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Comparison of three spike detectors dedicated to single unit action
potentials of the auditory nerve

J. Bourien, J. Ruel, L. Senhadji and J. L. Puel

Abstract—This paper compares three methods for the
detection of single unit action potentials in auditory nerve. The
detector structures are similar consisting of a filtering
procedure in the first stage and a decision rule in the second
stage. The detection accuracy of each detector is characterized
by the couple probability of a true detection vs. rates of false
detection with synthetic data. The performance comparison
between detectors shows that the detector using a band-pass
finite-impulse-response filter with complex coefficients offers
the best performance. This observation was especially evident
for low signal to noise ratios. This finding is confirmed with
real data and leads us to revise the protocol of spike detection
in auditory nerve.

I. INTRODUCTION

N animal experiments, extracellular single unit (ESU)

recordings from auditory nerves enable the study of
normal and pathological functioning of the cochlea. After a
posterior fossa approach, ESU is recorded with glass
microelectrodes (tip diameter 0.1-0.5 um) filled with 4 M
NaCl, which have high resistances (20-60 MQ ) [1]. Two
types of ESU activity are generally taken into account: the
spontaneous activity, which is characterized by the
stochastic occurrence of transient signals (so-called action
potentials) in the “silence” condition, and the sound-driven
activity which carries information about the characteristic
frequency, threshold, dynamic range and frequency
selectivity of the fibers. Classically, the experimenter
extracts the action potentials which emerge from the
background noise by manually adjusting a “discrimination
window” above the background noise level.

The aim of this study is to evaluate the effectiveness of
other methods of spike detection. In the first set of
experiments, we developed a numeric-window spike
discriminator. The performance of the latter was then
compared with two others spikes detectors. The first is based
on the quasi-determinist character of the useful signal. The
second used the transient character of the required signal.
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Performances of the three detectors were tested on simulated
data. Results are presented as receiver-operating-
characteristic (ROC) curves calculated for four signal-to-
noise ratios (SNR). A representative example from a single-
unit auditory nerve fiber is also given.

II. PROBLEM STATEMENT

The observation of the extracellular single unit activity of
the auditory nerve fibers, over the interval [0, 7], can be
modeled as follows:

ety =b(0)+Y axs(t-1) (1)

In this model, s(¢f) is a determinist transient signal
(termed “spike” in the rest of this paper) corresponding to
the extracellular action potential, » is the number of spikes
in the recording, and 7, is the random occurrence time of the
i™ spike. Considering the refractory period of a neuron, we
assume that the spike duration is smaller than the time
interval between two consecutive spikes. The signal b(¢) is
a colored stationary noise representing the background
physiological activities. The value a, is the weighting
coefficient applied to the i™ spike. The coefficients a, model
the electrode moving during the measurement procedure and
can be viewed as the sample of a low frequency band signal
a(t)e[0,1] at time ¢=7, with a, =a(7,). In this model,
spike and noise powers are assumed to be constant;
therefore, the SNRs depend only on the values of the
coefficients q, .

With this formalism, the purpose of a detector will be to
provide a set of time detections {7}, j=1,...,71, nearby the
set of occurrences {7}, i=1,..,n (a hat applied to a
variable denotes that the variable is an estimated quantity).

III. THE SPIKE DETECTORS

The three detectors are each composed of two blocks: an
enhancement block for increasing the contrast between the
spikes and the noise, and a decision block. The first block
provides a statistic on which a decision rule is applied.

The decision rule, which is the same for all of the
detectors, is the following: a spike is detected at time ¢ =1,

if the statistic value at time #, is higher than the threshold

and if this value is a local maximum. Additionally, an initial
delay or “dead time” is used to avoid detection in the 1 ms

1430



epoch which follows each detection.

The three enhancement blocks are the following:

1) An all-pass filter which does not modify the input
signal. The output signal will be referred to as g,(¢) =e(¢).
This block corresponds to a digital version of the analog
detector used routinely in our laboratory.

2) A matched filter which computes the cross-correlation
between e(f) and a template of the signals(z). This
technique was proposed by others [2] and the output signal
is g,(1).

3) A complex filter which uses a convolution between
e(t) and a band-pass Finite-Impulse-Response (FIR) filter

h(t) with complex coefficients such that:

h(t)

>

. 1
C(1+cos(2x fot)) exp(2imkf t), if |t| < F
0, otherwise ’

where C is a normalizing coefficient, f; a characteristic
keZ-{-1, 0, 1}. A
representation of this filter is shown in Fig. 1. This function
has the properties of a continuous wavelet and was proposed
for the detection of epileptic spikes in surface [3-5] and
depth EEG signals [6, 7]. We applied the decision rule on
the modulus, | g,(¢) |, of the output signal, g,(¢).

frequency, and temporal

We refer respectively to these detectors as: all-pass filter
detector, matched filter detector, and complex filter detector
in the rest of this paper. The block diagram of the three
detectors is presented in Fig. 2-A.

Re(n(t)
R Im(h(t)

1 -0.5 0 0.5 1
t (ms)
Fig. 1. Complex impulse response of a band-pass FIR filter for

F;=48 kHz, f,=500Hz, and k =3. The Real part is an even function

while the imaginary part is an odd function.

IV. DATA

A. Simulated data

Extracellular single unit activities were simulated using
equation (1) and a sampling rate F;=48 kHz. The spike
shape s(f) was built by aligning and averaging a large
number of spikes manually selected from experimental data.
The physiological background b(f) is a colored noise
generated using an autoregressive filter with 27 coefficients.
The choice of this model was supported by a solid

agreement between original and simulated background
noises. Coefficients were identified on epochs of in vivo

background noise. One thousand spikes were introduced
such that 7, =ix10 ms with i=1,...,1000. In this way, the

duration 7 of a simulated ESU activity was close to 10 sec.
The values of the coefficients a, were held constant during

the simulations in order to stabilize the SNR.
ESU activities were simulated with the above mentioned
parameters with four different values for the a, coefficients

yielding simulated activities with SNRs of -6, -2, +2, and +6
dB. The epoch located at the beginning of the ESU activity
simulated with an SNR of 6 dB is presented in Fig. 2-B.

B. Invivo data

The extracellular single unit activity was recorded in the
auditory nerve of adult anesthetized guinea pigs [8]. Here,
we present an auditory nerve fiber coded for 5 kHz with a
high spontaneous rate activity of 58 spikes/s. The threshold
is 0 dB SPL and the Qo dB was equal to 4 Hz. This fiber
was selected because the spike magnitude varied with time
during the course of the experiment. The sampling rate was
set to 48 kHz.
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'
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Fig. 2. A: Block diagram of three spike detectors. B: The simulated
single unit activity exhibits a regular spike train with 10 ms interspike
intervals. The powers of the spike and the noise were both held
constant such that the SNR was equal to 6 dB. The signals generated
by matched and complex filters enhance contrast between the spikes
and the background noise, which is especially prominent in the case
of the complex filter.
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V. EVALUATION OF DETECTION ACCURACY

The detection accuracy of a detector, for a given
threshold, was characterized by the couple Probability of
True Positives (PTP) vs. the Rate of False Positives (RFP).

The TP was estimated using a short confidence temporal
window W with the following method. For a given set of

detection times {Z,}, j=1,...,71, the set of occurrence times
{r,}, i=1,..,n, was divided into two groups: true positives

(TP) and false negatives. The partitioning rule was the
following: the time occurrence 7, is classified as a TP if it

exists je {l,..,n} such |T[—Tj|S7; otherwise it is

classified as a false negative. Considering this partition, the
PTP was defined as the ratio of the number of TP to the
number of occurrence times.

The RFP was estimated by counting the number of
detections per second when only the background noise was
present in the input of the detector.

For a set of threshold values covering a range of
appropriate values, it was then possible to derive the ROC
curve of the detector (PTP vs. RFP). The ROC curve is a
monotonically increasing curve and for low threshold
values, PTP and TFP tend to 1 and infinity, respectively,
whereas for high threshold values, they both tend to zero.
The efficiency of the detector increases as the ROC curve
approaches the point (PTP=1, RFP=0 FP/s).

VI. RESULTS

A. In simulated data

The three detectors were applied on the four simulated
signals presented in section IV-A. All ROC curves were
computed for a confidence temporal window, W , of 2 ms.
The ROC curves for each of the simulated signals,
characterized by their SNR values, were plotted together and
are presented in Fig. 3. This figure shows that for all the
chosen SNR values, the complex filter detector and the all-
pass filter detector are the most and the less efficient
detector, respectively. This observation is especially
prominent for low SNR values (see SNR = -6 and -2 dB).
For example, in the case of SNR=-2 dB and for a given false
positive rate of 50 FP/s, the complex filter doubled the
probability of a true positive (i.e. the PTD were
approximately 0.4 and 0.85 with the all-pass and the
complex filter, respectively). When the SNR is equal to 2
dB, the accuracy of the complex filter detector became
excellent compared to those of the two other detectors. We
also observed that the accuracy of the matched filter detector
better than the accuracy of the all-pass filter detector for
SNRs of +2 dB. Finally, when the SNR was equal to 6 dB,
all three of detectors offered good accuracies, especially for
the matched and complex filter detectors.

B. Inreal data
The three detectors were applied to the extracellular single
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Fig. 3. The ROC curves for the four tested SNR values. The ROC
curves of the three detectors were superimposed on a single plot for
each of the four SNR values. For all the SNR values, the complex
filter detector gives the best performance. The performance gap
between this detector and the two other detectors is prominent for low
SNRs. For a SNR equal to +6dB, the ROC curves apparently overlap;
however, upon closer inspection, it is evident that the complex-filter-
based detector is the most accurate.

unit activity presented in section IV-B. The template used
for the matched filter was constructed by aligning and
averaging fifty representative spikes manually selected in the
studied activity. The parameters of the complex filter were
the following: f, =500 Hz and k =3. Output signals of the
three filters are shown in Fig. 4. These signals show that the
matched filter, and especially the complex filter, enhance the
contrast between spikes and noise, even for low SNRs.

End of
the recording

20 min.

Beginning of
the recording

All-pass
filter
Matchedw‘l’wv% l(‘”” T — WWMWLWW

Complex
100 ms 100 ms

filter JL J i
- - e e e M Ao

Fig. 4. Application of the different detectors on single unit action
potentials recorded from the auditory nerve. The left column
corresponds to the beginning of the recording and the right column 20
min. after. Note the decrease of the spike amplitude during the course
of the experiment. No spikes can be clearly discriminated from the
background noise with the all-pass filter. In contrast, the matched
filter, and more efficiently, the complex filter greatly increase the
SNR, leading to clearer spike detection.

filter
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VII. DISCUSSION

In this study, we compared three detectors for localizing
single unit spikes in the activity of auditory nerve fibers. The
detectors have two stages. The first stage is dedicated to the
enhancement of signal to noise ratio; while the second stage
is for constructing the decision rule. The decision rule was
the same for all of the detectors in order to compare only the
influence of the first stage. Three filters are compared: 1) the
all-pass filter which is used in routine in numerous
laboratories; 2) the matched filter was considered because it
is a classical approach for handling the problem of detection
of a pattern whose morphology is quasi deterministic.
Finally, the complex filter was selected for its good
performances in the context of transient-signal detection in
EEG signals [3-7, 9].

A comparison of the detection accuracies showed that the
complex filter detector provides the best accuracy especially
in low SNR (smaller than 2 dB in our experiences). For SNR
larger than 2 dB, the three detectors all offer good
accuracies. This trend was confirmed with experimental
data. We observed that the contrast between spikes and
background noise in the output of the complex filter, is
greatly enhanced. This filtering allows then for easy
selection of the threshold value.

Moreover, in our application, the choice of a detector does
not depend only on the detection accuracy. Indeed, the
detectors investigated in this paper present advantages and
deficiencies. The all-pass filter permits continual on-line
operation but offers poor detection accuracy. In spite of its
drawback, this detector is still used in many research
laboratories, requiring the visual supervision of an informed
experimenter. On one hand, the matched filter presents the
advantage of being highly specific to the expected pattern.
On the other hand, it is time-consuming, it requires human
pre-selection of the spike template, and it exhibits medium
detection accuracy especially for low SNR. Finally, the
band-pass FIR filter with complex coefficients gives good
detection performances but is also time-consuming.

The main interest of the matched and the complex filters
is to increase the detection accuracy of extracellular spikes.
This is very important for the auditory neuroscientists who
want to record single unit action potentials from the auditory
nerve since amplitudes of the action potentials change in
various conditions. For example, changes in amplitude are
seen even during the course of an experiment. Although high
magnitude action potentials can be easily detected with an
all-pass filter, small amplitude action potentials are difficult
to discriminate from the background noise. Consequently,
researchers may try to locate the recording electrode as close
as possible to the fiber in order to get the best signal-to-noise
ratio. However, being too close can mechanically stimulate
the fiber, and even destroy it. In addition, respiratory
movements of the animal induce mechanical displacements
of the recording electrode, and consequently change the
amplitude of the single action potential, leading the
experimenter to adjust manually the spike discriminator

window. Clearly, the complex filter detector based on sharp
form rather than on action potential amplitude, provides a
good alternative for spike detection in auditory nerve fibers
when there is a low signal to noise ratio.

Regarding filtering procedures, the parameters £ and f,

were set heuristically to 3 and 500 Hz, respectively. Setting
k to any integer other than -1, 0, 1, ensures one to have a
zero-mean band-pass complex filter. The central frequency
and bandwidth of this filter are respectively kf, and 2 f, [9].

Simulations will be conducted to determine values of (£, f;)

that optimise detection accuracy. The matched filter based
detector can also be enhanced by exploring the covariance
matrix of single unit action potentials. Quadratic detectors
maximizing deflection criteria could then be considered [3].

Increasing the complexity of the detection structure may
lead to better detection results especially for low SNR. This
could open the way for using lower impedance electrodes
and thus considering multiunit auditory nerve data
processing. However, a trade-off between execution time
and performance is necessary to guarantee real-time
functioning of the system or at least very fast off-line
processing. In all cases, a procedure for determining the
decision threshold needs to be defined. Controlling the false
alarm rate under the assumption of null hypothesis will be
investigated.
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