
 

 

 University of Groningen

Boundary conditions of otoacoustic emissions
Kleine, Emile de

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2001

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kleine, E. D. (2001). Boundary conditions of otoacoustic emissions. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/992db957-1adf-48c5-97b9-17fc05ea02f3


Chapter 2

The behavior of spontaneous
otoacoustic emissions during
and after postural changes

Abstract

Spontaneous otoacoustic emissions (SOAEs) were studied in humans during
and after postural changes. The subjects were tilted from upright to a re-
cumbent position (head down 30 deg) and upright again in a 6-min period.
The SOAEs were recorded continuously and analyzed off-line. The tilting
caused a change in the SOAE spectrum for all subjects. Frequency shifts of
10 Hz, together with changes of amplitude (5 dB) and width (5 Hz), were
typically observed. However, these changes were observed in both directions
(including the appearance and disappearance of emission peaks). The most
substantial changes occurred in the frequency region below 2 kHz. An in-
crease of the intracranial pressure, and consequently of the intracochlear fluid
pressure, is thought to result in an increased stiffness of the cochlear win-
dows, which is probably mainly responsible for the SOAE changes observed
after the downward turn. The time for the spectrum to regain stability af-
ter a postural change differed between the two maneuvers: 1 min for the
downward and less than 10 s for the upward turn.
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20 CHAPTER 2. SPONTANEOUS OAES AND POSTURE

2.1 Introduction

Otoacoustic emissions (OAEs) are acoustic signals generated in the inner ear
and measured in the external ear canal. The generation of OAEs is found
to be linked to the presence of an intact inner ear. Therefore, OAEs are
now widely used as a clinical tool for the screening of hearing (for a review,
see Probst et al. 1991). Because the generation site of the OAEs and the
location of measurement do not coincide, attention has to be paid to the
boundary conditions of the OAE measurement.

One factor influencing the OAE measurements is the subject’s posture.
Measurements of spontaneous OAEs (SOAEs) in standing versus supine po-
sition have shown an upward shift in the SOAE frequency (Bell 1992). The
postural dependence of evoked OAEs (EOAEs) has also been studied and
has shown more complex changes (e.g., Antonelli and Grandori 1986; Büki
et al. 1996; Ferguson et al. 1998). In addition, postural changes have been
shown to affect the audiogram fine structure, which is thought to be closely
related to OAEs (Wilson 1980).

Postural changes affect the intracranial pressure (ICP) in a regular man-
ner (Chapman et al. 1990). Because the intracranial space and the cochlea
are connected by the cochlear aqueduct, the pressures in the intracranial
and the intracochlear fluid compartments are closely related. In fact, several
authors have studied ICP changes by means of measurements performed in
the ear canal (e.g., Densert et al. 1977; Magnæs 1978; Casselbrant 1979;
Marchbanks and Reid 1990; Büki et al. 1996). Increase of the inner ear fluid
pressure is thought to lead to a slight bulge in the cochlear windows, and
hence to increase the stiffness of the windows. Therefore, the changes due to
the altered fluid pressure are typically described in terms of an impedance
change of the middle ear (Büki et al. 1996).

Presumably, the relation between OAE properties and posture is due
to changes in the intracochlear pressure. Thus, these OAE measurements
may possibly reflect pathological conditions in cochlear fluid regulation, as
is hypothesized to be the case in Menière’s disease (for a review, see Horner
1993).

In this report, the behavior of SOAEs is studied before, during, and after
postural changes. Part 1 of the results section describes the dynamics of the
changes in the SOAEs resulting from the postural changes (from upright
to lying down and vice versa). In particular, time constants of the SOAE
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changes are determined. These may reflect properties of the inner ear fluid
control. The second part discusses the influence of the altered boundary
conditions on SOAEs. Stationary properties of the SOAEs in standing and
recumbent position are compared. The peaks in the SOAE spectrum are
analyzed and characterized by their height, width, and center frequency.

2.2 Materials and methods

Spontaneous otoacoustic emissions (SOAEs) were recorded from 14 normal-
hearing ears. The ears were screened beforehand for the presence of at
least one detectable SOAE. 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 signal was filtered
and amplified with a Krohn-Hite 3550 filter (0.7 – 10-kHz band-pass) and a
Stanford Research Systems SR560 preamplifier (300-Hz high-pass and 20-dB
gain). The microphone system was calibrated in a Zwislocki coupler. All
SOAE recordings were performed in a sound-proofed chamber.

For the screening measurement, the microphone signal was analyzed on-
line with a Stanford Research Systems SR 760 Spectrum Analyzer. This
measurement was performed with the subject sitting comfortably in a chair.
After the screening measurement, the subject was positioned on a reclinable
bed, standing upright. The eartip was inserted in the external auditory canal
and the recording of the microphone signal was begun. The microphone
signal was stored continuously on a Denon DAT recorder with a 48-kHz
sampling rate. 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). About 2.5
min later, the reverse procedure was carried out (subject standing upright
again). After another 2.5 min, the recording was stopped, resulting in a total
recording of 6 min. Off-line, the recorded signals were digitally transferred
to a computer disk using a Singular Solutions A/D64x connected to a NeXT
computer.

Averaged spectra were computed of subsequent segments of the resulting
sound file (typically 32 768 points). Time windows overlapping 50% were
used to calculate the averaged spectra. A simple level-crossing artefact re-
jection method was used to exclude windows which were contaminated by
(strong) unwanted sounds, such as swallowing and coughing of the subject.

For the averaged spectra, each spectral SOAE peak was modelled with
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a Lorentzian curve

L(fc, h, w; f) =
h

1 + 4[(f − fc)/w]2
+ C, (2.1)

where fc, h, and w represent the peak’s center frequency, height and width,
and C is the (local) noise background. Only peaks that exceeded the local
background by 3 dB were included in the analyses to be reported. For a
spectrum containing multiple SOAE peaks, each peak was fitted separately.

In addition to these spectral parameters, the instantaneous frequency and
amplitude of SOAE peaks were calculated using the adaptive least-squares
fit time-domain filtering described by Long and Talmadge (1997).

2.3 Results

Experiments were performed on 14 ears, each with a least one SOAE peak
present. All ears demonstrated an SOAE alteration during the postural
changes, although some individual peaks did not. In part 1 of this section
we focus on the dynamics of the SOAE changes, that is, the process of change
from one position into another. In part 2 we discuss the eventual effects on
SOAE spectrum after a postural change. In other words, the steady states
of the SOAE spectrum in the distinct positions are compared.

Dynamic aspects

Figure 2.1 displays a typical example of the changes in the SOAE spectrum
in one ear during the 6-min period of the experiment. During this period, the
posture of the subject was altered twice, as indicated alongside the ordinate.
Each individual curve in the waterfall plot represents the average spectrum
of the recorded microphone signal of a duration of 10.9 s.

During the first 60 s, with the subject standing upright, the center fre-
quency of the main SOAE peak was 1065 Hz. After tilting the subject back-
ward (at t = 60 s) to the recumbent position, the center frequency gradually
shifted to 1090 Hz. Furthermore, the width of the peak could be seen to
increase, while its height decreased. At t = 210 s, the subject was turned
upright again. The center frequency returned to 1065 Hz (the same value as
for t < 60 s) within one period of averaging and remained at this frequency.
The width of the peak decreased again after the upward turn.
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Figure 2.1: Waterfall plot of successive SOAE spectra during a 6-min period.
The subject’s body position is indicated alongside the time axis; the arrows
mark the moments at which the subject was tilted. Each spectrum represents
the average of a period of 10.9 s and was shifted by 10 dB. Initially, the
strongest emission was at 1065 Hz, 15 dB SPL.

Besides the changes in the main peak at 1065 Hz, a second peak appeared
after the downward tilt at about 1170 Hz. A more detailed inspection re-
vealed that this smaller peak started at 1150 Hz for the upright position and
shifted to 1173 Hz after the downward turn (cf. Fig. 2.2). The height of this
peak increased and its width decreased in the supine position. As a result
of a return to the upright position at t = 210 s, the peak height decreased
again, and also the center frequency and width of the peak returned to their
original values (i.e., the values for the initial upright position, t < 60 s).

Regarding the time course of the changes in this waterfall plot, it should
be noted that the time for the spectrum to regain stability after a postural
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Figure 2.2: The SOAE spectra of the final minute of each of the three stages
of one experiment in which the spectrum was stable. Lower trace: upright,
0 − 60 s; middle trace: recumbent, head down 30 deg, 150 − 210 s; upper
trace: upright, 300 − 360 s. The upper two traces were shifted by 15 and
30 dB, respectively. Same measurements as Fig. 2.1.

change differed strongly between the downward and upward turn (Fig. 2.1).
After the first postural change (from +90 deg to −30 deg, t = 60 s), the fre-
quency shift took approximately 50 s whereas after the second change (from
−30 deg back to +90 deg, t = 210 s) it took maximally 10 s. In Fig. 2.3,
the time course of the relative frequency shift of four SOAE peaks from one
ear is shown (dashed lines; same ear as Fig. 2.1). Although the direction
of frequency shift differed for different SOAEs, all SOAEs shifted in fre-
quency with a similar time course: a slow adjustment after body position
was changed to supine, and a rapid readjustment after it was returned up-
right. The solid line represents the average of the absolute values of the
other four lines. The time constant of the average slow modification was
20 s, whereas the time constants for the individual peaks ranged from 15 to
31 s (fitted with e−t/τ , where t denotes time and τ is the time constant).
Similar time courses were also observed for other ears, especially for strong
emission peaks. We did not observe any changes caused by an upward turn
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Figure 2.3: The relative SOAE frequency shift throughout one experiment.
The relative shift of the center frequency of four SOAE peaks from one
ear (dashed lines), and the average of the absolute value of these four curves
(solid line). The subject’s posture was altered at about t = 60 s and t = 210 s,
as indicated. The average frequency of the first 60 s was defined as 100%,
and is denoted in the legend. Same measurements as Fig. 2.1.

taking more than 10 s.
In addition to the appearance of SOAE peaks, we also observed the dis-

appearance of some peaks after the downward turn. This, of course, can be
regarded as an amplitude change. These peaks reappeared after the subject
was tilted upright. In one case, a transient SOAE peak was observed after
the posture change (Fig. 2.4): about 20 s after the downward postural turn,
a new SOAE peak appeared at 1234 Hz (see arrow [a]), though within 50 s,
it disappeared again. Simultaneous with the appearance or disappearance
of the transient SOAE peak, the peak at 1337 Hz (arrow [b]) disappeared or
appeared, respectively, suggesting a strong interaction between these SOAE
peaks.
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Figure 2.4: Waterfall plot; as in Fig. 2.1. A transient SOAE peak arose
20 s after the downward turn at 1234 Hz, but disappeared again within 1
min (arrow [a]). The peak at 1337 Hz disappeared simultaneously with the
appearance of the transient peak (arrow [b]). One trace was omitted; the
corresponding spectrum was excessively contaminated by noise during the
supine-to-upright rotation.
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Stationary changes

The previous section described how the changes in the SOAE spectrum oc-
curred within one min after tilting the subject (see Fig. 2.1). To make
a detailed comparison between the stationary properties corresponding to
the different body positions, we calculated the frequency spectra of the final
minute of each of the three phases of the experiment (i.e. 0−60 s, 150−210 s,
300− 360 s) in which the spectra were stable. Figure 2.2 shows the average
SOAE spectra from one ear for each of the three stationary phases of the
experiment. The spectrum for the subject lying down clearly differs from
the spectra corresponding to the upright position. The latter two virtually
coincide.
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Figure 2.5: Frequency shift of SOAE peaks resulting from a postural change
(tilt from +90 deg to −30 deg). The relative frequency shift (f2−f1f1

) versus
the initial center frequency of the SOAE peak (60 peaks from 13 ears).

In order to quantify these changes, we fitted the major peaks of the three
respective spectra with a Lorentzian curve [Eq. (2.1)]. Thus, three parame-
ters were obtained for all peaks: the peak height, width and center frequency.
Typically, SOAE peaks displayed a reversed frequency shift during the ex-
periment [i.e., sign(f2 − f1) = sign(f2 − f3), where fi denotes the average
center frequency of part i of the experiment]. Across all ears, 73 SOAE peaks
were monitored. Of these 73 peaks, 6 SOAE peaks did not display a reversed
shift, whereas 4 peaks only existed in the upright position, and 3 peaks only
in the supine position. For the remaining 60 peaks for which we did observe
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Figure 2.6: Change of SOAE peak height and width resulting from a postural
change (tilt from +90 to −30 deg). The height difference (h2−h1) versus the
width difference (w2−w1) for each SOAE peak (60 peaks from 13 ears). The
open and closed symbols correspond to low- and high-frequency emissions,
respectively.

a reversed shift, the relative frequency shift (f2−f1f1
) was computed. Figure

2.5 shows the relative frequency shift of these peaks as a function of their
initial center frequency f1. Figure 2.5 demonstrates that a change in posture
from upright to supine resulted in positive as well as negative shifts of the
center frequency of the SOAE peaks. Even within one ear, both positive
and negative shifts could be observed (see Fig. 2.2). No intra-subject cor-
relations were found. Frequency shifts ranged from −22.8 Hz to +26.2 Hz,
with an average of +3.4 Hz. The largest changes in center frequency were
observed for SOAE peaks with center frequencies below 2 kHz. Of all 60
peaks, 70% showed a positive frequency shift.

For all of the 60 SOAE peaks considered above, we also calculated the
change in the peak height (h2 − h1) and width (w2 − w1), where hi denotes
the peak height in part i of the experiment and wi the peak width. Figure
2.6 shows the height change versus the width change for all peaks after the
postural change. The average change in height equals −2.3 dB. Here 33% of
the peaks showed a height increase and 67% a decrease. The average width
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Figure 2.7: Detailed spectrum of one SOAE peak (cf. Figs. 2.1 and 2.2).
The dashed line was calculated from the recording in upright position (+90
deg), whereas the solid line represents the (shifted) peak corresponding to
supine position (−30 deg). The broadening of the latter peak was caused
by an increased frequency fluctuation (see Fig. 2.8). The peak for upright
posture clearly shows side bands at about 1.5 Hz. A time window of 131 072
points (5.5 s) was used, yielding a frequency resolution of 0.18 Hz.

change equals +2.7 Hz. Here 67% of the peaks showed a width increase and
33% a decrease. The largest changes occurred for frequencies below 2 kHz.
For 50 of the 60 peaks, an increase of peak width went with a decrease
of peak height (35), or vice versa, a decrease of peak width went with an
increase of peak height (15). No obvious dependence on center frequency
was present.

We further examined the nature of the changes in the SOAE peaks by
computing a spectrum with a high frequency resolution: a time window of
131 072 points was used, yielding a frequency resolution of 0.18 Hz. Fig-
ure 2.7 displays the spectra obtained from part 2 and 3 of the experiment
(cf. Fig. 2.2). The SOAE spectrum related to the upright position shows a
narrow peak whereas the peak associated with the supine position is much
broader (note the 1-Hz side bands in the first spectrum, indicating a 1-
Hz modulation). The origin of this increase of width becomes clear from
Fig. 2.8, in which the instantaneous frequency of this SOAE peak is plotted.
The instantaneous frequency and amplitude were computed using the adap-
tive least-squares fit time-domain filtering technique as described in Long
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Figure 2.8: The instantaneous frequency of one SOAE from one recording,
during two separate periods of 30 s. The subject was standing upright in (a),
whereas she was in a recumbent position with head down 30 deg in (b). The
tilting was performed at t = 60 s. In panel (b), the frequency fluctuation
can be seen to have two components, with a periodicity of about 1 s and 5 s.
(Same SOAE as Fig. 2.7)

and Talmadge (1997), with a window length of 0.34 s (computation of the
instantaneous frequency from the Hilbert transform gave the same results).
The peak’s center frequency could be seen to fluctuate during the recording.
Substantial differences between the two body positions were present. In the
case of the subject standing upright [panel (a)], the frequency fluctuated
over approximately 1 Hz with a period of about 1 s (cf. the 1-Hz side bands
in Fig. 2.7). In the supine position [panel (b)], the frequency fluctuated over
about 5 Hz with two periodicities: one with a period of about 1 s and one
with a period of 4 s. For the supine position, a corresponding fluctuation of
the emission amplitude was present: both instantaneous amplitude and fre-
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quency increased in parallel [see Fig. 2.9(a)]. Amplitude modulation could
not be detected in the upright position. The Fourier transform of the in-
stantaneous SOAE frequency [Fig. 2.9(b)] clearly shows the two peaks of the
modulation at 0.2 and 1.2 Hz. These data show that both the amplitude and
frequency modulation were stronger in the recumbent body position than in
the upright position.
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Figure 2.9: (a) The instantaneous amplitude and frequency of one SOAE,
during a 30-s period with the subject in supine position (−30 deg). (b)
Fourier transform of the instantaneous frequency from (a), showing two
peaks at 0.2 and 1.2 Hz (indicated by the arrows), probably representing
modulation by breathing and heartbeat, respectively.
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2.4 Discussion

Posture affects hearing in various ways. We observed that posture changes
caused alterations in the SOAE spectrum. Emission peaks showed both
upward and downward shifts in amplitude, width, and center frequency, and
these shifts could be different for different SOAEs in the same ear (see for
example, Fig. 2.2). Frequency shifts in SOAEs have also been studied by
Bell (1992), who showed a rise in frequency for three SOAE peaks after a
body tilt from horizontal to −30 deg (about 5 Hz at 1.5 kHz). The postural
dependence of click-evoked OAEs (CEOAEs) was first described in Johnsen
and Elberling (1982), and showed no significant differences between sitting
and lying down flat. Also, Froelich et al. (1994) and Ferguson et al. (1998)
found no overall effect of posture on OAE amplitude. Antonelli and Grandori
(1986) observed decreasing latency and amplitude for click-evoked and tone-
burst-evoked OAEs, resulting from a downward body tilt from sitting to
lying (−40 deg), whereas others found systematic changes in latency only
(Phillips and Farrell 1992; Büki et al. 1996). The experiments presented
by Büki et al. (1996) showed that posture affected CEOAEs in a fairly
systematic way. A postural tilt (from +90 deg to −30 deg) effected a phase
lead (i.e., shorter latency), mainly for frequency components below 2 kHz.
The effect of posture on distortion product OAEs (DPOAEs) consisted of
a phase lead and a decrease of level at low frequencies (Büki et al. 2000).
Furthermore, for inverted position, the acoustic impedance and the auditory
threshold increased (Macrae 1972), and the audiogram fine structure showed
an interchange of the peaks and valleys (Wilson 1980). Horst and Ritsma
(1984), however, found no audiogram differences between sitting and lying
horizontally.

Posture is believed to modulate the pressure of the intracochlear flu-
ids. The intracochlear space is connected to the intracranial space via the
cochlear aqueduct and several minor pathways (e.g., Carlborg et al. 1982).
Because the cochlear aqueduct is connected to the perilymphatic space, the
perilymphatic pressure will be altered primarily. However, in normal (guinea
pig) ears no difference can be measured between the perilymphatic and the
endolymphatic pressure (e.g., Andrews et al. 1991), even after infusion of
artificial endolymph (Takeuchi et al. 1991). Thalen et al. (1998) showed
that modulation of intracranial fluid pressure in the guinea pig gave a cor-
responding pressure change in the intracochlear fluid.
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From observations during neurosurgical procedures we know that posture
changes result in a modulation of the intracranial fluid pressure (Magnæs
1976, 1978; Chapman et al. 1990). Thus, given the connection between the
cochlear and cranial fluids, posture influences the intracochlear fluid pressure
in a straightforward way.
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Figure 2.10: The intracranial pressure as a function of the body position,
from supine (−30 deg) to upright (+90 deg); derived from Chapman et al.
(1990). Different symbols represent different subjects. The solid line denotes
the least-squares fit of all points: ICP = a(sin θ − 1)2 − b, with a = 10.5 cm
water, and b = 0.81 cm water.

Figure 2.10 shows intracranial pressure data from 5 subjects, taken from
Chapman et al. (1990). The relation between the ICP (in cm water) and
the angle of rotation θ can be described by

ICP = 10.5(sin θ − 1)2 − 0.81, (2.2)

and is plotted as the solid line in Fig. 2.10 (the parameters were determined
by a least-squares fit). Note that the largest increase of the ICP occurs for
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θ < 0 and this is why we compared upright and recumbent position, head
down (θ = −30 deg). Presumably, the relation between posture and the
steady state of the intracochlear fluid pressure shows a great resemblance to
Fig. 2.10.

The exact mechanisms of the effects of the intracochlear fluid pressure
on hearing are unknown. Most authors suggest that the increased fluid pres-
sure causes a slight bulge in the cochlear windows, and hence increases the
stiffness of the windows (e.g., Wilson 1980; Büki et al. 1996). In terms
of a mechanical cochlear model, this corresponds to a modification of the
cochlear boundary conditions. In agreement with this suggestion, the ob-
served changes for click-evoked OAEs are consistent with predictions from
a simple model with altered stiffness of the annular ligament of the stapes
(Büki et al. 1996). In general, postural changes are accompanied by a small
increase in middle-ear pressure (Büki et al. 1996; Ferguson et al. 1998).
Pressure changes of ambient air are known to alter OAEs in a compara-
ble manner (e.g., Hauser et al. 1993). The latter authors, however, used
higher pressures (∼ 400 daPa) than those observed with postural changes
(∼ 40 daPa). Therefore, middle-ear pressure effects alone can not explain the
OAE changes. Since the exact origin of spontaneous OAEs is not fully un-
derstood, it is difficult to determine the mechanisms involved in the observed
SOAE changes. The OAEs are thought to be generated by linear (coherent)
reflection and nonlinear distortion in the cochlea (Shera and Guinan 1999).
The location of the individual SOAE peaks shows close resemblance to the
fine structure observed in the audiogram (and evoked OAEs), and probably
finds its origin in wave reflections via distributed spatial cochlear inhomo-
geneities (Talmadge et al. 1998). Considering the alterations of SOAEs,
we have to look at the complex way in which the individual peaks in the
spectrum interact. The SOAE peaks are influenced by external stimuli (e.g.,
suppression and synchronization), but also by each other (Burns et al. 1984;
Wit 1990; Long et al. 1993; Murphy et al. 1995; Van Dijk and Wit 1998).
It seems clear that an SOAE peak is not an isolated phenomenon, which is
confirmed by our observations (see Figs. 2.2 and 2.4). Given the complexity
of generation and interactions, an increase of the stiffness of the cochlear
windows may well be responsible, at least in part, for the phenomena ob-
served.

Modification of outer- or middle-ear pressure also induces changes in both
amplitude and frequency of OAEs. These pressure changes are realized by
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manipulation of the atmospheric or closed ear canal pressure, or by Valsalva
maneuvers. Generally, for both negative and positive pressure changes, the
SOAE amplitude decreases, whereas the center frequency increases (Kemp
1981; Wilson and Sutton 1981; Schloth and Zwicker 1983; Hauser et al.
1993). In some cases, an increase of amplitude or a decrease of frequency
has also been detected. Furthermore, the appearance of new SOAE peaks
has been observed during pressure changes. The SOAEs are affected most at
the lower frequencies (< 2 kHz). The amplitude of click-evoked OAEs is in-
fluenced by both positive and negative ear canal (and atmospheric) pressure
in a similar manner (Naeve et al. 1992; Hauser et al. 1993). The amplitude
is greatest at ambient pressure and decreases for deviating pressures; again
predominantly for the lower frequencies. Wilson (1980) reported an inter-
change of peaks and valleys in the audiogram after a Valsalva maneuver,
similar to that due to a postural change (see above). This interchange was
observed for both positive and negative middle-ear pressures too. In conclu-
sion, direct manipulation of boundary conditions through outer ear pressure
yields results comparable to those induced by posture changes. Thus, it is
likely that boundary condition manipulation is an important factor in the
phenomena we observed.

We observed strong SOAEs with 1-Hz sidebands (Fig. 2.7), as previously
noted in adults by Bell (1992) and Van Dijk et al. (1994). Involvement of
heartbeat was suggested in this fluctuation (∼ 60 beats/min = 1 Hz). Long
and Talmadge (1997) performed a detailed analysis of SOAEs and found that
all strong SOAEs have sidebands at multiples of approximately 1 Hz. They
showed the sidebands to stem from frequency modulation correlated to the
subject’s heartbeat. Emission amplitude modulation was not detected. In
Fig. 2.8 we show that frequency modulation increases substantially after a
body tilt from upright to supine posture (head down). Two periodicities can
be observed clearly in the latter case. In Fig. 2.9 the instantaneous amplitude
and frequency of another SOAE are plotted for recumbent body position.
In this position, amplitude modulation as well as frequency modulation can
be detected. Both modulations are in phase; in other words, increasing
amplitude goes with increasing frequency. From the Fourier transform of
the instantaneous frequency, the two components of the modulation can be
clearly discerned: a 0.2- and a 1.2-Hz periodicity, most probably related to
breathing and heartbeat. Long and Talmadge (1997) and Ren et al. (1995)
suggested several mechanisms which could lead to the modulation of emis-
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sions by heartbeat (and respiration): (1) acoustic interaction of the pulse
beat with SOAEs near the ear canal; (2) modulation of the pressure of the
cochlear fluids, which are connected to the cerebrospinal fluid (CSF) through
the cochlear aqueduct, with the CSF pressure being known to be modulated
by breathing and heartbeat (Marchbanks and Reid 1990); (3) blood flow
through the vessel of the basilar membrane, which could modulate the mass
of the basilar membrane; (4) electrical activity in the cochlea generated by
heartbeat; (5) modulation of the cochlear pressure by blood flow through
the stria vascularis; and (6) modulation of the nonlinear stiffness, a non-
physiological parameter from the model as described by Long and Talmadge
(1997). The latter authors conclude that the most likely origin of the heart-
beat modulation is a change in the mass of the organ of Corti, probably
through blood flow through the vessel of the basilar membrane. In addition
to reproducing their measurements, not only have we observed heartbeat
modulation, but also modulation by respiration. The CSF pressure is mod-
ulated by breathing even more strongly than by heartbeat (Marchbanks and
Reid 1990). However, the transmission of transient pressure changes to the
cochlea is doubtful because of the characteristics of the cochlear aqueduct.
On the other hand, the inner ear pressure in cats and guinea pigs clearly
shows modulation by respiration and heartbeat (Beentjes 1972; Wit 1999).
Moreover, Beentjes (1972) reported this modulation to be absent after clos-
ing the cochlear aqueduct. To summarize, we expect SOAE modulation via
the CSF pressure to also play an important role.

We have also recorded the time course of alterations of the SOAE spec-
trum caused by postural changes. Typical examples of the time course of
these alterations are depicted in Figs. 2.1 and 2.3. The time for the spectrum
to regain stability after a downward postural change is of the order of 1 min
(τ = 20 s), whereas this takes less than 10 s after an upward turn. It is re-
markable that the characteristic times of the SOAE changes after the upward
and downward change of position differ this much. Note that our subjects
were in supine position for only 2.5 min, whereas they were in upright posi-
tion for a long time prior to the experiment; this fact may be reflected in the
observed time courses. Possibly, the changes would have continued further
after 2.5 min in supine position. Looking at Figs. 2.1 and 2.3, however, it
seems likely that the main changes occur within the periods we studied. If
the observed changes are effected by changes in the inner ear pressure, via
an alteration in the intracranial pressure, the characteristic time of these
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changes will reflect properties of the pressure relation of the two compart-
ments. Therefore, some authors (e.g., Marchbanks and Reid 1990; Rosingh
et al. 1998b) have associated this characteristic time with the patency of the
cochlear aqueduct (i.e., larger patency yields a smaller time constant). The
patency of the cochlear aqueduct was observed to be dependent on the flow
direction through the aqueduct, for cats (Beentjes 1972; Densert et al. 1986)
and guinea pigs (Wit et al. 1999). However, the directional dependence of
the patency described in these studies differed, and was not as strong as
the one we observed. On the other hand, the ICP changes were not in-
stantaneous, but showed a complex kind of adaptation to the altered body
position. 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. Furthermore, our subjects’
facial color also showed adaptation: within 10 s after the downward turn, it
had become rather red, whereas about 20 s later the color was paler again;
after the upward turn no color changes were obvious. This probably reflects
the complex response of the venous system on the posture changes (Mag-
næs 1978). Thus, the remarkable asymmetry observed for the time course
of the SOAE changes is possibly caused (1) by asymmetric properties of the
cochlear aqueduct, or (2) by an asymmetric behavior of the ICP changes, or
(3) by a combination of these two.

In view of the possible relation with the patency of the cochlear aque-
duct, as mentioned earlier, postural experiments have been performed to
study this patency and its possible pathologies (e.g., Rosingh et al. 1998b).
The patency of the cochlear aqueduct has been suggested to be an impor-
tant factor in intracochlear hydromechanics (Marchbanks and Reid 1990)
and was found to decrease with increasing age (W lodyka 1978), although
this finding could not be confirmed in a recent anatomical study (Gopen
et al. 1997). Disturbed patency has also been hypothesized to be related to
endolymphatic hydrops (i.e., an increased volume of the scala media), which
is assumed to be a primary pathology in Menière’s disease (for a review,
see Horner 1993). We think that postural experiments, similar to those de-
scribed in this article, may be useful in revealing pathological conditions of
cochlear fluid regulation.

In conclusion, we observed nonuniform changes in the SOAE spectrum
(that is, various alterations of height, width, and center frequency) after
a posture change. Altered stiffness of the cochlear windows as a result of



38 CHAPTER 2. SPONTANEOUS OAES AND POSTURE

altered intracochlear pressure may be responsible, at least partly, for the
phenomena observed. In accordance with the model predictions of Büki et al.
(1996) for evoked OAEs, the major changes occurred for the lower emission
frequencies. The remarkable asymmetric behavior of the SOAE changes in
time is possibly due to a combination of the patency of the cochlear aqueduct
and an asymmetric behavior of the intracranial pressure.


