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Contralateral stimulation of the auditory system causes changes in levels of otoacoustic emissions. The main
objective of this study was to determine the changes in the level of distortion product otoacoustic emissions for
contralaterally presented unmodulated broad-band noise, or amplitude modulated broad-band noise. Two types
of modulating signal were used in the investigations (sine or rectangular wave form). The modulation depth
was 100% for both the sinusoidal and the rectangular modulation. The modulation rate was 4 or 100 Hz. The
generation and acquisition of the distortion product otoacoustic emissions signal lasted 2 s. The values of the
distortion product otoacoustic emissions level changes were de�ned as the di�erence between the mean distortion
product otoacoustic emissions levels with and without contralateral stimulation. Ten normal-hearing subjects
participated in this study. The results showed that reduction in the level of the distortion product otoacoustic
emissions (suppression e�ect) was highest for the low F2 frequencies and decreased along with the increase in the
F2 frequency. The modulation type of the contralateral stimulation did not in�uence the mean suppression e�ect
signi�cantly. However, the distortion product otoacoustic emissions level reduction reached higher values for the
unmodulated contralateral stimulation than for the modulated, and these di�erences were statistically signi�cant.

PACS: 43.64.Jb

1. Introduction

The distortion products otoacoustic emissions
(DPOAEs) are characterized by the appearance of
non-linear distortions when two primary tones of the
frequencies F1 and F2, and the levels L1 and L2, are
delivered to the ear canal. The highest registered
level for these distortions occurs for the frequency
FDP = 2F1 − F2. These distortions concern nonlinear
mechanisms inside the cochlea which are associated
with the outer hair cells (OHCs) function. DPOAE
measurements enable the objective evaluation of human
cochlear functioning. They are applied in clinical exam-
inations in order to diagnose the inner ear. Changes in
OHC functioning are always re�ected in changes of the
DPOAE level [1, 2].
The nerve �bers in the medial olivocochlear system

(MOC) directly innervate the OHCs [3]. This connection
refers to the e�erent part of the auditory system. Stim-
ulation of the e�erent system can in�uence the OHCs
functioning.
Contralateral stimulation (CS) of the auditory system

is one of the types of auditory activation and enables
an analysis of functioning of the e�erent auditory path-
ways [4�6]. When the DPOAEs are measured in the
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presence of additional CS, changes in the DPOAE level
are observed [7�9]. Contralateral stimulation most of-
ten causes a reduction in the DPOAE level (from 0.5 to
2 dB) [10�13], however sometimes an increase in the level
of DPOAEs is observed [13, 14]. Reduction in the level
of otoacoustic emission (OAE) is known as the suppres-
sion phenomenon [6]. A change in the value of DPOAE
depends on both the type and level of CS. The most e�ec-
tive CS is wideband noise (WBN). Many authors prove
that using wideband contralateral signals produces a sig-
ni�cant reduction in the level of the OAE [15, 16]. When
the CS is a noise band or tonal signal, changes in the
level of otoacoustic emissions are lower or do not occur
at all [5, 15]. Increasing the level of CS causes the sup-
pression e�ect to be increased [17]. Changes in the level
of the OAE evoked by CS are often used as an indica-
tor of e�erent activity [18]. The opposite e�ect, i.e. of
enhancement, was observed only in a low percentage of
cases [3, 5, 13, 14].

There are not many papers concerning the problem
of the contralateral signal modulation on the OAE level
changes [10, 19�21]. Maison et al. [19] applied transient-
-evoked otoacoustic emissions (TEOAE) and used a fre-
quency modulated (FM) tone as a CS. Their results
showed that TEOAE amplitude was reduced by con-
tralateral FM signals, with signi�cant in�uences from
both the modulation rate and modulation depth. They
demonstrated that TEOAE suppression increased for the
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larger frequency deviation values. The results can be
compared to the phenomenon of increasing suppression
accompanying the increasing bandwidth of the CS [5].
Micheyl et al. [20] applied harmonic complex tones as

the CS, with the fundamental component F0 varying in
octave steps within the range from 50 Hz to 400 Hz.
They found that harmonic complex tones are as e�ec-
tive as a suppressor as broadband noise. Furthermore,
the TEOAE suppression e�ect is strongly dependent on
the F0 value. The reduction in TEOAE amplitude is
largest at F0's around 100�200 Hz and decreases at lower
and higher F0's. Overall, Micheyl et al. [20] stated that
the amount of contralateral suppression depends on both
the number and relative size of the peaks in the stimulus
wave form.
In another paper [21], a similar problem of the in�u-

ence of modulated CS on the TEOAE level was brought
up. Otoacoustic emissions were recorded in normal hear-
ing subjects, successively in the absence and presence of
contralateral noise that was either steady or modulated
sinusoidally, in amplitude at depths from 25 to 100%, and
with modulation rates from 50 to 800 Hz in half-octave
steps. The results obtained by Maison et al. [21] showed
that the TEOAE suppression e�ect induced by CS var-
ied depending on the modulation depth and modulation
rate of the contralateral amplitude-modulated noise. The
largest suppression e�ect was observed at the 100 Hz
modulation rate and 100% of modulation depth.
James et al. [10] measured contralateral suppression

of DPOAE in humans. They found that the magnitude
of suppression increased with contralateral stimulus in-
tensity and the onset latency of suppression was around
43 ms (31�95 ms). However Harrison et al. [22] stated
that the onset latency of suppression was 25 ms. They
used broadband noise stimuli as CS, presented at approx-
imately 30 dB SPL (sound pressure level) and increased
or decreased from the baseline in 10 or 20 dB steps. Ad-
ditionally, they observed that DPOAE amplitude closely
follows contralateral amplitude signals up to modulation
rates of approximately 20 Hz.
So far research has not been conducted on the scope of

the in�uence of amplitude modulated contralateral sig-
nals on the DPOAE level in a wide range of F2 fre-
quencies and for di�erent types of modulating signals.
The main objective of the present study was to deter-
mine changes in the level of DPOAE for contralaterally
presented unmodulated broad-band noise or amplitude
modulated broad-band noise. Two types of modulating
signal were used in the investigations (sine or rectangular
wave form).

2. Materials and methods

Ten normal-hearing subjects took part in this study.
Their ages ranged from 19 to 26 years old. The tonal
audiometry, determined by means of a clinical audiome-
ter (AC 40 Interacoustics), referred to measurements of
hearing thresholds at standard frequencies from 125 to

8000 Hz. Subjects had hearing thresholds at or better
than 15 dB HL (hearing level) in both ears, and they had
no history of ear diseases. The middle ear testing, per-
formed by means of a Homoth tympanometer, revealed
normal middle ear function for all subjects.
The DPOAE measurements were performed by apply-

ing analogous methods to those in the [13] investigations.
A Tucker�Davis Technologies (TDT) System 3 was ap-
plied in the DPOAE measurements. Two primary tones
at frequencies F1 and F2 (F2/F1 = 1.22) and the con-
tralateral signal were generated by a 24-bit digital real-
-time signal processor RP2.1 at a 44.1 kHz sampling rate.
The levels of the primary tones were L1 = 60 dB SPL,
and L2 = 50 dB SPL. The F2 frequency ranged from
1.5 kHz to 10.2 kHz. The signals were sent to the head-
phone bu�er (HB7) and next via an insert earphone (Et-
ymotic Research, ER-2) were delivered to the ear canal.
A low noise microphone (ER 10B+) inserted into the ear
canal in a soft plastic ear tip acquired the overall sig-
nal. For each subject the right ear was used as the test
ear. During the measurements subjects were seated in a
sound-treated room.
The contralateral signal was generated via an inde-

pendent TDT channel at the level of 60 SPL and was
delivered to the contralateral ear. The levels of the pri-
mary tones and the contralateral signal were calibrated
by low-noise probe microphones (ER-10B+) placed in the
external ear canals, before basic measurements.
Two modes of CS were used in the studies (without

and with additional broadband noise to the contralat-
eral ear). The contralateral signal was a wideband noise
(bandwidth 0.2�10 kHz) modulated through two types
of modulating signal (sine or rectangular wave form).
The modulation depth was 100% for both sinusoidal and
rectangular modulation. The modulation rate was 4 or
100 Hz. The generation and acquisition of the DPOAE
signal lasted 2 s. It consisted of a 1 s acquisition in the
absence of CS, and a 1 s recording in the presence of CS.
The values of the DPOAE level changes were de�ned as
the di�erence between the mean DPOAE levels with and
without CS.
A bandpass �ltering (8 Hz bandwidth, centred at fre-

quency FDP) of the recorded signal was performed and
the FDP component level changes versus time were de-
termined. The DPOAE levels with and without CS
were determined as mean values in time intervals (0.9 s),
which excluded a transient interval and comprised rela-
tively steady level values of the DPOAE temporal record.
The FDP component was accepted as a signi�cant re-
sponse when the signal-to-noise ratio of the DPOAE ex-
ceeded 6 dB.

3. Results

The OAE examinations were divided in two stages. In
the �rst step DPOAE level changes were estimated for
unmodulated CS. Figure 1 shows examples of DPgrams
which demonstrate the emission level of the DPOAE as
a function of F2 frequency in the lower frequency range.
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Fig. 1. Examples of DPgrams for two subjects. The
solid line and triangles refer to DPOAE without CS.

The solid line and open circles refer to DPOAE level
without CS, whereas the broken line and triangles de-
pict the FDP level with CS. Figure 1 indicates the lower
FDP levels for CS, particularly for the F2 frequency up to
3 kHz. This suppression e�ect ranged from a fraction of
a decibel to few decibels, depending on the F2 frequency.
Sometimes a slight FDP enhancement was also observed.
Changes in the DPOAE level for unmodulated CS were

determined for three frequency ranges. These results are
presented in Fig. 2, in the form of a scatterplot.

Fig. 2. Scatterplot of DPOAE level changes under the
in�uence of CS.

It should be emphasized that positive DPOAE di�er-
ence concerned suppression e�ect, while negative value
indicated enhancement. In most cases positive DPOAE
di�erences were observed, only in a few cases where en-
hancement e�ects were noticed. The greatest data scat-
tering was found for the low frequency range. Addition-
ally, in this frequency range the biggest suppression e�ect
was observed (up to 4 dB). The lower DPOAE suppres-
sion appeared in the middle and the highest frequency
(around 5 and 10 kHz, respectively).
Generally it should be stated that DPOAE suppression

is decreasing the function of the F2 frequency for the
whole F2 frequency range. Additionally, in 96% cases
the suppression e�ect was found. A one-way within-
-subjects analysis of variance (ANOVA) was performed.
This analysis showed that the e�ect of the F2 frequency
[F (37, 63) = 1.636, p = 0.042] was statistically signi�-
cant.
In the second stage of the research, amplitude modu-

lated CS was applied. Again, a one-way within-subjects

analysis of variance was performed. The factor was CS
and contained the following factor codes: �am_4 Hz�,
�am_100 Hz�, �rec_4 Hz� and �rec_100 Hz�. These codes
corresponded to the types of CS modulation used. The
results of the study are presented in Fig. 3.

Fig. 3. Mean DPOAE suppression as a function of CS
modulation type. Vertical bars indicate a 95% con�-
dence interval.

The ANOVA analysis revealed that the type of mod-
ulation did not have an in�uence on suppression value
[F (3, 366) = 1.869, p = 0.135]. It is clear from Fig. 3
that the smallest suppression was obtained for the 4 Hz
rectangular modulation and the largest for the 4 Hz sinu-
soidal modulation. However, these di�erences were not
statistically signi�cant.
Comparison of the research �ndings from the second

and third stage enables an overall view of the in�uence
of amplitude modulation on the change of DPOAE am-
plitude during CS. In this case, the ANOVA analysis
showed very statistically signi�cant di�erences between
the CS types (unmodulated or amplitude modulated)
[F (4, 466) = 9.629, p = 0.000]. This is shown in Fig. 4.

Fig. 4. Mean DPOAE suppression as a function of CS
types (unmodulated or amplitude modulated). Vertical
bars indicate a 95% con�dence interval.

The DPOAE level reduction reached the highest value
of about 1.7 dB for the unmodulated CS.

4. Discussion

The available research �ndings in the literature indi-
cate the signi�cant in�uence of contralateral modulation
of the contralateral signal on changes in the OAE level.
Some authors claim that this in�uence depends both on
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the modulation rate as well as the modulation depth
[19, 21]. Maison et al. [21] used sinusoidally modulated
broadband noise, presented contralaterally with modula-
tion rates from 50 to 800 Hz. They stated that the largest
TEOAE suppression e�ect was observed at the 100 Hz
modulation rate and this suppression was larger than
for unmodulated CS. The results of this work did not
con�rm conclusions from the examinations conducted by
Maison et al. [21]. Independently of the modulation type
and modulation rate, the suppression e�ect was lower
than for the unmodulated CS. Considering the conclu-
sions from Harrison et al. paper [22], for fast changes of
the CS amplitude envelope, the suppression should be
similar to that of the unmodulated signal. The results
showed in this paper did not con�rm this hypothesis.
Applying broadband noise as a carrier signal causes the
long-term spectrum of the signal to be almost the same
as the unmodulated signal. In other words, changes of
suppression can result only from temporal �uctuations in
the contralateral signal.
The results presented in this paper allow the following

conclusions to be formulated:

� For unmodulated contralateral broadband noise,
the DPOAE suppression is decreasing the function
of the f2 frequency for the whole frequency range.

� The modulation rate and the type of the modula-
tion did not have an in�uence on the suppression
value [F (3, 366) = 1.869, p = 0.135] during CS.

� The DPOAE level reduction reached a higher value
for the unmodulated contralateral signal than for
the modulated. This di�erence is statistically sig-
ni�cant [F (4, 466) = 9.629, p = 0.000].

Examinations concerning temporal analysis of the en-
velope of the FDP component in CS conditions are being
continued. Also a spectral analysis showed that in the
envelope of the non-linear component, the modulation
rate of the contralateral signal was reproduced.
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