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Abstract

Noise adaptation is the improvement in auditory function as the signal of interest is delayed in the noise. Here, we investigated
if noise adaptation occurs in spectral, temporal, and spectrotemporal modulation detection as well as in speech recognition.
Eighteen normal-hearing adults participated in the experiments. In the modulation detection tasks, the signal was a 200ms
spectrally and/or temporally modulated ripple noise. The spectral modulation rate was two cycles per octave, the temporal
modulation rate was 10 Hz, and the spectrotemporal modulations combined these two modulations, which resulted in a
downward-moving ripple. A control experiment was performed to determine if the results generalized to upward-moving
ripples. In the speech recognition task, the signal consisted of disyllabic words unprocessed or vocoded to maintain only enve-
lope cues. Modulation detection thresholds at 0 dB signal-to-noise ratio and speech reception thresholds were measured in
quiet and in white noise (at 60 dB SPL) for noise-signal onset delays of 50 ms (early condition) and 800 ms (late condition).
Adaptation was calculated as the threshold difference between the early and late conditions. Adaptation in word recognition
was statistically significant for vocoded words (2.1 dB) but not for natural words (0.6 dB). Adaptation was found to be sta-
tistically significant in spectral (2.1 dB) and temporal (2.2 dB) modulation detection but not in spectrotemporal modulation
detection (downward ripple: 0.0 dB, upward ripple: —0.4 dB). Findings suggest that noise adaptation in speech recognition is
unrelated to improvements in the encoding of spectrotemporal modulation cues.
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listeners can recognize up to 30% more syllables and tolerate
3 dB more noise while maintaining 50% correct word recog-
nition when the speech signal is delayed ~300 ms from the

Introduction

Background noise can hamper hearing. The negative effect of
noise, however, diminishes as the target sound is delayed a
few hundred milliseconds from the noise onset. The improve-

ment in auditory function as the target is delayed in the noise
has been referred to as adaptation to noise (Cervera &
Ainsworth, 2005; Marrufo-Pérez et al., 2018a, 2020) and
occurs in various auditory tasks including pure tone detection
(also known as “overshoot”) (Bacon & Takahashi, 1992;
Elliot, 1965; Jennings et al., 2011; Zwicker, 1965a, 1965b),
amplitude modulation (AM) detection (Almishaal et al.,
2017; Marrufo-Pérez et al., 2018b; Wojtczak et al., 2019)
and speech recognition (Ben-David et al., 2012; Cervera &
Gonzalez-Alvarez, 2007; Marrufo-Pérez et al.,, 2018a,
2020) (reviewed by Marrufo-Pérez & Lopez-Poveda,
2022). Regarding speech recognition, normal-hearing
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noise onset (Ben-David et al., 2012; Cervera &
Gonzalez-Alvarez, 2007; Marrufo-Pérez et al., 2018a). It
remains unknown which of the myriad speech cues
improve as the speech is delayed in the noise. Here, we inves-
tigate if adaptation in speech recognition relates to improve-
ments in the encoding of spectral (SM), temporal (TM), and/
or spectrotemporal modulation (STM) cues.

Adaptation to noise could be caused by a noise-induced
shift of the dynamic range of auditory neurons (reviewed in
Marrufo-Pérez & Lopez-Poveda, 2022). In a noise back-
ground, auditory neurons can shift their dynamic range
toward the background sound level (Evans, 1975) and/or
toward the most frequent level in the environment (Dean
et al., 2005). Dynamic range adaptation can occur throughout
the auditory system, from the auditory nerve (AN)
(Costalupes et al., 1984; Evans, 1975; Gibson et al., 1985;
Wen et al., 2009, 2012), to the inferior colliculus (Dean
et al., 2005, 2008; Rees & Palmer, 1989), to the auditory
cortex (Phillips & Hall, 1986; Watkins & Barbour, 2008,
2011). Several physiological mechanisms could be involved
in dynamic range adaptation, including the activation of
middle-ear muscle reflex (Costalupes et al., 1984; Gibson
et al.,, 1985; Grange et al., 2022), the activation of the
medial olivocochlear reflex (Dean et al., 2005, 2008;
Grange et al.,, 2022; Wen et al., 2009, 2012; Zilany &
Carney, 2010), or the dynamics of synaptic processes
related to the exocytosis and endocytosis of neurotransmitter
vesicles between cochlear inner hair cells and AN fibers
(Dean et al., 2005, 2008; Wen et al., 2009, 2012; Zilany &

Carney, 2010). Dynamic range adaptation can help encode
sound intensity (Dean et al., 2005, 2008; Wen et al., 2009,
2012), and thus TM and SM, as illustrated in Figure 1.

Speech signals contain TM, SM, and STM. TM pertain to
variations in energy over time, while SM manifest as changes
in energy over frequency. STM combine SM and TM, thus
appear in spectrograms as diagonal energy shifts
(Figure 2). Speech recognition depends primarily on the
information contained in the low SM (<4 cycles/kHz) and
slow TM (<12 Hz) (e.g., Elliott & Theunissen, 2009). The
ability of the auditory system to accurately encode the
pattern of modulations contained in speech is paramount
for successful speech recognition. Indeed, recognition
worsens when speech is spectrally (Ainsworth & Millar,
1972; Liu & Eddins, 2008; van Veen & Houtgast, 1985;
Zahorian & Jagharghi, 1993) or temporarily degraded
(Drullman et al., 1994). [Of course, it is not possible to
reduce the temporal information in speech without affecting
the spectral information or vice versa (Drullman et al.,
1994).]. Therefore, any process that improves the encoding
of speech modulations, for example, dynamic range adapta-
tion, could facilitate speech recognition.

It is not yet clear whether adaptation to noise in speech
recognition results from an improvement in the encoding of
TM, SM, or STM speech cues. Regarding TM, previous
studies have shown that for AM signals in noise, AM detec-
tion improves when the signal is delayed in the noise
(Marrufo-Pérez et al., 2018b) or preceded by a noise precur-
sor (Almishaal et al., 2017; Wojtczak et al., 2019). These
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Figure |. Schematic representation of the effect of neural dynamic range adaptation (DRA) on the encoding of temporal (A) and spectral
envelopes (B). (A) The temporal envelope (black solid line) of a signal is poorly encoded when the neuron’s response is saturated (blue solid
line). However, when the neuron shifts its dynamic range toward the noise level (N,), the encoding of the temporal envelope improves (red
dotted line). Figure adapted from Marrufo-Pérez et al. (2018a). (B) Similarly, the spectral envelope (black solid line) could be poorly encoded
in the neural rate profile when auditory neurons are saturated (blue solid line) but could be more faithfully encoded thanks to dynamic range
adaptation (red dotted line). Figure adapted from Ainsworth and Meyer (1994).
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Figure 2. Example spectrograms of the stimuli used in the spectral (first row), temporal (second row), and spectrotemporal modulation
detection tasks (third row). The target signal (broadband ripple noise) is shown in yellow. The background noise (white noise) is represented
in green, and silence is shown in blue. The left column illustrates the stimuli in the early condition, with a 50ms noise-signal onset delay. The
right column illustrates the stimuli in the late condition, with an 800ms noise-signal onset delay. The noise always ended 50ms after the signal
offset. For illustration purposes, the modulation phase was equal for all the stimuli. SM=spectral modulation; STM=spectrotemporal

modulation; TM=temporal modulation.

results are consistent with an improvement in the encoding of
TM related to dynamic range adaptation in auditory neurons
(Figure 1). Because of this, one might think that adaptation to
noise in speech recognition may be mediated by an enhance-
ment of the speech TM when speech is delayed in the noise.
However, as shown in Figure 1, dynamic range adaptation
could also enhance the encoding of SM. Indeed, computer
model simulations (Ainsworth & Meyer, 1994) show that
automatic speech recognition improves as the speech spectral
contrast in the AN rate profile improves when AN fibers shift
their thresholds toward the noise level. However, unlike for
TM, it is yet to be empirically shown that for signals in
noise, the sensitivity to SM or STM improves as the signal
is delayed in the noise.

One aim of the present study was to experimentally inves-
tigate if there is adaptation to noise in the detection of SM and
STM. Another aim was to investigate which type of

modulation cue may be involved in adaptation to noise in
speech recognition. We hypothesized that if adaptation
occurs for all three types of modulations (TM, SM, and
STM), then adaptation in word recognition might be related
to improvements in the encoding of one or more of those
three modulation cues. However, if adaptation does not
occur for SM or STM, then this would suggest that the mod-
ulation cue in question is unlikely involved in adaptation to
noise in speech recognition.

Methods
Experimental Design and Hypotheses

We measured noise adaptation in word recognition and mod-
ulation detection for the same participants (paired design).
Adaptation in modulation detection was measured using
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spectral, temporal, and spectrotemporal ripple noise. This sti-
mulus was chosen, first, because the sensitivity to spectro-
temporal ripples can partly predict speech recognition in
noise (Bernstein et al., 2013, 2016; Davies-Venn et al.,
2015; Henry et al., 2005; Mehraei et al., 2014; Zaar et al.,
2023); and, second, because the use of ripple noise allows
measuring noise adaptation in the detection of TM and SM
when the two types of modulation occur separately, but
also when they occur simultaneously (see below).
Therefore, the use of ripple noise allows investigating
whether noise adaptation differs depending on the nature of
the modulation.

Adaptation in speech recognition was measured using iso-
lated words that were unprocessed (natural) or processed
(vocoded) to have poor spectral and temporal fine structure
information but preserve temporal envelope cues (Shannon
et al., 1995). Adaptation was measured for these two types
of words, first, because adaptation is overall greater for
vocoded than for natural words (Marrufo-Pérez et al.,
2018a; 2020). A second reason is that vocoded-word recog-
nition relies mostly on detecting and processing TM, much
less so on SM, and not at all on temporal fine structure
(TES) speech cues (Shannon et al., 1995). Therefore, adapta-
tion in modulation detection may be more relevant for adap-
tation in the recognition of vocoded than natural words.

Adaptation to noise is usually quantified as the improve-
ment in performance when the target signal is delayed in
the noise (reviewed by Marrufo-Pérez & Lopez-Poveda,
2022). The same noise adaptation paradigm was employed
across all tasks to facilitate the comparison of the results in
the word recognition and modulation detection tasks.
Specifically, white noise (1-22050 Hz) at 60 dB SPL was
used as the background noise. Noise adaptation was quanti-
fied as the difference in performance between an ‘“early”
and a “late” condition. In the early condition, the target
signal (word or ripple noise) was presented 50 ms after the
onset of the noise. In the late condition, the onset of the
target signal was delayed 800 ms from the noise onset. In
both conditions, the background noise ended 50 ms after
the end of the signal (Figure 2).

The experiments were approved by the Ethics Review
Board of the University of Salamanca.

Participants

Eighteen adults (five men) with normal hearing (NH) partic-
ipated in the experiments (mean+SD age=26.6+5.6
years). Seventeen of them had audiometric thresholds <
20 dB hearing level (HL) at octave frequencies between
125 and 8000 Hz in the test (left) ear (ANSI, 1996). One par-
ticipant had an audiometric threshold of 25 dB HL at
8000 Hz. Sixteen participants were native speakers of
Spanish, while the other two were native speakers of
Portuguese but were proficient in Spanish (their speech rec-
ognition and adaptation scores were not outliers according

to Tukey’s rule). They were not paid for their services. All
participants signed an informed consent form to participate
in the study.

Test Sessions

The experimental protocol consisted of multiple sessions in
which participants performed word recognition and/or STM
detection tasks. The first session was devoted to performing
the tasks in quiet, which allowed participants to become
familiar with the stimuli and tasks. Subsequent sessions
were devoted to performing the tasks in noise. In these ses-
sions, the early and late conditions were always measured
in pairs but were administered in random order.
Participants completed every task three times in three sepa-
rate blocks. In each block, tasks were administered in
random order. The total duration of the experiment was
approximately 6 h. Participants took breaks as needed.

Spectrotemporal Modulation Detection Tasks

Stimuli. The target signal was a broadband ripple noise like
the one used by Chi et al. (1999). The ripple noise consisted
of 92 random-phase tones equally spaced along the logarith-
mic frequency axis between 140 and 7340 Hz (5.75 octaves).

The ripple profile in the temporal and spectral domains
wasdetermined by the following equation:

SCx, 1) = A - sin[2x(wt + Qx) + @], (1)

where x is the position on the logarithmic frequency axis (in
octaves): x = log,(flfo) with fo =140 Hz as the lower edge of
the spectrum, and f as the frequency; ¢ the time; A the ampli-
tude of the ripple profile relative to a flat ripple (or modula-
tion depth), with A=0 corresponding to the unmodulated
ripple, and A =1 corresponding to a fully modulated ripple;
w is defined as the ripple velocity (number of ripple cycles
per second) in Hz; Q the ripple density in cycles/octave (c/
0); and ¢ the phase of the profile, which was set to a
random value between 0 and 2= radians every time a ripple
noise was generated.

The duration of the ripple noise was 200 ms, and its
overall level 60dB SPL. Therefore, the signal-to-noise
ratio (SNR) in the noise tasks was 0 dB (note that because
the background noise was white and the ripple noise had a
downward-sloping spectra, the SNR was, in fact, positive
at lower frequencies and negative at higher frequencies). In
the SM detection task, © was set to 2 c/o, whereas @w was
set to O Hz (i.e., no TM). In the TM detection task, Q was
set to 0 c/o (i.e., no SM) and w was set to 10 Hz. In the
STM detection task, Q was set to 2 c¢/o and w was set to
10 Hz, which resulted in a downward-moving ripple.
Figure 2 shows the spectrograms of the stimuli for each mod-
ulation detection task. Low ripple density and velocity were
chosen because low SM and slow TM contribute the most to
speech intelligibility (Elliott & Theunissen, 2009).
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Furthermore, SM sensitivity in quiet at the same ripple
density of this study (2 c/o) showed a significant correlation
with speech intelligibility in noise (Bernstein et al., 2013,
2016; Zaar et al., 2022). The ripple velocity (10 Hz) used
here was chosen to guarantee at least two AM cycles over
the used stimulus duration (200 ms). This ripple velocity
was intermediate to the values used in previous studies
[4 Hz in Zaar et al. (2022) and up to 32 Hz in Bernstein
et al. (2013)].

In this task, the duration of the background noise was
300 ms in the early condition (50ms signal-noise onset
delay, plus 200ms signal duration, plus 50ms noise-signal
offset delay) and 1050 ms in the late condition (800 ms +
200 ms + 50 ms).

Procedure. Modulation detection thresholds were measured
using a three-alternative forced-choice procedure. Each trial
consisted of three observation intervals. The modulated
ripple noise was randomly assigned to one of them, and the
other two intervals contained the unmodulated ripple noise.
The participant had to choose the interval in which the mod-
ulated stimulus was presented. Feedback was provided on the
correctness of the response. The modulation depth (A) in dB
full scale (FS), that is, L, =20.logo(A), was varied adap-
tively following a “two-down, one-up” rule (i.e., the modula-
tion depth decreased after two correct responses and
increased after an incorrect response) that leads to the
70.7% correct response point on the psychometric curve
(Levitt, 1971). The initial modulation depth was set to A=
1 (0 dB), that is, the ripple noise was fully modulated. The
procedure continued until 12 reversals in modulation depth
were recorded. For the first six reversals, the modulation
depth changed in 4dB steps; for the remaining reversals,
the step was 2 dB. The detection threshold was calculated
as the mean modulation depth at the last eight reversals.
The threshold for each participant and condition was the
mean of three measurements. At the start of each trial, a
pure tone (1000 Hz) was presented to alert the participant
as to the start of the stimulus presentation.

Control Experiment With Upward-Moving Ripple. While some
studies have suggested that upward-moving ripples are
more easily detected than downward-moving ripples (Chi
et al., 1999; Zaar et al., 2022), other studies suggest that
the direction of the ripple has no effect on modulation detec-
tion thresholds (Bernstein et al., 2013; Mehraei et al., 2014,
Oetjen & Verhey, 2015). Here, a control experiment was per-
formed to investigate if the direction of the ripple could affect
the magnitude of adaptation to noise in STM detection. In
this control experiment, Q was set to 2 c/o and @ was set
to —10 Hz (notice the negative sign), which resulted in an
upward-moving ripple. Otherwise, the stimuli and procedure
were as in the main experiment. Thirteen NH adults per-
formed this control experiment, two of whom had completed
the main experiment.

Speech Recognition Task

Stimuli. Speech reception thresholds (SRTs) were measured
using the corpus of  phonetically  balanced,
Castilian-Spanish ~ disyllabic words of Cardenas and
Marrero (1994). Twenty-five words corresponding to one
of the 10 available lists were used to measure each SRT.
The same corpus was used to measure SRTs for vocoded
words. The vocoder (Shannon et al., 1995) included a high-
pass pre-emphasis filter (first-order Butterworth filter with a
3dB cutoff frequency of 1.2 kHz), a bank of 12 sixth-order
Butterworth band-pass filters whose 3dB cutoff frequencies
followed a modified logarithmic distribution between 100
and 8500 Hz, and envelope extraction via full-wave rectifica-
tion and low-pass filtering (fourth-order Butterworth
low-pass filter with a 3dB cutoff frequency of 400 Hz). The
envelope for each frequency channel was used to modulate
the amplitude of a sinusoidal carrier at the channel center fre-
quency. The modulated carriers were filtered again through
the corresponding band-pass filter, and sample-wise added
to obtain the vocoded speech.

Eighteen SRTs were measured for each participant: 2
word types (natural and vocoded)x 3 conditions (quiet,
early in noise, and late in noise) X3 measurements per
word type per condition. Because only 10 different word
lists were available, it was necessary to repeat eight lists
for each participant. Words were presented in random order
across conditions to minimize the chance that participants
remembered them.

Procedure. The SRT in noise was defined as the SNR (in dB)
at 50% recognition (Levitt, 1971). It was measured by adap-
tively varying the speech level using a “one-down, one-up”
rule. The task started with an initial SNR of 20 dB. The
speech level was varied in 4dB steps for the first 14 words,
and in 2dB steps for the last 11 words. The SRT was calcu-
lated as the mean SNR for the last 17 words. At the beginning
of each trial, a 1000Hz pure tone was presented as a warning.
Participants were not given feedback on the correctness of
their responses. The SRT reported for each participant is
the mean of three SRT estimates.

Equipment

During the experiments, participants were seated in a double-
walled sound-attenuating chamber. Stimuli were digitally
stored (word recognition) or generated (modulation detec-
tion) and presented using custom-made MATLAB software
(R2017b, The MathWorks). Stimuli were played via an
RME Fireface UCX soundcard at a sampling rate of 44100
Hz with a 24-bit resolution. Stimuli were presented monau-
rally to the participants’ left ear through Sennheiser
HD-580 headphones. The equipment was calibrated by
placing the headphones on a KEMAR (Knowles
Electronics) equipped with a Zwislocki DB-100 coupler



Trends in Hearing

(Knowles Electronics) connected to a sound level meter
(Briiel Kjaer, mod. 2238). Calibration was performed at
1000 Hz, and the obtained sensitivity was used for all other
frequencies.

Statistical Analyses

Statistical analyses were performed using the rstatix
(Kassambara, 2021) package in R (version 4.1.0). Paired
Student’s ¢ tests with Bonferroni correction for multiple com-
parisons were used for pairwise comparisons of thresholds in
quiet. Since SRTs were expected to be worse for vocoded
than for natural words (Marrufo-Pérez et al., 2018a; 2020),
one-tailed ¢ tests were used to compare SRTs for natural
and vocoded words. Otherwise, ¢ tests were two-tailed.

To assess the statistical significance of noise adaptation in
the different tasks, a two-way repeated measures analysis of
variance (RMANOVA) was performed, having the type of
task (SM detection, TM detection, STM detection, natural
word recognition, and vocoded word recognition) and
the noise-signal onset delay (early and late) as factors.
When the sphericity condition was not met, the
Greenhouse-Geisser correction was applied. To test for the
effect of ripple direction, a mixed two-way analysis of vari-
ance (ANOVA) was performed, including the ripple direc-
tion (downward, upward) as a between-subjects factor and
the temporal position (early, late) as a repeated measures
factor.

Paired Student’s ¢ tests with Bonferroni corrections for
multiple comparisons were applied for post hoc pairwise
comparisons. The test to compare the magnitude of adapta-
tion between natural and vocoded words was one-tailed, as
we expected adaptation to be greater for vocoded words

(Marrufo-Pérez et al., 2018a; 2020). All other post hoc
tests were two-tailed.

Results

Thresholds in Quiet

Figure 3A shows the SRTs for natural and vocoded words in
quiet. The mean SRTs were significantly lower (better) for
natural (mean +SD=22.7+2.9 dB SPL) than for vocoded
words (27.1 +4.0dB SPL) (paired Student’s ¢ test: f7y=
—8.08, p<.001).

Figure 3B shows modulation detection thresholds in quiet.
The mean TM detection threshold (—10.8 + 3.7 dB) differed
significantly from both the mean SM detection threshold
(—13.6 +£3.6 dB) (paired Student’s ¢ test: ;7= —3.38, p=
.012) and STM detection threshold (—14.5+3.3 dB)
(paired Student’s ¢ test: fq7= —4.25, p=.002). However,
the mean SM and STM detection thresholds in quiet were
not significantly different from each other (paired Student’s
1 test: t(17)= 111, pP= 852)

Adaptation to Noise

Figure 4A shows the SRTs in the early and late conditions for
natural and vocoded words, while Figure 4B shows thresh-
olds in the early and late conditions for SM, TM, and STM
detection. A two-way RMANOVA with temporal position
and task as factors revealed that mean thresholds were
overall lower (better) in the late than in the early condition
(Fa,17=91.13, p<.001) (i.e., a significant effect of adapta-
tion to noise). In addition, the interaction between task and
temporal position was also significant (F46sy=7.20, p<
.001), which indicated that the magnitude of adaptation to
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noise was different across tasks. Post hoc comparisons
showed that the SRT improvement in the late condition
was not significant for natural words (paired Student’s 7
test: fq7,=1.90, p=.19), but was significant for vocoded
words (paired Student’s ¢ test: fq7=5.44, p<.001).
Adaptation to noise was statistically significant for SM
(paired Student’s ¢ test: f;7= 5.19, p<.001) and TM
(paired Student’s ¢ test: #;7y,=4.37, p=.002) detection, but
not for STM detection (paired Student’s ¢ test: f,7y=—0.19,
p=1.0).

Figure 5 shows the magnitude of adaptation to noise in the
word recognition tasks (a) and modulation detection tasks (b).
Mean adaptation was significantly less for natural (0.59 +
1.3dB) than for vocoded words (2.1+1.6dB) (paired
Student’s ¢ test: f17y=—3.50, p=.004). This is consistent with
previous studies that also found greater adaptation to noise in
vocoded word recognition than in natural word recognition
(Marrufo-Pérez et al., 2018a, 2020). Regarding modulation
detection, noise adaptation in SM (2.1 + 1.7 dB) and TM (2.2
+ 2.1 dB) detection was significantly different from adaptation
in STM detection (—0.04 + 0.9 dB) (paired Student’s ¢ test: #7,
=4.56, p=.001; paired Student’s ¢ test: #;7,=4.15, p=.003,
respectively). The difference between adaptation to noise in
SM and TM detection was not significant (paired Student’s ¢
test: t(17)=—0.21, pP= 10)

Control Experiment With Upward-Moving Ripple. Figure 6A
shows the modulation detection thresholds in the early and
late conditions for the upward-moving STM ripple noise.
Corresponding thresholds for the downward-moving ripples
were shown in Figure 4B (STM dataset). A mixed,
two-way ANOVA with temporal position as repeated-
measures factor and direction (downward or upward) as
intersubject factor revealed nonsignificant effects of temporal
position (F(j 29)=1.51, p =.229) or ripple direction (F; 29y =

1.70, p =.203) as well as a nonsignificant interaction of these
two factors (F( 29y=1, p=.327). Adaptation measured with
upward-moving ripple (=0.4 +1.1 dB) was not statistically
significant (paired Student’s ¢ test: f,7=—1.32, p=.894)
and did not differ from the one measured with downward-
moving ripple (Student’s ¢ test: fn9y = 1, p=.327;
Figure 6B). In addition, modulation detection thresholds in
quiet (data not shown) did not differ for downward-moving
and upward-moving ripples (Student’s ¢ test: f,9)=—0.253,
p=.802), consistent with results reported in previous
studies (Bernstein et al., 2013; Mehraei et al., 2014; Oetjen
& Verhey, 2015). Thus, we conclude that the lack of an
improvement in STM detection when delaying the signal
from the noise onset does not depend on the direction of
the modulation.

Discussion

One aim of the present study was to investigate if there is
adaptation to noise in the detection of TM, SM, and STM
using ripple noise. We hypothesized that if neural dynamic
range adaptation participates in adaptation to noise, it
should improve the neural representation, thus the detection
of SM as well as TM (Figure 1). We found that noise adap-
tation occurs in the detection of TM and SM, but not in the
detection of combined STM(Figures 4 and 5).

Another aim was to investigate which type of modulation
may be involved in adaptation to noise in word recognition.
We hypothesized that word-in-noise recognition may be
better in the late than in the early condition because
dynamic range adaptation improves the neural encoding of
speech (SM, TM, and/or STM) modulation cues in the late
condition. If this were the case, adaptation to noise in modula-
tion detection should occur for all three types of modulations.
Consistent with previous studies, we found statistically
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significant adaptation in the recognition of vocoded words,
but not in the recognition of natural words (Figure 5A).
However, in contrast to expectations, for the same listeners,
adaptation to noise occurred in SM and TM detection but
not in STM detection (Figure 5B). This suggests that STM
detection cues may not be involved in adaptation to noise
in speech recognition.

Adaptation to Noise in Modulation Detection

As far as we know, this is the first study that empirically dem-
onstrates an improvement in SM detection as the SM signal is
delayed from the noise onset. Our findings, however, are

consistent with the computer model simulations of
Ainsworth and Meyer (1994). They showed that the speech
spectrum was better encoded in the AN rate profile when
speech was presented in continuous than in gated background
noise. In their model, the improvement was the result of
including a shift in the threshold and dynamic range of AN
fibers toward the noise level in the continuous background
noise condition.

Regarding TM detection, the mechanism for detecting
temporal ripples superimposed on a noise could be the
same as that used for detecting sinusoidal AM superimposed
on a tone. Unfortunately, a direct comparison between noise
adaptation in TM detection as measured here with the adap-
tation found in previous AM detection studies is not straight-
forward because the amount of adaptation depends on the
modulation rate (Almishaal et al., 2017; Sheft & Yost,
1990; Viemeister, 1979), the sound level (Almishaal et al.,
2017; although see Wojtczak et al., 2019), the laterality
and type of noise (Marrufo-Pérez et al., 2018b; Wojtczak
et al., 2019), the stimulus type [pure tone (Marrufo-Pérez
et al.,, 2018b; Wojtczak et al., 2019) vs. noise (Almishaal
et al.,, 2017; Sheft & Yost, 1990; Viemeister, 1979)], and
the testing paradigm [use of precursors (Almishaal et al.,
2017; Wojtczak et al., 2019) vs. delay from noise onset
(Marrufo-Pérez et al., 2018b)]. For a review of adaptation
to noise in AM detection, see Marrufo-Pérez and
Lopez-Poveda (2022).

The improvement in sensitivity to SM and TM as they are
delayed from the noise onset could be explained by a noise-
induced shift of the neural dynamic range (as shown in
Figure 1). But why would dynamic range adaptation not
enhance the sensitivity to combined SM and TM? The
reason is unknown, but Figure 7 illustrates a hypothetical
explanation based on dynamic range adaptation in the AN
(Ainsworth & Meyer, 1994; Marrufo-Pérez et al., 2018b).
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(second column). After integration, spectral, and temporal envelopes are better represented in the late condition for spectral and temporal
modulations but not for spectrotemporal modulations (see the main text for details). AN=auditory nerve; CF=characteristic frequency.

The figure schematically illustrates the AN representation of
SM, TM, and STM stimuli presented early and late in noise.
The shown rate-level functions are for a hypothetical AN
fiber with (dotted lines) and without (continuous lines) a
noise-induced shift of the threshold and dynamic range
towards the noise level (N;). As the stimuli are “passed”
through rate-level functions for apopulation of AN fibers,
dynamic range adaptation would enhance the three kinds of
modulations as illustrated by the greater contrast between
peaks and valleys in the AN representation in the late than
in the early condition. There exist central auditory neurons
that integrate neural responses across time (e.g., multipolar
neurons in the cochlear nucleus, Blackburn & Sachs, 1990;
or neurons in the central nucleus of the inferior colliculus,
Rodriguez et al., 2010) or characteristic frequency (CF)
(e.g., octopus cells in the cochlear nucleus, Oertel et al.,
2000; or neurons in the central nucleus of the inferior collicu-
lus, Rodriguez et al., 2010) presumably to provide stable rep-
resentations of the stimulus spectrum and envelope. If
modulation sensitivity depends on integrating neural popula-
tion responses, a greater sensitivity to SM is predicted in the
late condition when the AN responses are integrated across
time. Likewise, a greater sensitivity to TM in the late

condition is predicted when the AN responses are integrated
across CFs. However, if STMs are detected by the same
mechanism as SMs (i.e., by resolving spectral peaks and
valleys) (Bernstein et al., 2013, 2016; Davies-Venn et al.,
2015; Eddins & Bero, 2007; Isarangura et al., 2019; Narne
et al.,, 2016, 2018; Summers & Leek, 1994) little or no
change in sensitivity to STM is predicted in the late condi-
tion. The same would happen if STMs were detected by
using the integrated AN response across CFs.

The detection of SM and STM may not always depend on
the ability to resolve the spectral peaks and valleys of the
modulation. Several cues such as local spectral loudness, a
different spectral centroid between the reference and target
stimuli, and/or differences at the spectral boundaries of the
reference and target stimuli (Aronoff & Landsberger, 2013;
Azadpour & McKay, 2012) can influence the discrimina-
tion/detection of SM. In addition, STM detection could be
mediated by an AM cue at the output of the auditory filters
at the lower and upper spectral limits of the ripple noise
(Narne et al., 2016). In the present study, local loudness
cues, or differences in the spectral centroid or at the spectral
boundaries were unreliable cues for SM detection because a
random phase was applied each time the ripple noise was
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generated (Aronoff & Landsberger, 2013). Likewise, the AM
cue at the output of the auditory filters at the spectral edges of
the ripple noise would be masked by the noise. Hence, here,
STM detection probably relied on resolving spectral peaks,
that is, on the same mechanism proposed to detect SM. In
fact, because the background noise was white and the
ripple noise had a downward-sloping spectra, SM and STM
detection probably involved resolving the spectral peaks in
the low-frequency region, where the SNR was higher.

Of course, the hypothetical mechanism illustrated in
Figure 7 is an oversimplification and almost certainly inaccu-
rate. For example, as it stands, it would predict worse thresh-
olds for STM detection than for SM or TM detection because
STM would be smeared when integrating neural responses
across time and/or CF. This prediction is not consistent
with the experimental data, as STM detection thresholds
were close to SM detection thresholds and better than TM
detection thresholds. However, Figure 7 represents a hypo-
thetical extreme case where the spectral and temporal integra-
tion windows span the entire stimulus. It is likely that the
auditory system integrates neural responses using smaller
windows, thus the loss of STM information is probably
less than suggested by Figure 7. In addition, Bernstein
et al. (2013) found that the sensitivity to frequency modula-
tion (FM) at 2 Hz applied to a S00Hz pure-tone carrier was a
significant predictor of STM sensitivity. Assuming that FM
sensitivity at low modulation rates is encoded in the timing
of neural spikes via phase locking (e.g., Moore & Sek,
1996; but see Whiteford et al., 2020), the findings of
Bernstein et al. (2013) suggest that STM sensitivity might
depend on the ability to use TFS cues. This possibility is dis-
regarded in Figure 7.

Other phenomena besides neural dynamic range adapta-
tion may have contributed to the current results. For
example, thresholds might have been better in the late than
in the early condition because the background noise func-
tioned as warning and drew the listener’s attention to the
task. However, we tried to minimize this effect by presenting
a pure tone cue at the beginning of each trial. Furthermore, if
this attentional driven improvement in sensitivity had
occurred, it would have affected performance equally in all
modulation detection tasks. The fact that detectability in
the late condition improved for SM and TM detection but
not for STM detection undermines this mechanism as an
explanation for adaptation to noise. Modulation masking
could have also contributed to the current results, that is,
the onset of background noise could be interpreted as a TM
(Gallun & Hafter, 2006). The onset of the background
noise was closer in time to the signal in the early than in
the late condition. This could have caused some modulation
masking in the early condition, making it seem that modula-
tion sensitivity was worse in the early than in the late condi-
tion. However, while this phenomenon could have affected
TM detection, it is unclear how it could have affected SM
or STM detection.

Less Noise Adaption for Natural Than for Vocoded
Words

Like previous studies (e.g., Marrufo-Pérez et al., 2018a,
2020), we have found greater adaptation to noise in
vocoded than in natural word recognition. Two explanations
have been proposed elsewhere for this result. The first one
(proposed by Marrufo-Pérez et al., 2018a, 2020) relates to
a ceiling effect: because SRTs tend to be better (lower) for
natural than vocoded words, there is less room for SRT
improvement for natural than vocoded words. The second
explanation (proposed by Marrufo-Pérez et al., 2020) is
that improved envelope cues may be less effective when
word recognition relies in part on TFS encoding, as may be
the case for natural words (Hopkins & Moore, 2009).

Intriguingly, the present data show that explanation #1
does not hold for modulation detection tasks as thresholds
in the early condition were nearly identical for SM and
STM detection, and adaptation was statistically significant
only in SM detection. Moreover, although thresholds were
worse for TM than SM detection in the early condition, adap-
tation was similar for the two tasks. Explanation #2,
however, would be supported by the present data if TFS
information played a role in STM detection (Bernstein
et al., 2013), as we found no adaptation to noise in STM
detection or in the recognition of natural words.

Relationship Between Adaptation in Modulation
Detection and Speech Recognition

Dynamic range adaptation can improve the neural encoding of
SM and TM (Figure 1). Both SM and TM are important for
speech recognition. Therefore, if dynamic range adaptation is
involved in adaptation to noise, one would expect adaptation
in modulation detection to occur for the same listeners who
show adaptation in speech recognition. We found that noise
adaptation occurs for SM and TM detection as well as for
vocoded word recognition. This indicates that noise adaptation
in (vocoded) word recognition may be mediated by improve-
ments in the neural encoding of sustained SM and/or TM
speech cues. However, adaptation did not occur in STM detec-
tion (Figure 5). This indicates that it is unlikely that adaptation
to noise in (vocoded) word recognition be mediated by
improvements in the neural encoding of STM speech cues.

Limitations

Several limitations must be noted. First, different methods
were employed to assess word recognition and modulation
detection. For example, the SNR was fixed at 0 dB in the
modulation detection task while it varied in the word recog-
nition task to measure the individual SRT (the group mean
SRT was about —10 dB).

Second, modulation detection was assessed for only one
specific TM frequency (10 Hz) and one SM density (2
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cpo). Perhaps, adaptation to noise in STM detection might
occur for other combinations of TM and SM.

Third, the present data and design were insufficient to elu-
cidate which of the two modulation cues (SM or TM) for
which adaptation occurred, if any, is more prominently
involved in adaptation in (vocoded) word recognition. This
could be investigated, for example, by quantifying the corre-
lation between adaptation in modulation detection and word
recognition. Based on the present data, adaptation in vocoded
word recognition was not correlated with adaptation in SM or
TM detection (not shown). However, a larger participant
sample or a sample with more variable adaptation scores
would be needed to address this question using correlational
analyses with enough statistical power.

Fourth, the present modulation detection tasks assess a lis-
tener’s sensitivity to sustained modulations. However, tran-
sient information, such as vowel formant transitions, is
essential for speech perception. For example, Varnet et al.
(2013) showed that listeners use mainly the end of the
second formant (F2) in the first vowel and the onset of F2
in the second vowel as cues to discriminate between /aba/
and /ada/. Liberman et al. (1954) also showed that F2 transi-
tions are key for distinguishing between these two phonemes.
In other words, the recognition of disyllabic words in noise
could depend on detecting a word’s transient features as
well as on detecting their (long-term) temporal or spectral
envelopes. Therefore, adaptation to noise in word recognition
may also be related to improvements in the neural encoding
of speech transients, something that was not explored here.

Conclusions

1. For signals in noise, the sensitivity to SM and TM but not
to STM improves as the signal is delayed 800 ms from
the noise onset. In other words, adaptation to noise
occurs in the detection of SM and TM but not in the
detection of combined SM and TM.

2. The recognition of words in noise can improve as words
are delayed 800 ms in the noise. The improvement was
statistically significant for vocoded but not for natural
words.

3. Therefore, adaptation to noise in word recognition may
be mediated by improvements in the neural encoding of
sustained SM or TM, but it is unlikely mediated by
improvements in the encoding of combined STM.
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