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Inherent envelope fluctuations in forward masking: Effects
of age and hearing loss
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ABSTRACT:

Forward masking is generally greater for Gaussian noise (GN) than for low-fluctuation noise maskers, i.e., GN dis-
ruption. Because the minimal hearing loss that is associated with older age may affect GN disruption differently than
more significant hearing loss, the current study explored the contribution of minimal hearing loss associated with
older age to GN disruption. GN disruption was measured using three masker-signal delays (25, 75, and 150 ms) for
three adult groups: younger participants with normal hearing (NH), older participants with minimal hearing loss, and
older participants with sensorineural hearing loss. The role of underlying mechanisms was tested using a computa-
tional model for midbrain neurons. The primary result suggests that older listeners with mild threshold elevations
that typically occur with age may be more susceptible to the deleterious effects of masker envelope fluctuations than
younger listeners with NH. Results from the computational model indicate that there may be a larger influence of
efferent feedback and saturation of inner hair cells on forward masking and GN disruption than previously consid-

ered. © 2023 Acoustical Society of America. https://doi.org/10.1121/10.0017724
(Received 9 August 2022; revised 10 March 2023; accepted 13 March 2023; published online 3 April 2023)
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NOMENCLATURE

AN  Auditory nerve
ANF  Auditory nerve fiber
CF Characteristic frequency
ERBy Equivalent rectangular bandwidth
GN  Gaussian noise
HL Hearing level
IC Inferior colliculus

IHC Inner hair cell
LEN Low-fluctuation noise
L/HSR Low/high-spontaneous rate

M  Mean
MOC Medial olivocochlear
NH Normal hearing

OHC  Outer hair cell
OMHL Older participants with minimal hearing loss

OSNHL  Older participants with sensorineural hearing loss

SFIE Same-frequency inhibition-excitation

SNHL Sensorineural hearing loss
YNH Younger participants with normal hearing
SPL  Sound Pressure Level

I. INTRODUCTION

The temporal envelope of Gaussian noise (GN) contains
short-term fluctuations in level. As the bandwidth of GN
decreases, these fluctuations tend to increase the amount
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of masking for simultaneous maskers (Pumplin, 1985;
Zurek and Durlach, 1987; Hartmann and Pumplin, 1988;
Kohlrausch et al., 1997; Savel and Bacon, 2003) and forward
maskers (Moore, 1981; Svec et al., 2015, 2016) relative to a
masker of equivalent bandwidth and level for which the tem-
poral envelope fluctuations have been minimized, which is
referred to here as low-fluctuation noise (LFN). Given that
less forward masking is generally expected and observed for
LEN than for GN (e.g., Svec et al., 2015, 2016), the addi-
tional masking attributed to the envelope fluctuations is often
assessed by subtracting the LFN threshold from the GN
threshold, which is referred to here as GN disruption.
Considering that masker fluctuations negatively affect speech
recognition (Stone et al., 2011; Stone et al., 2012), the mech-
anisms that contribute to GN disruption have implications
for understanding the processes that contribute to the speech
recognition difficulties often experienced by listeners in
noisy situations (Fillgrabe er al., 2015; Brennan et al.,
2016). The purpose of this study was to assess plausible
mechanisms that contribute to GN disruption as a function of
age and hearing status. To accomplish this, GN disruption at
three different masker-signal delays was assessed for youn-
ger participants with normal hearing (YNH), older partici-
pants with minimal hearing loss (OMHL), and older
participants with sensorineural hearing loss (OSNHL).

A. Cochlear compression and listener uncertainty

Cochlear compression and listener uncertainty could
play a role in GN disruption. For participants with
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sensorineural hearing loss (SNHL), a linearized cochlear
response should yield larger effective amplitude peaks than a
compressive cochlear response (i.e., as for YNH); the linearized
cochlear would, thus, likely yield greater GN disruption. These
larger effective amplitude peaks may result in an increased
potential for confusing an amplitude fluctuation near the end of
the masker for the onset of the brief signal, which is referred to
as listener uncertainty or the “confusion effect” (Moore, 1981;
Moore et al., 1985; Neff, 1986). However, such an explanation
alone cannot (1) account for the greater GN disruption for a
25 ms masker-signal delay that occurred for OMHL relative to
YNH and OSNHL participants in Svec et al. (2015) and (2) the
greater GN disruption observed by Svec et al. (2016) for
OSNHL relative to YNH participants for a 75-ms masker-signal
delay—a delay time for which confusion effects should no lon-
ger occur. As elaborated below, one potential reason for the
greater GN disruption for the OMHL participants in Svec et al.
(2015) was that these participants had slightly higher hearing
thresholds than the YNH participants.

B. Inhibition at the inferior colliculus

Multiple peripheral and central processes, such as the
middle-ear muscle reflex, neural adaptation, efferent inner-
vation from the medial olivocochlear (MOC) bundle, and
dynamic range adaptation could also contribute to forward
masking and, by extension, to GN disruption (see a review
by Jennings, 2021). Nelson et al. (2009) argued that single
auditory nerve fibers (ANFs) tuned to the frequency of the
signal cannot account for forward masking due to a limited
dynamic range of discharge rates and maximum threshold
shifts, two attributes of ANF responses (in anesthetized ani-
mals) that do not mirror psychophysical forward-masking
results. After measuring recovery from forward masking at
the level of the inferior colliculus (IC) in awake marmosets,
Nelson and colleagues asserted that the phenomenon of for-
ward masking is likely a consequence of inhibitory neural
responses arising between the auditory nerve and IC. Based
on thresholds estimated for GN and LFN, recent physiologi-
cal work has suggested that GN disruption for tone-in-noise
stimuli is observable from extracellular recordings of IC
cells in awake rabbits (Fan et al., 2021).

C. MOC efferent system

The MOC efferent system could play a role in GN dis-
ruption. The MOC system provides efferent input to the
outer hair cells (OHCs) that regulate OHC electromotility.
Increased MOC activity is associated with decreased OHC
electromotility and, in turn, reduced cochlear gain and
smaller vibrations on the basilar membrane (Fuchs and
Lauer, 2019). Upward shifts of 2—-14dB of auditory nerve
(AN) rate-level functions with electrical stimulation of the
MOC have been observed (Gifford and Guinan, 1983) with
the largest shifts occurring for levels between 45- and 75-dB
sound pressure level (SPL; Guinan, 2018). The MOC effer-
ent system receives ascending inputs from peripheral audi-
tory neurons as well as descending projections from the IC
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and other more central auditory structures (Mulders and
Robertson, 2000; Schofield, 2011). Whereas the cumulative
contribution of the MOC to auditory physiology and percep-
tion remains unclear (e.g., Jennings, 2021), Carney (2018)
argued that one purpose of the MOC efferent pathway might
be to regulate OHC gain to control the saturation of inner
hair cells (IHCs), thereby preserving cross-characteristic fre-
quency (CF) contrast in low-frequency temporal fluctuations
in ANF responses, which are referred to as neural fluctua-
tions. Due to the fact that IC neurons are sensitive to enve-
lope fluctuations (reviewed in Joris et al., 2004) and the IC
has descending projections to the MOC, Carney additionally
argued that neural fluctuations may excite MOC efferents
and decrease OHC electromotility, leading to reduced
cochlear gain. Farhadi et al. (2021) modeled IC firing rate as
a function of time in response to amplitude-modulated stim-
uli. The results suggested that predictions were not accurate
without the inclusion of efferent-regulated cochlear gain
driven by IC inputs to the MOC system, providing additional
support for the assertion that fluctuating inputs to the IC are
likely directly affecting MOC spike rates and, in turn,
cochlear gain. According to the computational model of
Farhadi et al. (2021), the effect of this decreased cochlear
gain in response to a fluctuating input, such as GN, should be
decreased IHC saturation and, thus, greater ANF fluctuations.

Decreased cochlear gain following stimulus presenta-
tion begins to decay within 25ms of the masker offset
(Roverud and Strickland, 2010) but appears to remain in
diminished form up to 50 s following stimulus presentation
(Brown, 2001; Cooper and Guinan, 2003). This initial time
course of decreased cochlear gain following stimulus pre-
sentation roughly corresponds with the time course of recov-
ery for forward masking with an exponential decay in
masking that extends from zero to approximately 128 ms
following masker offset (e.g., Jesteadt er al., 1982). If
cochlear gain is influenced by temporal envelope fluctua-
tions through IC projections to the MOC, masker envelope
fluctuations associated with a GN forward masker should
induce a reduction in cochlear gain and a concomitant
decrease in the response of the IC to a signal that follows a
masker stimulus. Consequently, the decrease in masking
associated with longer masker-signal delays would be
expected to follow the time course of decreased cochlear
gain following stimulus presentation, primarily from 25 to
125 ms (Brown, 2001; Cooper and Guinan, 2003; Roverud
and Strickland, 2010; Rabbitt and Brownell, 2011). In con-
trast, when the IC receives relatively small fluctuations (e.g.,
produced by LFN), the IC projections to the MOC should
induce less cochlear-gain reduction relative to a stimulus
with larger fluctuations (e.g., GN). The net effects would
likely result in a higher IC rate in response to a signal fol-
lowing a LFN masker than a signal following a GN forward
masker, which is consistent with GN disruption. These
effects of the MOC efferent system could account for the
gradual decrease in GN disruption observed with increasing
masker-signal delay (25, 50, and 75ms) for participants
with normal hearing (NH; Svec et al., 2016).
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Additional important factors affecting the MOC influ-
ence on GN disruption are (a) the relative degree of IHC sat-
uration in response to the GN and LFN forward maskers,
and (b) changes in MOC physiology associated with age and
SNHL. The relative IHC gain and saturation in response to
these maskers and, thus, the neural fluctuations and MOC
responses that they elicit, would be expected to vary across
groups of participants. For younger participants with audio-
metric thresholds within normal limits, IHCs will tend to
saturate in response to GN and LFN forward maskers when
presented at high sound levels, resulting in relatively small
neural fluctuation rates in response to both maskers and,
therefore, relatively little predicted GN disruption for mod-
erate and high-level maskers. For older participants with
slightly elevated audiometric thresholds (e.g., small amounts
of hearing loss), (1) the threshold of the IHC response is ele-
vated, (2) higher displacements of the basilar membrane are
needed to achieve the same IHC responses, and (3) the dis-
placement associated with saturation is also shifted to a
higher input level. Consequently, less IHC saturation would
be expected and fluctuations in the ANF response to GN and
LEN would differ just as the stimulus envelopes differ.
Although the influence of older age on the MOC efferent
system is unclear (Fuchs and Lauer, 2019), neural fluctua-
tions and changes in cochlear gain would still be expected,
which together may result in relatively large GN disruption
for older participants with small amounts of hearing loss rel-
ative to participants with better hearing.

For participants with significant SNHL, two factors
may affect the magnitude of GN disruption. First, even
when masker presentation levels are high, IHCs might not
saturate for either GN or LFN maskers due to threshold ele-
vation and a shift toward higher input levels of the IHC
response to basilar membrane displacement. Second, the
impact of the MOC efferent system on cochlear gain is
reduced (Carney, 2018; Fuchs and Lauer, 2019).
Consequently, less GN disruption would be expected for
older participants with substantial SNHL than for OMHL.
After an initial cochlear-gain decrease associated with an
input stimulus, an intact MOC system allows cochlear gain
to increase during the interval from 25 to 125 ms or more
after stimulus offset (Brown, 2001; Roverud and Strickland,
2010), implying that differences in GN disruption for YNH,
OMHL, and OSNHL should be maximal at a short masker-
signal delay and decrease for longer masker-signal delays.

D. Research questions

To clarify possible physiological mechanisms associ-
ated with GN disruption, the current study examined the
effects of age and SNHL on forward-masked thresholds
obtained using maskers with relatively large (GN) or rela-
tively small (LFN) fluctuations in level over time. Masked
thresholds were obtained for a 4000-Hz pure-tone signal
when presented after the offset of GN or LFN maskers at
three masker-signal delays (25, 75, and 150ms) for YNH,
OMHL, and OSNHL participants. Contributions of inhibition
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and the MOC efferent system to GN disruption were evalu-
ated using a computational model of midbrain neurons. The
following hypotheses were formed:

(1) If a lack of cochlear compression strongly contributes to
GN disruption (e.g., by increasing the effects of uncer-
tainty), then GN disruption should be greatest for the
OSNHL participants, less for OMHL participants, and
least for YNH participants; and

(2) if differences in the physiological response of the MOC
efferent system for GN and LFN maskers strongly con-
tribute to GN disruption, then GN disruption should
vary non-monotonically with audiometric threshold at
the signal frequency. The most GN disruption is hypoth-
esized to occur for participants with relatively small
amounts of hearing loss (OMHL participants), for whom
IHC saturation and neural fluctuations would differ the
most between the two masker types. Additionally, a
computational model incorporating the MOC efferent
system should better predict GN disruption than a model
without the MOC efferent system.

For all of the mechanisms that contribute to GN disrup-
tion, differences in GN disruption for each group were
hypothesized to decrease as the masker-signal delay
increased.

Il. METHODS
A. Participants

A total of 57 participants were enrolled in this study.
Five participants were excluded because they did not qualify
based on their hearing thresholds (see below). Of the
remainder, 18 YNH [19-25 years old, mean (M) = 22 yrs],
14 OMHL (65-81 yrs, M =70), and 20 OSNHL (62-82 yrs,
M =T71) participants completed the study. Within each
group, the age of the participants was evenly distributed
across their respective age ranges. A graduate student in
audiology measured hearing thresholds (ANSI, 2004) for all
of the participants using conventional audiometry (ASHA,
2005) at 6000Hz and at octave frequencies from 250 to
8000 Hz. Hearing thresholds for the test ear are plotted in
Fig. 1. Hearing thresholds for the non-test ear were within
15dB of those for the test ear as measured by pure-tone
average (500, 1000, and 2000 Hz). NH was defined as hear-
ing thresholds less than 30 dB hearing level (HL) from 250
to 4000 Hz. However, one OMHL participant with a hearing
threshold of 30dB HL at 500 Hz participated. SNHL was
defined as air conduction thresholds from 35 to 65 dB HL at
4000 Hz and for frequencies with hearing losses greater than
25dB HL, bone conduction thresholds within 10dB of the
air conduction threshold. Participants who did not have NH,
SNHL outside the range of 35 to 65dB HL at 4000 Hz, or a
25dB or greater difference in air conduction thresholds
between the two ears at 4000 Hz did not qualify. All of the
subjects were native English speakers. Data were collected
at the University of Nebraska-Lincoln. Approval for this
study was obtained from the Institutional Review Board.
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Participants consented to join the study and were paid for
their time.

B. Stimuli and apparatus

Stimuli were generated using a personal computer
(22.05kHz sampling rate; 24 bits per sample) and custom
MathWorks MATLAB 2019a (Natick, MA) scripts. All
durations were measured from the 0-amplitude points of the
onset and offset ramps. Using the formula provided by
Glasberg and Moore (1990), the masker bandwidth was one-
third equivalent rectangular bandwidth (1/3 ERBy) centered
at 4000Hz (Glasberg and Moore, 1990). Maskers were
400ms in duration, including 5-ms cosine-squared ramps.
LEN was generated using a Hilbert transform (Buss et al.,
2006) with the PsyAcoustX package (Bidelman et al.,
2015). Specifically, the Hilbert envelope was computed for
each 1/3 ERBy GN generated. Each GN was divided in the
time domain by its Hilbert envelope and then multiplied by
the original spectrum in the frequency domain; these last
two steps were repeated ten times to yield the final version
of LFN.

Stimuli were calibrated using a 6-cc flat plate coupler
and a Larson Davis System 824 sound level meter (Depew,
NY). Signal levels are reported as the root mean square
peak equivalent (0.707 x peak pressure) in dB SPL. The
signal was a 4000-Hz pure tone, 10 ms in duration, including
5-ms cosine-squared ramps. The signal was presented either
without the masker (quiet condition) or with the signal onset
25, 75, or 150 ms after the masker offset (masker condi-
tions). Each stimulus interval was preceded by 400 ms of
silence and then followed by 400 ms of silence and for each
condition, interval durations were equivalent. The 24-bit
digital stimuli were converted to analog (RME Babyface
sound card, Haimhausen, Germany), amplified by a
HeadAmp 4 Pro headphone distribution amplifier (Baton
Rouge, LA), and presented to one ear using Sennheiser HD-
25 headphones (Wedemark, Germany). All of the testing
took place in a single-walled sound attenuated room with
each participant sitting in front of a touch-screen monitor.

C. Procedures

For all of the experimental conditions, the signal level was
varied adaptively to estimate the threshold corresponding to
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71% correct with a two-down, one-up rule (Levitt, 1971). For
all of the masker conditions, the masker level was fixed at
80dB SPL. To ensure audibility of the signal for the OSNHL
participants, the starting level of the signal was 80dB SPL.
The initial step size of 18 dB was reduced to 9 dB after the first
reversal and 6 dB after the second reversal. Then, a step size of
3 dB was used. Data collection ended after a total of nine rever-
sals. The minimum signal presentation level was -10dB SPL,
and the maximum signal presentation level was 90dB SPL.
None of the participants had tracks with three presentation lev-
els in a row at 90 dB SPL (i.e., none were at ceiling). The aver-
age of the levels at the last four reversals was taken as the
threshold.

A trial consisted of three observation intervals separated
by 300 ms. Each interval was marked by a separate button
that was illuminated on the touchscreen monitor for the
stimulus duration, including the encapsulating silence of
400 ms, for approximately 1200ms per interval. For the
absolute-threshold condition, one randomly selected interval
contained the signal. For the masker conditions, one ran-
domly selected interval contained the masker and signal and
the other two contained only the masker. Participants indi-
cated the interval which they believed contained the signal
by pressing the corresponding button, and feedback was pro-
vided. For each condition, the threshold was measured three
times, and the final threshold was recorded as the average
across the three measurements. Threshold for the absolute-
threshold condition was measured first followed by the
masker conditions in random order.

D. Computational models

Computational models for AN and midbrain responses
were used to provide insight into mechanisms that might
contribute to GN disruption. The computational models are
publicly available for download." All of the models included
stages for the cochlea, ANFs, and IC (Zilany et al., 2014;
Nelson and Carney, 2004). One model was an updated ver-
sion of the model by Zilany and colleagues, which also
included MOC efferents (Farhadi et al., 2021). Figures 2
and 3 provide overviews of the model by Farhadi et al.,
where firing rates are depicted for one trial of each masker
type for a hearing threshold of 15dB HL at 4kHz (corre-
sponding to a typical OMHL participant).

Brennan et al. 1997
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FIG. 2. (Color online) Computational model, including MOC efferent system, showing example simulation of one frequency channel for OMHL. (a) GN
and LFN stimuli at the input to the model ultimately result in (b) cochlear OHC gain factors that vary throughout the stimulus. (c) Low-spontaneous rate
(LSR) and (d) high-spontaneous rate (HSR) AN responses are the instantaneous-rate functions at the output of the model synapse (right). (¢) The model IC
response of bandpass filter model is depicted. The LSR fiber was used to represent wide-dynamic-range responses from the cochlear nucleus, which were
combined with the IC model response as inputs to the MOC stage (right). Larger fluctuations in the IC response to GN stimuli resulted in greater gain reduc-
tion throughout the GN masker as compared to the LEN masker. Therefore, the peak rate in response to the signal for the HSR fiber was lower after the GN
masker than after the LFN masker. (f) Subsequently, for the IC same-frequency inhibition-excitation (SFIE) response, which was the input to the decision
variable, the relative rates of the signal and masker were smaller for GN than for LEN. CF =4 kHz. The signal level was 70 dB SPL.

Both sets of computational models (with and without
efferents) incorporated physiological properties, including
the saturation of IHC transduction and synaptic saturation
and adaptation. Peripheral tuning of these models was
based on data for human participants (Ibrahim and Bruce,
2010). Both computational models included low-pass filters
corresponding to the OHCs and IHCs, each with adjust-
able scaling factors. Decreasing the value of the computa-
tional model parameter, Coyc (max = 1, min = 0) reduced
cochlear gain, whereas decreasing the value of Cyyc
reduced sensitivity of the IHC and pushed the saturation
point of the IHC nonlinearity to higher input levels. The
Conc and Cyyc scaling factors were set to match the mean
audiometric threshold in dB HL for each participant
group. Two-thirds of the threshold shift was ascribed to

cOHC

Output
(MOC signal)

Input (Spikes/sec)

—*-1
— |

FIG. 3. Computational model of MOC efferent system, depicting mapping
of input spike rate to MOC gain factor to cochlea. Input spike rate from IC
was scaled and added to that from a LSR ANFs, low-pass filtered, and then
converted to MOC gain factor. Higher MOC spike rate resulted in smaller
gain factor.
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OHC based on acoustic trauma observed in cats (Bruce
et al., 2003; Zilany and Bruce, 2007) and estimated OHC
integrity in humans with SNHL (Plack et al., 2004).

The model that included the MOC efferents (Farhadi
et al., 2021) incorporated implementations of low- and high-
spontaneous rate (LSR and HSR) fibers in different roles.
Because the input to the ascending pathway to the IC is domi-
nated by HSR fibers (Carney 2018), the HSR fibers provided
input to the brainstem/IC model, which, in turn, provided one
of two descending neural inputs to the MOC. The other input
to the MOC consisted of afferent LSR fibers, reflecting the
physiological observation that inputs to the MOC have wide
dynamic ranges (Ye et al., 2000). Together, these two inputs
to the MOC can increase cross-CF contrast in fluctuations
(Farhadi et al., 2021). The two inputs to the MOC stage of
the model were scaled to have approximately equal firing
rates (the IC input was multiplied by 50) as, otherwise, the
afferent input of the LSR fibers would dominate and limit
modulation of OHC gain to enhance neural fluctuations
(Fig. 2). The MOC stage included a low-pass filter with a
time constant of 200 ms, chosen to approximate the overall
time course of the MOC system. The final step in the MOC
stage converted the input rates to a factor that modulated the
OHC gain. This conversion was based on an exponential rela-
tionship of firing rate to gain: the cochlear-gain factor
decreased exponentially as the combined input to the MOC
stage increased.

Brennan et al.
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For computational efficiency, a simple, bandpass modu-
lation filter model (Mao et al., 2013) was used for the IC
response that projected to the MOC in the efferent model
[IC in Fig. 2(e)]. Because the model of the IC that provided
input to the MOC had a best modulation frequency of 64 Hz,
regulation of cochlear gain was driven by both overall stim-
ulus level (via the AN LSR input) and envelope fluctuations
(via the IC input). This best modulation frequency of 64 Hz
was selected as it was the mean of the distribution of best
modulation frequencies observed by Kim et al. (2020) for
rabbits. Then, for modeling listener thresholds, the final
HSR AN response for both computational models was used
as the input to a SFIE implementation of the IC (Nelson and
Carney, 2004) with a best modulation frequency of 64 Hz.
The discussion in Sec. IV elaborates on the potential impli-
cations of this modeling decision. The SFIE model was used
for the decision variable to avoid interference between
“ringing” of the simple bandpass modulation filter at the end
of the masker and the subsequent response to the signal [see
Fig. 2(e)].

As illustrated in Fig. 2(b), cochlear gain decreased after
masker onset (due to high firing rates at stimulus onset for
the ANFs and IC). For the GN masker, this initial reduction
in OHC gain was maintained throughout the duration of the
masker and the result of the sluggishness of the MOC sys-
tem, for a period after the offset of the masker. For the LFN
masker, this initial reduction in OHC gain reduced over time
(caused by a reduction in firing rate from the IC). For the
IC, these effects resulted in a greater response to the signal
relative to the masker rate in the LFN condition. In the GN
condition, the IC response during the masker was greater
than that in the LFN condition, and the signal response was
decreased relative to the LFN condition due to decreased
cochlear gain [Fig. 2(b)]. The higher masker response and
lower signal response in the GN condition contributed to
GN disruption in the model thresholds, as described further
below.

One issue was the selection of CFs to include in esti-
mating model thresholds. Presumably, participants used CFs
tuned near the signal frequency of 4kHz. Because of
cochlear filtering of masker-frequency components, ANFs
tuned to a masker-edge frequency will have slower fluctua-
tions (for both masker types) than ANFs tuned to the masker
center frequency. For the masker-edge CFs, there will be
less IHC saturation and responsiveness to the signal stimu-
lus. Here, it was assumed that participants used activity in
fibers with CFs that extended slightly beyond the bandwidth
of the masker (3.9-4.1kHz). Specifically, AN CFs of 3.6,
3.7, 3.8, 4, 4.2, 4.3, and 4.5kHz were simulated. The IC
stage of the model inherited these CFs and responses were
summed across CFs after the IC stage before simulating lis-
tener thresholds.

Model IC responses were obtained for a 30-dB range of
signal levels near an initial, rough approximation of model
threshold. Signal levels were spaced 3 dB apart and 50 trials
were completed per signal level. Three independent simula-
tions were used for the three-interval task, one of which was
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selected to include the signal tone. The silence preceding
each interval was set to 1 s to allow the computational model
to settle before stimulus onset. Under the assumption that—
for the short 25-ms masker-signal delay—the participants
listened from near the end of the masker to some time past
the expected temporal position of the signal, the model IC
instantaneous firing rate was recorded from 375ms after
masker onset until at least S0 ms after the end of the probe
tone (the decision-variable window). The start of the
decision-variable window was delayed until 425 and 500 ms
for the two longer masker-signal delays and, therefore, the
decision-variable window overlapped with the response to
the masker only for the 25-ms masker-signal delay condi-
tion. The inclusion of the masker response in the decision
variable for the shortest masker-signal delay conditions
allowed the effect of listener uncertainty to be taken into
account, and this measure of listener uncertainty contributed
to elevating model thresholds to better approximate behav-
ioral thresholds.

The interval with the highest maximum instantaneous
rate during this timeframe was selected as the signal interval
for that trial. The proportion correct was computed for each
signal level, and a logistic function was then fit to each
performance-intensity curve. Threshold was estimated as
the level for which the curve intersected the 70.7% correct
point. This process was repeated for each masker type,
masker-signal delay, and participant group.

E. Analysis

All of the statistical models were computed using IBM
SPSS version 27 (Armonk, NY) or MathWorks MATLAB
2021a and the statistics and machine learning toolbox. M thresh-
olds, standard deviation (SD), and percentiles were calculated.
Quiet conditions across participant groups (YNH, OMHL, and
OSNHL) were analyzed using a repeated measures analysis of
variance. Post hoc comparisons were completed using pairwise
comparisons with false discovery rate adjustments (Glickman
et al., 2014). To assess differences in masked threshold by
masker type (GN and LEN), masker-signal delay (25, 75, and
150 ms), and hearing status (NH and SNHL), a linear mixed
effects model with random intercepts for each participant was
conducted. Effect sizes (in dB), t-test values, and probability
values are reported. Reference conditions were set to YNH,
25 ms masker-signal delay, and LFN. Using YNH as the refer-
ence group allowed the determination of effects of age and
degree of hearing loss by comparing thresholds for YNH and
OMHL (effect of minimal hearing loss and age) and OSNHL
(effect of mild-to-moderate hearing loss and age). Using the 25-
ms masker-signal delay and LFN as the reference conditions
allowed determination of whether GN disruption decreased
from 25 to 75 ms or from 25 to 150 ms.

lll. RESULTS
A. Absolute thresholds

Figure 4 depicts detection thresholds in dB SPL. As
expected, absolute thresholds (150ms panel) were lowest
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for the YNH participants with progressively higher thresh-
olds for the OMHL and OSNHL participants (degrees of
freedom =2,50, F=194.2, p<0.001). Post hoc testing
revealed that absolute thresholds were significantly higher
for OMHL (p <0.001, M=31.1, SD=6.2) and OSNHL
(»p <0.001, M=065.2, SD =9.0) participants than for YNH
participants (M =21.3, SD =5.4). Absolute thresholds were
also significantly higher for OSNHL than for OMHL partici-

pants (p < 0.001).

B. Masked thresholds and GN disruption

Consistent with prior work (Brennan et al., 2015; Svec
et al., 2015, 2016) and as shown in Fig. 4, masked thresh-
olds for all of the conditions were lowest for the YNH par-
ticipants and higher for OMHL and OSNHL participants.
Although not plotted, the amount of masking was greatest
for the YNH participants and progressively smaller for the
OMHL and OSNHL participants. For the LFN masker,
thresholds for the 25-ms masker-signal delay were signifi-
cantly higher by 23 dB for the OSNHL than for the YNH
participants (t=7.5, p<0.001) but did not differ signifi-
cantly for the OMHL and YNH participants (1=1.3,
p=0.700).

As hypothesized, the threshold for the YNH participant
group for the 25-ms masker-signal delay was significantly
greater by 8.5dB for the GN than for the LFN (r=5.1,
p <0.001), as also shown in Fig. 5. Consistent with the sec-
ond hypothesis regarding expected effects of IHC saturation
on GN disruption, GN disruption for the 25-ms masker-
signal delay was significantly greater by 8.9dB for the
OMHL participants than for the YNH participants (r=3.5,
p<0.001). In contrast, GN disruption did not differ
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FIG. 5. (Color online) Plot of GN disruption. For the 25-ms masker-signal
delay, GN disruption was larger for the OMHL participants than for the
other two groups.
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significantly between the YNH participants and OSNHL
participants (—1.5dB, t = —0.6, p =0.519). For the 75-ms
masker-signal delay, GN disruption was statistically equiva-
lent to that for the 25-ms masker-signal delay (—4.0dB, ¢
= —1.7, p=0.093) for the YNH participants. Note that this
lack of a significant change in GN disruption may have been
due to the larger GN disruption exhibited by two YNH par-
ticipants for the 75-ms masker-signal delay (see the two out-
lier data points in Fig. 5).

GN disruption decreased significantly by 8 dB for the
YNH participants from the 25- to 150-ms masker-signal
delay (t = —3.4, p <0.001). The decrease in GN disruption
from the 25- to the 75-ms masker-signal delay was signifi-
cantly greater for the OMHL than for the YNH participants
by 10.2dB (r = —2.9, p=0.004). Similarly, the decrease in
GN disruption from the 25- to the 150-ms masker-signal
delay was significantly greater for the OMHL than for the
YNH participants by 7.3dB (r = —2.1, p=0.040). The
decreases in GN disruption from the 25-ms masker-signal
delay to the 75- (t=0.3, p=0.775) and 150-ms (+=0.9,
p =0.379) masker-signal delays were statistically equivalent
for the YNH and OSNHL participants. Notice that variabil-
ity in GN disruption for the 25-ms masker-signal delay was
greatest for OMHL followed by YNH and OSNHL.

In summary, GN disruption for the 25-ms masker-signal
delay was significantly greater for OMHL than for YNH and
OSNHL participants. Recovery from GN disruption was
greater (steeper) for OMHL than for YNH participants with
similar GN disruption for the three participant groups for
the two longest masker-signal delays.

C. Computational models

Figure 6 plots the simulated OHC gain as a function of
time for each masker, masker-signal delay, and participant
group. For all three groups and both masker types, OHC
gain decreased following masker onset. For the computa-
tional model of YNH, OHC gain initially decreased due to
an increase in the rate of the IC and LSR inputs to the MOC
(see Fig. 2). Following this abrupt gain decrease, OHC gain
gradually increased over the remaining duration of each
masker. For the YNH group, the model predicts that these
participants would likely be operating in IHC saturation in
the presence of a masker presented at 80 dB SPL. As a result
of IHC saturation, the neural representation of input fluctua-
tions of the GN masker would be reduced. The reduction of
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FIG. 6. (Color online) Plot of OHC gain for each masker-signal delay. Responses are shown for one hair cell with CF =4kHz. Differences in OHC gain

between GN (dashed lines) and LEN (solid lines) were greater for OMHL

(circles/magenta) than for YNH (asterisks/blue) and OSNHL (squares/yellow)

models. Symbols denote, in temporal sequence, start of the masker, end of the masker, and temporal center of the 10-ms signal. The signal level was set
10 dB above the predicted model threshold for the GN conditions (see Fig. 7).

masker envelope fluctuations at the level of the IC results in a
gradual OHC gain increase over the duration of each masker
type. In contrast, for the computational model of OMHL, the
model predicts that these participants would likely be operat-
ing below the saturation point of the IHC due to slight
absolute-threshold elevations, suggesting that envelope fluctu-
ations from the GN masker would lead to strong neural fluctu-
ations. This preservation of fluctuations at the level of the IC
results in gradual OHC gain decreases as opposed to increases
(YNH) over the duration of the GN masker. Consequently,
there were larger differences in OHC gain over time between
the two masker types (GN vs LEN) for the OMHL than for
the YNH model. The OSNHL model predicts SNHL may
lead to reduced OHC function and, therefore, reduced OHC
gain increases or decreases, as well as reduced possibilities
for THC saturation. Thus, smaller changes in predicted OHC
gain were observed between the two masker types for this
group. Notice that the differences in OHC gain across groups
also occurred during the signal for the 25-ms masker-signal
delay. For all of the groups, the difference in gain at the time
of the signal between the two masker conditions decreased
for the longer masker-signal delays.

Figure 7 illustrates the masked thresholds estimated
from the computational model with and without the efferent
system. As expected, the masked thresholds with the effer-
ent system were higher (poorer) than without the efferent
system. The increase in thresholds for the GN relative to the
LFN masker (i.e., GN disruption) was greater for the com-
putational model when efferents were included. Note that

the estimated thresholds were lower than the behavioral
thresholds, with this difference largest for the YNH group.
Figure 8 shows GN disruption estimated by the computa-
tional model as well as measured behaviorally. Without the
efferent system, GN disruption was minimal for YNH and
OMHL. Starting with the 25-ms masker-signal delay condi-
tion, the estimates of GN disruption with the efferent system
for YNH and OMHL groups increased by 4 and 18dB,
respectively, relative to the model without the efferent sys-
tem. When the efferent system was included in the model,
GN disruption was more similar in magnitude to the behav-
iorally measured GN disruption for all three participant
groups. In addition, GN disruption estimated from the com-
putational model with the efferent system was greatest for
the OMHL group. GN disruption with the efferent system
decreased for the two longer masker-signal delays and with,
perhaps, the exception of the 150-ms masker-signal delay
condition, better approximated GN disruption than the com-
putational model without the efferent system.

IV. DISCUSSION
A. Main findings

Factors proposed to contribute to GN disruption include
cochlear compression, listener uncertainty, inhibition within
the auditory system, and the MOC efferent system. Because
cochlear compression, inhibition, and MOC function vary
with age and hearing status, this study was designed to (a)
examine the contributions of each mechanism to GN
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disruption by comparing GN disruption for younger partici-
pants with NH to that for OMHL or OSNHL, and (b) exam-
ine the extent to which a computational model of the IC and
MOC could account for the GN disruption observed in the
behavioral results. The results suggest that the slightly ele-
vated hearing thresholds of the OMHL participants may
have made this group more susceptible than the other groups
to the deleterious effects of masker envelope fluctuations.
Specifically, greater GN disruption was observed for the 25-
ms masker-signal delay for OMHL participants than for
YNH and OSNHL participants and based on the computa-
tional model, this greater GN disruption can be attributed to
reduced IHC saturation. For all three groups, GN disruption
was reduced for the two longer masker-signal delays (75
and 150ms) and at these longer delays, significant differ-
ences in GN disruption between the groups were not found.

B. Cochlear compression

Prior investigators have hypothesized that linearization
of the basilar membrane response associated with SNHL
should result in greater effective amplitude fluctuations for
GN, relative to a cochlea functioning normally (Moore
et al., 1996; Svec et al., 2015). The greater effective magni-
tude of these fluctuations would likely cause increased diffi-
culty for participants with SNHL, relative to the participants
with NH, when attempting to detect a signal that follows a
masker (Svec et al., 2016). If cochlear compression strongly
contributed to GN disruption, then GN disruption should
have been greater for the participants with SNHL than for
the participants with NH. Instead, for the 25-ms masker-sig-
nal delay, GN disruption did not differ between the YNH
and OSNHL participants and was greatest for the OMHL
participants. While not statistically significant, these same
trends were present in the GN disruption data of Svec et al.
(2015). These results, at face value, do not support the argu-
ment that variations in cochlear compression across partici-
pants contributed to differences in GN disruption. However,
it is possible that GN disruption for the OSNHL participants
was a consequence of a quasi-linearized basilar membrane
response with the absence of MOC efferent feedback. This
notion is supported by the estimated GN disruption for the
computational model without MOC efferent feedback. For
this model, greater GN disruption (for the 25-ms masker-
signal delay condition) was predicted for the OSNHL partic-
ipants (9dB) than for the YNH and OMHL participants
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(2dB). This prediction of greater GN disruption for the
OSNHL participants is consistent with a loss of OHC gain
(and thereby compression), leading to larger fluctuations
and, consequently, greater “modulation masking” by the GN
masker.

C. Listener uncertainty

Although listener uncertainty or confusion effects have
historically been observed at relatively brief masker-signal
delays (<20 ms; Moore 1981), Svec et al. (2016) showed
significantly greater GN disruption for ten OSNHL partici-
pants than for niiine YNH participants for a masker-signal
delay of 75ms, a finding that was not replicated here. Due
to the lack of significant differences between groups, the
results of the current study do not support the notion of
larger GN disruption at longer masker-signal delays for
older participants with minimal or greater hearing loss—as
previously argued by Svec and colleagues. The computa-
tional model, on the other hand, makes a case for the
involvement of the efferent system in what has, instead,
been traditionally attributed to listener uncertainty. The
effect of different temporal window durations on GN disrup-
tion was informally examined. Variations in the temporal
window for which the window length changed from includ-
ing to not including the masker significantly decreased GN
disruption. Otherwise, variations in the temporal window
had, at most, a minimal effect on GN disruption. Possibly,
the participants with less GN disruption used shorter tempo-
ral windows that did not include the masker. Note that while
listener uncertainty has been assessed using diotic presenta-
tion of a masker as a comparison to an entirely monaural
stimulus presentation, binaural interactions at the level of
the MOC and IC (Park, 1998, 2004) should, perhaps, give
investigators pause. If, for example, cochlear gain is driven
by contralateral and ipsilateral projections from the MOC,
then changes in masked threshold resulting from the intro-
duction of a contralateral masker may not reflect, solely, a
reduction in listener uncertainty but could, instead, reflect
reduced cochlear gain from the MOC.

D. Inhibition and envelope coding at the IC

The model simulations presented here suggest that for-
ward suppression of the probe response is partially due to the
effects of the MOC efferent system. This mechanism is dif-
ferent from offset-driven inhibition emerging in subcortical
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nuclei (Salimi et al., 2017). Simulations in this paper demon-
strate that the MOC efferent mechanism can explain differ-
ent amounts of suppression for LFN and GN maskers.
Whether offset inhibition could contribute to GN disruption
remains to be examined. Note, also, that the computational
model did not address changes in inhibition and envelope
coding associated with age (Frisina and Rajan, 2005;
Caspary et al., 2008; Parthasarathy er al., 2019) and, thus,
the authors cannot currently assess their contributions to GN
disruption.

E. Role of MOC efferent feedback

Studies examining the physiological effect of MOC
efferent feedback on firing rate within the IC provide sup-
porting evidence that changes in rate within the IC may
have contributed to GN disruption. The masker duration
used here (400 ms) was sufficiently long to activate MOC
efferent feedback (Cooper and Guinan, 2003), and the
reduced GN disruption and forward masking for the longer
masker-signal delays are consistent with the time course of
OHC gain reduction following masker offset (Cooper and
Guinan, 2003; Roverud and Strickland, 2010; Guinan,
2018). Note as well that GN disruption, for some partici-
pants, was observed up to 150 ms following masker offset.
Such an effect is consistent with the previously estimated
4-8dB of cochlear-gain reduction for a relatively long
precursor-signal delay of 120ms for some participants
(Roverud and Strickland, 2010). Together, these results pro-
vide evidence that reduction in OHC gain associated with
the efferent system could have contributed to the GN disrup-
tion that was observed for the 25-ms masker-signal delay
and, for some participants, up to the 150 ms delay.

Masked-threshold estimates from the computational
model indicate that there may be an influence of MOC effer-
ent feedback on GN disruption. The computational model
suggests that effects of masker type on firing rate within the
IC without MOC efferent feedback are insufficient to
explain GN disruption for individuals with NH. For the
25-ms masker-signal delay, GN disruption estimated using
the computation model without the MOC efferent system
was only 2dB for the 25-ms masker-signal delay, which is
far less than the mean 8 and 17 dB measured for the YNH
and OMHL participants, respectively. The addition of MOC
efferent feedback to the computational model had the effect
of reducing OHC gain within the model, which, in turn,
caused higher masked thresholds. More importantly, the
amount of OHC gain reduction varied with masker type.
There was a greater reduction in OHC gain for the GN than
for the LFN masker. A greater reduction in gain likely
occurred for the GN masker because the IC neurons that are
excited by envelope fluctuations are assumed to excite MOC
neurons given that MOC neurons are also excited by enve-
lope fluctuations (Gummer ez al., 1988). As a result, for the
YNH group and the 25-ms delay condition, OHC gain was
reduced for the GN masker relative to the LFN masker (see
Figs. 2 and 6), and this difference in OHC gain contributed
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to an additional 4 dB for a 6 dB total of GN disruption rela-
tive to the computational model without MOC efferent feed-
back. Note, too, that the computational model with the
efferent system predicted decreased GN disruption for the
two longer masker-signal delays, and these decreases in GN
disruption were generally consistent with the decrease in
GN disruption observed for the participants. In contrast, the
computational model without efferents predicted smaller
changes in GN disruption for the longer masker-signal
delays that were inconsistent with the participant data.

The predictions of the computational model with the
efferent system suggest that differences in the relative OHC
gain over time between the three groups contributed to the
differences observed in behavioral GN disruption between
groups. Due to a loss of IHC sensitivity and because OHC
gain started at a lower initial value (caused by slight hearing
threshold elevations), fluctuations within the IC were greater
for the computational model for OMHL than for YNH.
These more robust fluctuations caused OHC gain to
decrease instead of increase over the duration of the masker.
Consequently, a large GN disruption (for the 25-ms masker-
signal delay) of 20dB was predicted by the computational
model with 18dB of the GN disruption attributable to the
MOC efferent system. For OSNHL, the changes in OHC
gain that occurred over time were markedly reduced relative
to the other two groups, owing to their SNHL. Hence, there
was less difference in OHC gain between the two masker
types and, therefore, only 2 dB of GN disruption was attrib-
utable to MOC efferent feedback.

Across participants, GN disruption ranged from —4 to
40dB, and this variability in thresholds was largest for the
OMHL participants. The results of the computational model
suggest that this variability in GN disruption can be attrib-
uted to variations in IHC saturation, which would be
expected to increase with increasing minimal hearing loss
and then decrease again for mild hearing loss. The smaller
variance in GN disruption for OSNHL can be attributed to
their reduced likelihood of IHC saturation in response to
either masker type.

The current study contributes to prior work attempting
to relate perception to MOC efferent feedback (e.g.,
Winslow and Sachs, 1988; Jennings et al., 2011; Wojtczak
et al., 2019) by comparing masked thresholds obtained with
a computational model of the midbrain with MOC efferent
feedback to behavioral measures of GN disruption and pro-
vided evidence suggesting that the MOC efferent system
contributes to GN disruption. Such an approach was also
used by Jennings et al. (2011) to assess the role of MOC
efferent feedback in overshoot, a phenomenon in which
masked thresholds for a simultaneous masker are higher for
a signal near the onset and offset of a masker than for a sig-
nal near the temporal center of a masker.

While the results of the computational model presented
here indicate that modulation filtering, MOC efferent feed-
back, and THC saturation provide plausible explanations
for GN disruption, other aspects of auditory processing
not assessed here could provide alternative explanations.
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The effects of several model parameters were not assessed,
including the spontaneous rate of the fiber used for the deci-
sion variable and best modulation frequency of the IC. In
addition, the computational model did not capture all of the
aspects of auditory processing, such as other cell types,
including sustained units (Krishna and Semple, 2000), the
loss of auditory neurons associated with age (Makary et al.,
2011), potential variations in the length of the temporal win-
dow across listeners or conditions, or including multiple
modulation-frequency channels. Possibly, some of these
missing aspects of auditory processing in the computational
model could account for (1) the better model thresholds as
compared to behavioral thresholds and (2) individual differ-
ences in GN disruption.

Regarding combinations of different best modulation
frequencies, the model thresholds for the NH listeners were
elevated by inclusion of the efferent feedback as expected.
However, model thresholds were still about 25dB lower
than listeners’ thresholds. This gap might be addressed by a
more comprehensive model for the MOC efferent feedback,
for example, by including multiple modulation-frequency
channels. The current model was based on a single band-
enhanced IC model with a best modulation frequency of
64 Hz, which is based on the median of the distribution of
best modulation frequencies in a representative mammal
(Kim et al., 2020). Given that the mean modulation rate of
the GN noise (98 Hz), incorporating modulation filters
closer to the mean modulation rate of the GN noise, could
result in greater GN disruption. Future work may consider a
model with additional modulation channels, perhaps span-
ning one or two octaves centered on 64 Hz, which would
still fall within the range of modulation tuning observed in
the IC and also pass significant modulation energy in
response to the narrowband maskers used in this study.
Although one would expect such a model to elevate the pre-
dicted thresholds, especially in the model for YNH listeners,
such an effect is not clear given that the modulation filters
are broad (Q =1 and is consistent with data from rabbits as
measured by Kim et al., 2020). The challenge for such
future modeling efforts will be to design the combination of
control signals across channels as there is little physiological
data to guide such model development.

V. CONCLUSIONS

It appears that IC sensitivity to masker fluctuations and
the concurrent decrease in OHC gain contributes to GN
disruption, which has traditionally been attributed to
mainly listener uncertainty;
e participants with minimal hearing loss are more suspect-
able to GN disruption; and
* a computational model of auditory processing in the IC
with MOC efferent feedback indicated that increased sat-
uration of IHCs, resulting from reduced efferent function,
may have caused the greater GN disruption observed for
the participants with minimal hearing loss.
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