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a b s t r a c t

The detection of amplitude modulation (AM) in quiet or in noise improves when the AM carrier is
preceded by noise, an effect that has been attributed to the medial olivocochlear reflex (MOCR). We
investigate whether this improvement can occur without the MOCR by measuring AM sensitivity for
cochlear implant (CI) users, whose MOCR effects are circumvented as a result of the electrical stimulation
provided by the CI. AM detection thresholds were measured monaurally for short (50ms) AM probes
presented at the onset (early condition) or delayed by 300ms (late condition) from the onset of a
broadband noise. The noise was presented ipsilaterally, contralaterally and bilaterally to the test ear.
Stimuli were processed through an experimental, time-invariant sound processing strategy. On average,
thresholds were 4 dB better in the late than in the early condition and the size of the improvement was
similar for the three noise lateralities. The pattern and magnitude of the improvement was broadly
consistent with that for normal hearing listeners [Marrufo-P�erez et al., 2018, J Assoc Res Otolaryngol
19:147e161]. Because the electrical stimulation provided by CIs is independent from the middle-ear
muscle reflex (MEMR) or the MOCR, this shows that mechanisms other than the MEMR or the MOCR
can facilitate AM detection in noisy backgrounds.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Many auditory perception tasks are harder in noisy than in quiet
backgrounds. For some tasks, however, performance in noise im-
proves as the probe sound is delayed from the noise onset, an effect
sometimes referred to as “noise adaptation” (Cervera and
Ainsworth, 2005; Marrufo-P�erez et al., 2018a). For example, lis-
teners with normal hearing (NH) recognize more syllables or words
in noisy backgrounds when the speech tokens are delayed from the
noise onset than when they start at the same time as the noise
(Ben-David et al., 2012, 2016; Cervera and Ainsworth, 2005;
Cervera and Gonzalez-Alvarez, 2007; Marrufo-P�erez et al., 2018a).
as de Castilla y Le�on, Uni-
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z-Poveda).
Similarly, the sensitivity of NH listeners to amplitude modulation
(AM) in quiet or in noise improves when the AM carrier is preceded
by a few hundred milliseconds of steady-state noise (Almishaal
et al., 2017; Jennings et al., 2018; Marrufo-P�erez et al., 2018b;
Sheft and Yost, 1990; Viemeister, 1979). Several physiological
mechanisms may underlie these improvements, including mecha-
nisms mediated by the medial olivocochlear reflex (MOCR). The
present study reevaluates the neural mechanisms responsible for
adaptation to noise in AM detection. To that end, we measured AM
sensitivity for cochlear implant users, whose MOCR effects are
circumvented by the direct electrical stimulation of their auditory
nerve.

The mammalian auditory nervous system contains afferent as
well as efferent fibers. Some efferent fibers terminate in the bodies
of outer hair cells (OHCs) in the cochlea (Warr and Guinan, 1979),
and may be activated reflexively by ipsilateral and/or contralateral
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Fig. 1. Envelopes at the output of a 10-channel processor for an unmodulated and
100% modulated (m¼ 1) carrier in ipsilateral noise. Carrier and noise levels were as in
the experiments (�20 dB FS and �30 dB FS, respectively). Unlike in the experiment, the
carriers in this example were preceded and followed by 5ms of noise. A. Modulated
carrier. B. Unmodulated carrier. C. Output envelopes for each processor channel. En-
velopes have been displaced vertically to avoid clutter. Arrows indicate the times and
channels at which the modulated and unmodulated carriers produced the largest
differences in amplitude. The numbers in the right and left ordinates indicate channel
number and the lower 3-dB cutoff frequency of the channel bandpass filter,
respectively.
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sounds (reviewed by Lopez-Poveda, 2018; Guinan,1996). Activation
of the MOCR could facilitate the detection of AM in quiet when the
AM carrier is preceded by noise (Almishaal et al., 2017; Jennings
et al., 2018; Marrufo-P�erez et al., 2018b). The idea is that the pre-
ceding noise activates the ipsilateral and/or the contralateral
MOCR. Activation of theMOCR linearizes the response of the basilar
membrane (BM) to the AM carrier at the cochlear region tuned to
the carrier frequency (Cooper and Guinan, 2003, 2006; Murugasu
and Russell, 1996), thus enhancing the effective AM depth as rep-
resented at the output of the BM. For an AM carrier embedded in
noise, the MOCR could also enhance the AM depth as represented
in the auditory nerve by restoring the dynamic range of auditory
nerve fibers to values observed in quiet (Guinan, 2006; Winslow
and Sachs, 1988; see Fig. 1 in Marrufo-P�erez et al., 2018b).

Some aspects in the data from previous studies seem consistent
with the MOCR explanation. For example, Almishaal et al. (2017)
reported worse (larger) AM detection thresholds when a short
AM carrier was presented in quiet without than with an ipsilateral
notched noise precursor at 40 dB sound pressure level (SPL). The
difference was greater at mid than at lower or higher AM carrier
levels, consistent with the precursor activating the ipsilateral
MOCR, linearizing the BM responses at moderate-to-high levels
(where the BM response is more compressive), and facilitating AM
detection. Jennings et al. (2018) reported that hearing-impaired
(HI) listeners (1) had better AM detection thresholds than NH lis-
teners when a short AM carrier with a moderate level (around
65 dB SPL) was presented in quiet,1 but (2) showed smaller im-
provements in thresholds than NH listeners did when a precursor
was used. Those results are consistent with HI listeners having less
compressive BM responses and a smaller change in BM compres-
sion as a result of MOCR activation. Marrufo-P�erez et al. (2018b)
reported worse AM detection thresholds for a short AM carrier in
simultaneous steady-state noise when the AM carrier started at the
same time as the noise than when the carrier was delayed 300ms
from the noise onset. This improvement occurred for a monaural
AM carrier presented in ipsilateral, contralateral, and bilateral
broadband noise (BBN) as well as in contralateral low-band noise
(LBN). For contralateral noise, the improvement was less for LBN
than for BBN, which is consistent with the reported smaller re-
ductions in otoacoustic emission (OAE) levels (i.e., less linearization
of BM responses by MOCR activation) for contralateral LBN than
BBN (Maison et al., 2000).

Some aspects in the results of those studies, however, are not
consistent with the MOCR explanation. For example, neural dy-
namic range adaptation could equally account for the better AM
detection thresholds in the presence than in the absence of a noise
precursor (Almishaal et al., 2017; see below). In addition, Marrufo-
P�erez et al. (2018b) showed that the magnitude of the temporal
improvement was similar for bilateral, ipsilateral and contralateral
BBN, which appears inconsistent with the greater reductions in
OAE levels when bilateral rather than ipsilateral or contralateral
BBN is used to elicit the MOCR (Berlin et al., 1995).

A difficulty in interpreting the results for NH listeners is that NH
listeners almost certainly have mechanisms other than the MOCR
that can contribute to the temporal improvements. For example,
the discharge rate of neurons in the auditory nerve (Wen et al.,
2009, 2012), the inferior colliculus (Dean et al., 2005, 2008), and
1 While we describe the experiments of Almishaal et al. (2017) and Jennings et al.
(2018) as AM detection in quiet, their AM probes were actually presented simul-
taneously with a notched noise. Our description is nonetheless justified because
this notched noise was used to minimize off-frequency listening rather than to
mask the AM probe and its level was so low (50 dB/Hz below the carrier spectrum
level) that it was unlikely to mask the AM probe.
the auditory cortex (Watkins and Barbour, 2008) adapt to the most
frequently occurring level in the acoustic stimulus. This causes a
horizontal shift of the neurons’ rate-level functions toward the
most frequent sound level, something that can facilitate the coding
of AM and thus AM detectionwhen the level of AM carrier is within
the dynamic range of the adapted rate-level function (see Fig. 1C in
Marrufo-P�erez et al., 2018b). The time course of dynamic range
adaptation (100e400ms) (Wen et al., 2012) is similar to the time
course of MOCR activation (277± 62ms) (Backus and Guinan,
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2006). Hence, it is conceivable that mechanisms such as dynamic
range adaptation can also contribute to the temporal improve-
ments. Indeed, Marrufo-P�erez et al. (2018a) found temporal im-
provements in word-in-noise recognition that were similar for
cochlear-implant (CI) users and NH listeners tested with vocoded
words. Because the electrical stimulation delivered by CIs is inde-
pendent from the MOCR (Lopez-Poveda et al., 2016), their study
shows that speech-in-noise recognition can improve over time
without the MOCR. Furthermore, because only speech envelope
cues were available to both CI users and NH listeners tested with
vocoded words (temporal fine structure speech cues were absent),
this suggests that AM detection might also improve over time
without the MOCR.

The aim of the present study was to investigate this hypothesis.
Here, we use the term “adaptation” to refer to any improvement in
AM sensitivity in noise over time, regardless of the mechanism
underlying this improvement. Our approach consisted of
measuring the temporal improvement of AM-in-noise sensitivity
for CI users. Because the MOCR exerts its inhibitory effect via the
OHCs (Guinan, 1996), and the electrical stimulation delivered by
CIs bypasses OHCs, MOCR effects are circumvented by the elec-
trical stimulation delivered to CI users (Lopez-Poveda et al., 2016).
Therefore, the existence of adaptation for CI users would show
that AM-in-noise detection can improve over time without the
MOCR. By contrast, if CI users do not show adaptation to noise,
then this would suggest that the MOCR may play a role in adap-
tation to noise in AM detection. To make the comparison between
NH and CI listeners as close as possible, we used an experimental
design similar to that used by Marrufo-P�erez et al. (2018b) for NH
listeners. In short, we compared AM detection thresholds for
brief (50ms) carriers presented monaurally at the onset (‘early’
condition) and delayed 300ms from the onset (‘late’ condition) of
an ipsilateral, contralateral, and binaural (diotic) steady-state
BBN.
2. Methods

2.1. Participants

Ten users (four women) of CIs manufactured by MED-EL GmbH
(Austria) participated in the study. Eight of themwore bilateral CIs,
and two of them wore a hearing aid in the ear opposite to the CI
(Table 1). AM detection thresholds were measured monaurally in
the implanted ear (unilateral CI users) or in the self-reported better
ear (bilateral CI users).

Participants were volunteers and were not paid for their ser-
vices. All of them signed an informed consent to participate in the
study. Experimental procedures were approved by the Human
Experimentation Ethics Committee of the University of Salamanca
(Spain).
Table 1
CI user information. For bilateral CI users, data refer to the test ear. R: right; L: left; M: m

Participant ID Bilateral/unilateral Better (test) ear Gender Etiology

SA007 Unilateral R M Unknown
SA006 Unilateral R F Unknown
SA008 Bilateral R M Unknown
SA009 Bilateral R M Hereditary
SA010 Bilateral R M Unknown
SA011 Bilateral L F Unknown
SA013 Bilateral R M Hereditary
SA014 Bilateral L M Meningitis
SA015 Bilateral L F Meningitis
SA016 Bilateral L F Unknown
2.2. Stimuli processing

CI users were not tested with their clinical audio processors but
with an experimental processing strategy that lacked automatic
gain control or any other form of dynamic (time varying) process-
ing that could have caused differences in AM thresholds between
the early and late conditions (e.g., Lopez-Poveda et al., 2016). The
strategy included a high-pass pre-emphasis filter (first-order But-
terworth filter with a 3-dB cutoff frequency of 1.2 kHz); a bank of
sixth-order Butterworth band-pass filters whose 3-dB cutoff fre-
quencies followed amodified logarithmic distribution between 100
and 8500 Hz; envelope extraction via full-wave rectification and
low-pass filtering (fourth-order Butterworth low-pass filter with a
3-dB cutoff frequency of 400 Hz); a fixed logarithmic compression
function to map the wide dynamic range of sounds in the envi-
ronment into the relatively narrow dynamic range of electrically
evoked hearing (Boyd, 2006); and continuous interleaved sampling
of compressed envelopes with biphasic electrical pulses (Wilson
et al., 1991). The number of filters in the bank was identical to the
number of active electrodes in the implant (Table 1), and equal
between the left- and right-ear processors.

Before testing commenced, electrical current levels at
maximum comfortable loudness (MCL) were measured using the
method of adjustments. Minimum stimulation levels (i.e., thresh-
olds) were set to 0, 5, or 10 percent of MCL values, according to each
participant's preference (Boyd, 2006).
2.3. Stimuli

The mathematical expression describing the AM probe was:

x(t) ¼ [1 þ m,sin(2pfmtþf)],sin(2pfct) (1)

where m is the modulation depth (0�m� 1), fm is the modulation
rate (40 Hz), f is the starting phase of the modulation (�p/2), fc is
the carrier frequency (1.5 kHz), and t denotes time in seconds. The
probe duration was 50ms, including 4-ms cosine squared rise/fall
ramps. The probe level was �20 dB full scale (FS), where 0 dB FS
corresponds to a signal with peak amplitude at unity. To match the
levels of the modulated and unmodulated probes, the level of the
AM probe was adjusted after applying the amplitude modulation.

The probe was chosen to be short in duration (50ms) to prevent
(or minimize) noise adaptation from occurring in the early condi-
tion, and the modulation rate (40 Hz) was chosen so that the carrier
frequency and the two sidebands (1460 and 1540 Hz) were not
perceived as separate frequency components. The spectrum of an
AM sinusoid contains the carrier frequency (fc) and two sideband
frequencies (fc± fm). Because the bandwidth of every frequency
channel in the sound processor was always greater than the 80 Hz
separation between the two sidebands, we assumed that CI users
ale; F: female; pps: pulses per second.

Age (years) CI use (months) No. of channels used for testing Pulse rate

49 126 11 1617
48 126 11 1653
16 129 10 1020
15 148 10 1538
16 172 10 1099
44 22 10 1754
8 83 12 1515
48 175 9 1846
35 147 11 1405
74 150 10 1493
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could not detect the sidebands as separate frequency components,
and that their responses during the task were based only on
detecting the amplitude fluctuations in the carrier envelope. Fig. 1
shows that for a 10-channel processor, these fluctuations were
largest for channels #5 and #6.

For bilateral CI users, AM detection thresholds weremeasured in
quiet and in the presence of BBN (0.1e10 kHz). The overall level of
the BBN was fixed at �30 dB FS (i.e., 10 dB lower than the probe
level), thus its spectrum level was about �70 dB FS (i.e., approxi-
mately 50 dB lower than the probe level). The BBN had a duration of
400ms in all conditions and was gated with 4-ms onset and offset
cosine squared ramps. The BBN was presented to the same ear as
the probe (ipsilateral noise), to the ear opposite from the probe
(contralateral noise), and diotically to the two ears (bilateral noise).
For each of the three noise lateralities, AM detection thresholds
were measured for AM carriers presented monaurally at the onset
(‘early’ condition) and delayed 300ms from the onset (‘late’ con-
dition) of the noise. This amounted to 7 AM detection thresholds
per listener: one in quiet plus six in noise (3 noise lateralities� 2
temporal positions). For unilateral CI users, AM detection thresh-
olds weremeasured in quiet andwith ipsilateral noise only, and the
hearing aid was turned off or removed during the measurements.

2.4. Procedure

AM detection thresholds were measured using a three-
alternative forced-choice (3AFC) adaptive procedure. Three in-
tervals were presented to the participants accompanied by brief
lights in a computer monitor, each of which lasted 400ms
(regardless of whether AM detections thresholds were measured in
quiet or in noise, see below). Unmodulated carriers were presented
in two of the three intervals and an amplitude modulated carrier
(the ‘target’) was presented in another interval. The interval con-
taining the target was chosen at random in each trial, and partici-
pants were instructed to identify the target interval by pressing a
key on the computer keyboard. Feedback was given to the partic-
ipants on the correctness of their responses. In the conditions with
noise, the noise was presented in the three intervals and the lights
turned on and off according to the onset and offset of the noise. In
the quiet condition, the carrier started at the same time as the light
or 300ms after the light onset.2 The silence period between the
intervals was 500ms in duration and it was defined as the period
between the offset and the onset of the brief lights.

The modulation depth of the AM probe (m) decreased after two
successive correct responses and increased after an incorrect
response (two-down, one-up adaptive rule). AM threshold was
thus defined as the modulation depth giving 70.7% correct re-
sponses in the psychometric function (Levitt, 1971). The modula-
tion depth varied using a logarithmic procedure as 20,log10(m),
and AM detection threshold in dB was obtained. m was equal to
0 (�∞ dB) for unmodulated stimuli, and it was equal to 1 (0 dB) for
100% modulation. The initial modulation depth was 0 dB and
changed by 4 dB until the second reversal in AM depth occurred
and by 2 dB thereafter. The procedure continued until 12 reversals
in modulation depth were obtained, and the AM detection
threshold was calculated as the mean of the modulation depths at
the last eight reversals. At least 3 AM thresholds were obtained for
2 Measuring AM detection thresholds for AM probes presented early and late
after the light onset was not necessary but was technically convenient because the
same software could be used to measure AM detection thresholds in noise and in
quiet by adjusting only the noise level (i.e., in quiet the noise level was set
to �3000 dB FS). AM detection thresholds in quiet were not different when the AM
probe started at the same time as the light onset or 300ms after the light onset
(p¼ 0.346; N¼ 6; two-tailed, paired Student t-test).
each condition and their mean was taken as the AM threshold,
except for participant SA007 in the ipsilateral-early condition, for
whom 2 AM thresholds weremeasured. An AM detection threshold
was discarded when the standard deviation within the measure
was greater than 4 dB. The proportion of discarded thresholds
ranged from 0% to 25%, depending on the participant, with a mean
value across participants of 5%.

The AM probe had only two modulation cycles. Therefore, the
AM-detection taskwas hard and some participants found it difficult
to discriminate the modulated from the unmodulated tones. Before
testing, training was provided. Training always included measuring
an AM detection threshold in ipsilateral noise at �35 dB FS but if
necessary the noise level, the modulation rate, and/or any other
stimulus parameter was modified until the participant became able
to reliably discriminate an AM probe with the characteristics
specified in the study at 100% modulation depth. Despite training,
some participants could not discriminate the AM probe in the early
condition (see below).

AM detection thresholds in quiet were usually measured first,
followed by the ipsilateral noise condition. Then, AM detection
thresholds were measured with contralateral or bilateral noise. For
each participant and noise laterality, the three (or more) AM
detection thresholds in the early and late conditions were
measured in random order. Because thresholds in quiet were the
first to be measured and thus were more likely to be affected by
insufficient training, an additional AM detection threshold in quiet
was measured near the end of the experiment for five participants.
This additional threshold was averagedwith the previous measures
to minimize possible training effects. For these five participants, the
thresholds in quiet measured at the end of the experiment were
only 1.4 dB better (on average) than those measured at the begin-
ning of the experiment. In addition, when AM thresholds for a given
participant and test condition tended to improve during the course
of testing, additional AM detection threshold(s) were measured
and averaged with the previous ones. Additional thresholds were
measured for the 34% of the test conditions (calculated combining
conditions in quiet and in noise across all participants).

2.5. Apparatus

A MATLAB software environment was used to perform signal
processing and implement test procedures. Stimuli were generated
digitally (at 20 kHz sampling rate, 16-bit quantization), processed
through the coding strategy, and the resulting electrical stimulation
patterns delivered using the Research Interface Box 2 (RIB2;
Department of Ion Physics and Applied Physics at the University of
Innsbruck, Innsbruck, Austria) and each patient's implanted
receiver/stimulator.

2.6. Statistical analyses

Repeated-measures analyses of the variance (RMANOVA) or
paired Student's t-test were used to test for the statistical signifi-
cance of temporal position and noise laterality on AM detection
thresholds. Based on the results for NH listeners (Marrufo-P�erez
et al., 2018b), we hypothesized that AM detection thresholds
would be better (lower) in the late than in the early condition.
Accordingly, we applied one-tailed tests when testing for differ-
ences in temporal position and two-tailed tests for all other com-
parisons. Independent-sample Student's t tests or mixed analyses
of the variance (ANOVA) were used to test for differences in AM
detection threshold or in the magnitude of the temporal effect
between CI users and NH listeners. The use of a mixed ANOVA is
appropriate when the same measure is performed in two groups
that belong to different populations (e.g., Detry and Ma, 2016). The
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comparison between NH and CI listeners seems reasonable
because, as described below, the stimuli and conditions were
identical across the two groups of participants, with the possible
exception of a few decibels in stimulus levels. The results of the
comparison, however, must be interpreted cautiously because the
signal processing evoking an auditory nerve response is different
for NH and CI listeners, and this can influence AMdetection to some
uncertain extent. For tests involving multiple groups or variables,
post hoc pairwise comparisons were conducted using Bonferroni
corrections for multiple comparisons. An effect was regarded as
statistically significant when the null hypotheses could be rejected
with 95% confidence (p� 0.05).
3. Results

Individual AM detection thresholds are shown in Fig. 2. For
SA007 and SA006, thresholds were measured only with ipsilateral
noise because those participants were unilateral CI users. Three
bilateral participants could not discriminate the AM probe in noise
from the unmodulated tones in the early conditions, even after
extensive training: SA009 in ipsi-, contra- and bilateral noise;
SA010 in bilateral noise; and SA016 in ipsi- and bilateral noise. For
these three participants, the AM thresholds in the early condition
were arbitrarily set to �1 dB (i.e., half the final step size in modu-
lation depth), which was deemed more conservative than setting it
to 0 dB for revealing any temporal effect on AMdetection threshold.
SA014 could not discriminate the AM probe presented in ipsilateral
or bilateral noise, either in the early or the late conditions. This
explains themissing data for SA014 in Fig. 2. Participants who could
and could not discriminate the AM probe from the unmodulated
tones were not different in age, time of CI use, number of channels
or pulse rate (compare SA009, SA010, SA016 and SA014 with other
Fig. 2. Individual AM detection thresholds for CI users in quiet and in bilateral, ipsi-
lateral and contralateral BBN. Each point is the mean of three or more measurements.
AM thresholds in noise are represented for the early (probe and noise started at the
same time) and late (probe started 300ms after the noise onset) conditions. Error bars
illustrate one standard deviation.
participants in Table 1). In addition, they were not different in
electrical dynamic range (not shown). Therefore, it remains un-
certain why the participants in question could not discriminate AM
from unmodulated tones.

Most individual participants showed a temporal effect or noise
adaptation; i.e., better AM thresholds for the late than for the early
conditions (Fig. 2). The groupmean thresholds are shown by circles
in Fig. 3A and were calculated based on the data for the seven
bilateral participants who could perform the task in the late con-
dition (data for SA007, SA006 and SA014 were excluded). A two-
way RMANOVA was conducted to test for the effects of temporal
position (early versus late), noise laterality (bilateral, ipsilateral, or
contralateral) and their interaction on AM detection thresholds.
The analysis revealed a significant effect of temporal position
[F(1,6)¼ 16.57, p¼ 0.004] and noise laterality [F(2,12)¼ 9.61,
p¼ 0.003]. The interaction between temporal position and noise
laterality was not significant [F(2,12)¼ 2.90, p¼ 0.093], which in-
dicates that the magnitude of the temporal effect was not statisti-
cally different across the three noise lateralities. Post hoc analyses
revealed a significant temporal effect for the bilateral
(mean¼ 5.4 dB; p¼ 0.005), ipsilateral (mean¼ 3.7 dB; p¼ 0.002)
and contralateral (mean¼ 2.8 dB; p¼ 0.021) noises (Fig. 3B).

Fig. 3 also shows AM thresholds and temporal effects for NH
listeners (N¼ 7, data replotted from Marrufo-P�erez et al., 2018b). A
comparison between AM detection thresholds for the present CI
users and for NH listeners is warranted since the stimuli and con-
ditions were similar across the two studies, including the probe
level (70 dB SPL for NH versus �20 dB FS for CI users, which cor-
responds to approximately 65 dB SPL in the clinical CI audio pro-
cessors of MED-EL) and the noise level (60 dB SPL for NH
versus �30 dB FS for CI users, which corresponds to approximately
Fig. 3. A. Mean AM detection thresholds for CI users (N¼ 7) and NH listener (N¼ 7) in
quiet and for contralateral, ipsilateral and bilateral noise in the early and late condi-
tions. Data for NH listeners are re-plotted from Marrufo-P�erez et al. (2018b) and they
are for the carrier level of 70 dB SPL and BBN level of 60 dB SPL. Error bars illustrate one
standard deviation. B. Mean temporal effect magnitude (early minus late AM thresh-
olds) for the three noise lateralities and for each group of participants. Asterisks
indicate statistically significant differences: *p � 0.05; **p � 0.01; ***p� 0.001.



M.I. Marrufo-P�erez et al. / Hearing Research 377 (2019) 133e141138
55 dB SPL). Fig. 3A shows that AM thresholds were different in most
conditions for the two groups of participants. In quiet, AM
thresholds were 7.5 dB better for NH listeners than for CI users
[t(12)¼ 4.30, p< 0.001; independent samples t-test]. In noise, a
mixed ANOVAwith participant group (NH listeners versus CI users)
as between-subjects factor and noise laterality and temporal po-
sition as within-subject factors revealed a significant interaction
between group and noise laterality on AM thresholds
[F(2,24)¼ 20.89; p< 0.001]. Post hoc pairwise comparisons with
Bonferroni corrections, however, revealed no statistically signifi-
cant differences in AM thresholds between CI users and NH lis-
teners for bilateral (p¼ 0.142), ipsilateral (p¼ 0.995) or
contralateral (p¼ 0.059) noise.

Finally, a mixed ANOVA with participant group as between-
subjects factor and noise laterality as within-subject factor was
used to test for differences on the magnitude of the temporal effects
between NH listeners and CI users. The analysis revealed no
interaction between noise laterality and subject group
[F(2,24)¼ 0.22; p¼ 0.803]. This indicates that the magnitude of the
temporal effect was not statistically different for the two subject
groups for any noise laterality (Fig. 3B).

4. Discussion

CI users tested with an experimental processing strategy
without dynamic processing showed adaptation to noise in AM
detection; that is, they showed better AM detection thresholds for
an AM probe presented in noise when the AM probe was delayed
300ms from the noise onset thanwhen the AMprobe and the noise
started at the same time. The magnitude of adaptation was not
statistically different from that reported by Marrufo-P�erez et al.
(2018b) for NH listeners tested using similar stimuli and experi-
mental conditions (Fig. 3B). In addition, as for NH listeners, the
magnitude of noise adaptation for CI users was not statistically
different for ipsilateral, contralateral, and bilateral noise, although
it tended to be slightly greater for bilateral noise (Fig. 3B).

Because the electrical stimulation delivered by CIs is indepen-
dent from both the middle ear muscle reflex (MEMR) and the
MOCR, the present results show that noise adaptation can occur
without the MEMR or the MOCR. Furthermore, because the
magnitude of noise adaptation was comparable for NH listeners
and CI users, this shows that adaptation can be similar in magni-
tude with and without the MEMR or the MOCR, at least for the
experimental conditions employed here. In addition, the existence
of adaptation for contralateral noise suggests that for CI users at
least, adaptation is not peripheral in origin and that it probably
occurs beyond the auditory nerve, possibly in neurons that inte-
grate stimuli from both ears. It would be wrong to conclude,
however, that the MEMR and/or the MOCR do not play a role in
noise adaptation for NH listeners, as discussed below.

4.1. Comparison with other studies for NH listeners

The comparison of the present results with studies for NH lis-
teners other than that of Marrufo-P�erez et al. (2018b) is not
straightforward because different studies have used different
experimental designs and/or stimuli. For example, Almishaal et al.
(2017) measured AM detection thresholds in quiet using a short
(50ms) monaural narrow-band noise carrier centered at 5 kHz
with a modulation rate of 20 Hz. The carrier was presented in the
presence and in the absence of an ipsilateral notched noise pre-
cursor of 200ms in duration and 40 dB SPL. For a 65-dB SPL carrier,
AM detection thresholds were 5 dB better with than without the
precursor, an improvement slightly greater than the temporal effect
of 3.7 dB reported here for CI users in ipsilateral noise (the most
similar condition). Jennings et al. (2018) presented a short (50ms)
2-kHz carrier in quiet, modulated at 40 Hz, at different levels with
and without a notched noise precursor of 200ms in duration and
40 dB SPL. For a 65-dB SPL carrier, NH listeners showed AM
detection thresholds that were about 2 dB better with thanwithout
the precursor, a value smaller than the 3.7 dB reported here.

The results of Almishaal et al. (2017) and Jennings et al. (2018)
were consistent with an activation of the MOCR by the precursor
enhancing AM depth in the cochlear mechanical response. While
the present findings show that noise adaptation can occur without
the MOCR (or the MEMR), the present evidence is insufficient to
reject the MOCR explanation for the data of Almishaal et al. (2017)
or Jennings et al. (2018). In those studies, AM detection thresholds
were measured for AM probes in quiet and preceded by an ipsilat-
eral noise precursor while here, the AM probe was presented
simultaneously with noise. Perhaps the activation of the MOCR by
the precursor is responsible for the temporal enhancement of AM
depth when the AM probe is presented in quiet but mechanisms
different from the MOCR can enhance AM depth when the AM
probe is presented in noise (see below). This difference in meth-
odology might also explain why Jennings et al. (2018) found small
or no temporal improvements in AM thresholds for HI listeners
while we have found close-to-normal improvements for CI users
even though neither CI users nor HI listeners are expected to have
normal MOCR effects [the evidence for abnormal MOCR effects in
HI listeners, however, is scarce and indirect; for existing evidence,
see Frisina et al. (2007) and Zhu et al. (2007)].

4.2. Possible mechanisms underlying adaptation to noise

The present data demonstrate that the sensitivity to AM in noise
can improve over time for listeners without a functional MOCR or
MEMR. Although the physiological mechanism underlying this
improvement remains uncertain, previous studies have revealed
that adaptation processes not related with the MOCR can enhance
the representation of AM in neural responses. For example, Coombs
and Fay (1985) demonstrated that the spikes of goldfish saccular
fibers were more synchronized to the amplitude modulations in
the stimulus when neurons showed short-term adaptation (i.e., a
progressive decrease in firing rate over the first 100ms after the
onset of the AM) thanwhen they did not. They further showed that
the synchronization to the amplitude modulations was even
greater under conditions inducing long-term adaptation (firing-
rate adaptationwith a time course of seconds or minutes). Neurons
in the brainstem of frogs (Bibikov, 2002, 2013; Bibikov and
Nizamov, 1996) or in the auditory nerve of cats stimulated with
CIs (Hu et al., 2010) also increase their synchronization to AM
progressively along time, i.e., synchronization increases as a func-
tion of firing rate adaptation. It is uncertain how firing rate adap-
tation can enhance AM coding but recent studies have revealed that
firing rate adaptation is associated with dynamic-range adaptation.
As firing rate adapts, the rate-level function of auditory neurons
also adapts toward themost frequently occurring level in the sound
(Fig. 3 in Wen et al., 2009). In other words, neurons show a
displacement of the rate-level function (together with a decrement
in firing rate) to adapt their dynamic range of operation to the
sound-level distribution. This adaptation occurs in the auditory
nerve (Wen et al., 2009, 2012) and at higher levels in the auditory
pathway (Dean et al., 2005, 2008; Watkins and Barbour, 2008), and
can last from hundreds of milliseconds to seconds (Dean et al.,
2008). Here, the probe level at the probe channels (#5 and #6)
(Fig. 1) were within 10 dB of the noise levels (Fig. 4). Therefore, the
rate-level functions of auditory neurons in the late condition could
have shifted horizontally toward the noise level (the longest
stimulus), and thus facilitated AM coding when the AM fell within



Fig. 4. A. Root-mean-square levels (in dB FS) at the output of a 10-channel processor
for the present stimuli. Results are shown for the noise (�30 dB FS) and for unmod-
ulated (m¼ 0) and 100% modulated (m¼ 1) carrier tones (1.5-kHz, �20 dB FS) (see
inset). Note that the output level to the unmodulated carrier and modulated carriers is
largest for Channels #5 and #6. The output level for the noise increases with increasing
channel number because the noise was broadband (0.1e10 kHz) and the bandwidth of
the filters in the CI processor increased with increasing channel number (see
Methods). B. Carrier-to-noise ratio (dB) for each processor channel.

Fig. 5. Level of the 40-Hz envelope component at the output of a 10-channel CI pro-
cessor for an AM probe (m¼ 1) in noise. The level is expressed in dB relative to the
peak value across channels. To illustrate the effect of noise variability, thin lines
illustrate values for 10 different noises. The thick line with open circles illustrates mean
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the adapted rate-level curve (as depicted in Fig. 1C of Marrufo-
P�erez et al., 2018b).

The detection threshold for pure tones embedded in noise are
typically higher for tones presented at the noise onset than for
tones delayed from the noise onset, a phenomenon known as
transient masking or ‘overshoot’ (Bacon and Moore, 1987). If the
AM carrier tone were undetectable in the early condition, or were
less audible in the early than in the late condition, this may have
caused AM detection thresholds to be worse in the early condition.
It is unlikely, however, that this explains the temporal improve-
ment in AM detection over time. First, all CI users reported to hear a
tone in the early condition even when they were not able to
discriminate the modulated from the unmodulated tones. Second,
NH listeners show temporal improvements in AM-in-noise sensi-
tivity evenwhen the carriers are presented at equal sensation levels
in the early as in the late conditions (Marrufo-P�erez et al., 2018b).

AM detection thresholds are known to be worse when the AM
probe is presented with a simultaneous masker modulated at the
same rate as the probe, even when the masker carrier is remote in
frequency from the probe carrier (Yost et al., 1989). This phenom-
enon is referred to as modulation detection interference (MDI)
because it is thought to reflect a difficulty in segregating themasker
AM from the probe AM (Hall and Grose, 1991; Yost et al., 1989; Yost
and Sheft, 1990). One might think that to perform the present task,
listeners had to segregate the AM of the probe from the inherent
envelope fluctuations of the noise. Indeed, some aspects in the
present data appear consistent with MDI. For example, MDI occurs
for ipsilateral and contralateral maskers (Bacon and Opie, 1994;
Yost and Sheft, 1990); MDI occurs for cochlear implant users
(Richardson et al., 1998); and more importantly, MDI decreases as
the AM probe is delayed from the onset of the masker carrier (e.g.,
Hall and Grose, 1991; Oxenham and Dau, 2001). Therefore, perhaps
the temporal improvement in AM-in-noise sensitivity reported
here and elsewhere may be reflecting a decrease of MDI over time.
To our knowledge, the physiological mechanisms for MDI or for the
decrease of MDI over time are uncertain, but some perceptual
characteristics of MDI appear inconsistent with dynamic range
adaptation. For example, MDI occurs even for AM masker carriers
as remote as two octaves below or above the AM probe (Yost et al.,
1989), and dynamic range adaptation presumably occurs only
when the frequency spectrum of the adapting sounds is within the
frequency response area of the adapted neuron. Therefore, if the
temporal improvements in AM-in-noise sensitivity reported here
and elsewhere (Marrufo-P�erez et al., 2018b) were a manifestation
of MDI, then dynamic range adaptation may be insufficient to
explain them; at least dynamic range adaptation in the auditory
nerve.

However, not every aspect of the present data is consistent with
MDI. AM detection thresholds in quiet were not statistically
different from those in simultaneous contralateral noise in the early
condition (two-tailed paired Student's t-test, N¼ 7, t¼ 1.22,
p¼ 0.267), indicating that MDI did not occur for contralateral noise.
Yet AM detection thresholds in contralateral noise were signifi-
cantly better in the late than in the early condition (one-tailed
paired Student's t-test, N¼ 7, t¼ 2.60, p¼ 0.021). In other words,
AM sensitivity in contralateral noise improved over time in the
absence of statistically significant MDI. In addition, MDI is largest
when the modulation rate of the masker matches the modulation
rate of the probe (Moore et al., 1995; Yost et al., 1989). Here, for a
100% modulated carrier in ipsilateral noise, the 40-Hz component
in the envelope spectra (the most interfering frequency) was at
least 10 dB lower for channels remote from the probe channels than
for the probe channels (#5 and #6) (Fig. 5). This undermines the
idea that the 40-Hz envelope fluctuations in the ‘noise’ channels
(i.e. channels remote from the probe channels) strongly interfered
with the probe AM. We note, however, that components in the
noise envelope spectrum different from the 40-Hz component may
also be contributing to MDI and affect AM detection thresholds to
some uncertain extent (Ewert and Dau, 2000).

In any case, whether or not the present temporal improvements
in AM sensitivity reflect a decrease of MDI over time, the present
study shows that those improvements can occur without theMOCR
or the MEMR.

4.3. AM thresholds for NH listeners and CI users

The level of the AM probe used here to test CI users (�20 dB FS,
or about 65 dB SPL) was close to that used by Marrufo-Perez et al.
(2018b) to test NH listeners (70 dB SPL), and yet AM detection
thresholds in quiet were better for NH listeners than for CI users
(Fig. 3A). This result is consistent with the results from Park et al.
(2015) and Jin et al. (2014), who presented the AM probe at the
same level for the two participant groups and found worse per-
formance for CI users than for NH listeners. The present result,
however, differs from the results of other studies that reported
similar (Donaldson and Viemeister, 2000; Shannon, 1992) or even
better (Shannon, 1992) AM detection thresholds for CI users than
for NH listeners. The reason for this difference is uncertain but AM
detection thresholds for CI users vary depending on multiple fac-
tors. For example, whereas AM sensitivity is independent of carrier
level for NH listeners (except at very low listening levels;
values across the 10 noise instances.
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Viemeister, 1979), AM sensitivity for CI users improves markedly as
carrier level increases (typically expressed as percent dynamic
range; Fu, 2002; Galvin and Fu, 2005; Fraser and McKay, 2012;
Pfingst et al., 2008; Donaldson and Viemeister, 2000), which can
result in AM sensitivity to be even better for CI users than for NH
listeners at high carrier levels (Shannon, 1992). In addition, AM
thresholds for CI users can vary depending on electrode location
(Pfingst et al., 2008) or stimulation rate (Galvin and Fu, 2005; Fraser
and McKay, 2012).

For both NH listeners and CI users, AM detection thresholds
were significantly lower (better) in quiet than in ipsilateral or
bilateral noise in the early condition, where adaptation has not yet
occurred (p< 0.05, Fig. 3A). However, adding noise increased
(worsened) AM thresholds comparatively more for NH listeners
than for CI users. For example, thresholds worsened 81% for NH
listeners versus 48% for CI users from quiet to the bilateral noise-
early condition, suggesting that CI users were relatively less
affected by noise than NH listeners. The reason is uncertain butmay
be related to stochastic resonance. For CI users, AM sensitivity
improves when low-level noise is added to the signal (Chatterjee
and Robert, 2001; Chatterjee and Oba, 2005). The interpretation
is that low-level noise possibly restores the stochastic responses
observed in the auditory nerve during acoustic listening but not
during electrical stimulation, and this restoration would improve
auditory perception. Perhaps, the comparatively smaller masking
effect of noise for CI users than for the NH listeners in the early
condition is due to CI users lacking the benefits of natural stochastic
resonance in quiet.

4.4. Open issues

While the present findings suggest that noise adaptation can
occur without the MOCR (or the MEMR), we cannot rule out that
theMOCR (and/or theMEMR) contributes to some uncertain extent
to noise adaptation for NH listeners. CI users and NH listeners may
have similar noise adaptation (Fig. 3B) because the MOCR is not
involved in adaptation for NH listeners or because CI users are
benefiting from different and/or enhanced neural adaptation
mechanisms. For example, it is conceivable that neural plasticity
might enhance neural dynamic range adaptation for CI users
compared to NH listeners to compensate somehow for the lack of
an MOCR.

Some issues remain open. For example, we have assumed that
because auditory nerve fibers stimulated with electric pulse trains
show firing rate adaptation (Zhang et al., 2007; Hu et al., 2010) and
short-term firing rate adaptation and dynamic range adaptation are
likely mediated by a common neural mechanism (Wen et al., 2012),
then dynamic range adaptation also occurs for electrical stimula-
tion. This, however, is yet to be shown. Second, to discard the po-
tential confound of transient masking, it would be useful to
objectively corroborate (e.g., using envelope following responses)
that for an AM probe in simultaneous noise, AM depth is gradually
better represented in the neural response as the probe is delayed
from the noise onset. Finally, throughout the present study, we
have considered neural dynamic range adaptation as a potential
mechanism underlying the temporal improvement in AM-in-noise
detection. This, however, is only speculation and the actual mech-
anism is yet to be elucidated. As reasoned above, if the improve-
ment were reflecting a decrease of MDI over time, then some
aspects of MDI may not be consistent with dynamic range
adaptation.

4.5. Final remark

Assessing the specific contribution of the MOCR to noise
adaptation for NH listeners using psychoacoustical tasks might turn
out impossible because the noise used to evoke the MOCR can also
evoke/induce other adaptation mechanisms such as, for example,
dynamic range adaptation. However, insofar as the present condi-
tion where the AM probe is embedded in noise is representative of
ecological listening situations where speech is presented in
competitionwith simultaneous noise, the present findings together
with those of Marrufo-Perez et al. (2018a) for word-in-noise
recognition demonstrate that, when MOCR effects are not avail-
able, mechanisms other than the MOCR can facilitate AM-in-noise
detection and word-in-noise recognition.

5. Conclusions

1. Cochlear implant users show ~4 dB better AM detection
thresholds when the AM carrier is presented later rather than
earlier in broadband noise.

2. The improvement occurs for bilateral, ipsilateral, and contra-
lateral noises, and the magnitude is not statistically different
across noise lateralities.

3. Themagnitude of improvement is not statistically different from
that for NH listeners when AM detection is measured using
similar stimuli and experimental conditions.

4. Because the electrical stimulation delivered by the cochlear
implant is independent from the middle-ear muscle reflex or
the medial olivocochlear reflex, the present results demonstrate
that mechanisms unrelated to these reflexes can enhance AM
cues and facilitate the detection of AM in noise over time.
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