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Click evoked otoacoustic emissions (OAE) and a set of tone bursts OAE, covering the same
frequency band, were recorded and decomposed into the basic waveforms by means of high-
resolution adaptive time-frequency approximation method based on Matching Pursuit
algorithm. The method allows for description of the signal components in terms of
frequencies, time occurrences, time-spans and energy. Resonant modes characteristic for
given subject/ear, were identified. They were characterized not only by the close frequencies
appearing for different tones, but they had usually similar latencies and time spans. Short time
and long time resonant modes were identified. The second ones might be possibly connected
with spontaneous emissions. The method opens a new perspectives in studying the fine
structure of the OAE and testing of the theoretical models.

I. INTRODUCTION

The mechanisms of generation of otoacoustic emissions (OAE) are still a matter of a
debate. In particular it concerns the role of linear and non-linear effects in shaping the
structure of the OAE signal. Spontaneous OAE (SOAE) as well as evoked OAE (EOAE)
exhibit periodic variations in amplitude and phase with frequency, which are called “fine
structure”. Early attempts to describe cochlear OAE fine structure were based on the
assumption that they originated from nonlinear reflection (e.g. review by Shera and Guinan,
1999). However there are also models, which consider linear cochlear reflection as a main
source of cochlear fine structure. These models involve the presence of low level
inhomogeneities strewn along cochlea (Shera and Zweig 1993, Zweig and Shera 1995,
Talmadge et al. 2000). In order to resolve the debate, the test of the models based on the
precise analysis of the experimental data is needed. In particular the study of the fine structure
of OAE calls for a method, which will have capability of decomposing the signal into basic
components of well defined time-frequency characteristics. This work presents such method
based on adaptive approximations, which has time-frequency resolution superior to the other
methods currently applied for OAE studies and at the same time offers parametric description
of the signal components.



One of the parameters important for testing the models is the latency of frequency
components. In the recent studies continuous wavelet transform (WT) (Tognola et al.1997) or
discrete WT (Sisto and Moleti, 2002) were used.

The method proposed by us — Matching Pursuit (MP), is free of the limitation of WT,
which binds inversely time and frequency bands, moreover the MP method makes possible
the decomposition of the OAE signal into its basic components described by means of well
defined frequencies, latencies, amplitudes, and time spans.

In this paper we shall first describe the method and demonstrate its performance by
means of simulations. The comparison with other methods of time-frequency analysis will be
shown. Then we will apply MP to the click and tone evoked OAE. We shall compare the
time-frequency distributions obtained for click-evoked OAE with the superposition of the
tone generated OAE, with the aim of testing for the linearity of the response. Finally we shall
construct the frequency-latency curve and fit the function representing this relation.

Il. METHOD
A. Experimental procedures

Otoacoustic emissions were recorded using ILO 292 Echoport system designed by
Otodynamics. Dataset consisted of the OAE recordings from 12 young (20-25 years) adult
men. All subjects were laryngologically healthy without any otoscopic changes in ears.
Impedance audiometry tests for all subjects were performed. Type A tympanograms were
recorded with correct reflex from stapedius muscle. In pure tone audiometry hearing threshold
was 10-15 dB.

Responses to 260 repetitions of stimuli were averaged with “nonlinear” mode of
stimulation. Intensity of stimuli was kept on level of 65-68 dB. Click evoked otoacoustic
emissions and a set of tone-bursts OAE were measured for each subject/ear. The tone-burst
with central frequencies of: 1000, 1414, 2000, 2828, 4000 Hz and of half octave bands were
used. These stimuli were constructed to cover the same frequency band (840 to 4757 Hz) as
the click stimulus.

B. Data analysis method

Matching Pursuit (MP) algorithm was introduced by Mallat and Zhang (1993) and first
applied to physiological signal processing by Blinowska and Durka (1994). The method is
based on the decomposition of the signal into basic waveforms (called also atoms) from a
very large and redundant dictionary of functions. Finding an optimal approximation of signal
by selecting functions from very large and redundant set is a computationally intractable
problem, therefore the sub-optimal solutions are applied. The waveforms are fitted in the
iterative procedure, starting with the atom giving the highest product with the signal, which
means that it accounts for the largest part of the signal energy. Then the next atoms are fitted
to the residues. We used the dictionary of Gabor functions, given by the formula:
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The components of the signal are described by parameters: @ frequency, u- latency, s-
time spread, K(y,¢)- amplitude and ¢ phase. We have used Gabor dictionary consisting of
10° atoms.

The method is very robust in respect to noise. The addition of noise with variance
twice bigger than the variance of the signal does not influence critically the time-frequency



positions of waveforms corresponding to simulated structures, only some spurious waveforms
are added (Blinowska and Durka 2001). The advantages of the method were demonstrated in
the EEG studies e.g.: for extraction of specific structures from the signal (Zygierewicz et al.
1999) and for revealing microstructure of event related responses (Durka et al. 2001). The
tutorial concerning MP method and MP software are available at http://eeg.pl .

lll. RESULTS
A. Simulations

In order to demonstrate the properties of the MP algorithm and to compare it with
other methods used for the evaluation of the OAE signals we have performed simulations
based on the signals resembling OAE. Components of OAE were represented by
gammatones, since it is commonly assumed that they reproduce the shape of click evoked
OAE at single resonant frequency.

We have constructed the test signal consisting of 6 gammatones with frequencies: 280,
550, 1100, 2200, 4400, 8800 Hz and spaced 2 ms in time. In Fig. 1 the decomposition of this
signal by means of the MP algorithm into the 6 atoms of highest energy is shown, together
with the signal reconstructed from these atoms. Correlation coefficient between the
reconstructed and original signal is 0.98. The rest of the energy of the original signal is
accounted by the next atoms found in the iterative procedure. They describe the details of the
shape of the gammatones, however their contribution to the total energy of the signal is small.
We can see that the positions of the strongest atoms coincide with the maxima of the gamma
bursts — basic waveforms well reproduce the components of the simulated signal. Therefore
we can accept centers of the atoms found by MP as the latencies of OAE components
connected with “group velocities”.

Since we know the parameters of the signal components, we can construct time-
frequency distribution of the signal energy. In Fig. 2 the time-frequency distributions (t-f
distributions), for the simulated signal consisting of 6 gammatones, found by different
methods are shown. Spectrogram gave good results for components of distant frequencies,
however it was unable to separate two lower frequency components. It is easy to observe the
low frequency resolution of WT for high frequencies and poor time resolution for low
frequencies. Wigner de Ville (W-V) method without corrections give very poor picture which
can be improved by introduction of appropriate correction terms. However the procedure of
improving W-V performance is always to some extent arbitrary, moreover W-V method does
not provide parametric description of the signal. The same holds for the continuous WT and
spectrogram. MP procedure is characterized by the highest resolution and even more
important — it provides the parametric description of the signal components.

B. Results for experimental data

Tone and click evoked OAE were decomposed by means of the MP algorithm and the
parameters of the components were found. In Fig. 3 an example of the decomposition of click
evoked OAE is shown. The basic features of the OAE are reproduced by the first 15 atoms,
which account for 95% of the energy of the signal. When the components of the signal are
known it is straightforward to construct the time-frequency distribution of the energy density
(Fig. 4).

The sum of the tone evoked OAE corresponds quite well to the click OAE. In order to
compare tone and click evoked OAE, on the Fig. 4 the centers of the atoms for click and tones
evoked OAE are shown together. We can observe that the centers of tone evoked OAE tend to



be shifted toward longer latencies. This might have been expected from the fact that the
stimuli in the case of bursts were applied with some delays. We can conjecture that the click
evoked response is the superposition of the tone responses, which indicates the linearity of the
mechanisms for the applied level of stimuli.

The MP method provides directly the latencies and frequencies of the OAE
components therefore construction of the latency-frequency dependence is straightforward. In
case of tone-evoked OAE the positions of atoms not always corresponded exactly to the
frequencies of stimulation, therefore the highest energy atoms occurring within +£500 Hz
band, in respect to the stimulation frequency, were used for the construction of the frequency-
latency curve. For the click evoked OAE five highest energy atoms were selected.

We have fitted different kinds of power law functions to represent at best the
frequency-latency relationship for the click and tone evoked OAE. The best fit for tone
evoked OAE was obtained for the function:

o(f)=af’ )

with parameters a=12.1 ms, b =-0.6237. Similar kind of fit was performed for click evoked
OAE (Fig. 6). In this case the parameters of function given by Eq. (2) were: a=10.82 ms, b =-
0.565.

High time-frequency resolution of the presented method made possible the study of
the relationship between the stimulus and the pattern of the time-frequency cochlear response.
We have observed that the frequency of the tone stimulus is not exactly reproduced in OAE
and the response depends on the individual features of the subject’s cochlea. Namely for each
subject there are resonant modes at some privileged frequencies, which appear to bigger or
lesser degree for different frequencies of the stimulus. An example of the effect is illustrated
in Fig. 5.

In Fig. 7 the histogram of the time spans of the resonant modes is shown. It has a bi-
modal character. It seems that there are some short-time resonant modes and the long — time
resonant modes. One can postulate that the second ones might be connected with the
spontaneous OAE.

IV. DISCUSSION

The application of adaptive approximations by the MP algorithm allowed for
identification of OAE intrinsic components, which eluded conventional methods of signal
analysis. It was possible because of the high time-frequency resolution of the MP and the
parametric description of the components. The time-frequency resolution of the MP method is
superior to windowed Fourier transform or wavelet transform. Contrary to WT the MP
method does not assume any arbitrary frequency bands. It does not require, as is the case for
Wigner-Ville or Choi-Williams transforms, introduction of corrections connected with cross-
terms, which is always to some extent subjective procedure. The property, which
distinguishes MP from other methods, is the description of the components of a signal by
means of parameters of the clear meaning, namely: their latencies, frequencies, time spans
and energy (or amplitude). Usually most of the energy of the signal is described by a few
components only.

Comparison of t-f energy distributions for tone and click stimuli (for the level of
stimuli applied in this study) revealed that the click evoked responses to the large extent
correspond to the superposition of tone burst evoked responses, which indicates the similar
mechanisms of the generation in both regimes of stimulation and a minor influence of the
cochlear non-linearities.



The observation that for different frequencies of stimulation the same preferred
response frequencies appeared in OAE spectrum was made already by Elberling et al. (1985).
However the Fourier method available at that time did not allow to obtain time-frequency
characteristics of these preferred frequencies. By means of MP method it was found that the
components of the OAE signal occur for different stimulation frequencies with the same
frequency and latency. Therefore they can be considered as a resonant modes of the inner ear.
Already in the early eighties the models were proposed with the aim of explaining the
privileged frequencies in the OAE signals (e.g. Manley 1983, Sutton and Wilson 1983, Neely
and Norton 1987), which assumed the presence of irregularities along the cochlear partition.
Another theory put forward by Bell (2002) connects fine structure of OAE with existence of
resonance cavities in cochlea.

The MP method has a potential to become crucial tool in elucidation of the
mechanisms operating in the cochlea and resolving controversies concerning the OAE
generation. Superior time-frequency resolution of MP and quantification of the signal
components in terms of physiologically meaningful parameters opens a new possibilities in
confrontation of theory with experiment and binding different phenomena connected with
otoemission e.g. spontaneous and evoked responses.
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Fig. 1. From the top: the simulated signal — sum of six gammatones of frequencies 280, 550,
1100, 2200, 4400, 8800 Hz, the reconstruction of the signal from the first 6 functions (atoms),
found by the MP procedure. Atoms 1-6 shown below.
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Fig. 2. Time-frequency (t-f) distribution of energy density for simulated signal (shown in Fig.
1) approximated by different methods: MP, spectrogram, Wigner-Ville, continuous wavelet
transform. Black points on the first plot indicate t-f centers of the fitted functions.
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Fig. 3. The MP decomposition of click evoked OAE. From top to the bottom: original signal,
reconstruction from 20 functions, functions found by the MP algorithm.
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Fig. 4. Time-frequency distribution of energy obtained by means of the MP decomposition of
click evoked OAE. Black points indicate t-f centers of the main atoms of click evoked OAE.
Red points mark the positions of the strongest atoms of responses to tone bursts.
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Fig. 5. Time-frequency contour distributions of energy for OAE signal evoked by tone burst
stimuli (from 1000 to 4000Hz). Frequency of the stimulation is given above the maps.
Frequencies of atoms with similar t-f parameters, which appear for different stimulus
frequencies, are written next to them (in Hz).
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Fig.6. T-f centers of functions fitted by the MP algorithm to click evoked responses for all
subjects. Five highest energy atoms of MP decomposition were selected. The curve is a power
t=af’ fit to the data with parameters a=10.82 ms, b =-0.565 (R-square: 0.4407). Dotted curve
correspond to the 17/f relation suggested by Talmadge.
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Fig. 7. Histogram of the time spans of the atoms which can be considered as a resonant
modes.
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