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Chapter 3

The behavior of evoked
otoacoustic emissions during
and after postural changes

Abstract

Click-evoked and stimulus frequency otoacoustic emissions (CEOAEs and
SFOAEs, respectively) were studied in humans during and after postural
changes. The subjects were tilted from upright to a recumbent position
(head down 30 deg) and upright again. Due to the downward posture change,
CEOAEs showed a phase increase (80 deg at 1 kHz) and a level decrease (0.5
at 1 kHz), especially for frequency components below 2 kHz. For SFOAEs,
the typical ripple pattern showed a positive shift along the frequency axis,
which can be interpreted as a phase shift of the inner ear component of the
microphone signal (90 deg at 1 kHz). This also occurred mainly for frequen-
cies below 2 kHz. The altered posture is thought to cause an increase of the
intracranial pressure, and consequently of the intracochlear fluid pressure,
which results in an increased stiffness of the stapes system. The observed
emission changes are in agreement with predictions from a model in which
the stiffness of the cochlear windows was altered. For CEOAEs, the time to
regain stability after a downward turn was of the order of 30 s, where this
took about 20 s after an upward turn. For SFOAEs, we found this asymme-
try not to be present (about 11 s, both for up- and downward turns).
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40 CHAPTER 3. EVOKED OAES AND POSTURE

3.1 Introduction

Otoacoustic emissions (OAEs) are sounds generated in the inner ear, which
are measurable in the ear canal. They can be divided into two categories:
spontaneous and evoked otoacoustic emissions (SOAEs and EOAEs, respec-
tively). Within the category of evoked OAEs one can discern OAEs elicited
in different manners, like click-evoked, stimulus frequency, distortion prod-
uct, and noise-evoked OAEs (see Probst et al. 1991; Maat et al. 2000).
Since the prevalence of OAEs is related to hearing loss, to date, OAE mea-
surements are widely used to probe cochlear functioning.

Posture affects different aspects of hearing. First of all, posture has
been shown to affect the audiogram fine structure, which is related to OAEs
(Wilson 1980). In addition, the effects of posture have been studied for
various OAE types like SOAEs (De Kleine et al. 2000), different kinds of
transient evoked OAEs (e.g., Antonelli and Grandori 1986; Büki et al. 1996),
and distortion product OAEs (Büki et al. 2000). Hitherto, posture effects
on stimulus frequency OAEs (SFOAEs) have not been studied.

Commonly, postural effects on hearing are attributed to changes in the
static inner ear pressure, which are thought to alter the transmission of the
OAE from the inner ear to the ear canal. Posture is known to affect the
intracranial pressure (ICP), probably mainly by gravity (Chapman et al.
1990; see also Fig. 10 of De Kleine et al. 2000). Since the cochlear aqueduct
connects the intracranial space to the inner ear, their respective pressures are
closely related. The properties of the cochlear aqueduct patency, however,
are not fully clear. Therefore, the exact relation between ICP and inner
ear pressure is not trivial, especially during pressure manipulations (Gopen
et al. 1997; Thalen et al. 1998). Postural experiments might give additional
information on the aqueduct patency. Furthermore, this patency might play
a role in the disturbed fluid regulation, which is hypothesized to be connected
to Menière’s disease (for a review, see Horner 1993).

The present report describes the behavior of click-evoked and stimulus
frequency OAEs before, during, and after controlled postural changes. For
both these emission types, we first focused on the stationary (i.e., long-
term) changes of the emission. Secondly, we studied the time course of
the alterations, that is, the dynamic behavior of the changing OAE after a
postural change.
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3.2 Materials and methods

Materials

Click-evoked otoacoustic emissions (CEOAEs) and stimulus frequency otoa-
coustic emissions were recorded. For all recordings, an ER-10C microphone
system from Etymotic Research was used with 40 dB gain. The microphone
was connected to the subject’s ear canal with a foam eartip. The microphone
system was calibrated in a Zwislocki coupler. All recordings were performed
in a sound-proofed chamber. Subjects were aged 19–35 years; 9 male and 19
female; all subjects had no known hearing loss. Only one subject was used
in both experiments. Over 50% of the subjects showed one or more SOAEs,
of which only one was analyzed in previous research (De Kleine et al. 2000).

Click stimuli were generated using a Stanford Research Systems DS345
function generator, which was connected to one speaker of the ER-10C micro-
phone system. The — electrical — clicks consisted of 25-µs wide rectangular
pulses with a 50 Hz repetition rate, according to a commonly used nonlinear
paradigm (one positive pulse was followed by three negative pulses, with an
amplitude of one-third). The microphone signal was filtered and amplified
with a Krohn-Hite 3550 filter (0.7 – 10 kHz band-pass) and a Stanford Re-
search Systems SR560 preamplifier (300 Hz high-pass and 20 dB gain). The
timing was controlled by a personal computer and a CED 1401plus intelli-
gent interface (suitable for generating and receiving waveform, digital and
timing signals). The speaker and microphone signal were simultaneously
stored on a Denon DAT recorder with a 48 kHz sampling rate. Off-line, the
recorded signals were digitally transferred to a computer disk using a Singu-
lar Solutions A/D64x connected to a NeXT computer. The CEOAEs were
computed by averaging an integer multiple of four click responses (henceforth
to be called a ‘block’), yielding the nonlinear part of the response.

Stimulus frequency OAEs were measured with an EG&G 5206 lock-in
amplifier in (r, θ)-mode, with a 300-ms time constant. The output of a Brüel
& Kjær 1051 sine generator was fed to the reference channel of the lock-in
amplifier and was delivered to one speaker of the ER-10C microphone sys-
tem. The microphone signal was filtered and amplified with the preamplifier
described above and returned to the signal channel of the lock-in amplifier.
The r- and θ-outputs of the lock-in amplifier (amplitude and phase) were
sampled by the CED interface described above, with a 6 Hz sampling rate.
After the experiment, the data were transferred to a personal computer.
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Methods

Click-evoked and stimulus frequency OAEs were measured from normal-
hearing subjects in upright and supine (−30 deg) position. For both emission
types, stationary as well as dynamic aspects of the changes were studied.

(a)

(b)

Figure 3.1: The experimental setup with the subject (a) in upright position
(+90 deg) and (b) in supine position (−30 deg).

The CEOAE experiments were carried out as follows. The subject was
positioned on a reclinable bed, standing upright (Fig. 3.1a). The eartip was
inserted in the external ear canal and measurement was begun. After 1 min,
the subject was tilted, within 3 s, to a head-down position, face up (−30 deg
with respect to the horizontal plane; Fig. 3.1b). About 2.5 min later, the
reverse procedure was carried out (subject standing upright again). After an
intervening 2.5-min interval, the recording was stopped, resulting in a total
recording of 6 min.

The SFOAE measurements were carried out in two ways. In the first
place, for three subjects, a tone sweep (10 Hz/s) of constant voltage was
used as stimulus. This measurement was performed in upright as well as
in supine position (−30 deg), with an intermediate period of 2.5 min. Sec-
ond, in studying the dynamics, a tone of constant amplitude and frequency
was used as a stimulus, for a 5.5-min period. During this 5.5 min, the
subject’s posture was manipulated as in the case of the CEOAE experi-
ment above (upright–supine–upright). Referring to this measurement as an
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SFOAE measurement is disputable, since the frequency of the tone was not
swept; the method of measurement is nevertheless identical. Note that this
measurement is equivalent to an impedance measurement, as performed in
standard audiological practice, and could therefore as well be called accord-
ingly. Results of this second type of SFOAE measurement were fitted with
an exponential curve:

f(t) = a
(

1− e−α(t−t0)
)

+ c, (3.1)

which satisfies the conditions:{
t = t0 f(t) = c
t→∞ f(t)→ a+ c

, (3.2)

where τ = α−1 is the related time constant. Here, f(t) is either amplitude
or phase. The fitting was done by a least-squares algorithm.

3.3 Results

Click-evoked otoacoustic emissions

Click-evoked otoacoustic emissions were measured continuously during a 6-
min period, as described in the Materials and Methods section. This ex-
periment was performed on 16 ears. Figure 3.2a shows a typical example
of two broadband filtered CEOAEs from one ear; the two traces correspond
to the upright and supine body position, as indicated. Emissions were com-
puted by averaging the responses of two separate periods of about 57 s (i.e.,
700 ‘blocks’) of one recording: the final stages of the first (upright; 3–60 s)
and second part (supine; 153–210 s) of the experiment. The averaged sig-
nal was filtered by a broadband eighth-order Butterworth filter (0.5–10-kHz
band-pass). The two traces differ clearly; mainly by phase, but also by ampli-
tude. For all measurements, the CEOAEs related to the two positions could
be distinguished easily. That is, the differences between the two CEOAEs
in upright position were much smaller than the differences of each of these
with the CEOAE in supine position.

In order to examine the frequency dependence of the changes in the
CEOAEs, we filtered the emission responses with an eighth-order Butter-
worth band-pass filter with a 300-Hz bandwidth. This filtering was carried
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Figure 3.2: A click-evoked otoacoustic emission in upright and supine posi-
tion (+90 and −30 deg, respectively); (a) after a broad-band filtering (500–
5000 Hz), and (b) after a narrow-band filtering (1300–1600 Hz). Solid lines:
upright (+90 deg), dashed lines: supine position (−30 deg). All signals
represent an average of a stationary period of 57 s.

out for nine adjacent frequency bands, with center frequencies from 850 to
3250 Hz. For these nine frequency bands, we compared the stable (averaged)
response in upright and supine body position (cf. Fig. 3.2b). This compar-
ison was made by fitting the CEOAE in upright position [fupright(t)] to the
CEOAE in supine position [fsupine(t)], where only a change in amplitude
and a shift in time were permitted: fsupine(a, dt; t) = afupright(t + dt). In
other words, the fitting procedure yielded a gain factor a and a time shift dt
which optimally transformed the upright response fupright(t) into the supine
response fsupine(t). Thus, for each frequency band two parameters were ob-
tained to describe the CEOAE changes due to the postural change: (1) an
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amplitude scaling a, and (2) a time shift dt.
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Figure 3.3: The averaged amplitude and phase changes of CEOAEs, due to a
postural change from upright to supine (+90 and −30 deg, respectively). (a)
Amplitude scaling for nine adjacent frequency bands of 300 Hz wide (from
700 to 3400 Hz). (b) Same data, for the phase shift. Error bars indicate
the standard deviation around the average, implying a large variability. The
shapes of the individual measurements were similar. The average values
represent 16 ears.

Following Büki et al. (1996), we calculated the phase change dφ from the
time shift dt by the relation dφ = 2πfc dt, where fc is the center frequency
of the band filter. Figure 3.3 shows the averaged changes in amplitude and
phase for all 16 experiments. In panel (a) the amplitude scaling, and in
panel (b) the phase shift was plotted versus the center frequency of the
band filter. Altogether, the postural change resulted in a decrease of the
amplitude, and a positive phase shift. These influences were observed mainly
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for lower frequencies (f < 2 kHz). The inter-individual results showed great
variability and therefore resulted in a huge deviation around the average.
However, for individual subjects, measurements showed behavior similar to
the average. A spectral analysis of the CEOAE alterations did not yield
additional information. Due to the short duration of the signal (20 ms), the
frequency resolution was only 50 Hz, which is insufficient to probe subtle
phase changes.

Time (ms)

S
o
u
n
d
 p

re
s
s
u
re

 (
m

P
a
)

9.0 9.5 10.0 10.5

-0.1

0.0

0.1

upright
10 s after tilt
20 s after tilt
40 s after tilt
supine

Figure 3.4: A detail of the process of change of one CEOAE after a postural
change from upright to supine position (+90 and −30 deg, respectively). The
solid lines denote the (stationary) CEOAEs in upright and supine position, as
indicated. The dashed lines denote the CEOAEs for the transitional period
after the upright-to-supine rotation. Signals were averaged for subsequent
periods of 10 s.

The time course of the changes in the CEOAEs was studied also. Since
multiple responses (approximately 100 blocks) are needed to gain an aver-
aged CEOAE, we reduced the time between stimulus pulses to be minimal,
that is, 20 ms. Thus, one block took 80 ms and, consequently, 100 blocks
could be averaged in 8.2 s. Figure 3.4 shows an example of a band filtered
CEOAE (1100–1400 Hz), for separate periods within the 6-min experiment:
the solid lines denote the steady CEOAEs for the upright and supine po-
sition, whereas the dashed lines denote CEOAEs from the transitional pe-
riod after the upright-to-supine rotation. In this case, the transition of the
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CEOAE after the downward change of position took approximately 1 min.
After the upward rotation (at t = 210 s), it took about 20 s to regain a
stable emission signal. In our experiments, the transition after downward
turn always lasted longer than after the upward turn, except for one. For
the downward turn the average time to regain stability was 30 s; for the
upward turn 20 s, where the accuracy for separate measurements was only
one period of averaging, that is, 8.2 s. It should be noted that excessive
noise from the subject could also be responsible for a delaying the stability
of the signal.
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Figure 3.5: (a) The amplitude and (b) the phase of one stimulus frequency
OAE measurement, with the subject in upright position. The solid lines
designate the characteristics of the microphone signal during a frequency
sweep, as measured by a lock-in amplifier. The dashed lines were obtained
by smoothing the solid lines with a Fourier interpolation method.



48 CHAPTER 3. EVOKED OAES AND POSTURE

A
m

p
lit

u
d
e
 (

d
B

 S
P

L
)

A
m

p
lit

u
d
e
 d

if
fe

re
n
c
e
 (

d
B

)

1000 1500 2000 2500
Frequency (Hz)

(b)

32

34

36

38

40

42
(a)

-1.0

-0.5

0.0

0.5

1.0

Figure 3.6: (a) The amplitude of a SFOAE measurement for upright
(+90 deg; lower traces) and supine position (−30 deg; upper traces, shifted
by 2.5 dB). Solid lines designate the amplitude of the microphone signal dur-
ing a frequency sweep, measured by a lock-in amplifier. Dashed lines were
obtained by smoothing the solid lines with a Fourier interpolation method.
(b) The fine structure of the amplitude of an SFOAE measurement, derived
from panel (a) by subtracting the smooth from the rippled traces. Solid line:
upright (+90 deg), dashed line: supine position (−30 deg). The pattern was
shifted by about 30 Hz down to 1 Hz. Calculations on the phase gave similar
results; see also Fig. 3.7.

Stimulus frequency otoacoustic emissions

In three ears, we measured stimulus frequency otoacoustic emissions in the
two distinct positions (upright and supine, −30 deg). For each position, the
measurement lasted 150 s, in which the stimulus frequency was swept from
1000 to 2500 Hz. Before the measurement in supine position, an intermedi-
ate 2.5-min period of rest was taken, after which we assumed the emission
response being stable again. Figure 3.5 shows a typical example of such an
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SFOAE measurement: the amplitude and phase of the microphone signal,
where the phase is relative to the electrical stimulus signal. The dashed lines
denote the smoothed background of the actual signal (solid lines), obtained
by a Fourier interpolation method.

Figure 3.6 compares the amplitudes of the SFOAE measurements in up-
right and supine position (cf. Fig. 3.5a). In panel (a) the amplitudes are
plotted; the traces corresponding to the supine position were shifted by 10
dB. The differences between the actual trace and the background (the rip-
ples; usually considered to be the nonlinear part of the SFOAE) were plotted
in panel (b), for both postures. Here, the dashed line represents the SFOAE
in supine position and the solid one the SFOAE in upright position. The
two SFOAEs show great resemblance, but differences can be observed clearly.
The dashed line appears as a horizontally shifted version of the solid one.
This shift along the frequency axis is of the order of magnitude of 10 Hz (a
least-squares fit with af + b gave a = −0.021 and b = 54 Hz; corresponding
to a shift of 33 Hz at 1000 Hz, down to 1.5 Hz at 2500 Hz).

Rippled magnitude patterns, such as the ones in Figs. 3.5 and 3.6, are
obtained as a result of interference between two vectors (see lower inset of
Fig. 3.7): a large one pS corresponding to the external stimulus as it is de-
livered to the ear, with a smooth frequency dependence, and a smaller one
pOAE corresponding to the emission, whose phase ϕOAE rapidly rotates, when
frequency f is increased. The peaks in the rippled pattern appear at fre-
quencies where the two vectors happen to have the same phase and reinforce
each other while the dips correspond to negative interference. Figure 3.7
shows the emission phase ϕOAE as a function of the stimulus frequency f ,
for each posture. The data were derived from the amplitude and phase
data as shown in Figs. 3.5 and 3.6, where the stimulus sound pressure ps

was taken as the smooth (dashed) background. The phase difference be-
tween supine and upright posture could reasonably be described by a phase
shift with linear frequency dependence (a least-squares fit with af + b gave
a = −3.4 · 10−4π/Hz and b = 0.86π; in effect a shift of 0.52π at 1 kHz, down
to 0.07π at 2.3 kHz).

Since SFOAE measurements take a considerable amount of time (in our
case 2.5 min), the time course of the alterations is difficult to study. There-
fore, we performed SFOAE measurements in which the subject’s posture
was altered, while a fixed frequency stimulus tone, with f = 1210 Hz, was
presented (i.e., as mentioned, an impedance measurement). This experiment
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Figure 3.7: The phase ϕOAE of the SFOAE as a function of the stimulus
frequency, for two postures. This phase was derived from the measurements
presented in Figs. 3.5 and 3.6. Solid line: upright (+90 deg), dashed line:
supine position (−30 deg). The phase difference between supine and upright
posture could reasonably be described by a phase shift with linear frequency
dependence; from 0.52π at 1 kHz, down to 0.07π at 2.3 kHz (a least-squares
fit with af + b gave a = −3.4 · 10−4π/Hz and b = 0.86π). Lower inset: the
sound pressures of the stimulus tone pS and of the emission pOAE add up to
the sound pressure in the ear canal pEC.
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Figure 3.8: A typical example of the phase of an SFOAE — of constant
frequency — during an experiment in which the subject’s posture was altered
at about t = 60 s and t = 200 s, as indicated. Such measurements could be
described by a simple exponential function [Eq. (3.1)]. For supine position,
the phase shows a 4-Hz fluctuation, probably caused by breathing.

was performed on 35 ears from 25 subjects. During these experiments, a vast
majority of the measurements showed clear alterations in the microphone sig-
nal. As the phase appeared to be more sensitive to postural changes than the
amplitude, we focused on the phase of the microphone signal. More specific,
the amplitude not always returned to its initial value, and changes some-
times were very small. Also, both positive and negative amplitude changes
were observed (ranging from −4 to +2 dB), where 57% showed an amplitude
increase, in supine position. Figure 3.8 shows a typical example of the phase
throughout one experiment. During the 5.5-min experiment, the subject’s
posture was altered twice, as indicated in the graph. After each postural
changes a gradual change in the phase was observed. The phase differences
between both upright positions were much smaller than the phase difference
between upright and supine position. The phase behavior was quantified by
fitting it with a simple exponential function, yielding an amplitude a and a
time constant τ for each postural change [see Eq. (3.1)]. In 26 of the 35 ex-
periments, the phase behavior was comparable to Fig. 3.8, in three cases no
evident phase change could be observed, and in six cases the phase behavior
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Figure 3.9: Histogram of all 52 time constants of 26 SFOAE tilting experi-
ments, with 2-s wide bins. Dark and light grey parts of the histogram identify
the time constants of the up- and downward postural changes, with average
time constants of 11.1 s (SD = 6.4) and 11.7 s (SD = 5.6), respectively. The
average of all time constants was 11.4 s (SD = 6.1).

was different from Fig. 3.8, and thus could not be fitted with the exponen-
tial curve from Eq. (3.1). So, from 26 experiments, 52 time contstants were
obtained (one from the up- and one from the downward turn). Figure 3.9
shows a histogram of all the values of these time constants. The time con-
stants of the downward change of position were shaded. The average of all
time constants equaled 11.4 s, with a standard deviation of 6.1 s. For the
up- and downward postural changes the averages were 11.1 s (SD = 6.4) and
11.7 s (SD = 5.6), respectively. The difference between these averages was
not statistically significant.

3.4 Discussion

The effects of posture on hearing have been investigated in various ways.
In this report, we studied the effects of postural changes on click-evoked
and stimulus frequency otoacoustic emissions. Due to a downward posture
change, CEOAEs showed a phase increase and an amplitude decrease, espe-
cially for frequency components below 2 kHz (see Fig. 3.3), confirming previ-
ous findings of Büki et al. (1996). Changes of stimulus frequency OAEs after
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a downward posture change, could be described by a positive phase shift of
the inner ear component; also mainly for low frequencies (Fig. 3.7). The time
for both these OAE types to regain stability after a postural change, how-
ever, gave deviant results (Figs. 3.4 and 3.9). Test-retest differences for these
transition times were not examined, and need further research. Previously,
posture has already been shown to affect the auditory threshold (Wilson
1980), acoustic impedance (Macrae 1972; Magnano et al. 1994), tympanic
membrane displacement measurements (Phillips and Farrell 1992), and dif-
ferent kinds of otoacoustic emissions (Büki et al. 1996, 2000; De Kleine
et al. 2000). The exact origin of these changes has not been elucidated yet.
Specifically, the question whether these changes stem from inner or middle
ear alterations is still not clarified. It is, however, generally assumed that
changes of the hydrostatic intracochlear pressure play an elemental role (e.g.,
Büki et al. 2000; De Kleine et al. 2000).

Intracochlear pressure is tightly related to intracranial pressure; the con-
nections between the corresponding fluid systems being major factors in
describing this relation. The patency of the cochlear aqueduct, the main
connection between the cochlear and the cerebrospinal fluid (CSF) compart-
ment, has been examined in several studies (e.g., Carlborg et al. 1982).
Recent histological studies have indicated that most cochlear aqueducts are
rather narrow (about 0.1 mm) and are filled with loose connective tissue
and are thus likely to transmit low-frequency pressure waves from CSF to
cochlear compartments (Gopen et al. 1997). Because the aqueduct is con-
nected to the scala tympani, such pressure waves will alter the perilym-
phatic pressure. Since no — substantial — pressure difference can endure
between the perilymphatic and the endolymphatic compartment (Andrews
et al. 1991; Wit et al. 2000), any pressure waves from the CSF will affect
the intracochlear pressure throughout the cochlea in a uniform fashion.

The mechanisms governing the OAE alterations due to posture changes
are still not clear. Since a downward posture change induces an increase
of the inner ear pressure, most authors assume that this results in a slight
outward bulge in the cochlear windows, which increases their stiffness. In
experiments with human temporal bones, Ivarsson and Pedersen (1977) have
shown this stiffness to be variable. The increased stiffness is thought to alter
properties of the ear, which alter the OAE characteristics (Wilson 1980; Büki
et al. 1996). Calculations from a middle-ear model with variable stiffness of
the stapes system do confirm these ideas for CEOAEs and DPOAEs, yielding
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phase changes (and to a lesser extent also amplitude changes) mainly at
frequencies below 2 kHz (Avan et al. 2000; Büki et al. 2000). This middle-
ear model consequently only includes transmission changes; no intracochlear
mechanisms are taken into account. Interpretation of experimental results
from spontaneous OAEs (SOAEs) are complex, but seem in agreement with
these computations (De Kleine et al. 2000).

At first sight, the changes of the steady state of SFOAEs showed certain
resemblance with the SOAE and auditory threshold changes: an upward
frequency shift of the fine structure, mainly at low frequencies (< 2 kHz).
However, when regarding the SFOAE as the sum of two vectors (Dallmayr
1987), the changes in the inner ear part of the signal could be described
as a phase shift with linear frequency dependence (Fig. 3.7). This is in
agreement with findings on CEOAEs and DPOAEs and the middle-ear model
mentioned earlier. Experiments on cadaver ears in cat (Lynch et al. 1982)
and cattle (Kringlebotn 2000b) showed static pressure variations in the inner
ear to affect sound transmission. Kringlebotn (2000b) notes, however, that
with an intact ossicular chain these influences are only minor. Since in evoked
OAE measurements the cochlear windows are passed twice, we expect that
transmission changes can not be disregarded. Altogether, an alteration of
the stiffness of the stapes system is likely to be a factor of importance in our
postural experiments.

In accordance with these ideas on the stiffness of the stapes system, vari-
ations of middle- and outer-ear pressure affect OAEs in a manner similar
to the way postural experiments do affect OAEs. In general, both positive
and negative pressures induce a decrease of amplitude (for CEOAEs and
DPOAEs), a phase shift (for CEOAEs and DPOAEs), or an increase of cen-
ter frequency (for SOAEs); all effects predominantly at frequencies below
2 kHz (e.g., Schloth and Zwicker 1983; Naeve et al. 1992; Hauser et al.
1993; Büki et al. 1996; Avan et al. 2000). No data of effects of middle-ear
pressure on SFOAEs are known to the authors. For the auditory threshold,
Wilson (1980) reported posture and middle-ear pressure changes to give sim-
ilar results, namely an interchange of the peaks and valleys in it. In cadaver
ears of humans, Voss et al. (2000) have shown the impedance measured
in the ear canal to be dominated by compliance (i.e., stiffness). Also, in
cattle cadaver ears the acoustic input impedance at the oval window was
shown to be stiffness controlled up to 1 kHz; this impedance is determined
mainly by the stiffness of the annular ligament at low frequencies, and by the
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cochlear input impedance at higher frequencies (Kringlebotn 2000a). Static
pressure differences at the footplate were shown to affect the amplitude and
phase of the impedance; at higher frequencies (above 5 kHz) it was hardly
affected. Thus, besides transmission alterations, we consider alterations of
the middle-ear and cochlear window impedances to play an important role
in the phenomena observed in our experiments.

The dynamics of the observed OAEs after the postural changes, showed
some noticeable phenomena. Most authors, though, did not investigate the
time courses of the changes. For CEOAEs, the time to regain stability after
a downward turn was about 30 s, and about 20 s after an upward turn
(see also Fig. 3.4). As mentioned, these times are not very precise, due
to the measurement protocol. Faster measuring techniques might improve
accuracy here (see Ferguson et al. 1998). De Kleine et al. (2000) have
shown comparable results for SOAEs: 1 min for the downward and less than
10 s for the upward turn. For DPOAEs, Büki et al. (2000) have observed
a slow change (∼25 s) after the downward postural change (their Fig. 5),
they do not mention the time after the upward turn (their protocol was not
symmetrical). From a personal communication with the authors we know
that after an upward turn the rate of change was always very fast, so that a
stable phase was reached within 4 s. For SFOAEs — or the impedance —
we found the two time constants of the up- and downward turn to be of
same magnitude: approximately 11 s (see Figs. 3.8 and 3.9). Since all OAEs
are assumed to arise by common mechanisms (e.g., Zwicker and Schloth
1984; Shera and Guinan 1999), this difference was not expected. It could
be speculated that in the latter case (SFOAE) transmission changes are
relatively of smaller importance than impedance changes and that these two
alter at different rates. So, SOAEs, CEOAEs, as well as DPOAEs show slow
alterations after a downward turn, and fast alterations after an upward turn.
The impedance, however, showed equal time courses for both maneuvers.

Noninvasive measurements directly associated with intracochlear pres-
sure are of potential interest for intracranial pressure monitoring. For this
purpose, Marchbanks (1984) developed a method for measuring the tym-
panic membrane displacements during stapedius reflex contraction. This
technique was used in different circumstances of altered ICP, such as hy-
drocephalus and posture (e.g., Reid et al. 1990; Phillips and Farrell 1992),
and to study pressure regulation in patients with Menière’s disease (Rosingh
et al. 1998b). Alternatively, impedance or OAE measurements could also



56 CHAPTER 3. EVOKED OAES AND POSTURE

be useful in detecting ICP differences (Magnano et al. 1994; Büki et al.
1996, 2000; De Kleine et al. 2000). One should, however, realize that the
relation between the ICP and the inner ear pressure is not trivial, especially
in dynamic situations (Thalen et al. 1998). Then, as mentioned before, the
dynamical properties of the cochlear aqueduct come into play. Impedance
changes during jugular compression, probably due to pressure changes of the
CSF transmitted via the cochlear aqueduct to the perilymph, were shown
to occur within a few seconds (Magnano et al. 1994). Moreover, we ob-
served the time courses of different OAE measurements having discordant
properties (see previous paragraph). Given the complexity of these pressure
regulations, it is not sure whether ICP is reflected by such audiological mea-
surements. Further, Magnæs (1978) reported the pressure changes of the
ventricular CSF (i.e., ICP) as having a rapid (∼2 s) and a slow secondary
component (after ∼10 s), for both sitting up and lying down. Nevertheless,
we think that OAEs could well form a suitable tool for monitoring changes
of the intracranial — and intracochlear — pressure, especially when the time
of interest exceeds 10 s.

In conclusion, we observed changes of click-evoked OAEs after a posture
change, mainly characterized by a phase shift; confirming previous findings.
For stimulus frequency OAEs, we observed a positive frequency shift of the
fine structure due to a postural change. The changes for both OAE types
mainly occurred at the lower frequencies. These findings are consistent with
a model in which posture affects cochlear window impedance due to modi-
fication of the intracochlear fluid pressure. The time courses of OAEs after
the posture changes require a closer examination.


