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The main aim of this work was to determine the influence of contralateral stimulation (CS) on the psy-
chophysical tuning curves (PTCs) and distortion product otoacoustic emissions (DPOAEs). PTCs and DPOAEs
were measured in two modes: in the presence or absence of CS. The contralateral signal was a wideband noise
(bandwidth 0.2-10 kHz) at a level of 50 dB sound pressure level (SPL). The primary tones (F; and F>) were
presented at levels of L; = 60 dB SPL, and Ly = 50 dB SPL. The signal frequency used in the measurements of
the PTC was 1 kHz or 2 kHz. For both PTC signal frequencies the CS significantly reduces the sharpness of the
PTCs. The average change in level of DPOAE under the influence of CS throughout the whole range of frequencies
takes an effect of suppression. The CS has a significant effect on decreasing the value of the quality factor (Qioroex)
of PTCs (F(1,9) = 19.36, p = 0.002). The CS caused a decrease in the level of DPOAE in 88% of cases. The
maximum suppression of the DPOAE level occurs for the F5 frequency from 1 kHz to 2 kHz.
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1. Introduction

Contralateral stimulation (CS) of the auditory system
is a method of examination which enables analysis of how
the efferent part of the auditory pathway functions [1-10].
The outer hair cells (OHCs) are largely responsible for
the active processes in the cochlea; and they have an ef-
fect on the cochlea’s micromechanics [11]. The outer hair
cells are connected to the efferent system via the medial
olivocochlear (MOC) system. Hence contralateral stimu-
lation by means of the MOC system has an effect on the
functioning of the OHCs [4]. Stimulation of the efferent
system has an effect on changes in the levels of otoacous-
tic emission (OAE) [4, 7, 9, 10, 12-15]; on reductions in
the masking effect for tone-burst signal types; and on the
intelligibility of speech when presented at a background
of noise [16-18]. Kumar and Vanaja [16], and Kim et
al. [17] suggest that the functioning of the MOC system
supports the process of speech perception against an in-
terfering noise. However, Wagner et al. [18] stated that
speech-in-noise intelligibility did not correlate with MOC
activity.

The distortion products OAE (DPOAE) are charac-
terized by the appearance of non-linear distortions, and
the highest registered level for these distortions occurs
for frequency Fpp = 2F) — F», where F and F, denote
the frequencies of primary tones [9, 19-21].

The DPOAE is often used in research on CS and in
investigations of the MOC system’s functioning. Con-
tralateral stimulation causes a reduction in the DPOAE
level (from 0.5 to 2 dB) [9, 22, 23]. Reduction in the level
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of OAE is known as the suppression phenomenon [4, 24].
Contralateral change in the value of DPOAE depends on
both the type and level of CS. The most effective sup-
pressor is the wideband noise (WBN) [14, 25]. In the
case of DPOAE fine structure, most suppression is ob-
served in the maximum range of DP-gram, whereas in
the minimum range the suppression is lower, or some-
times the enhancement effect of DPOAE signals can be
observed [8, 13, 26-28|.

On the whole, it can be stated that stimulation of the
efferent system inhibits the functioning of the cochlear
amplifier [29] which in turn can lead to a change in mask-
ing effect in the presence of CS [5, 30, 31].

Auditory masking is commonly used to assess the fre-
quency selectivity of the auditory system [32-35]. The
masking phenomenom can be determined by measuring
the psychophysical tuning curve (PTC) [36-40]. Mea-
surement of PTC is achieved by determining the masker
level at the auditory threshold of the tonal signal, at the
level of 10 dB sensation level (SL) for various masker
center frequencies. For individuals with normal hearing,
the minimum (tip) of the PTC corresponds to the fre-
quency of the tonal signal, and the PTC curve has a
steep slope of the low- and high-frequency sides. In cases
of damaged OHCs, a reduction of the frequency selectiv-
ity is usually observed [41, 42]. Tt reduces the dynamic
range of PTC considerably and decreases the PTC slope
of the low- and high-frequency sides [43, 44]. One of the
parameters characterizing PTCs is the value of Q19, de-
fined as the characteristic frequency (CF) divided by the
PTC bandwidth measured at 10 dB above the PTC tip.
Reduction of the frequency selectivity results in (among
other things) a lower (19 value.

Until now there has been little research conducted on
the effect of CS on PTC. Kawase et al. [30] and Vinay
and Moore [5] have shown that using a contralateral sig-
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nal causes changes in the slopes of the low- and high-
frequency sides of PTC and the value of Q19. Kawase et
al. [30] have demonstrated that using CS in the form of
WBN leads to a reduction in masker level at the thresh-
old for frequencies below CF. This research was carried
out for a test tone frequency of 2 kHz. Then Quaranta et
al. [31] showed that for the test tone frequency f = 1 kHz,
the value of @Qigincreased during contralateral stimula-
tion, whereas for f =4 kHz Q¢ it was reduced.

Vinay and Moore [5] demonstrated that for signal fre-
quencies of 2 kHz and 4 kHz, CS significantly reduced
the masker level at the threshold on both the low and
high-frequency sides of the PTCs, and the Q19 values
decreased significantly. For the lower signal frequencies
(0.5 kHz and 1 kHz), the masker level required for the
threshold on the low-frequency sides of the PTCs in-
creased with CS, and the Q19 values increased signifi-
cantly. This would suggest that in the lower frequency
bands the efferent system causes an increase in frequency
selectivity, whereas in the higher band (2-4 kHz), fre-
quency selectivity is reduced.

To determine PTCs, the method used involves estab-
lishing the level for the band of noise that is required
to just mask the test tone, for several masker center
frequencies [45]. However, this method is rather time-
consuming and determining one PTC can take around 90
minutes. Sek et al. [39] and Sek and Moore [46] worked
on a method of PTC measurement which involved con-
tinually sweeping band of noise. This method, known
as the FAST-PTC method for determining PTC, yields
very similar results to the classic method, and yet short-
ens research time to a few minutes. Furthermore, the au-
thors provided the optimal values of the sweeping band
of noise which yield results comparable to the results de-
rived from using the classic method. For subjects with
normal hearing, the tip of the PTC is located close to
the signal frequency. PTCs can be used for estimation
of the auditory filters because the frequency character-
istic of the auditory filter can be obtained by inverting
the PTC [40]. The squared frequency response of the
auditory filters can be approximated by the rounded ex-
ponential function (Roex) [40, 47]. This approximation
means that the tip of the PTC can be estimated, as can
the slopes of the low and high frequency “tail” of the PTC
and also the Q1 value.

The effect of the CS can be seen most clearly in the
reduced level of OAE in the wide frequency range [15],
which should be reflected by an increase in the Q1o value
of PTC as well as in the whole frequency range. However,
this has not been confirmed by research results [5, 31].

Bearing in mind the divergent values of Q}1¢ for var-
ious frequencies of the test tone given in the litera-
ture [5], research was carried out to determine the value
of Q19 for PTC, both in the presence and absence of con-
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tralateral wideband noise, for two test tone frequencies,
1 kHz and 2 kHz.

The aim of this work was to describe the effect of CS
on the value of Q19 by using the so-called FAST-PTC
method of measuring PTC. In order to confirm a sup-
pression effect of the OAE in the wide frequency range, a
measurement of DPOAE was also performed, in the pres-
ence of CS, to determine changes in the level of DPOAE
components at the frequencies Fpp = 2F; — F». An as-
sumption was made: that if in a wide frequency range
a suppression effect dominates [8, 15, 28], it should then
result in reducing the Q19 value in this frequency range,
in view of the contralateral stimulation.

2. Materials and methods

2.1. Subjects

Ten normal-hearing subjects participated in this study.
Their ages ranged from 19 to 24 years. The tonal audiom-
etry, determined by means of a clinical audiometer (AC
40 Interacoustics), comprised of measurements of hear-
ing thresholds at standard frequencies from 125 Hz to
8000 Hz. Subjects had no history of ear diseases and
they had hearing thresholds at or better than 15 dB
hearing level (HL) in both ears. The middle ear testing
performed by means of a Homoth tympanometer showed
normal middle ear function for all subjects.

2.2. Measurement of PTCs

PTCs were measured in two modes: in the presence or
absence of CS. A narrowband noise masker whose cen-
ter frequency was swept from below to above the signal
frequency was used in the measurements of the PTC.
The masker level was changed by the subjects during the
investigations. Sek and Moore [46] developed the Sweep-
ing PTC (SWPTC) software when the fast method for
PTC determination was implemented. The option of ad-
ditional CS was also added to this software. The con-
tralateral signal was a WBN (bandwidth 0.2-10 kHz) at
the level of 50 SPL. SWPTC software was installed on a
laptop computer with a good-quality sound card (Sound
Blaster X-Fi Xtreme)

A pure-tone signal and a narrowband noise masker
were presented to the same ear. The tonal signal was pre-
sented at a sensation level (SL) of 10 dB, and was pulsed
on and off in a regular manner. Each tone pulse and the
gap between successive pulses lasted 200 ms. The signal
frequency was 1 kHz or 2 kHz. The masker bandwidth
was fixed at 20% of the masker center frequency. The
masker level was increased whenever the subject pressed
the space bar to indicate that the signal was audible, and
was decreased whenever the spacebar was released. The
initial level of the masker was 50 dB SPL. The rate of
changes of masker level was 2 dB/s.

Measurements were repeated three times. In the con-
tralateral mode, the CS was presented continuously dur-
ing PTC measurement.
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2.3. Measurement of DPOAFEs

DPOAESs were measured using the Tucker-Davis Tech-
nologies (TDT) System 3. As with the PTC measure-
ment, two modes of the stimuli were used in the inves-
tigations (with and without the accompaniment of an
additional wideband noise to the contralateral ear). The
primary tones at frequencies F; and Fy, (Fy/F; = 1.22)
were generated using a 24-bit digital real-time signal pro-
cessor RP2.1 at 44.1 kHz sampling rate. The F5 fre-
quency ranged from 0.8 kHz to 6 kHz. Signals were sent
to the headphone buffer (HB7). Finally, signals from
the output of the HB7, via an insert earphone (Ety-
motic 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 sound pressure
waveform. The contralateral signal was a wideband noise
(bandwidth 0.2-10 kHz). This CS was generated via an
independent channel (RP2.1, HB7 and ER-2) at the level
of 50 SPL and delivered to the contralateral ear. The lev-
els of the primary tones and the contralateral signal were
calibrated by low-noise probe microphones (ER-10B+)
placed in the external ear canals, before basic measure-
ments. Owing to this, it was possible to ensure that an
appropriate level for the primary tones and the contralat-
eral signal was maintained each time the stimulus was
used. It should be stressed that the processes of all the
signal generation and acquisition were fully synchronized
by the TDT’s triggers system.

Primary tones were presented at the level of L; =
60 dB SPL, and Ly = 50 dB SPL. The generation and
acquisition of the DPOAE signal lasted 6 seconds. It
consisted of a 3-second acquisition in the absence of CS
and a 3-second recording in the presence of CS. A co-
herent averaging technique was used in the experiment.
Measurements were made for all F5 frequencies without
changing the probe position in the ear canal to minimize
its possible influence on the DPOAEs. The level of the
noise floor was estimated as an average of the amplitude
of 20 spectral lines adjacent to the Fpp component. The
frequency resolution of the Fast Fourier Transform (FFT)
was 0.17 Hz.

A bandpass filtering (20 Hz constant bandwidth, cen-
tered at frequency Fpp) of the recorded waveform was
performed and the Fpp component level changes versus
time were determined. The DPOAE levels with and with-
out CS were determined as mean values in time intervals
(1.5 s) which excluded a transient interval and comprised
relatively steady level values of the DPOAE temporal
record. The Fpp component was accepted as a significant
response when the signal-to-noise ratio of the DPOAE
exceeded 6 dB. The values of the DPOAE level changes
(ALpp) were defined as a difference between the mean
DPOAE levels with and without contralateral noise.

3. Results
3.1. Analysis of the parameters of the PTCs

Figure 1 shows an example of the PTC approximation
by means of the Roex procedure [46] for situations with-
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Fig. 1. An example functions of PTC for situations
without CS (left column) and with CS (right column),
at the signal frequencies of 1 kHz and 2 kHz. Black circle
indicates the level and the frequency of the signal. The
thin, continuous line shows the data from the experi-
ment, whereas the thicker line shows the course of the
Roex function using the method of the least-squares er-
ror fit. The thick, jagged line shows data used for Roex
function fitting.

out CS (left column) and with CS (right), at the signal
frequencies of 1 kHz and 2 kHz.

The thin, continuous line shows the data from the ex-
periment, whereas the thicker line shows the course of the
Roex function using the method of the least-squares error
fit [40]. The parameters of every Roex function included
filter quality (Q1oRoex), the PTC tip value (Minprc), a
slope of the low frequency sides (prroex), as well as the
high-frequency sides (puroex). The results also made it
possible to determine the value of the equivalent rectan-
gular bandwidth (ERBRoex). In Figure 1 it is clear that
the minimum Roex function does not match up with the
value of the frequency of the tonal signal and has slightly
higher value. This is an effect which is described in the
literature [39] and it is caused by the noise-band sweeping
(from low to high frequencies).

A two-way within-subjects analysis of variance
(ANOVA) was carried out on the Q1groex values, with the
factors “frequency” (1000, 2000) and “contralateral noise”
(on, off). A statistical analysis was performed using Sta-
tistica ver. 9.1 software (StatSoft Inc. 1984-2010). The
main effect of contralateral noise was statistically signifi-
cant (F(1,9) = 19.36, p = 0.002). The effect of frequency
was also significant (F(1,9) = 19.65, p = 0.002). The in-
teraction of frequency and contralateral noise (Fig. 2) was
not statistically significant (F(1,9) = 0.47, p = 0.512).

For all signal frequencies the CS significantly reduces
the sharpness of the tuning measured by the Q19roex Pa-
rameter. The highest decrease in the Q1proex value was
observed for f = 2000 Hz.
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Next, a two-way within-subjects ANOVA on the loca-
tion of the minimum PTC (Minprc) showed that the
effect of CS was not statistically significant (F(1,9) =
0.011, p = 0.919). The remaining parameters describing
the Roex function are the slopes of the low- and high-
frequency sides. The slope of the low-frequency side
(PLRoex) decreased when the CS was present and the
difference was statistically significant (F'(1,9) = 6.052,
p = 0.015). However, the slope of the high-frequency
side (puroex) did not change significantly in the presence
of CS (F(1,9) = 3.561, p = 0.061). Therefore, reductions
in the value of Q1groex Were largely caused by changes in
the slope on the low-frequency side of PTCs.

3.2. DPOAE level changes

For every subject, measurements of the DPOAE level
(Lpp) were taken, both in the presence and absence of
contralateral noise, at the frequencies of Fy from 845 Hz
to 6202 Hz.
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Fig. 3. Examples of DP-grams for 2 participants. The
empty circles denote the values of the DPOAE level
(Lpp) derived without CS, whereas the empty triangles
show them with CS.

Figure 3 shows example DP-grams for 2 participants.
The empty circles denote the values of Lpp derived with-
out CS, whereas the empty triangles show them with CS.
It should be emphasized that for the majority of frequen-
cies Fy, lower values of Lpp were obtained with CS. The
DP-gram functions for each participant vary, which has
been confirmed in many other studies on DPOAE for peo-
ple with normal hearing [19]. This is why in further anal-
ysis of the results, relative changes in DPOAE (ALpp)

DPOAE (ALpp) as the function of the F5 frequency.
The vertical bars denote one standard error.

are described as a difference between the value levels
without CS (Lpp) and value levels with CS (Lppcs)-
Figure 3 demonstrates that ALpp reached positive val-
ues in the range of local maximum DP-gram function
and in those ranges where DP-gram is a constant, in-
creasing, or decreasing function of frequency. In turn,
with the local minimum function of DP-gram it is pos-
sible to observe even insignificant increases in the value
level of Lppicg. This effect has also been observed by
other researchers [8-10, 26, 28, 48, 49].

Figure 4 shows the average values of ALpp as the func-
tion of the Fy frequency. The average change in level of
DPOAE under the influence of CS throughout the whole
range of frequencies takes on a positive value (an effect of
suppression) and hovers between around 0.3 dB for the
highest frequencies and about 2 dB for F; frequencies in
the 2 kHz range. The vertical bars denote one standard
error. It should be added that examples of increases in
the level of DPOAE were also recorded with CS, but they
only accounted for 12% of all the cases. It is therefore
possible to state that, for the whole range of the F; fre-
quency, in 88% of all cases the suppression effect occurs
for the acquired components of DP-gram.

4. Discussion

Contralateral stimulation utilized in OAE measure-
ments is an objective and non-invasive method which
enables the efferent parts of the auditory system to be
investigated. In the present study, results of research
into DPOAE and PTC in the presence of broadband con-
tralateral signal have been presented. The results of the
DPOAE investigation show a reduction in the 2F; — F;
component level in the presence of CS, in the whole range
of frequencies analyzed (from 845 Hz to 6202 Hz). The
average change in the level of DP reached values lower
than 2 dB (in the frequency range of around 2 kHz).
It has to be stressed that this unambiguous effect of
DPOAE suppression is observed when CS is a WBN. It is
then that the suppression effect is at its greatest. In cases
where noise bands or tonal signals are applied, change in
the level of otoacoustic emissions is either less or does
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not occur at all [12, 14, 25, 50]. Assuming that the av-
erage value for the sound pressure level of the DPOAE
is no higher than a few dB, the change in the level in
the presence of CS comes to several dozen percent of ac-
quired OAE. Above 2 kHz the value of ADP decreases
along with the increase in the frequency F5 (see Fig. 4),
which is in agreement with the results presented by other
authors [15].

Measurements of DPOAE did not include frequency
ranges below 800 Hz because of the high level of back-
ground noise, even though averaging was applied and the
measuring was performed in a soundproof booth. For the
investigation of DPOAE and PTC, the frequency range
1—2 kHz was the most significant.

As was mentioned earlier, Vinay and Moore [5] demon-
strated that up to the value of 1 kHz of the test tone,
an increase in Q19 in the presence of CS was observed,
whereas from the value of 2 kHz there was a decrease
in the value of Q19 in the presence of CS. A similar
dependence was obtained by Quaranta et al. [31] when
comparing the difference in the values of Q99 for PTC
determined for 1 kHz and 4 kHz. However, the results
presented by Quaranta et al. [31] have to be treated with
some care because a tonal signal was used as a masker.
It is well known that using a tone as a masking signal
when determining PTC leads to a beating phenomenon
which is a factor that can have an effect on the research
results [5, 38, 51]. It should also be added that Vinay and
Moore [5] and Quaranta et al. [31] applied a 1/3th-octave
wide band of noise as a contralateral signal.

Guinan and Gifford [3] used invasive procedures on cats
to measure tuning curves (TC) in neurons. They claimed
that electrical stimulation of the efferent system causes,
in most cases, a reduction in the value of Q5 in neurons.
However, for characteristic frequencies below 2 kHz the
opposite effect was observed in some cases, namely an
increase in the value of Q9. Consequently, two effects
that contradict each other have been observed: the partly
confirmed results of research on TC [3] and PTC [5, 30].
Such contradictory results are not observed when mea-
suring changes in the level of OAE in the presence of
CS. The results in this study (Fig. 4) as well as results
published by other researchers [15] demonstrate the ex-
istence of the suppression effect in the whole frequency
range 0.8-6 kHz. Assuming that a decrease in the level
of otoacoustic emission causes a decrease in the effect of
nonlinear functioning of the cochlea, one should expect a
decrease in the (1o value of PTC for analyzed frequen-
cies, which was confirmed in this paper.

This research, which used broadband contralateral sig-
nal, confirmed the hypothesis that there would be a de-
crease in the value of (Qigroex for the frequencies from
1 kHz and 2 kHz (Fig. 2). The larger decrease in Q1oroex
influenced by CS was observed for the frequency 2 kHz
(10%), and this Q1oreex reduction is consistent with the
highest DPOAE suppression for the 2 kHz frequency re-
gion. Decrease in the level of DP in the frequency range
1-2 kHz reached 1.2 dB on average, whereas for the fre-
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quency 2 kHz it reached a maximum average value of
1.8 dB.

It should be emphasized that the Q1o reduction is
closely connected with a statistically significant decrease
in the slope on the PTC low-frequency side during CS.
Guinan and Gifford [3] showed that electrical stimula-
tion of the MOC system raised the thresholds of fibers
for tones at the CF. The contralateral stimulation evoked
a decrease in the slope of the low-frequency side of the
PTC [52].

Comparing the results of this study with those pub-
lished by Vinay and Moore [5] the difference in the change
of the Q19 values during CS should be stressed. In this
study the reduction of Q1groex Was obtained for both
tested frequencies. These results are in line with the data
presented by Guinan and Gifford [3] who showed in most
cases, a reduction in the quality values of the TC, espe-
cially for the medium- and low-spontaneous rates of the
auditory-nerve fibers. Physiological findings obtained in
animals show that for cats, the MOC system has dif-
ferent patterns of innervation along the length of the
cochlea [1, 53]. The largest innervation corresponds to
the CF region near 3 kHz. Considering that the CF
is lower for humans than for cats [5], the results pre-
sented in this paper show a correlation between the high-
est DPOAE suppression, Q19 reduction and the largest
MOC innervation within the range of 2 kHz.

It is necessary to take into consideration the differ-
ences in the type of CS used. In this study the con-
tralateral signal was a wideband noise, however Vinay
and Moore [5] used a band of noise as the CS. Using
broadband CS seems to be justified because with mea-
surements of OAE this type of CS provides the greatest
suppression effect [14, 25].

This research used the ‘fast method’ of measuring
PTC because it yields comparable results to the classic
method [39]. To test the effect of the method of measur-
ing PTC has on the results, the author is going to carry
out an investigation of wideband CS by using the classic
method for determining PTC.

5. Conclusions

This study presents the results of research into
DPOAEs and PTCs in the presence of wideband noise
contralateral stimulation. The results allow the follow-
ing conclusions to be drawn:

e wideband noise contralateral stimulation has a sig-
nificant effect (F'(1,9) = 19.36, p = 0.002) on de-
creasing the value of Q1groex Of PTCs,

e the largest decrease in the value of Q1greex OCcurs
for test tone frequency of 2 kHz,

e the slope on the low-frequency sides of PTC
(PLRoex) significantly decreases (F'(1,9) = 6.052,
p = 0.015) as the effect of CS,
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frequency position of the minimum of the psy-
chophysical tuning curve (Minprc) is not signifi-
cantly change under the influence of CS (F(1,9) =
0.011, p = 0.919),

CS caused a decrease in the level of the DP com-
ponent (suppression effect) in 88% of cases, in the
whole F frequency range (from 845 Hz to 6202 Hz).
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