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Background and Objectives: Weak signals embedded in fluctuating masker can be per-
ceived more efficiently than similar signals embedded in unmodulated masker. This release
from masking is known as comodulation masking release (CMR). In this paper, we investi-
gate, neural correlates of CMR in the human auditory brainstem. Subjects and Methods: A
total of 26 normal hearing subjects aged 18—30 years participated in this study. First, the
impact of CMR was quantified by a behavioral experiment. After that, the brainstem correlates
of CMR was investigated by the auditory brainstem response to complex sounds (CABR) in
comodulated (CM) and unmodulated (UM) masking conditions. Results: The auditory brain-
stem responses are less susceptible to degradation in response to the speech syllable /da/ in
the CM noise masker in comparison with the UM noise masker. In the CM noise masker, fre-
quency-following response (FFR) and fundamental frequency (FO) were correlated with better
behavioral CMR. Furthermore, the subcortical response timing of subjects with higher CMR
was less affected by the CM noise masker, having higher stimulus-to-noise response correla-
tions over the FFR range. Conclusions: The results of the present study revealed a signifi-
cant link between brainstem auditory processes and CMR. The findings of the present study
show that cABR provides objective information about the neural correlates of CMR for
speech stimulus. J Audiol Otol 2018;22(3):128-133
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Introduction

The detection and identification of signals in a noisy envi-
ronment is one of the essential tasks of the auditory system.
The mechanism whereby the auditory system separates weak
signals from masking noise is a key challenge in auditory neuro-
science [1]. The detection of weak signals embedded in modu-
lated noise is more efficient than the detection of those embed-
ded in unmodulated (UM) noise both in animals and human
beings. Furthermore, the detection threshold of the signal can
be improved by presenting additional sound energy that is re-
mote in frequency from the signal having the same envelope
modulations in different frequency bands [2]. Comodulation

This is an Open Access article distributed under the terms of the Cre-
ative Commons Attribution Non-Commercial License (http:/creative-
commons.org/licenses/by-nc/4.0/) which permits unrestricted non-com-
mercial use, distribution, and reproduction in any medium, provided the
original work is properly cited.

masking release (CMR) demonstrates how such coherent mod-
ulations can facilitates signal detection in comodulated masker
[3]. CMR is defined as the difference between the threshold
of a signal in the comodulated (CM) masker and its threshold
with the UM maskers at the same bandwidth (UM-CM) [3].

CMR has been investigated for speech signals, and studies
show that the speech detection threshold and the speech dis-
crimination threshold can be improved by presenting modulat-
ed versus UM maskers in normal hearers [4-6]. However, neu-
ral mechanism that underlies CMR for speech has yet to be
fully described.

Neural correlates of CMR have been found in different re-
gions of the auditory system in animals, including the audito-
ry nerve, cochlear nucleus, primary auditory cortex, auditory
forebrain, and midbrain [1,7-12]. Compared to the cortex, co-
chlear nucleus neurons are more sensitive to tones embedded
in broadband-modulated noise. These studies indicate the im-
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portance of subcortical mechanisms of CMR in animals. In this
regard, inferior colliculus, medial geniculate body, and prima-
ry auditory cortex axis (IC-MGB-A1) have been introduced
as forming the pathway for the gradual extraction of signals
from noise and the representation of the auditory object in
the primary auditory cortex [8]. Neural correlates of CMR in
humans have been demonstrated in the cortex using magne-
toencephalography (MEG), functional magnetic resonance
imaging (fMRI) and electroencephalography (EEG) [13-16].

So far, objective measurements (EEG, MEG, fMRI) have
shown neural correlates of CMR at the cortical level in hu-
mans. Our search did not show any study of the correlates of
CMR at the auditory brainstem level in humans. The present
study was aimed to study whether there is a neural correlate
of CMR in the auditory brainstem in humans. This study is
an attempt to determine whether CMR is related to neural
representation of the fundamental frequency (FO) and other
components of speech in the brainstem. Moreover, the study
develops the knowledge of the subcortical encoding of
speech in noise. Additionally, the present study has potential
to show that neural representation of the FO and other com-
ponents of speech in brainstem can be used as neural indexes
of CMR in individuals with poor CMR (for example, hear-
ing-impaired listeners [17], children [18], adults with audito-
ry processing disorder [19] and cochlear implant users [5]).
We also explore the role of brainstem processes in CMR by
the auditory brainstem response to complex sounds (cABR).
The cABR is highly reliable [20] and unlike the cortical re-
sponses, it is pre-attentive and imitates the speech sounds re-
markably well [21]. Thus, two separate experimental tests
were conducted on the same normal hearing subjects. First,
the impact of CMR was quantified by a behavioral experi-
ment. After that, the brainstem correlate of the behavioral ef-
fect was investigated by cABR. We examined the hypothesis
that brainstem encoding of the FO and other components of
speech are diminished to a less degree by CM noise in com-
parison with the UM noise masker.

Subjects and Methods

Subjects

A total of 26 listeners aged 18—30 years [mean (M)=23.3,
standard deviation (SD)=2.4] participated in this study. None
of the subjects had any history of otological, audiological or
neurological problems. All subjects had pure tone thresholds
less than 20 dB HL at octave frequency between 250 Hz and
8,000 Hz. The listeners had normal latencies for click-evoked
ABR wave V (<6.8 ms at 80 dB SPL with a rate of 31.4 Hz).
All subjects went through at least a one-hour experience in be-
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havioral experiment prior to data collection. This study was ap-
proved by the Ethics Committee of Iran University of Medical
Sciences with the approval code (95/D/27799) and all partici-
pants have signed an informed consent.

Stimulus

The same stimuli were used in the behavioral and electro-
physiological experiments. Although previous studies have
investigated the impact of CM noise on neural responses us-
ing sinusoidal target signals [14,22,23], we chose speech syl-
lable /da/ as the target signal because that might occur under
more natural listening conditions. All stimuli were processed
using MATLAB R2014a (The MathWorks, Inc., Natick, MA,
USA). The syllable /da/ was a 40 ms five-formant speech
sound syllable synthesized using a Klatt synthesizer [24]. The
syllable /da/ began with a noise burst. The frequency compo-
nents were as follows: the FO: 103—125 Hz, the first formant
(F1): 220—720 Hz, the second formant (F2): 1,700—1,240 Hz,
the third formants (F3): 2,580—2,500 Hz, The fourth formant
(F4): 3,600 Hz (constant) and the fifth formant (F5): 4,500
Hz (constant).

For the masked test conditions, a speech-shaped noise was
added to the signal. The reason of using speech-shaped noise
was it can be the best choice to mask the speech syllable /da/
[25]. The masker was either UM or CM. To make CM mask-
ing noise, the speech-shaped noise was squared-wave modu-
lated at a rate 50 Hz, 100% amplitude modulation depth and
50% duty cycle. The noise masker was equated in RMS power.
The stimuli consisted of the signal and noise masker had a
sampling rate 44,100 Hz and converted to analog signal by a
16-bit sound card. The stimuli were attenuated by a program-
mable attenuator (PAS). In both experiments, all stimuli were
delivered monaurally to the right ear, and the left ear was kept
in silence.

Behavioral experiment

The subjects seated in a double-walled sound-treated test
booth. The stimuli were delivered monaurally to the right ear
using the TDH-39 earphones with MX-41/AR cushions. The
noise masker was always assigned a level of 60 dB SPL. The
duration masker was 100 ms, including 15 ms onset and offset
raised-cosine ramps. A three-alternative, forced-choice proce-
dure with adaptive signal-level adjustment was used to deter-
mine the threshold of the speech syllable /da/. Three intervals
were separated equally in time by 500 ms of silence. The
masker was presented in all three intervals and the signal was
randomly added only to one of the three intervals. The signal
was centered in the masker. The task for the subject was to
indicate by a key press which interval contained the speech
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syllable /da/. The initial signal level was 70 dB SPL. The sig-
nal intensity was adjusted based on two-down, one-up proce-
dure that tracked the 70.7% correct point on the psychomet-
ric function [26]. The initial step size was 4 dB. This step size
was halved after every second upper reversal until a minimum
step size of 1 dB was reached. The track was continued for
another six reversals. The average of these 6 last reversals
was taken as an estimate of the threshold. Three estimated
threshold were collected for each masking condition and the
average of these estimated thresholds was taken as the final
estimate of the threshold. The masked thresholds of the signal
were obtained for two masking conditions (CM and UM).
CMR is calculated as the difference between the threshold in
the UM condition and the threshold in the CM condition
(UM-CM).

Electrophysiological experiment

Brainstem responses were recorded in response to the 40
ms speech syllable /da/ using the Bio-logic Navigator Pro
system (Natus Medical Inc., Mundelein, IL, USA). The ex-
periment was conducted in an electrically-shielded, sound-
treated booth. During the experiment, subjects were seated in
an office chair that was individually adjusted for comfort.
Subjects watched a silent, subtitled movie. A vertical mon-
tage of 3 Ag-AgCl electrodes was used to record brainstem
responses [vertex (Cz) as active, ipsilateral earlobe as refer-
ence and forehead as ground]. Contacts impedance for all
electrodes was below 5 kQ with less than 3 kQ difference
across electrodes. The time window of analysis was 60 ms in-
cluding a 15 ms pre-stimulus period and 15 ms period after
stimulus offset. The high-pass and low-pass filters of 100 and
2,000 Hz, respectively were used. Online artifact rejection
was employed at =23 pV. The speech syllable /da/ were pre-
sented with alternating polarity in order to minimize cochlear
microphonic and stimulus artifact. Approximately 6,000 arti-
fact-free sweeps were averaged for each condition.

The syllable /da/ was presented at 80 dB SPL with an inter-
stimulus interval of 52 ms. The stimuli consisted of the signal
and noise masker were presented to the right ear through in-
sert earphones (ER-3A, Etymotic Research, Elk Grove Village,
IL, USA). The speech syllable /da/ was presented in three
conditions, quiet and with speech-shaped noise with and with-
out comodulation (CM and UM) at signal-to-noise ratios
(SNR) of +5 dB. The selected SNR values were selected based
on pilot tests. The entire data collection for each subject was
performed in a single session.

Statistical analysis
All statistical analyses were performed using the SPSS soft-
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ware v18.0. In the behavioral experiment, a paired samples t-
test was conducted to compare the average thresholds of the
signal in the two masking conditions (CM and UM). The ef-
fect of the noise masker on cABR was examined using repeated
measures analysis of variance (rANOVA) and paired samples t-
test. A p-value of less than 0.05 was considered statistically
significant.

Results

Behavioral experiment

The average masked thresholds of the syllable /da/ are shown
in Fig. 1. There was a significant differences between the
masked thresholds of syllable /da/ for the CM condition (M=
46.46, SD=2.58) and the UM condition (M=57.00, SD=2.43);
[t(25)=14.30, p=0.005]. The average CMR was 10.54 (+
3.75). The masked signal threshold was lower for the CM
condition than UM condition, indicating CMR.

Electrophysiological experiment

The cABR consists of a waveform with seven peaks, in-
cluding the onset (V and A), the onset of voicing (C), fre-
quency-following response (FFR) (D, E, and F) and offset (O)
peaks. In the quiet, all waves were identifiable for all subjects.
Four transient waves (V, A, C, and O) were omitted from the
analyses because they were diminished in the two masking
conditions. The FFR components (D, E, and F) were reliably
present in the two masking conditions. Hence, we restricted
the analysis to those. The brainstem responses were character-
ized by measures of peak latencies and amplitudes in the time
domain, magnitude of FO in the frequency domain and stimu-
lus-to-response correlations over the FFR (13—43 ms).

Fig. 2 shows the grand average speech-evoked brainstem

65

—

55 +

50 +

45 |

Signal threshold/dB SPL

35

CM UM

Masker type

Fig. 1. Comparison of the average masked thresholds of the sylla-
ble /da/ for the CM and the UM masking conditions. CM: comodu-
lated, UM: unmodulated.



responses from -15 ms to 60 ms in quiet and the two mask-
ing conditions (CM and UM) at the SNR +5 dB. Fig. 3 illus-
trates a significant effect of the masking conditions on the
brainstem responses. The rANOVA showed that the latency
and amplitude of the FFR waves for the two masking condi-
tions were significantly different from the quiet condition. In
other words, the maskers significantly increased latencies
[wave D: F(2,75)=4.27, p=0.001; wave E: F(2,75)=8.05, p=
0.001; wave F: F(2,75)=6.85, p=0.001] and decreased ampli-
tudes [wave D: F(2,75)=12.07, p=0.003; wave E: F(2,75)=
7.08, p=0.001; wave F: F(2,75)=11.65, p=0.002]. The paired
samples t-test showed that FFR waves D, E and F latencies
were significantly delayed in the UM condition from the CM
condition [wave D: t(25)=3.45, p=0.001; wave E: t(25)=
5.05, p=0.001; wave F: t(25)=6.34, p=0.001]. The peak am-
plitude of these waves also were significantly larger in the
CM noise masker in comparison with the UM noise masker
[wave D: t(25)=7.15, p=0.001; wave E: t(25)=2.46, p=0.001;
wave F: t(25)=4.24, p=0.001]. In the frequency domain, the
FO amplitude was significantly higher in the CM condition
from the UM condition [t(25)=3.46, p=0.001]. These results
suggest that brainstem representation of the FFR components
and FO plays a role in CMR for speech stimuli.

Neural synchrony in noise masker was evaluated by stimu-
lus-to-response correlations over the FFR (13—43 ms). Stim-
ulus-to-response correlations were larger in the CM condition
from the UM condition [t(25)=6.79, p=0.001]. These results
indicate that differences in stimulus-to-response correlations
between these two masking conditions could be attributed to
excessive response degeneration by noise masker in the UM
masking condition relative to the CM condition. These dif-
ferences are shown in Table 1.

Grand average brainstem responses

Amplitude (uV)

Comodulated
M,\/\,\/VWN\F/\N\N

E
Unmodulated
MMW
E
-15 0 15 30 45 60

Latency (ms)

Fig. 2. Comparison of the grand average speech-evoked brainstem
responses in quiet, the comodulated and the unmodulated masking
conditions.

Rostami S, et al.

Correlation between electrophysiology and behavior

Pearson’s correlations were used to explore a relationship
between the measures of CMR and the brainstem responses
in the CM condition. CMR was related to waves D, E, and F
latencies [r(26)=-0.76, p=0.001; r(26)=-0.82, p=0.001;
1(26)=-0.84, p=0.002, respectively] and amplitudes [r(26)=
0.85, p=0.003; 1(26)=0.76, p=0.002; r(26)=0.89, p=0.001,
respectively], such that higher CMR were indicate of earlier
latencies and greater amplitudes of these waves. Higher CMR
was associated with larger FO amplitude [r(26)=0.95, p=
0.001]. Correlation analyses showed a relationship between
CMR and stimulus-to-noise response correlations over the FFR
range [1(26)=0.73, p=0.002], in which higher CMR was asso-
ciated with reduced impact of CM masker on the brainstem
responses.

Discussion

The results of the present study revealed a significant rela-
tion between brainstem auditory processes and CMR. The
auditory brainstem responses are less susceptible to degrada-
tion in response to the speech syllable /da/ in the CM noise
masker in comparison with the UM noise masker. In the CM
noise masker, waves FFR were correlated with higher behav-
ioral CMR. Furthermore, the subcortical response timing of
subjects with higher CMR was less affected by the CM noise
masker, having higher stimulus-to-noise response correlations
over the FFR range. The findings show the importance of
brainstem encoding the FFR components and the FO of
speech for CMR. Therefore, the FO is an important cue that al-
lows a listener to identify and track target signal from among
CM noises. The magnitude and latency of the brainstem re-
sponses depend on a high degree of temporally synchronous

Grand average frequency-following responses

— UM masking condition — CM masking condition

Amplitude (uV)

Latency (ms)

Fig. 3. Comparison of grand average frequency-following respons-
es to the speech syllable /da/ in the CM and the UM masking con-
ditions. CM: comodulated, UM: unmodulated.
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Table 1. Comparison of significant speech-evoked brainstem responses measures in the comodulated and the unmodulated masking

conditions

Comodulated

Unmodulated

Mean=+SD Mean=+SD
Time Domain
Latency (ms)
D 23.164£0.212 24.181+0.177
E 31.732+0.193 32.804+0.294
F 40.271+0.238 41.291+£0.248
Amplitude (uV)
D -0.139£0.031 -0.092+0.011
E -0.202+£0.029 -0.133+£0.023
F -0.121£0.029 -0.063+£0.027
Frequency Domain
FO (uV) 0.048+0.019 0.031+0.015
Neural synchrony in noise masker
Stimulus-to-response correlations (the FFR range) (r-value) 0.210+0.037 0.142+0.081

SD: standard deviation, FFR: frequency-following response

firing among neurons. The FFR components also depend on
a high degree of synchronized firing of neural action potentials
[27]. Hence, the results suggest that spectral and temporal pro-
cessing at the brainstem may be the neural basis of CMR.

According to the outcomes of the present study, subjects
take advantage of brief temporal minima in the CM masker to
extract speech cues in the auditory brainstem level, also
known as “listening in the dips” [2]. The masking release is
reduced for the maskers with relatively flat spectrum, and a
steady-state noise is likely to mask the lower level portions of
speech. Other studies show that masking release and grouping
mechanism are interrelated since the latter is likely to vanish
in conditions such as loss of temporal fine-structure informa-
tion (as seen in cochlear implant users) and reduced spectral
resolution [5]. According to our findings, the brainstem en-
coding of temporal fine-structure information is an important
factor in CMR, which might result in stream segregation, au-
ditory grouping, and auditory object formation. Thus, the FO
and temporal cues contribute to auditory object formation, un-
derlying successful CMR.

The data of the present study are in line with the physiolog-
ical correlates of CMR in animal auditory systems [1,12]. In
Pressnitzer, et al. [12], responses in accordance with CMR
were shown by some of the recorded units in the cochlear nu-
cleus of guinea pigs. The response to the masker is significant-
ly reduced when a CM flanking band is added to the experi-
mental paradigm. In the ventral cochlear nucleus, the effect of
CM masker was determined in the inhibitory side-bands of
neurons. Researchers and experts generally believe that CMR
is linked to the wideband inhibition cells in onset-chopper
units of the cochlear nucleus, which is projected to the contra-
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lateral cochlear nucleus and inferior colliculus [28,29]. The
neural correlates of CMR at higher stages have been explored
by some studies [8,22]. According to these studies, while many
auditory aspects and the physical features of sound might be
processed in the brainstem (e.g., the inferior colliculus), the
configuration of these features to a separate perceptual object
occurs in the auditory cortex. These studies showed that the
gradual extraction of signals from noise and the organization of
auditory objects are revealed along the IC-MGB-A1 axis in
modulated noise. Although, previous studies have not demon-
strated a relation between CMR and brainstem auditory pro-
cesses in humans, we show a neural advantage for CMR in
the human auditory brainstem level.

The present data show that CMR is related to subcortical au-
ditory processing at the level of the response generator (mid-
brain) in normal hearing adults. Traditionally, the brainstem
is called the “old brain” and current theories are supported
by evidence that the brainstem can provide important infor-
mation about the processing of auditory signals [30]. Given
that many natural background sounds fluctuate at a broad
bandwidth, CMR can be considered as a type of evolutionary
adaptation of auditory systems for detection of sounds in back-
ground noise under coherent fluctuations. In fact, the brain-
stem can be viewed as an active interface of auditory peripher-
al and central systems.

The present findings contribute to the understanding of the
physiological mechanisms underlying CMR. Such under-
standing has other applications both in research as well as in
clinical implications. The cABR to speech syllable /da/ provides
an objective measure of the subcortical auditory functions
contributing to CMR. Hence, this objective measurement



might have an important role in the traditional audiological
tests, particularly in individuals with poor hearing speech in
noise that can be caused by hearing loss, aging, learning dis-
ability, auditory processing disorder, attention deficit disorder,
dyslexia, specific language impairment, and autism spectrum
disorder. An advantage of using cABR in the assessment of
CMR in the young and old population is that responses are
pre-attentive, objective, and reliable and can be recorded pas-
sively. Also, the findings of present study may have clinical im-
plications for diagnostic and management strategies for chil-
dren and adults with poor CMR and hearing speech in noise.

In conclusion, the results revealed a significant relation
between temporal and spectral processing at the brainstem
and CMR. The data of the present study reveal that cABR
provides objective information about the neural correlates of
CMR. The study show that neural representation of the FO and
other components of speech in brainstem can be used as neu-
ral indexes of CMR. This procedure is objective, effective
and fast. In the future, this procedure may play a role in the
audiological protocol, particularly in patients whose reported
hearing difficulties in modulated noise. Therefore, the speech-
evoked brainstem response is an objective measure of neural
mechanisms underlying comodulated masking release for
speech and has the potential to improve assessment and man-
agement of masking release difficulties.
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