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This study tests the hypothesis that amplitude modulation (AM) detection will be better under con-

ditions where basilar membrane (BM) response growth is expected to be linear rather than com-

pressive. This hypothesis was tested by (1) comparing AM detection for a tonal carrier as a

function of carrier level for subjects with and without cochlear hearing impairment (HI), and by (2)

comparing AM detection for carriers presented with and without an ipsilateral notched-noise pre-

cursor, under the assumption that the precursor linearizes BM responses. Average AM detection

thresholds were approximately 5 dB better for subjects with HI than for subjects with normal hear-

ing (NH) at moderate-level carriers. Average AM detection for low-to-moderate level carriers was

approximately 2 dB better with the precursor than without the precursor for subjects with NH,

whereas precursor effects were absent or smaller for subjects with HI. Although effect sizes were

small and individual differences were noted, group differences are consistent with better AM detec-

tion for conditions where BM responses are less compressive due to cochlear hearing loss or due to

a reduction in cochlear gain. These findings suggest the auditory system may quickly adjust to the

local soundscape to increase effective AM depth and improve signal-to-noise ratios.
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I. INTRODUCTION

Speech, music, and other real-world signals contain

gross fluctuations in amplitude over time. Sensitivity to these

fluctuations is important for sound source identification

(Yost, 1991) and for conveying manner of articulation, sylla-

ble structure, voice onset time, and speech rate (Rosen,

1992). Adults with normal hearing (NH) are sensitive to

sinusoidal amplitude modulation (AM) of noise carriers at

AM depths corresponding to a 1 dB difference between AM

peaks and valleys (Viemeister, 1979). For low modulation

frequencies (<30 Hz) this sensitivity is constant across a

wide range of noise carrier levels (Viemeister, 1979), or

improves with increasing level for tonal carriers (Kohlrausch

et al., 2000).

The finding that AM detection is constant or improves

with increasing carrier level is inconsistent with basilar

membrane (BM) response growth. For measurements in the

base of the cochleae of laboratory animals, BM responses at

the characteristic frequency (CF) grow linearly at low levels

and compressively for moderate-to-high levels (Robles and

Ruggero, 2001). This transition between linear and compres-

sive response growth is the result of a progressively smaller

contribution of cochlear amplification as a function of level,

where this amplification is a result of outer hair cell (OHC)

motility (Liberman et al., 2002). The transition from linear

to compressive BM growth is expected to result in a progres-

sively smaller modulation depth at the output of the cochlea

(i.e., hereafter referred to as “effective” modulation depth)

with increasing carrier level. This is due to compression

reducing the effective modulation depth relative to the input

modulation depth for moderate-to-high carrier levels. At

lower input levels, where BM responses are linear, the effec-

tive modulation depth is expected to be similar to the input

modulation depth. Under the assumption that a constant

modulation depth will yield constant performance

(Viemeister, 1979), AM detection for high-frequency car-

riers associated with the cochlear base is expected to decline

with increasing carrier level due to the reduction in effective

modulation depth, as has been shown through model simula-

tions (Heinz et al., 2001).

The finding that AM detection as a function of carrier

level is constant or improves rather than declines poses a

challenge to understanding how AM detection is influenced

by cochlear processes. Contributing to this challenge is the

finding that excitation spreads basalward with increasing

stimulus intensity, which may result in detection of AM

through auditory filters remote from the carrier frequency

(Strickland and Viemeister, 1997; Kohlrausch et al., 2000).
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Based on findings that BM responses grow linearly for off-

CF stimuli (Ruggero et al., 1997), the envelope of high-level

carriers is expected to be processed linearly through these

off-CF filters, leading to improvements in AM detection

with increasing carrier level, despite the expected level-

dependent effects of cochlear compression (Millman and

Bacon, 2008).

Using a short-duration (50 ms), narrowband-noise car-

rier centered on 5000 Hz and off-frequency noise to mini-

mize the effects of the spread of excitation, Almishaal et al.
(2017) measured AM detection as a function of carrier level

to test the hypothesis that AM detection declines with

increasing carrier level, as predicted from BM compression.

Consistent with their hypothesis, AM detection declined as

carrier level increased from 45 to 65 dB sound pressure level

(SPL). To further assess the role of compression, Almishaal

et al. (2017) compared AM detection for a carrier preceded

by silence, or by a 200-ms, notched-noise precursor, under

the assumption that the precursor linearizes BM responses

(Strickland, 2008; Jennings et al., 2009; Yasin et al., 2013;

Roverud and Strickland, 2015a). This assumption is based

on the presumed effects of the medial olivocochlear (MOC)

reflex, which decreases cochlear amplifier gain in response

to acoustic stimulation (Guinan, 2006) with a time constant

of approximately 70 ms (Backus and Guinan, 2006). AM

detection with the precursor was better than detection

without the precursor for mid-level carriers, resulting in

monotonically decreasing AM detection thresholds with

increasing carrier level. Almishaal et al. (2017) concluded

that these results were consistent with a reduction in cochlear

amplifier gain that could be attributed to the effects of the

MOC reflex.

Cochlear hearing loss results in less-than-normal

cochlear amplifier gain (Davis, 1983), which narrows the

range of input levels subjected to cochlear compression

(Yates et al., 1990). Thus, BM responses grow linearly over

a wider range of input levels for subjects with hearing

impairment (HI) than for subjects with NH (Oxenham and

Bacon, 2003). The contribution of cochlear amplifier gain to

BM excitation becomes progressively smaller with increas-

ing SPL (Ruggero et al., 1997), thus MOC-mediated adjust-

ments to OHC gain may be smaller than normal in subjects

with HI, consistent with masking studies (Bacon and

Takahashi, 1992; Strickland and Krishnan, 2005; Jennings

et al., 2016) and model simulations (Strickland and

Krishnan, 2005; Jennings et al., 2016).

Expected improvements in AM detection due to reduc-

tions in cochlear amplifier gain are illustrated in Fig. 1,

which plots schematized input/output (I/O) functions (black

lines) at the output of an auditory filter centered on the car-

rier frequency for subjects with NH [Figs. 1(A) and 1(C)]

and HI [Figs. 1(B) and 1(D)]. For subjects with NH,

FIG. 1. (Color online) Schematic illustration of the expected effects of a reduction in cochlear amplifier gain on effective amplitude modulation depth in NH

(panels A, C) and HI (panels B, D) subjects. BM response growth, at the output of an auditory filter centered on the carrier frequency, grows linearly for low-

level carriers, and compressively for mid-to-high level carriers (solid lines), where linear and compressive regions intersect at a breakpoint. The presentation

of a precursor is assumed to reduce cochlear amplifier gain (dotted gray line vs solid black line), but less so in subjects with HI than in subjects with NH. This

results in increases in the input levels corresponding to the compression breakpoint. For moderate-level carriers preceded by silence (panels A, B) the effective

modulation (“mod.”) depth is smaller than the input modulation depth. Similarly, for moderate-level carriers preceded by a precursor (panels C, D) the effec-

tive modulation depth is roughly equal to the input modulation depth. The effective modulation depth for subjects with HI is assumed to be larger than that for

subjects with NH in the no precursor condition (panels A,B) due to less compressive BM response growth in subjects with HI than in subjects with NH. The

solid black lines in the top panels are replotted as gray dotted lines in the bottom panels. Horizontal double arrows show the input modulation depth.

Horizontal dashed lines and vertical double arrows show the effective modulation depth. Waveforms on the right side of the panels are schematic representa-

tions of the amplitude modulated carrier at the output of the cochlea at the characteristic frequency. To facilitate comparison, waveforms from panels A and B

are copied to panels C and D, respectively.
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moderate-level, short-duration (e.g., 50 ms) carriers [Fig.

1(A)] are expected to undergo compression, which results in

a smaller effective modulation depth (vertical double

arrows) than the input modulation depth (horizontal double

arrows). However, for subjects with HI [Fig. 1(B)], the effec-

tive modulation depth at comparable input levels is expected

to be larger than normal due to less compressive response

growth. Compression exponents in Fig. 1 were 0.2 dB/dB for

subjects with NH based on experiments with laboratory ani-

mals (Ruggero et al., 1997; Rhode and Recio, 2000) and for-

ward masking experiments with humans (Oxenham and

Plack, 1997; Nelson et al., 2001; Plack and O’Hanlon,

2003). Compression exponents were 0.5 dB/dB for subjects

with HI consistent with Rosengard et al. (2005); however,

for some subjects with milder HI, compression exponents

may be similar to normal (Plack et al., 2004; Dubno et al.,
2007).

For short-duration carriers preceded by precursors [Fig.

1(C)], cochlear amplifier gain is expected to decrease over

the time course of the precursor for low-to-moderate input

levels (Strickland, 2008), as illustrated by the 15-dB vertical

distance between dashed gray and solid black lines. Gain

reduction of this magnitude is within the range expected for

MOC stimulation via electric shock in laboratory animals

(Murugasu and Russell, 1996; Dolan et al., 1997; Russell

and Murugasu, 1997; Cooper and Guinan, 2003), or as esti-

mated via low-level (e.g., 40 dB SPL) ipsilateral acoustic

stimulation in masking experiments with human subjects

(Krull and Strickland, 2008; Jennings et al., 2009; Roverud

and Strickland, 2010; Yasin et al., 2013). However, due to

differences in species (e.g., guinea pig vs human) and stimu-

lus type (i.e., electric shock vs acoustic stimulation), 15-dB

gain reduction may be an overestimate and is used here for

illustrative purposes only. A reduction in cochlear gain could

result in linear rather than compressive BM responses over

part of the I/O function [Fig. 1(C), shaded gray region] for

subjects with NH. Linearization of BM responses increases

the effective modulation depth over a range of moderate

input levels, thus predicting better AM detection with a pre-

cursor than without a precursor. For low and high input lev-

els, reductions in cochlear amplifier gain are not expected to

increase effective modulation depth as BM responses will

remain linear or compressive, respectively. For subjects with

HI, precursors are expected to have little to no effect on

effective modulation depth as BM responses remain linear

across a wider range of levels and, therefore, are not affected

by the presence of a precursor in the same way as for sub-

jects with NH.

Improvements in effective AM depth depend on the

amount of cochlear compression, and the input level delin-

eating the linear and compressive regions of the I/O function

(i.e., compression breakpoint, Fig. 1). Compression expo-

nents and breakpoints, among other factors, are expected to

vary among subjects with NH (Poling et al., 2012) and HI

(Rosengard et al., 2005). Jennings et al. (2014) modeled

individual differences in temporal masking curves (TMCs)

in subjects with NH and HI and concluded that between-

subject variability in on-frequency TMCs for subjects with

NH was consistent with individual differences in cochlear

compression exponents and breakpoints after controlling for

other peripheral and central factors. The framework in Fig. 1

predicts that individual differences in cochlear compression

exponents and breakpoints will result in individual differ-

ences in the effects of carrier level and the presence of the

precursor on AM detection. Support for this comes from

Roverud and Strickland (2015a,b) who observed appreciable

individual differences in intensity discrimination thresholds

in the presence (Roverud and Strickland, 2015b) and absence

(Roverud and Strickland, 2015a) of precursors and were able

to account for these differences using estimates of compres-

sion exponents and breakpoints obtained for individual sub-

jects. Between-subject variability in MOC strength, as

measured by otoacoustic emissions, has been shown to pre-

dict phoneme identification in noise for monosyllabic words

(Giraud et al., 1997; Kumar and Vanaja, 2004) and psycho-

metric function slope for words or sentences presented in

noise (Mertes et al., 2017). This suggests that between-

subject MOC strength may also influence individual differ-

ences in AM detection.

The framework illustrated in Fig. 1 leads to the follow-

ing hypotheses, which were tested in this study by measuring

AM detection as a function of the level of a 2000-Hz carrier

with and without a precursor in subjects with NH and HI: (1)

for subjects with HI, detection of AM within a short-

duration carrier will be better than for subjects with NH

(“better than normal”) for moderate-level carriers, consistent

with less compressive BM response growth at those levels,

(2) improvements in AM detection for moderate-level car-

riers presented with, compared to without, a precursor will

be smaller than normal for subjects with HI, consistent with

smaller MOC-mediated adjustments to cochlear amplifier

gain, and (3) precursor and carrier level effects on AM

detection will be marked by individual differences, consis-

tent with individual differences in compression and MOC

activity.

II. METHODS

A. Subjects

Thirty adults, ranging in age from 21 to 80 yr, partici-

pated in this experiment. Fifteen subjects with NH (mean

age¼ 23.7 yr, 4 males) were <30 yr of age, and had thresh-

olds �25 dB hearing level (HL) at audiometric frequencies

between 250 and 8000 Hz. Fifteen subjects with HI (mean

age¼ 73.2 yr, 8 males) were >60 yr of age and had mild-to-

moderate sensorineural hearing loss. Eight subjects with NH

and seven subjects with HI were tested at the University of

Utah (U of U). The remaining subjects were tested at the

Medical University of South Carolina (MUSC). All subjects

had normal middle ear function as judged by a certified audi-

ologist using results from clinical tympanometry (226 Hz

probe). For subjects with NH, the right ear was selected as

the test ear. For subjects with HI, the ear with the better

audiometric thresholds at 2000 Hz (the frequency of the AM

carrier) was selected as the test ear. The right ear served as

the test ear for 8 of 15 subjects with HI. Audiometric thresh-

olds for the test ear are shown in Fig. 2 for subjects with NH
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(squares) and HI (triangles), where thin and thick lines are

individual and mean data, respectively.

B. Apparatus and stimuli

A 2000 Hz (fc), 50-ms sinusoidal carrier was gated with

2-ms cos2 ramps and was sinusoidally amplitude modulated

at a modulation frequency of 40 Hz. A short-duration carrier

was used, as longer duration carriers may linearize BM

response growth via a reduction in cochlear amplifier gain

(Krull and Strickland, 2008; Jennings et al., 2009; Yasin

et al., 2013; Roverud and Strickland, 2015a) and confound

the comparison of AM detection between conditions with

and without a precursor. In addition, 2000-Hz carriers were

used to avoid frequencies with more than a mild-to-moderate

hearing loss in subjects with HI, and a 40-Hz modulation fre-

quency was chosen based on pilot data.1 Carrier levels were

45, 50, 55, 65, 75, and 85 dB SPL for subjects with NH and

60, 65, 75, 85, 95 dB SPL for subjects with HI. These levels

correspond to sensation levels (SLs) ranging from 32 to

87 dB SL and 12 to 67 dB SL in subjects with NH and HI,

respectively, relative to subjects’ audiometric thresholds at

2000 Hz. To reduce the effects of off-frequency listening, a

notched noise (Oxenham and Plack, 1997) was gated with

the carrier and presented at 50 dB/Hz below the carrier level

(Nelson et al., 2001). The inner frequency cutoffs of the

notched noise were 0:9 � fc and 1:2 � fc (i.e., 1800 and

2400 Hz), and the outer frequency cutoffs were 1000 and

4000 Hz. The notched-noise precursor was 200 ms in dura-

tion, including 5-ms onset/offset ramps. A notched-noise

precursor was used based on Almishaal et al. (2017), who

reported that precursors with spectral energy at the carrier

frequency resulted in forward masking in the modulation

domain (Wojtczak and Viemeister, 2005). The precursor

was presented immediately before the carrier (i.e., no delay

between the offset of the precursor and the onset of the car-

rier). The precursor had a spectral notch extending from

1800 to 2200 Hz and outer frequency cutoffs of 600 and

3200 Hz, respectively. The spectra of the off-frequency noise

and precursor were similar to Almishaal et al. (2017) after

adjusting for the carrier frequency of this study (5000 Hz

carriers were used in Almishaal et al., 2017). The precursor

was presented at 40 dB SPL for subjects with NH and 55 dB

SPL for subjects with HI. For the conditions without a pre-

cursor, silence preceded the carrier’s onset and the timing of

all other signals remained the same.

Stimuli were digitally generated using custom MATLAB

(The MathWorks Inc., Natick, MA) software (Bidelman

et al., 2015) and output through a LynxTWO-B (Lynx

Studio Technology, Costa Mesa, CA) sound card (sampling

rate, 44 100 Hz; 24-bit resolution) to the right earphone of

EARTONE-5 A (3 M, Minneapolis, MN) insert earphones,

which were driven by a headphone buffer [Tucker-Davis-

Technologies (TDT), HB7, Alachua, FL). Identical equip-

ment was used at both testing sites. Pilot testing (not shown)

was obtained from three subjects with NH each at U of U

and MUSC and confirmed that AM detection thresholds did

not differ significantly between testing sites (t[5]¼�0.54,

p¼ 0.69). Data from this pilot experiment were not included

in the final data set.

C. Procedures

Subjects were seated at a computer workstation inside a

sound-attenuating booth. A three-interval, three-alternative

forced-choice adaptive tracking procedure was used to mea-

sure AM depth (m), in dB, at threshold. During adaptive

tracking, the modulation depth was adjusted using a two-

down, one-up rule, which converged on the modulation

depth necessary to achieve 70.7% correct AM detection

(Levitt, 1971). The initial step size of the adaptive track,

expressed as modulation depth in dB, was 8 dB for the first

two reversals and 2 dB for the remaining ten reversals. AM

detection threshold for a given track was defined as the aver-

age AM depth (in dB) of the final eight reversals. During a

trial, observation intervals were marked by squares on a

computer monitor and separated by 500 ms of silence. The

off-frequency noise and precursor (when present) were gen-

erated independently before each interval. Sinusoidal ampli-

tude modulation was applied to the carrier in a randomly

assigned observation interval. The level of the carrier was

constant across observation intervals to eliminate level cues

(Viemeister, 1979). Subjects indicated the interval in which

they perceived the modulation by pressing a button on a key-

board or by tapping a touchscreen monitor. Visual feedback

was provided to indicate a correct or incorrect response. A

training period preceded data collection. During training,

two consecutive thresholds were measured on a representa-

tive sample of conditions, which included conditions with

and without the precursor for three carrier levels. Thresholds

measured during training were discarded.

During data collection, the order of carrier levels was

randomized for each listener. For each carrier level, no pre-

cursor and precursor conditions were measured consecu-

tively. Two threshold estimates were obtained for each

condition and averaged to yield the final threshold for the

condition. If the difference in thresholds of the two estimates

FIG. 2. (Color online) Audiometric thresholds (in dB HL) for subjects with

NH (squares and solid lines) and HI (triangles and dashed lines). Thin lines

are individual data, and thick lines and symbols are the mean data.
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was >5 dB, a third estimate was obtained, and the average of

all three threshold estimates was taken as the final threshold.

A third estimate was measured a total of four times in three

different subjects (<1% of measured experimental condi-

tions). Subjects HI10 and HI11 were unable to complete the

AM detection task at the lowest carrier level (60 dB SPL) for

the precursor and no precursor conditions. Similarly, subject

HI13 was unable to complete the task at the lowest carrier

level for the precursor condition. Finally, subject HI15 was

unable to complete the task at the 65 dB SPL carrier level in

the precursor and no precursor conditions.

Statistical analyses2 were conducted in the form of

repeated-measures analyses of variance (ANOVA), indepen-

dent t-tests, and paired t-tests. Significance was determined

at a¼ 0.05 after correction for multiple comparisons via

Bonferroni’s method.

III. RESULTS

A. Precursor and carrier level effects: NH subjects

Average AM detection as a function of carrier level for

subjects with NH is shown in Fig. 3(A) for conditions with-

out (open squares) and with (closed squares) the precursor.

Average AM detection for these subjects was poorer at

moderate-level carriers compared to higher-level carriers,

regardless of the absence or presence of the precursor.

This was revealed by a two-way, repeated-measures

ANOVA that showed significant main effects of precursor

[F(1, 14)¼ 33.8, p< 0.001] and carrier level [F(5,

70)¼ 27.5, p< 0.001] and an insignificant precursor x carrier

level interaction [F(5, 70)¼ 2.1, p¼ 0.1]. Post hoc testing

revealed that, for the main effect of carrier level, AM detec-

tion was significantly better for the higher levels (65, 75,

85 dB SPL) compared to lower levels (45, 50, 55 dB SPL).

This was true for the precursor [t(14)¼ 3.9, p< 0.005] and

the no precursor [t(14)¼ 5.2, p< 0.001] conditions. For the

main effect of precursor, post hoc testing revealed that AM

detection was significantly better with, compared to without,

a precursor [t(14)¼ 5.8, p< 0.001].

B. Precursor and carrier level effects: HI subjects

Average AM detection as a function of carrier level for

subjects with HI is shown in Fig. 3(B) for conditions without

(open triangles) and with (closed triangles) the precursor. A

two-way, repeated-measures ANOVA with carrier level (65,

75, 85, 95 dB SPL) and the presence of the precursor as

within-subjects factors revealed an insignificant main effect

of precursor [F(1, 13)¼ 3.0, p¼ 0.1],3 a significant main

effect of carrier level [F(3, 39)¼ 4.1, p< 0.05], and a signifi-

cant interaction between precursor x carrier level factors

[F(3, 39)¼ 4.1, p< 0.05]. Results for the 60 dB SPL carrier

were not included in the ANOVA, as AM detection was not

measureable at this level in three subjects (HI10, HI11,

HI13). Post hoc testing to determine the source of the signifi-

cant effect of carrier level revealed statistically poorer AM

detection at lower carrier levels (65 and 75 dB SPL) com-

pared to higher carrier levels (85 and 95 dB SPL) in the no

precursor condition [t(14)¼ 3.4, p< 0.005], but not in the

precursor condition [t(14)¼ 1.6, p¼ 0.14]. Post hoc testing

to determine the source of the precursor x carrier level inter-

action revealed that the average precursor effect (no precur-

sor–precursor difference) for lower carrier levels (65 and

75 dB SPL) was significantly larger than that for higher car-

rier levels (85 and 95 dB SPL) [t(14)¼ 2.6, p< 0.05].

C. Effects of hearing loss

AM detection thresholds for three carrier levels (65, 75,

and 85 dB SPL) were measured for all subjects with NH and

HI. Average AM detection results from Fig. 3 are replotted

in Fig. 4 to facilitate comparison of AM detection between

subjects with NH and HI. A repeated-measures ANOVA

with hearing status as the between-groups factor and carrier

level and the presence of the precursor as within-subjects

factors showed significant main effects of precursor [F(1,

27)¼ 17.4, p< 0.001] and of carrier level [F(2, 54)¼ 40.7,

p< 0.001] and a significant carrier level x hearing status

interaction [F(2, 54)¼ 7.3, p< 0.005]. The interactions for

precursor x hearing status [F (1, 27)¼ 0.1, p¼ 0.8], precur-

sor x carrier level [F(2, 54)¼ 3.2, p¼ 0.054], and precursor

x carrier level x hearing status [F(2, 54)¼ 1.4, p¼ 0.3] did

not reach significance. Hearing status as a between-subjects

FIG. 3. (Color online) Average amplitude modulation detection thresholds

(m in dB) as a function of carrier level (in dB SPL). Carriers were preceded

by silence (no precursor, open symbols) or by a notched-noise precursor

(filled symbols) in subjects with NH (panel A) and HI (panel B). Error bars

depict 61 standard error of the mean.
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factor approached significance [F(1, 27)¼ 3.8, p¼ 0.06].

When evaluating the carrier level x hearing status interaction,

post hoc testing revealed that AM detection thresholds were

significantly poorer for subjects with NH than for subjects

with HI, but only for the 65 dB SPL carrier. Specifically,

group differences in AM detection (subjects with HI better

than subjects with NH) for the 65 dB SPL carrier were 5.2 dB

without the precursor [t(27)¼ 4.4, p< 0.001, Fig. 4(A)] and

4.3 dB with the precursor [t(27)¼ 2.9, p< 0.01, Fig. 4(B)].

Due to the limited number of overlapping carrier levels

among NH and HI groups, lower and higher carrier levels

could not be included in the repeated-measures ANOVA

with hearing status as the between-groups factor. When AM

detection was grouped into lower and higher levels, average

AM detection was significantly better with the precursor

than without the precursor for carriers presented at the lower

levels tested for each group [NH 45–55 dB SPL, t(14)¼ 5.3,

p< 0.001; HI 65–75 dB SPL, t(14)¼ 2.5, p¼ 0.028] and for

the higher levels tested for the NH group [NH 65–85 dB

SPL, t(14)¼ 4.2, p< 0.005]. However, this was not the case

for higher-level carriers for the HI group [HI 85–95 dB SPL,

t(14)¼�0.98, p¼ 0.34].

To compare precursor effects for subjects with NH and

HI, the largest difference in AM thresholds with and without

the precursor was computed for each subject, regardless of

carrier level. Evaluating precursor effects based on the larg-

est no precursor–precursor difference was preferred over

other metrics because this metric is consistent with the

expectation of individual differences in compression expo-

nents and breakpoints (Poling et al., 2012; Jennings et al.,
2014), and in MOC activity (Goodman et al., 2013). The use

of this metric is based on the assumption that the greatest

decrease in cochlear compression, as a result of the precur-

sor, occurs at the carrier level with the largest no precursor–

precursor difference. Consistent with this assumption, the

largest no precursor–precursor difference was significantly

greater for subjects with NH than for subjects with HI

[t(28)¼ 3.0, p< 0.01].

D. Effects of precursor level and hearing loss

Smaller-than-normal precursor effects in subjects with

HI may be due to differences in the SLs of the precursor, rel-

ative to subjects’ detection thresholds for 2000 Hz pure tones

(the mean was 35 dB SL for subjects with NH and 17 dB SL

for subjects with HI). In other words, precursor effects may

have been smaller than normal in subjects with HI due to

lower audibility of the precursor. To test this hypothesis,

four subjects with HI (HI1, HI4, HI5, HI6) returned and

repeated the entire experiment with a 70 dB SPL precursor

(equivalent to a mean SL of 32 dB SL). Results with the

70 dB SPL precursor (not shown) were similar to those for

the 55 dB SPL precursor [solid triangles in Fig. 4(B)]. A

two-way, repeated-measures ANOVA revealed that AM

detection with the 70 dB SPL precursor was statistically

equivalent to that of the 55 dB SPL precursor as indicated by

an insignificant main effect of precursor level [F(1,

2)¼ 0.01, p¼ 0.9] and an insignificant interaction of carrier

level x precursor level [F(4, 8)¼ 1.6, p¼ 0.3].

E. Individual differences

AM detection was marked by individual differences as

illustrated in Figs. 5 and 6, which display thresholds for indi-

vidual subjects with NH and HI, respectively. AM detection

thresholds as a function of carrier level formed an inverted

U-shaped pattern for most subjects with NH without a pre-

cursor (Fig. 5). The degree to which thresholds declined and

then improved as a function of carrier level varied substan-

tially among these subjects, as did the carrier level associ-

ated with poorest AM detection. When comparing AM

detection with and without the precursor in subjects with

NH, detection either improved with the precursor across a

range of carrier levels (NH3, NH7, NH12, NH13, NH14,

NH15), improved at one low-to-moderate carrier level

(NH1, NH2, NH5, NH9, NH10, NH11), or remained con-

stant (NH4, NH6, NH8).

In general, AM detection without a precursor improved

monotonically as a function of carrier level for most subjects

with HI (Fig. 6), although thresholds in some subjects

declined slightly from the lowest carrier level before improv-

ing (HI4, HI9, HI14), or declined slightly at the highest

FIG. 4. (Color online) Average amplitude modulation detection thresholds

(m in dB) replotted from Fig. 3. Thresholds for subjects with NH (squares)

and HI (triangles) are compared for carriers preceded by silence (no precur-

sor, A), or by a notched-noise precursor (B). Error bars depict 61 standard

error of the mean.
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carrier levels (HI2, HI3, HI11). For other subjects with HI,

AM detection in the no precursor condition had flat (HI5),

rising (HI6), or complex (HI15) patterns as a function of car-

rier level. Compared to thresholds without a precursor, AM

detection remained constant (HI7, HI13), or declined (HI2,

HI10, HI15) with the presence of the precursor. For other

subjects with HI, AM detection with the precursor improved

at some lower levels and declined at higher levels (HI1, HI5,

HI8). Finally, for the remainder of subjects with HI, AM

detection improved appreciably (HI4, HI14), or minimally

(HI6, HI11, HI12), with the presence of the precursor.

IV. DISCUSSION

A. Hypotheses

The results of this study show that, for moderate-level

carriers, average AM detection is better than normal for sub-

jects with HI (Fig. 4, 65 dB SPL carrier), and that improve-

ments in average AM detection from the addition of a

notched-noise precursor are smaller than normal for subjects

with HI (Fig. 3).

1. Better-than-normal AM detection for subjects
with HI

Better-than-normal AM detection for subjects with HI

has been reported in previous studies. For subjects with uni-

lateral and bilateral HI, Glasberg and Moore (1989) evalu-

ated the relationship between speech perception and several

psychoacoustic measures, including AM detection. For sub-

jects with unilateral HI, average AM detection for 500,

1000, and 2000 Hz tonal carriers modulated at 4 Hz was bet-

ter in the impaired ear compared to the normal ear for some

subjects when carriers were presented at equal SPLs and for

all subjects when carriers were presented at equal SLs.

Glasberg and Moore (1989) interpreted this finding as evi-

dence for loudness recruitment. In a later study, Moore et al.
(1992) measured temporal modulation transfer functions

(TMTFs) in subjects with unilateral and bilateral HI. They

observed better-than-normal AM detection for modulation

frequencies between 16 and 256 Hz in the impaired ears of

subjects with unilateral HI. A similar result was found by

Bacon and Gleitman (1992) who measured TMTFs for

broadband noise carriers and reported better AM detection in

subjects with flat HI compared to subjects with NH at some

carrier SLs.

Better-than-normal AM detection at moderate-level car-

riers for subjects with HI in the current study extends inter-

pretations from previous studies (e.g., Glasberg and Moore,

1989; Moore et al., 1992) to include the effects of cochlear

compression. Specifically, findings from this study are con-

sistent with the hypothesis that reduced compression of BM

responses, attributed to cochlear hearing loss, results in

larger effective AM depths in subjects with HI than in sub-

jects with NH [Figs. 1(A) and 1(B)]. A similar conclusion

was recently offered by Wallaert et al. (2017) who measured

and modeled AM detection as a function of modulation

cycles and modulation frequency in subjects with NH and

HI. Linear response growth has also been invoked to explain

why subjects with HI have better-than-normal detection

thresholds for short sinusoidal probes presented at the onset

of moderate-level, long-duration maskers in studies con-

cerned with psychophysical overshoot (Schmidt and

Zwicker, 1991; von Klitzing and Kohlrausch, 1994;

Strickland and Krishnan, 2005).

2. Smaller-than-normal precursor effects for subjects
with HI

The larger precursor effect in subjects with NH than

subjects with HI is consistent with the hypothesis that a

reduction in cochlear amplifier gain results in greater

improvements in the effective AM depth in subjects with

NH than in subjects with HI (Fig. 1). This is consistent with

subjects with NH having greater cochlear compression than

subjects with HI, resulting in their poorer AM detection

thresholds without a precursor. Thus, the smaller-than-nor-

mal precursor effect for subjects with HI is primarily due to

better-than-normal AM detection without a precursor, con-

sistent with less compression in subjects with HI, compared

to subjects with NH.

FIG. 5. (Color online) Amplitude mod-

ulation detection thresholds as a func-

tion of carrier level (in dB SPL) for

carriers preceded by silence (No pre.,

open symbols), or by a notched-noise

precursor (Pre., closed symbols) for

individual subjects with NH. Error

bars depict the standard error of the

mean of the two (or three) threshold

estimates obtained to compute the final

threshold (see text).
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Differences in the effect of a precursor between sub-

jects with NH and HI are unlikely due to group differences

in carrier SL. For SLs common to both groups (37–62 dB

SL), average AM detection was 6.2 and 8.0 dB poorer

for subjects with NH than for subjects with HI for precur-

sor and no precursor conditions, respectively. Similarly,

smaller-than-normal precursor effects in subjects with HI

are unlikely due to the differences in the audibility of the

precursor. Although the wide range of hearing thresholds

among subjects with HI results in between-subject differ-

ences in the audibility of the constant 55 dB SPL precursor,

the follow-up study with a 70 dB SPL precursor revealed

that a 15 dB increase in precursor level had an insignificant

effect on AM detection.

3. Findings consistent with residual compression

Better AM detection at moderate carrier levels (60, 65,

75 dB SPL) with, than without, the precursor in some sub-

jects with HI (e.g. HI04, HI14) is inconsistent with cochlear

hearing loss resulting in linear BM response growth. These

findings may be better explained by assuming these subjects

with HI have some residual compression, which is associated

with residual cochlear gain. Residual compression in sub-

jects with HI is consistent with behavioral studies that

inferred BM response functions for basal and mid-turn

cochlear locations using masking techniques (Plack et al.,
2004; Rosengard et al., 2005).

On average, AM detection with 65 dB SPL carriers in

the precursor condition was better for subjects with HI than

for subjects with NH [squares and triangles in Fig. 4(B)].

This is inconsistent with the prediction that BM responses

grow linearly in the precursor condition at moderate-level

carriers for subjects with NH and HI, which predicts similar

AM detection, regardless of hearing status. Instead, these

results for the precursor condition are consistent with (1)

greater compression for subjects with NH than HI, and/or (2)

the precursor producing greater forward masking of the AM

signal in subjects with NH than in subjects with HI, as dis-

cussed in Sec. IV A 4.

4. Effects of precursor level

Cochlear amplifier gain decreases as the level of an

acoustic MOC elicitor increases (Warren and Liberman,

1989). In the context of Fig. 1, this corresponds to increases

in the input level of the compression breakpoint with

increasing precursor level. Thus, based on prior physiologi-

cal findings and the framework illustrated in Fig. 1, the range

of levels with linear BM response growth is expected to

increase with increasing precursor level for subjects with

NH. One explanation of the smaller-than-normal precursor

effect in subjects with HI is that precursor levels were not

high enough to sufficiently reduce cochlear amplifier gain in

subjects with HI. Data collected with the higher level precur-

sor (70 dB SPL vs 55 dB SPL) in four subjects with HI are

inconsistent with this explanation. For low carrier levels, the

higher level, 70 dB SPL precursor resulted in higher (poorer)

AM detection than in the no precursor condition, consistent

with the 70 dB SPL precursor producing forward masking of

the AM carrier. This suggests that the larger precursor effect

in subjects with NH compared to subjects with HI was not

due to differences in precursor audibility. Alternatively, less

cochlear amplifier gain in subjects with HI than subjects

with NH may limit improvements in AM detection with

increasing precursor level in subjects with HI, as they have

less gain available to adjust over the time course of the pre-

cursor. Finally, better AM detection in the presence of the

55 dB SPL precursor for subjects with HI than for subjects

with NH may be due to higher precursor SLs in subjects

with NH. Specifically, the higher SL precursor may have

produced greater forward masking of low-level AM carriers

in subjects with NH, compared to subjects with HI.

5. Effects of carrier level

Improvements in AM detection from moderate to high

level carriers in subjects with NH and HI are consistent with

the upward spread of excitation and detection of AM through

the tails of the excitation pattern as suggested by Long and

Cullen (1985), based on the intensity discrimination model

of Florentine and Buus (1981). Because BM responses grow

FIG. 6. (Color online) Amplitude mod-

ulation detection thresholds as a func-

tion of carrier level (in dB SPL) for

carriers preceded by silence (No pre.,

open symbols), or by a notched-noise

precursor (Pre., closed symbols) for

individual subjects with HI. Error bars

depict the standard error of the mean

of the two (or three) threshold esti-

mates obtained to compute the final

threshold (see text).
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linearly at the tails of the excitation pattern for cochleae with

normal and abnormal OHC function (Ruggero et al., 1997),

AM detection thresholds are expected to be similar for sub-

jects with NH and HI at high carrier levels. Improvements in

AM detection with increasing carrier level also suggest that

the notched noise used to restrict off-frequency listening was

not effective at the highest carrier levels, as was also found

by Almishaal et al. (2017). Alternatively, better AM detec-

tion at high levels, compared to moderate levels, is consis-

tent with BM responses becoming less compressive with

increasing level (Ruggero and Rich, 1991). However, a

reduction in BM compression at high levels begins at signal

levels >85 dB SPL (Ruggero et al., 1997), which is higher

than the range of levels where AM detection began to

improve in the current study (i.e., 55–75 dB SPL). Finally,

phase locking improves with increasing level (Joris and Yin,

1992). Greater phase locking at high carrier levels may lead

to improved neural encoding of the temporal envelope of the

AM carrier, thus leading to better AM detection at higher

compared to lower carrier levels.

6. Individual differences

Although the influence of carrier level on the precursor

effect was marked by individual differences, the finding that

the largest precursor effect was usually at low- or moderate-

level carriers is consistent with the framework illustrated in

Fig. 1. For example, precursor effects at isolated moderate

levels (NH1, NH2, NH5, NH9, NH10, NH11, HI1, HI8) are

consistent with linearization of BM responses for a narrow

range of input levels, where levels below and above this

range are similarly linear or similarly compressed, regardless

of the presence of the precursor. In some of these cases

(NH1, NH2, NH5, NH10), AM detection with a precursor is

better at moderate than at lower levels. This may be due to

AM detection at the lowest levels being elevated by the

internal noise of subjects, creating a near-threshold effect

(e.g., Plack and Skeels, 2007). Precursor effects for a range

of several low-to-moderate carrier levels (NH3, NH7, NH12,

NH13, NH15, HI4, HI14) are consistent with linearization of

BM responses over a wide range of carrier levels. Precursor

effects at the lowest carrier level (NH3, NH4, NH6, NH11,

NH12, NH13, NH15, HI4, HI14) are consistent with a com-

pression breakpoint below the lowest level tested. Thus,

individual differences may be partly due to even slight dif-

ferences in peripheral processing among subjects.

Specifically, subjects may differ in terms of (1) compression

exponents and breakpoints, even among subjects with NH

who have similar audiometric thresholds (Poling et al.,
2012; Jennings et al., 2014), and (2) the amount of cochlear

gain reduction elicited by the constant-level precursor, which

is consistent with the finding that MOC strength varies

among animals of the same species (Maison and Liberman,

2000). Although individual differences can be partially

explained by the framework illustrated in Fig. 1, sources of

individual differences cannot be determined from the current

data without objective measures of cochlear compression,

MOC strength, and other potential mechanisms. Among

these other mechanisms is the inherent variability of AM

detection measurements; however, as indicated by the stan-

dard error values reported in Figs. 5 and 6 and in Almishaal

et al. (2017), the contribution of measurement error to indi-

vidual differences in this AM detection task is likely small.

B. Other considerations

1. Size of precursor effects

The effect of the precursor on AM detection in subjects

with NH was smaller in this study compared to Almishaal

et al. (2017). In their study, detection of 20-Hz AM applied

to a 50-ms narrowband carrier centered on 5000 Hz was

3–7 dB better with than without the precursor for carrier lev-

els > 65 dB SPL for all seven subjects with NH. This con-

trasts with the current study where precursor effects were

typically largest for carrier levels <65 dB SPL and were

marked by individual differences. One explanation relates to

stimulus differences. For example, the carrier frequency

(2000 Hz) and modulation frequency (40 Hz) in this study

were lower and higher than Almishaal et al. (2017), respec-

tively. Higher modulation frequencies are expected to result

in a smaller precursor effect based on previous studies com-

paring TMTFs with and without a precursor (Almishaal

et al., 2017) and for studies comparing continuous and gated

carrier presentations (Sheft and Yost, 1990; Yost and Sheft,

1997). Yost and Sheft (1997) showed that the gated/continu-

ous difference, which is analogous to the precursor effect,

decreased with increasing modulation frequency up to 64 Hz

for 125-ms tonal carriers, consistent with smaller precursor

effects for 40-Hz than for 20-Hz modulation frequencies.

Moreover, the gated/continuous difference is larger for

4000 Hz tonal carriers than for 500 and 1000 Hz carriers

(Yost and Sheft, 1997), consistent with smaller precursor

effects for 2000 Hz than for 5000 Hz carriers.

2. Potential applications for speech recognition

Better-than-normal AM detection and masking thresholds

in overshoot conditions (e.g., Bacon and Takahashi, 1992) is

in contrast to poorer-than-normal speech understanding in

background noise in subjects with HI, as quantified by signal-

to-noise ratio (SNR) loss (e.g., Killion et al., 2004). The

effects of cochlear compression on SNR are illustrated by

defining the effective SNR as the difference in cochlear output

to a speech and noise mixture compared to noise alone.

Cochlear compression is expected to decrease the effective

SNR compared to the input SNR for auditory filters where the

input SNR is positive (Noordhoek and Drullman, 1997;

Edwards, 2004). In everyday listening environments, SNRs

are generally greater than 0 dB (Pearsons et al., 1977; Smeds

et al., 2015). A potential role of the MOC reflex is to adjust

cochlear amplifier gain in a frequency specific manner to

facilitate perception of target sounds and improve effective

SNRs (Guinan, 2006; Chintanpalli et al., 2012). For subjects

with HI, parts of the speech spectrum are expected to be proc-

essed linearly and result in favorable effective SNRs; how-

ever, other parts of the spectrum are near threshold or

inaudible. Dysfunction of the cochlear amplifier in individuals

with cochlear hearing loss necessarily limits adjustment of
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OHC gain. Thus, one consequence of cochlear hearing loss

may be a decreased ability to adjust cochlear amplifier gain to

improve effective SNRs.

The 2-dB precursor effect in AM detection for low-to-

moderate level carriers corresponds to an intensity difference

of 4 dB based on the formula from Long and Cullen (1985),

which converts the modulation index to intensity difference

limens. This 4-dB improvement is consistent with the

improvements in intensity discrimination for short (30 ms),

moderate-level tonal pedestals presented near the end of

long (150 ms) compared to short (50 ms) ipsilateral broad-

band noise (Roverud and Strickland, 2015a). Small improve-

ments in effective AM depth may contribute to better speech

recognition in background noise in real-world listening.

Improved effective AM depth from a reduction in cochlear

amplifier gain is expected to increase the contrast between

peaks and valleys of the speech envelope, the coding of

which is important for speech understanding (Shannon et al.,
1995). Similarly, reductions in cochlear amplifier gain occur

at low-to-moderate levels; thus, cochlear responses are

expected to decrease more for lower level background noise

than for higher level speech, resulting in increased effective

SNRs. Small increases in SNRs for listening to sentences in

noise can result in large increases in percent correct recogni-

tion scores. For example, McArdle et al. (2005) reported a

15% improvement in recognition scores for each decibel

improvement in SNR for sentences presented in multi-talker

babble.

3. Effects of age

Subjects from NH and HI groups were not matched in

age. Thus, age differences are potentially responsible for bet-

ter AM detection thresholds and smaller-than-normal precur-

sor effects in subjects with HI. However, this explanation is

not supported by previous studies reporting poorer AM

detection thresholds (He et al., 2008; Kumar and

Sangamanatha, 2011; Wallaert et al., 2016) and temporal

resolution (Fitzgibbons and Gordon-Salant, 2010) for older

adults with NH compared to younger adults with NH.

Better-than-normal AM detection for subjects with HI does

not indicate that age has no effect on AM thresholds in older

subjects with HI. Instead, these findings suggest that the

effects of less compressive BM growth on AM detection out-

weigh the detrimental effects of age in older subjects with

HI, resulting in better-than-normal AM detection. Younger

subjects with HI are needed to fully examine the relative

contribution of age and hearing loss to AM detection.

4. Challenges and future research

AM detection was marked by large individual differ-

ences in the current study. Thus, the group data were some-

times a poor representation of AM detection for an

individual NH or HI subject. Sources of individual differ-

ences in psychoacoustic tasks originate from the peripheral

(Bharadwaj et al., 2015) and central (Moore, 2015) auditory

nervous systems and the interaction of these systems

(Jennings et al., 2014). Evidence is lacking on the peripheral

and central mechanisms responsible for individual

differences and the unique contributions of these mecha-

nisms. This poses a challenge when attempting to control for

individual differences in behavioral measures of auditory

processing. In the current study, individual differences were

large for subjects with NH and HI, despite the expectation

that older subjects with HI have less cochlear compression

(Oxenham and Bacon, 2003). Thus, the less compressive

BM responses expected from subjects with HI do not appear

to greatly decrease individual differences for detection of

AM with a short-duration carrier. Future research is needed

to identify mechanisms of individual differences and under-

stand how hearing impairment influences these mechanisms.

The success of identifying mechanisms of individual differ-

ences will likely depend on the development and refinement

of accurate and reliable behavioral and physiological mea-

sures of peripheral and central auditory processing.

Although results from this study are consistent with bet-

ter AM detection under conditions where cochlear responses

are expected to be linear, the extent to which these effects

apply to speech recognition in noise is unknown. As a first

approximation, such effects are expected to increase the con-

trast between peak and troughs of the speech envelope and

improve SNR. Future research is needed to compare speech

recognition in noise for conditions where cochlear responses

are expected to be linear and compressed. Such research

may reveal the extent to which more compressive rather than

less compressive cochlear responses lead to poorer speech

recognition in noise. Indeed, speech recognition as a func-

tion of off-frequency masker level declines more than pre-

dicted from the articulation index for subjects with lower

compression breakpoints than for subjects with higher break-

points (Dubno et al., 2007). This finding is consistent with

relatively poorer effective SNRs for compressive than for

linear cochlear responses (see also Horwitz et al., 2007).

Finally, further research is needed to test the extent to which

individuals with cochlear hearing loss have a reduced ability

to adapt cochlear amplifier gain to changes in the acoustic

environment.

V. SUMMARY AND CONCLUSIONS

Results of this study show that AM detection with and

without a precursor in subjects with NH and HI is consistent

with expected BM growth based on the gain of the cochlear

amplifier (Fig. 1). Specifically, less cochlear amplification in

subjects with HI results in less compressive BM response

growth, favorable effective AM depths, and better-than-nor-

mal AM detection at moderate-level carriers. Similarly,

reduced cochlear amplifier gain over the time course of the

precursor results in linearization of BM responses and better

AM detection for low-to-moderate level carriers in most sub-

jects with NH and some subjects with HI.

Differences in age between subjects with NH and HI do

not explain better-than-normal AM detection in older sub-

jects with HI because poorer-than-normal AM detection and

temporal resolution are expected in older adults.

AM detection was marked by individual differences.

These differences may be related to individualized compres-

sion exponents and breakpoints, MOC strength, or to more
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central factors. The contribution of these mechanisms to

individual differences is unknown without independent mea-

sures of peripheral and central auditory function.

Improvements in AM detection with compared to with-

out a precursor are consistent with the auditory system

adjusting to the local soundscape such that effective AM

depth improves quickly after acoustic stimulation. This

adjustment may facilitate speech recognition in noisy back-

grounds by increasing the contrast between peaks and

troughs of the speech envelope and improving SNRs.
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