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The effect of the number of modulation cycles (N) on frequency-modulation (FM) detection

thresholds (FMDTs) was measured with and without interfering amplitude modulation (AM) for

hearing-impaired (HI) listeners, using a 500-Hz sinusoidal carrier and FM rates of 2 and 20 Hz. The

data were compared with FMDTs for normal-hearing (NH) listeners and AM detection thresholds

(AMDTs) for NH and HI listeners [Wallaert, Moore, and Lorenzi (2016). J. Acoust. Soc. 139,

3088–3096; Wallaert, Moore, Ewert, and Lorenzi (2017). J. Acoust. Soc. 141, 971–980]. FMDTs

were higher for HI than for NH listeners, but the effect of increasing N was similar across groups.

In contrast, AMDTs were lower and the effect of increasing N was greater for HI listeners than for

NH listeners. A model of temporal-envelope processing based on a modulation filter-bank and a

template-matching decision strategy accounted better for the FMDTs at 20 Hz than at 2 Hz for

young NH listeners and predicted greater temporal integration of FM than observed for all groups.

These results suggest that different mechanisms underlie AM and FM detection at low rates and

that hearing loss impairs FM-detection mechanisms, but preserves the memory and decision

processes responsible for temporal integration of FM. VC 2018 Acoustical Society of America.

https://doi.org/10.1121/1.5049364

[ICB] Pages: 720–733

I. INTRODUCTION

Communication sounds, including speech and animal

vocalizations, contain relatively slow (<5–10 Hz) patterns of

frequency modulation (FM) that play an important role in

the discrimination and identification of the sounds (e.g.,

Rees and Malmierca, 2005; Zeng et al., 2005). Consistent

with this idea, several psychophysical studies have shown

that sensitivity to slow FM is associated with speech identifi-

cation for both normal-hearing (NH) and hearing-impaired

(HI) individuals when speech reception is limited by acous-

tic degradation or competing speech sounds (Buss et al.,
2004; Strelcyk and Dau, 2009; Johannesen et al., 2016). To

understand the nature of the link between FM detection and

speech perception, it is important to clarify the sensory and

non-sensory mechanisms involved in FM detection and the

effects of cochlear hearing loss and age on FM perception

(Paraouty et al., 2016; Whiteford et al., 2017). That is the

goal of the present study.

Many studies indicate that sensorineural hearing loss

impairs the ability to detect FM, sometimes substantially

(for a review, see Moore, 2014). This has been reported for a

wide range of audiometric configurations, stimulus levels,

carrier frequencies, modulation rates and modulation pat-

terns (e.g., Moore and Skrodzka, 2002; Lacher-Fougère and

Demany, 1998; Buss et al., 2004; Strelcyk and Dau, 2009;

Ernst and Moore, 2012; Johannesen et al., 2016; Kortlang

et al., 2016; Paraouty et al., 2016). The deficits for hearing-

impaired (HI) listeners are generally interpreted as resulting

from degradation of the sensory encoding of FM. In the nor-

mal auditory system, information about FM is potentially

conveyed by two cues: (1) temporal-envelope cues, related

to the dynamic changes in the distribution of excitation along

the basilar membrane within the cochlea (resulting in fluctu-

ations in firing rate of neurons with characteristic frequen-

cies below and above the carrier frequency); (2) temporal

fine-structure (TFS) cues related to the waveform of the

stimulus at each point on the basilar membrane (and the cor-

responding fine timing of the action potentials in neurons

with different characteristic frequencies) (Rees and

Malmierca, 2005; Paraouty et al., 2016). It has been pro-

posed that for normal-hearing (NH) listeners, FM is detected

via TFS cues when the FM rate is low (<5 Hz) and when the

carrier frequency is below about 4 kHz (Demany and Semal,

1986, 1989; Sek and Moore, 1995; Moore and Sek, 1996;

Moore and Skrodzka, 2002; Ernst and Moore, 2010;a)Electronic mail: nicolas.wallaert@ens.fr
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Paraouty et al., 2016; Paraouty et al., 2018; Wallaert et al.,
2016), and via temporal-envelope cues when the FM is fast

or when the carrier frequency is higher than 4 kHz (Zwicker,

1956; Maiwald, 1967; Saberi and Hafter, 1995; Moore and

Sek, 1996; Ernst and Moore, 2010; Paraouty et al., 2016;

Paraouty et al., 2018).

The ability to use temporal-envelope cues may be

reduced in the impaired auditory system because of (1)

reduced conversion of FM into temporal-envelope cues at the

outputs of the cochlear filters, resulting from the loss of outer

hair cells in the cochlea and the consequent broadening of the

filters (Glasberg and Moore, 1986); (2) loss of auditory-nerve

fibers (Kujawa and Liberman, 2009) and the consequent

impoverished (i.e., more noisy) neural representation of

temporal-envelope cues in the early auditory system, as sug-

gested by the psychophysical, electrophysiological and

modeling work of Bharadwaj et al. (2015), Goodman et al.
(2017), and Paul et al. (2017); (3) central changes, such as a

loss of inhibition, which may affect envelope extraction and

processing (Davis et al., 2010).

A reduced ability to use TFS cues may result from: (1)

reduced precision of neural phase locking or a reduced number

of neurons conveying phase locking (Kujawa and Liberman,

2009); (2) changes in the relative phase of response at different

points along the basilar membrane (Ruggero, 1994), which

would disrupt central mechanisms decoding TFS information

based on correlation of the outputs of adjacent places

(Shamma, 1985; Carney et al., 2002); (3) more complex and

more rapidly varying neural TFS resulting from broader

cochlear filters (Moore, 2008); (4) a mismatch between neural

TFS information and the place on the basilar membrane that

would “normally” respond to that information (Henry et al.,
2016); (5) central changes following cochlear hearing loss,

such as loss of neural inhibition (Moore, 2008), as suggested

by models assuming that TFS may be recoded spatially at the

brainstem level via lateral inhibition (Shamma and Lorenzi,

2013; see also Davis et al., 2010).

For HI listeners, the poorer-than-normal sensitivity to

high-rate FM may result mainly from reduced conversion of

FM into temporal-envelope cues, whereas the poorer-than-

normal sensitivity to low-rate FM for low carrier frequencies

may result from abnormal encoding and/or use of TFS cues.

However, the origin of the observed deficits in FM detection

remains a matter of debate (Ernst and Moore, 2012; Sheft

et al., 2012; Kortlang et al., 2016; Paraouty et al., 2016;

Wallaert et al., 2016; Whiteford et al., 2017), and it is possi-

ble that the deficits result partly from reduced “processing

efficiency,” that is a reduced ability of the central auditory

system to make optimal use of available sensory informa-

tion, perhaps caused by a decline in short-term memory and

decision-making capacities. Consistent with this idea, recent

work suggests that aging and sensorineural hearing loss are

associated with reduced processing efficiency (modeled as

increased “internal noise”) for amplitude-modulation (AM)

detection (F€ullgrabe et al., 2015; Paraouty et al., 2016;

Wallaert et al., 2017), although some studies have shown no

relationship between age and sensitivity to AM (Schoof and

Rosen, 2014, Whiteford et al., 2017).

The present study was designed to clarify the relative

contributions of sensory and non-sensory factors to FM

detection for older HI listeners by combining a psychophysi-

cal and modeling approach. To do this, temporal integration

was compared for AM and FM detection. Temporal integra-

tion here refers to the improvement in modulation detection

thresholds with increasing number of modulation cycles, N
(Viemeister, 1979; Hartmann and Klein, 1980). The tempo-

ral integration of AM and FM is assumed to reflect central

(i.e., decision) processes involving “multiple looks” (Sheft

and Yost, 1990; Viemeister and Wakefield, 1991) or a

template-matching process (Dau et al., 1997a,b).

Wallaert et al. (2017) measured AM detection thresh-

olds (AMDTs) for NH listeners and listeners with mild-

to-moderate sensorineural hearing loss using a carrier

frequency of 500 Hz and modulation rates of 2 and 20 Hz.

AMDTs decreased (i.e., improved) with increasing N for

both groups and AMDTs were smaller for the HI than for the

NH group. Also, temporal integration of AM (the beneficial

effect of increasing N) was greater for the HI group.

Wallaert et al. (2017) developed a computational model

based on the modulation-filterbank concept and a template-

matching decision strategy (Dau et al., 1997a,b) to account

for the data. The data and the simulations suggested that the

loss of amplitude compression in the impaired cochlea was

mainly responsible for the enhanced sensitivity and temporal

integration of AM found for the HI listeners. They also sug-

gested that, for AM detection, cochlear damage is associated

with increased internal noise, but preserved short-term mem-

ory and decision mechanisms. We thus reasoned that, if FM

detection relies on the use of temporal-envelope cues result-

ing from FM-to-AM conversion at the outputs of the

cochlear filters, sensorineural hearing loss should have simi-

lar effects on the temporal integration of AM and FM cues.

In other words, temporal integration of FM should be greater

for HI listeners than for NH listeners.

In the present study, FM detection thresholds (FMDTs)

were measured at 40 dB sensation level (SL) for listeners

(aged between 50 and 64 years) with mild-to-moderate sen-

sorineural hearing loss (designated HIo), using a 500-Hz

sinusoidal carrier and modulation rates of 2 and 20 Hz. For

HIo listeners with absolute thresholds of 40 dB HL or more,

the level was set to 80 dB sound pressure level (SPL).

FMDTs were measured with and without interfering AM at

the same rate as the FM. The AM was present in both inter-

vals of a forced-choice trial, and was therefore uninforma-

tive, whereas the FM was present in only one interval. The

task was to identify the interval with the FM. The AM was

used to make it more difficult for the listeners to use

temporal-envelope cues. In particular, if FM is detected by

monitoring changes in excitation at a single point on the

excitation pattern (Zwicker, 1952, 1956), the interfering AM

should greatly impair performance (Moore and Sek, 1996).

FMDTs were also measured with and without interfering

AM for young NH (NHy) listeners and older NH (NHo)

listeners matched in age with the HIo listeners. The data

were compared with FMDTs measured by Wallaert et al.
(2016) for NHy and NHo listeners and AMDTs measured by

Wallaert et al. (2016) and Wallaert et al. (2017) for NHy,
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NHo, and HIo listeners under identical conditions. Finally,

the data were compared to the predictions of a model of

temporal-envelope processing based on the assumption that

modulation detection is achieved by cross-correlating the

outputs of AM channels with memory-stored templates

according to an “optimal detector” scheme (Dau et al.,
1997a,b; see also Ardoint et al., 2008). The model incorpo-

rated stages simulating temporal-envelope processing

by low-level sensory mechanisms (cochlear filtering, instan-

taneous amplitude compression, adaptation), mid-level pro-

cesses (bandpass AM filtering), and higher-level non-sensory

processes (internal noise, memory decay in the temporal-

envelope domain, and template matching).

II. METHOD

A. Listeners

1. Hearing-impaired listeners

Twelve HIo listeners aged between 50 and 64 years

[mean¼ 59 years; standard deviation (SD)¼ 4 years] were

tested for FM detection with interfering AM. Nine of these

were also tested for FM detection without interfering AM.

The audiograms for the tested (right) ears of all 12 listeners

are shown in Fig. 1. All had audiometric thresholds� 60 dB

hearing level (HL) between 0.25 and 4 kHz. The severity of

hearing loss was classified as mild to moderate based on

audiometric thresholds. The audiometric thresholds at the

tested frequency (0.5 kHz) ranged between 30 and 50 dB HL

(mean¼ 40 dB HL; SD¼ 5.6 dB). For the 9 HIo listeners

who were tested for FM detection without interfering AM,

the audiometric threshold at the tested frequency ranged

between 30 and 45 dB HL (mean¼ 38 dB HL; SD¼ 5 dB).

The cochlear origin of hearing loss was diagnosed based on

air-conduction, bone-conduction and impedance audiometry.

Eleven out of the 12 HIo listeners participated in a previous

study that investigated temporal integration for AM detec-

tion (Wallaert et al., 2017).

2. Normal-hearing listeners

Sixteen NHy listeners aged between 22 and 28 years

(mean¼ 24 years; SD¼ 2 years) and 15 NHo listeners aged

between 47 and 66 years (mean¼ 55 years; SD¼ 8 years)

were tested for FM detection with interfering AM and for

AM detection. The data for 15 of the NHy listeners and 14

of the NHo listeners were reported by Wallaert et al. (2016)

and Wallaert et al. (2017). All of these NHy and NHo listen-

ers had audiometric thresholds less than 20 dB HL for the

tested (right) ear for octave frequencies between 0.25 and

3 kHz, but some of the NHo listeners had elevated audiomet-

ric thresholds for frequencies above 3 kHz. The mean audio-

metric threshold at 0.5 kHz was 7.8 dB HL (SD¼ 3.1 dB) for

the NHy group and 9.3 dB HL (SD¼ 5 dB) for the NHo

group. Audiometric thresholds at 0.5 kHz were not signifi-

cantly different between the NHy and NHo groups [t(29)

¼�1.03; p¼ 0.313]. A second t-test showed no significant

difference in age between the NHo and HIo groups [t(25)

¼�1.11; p¼ 0.275].

Eleven of the listeners for each group were also tested

for FM detection without interfering AM. For the 11 NHy

and 11 NHo listeners who were tested for FM detection

without interfering AM, the mean audiometric threshold at

0.5 kHz was 7.7 dB HL (SD¼ 3.4 dB) for the NHy group and

9.5 dB HL (SD¼ 5.7 dB) for the NHo group. A t-test showed

no significant difference in audiometric thresholds at 0.5 kHz

between the two NH groups [t(20)¼ 0.91; p¼ 0.375]. A sec-

ond t-test showed no significant difference in age between the

NHo and HIo groups [t(21)¼ 1.31; p¼ 0.204]. The data for 8

of the 11 NHy listeners were reported by Wallaert et al.
(2016).

All listeners were fully informed about the goal of the

study and provided written consent before their participa-

tion. This study was approved by the local ethical commit-

tee of University Paris Descartes (CERES, No. IRB:

20143200001072 and No. IRB: 20153600001072).

B. Procedure

FMDTs were measured using a two-interval forced-

choice adaptive procedure estimating the 70.7% point on the

psychometric function (Levitt, 1971). Each trial contained a

target (with FM) and a standard (without FM) stimulus, in

random order, with a silent interval of 600 ms between them.

Listeners were asked to indicate which interval contained

the “extra” pitch fluctuation. The root-mean-square level of

the two stimuli was, on average, the same. To reduce the

ability to use possible cues relating to small overall loudness

differences, the levels of the standard and target stimuli were

roved independently over a range of 6 1.5 dB. The onset and

offset ramps had durations of 250 and 25 ms for the modula-

tion rates of 2 and 20 Hz, respectively (the ramp duration

FIG. 1. Individual (thin lines) and mean (filled circles and black thick lines)

audiometric thresholds for the older hearing-impaired (HIo) listeners for the

right (tested) ear. Mean thresholds for the young normal-hearing (NHy)

group are shown by open triangles and mean thresholds for the older

normal-hearing (NHo) group are shown by filled gray triangles. Error bars

indicate 61 standard error of the mean. They are omitted when they would

be smaller than the size of the symbol used to plot the data.
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was equal to half the period of the modulation). In conditions

with interfering AM, the AM was present in both intervals of

a trial, and was therefore uninformative. For both the AM

and FM detection tasks, the duration of each signal was

determined by the number of modulation cycles, N, and the

modulation rate, fm. For the FM detection task, N was 2, 3, 4,

5, or 9 cycles when FM was presented with interfering AM

and 2, 3, or 4 cycles when FM was presented without any

interfering AM. For the AM detection task, N was 2, 3, 4, 5,

or 9 cycles. Each interval was marked by a light on the com-

puter screen. Visual feedback as to the correct response was

provided after each response.

The tracking variable was the frequency excursion in

Hz, Df (see Sec. II C for details). A run started with the track-

ing variable well above the estimated detection threshold for

all groups (the starting value of Df was 20 fm for both rates).

Following two consecutive correct responses, the value of Df
was decreased, while following one incorrect response it was

increased. The value of Df was changed by a factor of

1.5625 (1.2522) until one reversal had occurred, and then by

a factor of 1.25. Fourteen reversals were obtained for each

run, and the threshold estimate for that run was taken as the

geometric mean of the values of Df at the last six reversals.

Two threshold estimates were obtained for each condition.

The final estimate of the threshold was taken as the geomet-

ric mean of the two threshold estimates.

C. Stimuli

The stimuli were identical to those used by Wallaert

et al. (2016). All stimuli were generated digitally at a

sampling rate of 44.1 kHz. They were presented using

Sennheiser HD 280 pro headphones (Old Lyme, CT) and an

external soundcard (ECHO Indigo DJ 1–2, Santa Barbara,

California; 16-bit resolution) at a mean SL of 40 dB, except

for 3 HIo listeners with absolute thresholds of 40 dB HL or

more, for whom the level was set to 80 dB SPL. Levels were

calibrated using a Bruel & Kjaer 2250 sound level meter and

ear simulator type 4153 (Naerum, Denmark) complying with

IEC 60318-1. Stimuli were presented only to the right ear.

For the FMDTs measured with interfering AM, the stan-

dard stimulus contained AM but not FM. The target stimulus

contained both AM and FM. Equation (1) describes the

target stimulus T(t),

TðtÞ¼AMðtÞ sin ð2pfctþUÞþbðsinð2pfmtþuÞÞ½ �; (1)

with AMðtÞ ¼ ½1þ m sinð2pfmtþ 3p=2Þ� with m¼ 0.33 and

b ¼ Df=fm, where Df is the frequency excursion in Hz, fm is

the modulation rate (2 or 20 Hz), u is the starting phase of

the FM, fc is the carrier frequency (500 Hz), U is the starting

phase of the carrier, and t is time in s. The values of u and U
were randomly and independently chosen for each stimulus.

The interfering AM had a fixed modulation index of 0.333,

corresponding to a peak-to-valley ratio of 6 dB, as in Moore

and Glasberg (1989). It was chosen to be large enough to

disrupt cues for FM detection based on changes in excitation

level, but not so large that it would induce substantial level-

related pitch shifts (Verschuure and van Meeteren, 1975;

Emmerich et al., 1989). Although the starting phase of the

AM was fixed, its phase relative to that of the FM was ran-

dom (because u was chosen randomly), so the AM should

still have been effective in disrupting the use of temporal-

envelope cues. For the standard stimulus, Df was set to 0.

For the FMDTs measured without interfering AM, the value

of m was set to 0.

III. RESULTS

A. AMDTs versus FMDTs with and without AM
(N 5 2–4 cycles)

Figure 2 shows mean AMDTs [top panels, taken from

Wallaert et al. (2016) and Wallaert et al. (2017)] and

FMDTs (bottom panels) as a function of N, for the NHy

(left-most panels), NHo (middle panels), and HIo (right-

most panels) listeners. FMDTs (lower panels) were mea-

sured with (grey lines) and without (black lines) interfering

AM. In each panel, the filled circles and open triangles show

the thresholds for fm¼ 2 Hz and fm¼ 20 Hz, respectively.

AMDTs are expressed as 20log10m (dB) and FMDTs are

expressed as Df (Hz, log scale).

The reader is referred to Wallaert et al. (2016) for analy-

sis of the AMDTs and FMDTs for the NHy and NHo listen-

ers and for discussion of the effects of age on AM and FM

detection. The FMDTs for the HIo listeners are comparable

to those reported previously (Moore and Skrodzka, 2002;

Lacher-Fougère and Demany, 1998; Buss et al., 2004;

Strelcyk and Dau, 2009; Ernst and Moore, 2012; Johannesen

et al., 2016; Paraouty et al., 2016) for FM rates at or below

20 Hz and carrier frequencies below 1 kHz. In addition, the

results are consistent with those of Kortlang et al. (2016),

who assessed the detection of random slow FM (1–4 Hz),

with and without superimposed AM.

A mixed-model analysis of variance (ANOVA) was

conducted on the AMDTs with between-subjects factor

FIG. 2. Mean AMDTs (top panels) and FMDTs (bottom panels) as a func-

tion of N for the NHy (left panels), NHo (middle panels), and HIo (right

panels) groups. In each panel, the filled circles and open triangles show the

thresholds for fm¼ 2 and 20 Hz, respectively. FMDTs measured without

interfering AM (“FM-only” condition) are shown as black symbols and

black lines. FMDTs measured with interfering AM (“FMþAM” condition)

are shown as gray symbols and gray lines.
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group (3 levels: NHy, NHo, and HIo) and within-subjects

factors N (3 levels) and fm (2 levels). The effect of fm was

significant [F(1, 28)¼ 47.53, p< 0.001]. For all three groups,

AMDTs were lower (i.e., better) for fm¼ 2 Hz than for

fm¼ 20 Hz. The effect of N was significant [F(2, 56)¼ 26.01,

p< 0.001]. For each fm and each group, AMDTs decreased

(i.e., improved) with increasing N. The interaction between N
and fm was not significant [F(2, 56)¼ 1.43, p¼ 0.24], indicat-

ing that AMDTs decreased similarly with increasing N for the

two modulation rates. The interaction between N and group

was not significant [F(4, 56)< 1, p¼ 0.80]. This indicates

that the temporal integration of AM cues was similar for all

groups. This appears to be inconsistent with the results of

Wallaert et al. (2017), who found greater temporal integration

of AM for HIo listeners than for NHy and NHo listeners.

However, the study of Wallaert et al. (2017) included higher

values of N (5 and 9), making it easier to detect differences

across groups. The effect of group was significant [F(2, 28)

¼ 3.46, p¼ 0.045]. Post hoc comparisons were based on

Fisher’s protected least-significant difference test. For all con-

ditions, AMDTs were higher for the NHo than for the NHy

group (p¼ 0.049), and were lower for the HIo group than for

the NHo group (p¼ 0.022), indicating a deleterious effect of

greater age and a beneficial effect of hearing loss. The interac-

tion between fm and group was not significant [F(2, 28)

¼ 1.28, p¼ 0.29], indicating that the effect of fm was similar

for the three groups. None of the other interactions involving

group were significant [N� fm� group: F(4, 56) < 1].

A mixed-model ANOVA was conducted on the (log-

transformed) FMDTs with within-subject factors presence/

absence of interfering AM (2 levels), N (3 levels), and fm (2

levels), and between-subjects factor group (3 levels). The

effect of group was significant [F(2,28)¼ 96.5; p< 0.001],

FMDTs being higher for the older groups than for the younger

group, and being higher for the HIo group than for the NHo

group, as shown by post hoc comparisons (both p< 0.001).

The effect of interfering AM was significant [F(1,28)¼ 350.4;

p< 0.001], FM detection being worse in the presence of inter-

fering AM. The effect of N was significant [F(2,56)¼ 94.3;

p< 0.001], FMDTs decreasing with increasing N. The effect

of fm was significant [F(1,28)¼ 308.9; p< 0.001], FM detec-

tion being better for fm¼ 2 Hz than for fm¼ 20 Hz. The interac-

tion between interfering AM and fm was significant

[F(1,28)¼ 5.8; p¼ 0.023], the detrimental effect of the inter-

fering AM being greater for fm¼ 20 Hz than for fm¼ 2 Hz

(p< 0.001). This finding is consistent with previous work

(Moore and Sek, 1996; Ernst and Moore, 2010, 2012) and

with the notion that temporal-envelope cues play a greater

role in FM detection at fm¼ 20 Hz than at fm¼ 2 Hz. The

interaction between interfering AM and N was significant

[F(2,56)¼ 5.6; p¼ 0.006], the decrease in threshold with

increasing N being greater in the absence than in the presence

of interfering AM for all groups of listeners and for both

modulation rates. For example, for the NHo group the thresh-

old for fm¼ 20 Hz decreased from 7.5 Hz for N¼ 2 to 4.2 Hz

for N¼ 4 for FM only (a factor of 0.56), while for FMþAM,

the threshold decreased from 13.7 Hz for N¼ 2 to 10.7 Hz for

N¼ 4 (a factor of 0.78). The interaction between interfering

AM, group and fm was significant [F(2,28)¼ 5.8; p¼ 0.008].

To analyze this interaction further, an additional mixed-

model ANOVA was conducted on the ratio of the FMDTs

measured with and without interfering AM (giving a measure

of the interference effect caused by the AM), with within-

subject factors N (3 levels) and fm (2 levels), and between-

subjects factor group (3 levels). The interaction between

group and fm was significant [F(2,28)¼ 4.895; p¼ 0.015].

Post hoc analysis indicated that the deleterious effect of inter-

fering AM was greater at fm¼ 20 Hz than at fm¼ 2 Hz for the

NHy group only (p< 0.001). This pattern of results is consis-

tent with the idea that NHy listeners can detect FM for low

carrier frequencies and very low FM rates using a cue other

than that resulting from FM-to-AM conversion (Moore and

Sek, 1994, 1996; Sek and Moore, 1995) and that the ability to

use this cue is reduced with increasing age (He et al., 2007;

Kortlang et al., 2016) and with hearing loss (Moore and

Skrodzka, 2002; Paraouty et al., 2016).

B. AMDTs compared to FMDTs with AM (N 5 2–9
cycles)

Figure 3 shows mean AMDTs (top panels) and FMDTs

measured with interfering AM (bottom panels) as a function

of N for the NHy (left-most panels), NHo (middle panels),

and HIo (right-most panels) listeners.

A mixed-model ANOVA was conducted on the AMDTs

with between-subjects factor group (3 levels: NHy, NHo,

and HIo) and within-subjects factors N (5 levels) and fm (2

levels). The effect of fm was significant [F(1, 40)¼ 73.79,

p< 0.001]. For all groups, AMDTs were lower (i.e., better)

for fm¼ 2 Hz than for fm¼ 20 Hz. The effect of N was signifi-

cant [F(4, 160)¼ 63.63, p< 0.001]. For each fm and each

group, AMDTs decreased (improved) with increasing N. The

interaction between N and fm was significant [F(4,

160)¼ 3.70, p¼ 0.007]. Consistent with the results of

Wallaert et al. (2017), the interaction between N and group

was significant [F(8, 160)¼ 3.68, p< 0.001]. The effect of

group was significant [F(2, 40)¼ 9.95, p< 0.001]. Post hoc
comparisons showed that for all N, AMDTs were higher for

the NHo group than for the NHy group (p¼ 0.002), but were

FIG. 3. As Fig. 2, except for the greater range of N, and the fact that

FMDTs were measured only with interfering AM.
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lower for the HIo group than for the NHo group (p< 0.001),

indicating a deleterious effect of greater age but a beneficial

effect of hearing loss. The interaction between fm and group

[F(2, 40)¼ 1.65, p¼ 0.20] was not significant: the effect of

fm was similar for the three groups. None of the other inter-

actions involving group was significant (N� fm� group:

[F(8, 160) < 1]).

A linear regression analysis was conducted on the indi-

vidual AMDTs [log-transformed AMDTs versus log(N)]. A

repeated-measures ANOVA was conducted on the resulting

slopes with between-subject factor group (3 levels) and

within-subjects factor fm (2 levels). There was a significant

effect of fm [F(1, 40)¼ 7.64, p¼ 0.008], a significant effect

of group [F(2, 40)¼ 9.1, p< 0.001] and no significant inter-

action [F(2,40)< 1, p¼ 0.611]. Post hoc analyses showed

that temporal integration for AM detection was: (1) greater

at 20 Hz than at 2 Hz; (2) greater for the HIo than for the two

NH groups (both p< 0.002).

A mixed-model ANOVA was conducted on the FMDTs

with between-subjects factor group (3 levels) and within-

subjects factors N (5 levels) and fm (2 levels). The effect of

fm was significant [F(1, 40)¼ 314.6, p< 0.001]. For all

groups, FMDTs were lower for fm¼ 2 Hz than for fm
¼ 20 Hz. The effect of N was significant [F(4, 160)¼ 14.5,

p< 0.001]. The interaction between N and fm was not signifi-

cant [F(4, 160) < 1], suggesting that FMDTs decreased simi-

larly with increasing N for the two modulation rates. The

interaction between N and group was not significant [F(8,

160) < 1], indicating that FMDTs decreased similarly with

increasing N for all groups. The effect of group was signifi-

cant [F(2, 40)¼ 66.2, p< 0.001]. For all conditions, FMDTs

were higher for the NHo than for the NHy group (p¼ 0.004)

and were higher for the HIo than for the NHo group

(p< 0.001), indicating deleterious effects of both age and

hearing loss. There was a significant interaction between fm
and group [F(2, 40)¼ 3.6, p¼ 0.03]. The ratio between

FMDTs for fm¼ 20 and 2 Hz was 3.6 for the NHy group, 2.4

for the NHo group, and 2.9 for the HIo group. The difference

between the NHy and NHo groups is consistent with the

finding of Wallaert et al. (2016) that age had a greater effect

on FMDTs at 2 Hz (p< 0.001) than at 20 Hz (p¼ 1). This

might reflect the effects of age on the use of TFS cues for

2-Hz FM detection. Hearing loss was associated with an

increase in FMDTs for both modulation rates (all p< 0.001),

consistent with the results of Lacher-Fougère and Demany

(1998), Moore and Skrodzka (2002), and Strelcyk and Dau

(2009). This may happen because hearing loss reduces the

ability to use both temporal-envelope cues (reduced FM-

to-AM conversion because of broader auditory filters) and

TFS cues. None of the other interactions involving group

was significant.

IV. MODELING AM AND FM DETECTION

A. Rationale

The present data combined with those reported by

Wallaert et al. (2016) and Wallaert et al. (2017) show a dif-

ferential effect of hearing loss on AM and FM detection and

integration: FM detection was poorer for the HIo than for the

NHo group but temporal integration of FM cues was similar

for the two groups, whereas AM detection was better for the

HIo than for the NHo group and temporal integration of AM

cues was greater for the HIo than for the NHo group. At first

sight, this dissociation suggests different mechanisms for

AM and FM detection and integration when fc is low (here,

500 Hz) and suggests that hearing loss preserves the memory

and decision processes responsible for temporal integration of

FM cues. To assess whether this interpretation is correct, the

FMDTs were compared with the predictions of an envelope-

processing model whose parameters were initially adjusted to

fit the AMDTs. The model is described in Sec. IV B.

B. The model

The general structure of the model is similar to that

described by Wallaert et al. (2017). The first stage was a set

of five linear gammatone filters (Patterson et al., 1995) that

simulated the bandpass filtering of the basilar membrane in

the cochlea. One gammatone filter (called the on-frequency

filter) was centered on the carrier frequency of the signal

(500 Hz). The remaining four filters (the off-frequency fil-

ters) were centered one and two Cams (units of the ERBN-

number scale; Glasberg and Moore, 1990) above and below

the carrier frequency. In what follows, the sequence of stages

based on the output of each of the simulated auditory filters

is referred to as a channel. In the second stage, the outputs

of the five gammatone filters were half-wave rectified. For

simulating normal hearing, the rectified output of the on-

frequency filter was processed by a broken-stick input-output

function, which applied compression for levels above a

given threshold level, chosen so that compression occurred

only for stimuli with levels above 40 dB SPL. The compres-

sion was implemented by raising the amplitude to the

power 0.3. The rectified signals at the outputs of the four

off-frequency filters were not compressed. This crudely

simulates the physiological finding that compression in the

cochlea occurs mainly for input frequencies close to the

characteristic frequency of the place whose response is

being measured (Robles and Ruggero, 2001).

The signals derived from the outputs of the five auditory

filters were highpass filtered (cutoff¼ 2.5 Hz; rolloff

¼ 20 dB/decade) to simulate the effects of adaptation in the

AM domain (Tchorz and Kollmeier, 1999). The resulting

signals were passed through a set of 10 bandpass (modula-

tion) filters, one set for each channel, to simulate frequency-

selective processing in the AM domain (Dau et al., 1997a,b).

The modulation filters had a Q value of 1 and a rolloff of

620 dB/decade (Ewert and Dau, 2000; Ewert et al., 2002;

Lorenzi et al., 2001; Sek and Moore, 2002). The center fre-

quencies of the modulation bandpass filters ranged between

2 and 120 Hz (Moore et al., 2009) and were spaced logarith-

mically. For each modulation filter centered below 10 Hz, the

waveform at the output of the filter was passed on for further

processing, while for each filter centered at and above 10 Hz

only the Hilbert envelope of the output was passed on. This

was done to simulate the loss of sensitivity to envelope phase

for rates above 10 Hz (Dau et al., 1997a,b). Each envelope of

the envelope (the so-called “venelope” Ewert et al., 2002)
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was scaled so that the root-mean-square value at the output

of modulation filters was the same before and after the

Hilbert transformation. Figure 4 shows the final model out-

puts for each gammatone filter and each modulation filter in

response to an FM tone [fc¼ 500 Hz; N¼ 9; fm¼ 2 Hz (left

panels) and fm¼ 20 Hz (right panels)] with a suprathreshold

frequency excursion (Df¼ 20fm). The figure shows the final

output patterns for the on-frequency and off-frequency chan-

nels. For fm¼ 2 Hz, the fluctuation rate of the output was

twice fm for the on-frequency channel, and there was a large

phase shift in output between the off-frequency channels

centered above and below 500 Hz. These features were not

clearly apparent for fm¼ 20 Hz, because of venelope

extraction.

The outputs of the modulation filters (the envelope for

fm< 10 Hz; the venelope for fm� 10 Hz) were down-sampled

by a factor 10 and then “degraded” by two sources of inter-

nal noise, which were introduced to limit the performance of

the model. These noises were: (1) an additive noise, eadd,

and (2) an additive time-varying memory noise, character-

ized by parameter emem. Both noises were modeled as

Gaussian noises with zero mean and with magnitudes speci-

fied by their SD r. Randomly drawn samples of each noise

were added independently to each sample point of the out-

puts of the modulation filters. eadd was introduced to limit

intensity discrimination and AM sensitivity (Dau et al.,
1997a,b). emem was introduced to simulate imperfect reten-

tion of temporal-envelope information (Ardoint et al., 2008;

Wallaert et al., 2017). This noise primarily played a role for

very long stimuli (e.g., for 4.5-s stimuli, as used when N¼ 9

and fm¼ 2 Hz). The SD of the memory noise increased back-

ward in time according to an exponential function with a

1.4-s half life. The parameter rmem corresponds to the SD of

the memory noise. The resulting (noisy) signals were used as

input to the decision stage of the model. Equation (2)

describes the noise terms and how they were combined with

model signals,

Inoisyðt; cf ;BMFÞ ¼ Iðt; cf ;BMFÞ þ eadd þ ememet=s; (2)

with eadd ¼ Nð0; raddÞ and emem ¼ Nð0; rmemÞ.
N here is meant to denote a sample from the normal dis-

tribution, t is the time sample index in memory, increasing

in the backward direction, i.e., the time relative to the end of

the stimulus (t¼ 0 corresponds to the most recent sample), cf
is the center frequency of the gammatone filter, and BMF
is the center frequency of the modulation filter (its “best

modulation frequency”). The internal representation, I(���) is

a 50-dimensional vector (5 channels�10 modulation filters

per channel), and the noise samples were independent for

each dimension and each time sample.

The decision stage was realized as a simplified version

of the optimal detector described by Dau et al. (1997a,b).

The output of the model was computed for the two stimuli in

each trial. A template was generated at the beginning of each

simulated threshold measurement (that is, for the first trial of

each adaptive staircase) as the difference between the model

output in response to the target and standard stimuli. This

was done with the two internal noise sources set to zero.

FIG. 4. (Color online) Internal representation of a 2-Hz (left panels) or 20-Hz (right panels) FM signal (500-Hz carrier) for each channel [with center fre-

quency (cf)] and each modulation filter [with best modulation frequency (BMF)]. The black line indicates the output of the modulation filter closest to the tar-

get rate (2 or 19 Hz).
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Note that this largely cancelled out the effects of the added

AM on the internal representation, and therefore it repre-

sented an idealized version of what listeners do. For each

subsequent trial, the template was cross-correlated with the

model output for each interval in that trial. The lags used by

the cross-correlation device were restricted to 61 modula-

tion cycle. The normalized cross-correlation was computed

separately for each channel and each modulation filter. The

correlation functions were then summed across all channels

to estimate the lag corresponding to the best match. The

interval leading to the largest cross-correlation was taken as

the target interval identified by the model for that trial.

Stimuli were generated as for the behavioral experiment

including the roving of overall level. Ninety thresholds were

simulated and averaged for each condition.

C. Choice of model parameters

To model the data for the NHy and NHo groups, the

bandwidths of the gammatone filters were set to either 0.7 or

1 ERBN (Glasberg and Moore, 1990). The same values were

used for these two groups because auditory filters do not

broaden with increasing age when the audiometric threshold

remains normal (Lutman et al., 1991; Peters and Moore,

1992). The values of ERBN represent average values of the

bandwidths of the auditory filters estimated using data from

simultaneous masking experiments (mostly with notched

noise). The smaller value of 0.7 ERBN was used based on

the suggestion that human cochlear tuning may be sharper

than estimated using simultaneous notched-noise masking

(Oxenham and Shera, 2003) and also based on previous

attempts to model AM and FM detection for NH listeners,

which showed that filters with bandwidths less than 1 ERBN

were required to give a good fit to the data (Moore and Sek,

1994). To model the data for the HIo group, the bandwidths

of the gammatone filters were set to either 1.4 or 2 ERBN,

simulating the reduced frequency selectivity associated with

moderate sensorineural hearing loss (Glasberg and Moore,

1986; Moore, 2007). The compression parameter was set to

0.3 to model the data for the NHy and NHo groups, simulat-

ing “normal” cochlear compression for the on-frequency fil-

ter. For the HI group, the compression parameter was set to

1.0, simulating the loss of compression associated with

cochlear hearing loss. The cutoff frequency of the highpass

filter used to model adaptation was chosen so as to predict

the relative values of the AMDTs for the two modulation

rates. The values of the two noise parameters were chosen

by first adjusting parameter eadd and then parameter emem so

as to fit the AMDTs for the NHy listeners. Subsequently,

parameter eadd was adjusted to fit the AMDTs for the NHo

and HIo listeners, while keeping emem constant. Consistent

with the modeling described by Wallaert et al. (2017), the

values of eadd obtained in this way were higher than for the

NHy listeners by a factor 1.3 for the NHo listeners and by a

factor 5.3 for the HIo listeners.

D. Modeling results

Figures 5–8 show the predictions of the model as sym-

bols connected by dashed lines for AM detection (top

panels) and FM detection (bottom panels). Black lines and

symbols denote AMDTs and FMDTs measured without

interfering AM. Gray lines and symbols denote FMDTs

measured with interfering AM. Symbols connected by solid

lines (when present) show the obtained thresholds.

1. Effect of simulated auditory filter width on predicted
AMDTs

Consider first the effect of the bandwidths of the simu-

lated auditory filters for the two NH groups on AM detection

(top-left and top-middle panels in Figs. 5–8). Generally, the

data were fitted more accurately with the bandwidth of 0.7

ERBN than with the bandwidth of 1 ERBN, especially for the

20-Hz rate. This is consistent with the proposal that the

cochlear filters in NH ears are somewhat sharper than esti-

mated using simultaneous notched-noise masking (Oxenham

FIG. 5. Predicted AMDTs and FMDTs (dashed lines) for the models simu-

lating the NHy, NHo, and HIo listeners. The widths of the gammatone filters

were set to 0.7 ERBN for the NHy and NHo models, and 1.4 ERBN for the

HIo model. Obtained AMDTs are shown by black symbols and continuous

black lines in the top panels. Otherwise as Fig. 2.

FIG. 6. As Fig. 5, but with the widths of the gammatone filters set to 1

ERBN for the NHy and NHo models, and 2 ERBN for the HIo model.
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and Shera, 2003). The AM-detection data for the HIo listen-

ers were fitted roughly equally well using the simulated audi-

tory filters with bandwidths of 1.4 and 2 ERBN.

2. Effects of age and hearing loss on predicted AMDTs

The model predictions shown in the top panels of Figs.

5–8 captured the effects of AM rate, N and group (i.e., the

effects of age and hearing loss) on the AMDTs reasonably

well. However, the model made slightly less accurate predic-

tions than the model described by Wallaert et al. (2017). For

example, the model predicted greater temporal integration

for AM than observed for the NHy listeners when fm¼ 20 Hz

(see the top-left panels in Figs. 7 and 8), and lower AM

thresholds than observed for the HIo listeners when

fm¼ 2 Hz (top-right panels of Figs. 5–8). However, the dis-

crepancy in the latter case was small when the widths of the

simulated filters were 2 ERBN (see Figs. 6 and 8) and the

average absolute deviations between the obtained and pre-

dicted thresholds (across N) were reasonably small, ranging

from 0.2 to 2 dB across conditions and groups.

3. Effects of age and hearing loss on predicted FMDTs

The model predictions shown in the bottom panels of

Figs. 5–8 captured some of the main trends in the data for

FM detection. Specifically, for both values of the widths of

the gammatone filters, the predictions captured the effects of

modulation rate (the predicted FMDTs were always lower

for fm¼ 2 than for fm¼ 20 Hz), the effects of N (the predicted

FMDTs improved gradually with increasing N), and the

effects of interfering AM (the predicted FMDTs were always

poorer in the presence of interfering AM). Consistent with

the general form of the results, the model predicted that

FMDTs would be higher with greater age and with hearing

loss. However, the predicted FMDTs were often higher than

the obtained FMDTs, especially for the NHy group in the

presence of interfering AM and for fm¼ 2 Hz (see, for exam-

ple, the bottom-left panels in Figs. 7 and 8). The discrepancy

between the predictions and the data was somewhat less

when the width of the simulated gammatone filters was 0.7

ERBN than when it was 1 ERBN, (compare Figs. 7 and 8),

but it nevertheless remained quite large for the 0.7 ERBN

bandwidth.

As can be seen by comparing Figs. 2 and 5 and 6,

FMDTs without and with interfering AM with N¼ 2, 3, and

4 were predicted more accurately when the widths of the

gammatone filters were set to 0.7 ERBN for both NH model

and 1.4 ERBN for the HIo model. The goodness of fit was

assessed by taking the absolute value of the logarithm of the

ratio between predicted and obtained FMDTs and averaging

this across values of N and the presence/absence of AM; the

smaller this average, called log-AV, the better is the fit. For

the NH model, log-AV was 0.12 when the filter width was

0.7 ERBN and 0.21 when it was 1 ERBN. For the HIo model,

log-AV was 0.12 when the filter width was 1.4 ERBN and

0.17 when it was 2 ERBN.

The use of sharper gammatone filters resulted in larger

temporal-envelope fluctuations generated by FM-to-AM

conversion and this allowed the model to predict lower

FMDTs, that were more consistent with the data. However,

for FMDTs obtained with interfering AM using a wider

range of N (Fig. 3), the predictions for the two older groups

and fm¼ 20 Hz were more accurate for the wider simulated

auditory filters (Fig. 8) than for the narrower simulated audi-

tory filters (Fig. 7).

The model predicted FMDTs with and without interfer-

ing AM (data in Fig. 2) more accurately for fm¼ 20 Hz than

for fm¼ 2 Hz. For the NHy model with filter width 0.7

ERBN, log-AV was 0.17 when fm¼ 2 Hz and 0.07 when

fm¼ 20 Hz. For the NHo model with filter width 0.7 ERBN,

log-AV was 0.23 when fm¼ 2 Hz and 0.10 when fm¼ 20 Hz.

For the HIo model with filter width 1.4 ERBN, log-AV was

0.16 when fm¼ 2 Hz and 0.07 when fm¼ 20 Hz. This is con-

sistent with the idea that FMDTs for fm¼ 20 Hz are based

entirely on the use of temporal envelope cues, while some

other cue or cues play a role for fm¼ 2 Hz.

FIG. 7. Obtained (solid lines) and predicted (dashed lines) AMDTs (top)

and FMDTs (bottom) for each group. The widths of the gammatone filters

were set to 0.7 ERBN for the NHy and NHo models, and 1.4 ERBN for the

HIo model. FMDTs were measured only with interfering AM.

FIG. 8. As Fig. 7, but with the widths of the gammatone filters set to 1

ERBN for the NHy and NHo models, and 2 ERBN for the HIo model.
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4. Effect of interfering AM on predicted FMDTs

Interestingly, the model did predict the greater detri-

mental effect of interfering AM on FMDTs for fm¼ 20 Hz

than for fm¼ 2 Hz. However, inconsistent with the data (Fig.

2, bottom panels), the predicted effect of interfering AM was

of similar magnitude for the NHy, NHo, and HIo models for

both modulation rates (Figs. 5 and 6, bottom panels). For

both values of the width of the gammatone filters, the ratio

of predicted FMDTs with and without interfering AM (aver-

aged across N) ranged between 1.3 and 1.6 for fm¼ 2 Hz and

was about 2 for fm¼ 20 Hz for the NHy, NHo, and HIo mod-

els. Corresponding obtained ratios were 1.8 for the NHy

listeners and 2.6 for the NHo and HIo listeners for fm¼ 2 Hz,

and 2.8 for the NHy listeners, 2.1 for the NHo listeners, and

2.5 for the HIo listeners for fm¼ 20 Hz. This inconsistency

between the data and predictions occurred because the

predicted FMDTs obtained without interfering AM for

fm¼ 2 Hz were systematically higher (i.e., poorer) than the

obtained FMDTs for all three groups. The predicted FMDTs

obtained with interfering AM for fm¼ 2 Hz were close to the

obtained FMDTs. This pattern of results can be explained in

one or both of two ways: (1) FM-to-AM cues contributed to

FM detection at a low modulation rate (fm¼ 2 Hz), but were

insufficient to explain the experimental data; (2) the NHy,

NHo, and HIo listeners used a cue distinct from temporal-

envelope cues when detecting FM, and this extra cue

(presumably, TFS) was still available—but to a lesser extent—

for the NHo and HIo listeners. It appears that this additional

cue can be used more effectively in the absence than in the

presence of interfering AM.

5. Temporal integration of FM

Whatever the width of the gammatone filters, the pre-

dicted temporal integration for FM in the absence of interfer-

ing AM was roughly consistent with the data. However,

temporal integration was measured using a narrow range of

N (2–4 cycles) in this condition. For both widths of the gam-

matone filters, the predicted temporal integration for FM in

the presence of interfering AM, when measured using a wide

range of N (2–9 cycles), was much higher than observed for

each group of listeners for fm¼ 20 Hz. The discrepancy was

smaller for fm¼ 2 Hz, but was still apparent for the HIo

group. As shown in Fig. 7, when the assumed bandwidths of

the auditory filters were small (0.7 ERBN for the two NH

groups and 1.4 ERBN for the HIo group), this “over-

integration” effect led to predicted FMDTs that were below

obtained FMDTs for large N. As shown in Fig. 8, when the

assumed bandwidths of the auditory filters were larger

(1 ERBN for the two NH groups and 2 ERBN for the HIo

group), the predicted FMDTs were above the obtained

FMDTs for small N.

V. DISCUSSION

A. Effects of age and hearing loss on AM detection
and temporal integration

For each value of N and for both AM rates, AMDTs for

the HIo listeners were significantly lower (i.e., better) than

those for the NHo listeners tested at the same SL. This bene-

ficial effect of sensorineural hearing loss on AM sensitivity

has been explained as reflecting the loss of cochlear com-

pression and the consequent loudness recruitment for the HI

listeners. The latter has the effect of increasing the strength

of the perceived fluctuations in AM sounds (Moore et al.,
1996) and thus, the sensitivity to AM, at least for low SLs

(Jerger, 1962; Moore, 2007). The interaction between N and

group was significant, temporal integration of AM being

greater for the HIo group than for the two NH groups. This

effect was predicted by the model (see the top panels of

Figs. 7 and 8), consistent with the idea that it arises from

loss of amplitude compression in the cochlea. Overall the

results are consistent with the notion that at least some

aspects of “processing efficiency” related to the short-term

storage of temporal-envelope information and decision mak-

ing are spared by cochlear damage (Wallaert et al., 2017).

Overall, the model presented here made slightly less

accurate predictions of AMDTs than the version of the

model described by Wallaert et al. (2017), which used a sin-

gle off-frequency gammatone filter centered 1 Cam above

the carrier frequency. More precisely, temporal integration

of AM for fm¼ 20 Hz for NHy listeners was better predicted

by the model of Wallaert et al. (2017). This difference

resulted partly from differences in the number and center fre-

quencies of the simulated auditory filters and partly from dif-

ferences in the implementation of the template-matching

decision device [a simple correlation process in Wallaert

et al. (2017) versus cross-correlation in the current model].

It appears that the cross-correlation device is more efficient

than a simple correlation device and real listeners. The

cross-correlation device is more robust to (internal) noise

than a simple correlation device. The current simulations

also suggest that real listeners are less optimal than assumed

here. It may be the case that human listeners cannot make

perfect comparisons between their internal template and the

noisy output of the modulation filters. In future studies, this

central inefficiency could be modeled by adding a temporal

jitter to the lags used by the cross-correlation process, hence

limiting more strongly the comparison between the internal

template and the outputs of the modulation filters at high

modulation rates.

B. Effects of age and hearing loss on FM detection

The FMDTs for the HIo listeners were significantly

higher (poorer) than those for the NHo listeners. This detri-

mental effect of hearing loss on FM detection is consistent

with previous results obtained for older listeners with senso-

rineural hearing loss (Moore and Skrodzka, 2002; Lacher-

Fougère and Demany, 1998; Buss et al., 2004; Strelcyk and

Dau, 2009; Ernst and Moore, 2012; Paraouty et al., 2016)

when the NH and HI groups were compared at equal SLs.

The detrimental effect of age on FM detection predicted

by the model depended on a small increase in the additive

internal noise used to degrade the internal representation of

temporal-envelope cues at the outputs of the modulation fil-

ters. The detrimental effect of hearing loss on FM detection

predicted by the model depended on the combined effects of
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(1) the broadening of the gammatone filters and the conse-

quent reduction of FM-to-AM conversion and (2) a substan-

tial increase in the additive internal noise. The increase in

internal noise had to be substantial, because the detrimental

effects were partially counteracted by the loss of cochlear

compression and subsequent enhancement of temporal-

envelope cues resulting from FM-to-AM conversion.

Although the model reproduced some trends in the data,

the model did not provide a unified account of AM and FM

detection. The modeling showed that whatever the band-

width of the simulated auditory filters, the predicted FMDTs

for fm¼ 2 Hz were higher than obtained (especially for the

NHy listeners) and temporal integration of FM was over-

estimated for both modulation rates for all three groups.

Although it is conceivable that more accurate predictions of

FMDTs and temporal integration for fm¼ 20 Hz may be

obtained by using a more accurate simulation of cochlear

frequency selectivity and by making the cross-correlation

process less optimal (see above), it seems unlikely that such

a model would succeed in predicting the low FMDTs found

for the NHy listeners for fm¼ 2 Hz. The general failure of

this multi-band model of temporal-envelope processing

argues for separate mechanisms for AM and FM detection

for very low modulation rates and low carrier frequencies.

C. Interference effects of AM on FM

The interaction between the presence/absence of inter-

fering AM and modulation rate was significant, the detri-

mental effect of the AM being greater for fm¼ 20 Hz than

for fm¼ 2 Hz (Fig. 2), but this effect was mainly driven by

the results for the NHy group, as supported by the significant

three-way interaction between group, presence/absence of

AM, and modulation rate. The results for the NHy group rep-

licate previous findings (Moore and Sek, 1996; Ernst and

Moore, 2010, 2012). The results are consistent with the idea

that, for the NHy listeners: (1) FM detection depended partly

on a cue or cues other than temporal envelope, presumably

TFS cues, and that (2) TFS cues were only slightly disrupted

by the interfering AM. The ability to use TFS cues worsens

with increasing age (Moore et al., 2012a; Moore et al.,
2012b) and with hearing loss (Hopkins and Moore, 2007;

Moore, 2014) and this may account for the finding that the

effect of the interfering AM for fm¼ 2 Hz was greater for the

NHo and HIo groups than for the NHy group.

Although this explanation is plausible, the model based

on temporal-envelope cues alone did predict a greater effect

of the interfering AM on FM detection for fm¼ 20 Hz than

for fm¼ 2 Hz, when the auditory filters were assumed to have

bandwidths of 1 ERBN for the NH groups and 2 ERBN for

the HIo group (see Fig. 6, bottom). This happened because,

in the model, AM phase information was removed for modu-

lation filters tuned above 10 Hz but preserved for modulation

filters tuned below 2 Hz. This loss of phase information

limited the effectiveness of the cross-correlation device

(the template-matching process) in extracting the pattern of

envelope cues resulting from FM-to-AM conversion for

fm¼ 20 Hz. However, the model may be unrealistic in the

assumption that AM phase can be compared precisely across

channels for low fm and small AM depths (Green et al.,
1990), as is implicit in the template-matching process. In

addition, the interference effect predicted by the model for

fm¼ 2 Hz was much smaller than the obtained interference

effect, and the model predicted similar interference effects

for all three groups, which is inconsistent with the data.

Therefore, it seems that the model does not correctly predict

the pattern of interference effects produced by the AM.

Assuming that FM detection for fm¼ 2 Hz was mediated

by the use of TFS cues, at least for the NHy listeners, the

obtained results suggest that interfering AM does have some

adverse effect on the ability to use TFS cues. This may occur

because the phase at which nerve spikes occur depends

somewhat on stimulus level (Johnson, 1980; Palmer and

Russell, 1986; Ernst and Moore, 2010) and on whether the

amplitude is increasing or decreasing (Moore, 1973). Hence,

the AM may lead to small fluctuations in the TFS that resem-

ble those produced by FM, making AM detection harder. It

may also be the case that adding the AM to FM makes the

task more cognitively challenging. In the absence of AM,

listeners merely have to detect that there is some kind of

fluctuation at a 2-Hz rate in the target interval. When the

interfering AM is present, a strong fluctuation in loudness at

a 2-Hz rate occurs in both intervals, and the listener has to

identify the interval with the weak additional fluctuation in

pitch. This may be more difficult, in the same way that the

detection of changes in the pitch of complex tones is more

difficult when the tones being compared differ in harmonic

content, and therefore timbre (Moore and Glasberg, 1990).

Such interference effects are not captured by the current

model structure.

D. Temporal integration of FM cues

Consistent with the observation of enhanced temporal

integration of AM for HIo listeners, the model predicted that

temporal integration of FM should be greater for HIo than

for NHy and NHo listeners. This trend is visible in Figs. 7

and 8. The ratio between the predicted FMDTs for

fm¼ 20 Hz at N¼ 2 and N¼ 9 was 2 for the HIo model and

1.6 for the NHy model. In fact, the temporal integration of

FM information was similar for the three groups. It appears

that sensorineural hearing loss does not affect the central pro-

cesses underlying temporal integration of FM information,

such as the combination of “multiple looks” (Viemeister and

Wakefield, 1991) or template matching (Dau et al., 1997a,b).

For FM detection in the presence of interfering AM,

temporal integration was very small for all three groups (Fig.

3, bottom panels); FMDTs changed by less than a factor of 2

as N was increased from 2 to 9. This may have happened

because the disruptive effect of the AM depended primarily

on the phase of the AM relative to that of the FM in the sig-

nal interval (Moore and Sek, 1992); some relative phases are

more disruptive than others. For example, when the instanta-

neous frequency is moving upwards, this leads to a decrease

in excitation level on the low-frequency side of the excita-

tion pattern, but this might be cancelled or changed into an

increase if the amplitude is also increasing. Although the

relative phase of the AM and FM changed from one trial to
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the next, it was fixed within a given stimulus. Essentially,

for a stimulus with N cycles, the same information was

repeated N times. The “noise” associated with the random

variation in the relative phase of the AM and FM may have

limited the amount of temporal integration.

Overall, the small amount of temporal integration for

FM in the presence of interfering AM was not predicted by

the model (Figs. 7 and 8, bottom panels). It may be the case

that a template based on a single sample of AMþFM with

random relative phase does not represent adequately what

the auditory system would do to perform the task. A more

realistic simulation might be to use a template based on a

sample of FM alone. This strategy was simulated for the

FMþAM condition (see Fig. 9, top-right panel) but the pre-

dictions of temporal integration for the NHy group were no

more accurate than those obtained using an “optimal” tem-

plate obtained by subtracting the patterns at the outputs of

the modulation filters for the target and comparison intervals

(see Fig. 9, top-left panel). Thus, as pointed out above, the

failure of the model probably occurs because human listen-

ers cannot make perfect comparison between their internal

template and the output of modulation filters, or they cannot

construct a perfect (or “optimal” template based on the dif-

ference between the internal representations of the two

intervals.

The data and model predictions were obtained using FM

stimuli in the presence of interfering AM with a fixed start-

ing phase only. To assess how the model handled greater

stimulus uncertainty, we compared model predictions with

and without roving of the phase of the interfering AM. The

results are plotted in Fig. 9 (bottom panels) using both types

of templates (an “optimal” template vs a sub-optimal tem-

plate based on a single sample of FM). Similar predictions

were obtained with and without roving the AM phase, indi-

cating that the cross-correlation device used at the decision

stage of the present model could handle uncertainty as to

AM and FM starting phases, presumably as real listeners

would. This suggests that the current model structure is ade-

quate, although real listeners appear less optimal than the

model, presumably because their internal templates are not

perfect. Further work is warranted to explore to which extent

the cross-correlation process is noisy. Two alternative struc-

tures of the model could also be considered in future studies

of FM detection and integration. The first model, developed

by Ewert and Dau (2000), discards temporal-envelope phase

information and uses the envelope power as a decision statis-

tic. The second model, developed by Ewert et al. (2018),

also discards temporal-envelope phase information and uses

both TFS and envelope cues.

VI. SUMMARY AND CONCLUSIONS

The effects of age and sensorineural hearing loss on the

detection and temporal integration of AM and FM were

investigated. FMDTs were measured at 40 or 80 dB SPL

(whichever was lower) for a group of listeners with mild-to-

moderate sensorineural hearing loss, aged between 50 and

64 years, using a carrier frequency of 500 Hz and modulation

rates of 2 and 20 Hz. The number of modulation cycles, N,

varied between 2 and 9. The data were compared with

FMDTs and AMDTs measured for young and older normal-

hearing listeners (Wallaert et al., 2016; Wallaert et al.,
2017).

FMDTs were higher for the hearing-impaired listeners

than for the normal-hearing listeners, but the effect of

increasing N was similar across groups. In contrast, AMDTs

were lower (better) for the hearing-impaired listeners and the

effect of increasing N was greater for them than for the

normal-hearing listeners.

A model based on peripheral filtering and envelope

extraction followed by a modulation filterbank and a

template-based optimal detector was developed to interpret

the data. AM and FM detection was limited by two internal

noises (an additive noise and an additive memory noise)

applied after modulation filtering, whose SD was adjusted to

fit the AMDTs. Overall, the model accounted better for

FMDTs for the 20-Hz modulation rate than for the 2-Hz rate,

and predicted greater temporal integration for FM than

observed for all groups.

Taken together, the psychophysical data and modeling

results suggest that (1) FM detection for a modulation rate of

2 Hz and low carrier frequencies probably depends on a cue

or cues other than those arising from FM-to-AM conversion,

for example cues related to temporal fine structure; (2)

greater age is associated with increased FMDTs and this can

be explained partly by increased internal noise and partly by

reduced sensitivity to temporal fine structure; (3) hearing

loss impairs the mechanisms responsible for FM detection,

but preserves the memory and decision processes responsible

for temporal integration of FM.

FIG. 9. Predicted FMDTs with interfering AM for the NHy group obtained

using either an optimal template based on the difference between the inter-

nal representations of each interval (left panels) or a template based on a

sample of FM alone (right panels), for a fixed AM phase (top panels) or ran-

domized AM phase (bottom panels).
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