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ABSTRACT

The smoothed pseudo Wigner distribution (SPWD) can be used to process
transient evoked otoacoustic emissions (TEOAES). By this process
emissions patterns can be shown in the time-frequency plane with better
time and frequency resolution than in a conventional spectrogram. Such
analyses of shape and localization of TEQAESs patterns and comparisons of
patterns obtained at different physiological or pathological situations, open
a new way to describe otoacoustic emissions. Better understanding and
interpreting of the characteristics of TEOAEs can be achieved as well. This
method can be used as a powerful tool to monitor the cochlear condition.
Pilot investigations are demonstrated.
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INTRODUCTION

Otoacoustic emissions (OAEs) are acoustic energy measured in the external ear
canal. They originate within the cochlea and are normal by-products of the
active process in hearing (Kemp, 1978; Gold, 1948). Several mechanisms have
been proposed to be responsible for this process:

a) Nonlinear motions of the basilar membrane, including active nonlinear
processes which add energy to the motion of the basilar membrane; and passive
nonlinear processes e.g. by compressive limiting and/or suggested
unsymmetrically moving waves on the basilar membrane (Davis, 1983; Allen &
Neely, 1992; Brass & Kemp, 1993a).

b) A motile response of outer hair cells (OHC), which includes volume and
length changes in the hair cells. These changes are frequency specific (Flock et
al., 1986, Brundin et al., 1989).

There are two categories of OAEs, spontaneous and evoked OAEs.
Spontanecus OAEs (SOAEs) are tonal, low level emissions, which are
produced without acoustic stimulation. They appear in about 60-70% of normal
hearing ears (Martin et al., 1990, Zwicker, 1990). SOAEs indicate that the ear
uses active feedback to limit the amplitude of the internal oscillation to small
inaudible values. OAEs can be evoked in almost all normal hearing ears. These
emissions are classified into three subgroups by the stimuli used to evoke them:
transient evoked OAEs (TEOAESs), stimulus-frequency OAEs (SFOAESs) and
distortion-product OAEs (DPOAEs). TEOQAEs occur after brief stimuli (Kemp,
1978), e.g. clicks. They are sometimes referred to as delayed evoked
otoacoustic emissions (DEOAEs) (Zwicker, 1983) or click-evoked otoacoustic
emissions (CEOAEs) (Johnsen et al., 1993). SFOAEs are e¢licited by long-
duration tones, and occur at the stimulus frequency (Brass & Kemp, 1993b).
DPOAESs are produced by stimulation with two primary tones at frequencies of
f and fy (f ;<f,), and occur e.g. at the frequency 2f |-, (Harris et al., 1987),
corresponding to the cubic distortion tone with its frequency below the primary
frequencies. DPOALES are very sensitive to the amount of separation of the

primary tones.
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The cochlear sensitivity and dynamic range can be studied by measuring
amplitude growth of the TEOAESs as a function of stimulus level (Norton,
1993). In the normal-hearing ear, at low stimulus levels, the amplitude of the
TEOAES increases as the stimulus level is increased. When the stimulus level
approaches 50-60 dB SPL, the amplitude of the TEQAES increases more
slowly and finally saturates. In the impaired ear, TEOAEs begin to appear at
higher levels, and the growth rates are higher in an ear with a smaller dynamic
range.

Since TEOAES can be measured objectively and non-invasively by a probe
including a microphone and a receiver sealed in the ear canal, they are
potentially powerful for screening purposes, especially for neonates and young
children (Bray and Kemp, 1987). TEOAE measurements also have good
reproducibility in both time and frequency domain even if the measurements are
weeks apart (Norton, 1993). In another investigation, the amplitude of
TEOAESs was stable over successive short-term measurements, with a
variability within individual spectral bands of approximately 1 dB from 0.9 to
4.1 kHz (Harris et al., 1991). Since TEOAESs have the same contents over time,
they can be used as a sensitive indicator to monitor the cochlear function and
the frequency sensitivity of the inner ear.

In this paper, the influence of hearing loss on the TEOAEs is discussed. Kemp
et al. (Kemp et al., 1990a) suggested that there are relations between
audiograms and TEOAES, and that TEOAEs can be used to identify frequency
ranges of normal hearing in pathological ears. In various studies TEAOEs were
never found when the hearing loss at the best frequency was worse than 40 dB
HL (Collet et al., 1993a; Collet et al., 1993b). Furthermore, when pure-tone
averages (PTA; 1000, 2000 and 4000 Hz) were greater than 40 dB HL,
TEOAEs were never observed in response to 86 dB SPL clicks (Norton, 1993).
In ears with sloping hearing losses (Johnsen et al., 1993) the thresholds at 1 and
2 kHz were most important for the presence of TEOAESs.

The TEOAES consist of a large number of individual components which
overlap both in the time and in the frequency domain. After stimulations, high
frequency emissions have shorter latency, since they originate from the basal
portion in cochlea, whereas low frequency emissions have longer latency, since
they originate from the apical portion in the cochlea. The analysis is difficult by
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using one-dimensional methods i.e. to get time or frequency representations.
TEOAES can be transformed into the time-frequency plane in time-frequency
representations (TFRs) and give a three-dimensional pattern, in which
individual frequency components and times of their arrival could be identified.

The most common way to obtain the TFRs is based on the short-time Fourier
transform (STFT) and a sliding analysis window (Hlawatsch & Boudreaux-
Bartels, 1992). The result is usually called "spectrogram". The STFT (and the
spectrogram) are defined as

STFTY(t, f) = j [x(Yp (' =0)] e ™ ar'
SPECY (1, f) = [STFTO (1, 1)

where x(t) 1s the signal, t and f denote time and frequency respectively, y(t) is
the analysis window, and the integrations are performed from -0 to o0. The
signal is assumed to be stationary within the specific analysis window. So STFT
is a "local spectrum” of the signal at the time t. SPEC is the spectrogram of the
signal. The resolution in time and the resolution in frequency are related in the
spectrogram. A good time resolution requires a short window, which will give
bad frequency resolution, and vice versa.

The Wigner distribution (WD) (Wigner, 1932) has been used as a powerful tool
to analyze time-varying systems and non-stationary signals (Claasen &
Mecklenbriuker, 1980; Smits, 1992). In practice, discrete-time and smoothing
versions are used to overcome interference terms (ITs) in digital signal
processing (Sessarego et al, 1989; Krattenthaler & Hlawatsch, 1993). WD and
its smoothed version SPWD (smoothed pseudo WD) are given by

D,(1./) =[x+ D't -9e " ar




ISSN 0280-6819
TA129, Dec 1993

SPH@,&g"})(t,f) = _[ Jg(f - ll)X(l"’i"%)x*({'—-i’;)df'}- 1)(57) 7]'(“'?{)6’—12@&611'

in which g(t) and n(t) are two windows whose effective lengths independently
determine the time smoothing and the frequency smoothing, t and f denote
time and frequency respectively, the superscript * denotes complex
conjugation, and the integrations are performed from - to . The discrete
version of SPWD is defined in Appendix A.

The aim of this study was to investigate potentially interesting relations
between TEOAEs and its TFRs using SPWD, and to evaluate the cochlear
condition by inspection of distribution patterns of the emissions. It would be
interesting to see if such distribution patterns could map the cochlear activity
along the basilar membrane.

MATERIAL AND METHODS

TEOAEs were measured with a digital signal processing system (DSP)
consisting of a TMS32010 signal processor, 12 bits AD/DA converters,
tracking anti-aliasing filters, program controllable attenuator and preamplifier.
A separate preamplifier was used instead of program controllable preamplifier
to get higher gain when needed. B-type probes (Otodynamics Ltd) were used,
which were originally designed for the ILO88 and ILO92 (Otodynamics Ltd)
systems. The DSP system was controlied by a IBM compatible personal
computer (PC). Software for the TEOAE recording was written for both DSP
system and PC in assembly and high level programming language. The SPWD
program runs under PC's environment. TFRs curves can be printed out to a
black & white laser printer or a colour printer (HP DeskJet 550C).

In accordance with the ILO88 system (Kemp et al., 1990b) 80 us nonfiltered
click stimuli drive the receiver in the probe which is sealed in the ear canal.
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Responses from 1000 sweeps are averaged in the time domain to reduce the
effect of noise. In the linear mode all the clicks have the same level and the
same poiarity. In the nonlinear mode, the fourth click in every group of four
clicks has reversed polarity and the level is increased by a factor of 3. In the
nonlinear mode the responses to all linearly behaving parts of the system are
cancelled by summation of responses; only the nonlinear part of the emissions
can be left which represents physiological activity in the cochlea. To remove the
primary stimulus artifact in the recorded TEOAE response a window is used. It
is zero from 0 to 2.5 ms, it is cosine raised from 2.5 to 5 ms, it is unity from 5
to 18 ms and finally, it is cosine falled from 18 to 20.5 ms. Two separate
records were carried out. The sampling frequency was 25 kHz. The peak-
equivalent stimulus level in the ear canal was calibrated on an artifical head
(Kemar) with type 4257 ear simulator, type 2607 measurement amplifier (Briiel
& Kjeer),

To test the SPWD algorithm and to simulate the "chirp" effect of the TEOAEs,
two "crossed" linear FM signals (chirp signals) were used as algorithm input
signal:

x(t) = cos[125000(2m)t2}H+cos[ 125000(2m)(0.02-1)2].
The first part has an instantaneous frequency of

f(t) = 250000t Hz.
The second part has an instantaneous frequency of

f(t) = 5000-250000¢t Hz.

t and f denote time (second) and frequency (Hz) respectively. In Fig.1 the
performance of SPWD and spectrogram for the algorithm input signal and for
the TEOAEs are demonstrated. The time-frequency resolution in the SPWD is
higher than in the spectrogram, and the power is more concentrated in the
SPWD.
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Fig.1. SPWD and spectrogram for algorithm input signal and for TEOAESs.

a. Spectrogram of input signal. b.Spectrogram of TEQAEs. ¢. SPWD of

input signal. d. SPWD of TEOAEs.

RESULTS

Fig.2 shows an example of TEOAES at nonlinear mode and its SPWDs at
different stimulus levels (75, 85, 95 and 105 dB SPL) for a certain normal ear.
In left panels of Fig.2a-d the top left curves show the averaged stimulus in the

external ear canal and the window function. The lower curves show TEQAEs

of two consecutive measurements. The top right curves show the spectrum of

the TEQAEs defined as the cross-power spectrum of two responses and the

noise spectrum defined as the power spectrum of the difference of two

b

d
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responses in lower curves. In right panels of Fig.2a-d the lower curves show
the average of two consecutive responses. The left curves show the
corresponding power spectrum. The maximum amplitudes of the TEOAEs on
SPWDs are 18, 20, 27 and 30 dB in response to 75, 85, 95 and 105 dB SPL
stimulus levels. However, the emission pattern and localization are unchanged.
The amplitute of the TEOAEs grows nonlinearly with stimulus level. At the
lower stimulus level, 75 dB SPL, Fig.2a, the measured TEOAESs have a lower
sighal-to-noise-ratio. Then the amplitude of TEQAEs increases as the stimulus
level is increased (Fig.2b and Fig.2c¢). Finally the amplitude of the TEOAESs is
about saturated (Fig.2d) at about 30 dB in response to a 105 dB SPL stimulus.
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Fig.2 {continued on the next page, with legend).
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Fig.2. Nonlinear TEOAEs and its SPWD of one ear. Data from one adult
subject in response to four different stimulus levels. a. 75 dB SPL. b. 85 dB
SPL. ¢. 95 dB SPL. d. 105 dB SPL.

Fig.3 shows another example of two SPWDs of nonlinear TEOAEs from one
neonate.

To separate the TEOAE:s from artifacts, SPWD is an effective method. Fig 4
shows SPWD of TEOAESs of same ear at the same stimulus level for the lincar
and nonlinear stimulus modes. Artifacts can be identified by comparing
SPWDs. In Fig.4a TEOAEs at linear mode SPWD has an extra peak at about
4.5 ms and 1.8 kHz, which is corresponding to the artifact. This peak does not
exist at all on the SPWD of the TEOAES in the nonlinear mode in Fig.4b.
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Fig.4. SPWDs of TEOAES in linear and nonlinear modes. a. Linear. b,
Nonlinear,

In Fig.5, the main panel shows the averaged SPWD of the TEOAEs in
nonlinear mode from 54 neonatal ears. From this averaged SPWD of TEOAEs
we can estimate the existence of various frequency components and times of
arrival. We can use this averaged SPWD as a map of the averaged cochlear
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activity along the basilar membrane. By comparison with the SPWD of an
individual ear it is possible to comment on the cochlear conditions of a neonate.

Smoothed pseudo Wigwer distribution of TEOAEs, WDadd - -

1'5 ns

Z1 dB

Fig.5. Averaged SPWD of TEOAESs from 54 neonatal ears.

DISCUSSION

In the spectrogram analysis method based on STFET, it is assumed that the
signal is stationary within a specific analysis window. Shorter window length is
limited by frequency resolution. When the spectral content changes rapidly over
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time, like for TEOAES, an accurate estimate is impossible. Using SPWD is an
effective way to meet this problem.

With the TLO88 system, the power spectrum consists of about 200 Hz wide
bins from 0.5 to 5.3 kHz (Kemp et al., 1990b). With the SPWD better
performance can be achieved. The SPWD also gives information regarding
response delay and frequency contents.

Using the WD algorithm, it should be noted that the sampling frequency must
be more than twice the Nyquist frequency to avoid aliasing problems. An
unaliased WD algorithm was proposed (Bekir, 1993).

Time averaging and delay criterion technique is used to extract TEOAEs from
noise. The traditional technique to extract evoked signals from noise relies on:
a) The evoked signal to a specific stimulus is time-invariant. b) Signal and noise
are uncorrelated. ¢) Signal and noise are additive. (see Appendix B for detail.)
In the measurement all signals, except TEOAEs, are treated as noise. For
example, SOAEs are treated as noise as long as they are not synchronous to
and time locking with stimulations. In that case SOAEs are cancelled away by
the time averaging procedure. If SOAEs are synchronous to and time locking
with stimulation they will be presented as horizontal bars on the SPWD.

Recently, a study on prediction of hearing susceptibility to the damaging effects
of noise by inspection of TEQAEs was carried out (Hotz et al., 1993). It was
shown that the response amplifudes of the TEOAEs in the frequency domain
may be significantly changed in the range from 2 to 4 kHz after broadband
noise exposure. This method seemed more sensitive than pure-tone audiometry
in detecting early cochlear damage from noise. The SPWD algorithm might also
be used in this kind of studies. The noise induced TEOAE changes can be
evaluated both in the time and in the frequency domain by analysing the
differences with the SPWD of the TEOAEs after noise exposure. This method
might be more feasible as a screening procedure for measuring hearing
susceptibility to noise exposure than pure-tone audiometry.
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CONCLUSIONS

SPWD can be used to process TEOAEs, and TEOAEs patterns can be shown
in the time-frequency plane with better time and frequency resolution than in a
conventional spectrogram. Better understanding and interpreting of the
characteristics of TEOAEs and cochlear condition can be achieved by
inspection of distribution patterns of the TEOAEs. The distribution pattern
could map the cochlear activity along the basilar membrane.
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APPENDIX A

The discrete-time version of SPWD come from the SPWD difinition:

SPWDE (1, 1) = [| [ g(t=1)x(r +5)x" (0= dlr* |- (2 7 (e dr.

If n(t) = n(-t) and ' = /2, then

SPWDE0 (1, f)=2] D gt -)x(+2)x" (02t || i 2 e e,

If t'=t+m, n=1', -M+1< m< M-1, -N+1 <n < N-1, then

N-1 A1
SPWD*"(t, fy=2 3 [ Zg(m)x(t+m+n)x*(t+m—n):|-|17(n)|2e1’4’9“”,

A=—N+1Ln=—AM+1

Af-1
Let K,,(t,my= D g(mx(t+m+n)x" (1 +m—n), v =2f, then

n=—Af+1

N-}
SPHDEP(t,v)=2 . |mmf K, (1,m)e ™",

n=—N+l1

This formulation is convenient for numerical implementation via fast Fourier
transform (FFT) algorithms. In practice, a sliding analysis window is used for a
short-time SPWD,

16
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APPENDIX B

Assessment of evoked signals by synchronous time averaging technique:

If the measured signals are xj(n), and the evoked signals are sj(n) and the noise
signals are m;(n), then

xij(n) = si(n) + nj(n).
After M times averaging
AL Af A
PRAOES DRI ESPRADY
i=1 i=1 =1
If the evoked signals to a specific stimulus is time-invariant i.e.

s1(m) =sy(n) = .= s(n).

The noise signals variance cr,}2 =o” , B{nj(n)} = 0, the noise is uncorrelated to
the stimulus and

E{nj(n) * nj (n)} =0, i#].
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Then

x(m)=s(n)+ I]Ti 0, (1) = s(ny+ 1 (n).

The averaged noise signals variance a,f = 0*/M, and E{n'(n)} = 0. After the
time averaging process the signal to noise ratio (SNR) improves

201g(o,’ /1 0,’ ) =201g(M) dB.
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