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A B S T R A C T

In parallel with the auditory afferent system, the auditory efferent system is active in all parts of the auditory
pathways from auditory cortex to the cochlea. The auditory efferent system has two main segments: the rostral
and the caudal parts. The rostral part, which starts from the cortical centers to thalamic nuclei and continues into
collicular pathways in rostral brainstem, which sends its neural fibers to the main collicular nuclei especially
inferior colliculus. The caudal part includes the olivocochlear bundle, which originates from the superior olivary
complex and terminates on the cochlear hair cells. Most studies about the auditory efferent system have focused
only on the caudal part using otoacoustic emission suppression test. Speech-evoked auditory brainstem response
(S-ABR) as an electrophysiologic test that uses speech stimuli to simulate real-life auditory conditions, reflects
the performance of rostral brainstem centers, so structurally seems to be an appropriate candidate to examine
the rostral part of the auditory efferent system. Our hypothesis is that S-ABR in noisy condition, a typical
condition for stimulating the auditory efferent system, has the potential to be used as an objective noninvasive
electrophysiologic test for studying the rostral auditory efferent system in diagnosis and treatment/rehabilitation
follow-ups. In addition, S-ABR can potentially reflect higher-order auditory functions and the effects of their
dysfunctions on the lower brainstem. This characteristic makes S-ABR even more suitable tool for evaluation of
the efferent system. To evaluate our hypothesis, Eighteen normal hearing subjects in the age range of 18–25 were
tested in a pilot study for S-ABR in quiet mode and three signal to noise ratios of +10,0 and −10 for both ears.
Then we checked the correlation between the results of S-ABR in different conditions and scores of auditory
behavioral tests that auditory efferent system is involved in them: Consonant-Vowel perception in noise, dichotic
Consonant-Vowel-Consonant and sound lateralization in noise. The results of our pilot study showed a sig-
nificant correlation between S-ABR changes in noise with the scores of the behavioral tests in noisy or dichotic
situations. Findings of the current study suggest that S-ABR with specific contralateral noise can be an appro-
priate option for evaluating the performance of rostral part of the auditory efferent system and may be suitable
for top-down auditory training follow-ups, although the generalization of these results needs further studies in
different groups with different auditory processing abnormalities or skills.

Introduction

Various functions have been proposed for the auditory efferent
system, which its fibers have been identified in parallel to auditory
afferent fibers throughout the neural pathway of the auditory system

[1,2]. The auditory afferent system has been tested subjectively and
objectively by various behavioral and electrophysiological methods
from the most peripheral to its most central levels, while less attention
has been paid to the assessment of auditory efferent system due to the
neural cycles and complexity of its’ loops and chains [2]. Since the
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anatomical presence of the efferent cycles from the cortex to the rostral
auditory brainstem parts like inferior colliculus (IC) is confirmed
through last studies [3], limitation of access to the objective test for this
part of auditory system evaluation becomes more tangible.

Many studies have shown that the auditory efferent system is in-
volved in many auditory skills such as speech perception in noise, di-
chotic hearing tasks and sound localization in noise [4–6] and it is
suggested its role as one of the reasons for superior performances of
musicians and bilinguals in some auditory tests [7–9]. The pathways of
speech perception in noise, dichotic hearing tasks and sound localiza-
tion in noise are partly related to top-down processes and contribution
of the efferent auditory system [9–22,33,34]. Clinically, the defect of
these skills have been reported in central auditory processing disorder
(CAPD) [10], attention-deficit/hyperactivity disorder (ADHD) and
autism spectrum disorder [11], dyslexia and specific language impair-
ment (SLI) [12].

Most studies in the field of the auditory efferent system such as
otoacoustic emission (OAE) suppression are only limited to the ex-
amination of the medial olivary cochlear bundle (MOCB) at the low
brainstem or caudal part of the efferent system [13–19]. The use of OAE
suppression has inherent clinical and theoretical limitations. One of the
most important clinical limitations of OAE suppression test is its de-
pendency on middle ear function. Middle ear pathology can corrupt
OAE recordings. This test examines only the pathway from MOC to the
outer hair cells. Therefore, according to the cycles in the auditory ef-
ferent pathway [2], the results of the OAE suppression test cannot be
generalized to the upper parts of the efferent system. Objective as-
sessment and access to different parts of this system is as important as
the electrophysiological assessments carried out for different levels of
the auditory afferent pathway i.e. ECochG, ABR, AMLR, and ALLR.

Although there are some objective tests like the AMLR, ALLR and
P300 which can express to some extent the function of the rostral parts
of the auditory efferent system. However, there are many confounding
factors that interfere with their results such as, attention, memory and
other cognitive skills of higher levels can interfere with the results of
these tests [20]. Regarding the considerable efferent fibers entering to
the IC and the upper levels of the auditory brainstem, it seems possible
to study the rostral auditory efferent system with minimal cognitive
interference at the level of IC using speech evoked ABR (S-ABR) [21]. S-
ABR as an objective, non-invasive auditory test using speech stimuli,
can accurately simulate the performance of the auditory brainstem in
real-life conditions compared to conventional click ABR test. Studies on
S-ABR show that it can display the effects of the auditory abnormalities
or auditory skills on the lower-level responses [22–29]. Since noisy
conditions make the efferent system more active, we hypothesized that
adding noise to the test can actually be an appropriate option to study
the performance of the less studied rostral auditory efferent system. It is
expected that the activity of auditory efferent system at the IC and
upper brainstem can be shown with the speech evoked ABR in the
presence of contralateral noise (S-ABR/coN). To verify the validity of
this hypothesis through a noninvasive method in normal human sam-
ples, we tried to find the correlation between the S-ABR/coN with the
behavioral tests, which are partly related to the auditory efferent
system function.

Introducing a valid objective test for the rostral auditory efferent
system is necessary for the diagnosis of auditory processing difficulties
in young children or poor cooperation adults and for monitoring the
efficiency of treatment/rehabilitation methods. The speech perception
in noise, sound lateralization in noise and dichotic hearing test are three
auditory behavioral tests, which are partly related to the performance
of the auditory efferent system and are selected for the current study.
We used this model for the examination of our hypothesis in a pilot
group.

Hypothesis examination method

Eighteen subjects (10 females) aged 18 to 25 years (22.50 ± 3.40)
participated in the current pilot study, two participants were excluded
from the study, due to the poor S-ABR reproducibility. The participants
had bilaterally normal thresholds of< 20 dB in the frequency octaves
of 250 to 8000Hz audiometry (AC40, Interacoustic, Denmark)and type
An tympanogram with ipsilateral acoustic reflexes in 500, 1000 and
2000 Hz (AT235, Interacoustic, Denmark). with at least 1 dB suppres-
sion of TEOAE amplitude (evoked by 1024 sweeps of 60 dB peSPL click
stimuli in each ear with 70 dB peSPL broadband contralateral noise) to
approved normal function of MOCB through OAE suppression option of
ILO288 system (Echoport ILO 288, Otodynamic Company, UK). Normal
click-evoked ABR morphology and latencies that were recorded by
80 dBnHL rarefaction click stimuli with 10.3 stimuli per second rate in
10ms time window through Biologic Navigator Pro system (Navigator
Pro; Bio-Logic Systems Corp, Mundelein, IL, USA) was last inclusion
criteria. Click ABR was recorded to approve normal function of the
brainstem in click stimuli processing and as a prerequisite for S-ABR
test. Auditory brainstem peaks had absolute latencies of 1ms, 3ms and
5ms with± SD respectively for waves I, III and V. Inter-peak latencies
of I-III, III-V, and I-V of each ear are in normal clinical limit and the
interaural wave V latency was<0.2ms difference between ears. Just
right-handed volunteers (based on Edinburgh Handedness
Questionnaire) that were Farsi monolinguals without any music
training, participate in this study. The participants were selected
through a convenient sampling of Tehran universities students that had
entry criteria and none of them had a current or past history of neu-
rological disorders. All procedures were approved by the research
committee of the University of Social Welfare and Rehabilitation Sciences
(IR.USWR.REC.94.293) and complied with the Declaration of Helsinki.
Written informed consent was obtained from all for two sessions of
electrophysiological and behavioral assessments. After meeting inclu-
sion criteria, subjects underwent the evaluation of the S-ABR in quiet
and in the presence of contralateral noise with Biologic system
(BioMark of Navigator Pro; Bio-Logic Systems Corp, Mundelein, IL,
USA). Finally, behavioral evaluations including consonant-vowel (CV)
in noise test, Dichotic consonant-vowel-consonant (CVC) and sound
lateralization in noise were conducted through the calibrated laptop
(Sony, Vaio S series) and headphone (SHP6000, Philips).

Electrophysiological measures

The S-ABR data for both sides were recorded in quiet and in three
contralateral signal to noise ratios (SNR) (+10, 0, −10 dB). During the
recording, subjects were seated in a comfortable chair and were in-
structed to watch a silent wildlife movie. They were asked to stay
awake, relax and without any movement during recordings. All S-ABR
traces were recorded by the Biologic Navigator Pro System (BioMark of
Navigator Pro; Bio-Logic Systems Corp, Mundelein, IL, USA). Three
electrodes in the vertical array were used. The non-inverting electrode
was placed on Cz, inverting one on the ipsilateral earlobe (or mastoid in
some cases) and ground on the forehead with electrode impedances
below 3 KOhms. The /da/ stimulus was delivered with alternating po-
larity through insert earphones (ER-3, Etymotic Research, Elk Grove
Village, IL, USA) at 80 dB SPL with the rate of 10.9/s. A band-pass filter
was set to 100–2000 Hz. In the first step, two blocks (/da/) each con-
taining 3000 sweeps were delivered to each ear. In the next step, speech
stimuli were delivered with contralateral white noise in three SNRs
(+10 dB, 0 dB, and −10 dB, respectively). Two blocks of 3000 sweeps
were collected in each SNRs and added to make a sum of 6000 artifact-
free S-ABR traces. These responses were recorded for each one of the
four-stimulus situations (Quiet mode and three SNRs) in both ears.
During the recording procedure, 15 to 20min of rest was considered for
participants. Default stimulus for speech evoked ABR in BioMark ap-
paratus is a synthesized syllable /da/ with 40ms duration [30]. In final
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recorded traces, S-ABR peaks (V-A-C-D-E-F-O) were marked (Fig. 1).
Since studies including the present pilot have shown that the transient
parts of response are the most sensitive components to the noise
[31,32]] the difference of latency and amplitude of V and A onset peaks
and O offset peak were calculated and analyzed between quiet (only
target stimuli without noise or S-ABR) and noise conditions (S-ABR/
coN). The correlations between the results of auditory behavioral tests
and efferent system activation at the upper brainstem in auditory
challenging situations were studied and the S-ABR/coN validity for
evaluation of the rostral part of the auditory efferent system was
checked.

Selected Behavioral measures

Speech perception in noise

One of the most important functions of the auditory efferent system
is detecting the target signal like speech in the presence of background
noise [1,20,34,35]. Among the conventional speech perception in noise
tests, CV in noise test was used in the current study since its’ materials
(CVs) have more similarity to the S-ABR stimuli (/da/) and also in
comparison with the word or sentence stimuli, cognition and memory
are less involved in CVs perception. The version of CV in noise test that
was used in this study, consists of 25 single-syllable items, including
explosive consonants and long vowels in the presence of background
white noise [36]. Separate equivalent lists were used for quiet and −6
SNR level. The test scores were recorded as the percentage of correct
responses to stimuli in each presented mode (Quiet and −6 signal-to-
noise ratio).

Dichotic listening

One of the confirmed functions of the auditory efferent system at
brainstem level is its role in selective attention [22]. Dichotic listening
tasks are valid behavioral tools for evaluation of selective attention
[37–39]. To create the most difficult and challenging dichotic condition
and to minimize the probability of prediction of stimuli by participants,
the dichotic CVC test was used in this study. This test consists of 25
items in two lists include meaningless single-syllable CVCs that are
presented to both ears in dichotic mode [40]. The test was done in
selective attention mode focusing on one ear at a time. At first for the
instruction, the participants were asked to repeat test items that were
presented monaurally, and then they were asked to carefully track the
stimuli in the target ear and repeat it while ignoring the simultaneous

stimuli in the opposite ear (noise stimulus). The test scores were re-
corded as the percentage of the correct stimuli in each step and ear.

Sound lateralization in noise

Lateralization in noise as a challenging condition with auditory ef-
ferent system involved [9] was tested in the current study. Since sound
lateralization test can be carried out under the headphone [41,42], this
technique was used in our study. We evaluated the subjective later-
alization skill in quiet and in background noise situation to mimic real
life. Lateralization test was implemented under headphone by applying
interaural time difference (ITD) cues for low pass filtered noises with
the cut off frequency of 2000 Hz. In the ITD task, the stimuli were
presented binaurally. The interaural time delay varied in 220 μs steps
towards left and right to produce −880, −660, −440, −220, 0, +220,
+440, +660, +880 μs time difference, respectively (negative and
positive symbols correspond to preponderance towards the left and
right and 0 represents center position) making 9 different locations. By
these interaural cues, 9 imaginary positions were simulated in the
horizontal plane in front of the subject (Figs. 1 and 2). Participants were
instructed to point to the imaginary spatial position of the sound source
for test signals. The task was performed according to a two-alternative
forced-choice (2AFC) method. After lateralization test in quiet, the
same test was performed with high pass filtered continuous noise in
−5 dB signal to noise ratio, without any interaural time or intensity
differences (ITD and IID). The number of correctly detected locations in
quiet and noise were counted and used in statistical analysis.

Statistical analysis

Statistical analyses consisted of descriptive statistics including mean
and standard deviation of S-ABR latencies and amplitudes, CV in noise,
dichotic listening and lateralization tests. Normal distribution of data
was assessed by the Kolmogorov-Smirnov test. Then, the paired t-test
was used for comparison of two-mode lateralization and CV in noise
scores in quiet and noise, which showed normal distributions. The
Wilcoxon test was used for evaluation of effects of different noise levels
on peak latencies and amplitudes of S-ABR (lack of normal distribu-
tion). At the last step, the Spearman correlation was employed to
measure the degree of association between changes of behavioral test
scores and the S-ABR latency and amplitude secondary to applying
noise. All the analyses were conducted using version 19 of the
Statistical Package for the Social Sciences (SPSS). The significance level
adopted was 0.05 (5%), with confidence intervals of 95%.

Results

The results come in three parts including S-ABR and S-ABR/coN
findings, auditory behavioral tests findings, and the correlation between

Fig. 1. sample of the current study S-ABR record in response to /da/ syllable in
quiet in comparison with norms of 18–28 years old S-ABR (Norm response from
Moossavi A, et al. 2019 [33]).

Fig. 2. Schematic diagram of the imaginary sound source position under the
headphone in sound lateralization test.
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changes of these two types of evaluations.

S-ABR and S-ABR/coN findings

The latencies of V, A and O peaks significantly increased after
contralateral noise presentation in all SNR values (P-value < 0.05)
which was more significant in lower SNRs i.e. 0 and −10.

Auditory behavioral tests findings

In Auditory Behavioral measures, Paired T-test revealed a sig-
nificant decrease of CV perception scores in a noisy situation in com-
parison with Quiet in both ears (P-values < 0.05). Tables 1 and 2
shows the mean and standard deviations of dichotic CVC scores in se-
lective attention mode for both ears and lateralization in quiet and in
noise which revealed a significant decrease of lateralization score in the
noisy situation in comparison with quiet mode (P-values < 0.05).

Correlation of S-ABR/coN with auditory behavioral tasks in noise

Table 3 reveals the correlation between latency changes for V, A,
and O in different SNRs with changes in the score of three behavioral
tests. With reducing SNR, correlation coefficients between latency
changes with behavioral tests scores changes were increased V and A
waves. As it is summarized in Table 3, the lowest SNR i.e. −10 showed
the highest significant negative correlation between latency of S-ABR/
coN onset peaks and score of behavioral tests in noisy or dichotic. This
means that in cases with more changes in behavioral test scores in noise
or dichotic presentation (decrease scores), showed more changes in V
and A peaks' latency of S-ABR/coN (Increase latency) and cases with
more resistance to noise, showed less reduction in behavioral scores and
less latency increase. The correlations between V and A latency changes
and dichotic CVC score were not significant in −10 SNR for left ear in
left attention mode only. For offset peak i.e. O latency, no uniform
changes with SNR decrease and no significant correlation with none of
the behavioral test score changes in any SNRs.

A high positive correlation was seen between the changes in the
amplitude of the transient components of S-ABR/coN and changes in all
three behavioral test scores only in −10 SNR for the right ear (Table 3).
Although inter-subject and intra-subject high amplitude variability of S-
ABR peaks were seen in the current study, generally these results re-
vealed that cases with more reduction in behavioral tests scores,
showed more decrease in the amplitude of the transient S-ABR/coN
which was statistically significant in −10 SNR for right ear (in all three
behavioral tests). Correlation between S-ABR/coN transient peaks in
-SNR 10 and CVC dichotic test was not statistically significant in the left
ear but correlations were significant for CV in noise and lateralization
in noise tests in both ears. The findings in other SNRs showed an un-
specific model in comparison with the changes in the behavioral test
scores.

Discussion

The present study was conducted based on our hypothesis about use
of S-ABR/coN for rostral auditory efferent system evaluation. In this
study we examined the performance of the rostral part of the auditory
efferent system by means of speech evoked ABR in contralateral noise
(S-ABR/coN) and its correlation with CV in noise test, dichotic CVC test
and lateralization in noise as behavioral tests which partly evaluate the
efferent system function, indirectly. The main efferent pathway in the
rostral part of the auditory system has been defined from contralateral
thalamocortical level to IC and to show its performance, we used con-
tralateral noise during S-ABR recording. Introducing noise to S-ABR test
had more effects on the onset and offset peak latencies and amplitudes,
which is in line with other studies [31,32,43].

Correlation analysis between electrophysiological with behavioral
measures revealed a high correlation between electrophysiologic
changes of transient onset V and A peaks of S-ABR with the degree of
changes in selected behavioral tests.

By introducing noise, a significant decrease was seen in the CV in
noise test scores, such a result is in accordance with the findings of Lotfi
et al. and de Boer et al. [36,44]. Lotfi et al. confirmed behaviorally
performance improved as SNR increased without the comparison of any
correlation with objective tests or performance of the auditory efferent
system [35]. De Boer et al. determined not only improved CV in noise
perception with SNR increase but also reported the correlation between
CV in noise scores with OAE suppression that was opposite to the an-
timasking hypothesis. They report that individuals with stronger OAE
suppression tended to show greater noise-masking effects on CV pro-
cessing. The current results indicate that reflexive MOC activation is not
always beneficial to speech-in-noise processing and higher levels con-
trol on this reflexive pathway is the key for antimasking effects of this
part of the auditory efferent system [43]. In this study, we examine this
correlation between CV in noise perception (in different SNRs) with
rostral parts of auditory brainstem through S-ABR/coN. Significant
negative correlations were seen between the changes of V and A peak
latencies in S-ABR/coN and CV in noise scores, meaning that more
decreases of CV in noise scores accompanied with more latency in-
creases in S-ABR/coN onset peaks. This finding is in accordance with
the de Boer et al. findings for CV evoked ABR with use of ipsilateral
noise in higher selected SNRs(+20, +10). These high correlations in
our study were seen in most difficult test situation i.e. −10SNR perhaps
it's due to the dominance of contralateral neural pathway in the audi-
tory efferent system. We selected contralaterally pathway based on the
previous study of Schochat et al. in 2012 [20]. We propose the necessity
of investigating the difference between the noise presenting in the ip-
silateral, contralateral and bilateral manner for future studies in this
field.

Because of complex multi-factor relations and interactions in pro-
cess of speech perception in noise and as other factors besides the ef-
ferent system function have a contribution, so the correlation between
S-ABR changes with two other auditory behavioral tests that partly
were dependent on efferent system function was considered to analyze.

Another confirmed function of the auditory efferent system is its
role in selective auditory attention. Selective attention is a mechanism
that leads to the allocation of cognitive resources and the focus on
specific stimulus among several simultaneous non-target stimuli
[37,38]. In this study, dichotic CVC test with the meaningless items was
used as a valid behavioral tool for considering and evaluating selective

Table 1
Descriptive statistics of dichotic CVC scores in Quiet and Noise mode.

Ear Participants
(Num)

Minimum score
(Percent %)

Maximum score
(Percent %)

Mean (SD)

Right 16 53 93 66.3 (±12.4)
Left 16 46 80 62.75 (± 8.96)

Table 2
Descriptive statistics of Lateralization scores in Quiet and Noise mode.

Participants (Num) Lateralization mode Minimum score Maximum score Mean (SD)

16 Quiet 5 11 8.00 (±1.78)
16 Noise 2 8 4.13 (±1.89)
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attention. Our findings showed a significant correlation between the
changes of latency and amplitude of onset transient peaks of S-ABR/
coN (V, A) with the changes found in the scores of dichotic listening in
selective attention versus divided attention mode which potentially
shows the effects of the rostral auditory efferent system. These findings
were only seen in the right ear and in the most difficult situation i.e. the
lowest SNR value (−1 0). It seems that auditory efferent system at
rostral brainstem levels becomes operational after all other facilitative
options used in easier situations i.e. higher SNRs (0, + 10). The other
important finding in this part is S-ABR/coN correlation with right ear
scores in the dichotic test, which suggests that rostral auditory efferent
system might be one of the reasons for right ear advantage, which
usually see in dichotic tests. More studies with different methods seem
necessary to understand the effects of the auditory efferent system on
selective listening and dichotic tasks. Brainstem role in selective audi-
tory attention was reported previously [45,46] but not about the ef-
ferent system. Our findings also support a hypothesis of a relation be-
tween more central and more peripheral auditory lateralities based on
corticofugal control pathways as Markevych et al. found that those with
greater MOC strength were better at using the top-down corticofugal
skill in attend to the selective ear in dichotic tasks [7].

Since little knowledge is available about the laterality and details of
the auditory efferent system structures especially at the rostral part,
more evidence is needed to find a better side of stimulation in S-ABR/
coN.

Help to the identification of the signal in challenging conditions,
such as the presence of background noise is one of the well-known
functions of the auditory efferent system and as humans need to localize
sound sources in challenging noisy conditions for following target sti-
mulus, therefore localization/lateralization in noise was taken into
account in the current study. Andeol et al. reported a significant cor-
relation between localization scores in noise and OAE suppression,
therefore, suggested a facilitative role for caudal part of the auditory

efferent system for localization in noisy conditions [9]. Our findings
revealed that the decrease of lateralization behavioral scores in noisy
conditions had a significant negative correlation with the latency in-
crease of the S-ABR/coN transient peaks. Decrease of V and A ampli-
tudes of S-ABR/coN also showed a significant positive correlation with
the decrease of lateralization scores in a noisy situation. Since S-ABR
reflects the performance of rostral parts of the brainstem, according to
these findings we conclude that there is a facilitative role of the rostral
auditory efferent system for lateralization at least in low SNR values
such as −10.

Conclusion

The findings of the current study revealed that in high challenging
auditory situations, like speech perception in noise, dichotic hearing
situations and auditory lateralization in noise, rostral part of the au-
ditory efferent system at upper brainstem levels plays a special role,
especially in low SNRs. Our findings, obviously support that S-ABR/coN
provide a useful tool for examining the rostral auditory efferent system
and gives a screenshot of the collaboration between auditory afferent
and efferent systems for processing complex auditory stimuli in the
noisy situation at the level of upper brainstem. S-ABR/coN as an ob-
jective, noninvasive tool for evaluation of rostral auditory efferent
system also is expected to be suitable for monitoring the outcome of
top-down auditory training and controlling their effects on the auditory
efferent system.

The generalization of the results needs further studies with an ex-
tended sample size on different auditory disorders groups and different
groups with higher auditory processing skills like musicians and mul-
tilinguals.

Table 3
Correlation Coefficients (P-value) of S-ABR transient waves Latency and Amplitude changes with changes in
behavioral test scores (Right and Ear).

Significant r and p-values are shown with the highlight-bold font.
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