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The study comprises two experiments pertaining to the perception of sounds with
parameters changing in time, by normal-hearing subjects and by hearing-impaired subjects,
who had a sloping high-frequency hearing loss originating from a cochlear impairment. The
first experiment deals with the determination of the AM detection thresholds, for 3 nor-
mal-hearing and 3 cochlear-impaired subjects. In the second experiment, the loudness of AM
signals of different parameters, relative to the loudness of a sinusoidal tone was determined
by the same group of subjects. Measurements were made for carrier frequencies (f}) equal to:
250, 500, 1000, 2000 Hz, and for modulation frequencies (f,) equal to: 4, 8, 64, 128, 256 Hz.
It was stated that for low f,, the determined detection thresholds for the normal-hearing
subjects were roughly similar to those for the cochlear-impaired subjects. However, for
higher f,, the thresholds decrease for the normal-hearing subjects, whereas they tend to
increase for the hearing-impaired subjects. Thus, one can assume that for higher £, temporal
resolution of the auditory system is significantly affected by cochlear hearing loss. As regards
the loudness of AM signals, the data showed that for f,, greater than the critical band, the
loudness of AM signals increased with f,, for the normal-hearing subjects, whereas it
remained independent of f,, for the hearing-impaired subjects.

1. Introduction

The ability to resolve amplitude changes of a signal in time is of crucial
importance for the auditory processing of complex sounds such as speech or music.
One way to determine auditory amplitude resolution for different rates of its changes
is to measure the smallest amount for amplitude modulation, just-noticeable by
a subject. The plot of the AM detection threshold againts modulation frequency is
called the temporal modulation transfer function (TMTF) and is considered as
a general description of the auditory temporal resolution. ZwICKER [40], using a 1-kHz
carrier at 60 dB SPL compared modulation thresholds for sinusoidal AM and FM.
Zwicker has shown that for the AM detection threshold there was a slight (2 dB)
decrease in threshold around 4 Hz, followed by a 3 dB/oct increase in threshold up to



216 W. GEERS AND E. OZIMEK

modulation frequency equal to approximately 60 Hz. Above 60 Hz, the AM
detection threshold decreases again. Other data from Zwicker indicate that the shape
of the threshold over the lower modulation frequency region is independent of the
level and carrier frequency. The fact that for higher modulation frequencies the
subjects resolve the spectral components of AM sinusoids (i.e. use the spectral cues
to determine the threshold), limits in a sense the application of sinusoidal carriers
for determining TMTFs. To diminish possible spectral cues, wideband noise as
a carrier was used in different studies (Zwicker and FELDTKELLER [43]; RopENBURG
[28]; Viemeister [38, 39]; Bacon and GLEITMAN [2]; MOORE ef al. [25]). For such
a carrier, the long-time power spectrum of sinusoidal AM noise is uniform and
invariant with changes in modulation frequency. The mentioned papers suggest that
for low modulation frequency (above about 5 Hz), the TMTF shows a lowpass
characteristic with a relatively high cutoff frequency and a low attenuation rate. The
papers are not fully consistent as the parameters of the characteristic are concerned,
and to whether or not there is a highpass segment at a low modulation frequency.
Bacon and Viemeister [1], using sinusoidal AM noise stated, that TMTFs are
similar, in the limit of error, for normal and hearing-impaired subjects at low
modulation frequencies and worse for impaired subjects at high modulation frequen-
cies.

The modulation threshold procedure using a broadband noise as a carrier has
some limitations. The TMTF cannot be obtained for large modulation indexes and
for precisely localized spectral regions. Besides, keeping a constant SL through
a bandwidth of a broadband carrier often creates problems. Only a sinusoidal carrier
or a narrowband carrier allow to control accurately the SL for a given frequency
range. But on the other hand, this carrier can introduce some spectral cues for
a subject and in this way can affect his performance.

Another approach aimed to determine the TMTFs involves measuring the
threshold for a bandpass-filtered click at various temporal locations in sinusoidal AM
noise (VieMEISTER [38]; RopENBURG [28]). In this case the attenuation characteristic
exhibited a lowpass from but had a greater attenuation rate than TMTF based upon
the modulation threshold. Unfortunately, this procedure cannot be used to get
TMTFs obtained at high modulation frequencies. The effect of the cochlear
impairment on temporal resolution is not quite clear (MooRE et al. [25]), unlike
frequency resolution where hearing loss affects it unequivocally (TyLer [37]; PickLEs
[26]). Some papers indicate that, for example, the detection thresholds of gaps in noise
stimuli are larger for subjects with sensorineural hearing loss than for subjects with
normal hearing (Firzciseons and WiGHTMAN [6]; FLorENTINE and Buus [1 0]; GLASBERG
et al. [14]). But when sinusoidal signals are used in the gap detection experiment,
thresholds for hearing-impaired subjects are as good as, or even in some cases better
than, those for normal-hearing subjects (Moore and GrasserG [23]; MOORE et al.
[24]). It seems that an important parameter in this case, influencing the results, is the
amplitude fluctuation which stimuli contain. The poor gap detection for stimuli with
such fluctuations might result from the loudness recruitment.
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Temporal resolution measures can also be affected by the sound level used. Some
experimental data pertaining to temporal resolution indicate thatperformance by
normal-hearing subjects worsens at low sensation levels (FLorenTINE and Buus [9];
Frrzciseons [7]; VieMEISTER [39]). .

The second problem related to the hearing impairment is how loudness summates for
complex sounds when impairment of the inner ear produces a high threshold and
loudness recruitment. The quantitative psychophysiological approach towards the
loudness summation problem was presented by ZwisLocki [44]. It was stated that the
temporal summation of loudness is a result of neural summation at a high level of the
auditory system. The basic problem in the loudness study of sounds, particularly when
these are complex or transient-like sounds, is that loudness is a subjective quantity, and
cannot be measured directly. One common method of loudness measurement is
matching. Subjects are usually presented two sounds, one is the standard-tested stimulus,
with fixed level, the other sound, as the comparison (often a 1000 Hz tone), is adjusted in
level until the two stimuli are equal in laudness. In other methods subjects are asked to
rate loudness of a tested stimulus on a numerical scale (direct magnitude estimation). The
fundamental relation which governs the growth of loudness against the intensity is
Stevens’ power law. The power law asserts that loudness against the intensity is raised to
the 0.3 power (or as pressure is raised to the 0.6 power). The power law suggests that a 10
dB increase in sound intensity produces a doubling in loudness. Practically, for
individual subjects, this law only roughly holds true. The increase needed to double
loudness changes from about 8 to 12 dB, depending upon the level of the stimulus.

An issue related to loudness estimation by subjects with hearing loss is loudness
recruitment observed in cochlear-impaired subjects, whose physiological mechanism is
still a subject of debate. The phenomenon exhibits an abnormality of intensity coding
whereby the growth of loudness of a sound with increase in intensity is steeper than that
for normal-hearing subjects. The first theory of recruitment assumed that in a set of
fibers with widely differing thresholds the most sensitive receptors had been damaged.
The eight nerve data rejected this theory. Evans [5] pointed out that peripheral receptor
damage often causes an elevation in the threshold and, in addition, a broadening of the
frequency tuning curve. The broadening of tuning curves in individual fibers gives rise
to the stimulation of more fibers for a given increase in intensity and hence a greater
growth of loudness for the impaired ear. Loudness, like recruitment in general, is not
fully consistent with the new information on peripheral encoding.

Scuarr and HeLLmAN [32], investigated loudness of complex sounds composed of
sinusoidal components as a function of the frequency spacing (4F) between the lowest
and highest components and sensation levels. The loudness was measured for normal
ears and for ears with a conductive and cochlear impairment. It was stated that
subjects with normal and conductive hearing-impairment, when tested at the same
sensation levels, estimate loudness in the same way. For higher sensation levels,
loudness was constant within AF not exceeding the critical band. But for AF larger
than the critical band loudness increased more and more with AF. This implies that as
regards the loudness summation, a conductive impairment only changes the sen-
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sitivity of the hearing mechanism, in the sense of a reduction of the sound energy
that reaches the inner ear. However, for subjects with cochlear impairment, the
loudness was approximately independent of the frequency spacing of the com-
ponents.

Luscuer and ZwisLocki [22] reported that intensity jnd’s (just noticeable differen-
ces) obtained with modulation technique, appear to be decreased by cochlear hearing
loss when the comparison is made at equal SLs. A similar conclusion is reached by
examining the results of SISI tests (Swisier [35]). But, when the comparison is
replotted in terms of equal SPLs, the two groups of subjects appear to perform more
alike. Likewise, TURNER et al. [36] investigated intensity discrimination determined
with two paradigms in normal and hearing-impaired subjects. It was stated that the
jnd’s obtained with the continuous-pedestal method were smaller than those obtained
with the gated-pedestal method for both groups of subjects. When jnd’s of the two
groups were compared on the basis of equal SLs, the group with hearing loss showed
smaller jnd values than the group with normal hearing for both paradigms. When the
comparisons were made for equal (moderate and high) SPLs, both groups showed
similar jnd values. Similar study, related to intensity jnd’s at equal-loudness levels in
normal and pathological ears was made by StiLLman et al. [34]. They showed that
statistically, there was no significant difference between equal-loudness jnd’s in the
normal and impaired ears, whereas the corresponding SLs and SPLs were significant-
ly different.

From the above presented considerations, it is to be issued that the influence of
the cochlear impairment on the perception of sounds is not univocally determined
and continues to be a subject of intensive research. Particularly interesting is a closer
determination of that perception with reference to signals with amplitude varying in
time. Sounds of speech and music are typical examples of these signals. This
prompted us to start an investigation whose basic objective was to determine the
detection theresholds and the loudness of AM signals, measured by normal and
cochlear-impaired subjects.

2. Experiment 1. Detection thresholds for AM signals

A. Method

1. Apparatus and stimuli. The AM stimuli were digitally generated by an
IBM-PC computer and played through 16-bit digital-to-analog converter, at
a sampling rate of 20 kHz, and were low-pass filtered at 8 kHz (Tucker-Davis
Technology-TDT). The overall duration of each stimulus was 1000 ms, including 20
ms rise/fall times. The stimuli were arranged in pairs, and presented at a sensation
level equal to 70 dB. The onset and offset phase of the modulation signal were equal
to zero. :

At each trial two successive stimuli were presented, one unmodulated-sinusoidal
tone (called standard) and the other AM modulated (called signal). Standard and
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signal in trial were presented in a random order, and were separated by a 400 ms
interval.

The measurements of the AM detection thresholds were made for the sinusoidal
carriers of 250, 1000 and 4000 Hz, amplitude modulated by another sinusoidal signal
of frequencies 4, 8, 64, 128, 256, and 512 Hz. The entire experiment was computer
controlled.

2. Procedure and subjects. Stimuli were presented in a two-interval, two-alter-
native, forced choice paradigm (2AFC). A two-down one-up adaptive procedure was
used to obtain the 70.7% correct point on the psychometric function (Levitt [21]).
Trials started with the depth of modulation (modulation index m) well above the
anticipated threshold (the initial m value was selected on the basis of the preliminary
measurements). The depth of modulation was varied by changing the amplitude of
the modulation signal. Depending on the correctness of the subject’s responses, the
depth of modulation was changed according to the two-down one-up rule during the
run. The coefficient m was changed by 2.0 dB until four turnpoints were reached, and
then by a factor of 0.5 dB for the rest of the run. For each threshold measurement, 16
turnpoints were obtained. The threshold estimate of the modulation index m was
calculated as an arithmetic mean of the last 10 turnpoints. The final threshold value of
m, for the determined measurement parameters, was counted as an average of at least
five single threshold estimates (50 turnpoints). In the case when the standard
deviation of the final threshold estimate exceeded 20% of the mean, two additional
runs were performed and all estimates were averaged.

The subject’s task was to indicate, by pushing an appropriate button, which of the
stimuli in a pair was amplitude modulated. Stimuli were presented monaurally to the
subjects through AGH 144 headphones. Feedback of the correct answer was
provided immediately after each response by light on the response box.

Three subjects with normal hearing (S1, S2, S3), and three subjects with hearing
loss (S4, S5, S6) of unknown etiology participated in the experiment. Two of them
(S5, S6) had unilateral-like hearing loss. At the frequency region from 125 Hz to 6000
Hz, the thresholds for the better ears for these two subjects were better than 20— 30
dB relative to the thresholds for the impaired ears. For these two subjects, AM
detection thresholds and loudness estimation were determined separately for each ear.
In this way it was possible to compare detection thresholds of AM signals for the
better and impaired ear for the same subject. For the bilaterally impaired subject (S4),
only the one ear was tested. Standard audiometric evaluations, bone-conduction
thresholds, tympanometry, and acoustic reflex tests indicated that the hearing loss
was of cochlear origin. Subjects were tested individually in a sound-treated chambers.
Subjects with normal hearing were well experienced in the psychoacoustic ex-
periments, but hearing-impaired subjects had no experience in this task. The masking
noise was presented to the normal ear when testing the thresholds in the impaired ear.
Audiograms for the two tested groups of subjects are included (Fig. 1). Hea-
ring-impaired subjects were tested at the same SLs as normal-hearing subjects.
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B. Results

Figure 2 shows the comparison of the detection thresholds of the AM
signals expressed as 20" log m, as a function of modulation frequency (f,),
obtained for three normal-hearing (A) and for three hearing-impaired subjects
(B). The thresholds were determined for SL=70 dB. The parameter of the
curves is the carrier frequency (f,) equal to 250, 1000 and 4000 Hz. The increase
of negative numbers on the ordinate axis indicates the better performance
by the subject.

For each subject and each condition the arithmetic mean and standard deviation
was calculated. Only mean values are shown in Fig. 2 and 3, and SD ranges are left
out for clarity. The SD values for all conditions ranged between 1 —3 dB and only for
modulation frequency of 64 and 128 Hz, the SD values sometimes reached 5 dB.

As one can see, the AM thresholds for three normal-hearing subjects are roughly
similar. The values of those thresholds for the low f,, are nearly constant, and
depending on f, and the subject, are contained in the limits of —26 to —37 dB.
Whereas for higher f,, (exceeding 64 Hz) they get markedly decreased at the rate of
3—5 dB/oct, depending on the subject. These data are consistent with the inves-
tigations of Zwicker [40] and Viemeister [39]. The point the thresholds decrease from
depends on the carrier frequency. The higher that frequency, the more shifted is that
point towards higher modulation frequencies. Additionally to be noticed a certain
dependence of the thresholds on the carrier frequency. The lower that frequency, the
higher is the value of the threshold. However, a statistically significant fall of the
thresholds about f,=4 Hz, as suggested by Zwicker [40, 41] and VIEMEISTER [39]
could not be ascertained.

The time constant = 1/2nf, (where f is the cutoff frequency of the TMTF taken
on the level of —3 dB of the TMTF) comprises in the range 2—4 ms for the carrier
from 1000—4000 Hz. It continues to increase slightly as the carrier frequency
increases. The data presented here indicate that there is some change in the shape of
the TMTF depending on the carrier frequency.

Figure 2B shows the AM threshold for three hearing-impaired subjects. As can be
seen, for f,<64 Hz the detection thresholds are approximately equal to the
thresholds corresponding to the normal-hearing subjects within the limit of error.
Characteristic, however, is the fact, that for f,, <64 Hz, the detection thresholds for
the hearing-impaired subjects increase (on an average of 5— 8 dB/oct depending on f,
and the subject) along with the increase of f,,. Thus, they show a course, other than for
normal-hearing subjects, for whom those thresholds, in that frequency range, were
decreasing (on an average 3 —5 dB/oct). BAcon and Viemeister [1] and FormBy [11]
found out that for high modulation frequency, the TMTF functions for sinusoidal
AM noise always show decreasing tendency. The decreasing rate was higher for
subjects with sensorineural hearing loss compared to normal-hearing subjects.

An analysis of variance was performed on the data presented in Fig. 2—3 to test
the effect of modulation frequency. It was found out that the effect of modulation



"gP 0L="1S ZH 000% Pu® 0001 ‘0SZ :renbas fouanbeij 1au1res ay) sI searnd

a7} jo 1ejeurered (sjoquiks uado — g) syoelqns parredwi-Sulresy ¢ pue (Spoquids pa[Iy — V) s103lqns Suuresy-feuriou ¢ J0J SPJOYsaIY} UONSANRP WV T S1g

sjoalgns
padJiodwi
Bujuoay

syoelgns
Buiupay
|DWJON

(ZH) ADN3ND3Y4 NOILYINAOW

el5 952 821 b9 "€ 91 B ¥ 211G 952 821 ¥#9 2t 91 8 ¥ 215952 921 ¥9 2 91 8§ ¥
T I T T T T T T T T T E i¢ T T T T I T T T T ' T i T
2 o v ZH 000¥ - © 40
ZH go0l - O
ZH 02 - O
Asusnbadj Je|JJD)
iQ_l
ICNl
H40e- g
—————— -
95T gS T ¥S n_ovl
R Tl B e B o i Bk r T R s i o w s i e b s g S
v i ZH Q00F - ¢ 10
ZH 000) - @
ZH 052 - @
Aousnbedyy Jeluun)
- <4 401-
—- —+ - 02~
o
- 0oF-
v

[222]




DETECTION AND LOUDNESS OF AM SIGNALS 223

frequency was significant (p<0.05) and was decisively different for normal and
hearing-impaired subjects.

In Fig. 3 the dependence of the AM detection thresholds on the modulation
frequency for two subjects (S5 and S6) of differing hearing loss in the left and right
ears is shown. Those thresholds were determined for SL =70 dB. The parameter of
the curves is the carrier frequency, Fig. 3A shows detection thresholds for the better
ear, while Fig. 3B for the impaired ear, for the same subject (audiograms of the left
and right ears for those subjects are given in Fig. 1). The thresholds shown in Fig.
3 have a shape approximating the thresholds presented in Fig. 2, which confirms the
earlier drawn conclusions. As it is seen, for the low f,, the detection thresholds are
approximately constant, and depending on f, and the subject they are contained in the
limits of —25 to — 33 dB. For the impaired ear that dispersion is slightly larger. More
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Fig. 3. AM detection thresholds for 2 hearing-impaired subjects , with one better ear (A — filled symbols)
and the other one poorer (B — open symbols). Parameter of the curves is the carrier frequency equal: 250,
1000 and 4000 Hz. SL =70 dB.
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essential, however, is the fact, that for higher f, the detection threshold lowers in the
function of f,, for the better ear, whereas for the impaired ear that threshold in the
function of f,, rises. Those dependences are analogical as in Fig. 2, which once again
confirms the conclusion, that for the higher f,, the cochlear impairment changes the
character of the detection threshold for AM sinusoidal carrier.

This fact may constitute an additional diagnostic clue in a clinical application to
distinguish the character of the ear impairment.

3. Experiment II. Loudness of AM signal

A. Method

1. Apparatus and stimuli. A single trial consisted of a pair of successively presented
stimuli, the standard and the signal. The standard was an AM stimulus with
a determined modulation depth and served as the reference stimulus. The signal was
a sinusoidal stimulus of frequency the same as a carrier of AM stimulus. The sound
pressure level of the signal (SPL,) was constant in time and was subject to tracking.
In turn, the instantaneous level of the standard (SPLy;,,) Was changing in time and
equalled the level of the carrier (SPLay) + 4L/2, where SPL 4y is the level at £, =0 Hz.
The extent of AL changes, depended on the modulation depth (m) according to the
formula (3.1). The rate of changes of AL depended on the modulation frequency (f,).

1+m
1—m

AL=20log jm“= 20log

min

(3.1

where 4, and A4, are maximum and minimum amplitudes of the AM tone.

The order of presentation of the signal and standard was randomized across trials.
The inter-stimulus interval was 400 ms. The run always started by presenting the
signal at a much higher loudness level than the standard to make the loudness
judgement for the subject easy at the beginning of the run. Depending on the
correctness of the subject’s responses, the value of the signal level was tracked
according to the one-down one-up rule during the run. The signal level was changed
by 2 dB until four turnpoints were reached, and than by 0.5 dB for the rest of the run.
For each loudness measurement 14 turnpoints were obtained. The single loudness
estimate of the standard was calculated as an arithmetic mean of the last 10 turnpoints
(corresponding to 0.5 dB loudness changes). The final loudness of the standard was
calculated as an average of at least five single threshold estimates (50 turnpoints). In
the case when the standard deviation of the final loudness estimate exceeded 20% of
the mean, two additional runs were performed and all estimates were averaged.
Stimuli were presented monaurally to the subjects through AGH 144 headphones.

2. Procedure and subjects. Among many procedures which have been used over the
years to obtain loudness balance one can distinguish traditional techniques comp-
rising: magnitude balance and cross-modality technique (HeLLman and ZwisLocki
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[17]; HeLLmaN [19]), the method of adjustment (FLercier and Munson [8]; Ross [30]),
the method of constant stimuli (Rosinson and Dapson [29]), and recently used,
efficient technique based upon adaptive procedures (Levitt [21]; Jesteapt [20]). In this
study, 2IFC adaptive procedure was used. The subject was asked to balance the
loudness of the signal with the loudness of the standard, by tracking the signal SPL.
In this way, loudness matching was achieved between standard and signal (with the
accuracy of jnd in loudness).

The same three subjects as in experiment I participated in this experiment. Two of
them (S5, S6) had unilateral-like hearing loss. At the frequency region from 125 Hz to
4000 Hz, the thresholds for the better ears for these two subjects were below, about
20— 30 dB, the thresholds for impaired ears. The loudness was determined separately
in the better and impaired ears for these two subjects. The subjects were tested
individually in a sound-treated chambers.

B. Results

The initial stage of these investigations comprised a loudness comparison for the
case were the standard was a sinusoidal stimulus of a fixed SPL value, while the
signal, was also a sinusoidal stimulus, of an SPL value, higher than the standard. The
subject’s task was to indicate the louder stimulus. Obtained in this range just
noticeable differences (jnds) in loudness were contained in the limits of 0.6 to 0.9 dB
for normal hearing subjects and 0.9 — 1.4 dB for hearing-impaired subjects. Then the
basic investigations of loudness of the AM stimuli in the normal and hea-
ring-impaired subjects have started. The investigations were performed for the carrier
frequency of 1000 Hz, four modulation depths equal to: 10, 40, 70, 100%, and for two
sensation levels equal to 50 and 80 dB. The obtained results were presented in Fig.
4 for SL=50 dB and Fig. 5, for SL=_80 dB. The ordinate gives the SPL differences in
decibels between signal (sinusoidal stimulus) and standard (AM stimulus) at which
the two stimuli were judged equally loud. The standard deviation for most
measurements was in the range of 1—3 dB.

Figure 4A shows the data for normal-hearing subjects. As can be seen, for low f,,
loudness differences (4SPL) for the tested stimuli do not change significantly with f,.
But for higher f,, (approximately beyond the critical band) ASPL increases with f;,.
This dependence is particularly noticeable for larger AM modulation depths. As an
instance for m=10%, ASPL increases, on an average, about 1 dB/oct while for
m=100%, the increase amounts to about 4 dB/oct. In general one can accept that the
AM stimuli are perceived in all cases tested as louder in relation to sinusoidal stimuli.
The loudness differences depend on the m in the sense, that the greater the value m,
the greater the difference of loudness. For low f,, at m=10%, the value of ASPL
fluctuates in the limits 3 — 6 dB, while for m=100% in the limits 7— 12 dB (depending
on the subject). Analogical dependences are to be observed also in Fig. 5A, for
SL=80 dB. The ASPL values are in this case also a certain linear function of the
modulation depth. They are approximately constant for low f,,, whereas for higher f,
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an increase of ASPL is observed, which is nearly twice smaller than it was in the case
of SL=50 dB.

In Fig. 4B and 5B similar dependences are presented but for hearing-impaired
subjects. The striking fact about hearing-impaired subjects is that ASPL is ap-
proximately independent of f,, within the whole range of the investigated frequencies.
Moreover the loudness differences between AM and sinusoidal stimuli are con-
siderably smaller (nearly twice over) than it was for normal-hearing subjects.

Figures 6 and 7 show the ASPL dependences as a function of £, for better ear (Fig.
6A and 7A) and impaired ear (Fig. 6B and 7B), for subjects S5 and S6 with unilateral
hearing loss, for SL equal 50 and 80 dB respectively.
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Fig. 6. SPL differences between signal and standard as a function of modulation frequency. The ordinate

gives the difference in dB between SPL of the signal (sinusoidal stimulus) and SPL of the standard (AM

stimulus) for the matched (balanced) signal to standard loudness. Matching was done by 2 hearing-impaired

subjects, with one better ear (A — filled symbols) and the other one poorer (B — open symbols). Parameter
of the curves is the modulation depth equal: 10, 40, 70 and 100%. Sensation level (SL)=>50 dB.
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An analysis of variance performed on the data presented in Fig. 4 — 7 showed that
the effect of modulation depth and modulation frequency was significant (p<0.05)
and generally differed for normal and hearing-impaired subjects. These two groups of
subjects differed in the loudness performance, and the interaction of modulation
frequency and modulation depth differed across subjects.

From Fig. 6A and 7A is to be seen, that for better ear, ASPL dependences as
a function of f,, for various modulation depths is like that which corresponds to
normal-hearing subjects and that is both for SL equal 50 and 80 dB. Whereas for the
impaired ear, (Fig. 6B and 7B) ASPL dependence as a function of f, is approximately
that which corresponds to hearing-impaired subjects. A common feature of those
dependences is the increase of loudness of the AM stimuli along with increase of m. It
follows from the fact, that with the increase of m the fluctuation range of the intensity
of the AM signal is changing, in accordance with the formula (3.1), which causes the
resultant increase of loudness. Exemplary, the range of those fluctuations for the
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Fig. 7. As Fig. 6 but for SL =80 dB.
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successive modulation depths equal 10, 40, 70% amounts to: 1.7; 7.4 and 15.1 dB,
respectively. Maximal intantaneous intensity level, for successive modulation depths
(10, 40 and 70%), is equal to SPL s+ 4L/2. For SPL Ay =50 dB, it gives as a result
the values: 50.9; 53.7 and 57.5 dB. The calculated instantaneous increments of
intensity level caused by amplitude modulation amounted to: 0.9; 3.7 and 7.5 dB.
Thus, changes in instantaneous intensity of the AM signals, produced by modulation
should be related to changes in the resultant loudness of the signal. The increments of
loudness of the AM stimuli relative to sinusoidal signal obtained in the psychoacous-
tic experiment are shown in Fig. 4—7. As can be seen from those figures, for the
normal-hearing subjects and SL=50 dB, increments of intensity levels for the AM
the signal relative to sinusoidal one, determined subjectively, are larger than the
increments calculated according to formula (3.1). A smaller discrepancy of the
calculated and subjectively determined increments of intensity levels is observed for
hearing-impaired subjects.

4. General discussion

A. Detection thresholds of AM signals

The detection thresholds for AM signals obtained by normal and hea-
ring-impaired subjects have shown, that for the modulation frequency above 64 Hz,
those thresholds have different courses. They decrease for normal, and increase for
hearing-impaired subjects. Bacon and Viemeister [1], and Formsy [11] have found
out that in hearing-impaired subjects, the TMTFs are in most cases abnormal,
particularly at higher modulation frequencies. But according to MooRrg et al. [25] the
TMTFs for noise band carrier and modulation frequency from 4 to 512 Hz, were
essentially the same for the normal and impaired ears. MooRrk ef al. suggested that
the central mechanisms affecting temporal resolution were rather normal for cochlear
impaired subjects. However, loudness recruitment might limit the ability to follow
the temporal amplitude fluctuations in a narrow band of noise by the hearing
impaired subjects.

The discrepancy between the results of Moore et al. and ours is perhaps due to the
magnitude of hearing loss or etiology of the hearing impairment. The possibility that
etiology plays an important role in the temporal processing was mentioned by
Formsy [11], Bacon and Viemeister [1], and Frorentine and Buus [10]. They
suggested that in the experiments related to the auditory temporal resolution, for
hearing-impaired subjects, etiology of the hearing loss should be known and taken
into account.

As was stated, the subjects with hearing impairment exhibit impaired temporal
resolution as a result of a decrease in sensitivity to AM, especially for modulation
frequency above 64 Hz. The decrease in sensitivity at higher modulation frequency
results in steep high-frequency attenuation rate in a TMTF. For subjects with hearing
impairment the rates can be twice those for normal hearing subjects (Bacon and
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VieMmEISTER [1]; Formay [11]). Abnormal TMTFs in the subjects with high-frequency
hearing loss may reflect impaired temporal resolution or a restricted perceived
bandwidth. It is also possible that the decrease in sensitivity to AM in hearing
impaired subjects reflects a decrease in the SL of the carrier. It happens quite often
that for subjects with high-frequency hearing impairment, energy at this frequency
region, is just audible or even inaudible despite the high SL of the carrier. On the
other hand, it is not possible to test these subjects at high SLs, because of the limited
dynamic range of their hearing.

Some papers (Pierce ef al. [27]; HALL ef al. [15]; HALL and Grose [16]) suggest, that
for high modulation rate, AM is not detected with time-domain cues but with
combined spectro-temporal cues. The detection of AM at high modulation frequency
may depend on across-frequency spectro-temporal cues rather than on time-based
cues. It could account for the ability to detect high rates of modulation by the subject.
But at a low modulation frequency, AM detection is mainly based on temporal cues.
For intermediate modulation frequency the situation remains rather unclear.

The additional question arises to what extent the subject’s audiogram is related to
the shape of TMTFs and temporal resolution of hearing-impaired subjects. Our data
show that such a relation is not unequivocal. Two of our hearing-impaired subjects
presented similar TMTFs as those for normal hearing-subjects. Therefore some other
factors are responsible for the temporal resolution of the hearing-impaired subjects.

The TMTF function based upon the AM detection threshold can be treated as
a measure of the transfer function of the auditory system, assuming its linearity. It is
known that if a system is linear, then the transfer function (or its Fourier transform
~— the impulse response) provides a complete description of the system. The output
spectrum of such a system is the spectrum of the input multiplied by the transfer
function. The inverse Fourier transform of the output spectrum gives the output
waveform. But generally the auditory system is a nonlinear one, and the conclusions
resulting from the linear system analysis should be pursued with a great caution. Only
with the assumption that overall signal level presented to the ear is low and taking
into account that in the case of the modulation threshold procedure the changes in
intensity are usually small relative to its dynamic range, the experimental TMTFs can
be treated as a measure of the transfer function of the auditory system, and the effect
of its nonlinearity may be neglected.

The TMTFs obtained with sinusoidal carriers are different from those obtained
with wideband noise even for low modulation frequencies for which they should be
similar. This discrepancy may exhibit “off-frequency” listening when sinusoidal
carriers are used.

When sinusoidal signals are used in the gap detection experiment, thresholds for
hearing-impaired subjects are as good as, or even in some cases better than, those for
normal-hearing subjects (Moore and GLASBERG [23]; MooRE et al. [24]). It seems that
an important parameter in this case, influencing the results, is the amplitude
fluctuations which stimuli contain. The poor gap detection for stimuli with such
fluctuations might result from the loudness recruitment.
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B. Loudness of AM signal

Psychoacoustic data related to the estimation of loudness of the AM stimuli by
normal and cochlear-impaired subjects indicated that the estimation, in the range of
higher modulation frequency is different. The striking fact about hearing-impaired
subjects is that ASPL is approximately independent of f,, in the whole range of the
modulation frequencies tested. Scnarr and HeLiman [32] also noticed a different
loudness summation for normal and cochlear-impaired subjects. They investigated
the loudness of complex sounds as a function of the frequency spacing (4F) between
the lowest and highest components, and stated that loudness increased considerably
with AF in the normal ear, whereas it remained independent of AF in the impaired ear.
Thus, although an inner-ear pathology produces the same high thresholds and similar
loudness functions for pure tone (HeLLmaN and ZwisLocki [18]), they seem to affect
the summation of loudness summation in the normal and cochlear impaired ear.
Normally, increasing the bandwidth of a complex sound of fixed energy up to the
critical band does not change its loudness, because the excitation pattern to which
loudness is directly related, does not change. In this case the loudness depends only
upon the overall SPL of the complex sound. But if the bandwidth increases out of the
critical bandwidth, it involves a change in the excitation pattern, and the loudness of
the complex sound starts to increase. This is the case for noise bands (Zwicker et al.
[42]) and complexes consisting of pure tones (ScuArr [31]). The similar rule may hold
in cochlear pathology, the difference being that the critical bands are much wider for
hearing-impaired subjects than for normal-hearing subjects (de Boer [3]; ScHARF and
HeLiman [32]). If the critical band is very wide in the impaired ear, narrow-band
stimuli (e.g. AM signals with low modulation frequency) ought to produce the same
large spread of excitation as wide-band stimuli (e.g. AM signals with high modulation
frequency). So the total excitation remains approximately constant even as the
stimulus bandwidth (modulation frequency) increases. Thus, if the critical-band
mechanism did not analyze the excitation pattern in the cochlear-impaired ear, then
the overall loudness of the AM stimulus would not depend on the stimulus bandwidth
(modulation frequency), as was stated in this paper.

Perhaps in special cases of hearing loss, impairment of the critical-band mecha-
nism may, without changing the excitation patterns, change the relation between
loudness and excitation. Some impaired ears appear to be unable to integrate energy
over intervals as long as those used by the normal ear (GenceL and Watson [12]).
Also greater temporal masking in hearing-impaired listeners with large intrasubject
variability has been reported (ELuiorr [4]). Besides, hearing loss can also alter
frequency selectivity of the auditory system and deform the auditory filter shapes
(Sommers and Humes [33], GrasBerG and Moore [13]).

The loudness of AM signals, especially for low SPL, may also be affected by the
loudness recruitment. It is known that for subjects with cochlear hearing loss, for low
SPL, the loudness of sounds increases more rapidly with increasing SPL than for
normal-hearing subjects. This rapid loudness growth continues until to a relatively
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high SPL, and then reaches the normal increase. Thus, for hearing-impaired subjects,
the instantaneous changes in intensity of AM signals might result in larger changes in
instantaneous loudness compared with normal-hearing subjects. This hypothesis
should be verified experimentally.

It is worth adding at the end, that perhaps the different mechanism of the loudness
summation for normal and hearing-impaired subjects could be an additional
diagnostic clue in a clinical application to distinguish the character of the ear
impairment. It is also worth turning attention to the fact that as stated in the paper,
for the cochlear-impaired subjects, the increase of the AM detection threshold in the
range of higher modulation frequencies, and the likewise found for those subjects,
loudness independence of amplitude changes rate of the signal, may appear to be
useful at designing new hearing aids.

5. Conclusions

Detection threshold obtained with sinusoidal carriers AM modulated are roughly
similar for normal and cochlear-impaired subjects but only for the low modulation
frequency (below 64 Hz). However, for higher modulation frequency, the thresholds
decrease for the normal-hearing subjects, whereas they tend to increase for the
hearing-impaired subjects.

For modulation frequency f,, greater than the critical band, loudness of AM
signals increased with f, for the normal-hearing subjects, whereas it remained
independent of f,, for the hearing-impaired subjects.
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