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ABSTRACT

Basilar membrane responses to clicks and to white
noise were recorded using laser velocimetry at basal
sites of the chinchilla cochlea with characteristic
frequencies near 10 kHz. Responses to noise grew at
compressive rates and their instantaneous frequencies
decreased with increasing stimulus level. First-order
Wiener kernels were computed by cross-correlation of
the noise stimuli and the responses. For linear
systems, first-order Wiener kernels are identical to
unit impulse responses. In the case of basilar mem-
brane responses, first-order Wiener kernels and
responses to clicks measured at the same sites were
similar but not identical. Both consisted of transient
oscillations with onset frequencies which increased
rapidly, over about 0.5 ms, from 4–5 kHz to the
characteristic frequency. Both first-order Wiener ker-
nels and responses to clicks were more highly
damped, exhibited slower frequency modulation,
and grew at compressive rates with increasing stimulus
levels. Responses to clicks had longer durations than
the Wiener kernels. The statistical distribution of
basilar membrane responses to Gaussian white noise
is also Gaussian and the envelopes of the responses
are Rayleigh distributed, as they should be for
Gaussian noise passing through a linear band-pass
filter. Accordingly, basilar membrane responses were
accurately predicted by linear filters specified by the
first-order Wiener kernels of responses to noise

presented at the same level. Overall, the results
indicate that cochlear nonlinearity is not instanta-
neous and resembles automatic gain control.

Keywords: Wiener kernels, clicks, laser velocimetry,
frequency glides, impulse responses

INTRODUCTION

Basilar membrane (BM) vibrations exhibit a peculiar
type of nonlinearity characterized by responses to tones
with low waveform distortion (Cooper 1998; Rhode 2007;
Ruggero et al. 1997) but magnitudes that grow at highly
compressive rates with increasing stimulus level (Robles
and Ruggero 2001). In this study, we evaluate the linear
and nonlinear features of BM vibrations using Gaussian
white noise stimuli and Wiener kernel analysis. For many
types of nonlinear systems, it is possible to relate inputs
and outputs using sums of functionals (i.e., functions of
functions) derived from responses to white noise. Such
functional series, originally derived by Volterra (1959),
were first applied by Norbert Wiener to the study of
nonlinear systems (Marmarelis and Marmarelis 1978).
Hismethod, “Wiener kernel analysis,” is a nonparametric
approach to system modeling and does not require a
priori knowledge of the internal structure of the system.
For linear systems, the first-order Wiener kernel is
identical to the unit impulse response and hence permits
the prediction of system responses to arbitrary stimuli.
For nonlinear systems, the first-order kernel provides a
linear approximation to the system, containing the linear
component plus possible contributions from odd-order
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nonlinearities. Second-order kernels contain second-
order plus possible higher even-order nonlinearities
(Marmarelis and Marmarelis 1978).

Wiener kernels have been used to analyze responses
to noise of auditory nerve fibers (e.g., Carney and
Yin 1988; de Boer 1967; Evans 1977; Møller 1977;
Recio-Spinoso et al. 2005), cochlear nucleus neurons
(Wickesberg et al. 1984), and basal BM sites of the
guinea pig cochlea (de Boer and Nuttall 1997, 2000).
At the guinea pig BM, first-order Wiener kernels
resemble responses to clicks in several respects, includ-
ing the presence of an initial increase in the frequency
of oscillation (the “glide”) thought to be invariant
across stimulus levels. In this paper, we describe
responses to clicks and the first-order Wiener kernels
of BM responses to white noise stimuli measured at the
same basal sites of chinchilla cochleae. Our main
findings are that: (1) the frequency modulation at the
onset of Wiener kernels varies as a function of stimulus
level; (2) first-order Wiener kernels of responses to
noise closely resemble, but are more damped than,
responses to clicks; and (3) in spite of cochlear
nonlinearities, linear filtering using Wiener kernels
accurately predicts BM responses to white noise
presented at the same levels. A preliminary report of
this investigation was published in the proceedings of a
conference (Recio et al. 1997).

METHODS

Animal preparation and data collection

Animal preparations were similar to those described in
previous BM studies in our laboratory (Recio et al. 1998;
Ruggero et al. 1997). Briefly, adult chinchillas (average
weight=500 g) were anesthetized with an initial injec-
tion of ketamine (100 mg/kg, s.c.) followed by sodium
pentobarbital (65 mg/kg, i.p.). The initial dose of
pentobarbital was supplemented by smaller additional
doses to maintain a complete absence of limb withdraw-
al reflexes. Rectal temperature of the animals was
maintained at 38°C with a servo-controlled electrical
heating pad. Tracheotomy and tracheal intubation
allowed for forced respiration, which was used only as
necessitated by apnea or labored breathing. The pinna
was resected and part of the bony external ear canal was
chipped away to permit visualization of the umbo of the
tympanic membrane and insertion of the earphone
coupling speculum. After opening the bulla widely, the
tendon of the tensor tympani muscle was severed and
the stapedius muscle was detached from its bony
anchoring to prevent possible effects of muscle contrac-
tion evoked by high-level acoustic stimuli. A silver ball
electrode was placed on the round window to monitor
cochlear health by measuring compound action poten-
tial thresholds.

A small hole was made in the basal turn of the otic
capsule by first thinning and drilling the bone using a
dental bur and then chipping away bone fragments with
a metal pick. The hole allowed direct visualization of the
BM at a site located approximately 3.5 mm from the oval
window and placement on it of a few glass microbeads
(10–30 μm in diameter). In all the experiments, the otic
capsule hole was covered with a window, fashioned from
slide coverslip glass, tominimizemotion of the perilymph
meniscus overlying the recording site. BM vibrations
were recorded by reflecting the beam of a laser
velocimeter from the glass microbeads. The velocimeter
consisted of a 20-mW He–Ne laser (Spectra Physics 106-
1), a fiber vibrometer (Dantec 41X60), and a Doppler
frequency tracker (Dantec 55n20.) The velocimeter was
coupled to a compound microscope (Olympus BHMJ)
equipped with 5× and 20× ultralong working distance
objectives (Mitutoyo PlanApo 5×,N.A. 0.14, and 20×,N.A.
0.42). The electrical output of the Doppler frequency
tracker, a voltage proportional to the velocity, was filtered
with a band-pass frequency response (1–15,000Hz). The
output of the filter was sampled by a computer at a rate
of 100 kHz using a 16-bit A/D system (TDTAD1).

Acoustic stimuli were delivered via a Beyer DT-48
earphone. Stimuli consisted of tones, clicks, and analog
Gaussian white noise. At the beginning of each exper-
iment, the levels of acoustic tones were calibrated with a
probe microphone with its tip positioned within 2 mm
of the tympanic membrane. The noise stimuli were
produced with a General Radio 1381 generator (20-kHz
bandwidth) coupled to the earphone via an electronic
switch (TDT SW1). Noise levels were measured using a
spectrum analyzer and expressed in dB SPL/√Hz using
the acoustic tone calibration. For Wiener kernel estima-
tion, 100-ms analog noise bursts were presented every
400 ms. Stimulation with “frozen” noise was carried out
using a single 10-ms analog noise burst previously
digitized (TDT AD1) at a rate of 100,000/s and stored
in computer memory. Frozen noise samples were
presented every 100 ms. Exceptionally, stimulation in
cochlea L125 noise was carried out using a TDT WG1
generator. In this case, the stimulation was continuous
(duration=4 min) and BM response was sampled using
a digital tape recorder (Sony DTC-690).

Wiener kernel analysis

For many nonlinear systems, the relationship between
the input x(t) and output y(t) can be expressed via a sum
of functionals (Marmarelis and Marmarelis 1978):

y tð Þ ¼
X1
i¼0

Gi hi ; x tð Þ½ � ð1Þ

where hi(t) represents the ith Wiener kernel. The
zeroth functional G0[h0,x(t)], equals a constant and is
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zero in the case of BM motion measured with a
velocimeter. The first functional is determined by the
convolution of the input with the first-order Wiener
kernel (Marmarelis and Marmarelis 1978):

G1 h1; x tð Þ½ � ¼
Z1

0

h1 �ð Þx t � �ð Þd�: ð2Þ

First-order Wiener kernels were estimated by cross-
correlating the input noise, x(t), to the BM velocity
response, y(t), in the frequency domain:

�yx !ð Þ ¼ X* !ð ÞY !ð Þ: ð3Þ
The estimate of the first-order kernel, h1(τ), is

proportional to the inverse transform of Φyx(ω):

h1 �ð Þ ¼ 1=Pð Þ�yx �ð Þ: ð4Þ
P in Eq. 4 represents the power spectral density of

the noise stimulus. Each kernel presented in this
paper represents the average of at least 512 kernels

(i.e., h1 �ð Þ ¼ 1
N

PN
i¼1

hi1 �ð Þ). Equation 4 shows that the

first-order kernel is proportional to the cross-correla-
tion function computed from the input/output data.
If the system is linear, the cross-correlation function
remains the same across different stimulus levels. In
the case of nonlinear systems, cross-correlation func-
tions typically vary with stimulus level, but there are
exceptions (Ringach and Shapley 2004).

In the present paper, we show that the first-order
Wiener functionals (Eq. 2) can be used to predict BM
responses to frozen noise. The first-order functionals
can be thought of as the response of a linear system—
with impulse response h1(t)—to the input x(t) (Schetzen
1989). In other words, although h1(t) can have contri-
butions from higher order odd nonlinearities, the first-
order functional represents a linear approximation to
the system at a given stimulus level. Equation 2 was
implemented using the convolution function (conv)
available in MATLAB®.

Computation of the envelopes and instantaneous
frequencies of Wiener kernels and responses
to clicks

The envelopes (Figs. 1C, D, 2B, 3B, 8C, D, and 9C, D)
and instantaneous frequencies (Figs. 1E, F, 2C, 3C, 8E, F,
and 9E, F) of responses to noise, first-order Wiener
kernels, and responses to clicks were estimated using
their analytic signal representation (Bennett 1970). The
analytic signal of a waveform is a complex quantity
whose real part is the waveform itself and whose
imaginary part is the Hilbert transform of the real part.
The envelope of the waveform is equal to themagnitude
of the analytic signal and the instantaneous frequency
corresponds to the derivative of the phase (insets in
Figs. 2C and 3C) of the analytic signal.

RESULTS

BM responses to noise were recorded in seven
chinchilla cochleae at basal sites with characteristic
frequencies (CFs) in the 8- to 10-kHz range. CFs were
estimated from BM responses to single tones recorded
at the beginning of the experiment.

Waveforms of BM responses to Gaussian noise

Figure 1A, B shows average responses to frozen
Gaussian white noise samples at BM sites in two
cochleae with CFs of 9 kHz. Response waveforms are
not broadband: at low stimulus levels (red dashed
lines), inspection of the waveforms reveals periodici-
ties with a frequency similar to CF (e.g., around nine
cycles in 1 ms). This is expected for noise passing
through a relatively narrow linear filter (p. 189 of Rice
1954). Figure 1A shows responses to frozen noise with
levels differing by 40 dB recorded at the same BM site.
The response to the weaker stimulus (red trace) was
amplified 100 times (40 dB) to permit direct compar-
ison of its gain (velocity per unit of pressure) with that
for the response to the more intense stimulus (black
trace). Should the BM vibrate linearly, the two traces
would be identical. In fact, response waveforms are
different: the response envelopes are not the same,
gain is larger for the lower level noise, and the carrier
frequencies are higher, on average, for the lower level
noise.

Figure 1C shows the envelopes of the “raw” (i.e.,
unscaled) responses to the 25- and 65-dB noises
shown (after scaling) in panel A and, additionally, of
responses to 45-dB noise. In spite of using the same
noise waveforms as stimulus for all the data shown in
Figure 1, individual envelope oscillations vary substan-
tially across levels, probably as a consequence of level-
dependent changes in BM tuning. It is also apparent
that the root mean square values of the envelopes
grow at compressive rates, i.e., lower than 1 dB per
decibel of increase of the stimulus level. Figure 1E
shows the instantaneous frequencies corresponding to
the traces of panel A. Frequencies are higher for the
responses to the 25-dB stimuli than for 65-dB stimuli,
also probably as a consequence of level-dependent
changes in tuning.

Figure 1B, D, and F presents waveforms and
analyses similar to those of panels A, C, and E, but
for responses recorded from another cochlea to
otherwise identical noise samples with levels differing
by 50 dB. In this case, the trace in panel B
corresponding to the response to the weaker stimulus
was amplified 317 times (i.e., 50 dB) to facilitate
comparison with the more intense stimulus. In all
respects, the analyses of the responses are similar to
those seen above in panels A, C and E, exhibiting the
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same signs of nonlinearity: compression and spectral
shifts toward lower frequencies as a function of
increasing stimulus level.

Spectral analysis of responses to noise is usually
performed on the autocorrelation function of the
response. The resulting power spectrum contains infor-
mation about frequency tuning, but not about phases.
Therefore, analysis of BM responses to noise was carried

out using first-order Wiener kernels, cross-correlograms
of the input noises and the corresponding responses,
which preserve phase information.

First-order Wiener kernels: time domain analysis

Figure 2A illustrates the first-orderWiener kernels, h1(t),
of BM responses to white Gaussian noise (not frozen)

FIG. 1. Waveforms (top panels), envelope magnitudes (middle
panels), and instantaneous frequencies (bottom panels) of BM
responses to noise. A Average BM responses to multiple repetitions
of frozen noise samples at 65 dB SPL/√Hz (black lines) and 25 dB
SPL/√Hz (red lines). Responses to the 25-dB noise sample were
multiplied by 100 (i.e., scaled up by 40 dB so that they are
comparable to the responses to the 65-dB noise). B Average BM
responses to multiple repetitions of frozen noise samples at 73 dB

SPL/√Hz (black lines) and 23 dB SPL/√Hz (red lines). Responses to
the 23-dB noise sample were multiplied by 317 (i.e., scaled up by
50 dB so that they are comparable to the responses to the 73-dB
noise). C, D Raw (unscaled) magnitudes of the response envelopes of
the waveforms in A and B, respectively. Also shown are magnitudes
of response envelopes to 45-dB (C) and 53-dB (D) noise samples. E, F
Instantaneous frequencies of the waveforms in A and B, respectively.
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presented at several stimulus levels. For low stimulus
levels, the waveforms consist of lightly damped oscil-
lations characteristic of narrowly tuned band-pass sys-
tems. If BM vibrations were linear, the amplitude and
shape of the Wiener kernels would be identical regard-
less of stimulus level. In fact, both the shapes and
magnitudes of the waveforms change systematically with
level. The amplitude and time of occurrence of the first
oscillation peaks—marked with a thin continuous line
across levels—remain nearly constant (Fig. 2A, B), but
later oscillations decrease in size as the stimulus level
increases. The time of occurrence of some of the later
oscillations also vary across stimulus levels. For example,
the time of the fourth oscillation peak of the 80-dB
kernel (dot-and-dash line) corresponds approximately
to zero crossings in the 50- and 60-dB kernels and to the
fourth trough in the 20-dB kernel. Such a change
corresponds to a phase shift amounting to a 180-degree
phase lag relative to the first positive peak.

Figure 2B displays the envelopes of the kernels
computed using their analytic signal representations
(see “Methods”). All the envelopes have similar values
near their onsets (G0.5 ms), but decrease in magnitude
at later times as a function of increasing stimulus level.
This indicates that whereas the first oscillations of the
kernels grow linearly, later oscillations do not. Figure 2C
shows the phases of the analytic signal (inset) and their
slopes (i.e., instantaneous frequencies), in the main
panel, for the kernels of Figure 2A. The instantaneous
frequencies first increase systematically as a function of
time and then fluctuate around CF. Such frequency
modulation is consistent with the phase changes noted
in Figure 2A. Note also that the curves are not constant
across levels either, except for times G0.5ms. The phases
and the instantaneous frequency curves are steepest and
similar to each other for responses to noise presented at
20–50 dB SPL. The slopes decrease systematically with
level between 50 and 80 dB SPL. Again, this is consistent

FIG. 2. First-order Wiener kernels for BM responses to noise and
their analytic signal representations. A Waveforms of first-order
Wiener kernels for responses to noise presented at the indicated
levels. The vertical lines indicate the first and fourth peaks of
responses to intense stimuli. B Envelopes of kernels. Note that the

envelopes are the magnitudes of the analytic signal. C Main,
instantaneous frequencies of kernels. Inset, phases (in periods) of
the analytical signals, plotted relative to the phases for the 80-dB
stimulus. Note that instantaneous frequencies are the slopes of the
phases. Stimulus levels are expressed in dB SPL/√Hz.
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with the changes across levels in peak times in the
waveforms depicted in Figure 2A.

Figure 3 shows the results of an analysis similar to the
one illustrated in Figure 2 but for a different cochlea. All
of the main features of the Wiener kernels noted for
Figure 2, including the different rates of growth of the
first vs. later peaks, the decreasing envelope magnitudes
as a function of level, the presence of frequency (or
phase) glides, and the decrease of their slopes with
increasing stimulus level, are also present in Figure 3.

First-order kernels were also obtained for middle ear
vibrations in some chinchillas. Figure 4A shows the first-
order Wiener kernel (black continuous line) and the
response to clicks (red dashed line) measured near the
incudo-stapedial junction. Consistent with the linearity
of the middle ear responses, both waveforms are very
similar. A first-order kernel obtained for BM responses
in the same chinchilla is shown in Figure 4B. A vertical
red line in Figure 4B indicates the time at which the first
oscillation of the stapes kernel (Fig. 4A) reaches 20% of
its peak value. Using the same criterion (20% of the first
response maximum), BM motion begins about 38 μs
after the onset of ossicular vibration.

First-order Wiener kernels: frequency analysis

Figure 5A, B shows the Fourier transform amplitudes
of the time waveforms of Figures 2A and 3A,
respectively. The CFs of the preparations (dots) were
9.7 and 9 kHz, respectively. Because computation of
the first-order kernels involves normalization to the
noise level, the plots in Figure 5A, B can be
considered as estimates of BM gain. For frequencies
well below CF, gain values are the same regardless of
stimulus level. Around CF, however, gain increases as
the stimulus level decreases.

Regardless of noise input level, all the amplitude–
frequency curves of Figure 5 have band-pass shape. For
the lowest stimulus level, the peak of the response
coincides with the CF measured from responses to
tones. For the highest stimulus levels, the peak gains
occur at frequencies 0.64 and 0.5 octaves lower than CF.
An estimate of the gain of the “cochlear amplifier” can
be obtained by subtracting the peak of the response to
the most intense noise from the peak (at CF) in the
response to the lowest level noise. Such estimates of the
cochlear-amplifier gain were 18 and 22 dB for the data
shown in Figure 5A, B, respectively. A different measure
of cochlear amplification is obtained if the gain
subtraction is performed at CF. Measured that way,
cochlear amplification amounted to 47 and 28 dB for
the data of Figure 5A, B, respectively. Frequency
selectivity of the kernels was quantified using the
“quality factor,” Q10dB=BF/(bandwidth at 10 dB re BF
response), where BF is the best frequency, the stimulus
frequency which evokes the most sensitive responses,

without regard to stimulus level or physiological state
(CF is the BF in normal cochleae at the lowest effective
stimulus levels). The results indicate that frequency
selectivity decreases as a function of stimulus level [L163:
Q10dB (20 dB SPL)=2.8, Q10dB (80 dB SPL)=1.55. L155:
Q10dB (20 dB SPL)=1.90, Q10dB(70 dB SPL)=1.35].
These Q10dB values are similar to those for responses to
tones. For example, for chinchilla L113 (Fig. 9 in
Ruggero et al. 1997), Q10dB (30 dB SPL)≈3.33 and
Q10dB (80 dB SPL)≈1.1.

Figure 5A also shows the gains (i.e., response
amplitudes normalized to stimulus level) of BM
responses to CF tones (open circles). The slopes of the
corresponding amplitude-level curve were as low as
0.08 dB/dB in the 30- to 60-dB SPL range. To facilitate
comparison with the responses to noise, the gain of the
response to the CF tone presented at 10 dB SPL was
shifted arbitrarily to match the Wiener kernel responses
at 20 dB SPL/√Hz, and then responses to 20–70 dB SPL
tones, in steps of 10 dB SPL, were shifted by the same
amount. The response gains for 10–60 dB SPL tones
matched the Wiener kernels very well.

Figures 6A and 7A display the phase-vs.-frequency
functions of the Fourier transforms of the Wiener
kernels measured at several stimulus levels. Again, if
the system was linear, all the phase functions would
overlap. If fact, phases were level-dependent. Variation
of the phase-vs.-frequency curves as a function of
stimulus level can be observed in greater detail by
plotting phase functions relative to the phases of the
kernel obtained with the highest level stimulus (Figs. 6B
and 7B). For frequencies lower (higher) than a certain
value higher than CF, there is an increase (decrease) in
phase lag with increasing stimulus level. Maximum
phase lags occur at frequencies approximately equal to
(Fig. 6B), or somewhat higher than (Fig. 7B), CF (dots).
The frequencies at which phase shifts equal zero are
usually higher than CF.

Comparison of BM first-order Wiener kernels
and responses to clicks

Figures 8 and 9 allow for comparisons of first-order
Wiener kernels (black lines) and responses to rarefac-
tion clicks recorded at the same BM sites in the same
chinchilla cochleae (red lines). The levels of the noise
stimuli are indicated in each panel. In each figure,
responses to lower level clicks (Figs. 8B and 9B) were
multiplied by the same scaling factor determined by
matching theWiener kernels and the responses to clicks
for the higher level stimuli (Figs. 8A and 9A). To verify
that the physiological state of the cochlea was stable, BM
responses to clicks and/or responses to CF tones were
measured before and after the noise experiments. No
significant differences were detected, indicating no
deterioration in the intervening period.
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Panels A and B of Figures 8 and 9 show that although
the main lobes of the time domain responses to clicks
and kernels are nearly identical, responses to clicks last
longer than the corresponding kernels, i.e., responses to
clicks are more sharply tuned than the Wiener kernels.
This can be seen especially well by comparing the
envelope of first-order kernels (black lines in Figs. 8C, D
and 9C,D) and BMclick responses (red lines in Figs. 8C,
D and 9C, D; note that envelope values are plotted only
if they exceed 10% of the peak values). Instantaneous
frequency-vs.-time functions are the same for kernels
and BM click responses (Figs. 8E, F and 9E, F), but last
longer (i.e., the envelope values were above noise level)
for BM click responses. Differences between kernels and
responses to clicks were less obvious for lower stimulus
level, probably due to low signal-to-noise ratios of the
recordings.

BM responses to noise predicted by first-order
Wiener kernels

Figure 10 shows segments of average BM responses
(red dashed lines) in two cochleae to identical

repetitions of a short sample of white Gaussian noise
(frozen noise) and responses predicted by first-order
Wiener functionals (black continuous lines). For each
cochlea, responses are shown for stimuli presented at
two levels (panels A and C for L155, B and D for L160).
The Wiener functionals were computed by convolving
the frozen noise stimuli with the first-order Wiener
kernels obtained using longer and different white
noises but with the same spectral level. The predicted
responses were nearly identical to the measured
responses. The accuracy of the predictions was quan-
tified using the correlation coefficient: ρ=0.93, 0.96,
0.97, and 0.95 for the results in Figure 10A–D,
respectively. The square of the correlation coefficients
(pp. 33 and 34 in Draper and Smith 1981) indicate that
predictions by first-order Wiener functionals account
for most of the variance of the measurements: 87%
(=100 ρ2), 91%, 94%, and 90% in Figure 10A–D,
respectively. Thus, in spite of the compressive nonlin-
ear behavior evident in the waveforms of responses to
noise (Figs. 1 and 10) and in first-order Wiener kernels
(Figs. 2, 3, 5, 6, 7), BM responses to noise are predicted
very well by linear filtering.

FIG. 3. First-order Wiener kernels for BM responses to noise and their analytic signal representations. Analyses as in Figure 2 but for recordings
in a different chinchilla cochlea. Inset of C, phases of the analytical signals, plotted relative to the phases for the 75-dB stimulus.
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Statistical distributions of BM responses to noise

The statistical distribution of BM responses to frozen
noise samples was determined in several preparations.
Figure 11A–D shows cumulative probability distribu-
tion functions (CDFs) computed for normalized BM
responses to noise in two cochleae (continuous lines).
For comparison, Figure 11 also shows the CDFs
(dashed lines) of a standard Gaussian random vari-
able with the same mean (μ=0) and standard
deviation (σ=1) as the normalized BM data. The
empirical and theoretical CDFs are very similar. This
result was verified using a one-sample Kolmogorov–
Smirnov test (MATLAB®).

A statistical analysis was also performed on the
envelope functions of BM responses to frozen noise
samples. Standard deviations (σ) of the envelope
fluctuations expressed in decibels (Fig. 1C, D) change
only minimally across stimulus level (L155: σ65dB=
5.49, σ45dB=4.64, and σ25dB=4.43 dB re 1 mm/s; L160:

σ73dB=5.24, σ53dB=4.7, and σ23dB=4.68 dB re 1 mm/s).
Empirical CDFs of the envelope fluctuation are shown
in the insets in Figure 11A, B together with theoretical
CDFs of a Rayleigh distribution, i.e., the distribution
of the envelope fluctuations of a band-pass Gaussian
process (Papoulis 1984). Again, the empirical and
theoretical CDFs are very similar. The similarities
between the statistical properties of Gaussian white
noise and the BM responses shown in Figure 11 are
consistent with the fact that linear filtering accurately
predicts BM responses to noise, provided that both
the linear filters (i.e., the first-order Wiener kernels)
and the predicted responses are for same-level stimuli
(Fig. 10).

FIG. 4. First-order Wiener kernels of middle ear and BM responses
to noise recorded in the same ear. Also shown are middle ear
responses to clicks (A). A Responses to rarefaction clicks (red dashed
line) and first-order kernel of stapes responses to noise (continuous
black line). Negative polarity indicates motion away (outward) from
oval window. B First-order kernel of BM responses to 80-dB noise.
Positive polarity indicates velocity towards scala vestibuli. Red
vertical line indicates the onset of stapes vibration.

FIG. 5. Magnitude spectra of first-order Wiener kernels. Dots indicate
CF.A Fourier transform amplitudes of BM kernels shown in Figure 2A and
middle ear responses of Figure 4A. Open symbols indicate relative gains
(i.e., velocity normalized to stimulus level) of responses to CF tones
presented at 10, 20, 30, 40, 50, 60, and 70 dB SPL. Gains for responses to
tones presented at 10 dB SPL were equated to those ofWiener kernels for
responses to noise presented at 20 dB SPL/√Hz. 0 dB for ordinate scale
corresponds to 1 (mm/s)·(V s)−1 for Wiener kernels. B Fourier transform
amplitudes of kernels shown in Figure 3A. 0 dB for ordinate scale
corresponds to 1 (mm/s)·(V s)−1.
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SUMMARY AND DISCUSSION

Summary of findings

1. The waveforms of BM responses to noise exhibit level-
dependent compressive nonlinearities similar to those
that characterize responses to tones and clicks.

2. Both the zero crossing times and the onset
frequency glides of first-order Wiener kernels of
responses to noise vary with stimulus level.

3. First-order kernels closely resemble BM responses
to clicks. However, responses to clicks “ring” longer
than Wiener kernels.

4. The statistical distribution of BM responses to
Gaussian white noise is also Gaussian and the
envelopes of the BM responses are Rayleigh
distributed, as they should be for band-pass Gauss-
ian noise.

5. At any given stimulus level, BM responses to noise
are well approximated by a linear filter with
impulse response specified by the first-order Wie-
ner kernel computed from responses to noise of
the same level.

Comparison of BM first-order Wiener kernels
in chinchilla and guinea pig

The present use of first-order Wiener kernels to
analyze BM responses to noise has a precedent in a
series of similar studies in guinea pig (de Boer and
Nuttall 1997, 2000). In general, Wiener kernels in
chinchilla resemble those in guinea pig. However,
whereas the studies in guinea pig emphasized the
preservation of zero crossing times (and, hence, of
frequency “glides”) across stimulus levels, the present
results show that zero crossing times (Figs. 2A and 3A)
and frequency glides (Figs. 2C and 3C) in chinchilla

FIG. 6. Phases of first-order Wiener kernels re middle ear ossicular
vibrations. Analyses for the cochlea illustrated in Figure 2. Thick
black lines (horizontal in B) correspond to kernels obtained using 80-
dB noise stimuli. Other lines indicate phases from kernels computed
using weaker stimuli (70, 60, 50, 40, 30, and 20 dB SPL/√Hz). A
Phase values correspond to BM velocity toward scala vestibuli
relative to stapes outward velocity. B Phases relative to phases of 80-
dB kernel. Positive phase values correspond to phase leads. Dot
indicates CF.

FIG. 7. Phases of first-order Wiener kernels. Analyses for the
cochlea illustrated in Figure 3. Phases correspond to BM velocity
toward scala vestibuli relative to the electrical stimulus (middle ear
vibrations were not measured). Thick lines (horizontal in B) indicate
responses to 75-dB stimuli. Other lines represent phases from kernels
computed using lower level stimuli (65, 55, 45 and 25 dB SPL/√Hz).
Other details as in Figure 6.
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kernels vary systematically with stimulus level. The
contrast between the level dependence of frequency
glides in Wiener kernels of responses to noise in
chinchilla and their apparent independence in guin-
ea pig might conceivably reflect species differences.
However, that possibility seems ruled out by the level
dependence of zero crossings in guinea pig BM
responses to clicks (see Fig. 6 of Guinan and Cooper
2008). Another possibility is differences between the
physiological states of the cochleae in which the
contrasting results were obtained. Changes in kernel
spectral magnitude across intensity levels were smaller
in guinea pig than in chinchilla: compare the
magnitude change, 47 dB, between CF responses to
20- and 80-dB stimuli in Figure 5A vs. 20 dB in Fig. 1 of

de Boer and Nuttall (2000). This difference in
compression suggests weaker amplification in the
guinea pig cochleae and hence smaller changes in
frequency and timing than in the present data.

Comparison between BM Wiener kernels
and responses to clicks or tones

In general, the features of first-order Wiener kernels
of chinchilla BM responses to noise, including the
level dependence of frequency glides, closely resem-
ble counterparts in responses to clicks (Figs. 8 and 9).
Variation of zero crossings and glide slopes across
stimulus levels is evident (albeit not always explicitly
acknowledged) in illustrations of BM responses to
clicks in chinchilla (Recio et al. 1998; Recio and
Rhode 2000) and guinea pig (Guinan and Cooper
2008). The level dependencies of glides in Wiener
kernels (Figs. 2C and 3C) and chinchilla BM

FIG. 8. Comparisons of first-order Wiener kernels and responses to
clicks measured in the same cochlea. Black lines indicate first-order
Wiener kernels for responses to noise presented at the indicated
levels. Clicks were presented at 88 (A) and 78 (B) dB peak SPL. Red
lines indicate averages of responses to 512 10-μs clicks presented
every 51 ms. C, D The response envelopes (only for values that
exceed 10% of the peak). E, F Instantaneous frequency-vs.-time
functions.

FIG. 9. Comparisons of first-order Wiener kernels and responses to
clicks measured in the same cochlea. Same analyses as in Figure 8,
but for a different cochlea. Clicks were presented at 84 (A) and 74 (B)
peak SPL.
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responses to clicks (Fig. 6A of Recio et al. 1998) are
similar in that slopes are steep for low- and moderate-
level stimuli and shallower for intense stimuli. A
corresponding distinction is observable in the zero
crossings of guinea pig BM responses to low- and high-
level clicks (Fig. 6 of Guinan and Cooper 2008). The
intensity dependencies of phases are qualitatively simi-
lar in kernels and BM responses to clicks (Recio et al.
1998) and tones (Ruggero et al. 1997). However, the
intensity-dependent phase variations at CF appear to be
larger in Wiener kernels (compare Figs. 6B and 7B with
Fig. 15 in Recio et al. 1998, Fig. 10 in Ruggero et al. 1997,
and Fig. 2F in Rhode and Recio 2000).

The most salient difference between Wiener ker-
nels and responses of clicks is that the latter exhibit an
extra-long narrowband oscillation not present in the
kernels of responses to noise recorded in the same
cochleae (Figs. 8 and 9). Similar differences exist
between BM responses to clicks and “synthetic
impulse responses” obtained by inverse Fourier trans-
formation of BM responses to tones (Recio and
Rhode 2000). One explanation for the extra-long
ringing in responses to clicks is the possible existence
of a time-dependent cochlear nonlinearity (p. 3585 of

de Boer and Nuttall 1997). The effects of such
nonlinearity should be strong in the case of clicks
because of their punctate temporal nature, but mild
in the case of constant-level noise or tones. This
subject is further addressed below, in “Explanation of
the coexistence of quasi-linear and nonlinear proper-
ties in BM responses to noise” of the discussion.

Level dependence and vulnerability of frequency
glides in relation to cochlear tuning

Even though several studies emphasized the apparent
invariance of frequency glides (Carney et al. 1999; de
Boer and Nuttall 2000; Shera 2001; Tan and Carney
2003), the present results and others on responses to
clicks (Guinan and Cooper 2008; Recio et al. 1998;
Recio and Rhode 2000) show that frequency glides,
much as other aspects of cochlear mechanics, are
actually level-dependent (i.e., nonlinear) in vivo. In
chinchilla, the frequency glides of responses to clicks
also depend on the physiological state of the cochlea,
since their slopes are lowest postmortem [see Fig. 6 of
Recio et al. 1998). The specific dependence of the
frequency glides on stimulus level and on the

FIG. 10. Prediction of BM responses to noise using first-order
Wiener kernels. Dashed red lines indicate BM responses to frozen
white noise stimuli in two cochleae (L155 in A and C; L160 in B and
D). Noise level is indicated in A, C, B, and D. Continuous black lines

indicate the output of a linear filter whose impulse response is the
first-order Wiener kernel obtained from different noise stimuli of the
same level. Input to the linear filter is the stimulus used to evoke BM
responses.
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physiological state of the cochlea—instantaneous
frequency climbs rapidly toward CF in low-level
responses, more slowly in high-level responses and
even more slowly postmortem—seems consistent with
the level-dependent changes in tuning, sharp and
centered at CF for low stimulus levels vs. broad and
centered at lower frequencies for high stimulus levels
and postmortem. The level dependence of the
frequency glides also seems consistent with the time
course of amplification or compression. This may be
appreciated by comparing the envelopes and the
instantaneous frequencies of the Wiener kernels
(panels B and C of Figs. 2 and 3), both of which rise
at a faster rate for low-level responses.

In many systems, asymmetries in frequency tuning
are associated with phase modulation (i.e., frequency
glides) in impulse responses (pp. 131–132 of Papoulis
1962; p. 123 of Papoulis 1977). In the context of
cochlear function, a connection between the asymme-
tries of cochlear tuning and of frequency glides has
been recognized (p. 2292 of Recio and Rhode 2000;
p. 210 of Lyon 1997; p. 2008 of Tan and Carney 2003).
Further, a recent abstract (Temchin et al. 2009)
claims that realistic phase–frequency curves and
impulse responses with frequency glides of appropri-

ate polarity (high to low frequencies for CFsG1 kHz
and low to high frequencies for higher CFs) can be
predicted from synthetic frequency–threshold tuning
curves of auditory nerve fibers (Temchin et al. 2008).
If that claim is confirmed, it will be of interest to
ascertain whether realistic level-dependent frequency
glides can also be predicted on the basis of the level-
dependent variations of cochlear tuning.

Quasi-linear and nonlinear aspects of BM
responses to noise

BM responses to noise exhibit the same type of
cochlear nonlinearity which yields responses to tones
with little harmonic distortion (Cooper 1998; Rhode
2007; Ruggero et al. 1997) in spite of enormous
compression of response magnitudes (growth rates as
low or lower than 0.1 dB/dB; Rhode 2007). On the
one hand, responses to noise are quasi-linear in that
first-order Wiener functionals predict the waveshapes
of BM responses to noise with substantial accuracy
(Fig. 10); their statistical distributions are Gaussian
(Fig. 11), as they should be in linear systems (but not
necessarily for nonlinear filters; Papoulis 1984), and
their envelopes are Rayleigh distributed, as they

FIG. 11. Cumulative probability distribution functions (CDFs) of
BM responses to frozen noise. Stimulus levels are indicated in each
panel. Continuous lines in the main graphs represent the CDFs
obtained from the normalized BM responses (μ=0, σ=1) in same two

cochleae represented in Figure 1 (L155 in A and C; L160 in B and D).
Dashed lines indicate the CDFs of standard Gaussian variables. Insets
indicate empirical (continuous lines) and Rayleigh (dashed lines)
CDFs of the BM response envelopes.
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should be for band-pass Gaussian noise (Fig. 11,
insets). On the other hand, the magnitudes of BM
responses to noise exhibit highly compressive growth
(Figs. 1, 2, and 3), comparable to the compressive
growth of response to tones (Fig. 5). Quantitatively,
the accuracy of the predictions of BM responses to
noise based on first-order Wiener kernels seems
consistent with the waveform distortion in BM
responses to tones at basal sites of the cochlea, which
consists mainly of second-order components amount-
ing to G−28 dB relative to responses at the fundamen-
tal frequency (Cooper 1998) and typically −15 to
−30 dB (but exceptionally as large as −6 dB) in
chinchilla (Rhode 2007). Since the first-order Wiener
kernels of nonlinear systems embody linear and,
potentially, odd-order (but not even-order) system
components, it is reasonable that the first-order
Wiener functionals account for about 90% of the
variance of responses to noise, the remaining 10% of
the variance (i.e., −20 dB) presumably reflecting
second-order harmonic distortion.

Explanation of the coexistence of quasi-linear
and nonlinear properties in BM responses to noise

To explain why first-order Wiener kernels computed
from responses to noise presented at any given level
can so accurately predict BM responses to other noise
samples presented at the same level, we adopt the
argument put forth by Egbert de Boer in justifying his
EQ-NL theorem (de Boer 1997). The key concept is
that, for any given average level of stimulation, the
active process produces a corresponding average
amplification. Since the first-order Wiener kernel
“can always be interpreted as the impulse response
of a linear model” (de Boer 1997), the first-order
Wiener kernel computed at any given level of
stimulation is identical to the impulse responses of a
level-specific linear model, which accurately predicts
responses to other noise samples presented at the
same level (but not others).

Implication of quasi-linear cochlear filtering
in responses to wideband stimuli

The quasi-linear filtering of wideband inputs in the
cochlea has implications for understanding the tem-
poral processing of environmental and speech
sounds, which are often wideband in nature. In
particular, quasi-linear filtering contradicts the com-
mon assumption that cochlear processing can be
validly modeled as a band-pass linear filter followed
by an instantaneous nonlinearity (e.g., see Fig. 6 and
pp. 356–357 of Oxenham and Bacon 2003). In
contrast with quasi-linear filtering, such a model
produces “envelope (fluctuation) compression” (com-

pare Fig. 1C or D with Fig. 5 of Oxenham and Bacon
2003). Quasi-linear filtering implies that BM nonline-
arity is not instantaneous and suggests that cochlear
processing involves time-consuming (albeit fast) auto-
matic gain control (Lyon 1990; van der Heijden 2005;
Zwislocki et al., 1997).
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