, if the Bernoulli processes are independent, the

probability of an event in trial i of process A and an event in trial (i-k) of pro-

cess B is the product of the probability of an event in process A and the probabil-

ity of an event in process B. Our test of independence is to measure the number

of events in each spike train and the number of joint events in intervals separated

by k periods in the two trains. The number of joint events can be estimated by

assuming that the processes are independent. We have chosen the AEB placed upon

the excursions of the difference between the measured and estimated values of the

number of joint events to be two and one-half standard deviations:

AEB(k) = 2. 5 '/NPAPB(1-PA)(1-pB),

where PA(PB ) is the probability of an event in spike train A(B) during one period of

the stimulus, and N is the number of periods of the stimulus.

Thirty-two fiber pairs were analyzed with a total of 119 stimulus presentations

covering frequencies from 0. 150 kHz to 7. 076 kHz over a sound level range of

80 dB. A typical result of this analysis is shown in Fig. XV-3. All but three fiber

pairs showed results consistent with statistical independence.

3. Conclusions

For our statistical tests, we would expect data from two independent processes

to sometimes exceed the AEB. The population of fiber pairs that we examined

showed a small number of cases in which the AEB was exceeded at one or two

points. Thus we may conclude: This small number of fiber pairs represents a

small subpopulation (less than 10% of the total number) that has dependent firing

patterns, and/or these cases represent the occasional, expected crossings of the

AEB. If the former were the explanation we might expect the statistical depen-

dence of firing patterns of fiber pairs to be maintained for small changes in stim-

ulus level. This we did not find for more than one case. Also the physiological

characteristics (CF, spontaneous rate, threshold) of the fiber pairs that were found

to be dependent did not show any consistency. We, therefore, tentatively conclude

that firing patterns of auditory-nerve fibers can be modeled as independent random

processes.

Some interpretations of these results, as well as details of the statistical

analyses, may be found in the author's thesis. 9

D. H. Johnson
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