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Spontaneous otoacoustic emissions �SOAEs� were measured longitudinally for durations up to 19.5
years. Initial ages of the subjects ranged from 6 to 41 years. The most compelling finding was a
decrease in frequency of all emissions in all subjects, which was approximately linear in %/year and
averaged 0.25%/year. SOAE levels also tended to decrease with age, a trend that was significant, but
not consistent across emissions, either within or across subjects. Levels of individual SOAEs might
decrease, increase, or remain relatively constant with age. Several types of frequency/level
instabilities were noted in which some SOAEs within an ear interacted such that their levels were
negatively correlated. These instabilities often persisted for many years. SOAEs were also measured
in two females over the course of their pregnancies. No changes in SOAE levels or frequencies were
seen, that were larger than have been reported in females over a menstrual cycle, suggesting that
levels of female gonadal hormones do not have a significant direct effect on SOAE frequencies or
levels. © 2009 Acoustical Society of America. �DOI: 10.1121/1.3097768�

PACS number�s�: 43.64.Jb, 43.66.Hg �BLM� Pages: 3166–3176
I. INTRODUCTION

Spontaneous otoacoustic emissions �SOAEs�, along with
the various stimulus-related OAEs, have been studied exten-
sively since their discovery by Kemp �1979�, in part because
they provide a noninvasive technique for probing cochlear
mechanics. Current models of SOAE generation �Talmadge
et al., 1998; Shera, 2003� propose that SOAEs are actively
maintained cochlear standing waves, which arise from the
coherent reflection of forward traveling waves in the region
of maximum basilar-membrane �BM� displacement and the
reflection of backward traveling waves at the stapes. In these
models, potential SOAE frequencies are related to the total
phase change involved in round-trip travel of a wave moving
from the stapes to the region of reflection and back. These
models explain the quasiperiodicity and characteristic mini-
mal spacing of SOAE frequencies �reviewed in Talmadge
et al., 1998� and the influence of middle-ear properties on
SOAE frequencies �Shera, 2003�.

In the ultra-short term, on the order of 1 min, human
SOAEs are apparently frequency-locked based on their ex-
tremely low variability in frequency and amplitude. For fre-
quency, half-power bandwidths can be less than 0.1% of
SOAE frequency; for amplitude, rms amplitude fluctuations
can be less than 6.3% of mean SOAE amplitude �Van Dijk
and Wit, 1990�. In the short term, on the order of hours to
months, SOAE frequencies and amplitudes are more vari-
able. A major source of variability in measurements made
over a single recording session are slow drifts of SOAE fre-
quency �up or down� and amplitude �typically increases�,
which occur over a period of about 30 min after insertion of
the microphone in either the measured ear or, in the interim
between measurements, in the contralateral ear �Zurek, 1981;
Rabinowitz and Widen, 1984; Whitehead, 1988, 1991�, ap-
parently as the result of tactually induced efferent effects.

The average drifts in frequency are on the order of 0.1%,
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with maximum shifts on the order of 0.5%; average drifts in
amplitude are on the order of 1.5 dB �Whitehead, 1988,
1991�.

Repeated measurements over several weeks or months
show frequency variability of the same order of magnitude as
within-session variability, but much larger amplitude vari-
ability. Whitehead �1988� found average maximum fre-
quency shifts of about 0.4% and average maximum ampli-
tude shifts of about 8 dB for 19 SOAEs in one subject
measured weekly for 6–8 weeks. Calculations based on the
data of Fritze �1983� show a standard deviation of 0.26% for
41 measurements of a single SOAE over 4 months. Some of
this weekly or monthly variability is presumably related to
small shifts, less than 1%, which follow a diurnal cycle and,
in the case of menstruating females, a monthly cycle �Wit,
1985; Wilson, 1986; Bell, 1992; Haggerty et al., 1993; Pen-
ner, 1995�.

SOAE frequencies and amplitudes are influenced by fac-
tors that change middle-ear impedance, including the trans-
mission between the stapes and the cochlea. Elicitation of the
middle-ear reflex results in frequency and amplitude shifts,
which are mostly increases in frequency of less than 1% and
decreases in amplitude of 25 dB or more, with the maximum
shifts occurring in SOAEs with frequencies below 3 kHz
�Schloth and Zwicker, 1983; Rabinowitz and Widen, 1984;
Mott et al., 1989; Harrison and Burns, 1993; Burns et al.,
1993b�. Increasing or decreasing the static pressure in the ear
canal �Kemp, 1979; Wilson and Sutton, 1981; Schloth and
Zwicker, 1983; Whitehead, 1988�, or increasing or decreas-
ing ambient pressure �Hauser et al., 1993� results in a similar
pattern of frequency and amplitude shifts; however, fre-
quency shifts from static pressure changes may be as large as
5% �Kemp, 1979; Wilson and Sutton, 1981�. Finally, shifts in
posture, which presumably increase middle-ear stiffness via
changes in intracochlear pressure, likewise result in a pattern

of frequency and amplitude shifts consistent with those elic-

© 2009 Acoustical Society of America5�5�/3166/11/$25.00



ited by the more direct methods of increasing middle-ear
stiffness �Bell, 1992; Whitehead, 1988; De Kleine et al.,
2000�.

Activation of the cochlear efferent system, for example,
with contralateral acoustic stimulation, also can produce
small positive shifts in SOAE frequencies, less than 0.3%,
and small decreases in amplitude �Mott et al., 1989; Long,
1989�. These effects, however, are very difficult to separate
from middle-ear reflex effects �Harrison and Burns, 1993�.

Finally, there is a small frequency modulation of
SOAEs, about 0.1% that correlates with heart rate �Long and
Talmadge, 1997�. Because most SOAE measurements
are analyzed with time-frequency distributions �TFDs� hav-
ing relatively high-frequency-resolution and low-time-re-
solution, e.g., spectrally-averaged Fourier transforms, this
modulation is usually manifest as low-level sidebands
around the SOAE.

The above-cited data are representative of the majority
of SOAEs. However, there are many SOAEs that are much
less stable both in the short term and in the ultra-short term.
In the course of our studies, the author and colleagues have
measured a large number of SOAEs whose ultra-short-term
frequency variability was more than an order of magnitude
greater than that measured by Van Dijk and Wit �1990�. Most
of these were low-level SOAEs that presumably were per-
turbed by noise �Talmadge et al., 1993�; however, we also
have measured a number of high-level frequency-unstable
SOAEs. In addition, we have measured a number of SOAEs
whose frequencies were stable, but whose amplitude varied
in an “on-off” manner over a time frame of tenths-of-seconds
to tens-of-seconds �Burns and Keefe, 1992; Burns, 1996�.

While the instabilities in individual SOAEs described
above are apparently independent of instabilities in other
SOAEs in the same ear, another type of SOAE instability
that has been documented is the “energy-sharing” of SOAEs
where pairs, or groups, of SOAEs co-vary in a highly corre-
lated manner. There are at least three variations of this type
of instability. Noncontiguous-linked SOAEs are groups of
SOAEs, usually separated by stable SOAEs, whose levels
co-vary in an on-off manner; i.e., when one group is present
the other is absent �Burns et al., 1984; Whitehead, 1988�.
The spacing between the frequencies of these SOAEs is con-
sistent with the characteristic minimum spacing of SOAE
frequencies–roughly 6%–observed in literature and predicted
by the standing-wave models. In some cases the on-off
switching from one group of SOAEs to another �i.e., be-
tween “states”� can be elicited by changing middle-ear pres-
sure �Whitehead, 1988�, or by the presentation of an external
tone �Burns et al., 1984�. The change from state to state of
these unstable SOAEs often results in small, less than 1%,
shifts in the frequencies of adjacent stable SOAEs. The time
course of spontaneous state shifting can vary from seconds to
months.

Another variation of the energy-sharing instability are
contiguous-linked SOAEs. In this case the amplitudes of
pairs of contiguous SOAEs, whose frequency spacing is
again consistent with the characteristic minimum spacing of
SOAEs, co-vary inversely. Analyses of this type of instability

by short-time Fourier transform �STFT� and other TFDs hav-
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ing high-time-resolution show that this co-variation is typi-
cally not an on-off co-variation; rather, both SOAEs are usu-
ally present simultaneously, but with one or the other of them
at a much lower level �Burns and Pitton, 1993�.

The third variation of this energy-sharing, the bimodal
energy-sharing SOAE, is a SOAE that shifts between two
frequencies whose spacing is usually smaller than the char-
acteristic minimum spacing between adjacent SOAEs
�Whitehead, 1988; Burns and Keefe, 1992�. Analyses of
these SOAEs with TFDs having high-time-resolution show
that the switching between frequencies is in an on-off man-
ner and is very rapid, often occurring over times that are
shorter than the time-resolution of the TFDs �Burns and
Keefe, 1992; Burns and Pitton, 1993�. Presumably this insta-
bility reflects a single SOAE that has a bimodal frequency
distribution. For this instability the time course of the shift-
ing varies from tenths-of-seconds to months.

There are relatively few data on the long-term �over
years� frequency and amplitude stability of SOAEs. Kohler
and Fritze �1992� reported on measurements of 13 SOAEs in
7 ears over a single measurement interval of from 3.5 to 7.2
years. All SOAEs showed a decrease in frequency that aver-
aged 0.14%/year across all emissions.1 Burns et al. �1993a�
measured 54 emissions from 12 subjects for periods up to
over 9 years and also noted a decline in frequency of all
emissions, which averaged about 0.2%/year. Although there
is an obvious trend in these data for a long-term decrease in
SOAE frequency with age, the small magnitude of this ap-
parent shift, relative to the magnitude of the short-term shifts
in SOAE frequency from other factors noted above, requires
that longitudinal measurements of SOAE frequencies be car-
ried out over a very long period.

The author and three of his children are “super emitters”
who had participated in the study of Burns et al. �1993a� on
SOAE stability.2 Having easy additional access to these ears
provided the author with a core group of subjects well suited
for a continuation and expansion of the earlier study. In the
end, repeated measurements were available for some subjects
for over 19 years.

II. METHODS

A. Long-term longitudinal measurements

The subjects for the long-term longitudinal study were 6
children �initial age range 6–12 years� and 12 adults �initial
age range 21–41 years�. Details concerning length of mea-
surement period, number of measurements, initial age, etc.,
are given in Table I. Subjects 3, 4, 5, and 6 are the author’s
children and subject 18 is the author. The other adult subjects
had been measured initially while graduate students in the
Speech and Hearing Sciences Department at the University
of Washington and had either remained in the Seattle area or
had made the mistake of revisiting the department. At the
time of the initial measurements, all subjects had normal
tympanograms and thresholds within normal limits at all au-
diometric frequencies, with the exception of the 41-year-old
author who had a permanent threshold shift of greater than
40 dB at 8000 Hz in both ears. The minimum measurement

period for inclusion in the study was 4 years.
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SOAE measurements for the subjects studied the long-
est, those measured over periods of greater than 16 years,
commenced in mid-1983 to early 1984. Measurements from
1983 to April 1986 were made with a custom-built insert
microphone that utilized a Knowles model 1842 microphone
and a Grason–Stadler oto-admittance meter earpiece fitted
with an appropriately sized rubber eartip. From April 1986 to
April 1988, measurements were obtained with an Etymotic
model ER-10 insert microphone using foam eartips. From
April 1988 until the end of the study in 2003 measurements
were made with an Etymotic model ER-10B microphone,
which also used the eartips of an oto-admittance meter. All
microphones were calibrated in a Zwislocki coupler mounted
in a KEMAR mannequin. Measurements were obtained with
the subjects sitting quietly in a sound-treated chamber.3 Tym-
panograms were measured at the initial session and at any
session where SOAE measurements indicated that there
might be a middle-ear problem �e.g., no SOAEs, or very low
levels, in an ear which had previously had SOAEs�, but were
not routinely measured at every session.

Microphone signals were high-pass filtered �c/o 300 Hz,
roll-off 6 dB/octave�. From 1983 until 1991, the signals were
analyzed online with a Wavetek-Rockland 5820A spectrum
analyzer. Each measurement was typically based on 64 spec-
tral averages. The frequency region from 0 to 10 kHz was
examined. Frequency measurements were made with an
analysis binwidth of 1.25 Hz; however, an “improved accu-
racy” option of the analyzer, utilizing weighted averaging of
the analysis bins adjacent to that containing the maximum
energy, gave a nominal frequency-measurement resolution of
0.125 Hz. Level measurements were made with an analysis
binwidth of 12.5 Hz to account, to some degree, for the
wider apparent bandwidth of the less-frequency-stable
SOAEs.

From 1991 until the end of the study, microphone sig-

TABLE I. Individual subject information and average
deviations.

Subject
Initial

age Sex
No. of
SOAEs

Years
measured Meas

1 6 F 3 4.0
2 6 F 19 4.1
3 7 F 6 19.3
4 9 F 11 16.3
5 9 M 2 13.5
6 12 F 9 19.5
7 23 F 3 14.1
8 27 F 4 7.1
9 28 F 2 13.8
10 30 F 6 6.4
11 30 F 2 5.1
12 31 F 10 5.0
13 32 F 2 5.0
14 36 F 3 5.1
15 36 M 1 4.1
16 37 M 1 6.8
17 38 M 1 15.0
18 41 M 11 19.3
nals were digitally recorded �44.1 kHz sampling rate� and
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analyzed offline. Typically, recordings of 20-s duration were
analyzed via discrete Fourier transform �DFT� with spectral
averaging with a 2:1 overlap factor. Frequency measure-
ments were based on spectra obtained by applying a 262144-
sample Hanning window, which gave an analysis binwidth of
0.17 Hz. Level measurements were obtained using a 4096-
sample Hanning window, which gave an analysis binwidth of
10.8 Hz..

For the pre-1991 �online� measurements the existence
criteria for SOAEs were based on measurement repeatability
and comparison with calibration data. For the offline mea-
surements SOAEs are clearly discriminable from electrical
pure-tone artifacts based on their bandwidths in the high-
frequency-resolution mode; that is, even the most frequency-
stable SOAEs have a wider half-power bandwidth than a
pure-tone electrical signal, and SOAEs also have a pro-
nounced broadening near the noise floor �Long and Tal-
madge, 1997�.

The SOAEs followed were selected to some extent. For
example, super-emitter subjects can have many borderline,
low-level, highly frequency-unstable SOAEs, which often
disappear from session to session, and whose frequency is
difficult to characterize. These weak SOAEs were not fol-
lowed longitudinally; however, some initially frequency-
stable SOAEs that later became unstable were followed as
possible. Additionally, in some cases, SOAEs that later be-
came stable were not present in the initial measurement ses-
sions, but appeared in later years. Some of the latter SOAEs,
in particular, those which comprised one member of an
energy-sharing pair, were followed but are not included in
the averaged data.

B. Threshold fine structure measurements

The correlation between SOAE frequencies and minima

E changes. The numbers in parentheses are standard

ents
Average frequency shift

�%/year�
Average level shift

�dB/year�

�0.27 �0.07� �0.6 �0.5�
�0.26 �0.09� 0.4 �2.3�
�0.19 �0.04� �0.7 �0.3�
�0.23 �0.03� �0.5 �5.8�

�0.19 �0.5
�0.35 �0.06� �0.6 �5.0�
�0.19 �0.07� 0.0 �0.4�
�0.29 �0.07� �0.6 �1.4�

�0.16 �0.9
�0.13 �0.07� �1.1 �9.3�

�0.27 �0.1
�0.21 �0.06� �1.5 �1.2�

�0.13 �0.3
�0.41 �0.01� �0.2 �0.6�

�0.17 �2.1
�0.41 �0.8
�0.21 �0.5

�0.28 �0.07� �0.3 �0.5�
SOA

urem

4
5
16
15
11
15
3
3
3
8
2
2
2
2
2
2
5

47
in the microstructure of the auditory threshold is well docu-
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mented and is addressed in the current models of SOAE
generation �e.g., Schloth, 1983; Long and Tubis, 1988; Tal-
madge et al., 1998�. Specifically, minima in threshold fine
structure correspond to maxima in stimulus-frequency otoa-
coustic emission �SFOAE� fine structure, which in turn cor-
respond to frequencies at which SOAEs may be present. That
is, SOAEs always correspond to a threshold minimum, but
not all threshold minima have a SOAE associated with them.
For subject 18, who was followed over a period of 19.5
years, threshold microstructure was measured in both ears at
the time of initial measurement �1983�, 11 �1994�, and 19
years �2003�. Thresholds were obtained for pure tones at
frequencies separated by 10 Hz intervals using a computer-
ized Bekesey-tracking procedure. 500-ms duration tones
were presented at the rate of 1/s. Consecutive tones increased
or decreased in level by a fixed decibel increment. The di-
rection of level change was controlled by the subject.
Thresholds were based on the last six of ten turn-arounds.

C. Longitudinal measurements during pregnancy

One explanation posited for the monthly variation of
SOAE frequency in females is based on a direct effect of the
hormones estrogen and/or progesterone on the generation
mechanism of SOAEs �Haggerty et al., 1993; Penner, 1995�.
Because the levels of these hormones vary much more dra-
matically over the course of a pregnancy than during a nor-
mal menstrual cycle, variation in SOAE frequencies would
presumably also vary more dramatically during pregnancy.
SOAEs in two females were measured every few weeks over
the course of their pregnancies. Subject P1 was followed
from 28 week prepartum to 48 week postpartum. Subject P2
was followed from 38 week prepartum to 58 week postpar-
tum. For subject P1, tympanograms were also measured at
each session. These two subjects were not part of the main
study.

III. RESULTS

A. Longitudinal frequency shifts

96 SOAEs from the 18 subjects were measured. All 96
SOAEs showed decreases in frequency over their respective
measurement periods. Figure 1 shows the relative changes in
SOAE frequencies over a period of 19.5 years for subject 6,
who was 12 years old when first measured. The initial fre-
quency and the ear of each SOAE are given in the figure
legend. These results are representative in that all SOAEs
showed a gradual decrease in frequency over time; these de-
creases were approximately linear in percent-frequency-
shift-per-year, and there was a tendency for lower-frequency
SOAEs to show a greater shift.

For the 77 SOAEs that were measured at least three
times, the plots of frequency shift by time were fitted by
linear regression. Of these, the 45 SOAEs that were mea-
sured for periods of at least 12 years all had coefficients of
determination greater than 0.85. The slopes of the linear fits
for all SOAEs are shown in Table I as an average slope for
each subject. For subjects whose SOAEs were measured
only twice, the slopes were calculated from the two measure-

ments. The average slope across all SOAEs was �0.25%/
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year. The range of slopes for all SOAEs was from �0.033%/
year to �0.539%/year; the range for SOAEs measured for at
least 12 years was from �0.132%/year to �0.440%/year.
Lower initial frequencies tended to show larger negative
slopes.

A linear regression of frequency-shift-slope on initial
frequency, initial level, initial age, duration of measurement,
and ear showed a small but significant effect of initial fre-
quency ��=0.015% /year kHz; r=0.242, p=0.017�. No other
predictors were significant.

Some other aspects of the results shown in Fig. 1 are
noteworthy. This subject was one of the subjects with
noncontiguous-linked unstable SOAEs studied by Burns
et al. �1984�, and the initial longitudinal measurements were
taken at about the same time as the measurements analyzed
in that paper. Those data were later reanalyzed by Keefe
et al. �1990� who concluded that the SOAEs that comprised
the noncontiguous-linked SOAEs could be characterized as
high harmonics of a common low fundamental. The SOAEs
with frequencies of 1232, 1335, and 1594 Hz shown in Fig.
1 are three of those SOAEs. If they remained harmonics of a
common fundamental they would, of course, be expected to
show exactly the same percentage frequency shifts over time.
This was the case for the first 2 years and for the first 6 years
for two of the SOAEs, but after that they all showed signifi-
cantly different frequency shifts. The instability, a spontane-
ous “state switching” between two groups of SOAEs, was
not seen in any measurements following the 2-year measure-
ments, and state switching could not be induced with the
presentation of external tones, as it had been in the original
study. It also should be noted that this ear had both the larg-
est average SOAE shift ��0.385%/year� of any ear studied,
as well as the largest shift for an individual SOAE measured
more than 12 years ��0.440%/year�.

The frequency shifts for the right ear of subject 6 show
the same form as the left-ear data, but the average frequency
shift across SOAEs ��0.2%/year� is smaller. Although fre-
quency shifts in the two ears were not significantly different
across subjects, in this subject the difference is highly sig-

FIG. 1. Longitudinal frequency shifts for 11 SOAEs in subject 6. The �

indicates the member of a contiguous-linked SOAE pair not present in the
initial years of the study.
nificant �t=7.12, p�0.001�, despite a similar range of SOAE
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frequencies. The two SOAE frequencies, which are followed
by �s, 1915, and 4910, are examples of the contiguous-linked
instability described in the Introduction. These SOAEs both
appeared at about the eighth year of measurement �age 19�:
Their frequency shifts at that point were arbitrarily plotted as
the same as their energy-sharing neighbors, 2106 and 4710,
respectively. Both the 4710 and 4910 SOAEs were simulta-
neously present in measurements until the end of the study,
whereas the 2106 SOAE was eventually replaced by the
1915 SOAE at about 15 years �age 27�. The two emissions
comprising each pair show similar frequency-shift slopes,
and, in fact, the 4710 and 4910 frequency shifts show a simi-
lar fine structure in these plots.

Figure 2 shows the frequency shifts for the right ear of
subject 18. Several aspects of these data are of interest. First,
this ear exhibits two of the instabilities we have character-
ized as bimodal: SOAEs that are separated in frequency by
less than the characteristic minimum SOAE spacing and
whose amplitudes co-vary in an on-off manner. The irregular
fine structure of the shifts in the 929-Hz SOAE illustrates
this phenomenon. The initial SOAE frequencies for this sub-
ject �at age 41� are based on an average of 57 measurements
per SOAE taken over a period of 1 month. Most of the fre-
quency measurements showed an approximately normal dis-
tribution, with an average standard deviation across SOAEs
of 0.18%. The 929-Hz SOAE, however, showed a bimodal
distribution with modes at 929 and 941 Hz. The 929-Hz
mode was chosen as the reference because that was the
predominate mode, but the obvious irregularity of the fine
structure of the frequency-shift plot during the first 10 years
reflects the fact that for some of the longitudinal measure-
ments, the SOAE was in the higher-frequency mode.

Another example of this instability is the 1378 and 1469
Hz SOAE pair. For the first 6 years only the �nominal� 1469
Hz SOAE was present.4 For the period from 7 to 13 years,
sometimes only one or the other was present, and sometimes
both were present during a single measurement, from 14 to
19 years only the �nominal� 1378 Hz SOAE was present.
Further analyses of the recordings from measurement ses-

FIG. 2. Longitudinal frequency shifts for six SOAEs in the right ear of
subject 18. The dashed line indicates the member of a bimodal-SOAE pair
not present in the initial years of the study.
sions where both SOAEs were present, using TFDs having
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higher-time-resolution than our standard DFT analysis,
showed that the two SOAEs were not present simulta-
neously. Rather, there was an on-off switching between the
two frequencies, usually with an on-time on the order of 1 s.
The subject heard this switching as a “trill-like” tinnitus, a
rapid alteration between two pitches a flat semitone apart,
that has been described in another paper �Burns and Keefe,
1992�. This tinnitus allowed an estimate of the effective level
of the SOAEs by loudness matching �Burns, 1996�.5 Al-
though it is virtually impossible to see in Fig. 2 because of
the scales used, the slopes and fine structure of the frequency
shifts of these two SOAEs are nearly identical.

Finally, there is the anomalous behavior of the 2277 Hz
SOAE. This SOAE did not show any significant frequency
shift for the first 9 years, the longest shift-free period of any
SOAE measured. It also showed the shallowest slope
��0.132%/year� of any of the emissions measured for at
least 12 years.

B. Longitudinal level shifts

Longitudinal shifts in level were much more variable
than shifts in frequency. A representative example is shown
in Fig. 3, the level shifts for the right ear of subject 18.
Although, overall, there was a general decrease in SOAE
levels, individual SOAEs might show a decrease, an in-
crease, or no change. However, among the 45 SOAEs mea-
sured for longer than 12 years, 39 SOAEs showed a decrease
in level and only 6 showed either an increase in level or no
change. As noted, it was also common for individual SOAEs
to disappear, or for new ones to appear. This was particularly
true in subjects with numerous SOAEs in one ear.

Simple curves could not be fitted to most of the plots of
shifts in level. Therefore the estimates of level-shifts-per-
year shown in Table I were simply calculated from the dif-
ferences in levels between the initial and final levels. These
average changes are somewhat biased by the fact that they
include the large decreases in levels for SOAEs that eventu-
ally disappeared, but do not include SOAEs that were not
initially present but appeared later in the longitudinal mea-
surements. Generally, SOAEs having higher initial levels

FIG. 3. Longitudinal level shifts for 11 SOAEs in subject 18.
showed greater level shifts.
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A linear regression of level-shift-slope on initial fre-
quency, initial level, initial age, and duration of measurement
showed a highly significant effect of initial level ��=
−0.063 dB /year dB SPL; r=−0.401, p=0.00�. No other pre-
dictors were significant.

The results shown in Fig. 3 were representative of the
vast majority of subjects with multiple SOAEs. Only one
subject with more than four SOAEs showed consistent de-
creases in the levels of all SOAEs. The results for this sub-
ject are shown in Fig. 4. After the seventh measurement year,
which corresponds to age 14, all her SOAEs, with the pos-
sible exception of the strongest, showed consistent decreases
in level, and three eventually disappeared completely.

C. Threshold fine structure

Threshold fine structure measurements for the left ear of
subject 18, taken at the time of initial measurements �1983,
age 41�, at 11 years �1994�, and at final measurements
�2003�, are shown in Fig. 5. Minima in the fine structure
shifted down in frequency by an amount consistent with the
shifts in SOAE frequencies. For example, the minima at

FIG. 4. Longitudinal level shifts for six SOAEs in subject 3.

FIG. 5. Behavior threshold fine structure for subject 18, over the range from
800 to 1800 Hz, measured in the initial �1983�, 11th �1994�, and final �2003�

years of study.
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1640/50 Hz �1983�, 1590 Hz �1994�, and 1560 Hz �2003�,
correspond to a SOAE whose frequencies were 1642 Hz in
1983, 1595 Hz in 1994, and 1565 Hz in 2003. As noted in
the Introduction, a SOAE is not always associated with a
minimum. The minima at 1470 Hz in 1983 and 1430 Hz in
1994 are associated with a SOAE that was at 1465 Hz in
1983 and 1431 Hz in 1994. This SOAE was no longer
present after 1995; however, the minimum at 1380/1390 Hz
in 2003 presumably corresponds to the same SFOAE maxi-
mum, which no longer had a measurable SOAE. Threshold
fine structure measurements obtained in the right ear of this
subject also were consistent with his SOAE shifts.

D. SOAE changes during pregnancy

Figure 6 shows the frequency shifts in the SOAEs of
subject P1 for the period from 28 week prepartum to 48
week postpartum. The frequency shifts in subject P2 were
roughly similar. The only consistent change in SOAE fre-
quencies across the two subjects was an increase in fre-
quency for all SOAEs from the last prepartum measurement
to the first postpartum measurement, which averaged about
0.6% in both subjects. There was no consistent pattern in
SOAE level changes over the course of pregnancy in either
subject.

IV. DISCUSSION

A. Long-term frequency shifts

Perhaps the most compelling result reported here was
the ongoing decrease in SOAE frequencies of about 0.25%/
year. This rate of decrease was independent of subject age,
i.e., it was essentially the same for subjects with initial ages
of 6 years as for subjects with final ages of 60 years. Evi-
dence from a separate longitudinal study of SOAEs in chil-
dren from ages 1 month to 8 years suggests that this decrease
starts shortly after birth �Burns, 1999�. Figure 7 shows the
frequency shifts of 41 SOAEs from 18 children.6 Although
there is clearly much more variability in the children’s data,

FIG. 6. Longitudinal frequency shifts for five SOAEs in subject P1 during
28 weeks of her pregnancy and for 48 weeks after giving birth.
especially in the first several years, from the age of 6 months
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most SOAEs decreased in frequency and the average rate of
decrease was roughly the same as that of the subjects in the
present study.

Interestingly, in preterm infants the opposite occurs.
Brienesse et al. �1997� found that SOAE frequencies in-
creased in preterm infants. The rate of this increase declined
from over 1%/week at 30 week conceptional age to 0%/week
at 45–50 week conceptional age. Thus, the overall picture of
SOAE frequencies over a lifespan is a rapid increase in fre-
quency in the months just prior to term birth, which changes
to a slow decrease starting in the months just after term birth.

The question engendered by the present data is the
source of the apparently life-long decrease in SOAE frequen-
cies, which begins at about 6 months of age. As noted, ex-
perimental manipulations that increase middle-ear stiffness
result in increases in SOAE frequencies, in some cases by as
much as 5% �e.g., Kemp, 1979�. A relationship between
SOAE frequency and middle-ear characteristics is predicted
by the standing-wave model because changes in middle-ear
stiffness alter the output impedance of the cochlea and thus
alter the phase of reflected reverse-traveling waves at the
stapes. Shera �2003� specifically addressed the frequency
shifts associated with changes in middle-ear stiffness �see
Eq. 19 and Fig. 5 in Shera, 2003�: Increases in middle-ear
stiffness result in increases in SOAE frequencies, and de-
creases in middle-ear stiffness result in decreases in SOAE
frequencies. Therefore, the slow decrease in SOAE frequen-
cies with age observed in our subjects might be the result of
a slow decrease in middle–ear stiffness from ages 6 to 60.

However, there are a number of arguments against this
explanation. First, the SOAE frequency shifts produced by
changes in middle-ear stiffness are strongly dependent on
SOAE frequency. For example, a 100% increase in stiffness
results in about a 1.5% increase in frequency for a 1000-Hz
SOAE, but only about a 0.25% increase for a 4000-Hz
SOAE �Shera, 2003�, a sixfold effect. While there was a
significant effect of SOAE initial frequency in our results, it
was small; the difference in the percentage frequency shift
between the lowest and highest SOAE frequencies in a given

FIG. 7. Longitudinal frequency shifts for 21 SOAEs from 9 female subjects
�solid lines� and 20 SOAEs from 9 male subjects �dashed lines� from ages 1
month to 8 years.
subject was at most a factor of 2, and was usually less.
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Second, the magnitude of the frequency shifts in our
subjects could only result from changes in middle-ear stiff-
ness that also would result in low-frequency threshold shifts.
For example, shifts in SOAE frequency greater than 2% are
seen only for ear-canal pressure changes of greater than
�200 kPa �Kemp, 1979; Wilson and Sutton, 1981�. Our sub-
jects showed total frequency shifts of up to 9% with no ap-
parent effects on hearing thresholds.7

Third, the rate of frequency shifts in our subjects was
relatively uniform over ages ranges �6–12� where metrics of
middle-ear function still show maturation effects �e.g., Ok-
abe et al., 1988�. Frequency-shift rate was also uniform
through adulthood, where no changes in middle-ear function
have been reported, and continued to be uniform in the oldest
subject who was age 60 at the end of the study. Feeney and
Sanford �2004� reported aging effects on middle-ear function
in a subject group including 60 year olds. These non-uniform
changes in middle-ear function from ages 6 to 60 suggest it
is unlikely that changes in middle-ear stiffness could account
for the uniform frequency shifts over this age range.

The major determinate of SOAE frequency is the place-
frequency map of the BM, which is, in turn, primarily a
function of the exponentially varying stiffness of the BM
from base to apex. A continual decrease in BM stiffness with
age could account for the decline in SOAE frequency with
age. According to current models �e.g., Talmadge et al.,
1998� there are two components to BM stiffness, the passive
stiffness and an “active” component provided by the so-
called cochlear amplifier. The passive component is mainly
determined by the transverse fiber bands of the BM �e.g.,
Olson and Mountain, 1994�. There are no reports in literature
from which to assess any possible morphological changes in
these bands in the mammalian BM over age ranges equiva-
lent to those covered in our study, nor are there any reports
on measurements of passive BM stiffness over this age
range.

There are indirect measurements in humans, which
could be interpreted as reflecting a change in BM stiffness
with age. Ramotowski and Kimberley �1998� measured hu-
man BM traveling-wave delay in 91 subjects from 22 to 78
years of age and found a significant increase in delay as a
function of age. This increase in delay, which is independent
of hearing threshold differences, and is the opposite of what
would be expected from an increase in tuning bandwidth
with age, could be the result of a decrease in BM traveling-
wave velocity due to a decrease in BM stiffness. Among the
many caveats in comparing these data to our frequency-shift
data are that the rate of increase in traveling-wave delay
appears to become larger with age, which is not the case in
the SOAE frequency-shift data, and there are no data on the
age range from infancy to young adult. Also note that if these
data do reflect decrease in BM stiffness, it could be due to
changes in either the passive or the active component.

Because a component of stiffness is provided by the
cochlear amplifier, loss of efficiency of the amplifier would
presumably result in a reduction in stiffness and a concomi-
tant decrease in SOAE frequencies. All types of otoacoustic
emissions �OAEs� are manifestations of the existence of the

cochlear amplifier, and their levels are assumed to be an
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indirect reflection of cochlear-amplifier efficiency. Therefore,
studies of OAE levels with age should provide evidence re-
garding a possible decrease in BM stiffness due to a decrease
in efficiency of the cochlear amplifier with age. However, the
conductive mechanism also must be taken into account. For
example, the well-documented high levels of OAEs in in-
fants relative to adults are probably entirely attributable to
immaturities in the ear canal and middle ear �Abdala and
Keefe, 2006; Keefe and Abdala, 2007�. A study comparing
SOAE power �Burns and Keefe, 1997�, a measurement
which accounts for differences in probe impedance and
placement as well as ear-canal size, showed no differences in
the average power of SOAEs between 8-year-old children
and adults.8 The results of the present study showed a gen-
eral decrease in SOAE levels with age, but not a consistent
and uniform decrease in all SOAE levels as was the case for
SOAE frequency. Studies on evoked OAE levels as a func-
tion of age in adults show little consensus in the results �e.g.,
Cilento et al., 2003�. Some studies show a decrease in OAE
levels with age, which are independent of changes in hearing
threshold, and others do not. In most cases where threshold-
independent decreases in OAE levels are seen, high frequen-
cies show significantly greater decreases than low frequen-
cies �Dorn et al., 1998�.

Finally, the place-frequency map also could be shifted to
lower frequencies by a uniform addition of BM mass �per
unit length�. For example, Long and Talmadge �1997� con-
cluded, on the basis of modeling results, that the most likely
explanation for the small modulations in the frequency of
SOAEs that are correlated with heartbeat is the small in-
crease in mass of the BM that occurs with the increase in
blood flow with each heartbeat. As with BM stiffness, there
are no measurements of the morphology of mammalian BMs
over the age range equivalent to that in our study that might
provide correlative evidence for a continuous increase in BM
mass with age.

B. Long-term level shifts

In contrast with the totally consistent findings on fre-
quency shifts with age, the findings for level shifts were
much less consistent, both within and across subjects. Al-
though there was an overall trend for SOAE levels to de-
crease with age, in most subjects individual SOAE levels
might decrease, increase, or stay the same. A portion of this
inconsistency is obviously related to the inherent variability
of SOAE level measurements, both within and across ses-
sions, relative to frequency measurements. SOAE levels are
much more sensitive to external- and middle-ear acoustics:
Probe calibration, probe placement, cerumen in the ear canal,
changes in ear-canal size, and changes in middle-ear function
all can have significant affects on SOAE levels. Large
changes in the frequency stability of SOAEs also would af-
fect their level measurements, given the constant binwidth of
the measurements �12.5 Hz, 1983–1990; 10.8 Hz, 1991–
2003�.

Another factor is the interdependency often seen in the
levels of SOAEs in ears with numerous SOAEs. As dis-
cussed above, often the decrease in level �or disappearance�

of a particular SOAE is accompanied by the increase in level
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�or appearance� of a neighboring SOAE. Because we did not
include SOAEs that appeared after the initial measurement
session in the data analysis, this “energy conservation” as-
pect of SOAE levels was not totally taken into account. The
significant correlation between initial level and level shift—
higher initial level SOAEs showed greater level shifts—
presumably reflects the obvious: Higher level SOAEs have
more level to lose before disappearing below the noise floor.

Although in most subjects there was no evidence of an
overall decline in SOAE levels, a few subjects did show a
consistent decline in level with age. An example of this was
shown in Fig. 4. This subject was first measured at age 6.
Her SOAE levels were stable up to age 14, but all SOAEs in
both ears showed a decrease in level from age 14 until the
final measurement at age 26. The subject’s thresholds and
tympanograms were normal at age 26, and her transient-
evoked OAE levels were in the high end of the normal range.
The frequency shifts of her SOAEs were consistent with
those of the other subjects, and showed no obvious changes
in slope between the periods, which corresponded to stable
and decreasing SOAE levels. In short, there was nothing ex-
ceptional about this subject other than the uniform decrease
in SOAE levels.

The obvious explanation for a decrease in SOAE levels
with age would be a decrease in the efficiency of the co-
chlear amplifier with age. As discussed in Sec. IV A, the
evidence for such a decrease is equivocal.

C. Long-term stability of frequency/level instabilities

The disappearance or appearance of individual SOAEs,
both in the short term and the long term, is consistent with
the standing-wave model because of the stochastic nature of
the impedance irregularities that are the basis of the reflected
waves, and the spatial variations in the nonlinear amplifica-
tion necessary to maintain the waves �Talmadge et al., 1998;
Shera, 2003�. That is, the model predicts the nominal fre-
quencies at which SOAEs can occur, but whether a SOAE
will be present at one of these frequencies at any particular
time, and its level, depends on factors that can vary both in
the short and long term. However, the energy-sharing insta-
bilities noted in Sec. III A, i.e., noncontiguous-linked
SOAEs, contiguous-linked SOAEs, and bimodal SOAEs,
presumably reflect somewhat more complicated dynamics,
perhaps interacting standing waves between tonotopic reflec-
tion sites. The fact that some of these instabilities are them-
selves quite stable over years suggests that at least a portion
of the basis for these instabilities may be robust irregularities
in BM morphology, for example, extra rows of outer hair
cells at a particular location �Lonsbury-Martin et al., 1988�.

D. Threshold fine structure

The fact that the threshold fine structure of subject 18
shifted in frequency along with the shifts in his SOAE fre-
quencies is completely consistent with both the empirical
and modeling results �Talmadge et al., 1998� on the relation-

ship between SOAEs and threshold fine structure.

Edward M. Burns: Long-term stability otoacoustic emissions 3173



E. SOAE changes during pregnancy

McFadden �2008, 2009� presented strong evidence that
prepartum exposure to male gonadal hormones directly af-
fects the cochlear processes that produce SOAEs; for ex-
ample, the exposure to high levels of male hormones in the
womb “masculinizes” the ears of female opposite-sex-
dizygotic twins such that they tend to have fewer and weaker
SOAEs. There also are a number of auditory measurements,
both physiological and psychophysical, which fluctuate dur-
ing the menstrual cycle �summarized by McFadden �1998��.
It is therefore not unreasonable to suggest, as do Haggerty
et al. �1993� and Penner �1995�, that the monthly variations
in frequency of female SOAEs could be directly related to
fluctuating levels of the female gonadal hormones estrogen
and progesterone over the menstrual cycle.9

The results of our measurements on two subjects during
pregnancy do not lend much support to this idea, however.
The only consistent frequency shift in the SOAEs in the two
subjects was a small �about 0.6%� increase in frequency be-
tween the last prepartum measurement and the first postpar-
tum measurement. This is within the range of shifts seen
over the menstrual cycle for females; whereas estrogen and
progesterone levels in pregnancy, and, in particular, from late
postpartum to just prepartum, vary by almost two orders of
magnitude more than they do during a menstrual cycle
�Tulchincky et al., 1972�. In addition, both during a normal
menstrual cycle and during pregnancy there are other
changes occurring such as fluctuating levels of interstitial
fluids that could affect middle-ear function �e.g., Cox, 1980�,
which as noted above, profoundly affects SOAE frequencies.
In the one pregnancy subject where tympanograms were ob-
tained at each measurement session, the pre-postpartum in-
crease in frequency correlated with a decrease in peak com-
pliance of about 0.1 ml. Also, as McFadden �1998� noted,
most of the auditory measures that fluctuate over the men-
strual cycle are either definitely, or most likely, mediated at
post-cochlear levels of the auditory system. It thus seems
more likely that the small frequency shifts seen in SOAEs in
females over the menstrual cycle are related to middle ear-
effects rather than levels of female hormones per se.

F. Relevance of SOAE frequency shifts to pitch coding

The following second-order correlation is presented for
consideration by those readers interested in the apparently
never-ending saga of whether pure-tone pitch is coded pri-
marily by place or temporal information. The average SOAE
frequency shift of 0.25%/year leads to a semitone shift in
frequency after 24 years. Most possessors of absolute pitch
�AP� report that their AP shifts by a semitone about every 20
years �Ward, 1999�. The direction of pitch shift is, assuming
place coding of pitch, consistent with a decrease in the fre-
quency corresponding to a particular place along the BM as
the result of, for example, a decrease in stiffness of the BM.
The existence of a drug, which reversibly shifts AP �Cha-
loupka et al., 1994�, suggests an obvious experiment, using

subjects who possess both AP and SOAEs, which would lead
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either to a first-order correlation between SOAE frequency
shifts and shifts in AP, or would illustrate the irrelevance of
these shifts to pitch coding.

V. CONCLUSIONS

SOAEs uniformly decrease in frequency at about 0.25%/
year from shortly after birth to at least age 60. SOAEs also
decrease in level with age, but unlike the decrease in fre-
quency, decreases in level are not uniform or consistent ei-
ther within or across subjects. Female gonadal hormones
probably do not have a significant effect on SOAE frequen-
cies.
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1Kohler and Fritze �1992� gave the average yearly shift as 1.4%. However,
a perusal of their data shows that this was an error and the actual value is
0.14%.

2Super-emitters are arbitrarily defined as possessing 12 or more SOAEs in
at least one ear; possessing at least one SOAE greater than 10 dB SPL;
and, at some point, possessing one of the linked instabilities discussed in
the Introduction.

3Some investigators prefer to base SOAE frequency measurements on the
value obtained after the slow drift, which often follows placement of the
microphone in the ear, has dissipated. However, this entails having the
subjects sit quietly in the booth for up to 30 min, which is obviously not
practical for young subjects, and therefore we did not do so. In any case,
it is not clear that waiting for this apparently efferent-based shift, which is
highly variable across subjects, would lead to less-variable repeated mea-
surements across sessions.

4SOAEs in this paper are denoted by their nominal frequencies, i.e., their
frequencies when they were first measured. By the time the SOAE at 1378
Hz appeared, in the sixth year of measurements, the 1469 Hz SOAE had
declined in frequency to 1440 Hz. At this point, then, the separation be-
tween these SOAEs �about 4%� was smaller than the characteristic mini-
mum spacing of about 6% in this frequency range, although still within the
range of variability of characteristic minimum spacing �Shera, 2003�. In
this sense this SOAE pair was atypical for a bimodal instability, where the
usual spacing is on the order of 1%–2%.

5Stable SOAEs are usually inaudible to their possessor or are very faint,
even when measured at relatively high levels in the ear canal. Presumably
this is because SOAEs are subject to the same type of adaptation that is
measured psychophysically for low-level, pure-tone stimuli, i.e., “loudness
adaptation” and “tone decay” �e.g., Scharf, 1983�. SOAES that are un-
stable in level and/or frequency are, to varying degrees, released from this
adaptation. For bimodal SOAEs, which apparently switch frequencies and
are either “on” or “off” at a particular frequency, and for temporal condi-
tions where the “on-times” of these SOAEs are long enough that loudness
integration is complete �about 200 ms� and short enough so there is no
loudness adaptation �about 500 ms�, the equivalent level of the SOAE can
be determined by comparing their level in the ear canal, obtained from
STFT analyses, with the levels of tones matched in loudness to the
SOAEs. For the 1378/1469 pair, and another bimodal pair in the same
subject, the SOAEs were matched in loudness by tones whose levels in the
ear canal were from 15 to 20 dB higher than the levels of the SOAEs in
the ear canal. The value of 30 dB given in Burns, 1996 illustrates the
danger of the practice of submitting abstracts based on preliminary data.

6Note that, because some of the SOAEs in infants were not seen in the
earliest measurement sessions due to noisy measurement conditions, the
reference for frequency shifts in this figure is the final �8-year-old� mea-
surement rather than the initial measurement as in our other figures.

7The subjects who showed the largest cumulative frequency shift were

those studied the longest, the author and two of his children �subjects 18,
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3, and 6�. Thresholds measured in these subjects at the end of the study
were within normal limits with the exception of the high-frequency �8
kHz� loss in the author, which had also been present at time of initial
measurements.

8For SOAEs measured in the ears of both adults and children, the power
absorbed by the Etymotic ER-10C probe from the majority of SOAEs
ranged from 0.1 to 10.0 aW, with the power absorbed from the highest-
level SOAEs as large as 400 aW. The power was estimated from the
SOAE SPL recorded by the probe microphone, the measured source im-
pedance of the ER-10C probe, and the results calculated using an acoustic
transmission-line model of the ear canal between the tympanic membrane
and the probe. The model assumed that the ear canal was adequately
represented by a finite cylindrical tube with rigid and loss-free walls; these
assumptions are thought to be valid for older children and adults. The
model was specified in terms of ear-canal cross-sectional area and length.
The ear-canal volume was estimated using a tympanometric measurement,
assuming the same insertion depth for the tympanometry probe and the
ER-10C probe. Any small differences in insertion depth would produce
only small errors in the calculated power because of the absence of
standing-wave effects in the ear canal in the frequency range of the SOAE
measurements. The ear-canal cross-sectional area was estimated acousti-
cally based on reflectance measurements �Keefe and Abdala, 2007�, and
the ear-canal length was calculated as the ratio of volume to area.

9Haggerty et al. �1993� also suggested the possibility that the pineal hor-
mone melatonin, the levels of which correlate with the circadian rhythm,
might control the menstrual-cycle variations in SOAE frequency. How-
ever, more recent results �Parry et al., 2006� indicate that melatonin levels
are stable over the menstrual cycle in normal subjects.
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