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a b s t r a c t 

An intense low-frequency tone can affect the perception of amplitude modulation (AM) applied to a high- 

frequency carrier. Here, thresholds for detecting AM of a 30 0 0-Hz carrier were measured in the presence 

of a 50-Hz pure tone at 91 dB SPL. When the carrier was presented at 20 dB sensation level (SL), the 

thresholds were higher than in the absence of the 50-Hz tone, increased when the AM frequency was 

increased from 20 to 100 Hz, and did not show a maximum near 50 Hz, as would be expected if the 

effect of the 50-Hz tone resulted from modulation detection interference. When the AM frequency was 

fixed at 50 Hz, the AM detection thresholds showed a minimum when the phase of the AM was 90 °
ahead of the phase of the 50-Hz tone (denoted �ϕ = 90 °) and a maximum for �ϕ = 270 °. To assess the 

role of the outer hair cells (OHCs), AM detection thresholds were measured as a function of �ϕ using 

SLs of 20 and 50 dB for normal-hearing participants and 20 dB for hearing-impaired participants. It was 

assumed that the latter would have impaired OHC function. The pattern of the results was similar across 

SLs and groups: AM detection thresholds were 8–10 dB lower for �ϕ = 90 ° than for �ϕ = 270 ° in all 

cases. This suggests that the OHCs do not play a large role in these effects and supports the idea that the 

low-frequency tone biases the responses of inner hair cells tuned to high frequencies. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

A low-frequency tone produces a travelling wave in the cochlea 

hat has maximum amplitude near the apex but passes through 

laces that are tuned to higher frequencies ( von Békésy, 1947 ). It 

s not surprising that this leads to masking effects that can be ex- 

lained using the concept of excitation patterns ( Zwicker, 1956 ; 

lasberg and Moore, 1990 ). However, sometimes a low-frequency 

ound can produce effects on the perception of high-frequency 

ounds that are hard to explain in terms of spread of excitation. In 

he present work, we study the effect of an intense low-frequency 

ure tone on the detection of amplitude-modulation (AM) imposed 

n a high-frequency sinusoidal carrier, with the aim of improving 

nderstanding of the underlying mechanisms, especially when it 

s unlikely that the effects of the low-frequency tone can be ex- 

lained in terms of spread of excitation. 

Deatherage and Henderson (1967) measured the ability to de- 

ect a very short 3150-Hz tone as a function of its temporal posi- 

ion within the cycle of a synchronously presented 50-Hz tone, i.e. 
∗ Corresponding author. 
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ts position relative to the phase of the 50-Hz tone. Performance 

as best when the phase was between 200 ° and 360 ° and was 

orst when the phase was between 0 ° and 180 ° The effect was 

reatest when the low-frequency tone was itself inaudible, and 

ence was unlikely to produce significant spread of excitation to 

he frequency region of the 3150-Hz tone. When the level of the 

0-Hz tone was −5 dB sensation level (SL) and the 3150-Hz tone 

as fixed at a level that produced 85% correct without the 50-Hz 

one, in a two-alternative forced-choice task the two participants 

cored 91% correct for a phase of 90 ° and 81% for a phase of 270 °.
he authors suggested that the phase effects were related to the 

rocess underlying the transduction of mechanical to neural en- 

rgy in the cochlea. 

Zwicker conducted similar experiments using low-frequency 

maskers" with frequencies of 50, 100 and 200 Hz ( Zwicker, 1976c ) 

nd using masker frequencies as low as 20 Hz ( Zwicker, 1976b ). He

lso found that the threshold for detecting a brief high-frequency 

one pip varied according to its position within the cycle of the 

ow-frequency masker. The phase effects were quite complex for 

ery low masker frequencies and high masker levels, but the 

hresholds for detecting the brief high-frequency tone pip were 

enerally lowest when the tone pip fell close to a maximum in the 

aveform of the low-frequency tone, as found by Deatherage and 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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enderson (1967) . However, Zwicker chose the stimulus parame- 

ers such that the masker was likely to produce supra-threshold 

xcitation at the signal frequency. Zwicker’s results were based on 

 single participant, namely himself. Zwicker (1976b) presented a 

odel to explain his results, based upon the idea that the excita- 

ion evoked by the low-frequency tone affects the response of the 

ochlea at the place tuned to the high-frequency tone pip. 

McFadden (1975) reported that beats could be heard when a 

omplex tone containing two frequency components separated by 

f (where �f is less than about 5 Hz) was presented simultane- 

usly with a low-frequency tone with a frequency slightly different 

rom �f. For the effect to be heard, the low-frequency tone had to 

e 10–15 dB higher in level than the components of the complex 

one. McFadden argued that the beat percept could be explained in 

erms of interactions on the basilar membrane and that the low- 

requency tone needed to produce sufficient vibration at the place 

n the basilar membrane where the two-tone complex led to max- 

mum displacement. In other words, his explanation involved over- 

ap of the excitation patterns of the low-frequency tone and the 

wo-component complex. 

Wakefield and Viemeister (1985) investigated thresholds for de- 

ecting AM imposed on a high-frequency bandpass-filtered noise 

sing modulation frequencies ( f m 

) of 10 0, 20 0, 40 0 Hz in the pres-

nce of a pure tone with frequency = f m 

. They tested five partic-

pants. They varied the phase difference between the AM and the 

ow-frequency tone, which is denoted here �ϕ. The AM detection 

hreshold was lowest when the phase of the AM was 90 ° ahead 

f the phase of the low-frequency tone ( �ϕ = 90 °) and highest 

hen it was about 270 °. The results varied somewhat across par- 

icipants. For a low-frequency tone level of 90 dB SPL, the values 

f the minimum AM detection thresholds, expressed as 20log 10 m , 

here m is the modulation index, were below −20 dB for all par- 

icipants, while some participants were not able to detect 100% 

M ( m = 0 dB) for �ϕ = 270 °. The effect of �ϕ became less

ronounced with increasing carrier level: when the low-frequency 

one had a level of 90 dB SPL, for a carrier level of 25 dB sen-

ation level (SL) the difference between maximum and minimum 

M detection threshold was 13 dB on average, while the differ- 

nce was not significant for two participants at 45 dB SL or higher 

nd decreased to 7 dB for the other three participants at 65 dB SL. 

akefield and Viemeister suggested that the phase effects found 

n their data reflect either an additive process, as proposed by 

wicker (1976b) , or a time-varying form of suppression. 

Measurements of the displacement of the basilar membrane 

n animals have shown modulation of the response to a high- 

requency tone produced by an intense low-frequency tone 

 Patuzzi et al., 1984 ; Temchin et al., 1997 ). The maximum reduction

n the mechanical response was observed when the low-frequency 

one produced peak displacement towards scala tympani. Notably, 

his modulation was not present in dead animals. This strongly 

uggests that the effect found in living animals depends on the ac- 

ive mechanism of the cochlea, which in turn depends on the op- 

ration of the outer hair cells (OHCs) ( Robles and Ruggero, 2001 ). 

f this modulation of sensitivity is responsible for the psychoacous- 

ical effects found in humans, as reviewed above, the psychoacous- 

ical effects should be reduced or absent for hearing-impaired hu- 

ans, since hearing loss usually reflects reduced function of the 

HCs in the cochlea ( Robles and Ruggero, 2001 ; Moore, 2007 ). 

hat prediction was tested in this paper. 

Nam and Guinan (2018) studied the responses of neurons tuned 

o high frequencies in cats. They measured responses to tones with 

requencies below, above and at the characteristic frequency (CF) 

n the presence of a 50-Hz “bias tone”. They found that the re- 

ponses to CF, tail-frequency, and “side-lobe” tones were usually 

uppressed at the same bias-tone phase. They argued that the bias 

one alters the mechano-electric-transduction operating point of 
2 
he stereocilia of the OHCs and that auditory-nerve response en- 

ancements occur due to enhanced motion of the reticular lamina 

RL) that drives the deflection of the stereocilia of inner hair cells 

IHCs) via RL-tectorial membrane (TM) shear and/or by changing 

he RL-TM gap. 

If the low-frequency pure tone directly biases the IHCs, best 

etection of a high-frequency tone would be expected when the 

one pip is presented at 90 ° phase of the low-frequency tone 

nd worst detection at a phase 270 ° as found by Deatherage and 

enderson (1967) and by Zwicker (1976a) and Zwicker (1976b) . 

his is because IHCs respond predominantly to the velocity of 

he basilar membrane ( Ruggero et al., 1996 ; Cheatham and Dal- 

os, 1999 ), i.e. the derivative of the basilar membrane displacement, 

lthough there are probably multiple drive mechanisms, depending 

n sound level and on the frequency of the stimulating tone rela- 

ive to the CF ( Guinan, 2012 ). In the case of an AM carrier, as used

y Wakefield and Viemeister (1985) , the low-frequency tone might 

ncrease the effective AM depth when �ϕ = 90 ° and decrease the 

ffective AM depth when �ϕ = 270 °, which would account for the 

bserved pattern of results. 

So far, we have considered explanations for the effects of low- 

requency tones on the perception of high-frequency sounds in 

erms of cochlear mechanisms. However, it is possible that a more 

entral mechanism is involved. While sinusoids with very low fre- 

uencies are perceived as steady, they also sound somewhat rough, 

ike a sound with AM ( Terhardt, 1974 ). For example, an intense 

0-Hz tone will give rise to bursts of nerve spikes separated by 

0 ms and this may lead to the sensation of roughness. Since an 

ntense low-frequency tone leads to a temporal pattern of neural 

esponses similar to that produced by an AM tone, it is possible 

hat the effect of a low-frequency sinusoid on the detection of AM 

f a high-frequency carrier is caused by a form of across-frequency 

odulation masking, similar to the masking of AM on one car- 

ier produced by AM on a different carrier, which is often called 

odulation detection interference (MDI, Yost et al., 1989 ; Yost and 

heft, 1989 ; Bacon and Moore, 1993 ). MDI shows some degree 

f tuning in the AM domain ( Yost and Sheft, 1989 ; Bacon and

oore, 1993 ; Moore et al., 1991 ). For example, for a masker with

 m 

= 50 Hz, MDI decreases from about 8 dB for a target with 

 m 

= 50 Hz to about 5 dB for a target with f m 

= 20 or 100 Hz

 Yost et al., 1989 ). Hence, if the effect of a low-frequency tone on

he perception of AM of high-frequency signals reflects a form of 

DI, one would expect the effect of the low-frequency tone to be 

reatest when its frequency is close to f m 

and to decrease gradu- 

lly for lower and higher frequencies. That prediction was tested 

n this paper. 

In the present work we modified and extended the experi- 

ents of Wakefield and Viemeister (1985) . We wanted to focus 

n effects that are unlikely to be caused by spread of excitation 

n the cochlea. To decrease the likelihood of the low-frequency 

one producing significant excitation at the signal frequency, we 

sed a 50-Hz low-frequency tone rather than the frequencies of 

00 to 400 Hz used by Wakefield and Viemeister (1985) . To avoid 

he effect of intrinsic amplitude fluctuations in the signal carrier 

 Dau et al., 1997 ), we used a 30 0 0-Hz sinusoidal carrier rather than

 bandpass filtered noise carrier. Some recent research using cats 

 Nam and Guinan, 2018 ) suggests that a 90-dB 50-Hz tone can 

odulate the operating point of the OHCs at 2500 Hz, hence af- 

ecting the response of the basilar membrane. To assess whether 

here was any significant suppression or excitation produced by 

he 50-Hz tone at the place tuned to 30 0 0 Hz, we measured the

hreshold for detecting a 30 0 0-Hz tone both in quiet and in the 

resence of a 50-Hz tone. 

In summary, the main goals of the experiments were as fol- 

ow. Experiment 1 measured the tuning of the effect of the low- 

requency tone in the AM domain using signal AM frequencies 
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etween 20 and 100 Hz to assess the possible role of MDI. Ex- 

eriment 2 assessed the effect of the phase difference between 

he 50-Hz tone and the 50-Hz AM applied to the 30 0 0-Hz car- 

ier to assess whether the phase effect was the same as observed 

y Wakefield and Viemeister (1985) for higher frequencies of the 

ow-frequency tone. Experiment 3 assessed the effect of phase dif- 

erence, level of the 30 0 0-Hz carrier, and hearing status (normal 

r impaired). We expected that if the phase effect depended on 

he integrity of the OHCs, then the effect would be reduced or ab- 

ent for the hearing-impaired participants. Since previous studies 

n this area have revealed marked individual differences, at least 

8 participants were used in each experiment. 

. Method 

All three experiments measured the effect of a 50-Hz sinusoid 

n the ability to detect AM of a 30 0 0-Hz sinusoidal carrier. 

.1. Participants 

The same 20 normal-hearing (NH) participants took part in Ex- 

eriments 1 and 2. They were aged 20 to 31 years and had audio- 

etric thresholds not higher than 20 dB HL for both ears and for 

ll audiometric frequencies between 125 and 80 0 0 Hz. The audio- 

etric threshold at 30 0 0 Hz for the single ear that was tested in

he experiments was better than or equal to 15 dB HL. 

Nine NH participants, who did not take part in Experiments 1 

nd 2 and were aged 20 to 22 years, and nine hearing-impaired 

HI) participants, who were aged 70 to 80 years, took part in Ex- 

eriment 3. The HI participants had audiometric thresholds be- 

ween 35 and 55 dB HL at 30 0 0 Hz for their better-hearing ear,

hich was the one tested. 

.2. Apparatus 

The experiments took place in a sound-attenuating booth. Stim- 

li were generated digitally at a sampling rate of 48 kHz, digital- 

o-analog converted by an M-Audio Delta 44 audio interface (Cum- 

erland, UK) with 24-bit resolution, passed through a Hatfield 2125 

anual attenuator (Hatfield, UK), and presented via one earpiece 

f Sennheiser HD 580 headphones (Wedemark, Germany). An im- 

ortant characteristic of the headphones is the phase response. 

or the Sennheiser HD 580, the difference in group delay be- 

ween 50 Hz and 30 0 0 Hz is smaller than 10 ° of a 50-Hz cycle

 Phillips, 2006 ), which is rather small and so was not considered 

n our analyses. 

.3. Stimuli and design 

All stimuli for the main experiments consisted of a 50-Hz si- 

usoid and a 30 0 0-Hz amplitude-modulated sinusoidal carrier. Al- 

owing for the frequency response of the Sennheiser HD 580 head- 

hones, the effective level at the eardrum, as assessed using a 

ummy head ( Burkhard and Sachs, 1975 ) was 91 dB SPL. Note 

hat while the SPL of the 50-Hz tone was high, it was not un- 

omfortably loud, because transmission through the middle ear be- 

omes progressively less effective when the frequency is reduced 

elow 500 Hz and because the gain provided by the active mecha- 

ism in the cochlea is probably reduced at very low frequencies 

 Moore et al., 1997 ; Cooper and Rhode, 1995 ; Robles and Rug-

ero, 2001 ). 

According to the excitation-pattern model for normal hearing 

f Glasberg and Moore (1990) , the 50-Hz tone produced an ex- 

itation level of −13.3 dB at 30 0 0 Hz. Thus, the 50-Hz tone was

ot expected to have an effect on the perception of the 30 0 0- 

z tone via spread of excitation. Note that the model of Glasberg 
3 
nd Moore is based on data from simultaneous masking experi- 

ents and therefore includes any effects of suppression on mask- 

ng ( Moore and Vickers, 1997 ; Delgutte, 1990 ). Hence, suppression 

ffects produced by the 50-Hz tone were also expected to be neg- 

igible at 30 0 0 Hz. The same holds for hearing-impaired listening: 

or example, for a typical moderately sloping moderate hearing 

oss (N3, Bisgaard et al., 2010 ) with 90% of the hearing loss at- 

ributed to reduced OHC function, the excitation level at 30 0 0 Hz 

ould be 35.2 dB according to the excitation-pattern model of 

oore and Glasberg (2004) . This excitation level is higher than for 

ormal hearing due to the broader auditory filters in the impaired 

ar but is still considerably less than the threshold of 55 dB HL 

t 30 0 0 Hz (corresponding to about 65 dB SPL) for this hearing 

oss. Likewise, the excitation level is 26.3 dB at 30 0 0 Hz for a mild

earing loss (N2) with a threshold of 40 dB HL at 30 0 0 Hz, and

.4 dB for a very mild hearing loss with a threshold of 20 dB HL at

0 0 0 Hz. In order not to rely on a model alone, detection thresh-

lds for a 30 0 0-Hz pure tone were measured both in quiet and in

he presence of the 50-Hz tone. Those thresholds were not signifi- 

antly different (see Section 2.4 ). 

In Experiment 1, that assessed the possible role of MDI, the 

0 0 0-Hz carrier was presented at 20 dB SL and was amplitude 

odulated with f m 

of 20, 30, 40, 50, 60, 80 and 100 Hz. At the

tart of the stimuli, a peak in the waveform of the 50-Hz tone co- 

ncided with a peak in the envelope of the 30 0 0-Hz carrier. When 

 m 

= 50 Hz, the peaks of the waveform of the 50-Hz tone and 

f the envelope of the 30 0 0-Hz carrier coincided throughout the 

timuli, as illustrated in the left panel of Fig. 1 (under the assump- 

ion that the headphones had only a small difference in group de- 

ay between 50 and 30 0 0 Hz). Since all other values of f m 

were

nteger multiples of 10 Hz, the phase of the 50-Hz tone relative to 

hat of the AM shifted across cycles, but the pattern repeated every 

00 ms. 

In Experiment 2, which assessed the effect of phase difference, 

he 30 0 0-Hz carrier had a level of 20 dB SL and f m 

was set to

0 Hz. The phase difference between the AM tone and the 50- 

z pure tone ( �ϕ) was 0, 90, 180, 270, 300 or 330 °. The finer

teps between 270 and 0 ° were added because this range led to 

he highest AM detection thresholds in pilot tests. 

A value of �ϕ between 0 and 180 ° meant that the phase of the 

M was equal to or ahead of the phase of the 50-Hz pure tone. 

his is illustrated in Fig. 1 . The left panel shows a stimulus with

o phase difference ( �ϕ = 0). The peaks of the waveform of the 

0-Hz tone and of the envelope of the 30 0 0-Hz carrier coincide. 

he right panel shows a 90 ° phase difference, the phase of the AM 

eing ahead by 90 °. 
Experiment 3 was similar to Experiment 2 but the effects of the 

evel of the 30 0 0-Hz carrier and hearing status were assessed to 

nvestigate a possible role of OHCs. The 30 0 0-Hz carrier had levels 

f 20 and 50 dB SL for the NH participants, and 20 dB SL for the HI

articipants. The average detection threshold in quiet at 30 0 0 Hz 

as −2.8 dB SPL for the NH participants and 44 dB SPL for the HI

articipants (standard deviation = 10 dB for both groups). Thus, 

he 50-dB SL stimuli used with the NH group had a somewhat 

igher average level than the 20-dB SL stimuli used with the HI 

roup, on average by 17 dB. The value of �ϕ ranged from 0 to 

15 ° in steps of 45 °. 
The duration of the stimuli was 1 s in all experiments and tests, 

xcept for the audiogram. 

.4. Procedure 

Firstly, an audiogram was obtained for each participant for both 

ars, for all audiometric frequencies between 125 and 80 0 0 Hz, us- 

ng a Grason-Stadler GSI61 audiometer (Eden Prairie, MN) and the 

ethod recommended by the British Society of Audiology (2018) . 
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Fig. 1. Depiction of the first 100 ms of stimuli with no phase difference ( �ϕ = 0, left panel) and 90 ° phase difference ( �ϕ = 90 °, right panel) between the 50-Hz sinusoid 

(red curve with larger amplitude) and the AM of the 30 0 0-Hz carrier (blue curve). For ease of visualization, the level of the 50-Hz tone relative to the 30 0 0-Hz carrier was 

set much lower than the value used in the experiments. Also, for simplicity, the rise and fall ramps used in the experiments are not shown in the figure. 

S

w

d  

t

T

2  

N

o  

e

2

t

1

p

f

t

h

t

S

I

t

u

r

o

t

2

5

o

S

a

5

H

t

1

s

e

H

3

2

a

c

v

s

t

a  

w

a

1

v  

a

f

t

e

t

a

d

t

m

p

w

p

m

2

5

d

p

t

t

c

w

s  

i

3

w

t

s

t  

t

3

d

3  

T

w

w  

f  
econdly, the absolute threshold for detecting a 30 0 0-Hz pure tone 

as determined with the Sennheiser HD 580 headphones, in or- 

er to set the SL. Then, the threshold for detecting a 30 0 0-Hz pure

one in the presence of a 50-Hz 91-dB SPL masker was determined. 

hen, the AM detection threshold was determined for a 30 0 0-Hz 

0-dB SL pure tone that was modulated at a rate of 50 Hz. For the

H participants tested in Experiment 3, the AM detection thresh- 

ld was also measured using a level of 50 dB SL. Finally, the main

xperiments were conducted. 

.4.1. Determination of the threshold in quiet at 30 0 0 Hz 

The absolute threshold at 30 0 0 Hz was determined for the bet- 

er ear using a two-interval two-alternative forced-choice (2I2AFC) 

-up/2-down procedure ( Levitt, 1971 ). One interval contained the 

ure tone with a duration of 1 s and 3.3-ms raised-cosine rise and 

all ramps, and the other interval contained 1 s of silence. The in- 

ervals were marked by the responses buttons on the screen being 

ighlighted in color during the interval. The task was to indicate 

he interval in which a tone occurred. The level started at 40 dB 

PL for the NH participants and 60 dB SPL for the HI participants. 

t was decreased or increased by 5 dB until two reversals occurred, 

hen by 3 dB until two more reversals occurred, and then by 1 dB 

ntil six more reversals occurred. The mean level at the last four 

eversals was taken as the threshold for that run. Two runs were 

btained for each participant and the mean for the two runs was 

aken as the absolute threshold. 

.4.2. Determination of the threshold at 30 0 0 Hz in the presence of a 

0-Hz masker 

The procedure was identical to that for determining the thresh- 

ld in quiet, except that both intervals contained a 50-Hz 91-dB 

PL sinusoid, the fall and rise times were 100 ms for both tones, 

nd only one run was conducted. This was done to check that the 

0-Hz sinusoid did not have a direct masking effect on the 30 0 0- 

z sinusoid. The mean difference across all 38 participants be- 

ween the threshold with the 50-Hz sinusoid and without it was 

.7 dB (standard deviation = 7.2 dB), which was not statistically 

ignificant, t (37) = 1.47, p = 0.149. Thus, as expected from the 

xcitation-pattern model of Glasberg and Moore (1990) , the 50- 

z sinusoid did not have a significant direct masking effect on the 

0 0 0-Hz sinusoid. 

.4.3. Amplitude-modulation detection threshold in quiet 

The AM detection threshold for a carrier frequency of 30 0 0 Hz 

nd f m 

= 50 Hz was determined using a 2I2AFC 1-up/2-down pro- 

edure. One interval contained an AM sinusoid and the other inter- 

al contained an unmodulated sinusoid with the same root-mean- 

quare level. The task was to determine the interval that contained 

he modulated sound (“Which of the two sounds wobbled?”). Rise 
4 
nd fall times were 150 ms. The starting m was 0.4. The value of m

as changed by a factor of 2 until two reversals occurred, then by 

 factor of 1.4 until two more reversals occurred and by a factor of 

.2 for four more reversals. If the adaptive procedure called for a 

alue of m greater than 1, it was set to 1. The mean value 20log 10 m

t the last four reversals was taken as the AM detection threshold 

or that run. 

For Experiments 1 and 2, the final AM detection threshold was 

aken as the mean of two runs, one obtained before the main 

xperiment and one after. The mean of the absolute value of 

he difference between the two runs was 3.1 dB (standard devi- 

tion = 2.4 dB). For Experiment 3, the AM detection threshold was 

etermined once with the carrier at 20 dB SL and 50 dB SL for 

he NH participants and at 20 dB SL for the HI participants. It was 

easured only once for each level in Experiment 3 because the 

articipants were available only for a limited time and the focus 

as on the main experiment. It was measured twice for one HI 

articipant because the threshold determined in the first run was 

uch higher than expected from the audiogram. 

.4.4. Amplitude-modulation detection threshold in the presence of a 

0-Hz tone 

A single run of the main experiments followed the same proce- 

ure as described for AM detection, except that a 50-Hz 91-dB-SPL 

ure tone was present in both intervals. All other parameters were 

he same, as was the task of selecting in which of the two intervals 

he sound “wobbled”. 

Experiments 1 and 2 were conducted in one session, and their 

onditions were interleaved. The run with f m 

= 50 Hz and �ϕ = 0 

as used in the analysis of both experiments. Experiment 1 had 

ix further runs with f m 

= 20, 30, 40, 60, 80 and 100 Hz. Exper-

ment 2 had five further runs with �ϕ = 90, 180, 270, 300 and 

30 °. The twelve conditions were presented in a random order, 

hich was the same for the first ten participants and reversed for 

he other ten participants. 

In Experiment 3, eight runs with �ϕ varied from 0 to 315 ° in 

teps of 45 ° were presented in random order. Half of the NH par- 

icipants were tested first at 20 dB SL and then at 50 dB SL, and

he other half were tested in the reverse order. 

. Results 

The mean results of Experiment 1 are shown in Fig. 2 . The AM 

etection threshold in quiet (without the 50-Hz sinusoid) for a 

0 0 0-Hz carrier modulated at f m 

= 50 Hz is shown on the left.

he AM detection thresholds in the presence of the 50-Hz sinusoid 

ere higher than the threshold in quiet and tended to increase 

ith increasing f m 

, ranging from −16 dB for f m 

= 20 Hz to −9 dB

or f m 

= 100 Hz, but with a slight dip for f m 

= 50 Hz, for which
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Fig. 2. Thresholds for detecting AM of a 30 0 0-Hz carrier in quiet (far left, 

f m = 50 Hz only) and in the presence of a 50-Hz 91-dB SPL sinusoid as a func- 

tion of modulation frequency. Circles show means across participants and error bars 

show ± 1 standard error. The 50-Hz sinusoid and the AM started in phase for all 

conditions. 

Fig. 3. Thresholds for detecting 50-Hz AM of a 30 0 0-Hz carrier in quiet (far left) 

and in the presence of a 50-Hz 91-dB SPL sinusoid as a function of the phase dif- 

ference between the 50-Hz sinusoid and the AM. Circles show means across partic- 

ipants and error bars show ± 1 standard error. 
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Fig. 4. As Fig. 3 but for NH participants tested at 20 dB SL (dashed line with open 

triangles) and 50 dB SL (dotted line with filled triangles), and HI participants tested 

at 20 dB SL (solid line with open circles). 
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he threshold was −13 dB. However, Fig. 2 shows the threshold for 

etecting 50-Hz AM only for �ϕ = 0. The AM detection threshold 

or f m 

= 50 Hz varied from −16 dB to −6 dB, depending on �ϕ. 

A one-way within-subjects analysis of variance (ANOVA) on the 

M thresholds obtained in the presence of the 50-Hz sinusoid 

howed a significant main effect of f m 

, F (6,114) = 12.1, p < 0.001,

p = 0.39. Also, note that none of the error bars for the AM thresh-

lds obtained in the presence of the 50-Hz sinusoid overlap with 

hat for the AM detection threshold in quiet. In summary, the 50- 

z sinusoid produced AM masking, but the masking was not max- 

mal when f m 

= 50 Hz. AM masking increased with increasing f m 

nd thus was maximal at the highest f m 

that was tested, 100 Hz. 

Fig. 3 shows the results of Experiment 2. The AM detection 

hreshold of a 30 0 0-Hz sinusoid modulated at a rate of 50 Hz in

he presence of a 50-Hz sinusoid was measured as a function of 

ϕ. All thresholds measured in the presence of the 50-Hz sinusoid 

ere higher than the threshold measured in quiet (far left). The 

M detection threshold was lowest ( −16 dB) for �ϕ = 90 °, which 

s close to the threshold in quiet of −18 dB. The highest threshold 

f −6 dB occurred for �ϕ = 270 °. At this value of �ϕ, the peaks

n the waveform of the 50-Hz sinusoid preceded the peaks in the 

odulator by 5 ms. 
5 
For �ϕ = 270 °, some participants had difficulty detecting the 

M for the maximum possible modulation depth of m = 1. In 

uch cases, the adaptive procedure only terminated when enough 

airs of correct guesses were made to achieve the required num- 

er of reversals. Hence, the “true” mean threshold for �ϕ = 270 °
s higher than shown in Fig. 3 . 

A one-way within-subjects ANOVA showed a significant main 

ffect of �ϕ, F (5,95) = 19.2, p < 0.001, ηp = 0.50. In summary, 

here was a clear effect of �ϕ, AM detection thresholds being low- 

st for �ϕ = 90 ° and highest for �ϕ = 270 °. 
Experiment 3 was similar to Experiment 2. However, the focus 

as on comparing NH and HI participants, and investigating the 

ffect of level of the 30 0 0-Hz carrier within the NH participants. 

ig. 4 shows the results. For AM detection in quiet (far left), the HI 

articipants had better (lower) thresholds than the NH participants 

hen tested at the same SL of 20 dB, consistent with previous 

esearch ( Lüscher and Zwislocki, 1949 ; Buus et al., 1982b , 1982a ;

oore et al., 1992 ; Füllgrabe et al., 2003 ; Ernst and Moore, 2012 ;

 ̨ek et al., 2015 ; Schlittenlacher and Moore, 2016 ). However, when 

ested at similar SPLs (20 dB SL for the HI participants and 50 dB 

L for the NH participants), AM detection thresholds in quiet were 

imilar for the HI and NH participants. 

The dashed line with triangles shows the results for the NH par- 

icipants tested at the same SL as used in Experiment 2. The pat- 

ern and range of the AM detection thresholds are similar to those 

or Experiment 2, with a minimum of −13 dB for �ϕ = 45 ° and 

 maximum of −5 dB for �ϕ = 270 °. The thresholds for the HI 

articipants (solid line with circles) at the same SL are markedly 

ower, with a minimum of −21 dB for �ϕ = 90 ° and about −13 

o −14 dB at 135, 180 and 270 °. The AM detection thresholds for 

he NH participants at 50 dB SL (dotted line with diamonds) were 

imilar to those for the HI participants at 20 dB SL, although the 

M thresholds for the HI participants showed a broader maximum 

ver the range 135 - 270 °. 
Two ANOVAs were calculated to explore the effect of level 

ithin the NH participants and the difference between NH and HI 

articipants at the same SL. The two-way (phase × level) within- 

ubjects ANOVA for the NH participants showed significant main 

ffects of phase, F (7,56) = 5.47, p < 0.001, ηp 
2 = 0.41 and of level,

 (1,8) = 41.5, p < 0.001, ηp 
2 = 0.84, but no significant interaction, 

 (7,56) = 1.07, p = 0.39, ηp 
2 = 0.12. The two-way ANOVA with 

etween-subjects factor hearing status and within-subjects factor 

hase for the results obtained at 20 dB SL showed significant main 

ffects of hearing status, F (1,16) = 8.35, p = 0.01, ηp 
2 = 0.34 and of
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hase, F (7,112) = 3.59, p = 0.002, ηp 
2 = 0.18. The interaction be- 

ween hearing status and phase was not significant, F (7,112) = 1.93, 

 = 0.07, ηp 
2 = 0.11. 

. Discussion 

As described in the introduction, one possible explanation for 

he effects of a low-frequency tone on the perception of AM of a 

igh-frequency AM tone is in terms of MDI. If the effect of the 

0-Hz sinusoid reflected a form of MDI, one would expect the 

ffect to be greatest when f m 

= 50 Hz and to decrease gradu- 

lly for lower and higher values of f m 

. In fact, the AM detection

hresholds tended to increase with increasing f m 

, being highest for 

 m 

= 100 Hz. This effect may have been caused by variation in sen-

itivity to AM with changing f m 

, since at low SLs thresholds for de-

ecting AM of a high-frequency sinusoidal carrier increase slightly 

ith increasing f m 

over the range 20–100 Hz ( Kohlrausch et al., 

0 0 0 ; Moore and Glasberg, 2001 ). Overall, the lack of tuning in

he AM domain shown in Fig. 2 does not support an interpretation 

n terms of MDI. 

The pattern of phase effects found in Experiments 2 and 3 is 

imilar to that found by Wakefield and Viemeister (1985) . Their 

xperiment was similar to ours, but they used frequencies of 100, 

0 0, and 40 0 Hz for the low-frequency sinusoid, and the signal 

M was applied to a 3-kHz-wide band of noise centered at 10 kHz, 

ather than to a sinusoidal carrier. For a 400-Hz sinusoid presented 

t 90 dB SPL, the threshold for detecting AM applied to a noise car- 

ier at 45 dB SL was lowest for �ϕ ≈ 90 ° and highest for �ϕ ≈
70 °, although the exact pattern varied somewhat across the three 

articipants tested. Also like our findings, the low-frequency sinu- 

oid had little or no masking effect on the high-frequency carrier. 

nlike our findings, Wakefield and Viemeister found that a 90-dB 

PL low-frequency sinusoid actually improved AM detection rela- 

ive to that measured in quiet for �ϕ close to 90 °. The difference 

rom our results may reflect their use of higher frequencies for the 

ow-frequency tone, which resulted in a higher sensation level than 

or the low-frequency tone used here. This finding of improved AM 

etection produced by a low-frequency tone also appears inconsis- 

ent with an explanation in terms of MDI. Finally MDI appears to 

e largely unaffected by the relative phase of the AM applied to 

he masker and signal carriers ( Yost and Sheft, 1989 ; Moore et al.,

991 ), whereas we found a significant effect of �ϕ, providing more 

vidence that the effect found here is not related to MDI. 

The results for both the NH and HI participants in Experiments 

 and 3 showed a minimum in the AM detection threshold when 

he phase of the low-frequency sinusoid lagged behind that of the 

M of the high-frequency carrier by about 90 ° For �ϕ = 90 °, the 

aximum of the AM coincided with the steepest positive gradient 

n the waveform of the low-frequency sinusoid (see for example 

 = 0.15 s in Fig. 1 ). AM detection was most difficult for �ϕ = 270 °,
.e. when the maximum of the AM coincided with the maximum 

egative gradient of the pure tone. This pattern of results is con- 

istent with the idea that the low-frequency sinusoid effectively 

nduces AM of the high-frequency carrier; the low-frequency si- 

usoid increases the effective short-term magnitude of the carrier 

hen the low-frequency sinusoid has its maximum positive gra- 

ient and decreases the effective magnitude of the carrier when 

he low-frequency sinusoid has its maximum negative gradient. For 

ϕ = 270 °, the induced AM may partially cancel the AM in the 

ignal interval, while inducing a small amount of AM in the non- 

ignal interval, making the task difficult or impossible for some 

articipants. For �ϕ = 90 °, the induced AM may increase the ef- 

ective AM depth in the signal interval, while again inducing a 

mall amount of AM in the non-signal interval, making the task 

verall easier and leading to lower AM detection thresholds. 
6 
As noted in the introduction, one possible explanation for the 

esults presented here is that the low-frequency sinusoid mod- 

lates the basilar-membrane response to the high-frequency car- 

ier. Patuzzi et al. (1984) showed that the simultaneous presenta- 

ion of an intense low-frequency tone and a lower-intensity high- 

requency tone produced modulation of the high-frequency mo- 

ion of the basilar membrane in the first turn of the guinea pig 

ochlea. This modulation was synchronized with the displacement 

aused by the low-frequency tone. Maximum reduction in the 

esponse to the high-frequency tone was found when the low- 

requency tone produced peak displacement towards scala tym- 

ani, whereas a less pronounced reduction was observed for peak 

isplacement towards scala vestibuli. This pattern of results is not 

onsistent with the interpretation given above, namely that the re- 

ponse to a high-frequency sinusoid is increased when the low- 

requency sinusoid has a positive gradient and is decreased when 

he low-frequency sinusoid has a negative gradient. Hence it ap- 

ears that the phase effect found in our experiments, and those 

f Wakefield and Viemeister (1985) , cannot directly be explained 

n terms of basilar-membrane responses. However, the present re- 

ults do not rule out an interaction on the basilar membrane or 

eticular lamina ( Nam and Guinan, 2018 ) based on a mechanism 

hat is driven by the gradient of the response to the low-frequency 

one. 

The modulation of the basilar-membrane response to a high- 

requency tone produced by a low-frequency tone found by 

atuzzi et al. (1984) disappeared post mortem. This suggests that 

he effect that they found was mediated by the active operation of 

he OHCs, consistent with the findings of Nam and Guinan (2018) . 

f the OHCs played a role in the effects reported here, then we 

ould expect smaller phase effects for the HI than for the NH par- 

icipants tested in experiment 3, since sensorineural hearing loss 

s thought to be partly caused by loss of function of the OHCs 

 Moore et al., 1999 ; Robles and Ruggero, 2001 ; Moore, 2007 ). In

act, the effect of varying �ϕ was similar for the NH and HI par- 

icipants. The difference between the maximum and minimum AM 

hresholds, shown in Fig. 4 , was about 8 dB for both HI and NH

articipants and there was no significant interaction between hear- 

ng status and phase. These findings suggest that the OHCs do not 

lay a strong role in producing the phase effects reported here 

nd that the effect has a different origin from those reported by 

atuzzi et al. (1984) and Nam and Guinan (2018) . A major differ- 

nce between the present study and these two physiological stud- 

es is that the high-frequency tone was not modulated in the phys- 

ological studies but was amplitude modulated in our study, and 

e measured AM detection thresholds, not thresholds for detec- 

ion of the high-frequency tone. 

Our results are consistent with the idea that the IHCs in 

he cochlea are driven by the velocity of the basilar membrane 

 Cheatham and Dallos, 1999 ; Ruggero et al., 1996 ), i.e. the first

erivative of its displacement. The intense low-frequency tone 

ay increase the excitation of the IHCs when the gradient of 

he waveform of the low-frequency tone is positive, and may re- 

uce the excitation of the IHCs when the gradient is negative. 

owever, it is difficult to predict the effects of varying �ϕ be- 

ause of effects of the transmission time along the basilar mem- 

rane ( von Békésy, 1947 ; Ruggero and Rich, 1987 ) and the possi-

le influence of micro-mechanical events involving the TM and RL 

 Ruggero and Rich, 1987 ; Nam and Guinan, 2018 ). Also, the phase

f the basilar-membrane response that leads to maximum IHC ex- 

itation appears to be affected by multiple mechanisms for in- 

ense sounds ( Kiang et al., 1965 ; Kiang, 1990 ; Ruggero et al., 20 0 0 ;

uinan, 2012 ). 

The effects studied in the present work have practical im- 

lications for acoustic scenes with intense low-frequency back- 

round noise, for example in the vicinity of wind turbines or in 
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ehicles on rough roads. The low-frequency sounds may effec- 

ively induce spurious AM on higher-frequency sounds, including 

peech, making it harder to extract the intrinsic modulations in the 

igher-frequency sounds that are important for speech intelligibil- 

ty ( Stone et al., 2011 , 2012 ; Relano-Iborra et al., 2016 ). 

. Conclusions 

1) Thresholds for detecting AM of a 30 0 0-Hz sinusoidal carrier 

were higher in the presence than in the absence of a 91-dB- 

SPL 50-Hz tone, even though it is likely that the 50-Hz tone 

produced negligible excitation at the place in the cochlea tuned 

to 30 0 0 Hz. 

2) Thresholds for detecting AM of a 30 0 0-Hz sinusoidal carrier in 

the presence of the 50-Hz tone did not show a maximum for 

f m 

close to 50 Hz. Rather, AM detection thresholds increased 

with f m 

in a similar way as when measured without the 50-Hz 

pure tone, although the AM detection thresholds were system- 

atically higher than when the 50-Hz tone was absent. These 

results are not consistent with the idea that the effect of the 

low-frequency tone reflects a form of MDI. 

3) The intense 50-Hz pure tone decreased the ability to detect 50- 

Hz AM of the 30 0 0-Hz carrier by an amount that depended on 

the phase difference between the AM and the 50-Hz tone; the 

AM detection threshold was 8 dB higher for �ϕ = 270 ° than 

for �ϕ = 90 °. 
4) The effect of �ϕ was similar for normal-hearing and hearing- 

impaired participants, and for the former the effect was simi- 

lar for sensation levels of 20 and 50 dB. This suggests that the 

OHCs do not play a large role in producing the observed phase 

effects. 

5) The pattern of the results is consistent with the idea that IHCs 

are driven by the velocity of the basilar membrane and that the 

low-frequency tone modulates the responses of the IHCs. 
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