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Summary

The temporal modulation transfer function (TMTF) reflects the temporal resolution of the auditory system. The
measurement of TMTF is based on a psychoacoustic paradigm that is not applicable in the clinic. Previous
studies addressed that amplitude modulation following responses (AMFRs) could be used to objectively evaluate
listeners’ temporal auditory acuity, but no existing method could predict TMTF from AMFRs. The present study
proposes a method as an attempt to do so. A logistic function was derived from the simulation of AMFRs on
human scalp. To evaluate the new method, both AMFRs and behavioral TMTF experiments were conducted with
12 normal hearing listeners. The test showed that the predicted thresholds were correlated with, but deviated
systematically from the behavioral thresholds at four modulation rates (32, 64, 128 and 256 Hz). Limitations of
the method are discussed.

© 2018 The Author(s). Published by S. Hirzel Verlag - EAA. This is an open access article under the terms of the

Creative Commons Attribution (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Sensitivity to fluctuations of temporal envelope of sounds
is not only a fundamental property of the auditory system,
but it is also an important predictor of speech perception
for hearing impaired-listeners [1]. The two dominant ways
to measure a listener’s sensitivity to envelope fluctuations
are to determine how sensitive they are to sinusoidal mod-
ulations in the amplitude of a sound (the temporal modu-
lation transfer function, TMTF), or how sensitive they are
to a gap in a continuous sound or between two sounds (gap
detection). It has been reported that the TMTF could be in-
formative about the ability of a listener to detect a gap [2].
Since the measurement of TMTF is based on a behavioral
paradigm, it is difficult to test subjects who are unable to
give accurate behavioral responses (e.g., young children,
individuals with language impairment or cognitive diffi-
culties). Therefore, developing an objective and efficient
measurement to assess TMTF is of clinical interest. The
present study addresses this need.

In previous studies, the objective amplitude modulation
following responses (AMFRs) were used to evaluate tem-
poral auditory acuity. Purcell et al. [2] recorded AMFRs
evoked by white noise that was amplitude modulated at
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25% modulation depth with a sweep of modulation fre-
quencies from 20 to 600 Hz. They found that the frequency
at which the AMFR was no longer detectable was sig-
nificantly correlated with behavioral measurements of the
maximum perceptible modulation frequency, gap detec-
tion and pure tone thresholds. Luke et al. [3] measured
electrically evoked AMFRs and behavioral modulation de-
tection thresholds (MDT) for cochlear-implant listeners,
and found that AMFR amplitudes and signal-to-noise ra-
tios for 40 Hz were significantly related to the MDTs for
20 Hz. These results indicate that AMFRs may be used as
an objective measure of temporal sensitivity. However, no
existing methods can be used to predict MDT from AM-
FRs. The present study proposes a method as an attempt
to predict the TMTF via analysis of AMFR strength as a
function of the modulation depth, and tests the effective-
ness of this method in normal-hearing listeners.

2. Prediction method

Two main factors are usually manipulated for AMFR
stimuli: modulation frequency (f,,) and modulation depth
(MD). The strength of AMFRs (measured in relative am-
plitude, RA) can be represented as a function of MD for
each f,. Possibly, the MDT can be predicted for each f,
according to the RA-MD function of AMFRs. However,
since the sampling of MD in recorded data is relatively
limited, it is difficult to decide on the mathematical form
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of the RA-MD function. Hence, a computational model
was employed to generate simulated AMFRs, with which
the functional form was determined.

2.1. Simulation of AMFRs

Figure 1 shows the block diagram of the model used in
the present study for simulating AMFRs. The model com-
bines a model of auditory peripheral and central responses
[4] with the convolution model of frequency-following
responses [5]. The stimuli were first processed through
auditory-nerve (AN) models with different center frequen-
cies (CFs). The discharge rates of AN fibers were fed into
higher processing centers: ventral cochlear nucleus and in-
ferior colliculus (IC), connecting by a synapse model. The
discharge rates of IC fibers were summed across all chan-
nels and convolved with a given unitary response (UR)
function to generate the simulated AMFRs. A set of 500
CFs ranging from 0.1 to 10 kHz was used.

2.2. Calculation of threshold

The simulated AMFRs were used to facilitate determina-
tion of the form of the fitting function. The input signal
of the model was sinusoidal amplitude modulated (SAM)
white noise, as given by Equation (1)

A(t) = (1 + msin2z f,t)N, (1)

where A(t) represents the signal waveform as a function
of time ¢, m corresponds to the MD and N represents the
carrier of white noise. The signal bandwidth is 10 kHz and
sound level is 65 dB SPL. There were in total 31 MDs from
—30dB to 0dB in 1-dB steps. Due to the stochastic char-
acteristic of white noise as the carrier, AMFR was sim-
ulated 100 times for each MD condition, and the carrier
was randomly produced for each simulation. Then the RA
was calculated to represent the strength of AMFRs. The
AMEFR was first transformed into its magnitude spectrum.
Then, the averaged amplitude of the bins near the target
frequency relative to the amplitude of a wider surrounding
region was used as a measure of RA. An RA-MD func-
tion based on simulated AMFRs is shown in Figure 2. The
function grows slowly at the lower and greater depth sides
while rapidly at moderate depth, and the function almost
reached saturation at the greatest depth. In consideration of
this typical S-shaped characte ristic, the logistic function
was chosen as the fitting function. The logistic function
used in the present study is given by Equation (2),

fx) = 2

1+ e ks’

where x represents MD, L represents the maximum value
of RA, k represents the slope and x( represents the MD
corresponding to L /2. This value of x¢ also corresponds to
the MD where the slope is the greatest. Hence we assumed
X to be the predicted MDT.
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Figure 1. Architecture of the model used to simulate AMFRs.
Temporal patterns of population discharge, UR and simulated
AMER are also illustrated.
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Figure 2. (Colour online) RA of simulated AMFRs as a function
of MD for 32 Hz f,, (red line). Individual (gray scatter) and av-
eraged (black circles) RA are also shown. The error bar indicates
one standard deviation.

3. Experiments

3.1. Participants

Twelve normal-hearing listeners (6 males, mean age =
22.2 years) participated in both TMTF and AMFRs ex-
periments. All were Mandarin-native speakers. All gave
informed consent and were paid.

3.2. Behavioral measurement of TMTF

Behavioral TMTF was measured for all subjects in a
sound-attenuating booth. A custom MATLAB program
was used to present stimuli and collect responses. The
stimuli were SAM noise with 48-kHz sampling rate
and 1.5-s duration, including 25-ms rise-fall ramps. Sig-
nals were presented binaurally at 65dB SPL through a
Sennheiser HD 265 headphone, and signals’ levels were
equalized based on RMS.

There were 8 f,, conditions in this experiment: 4, 8, 16,
32, 64, 128, 256 and 512 Hz. A three-alternative forced
choice (3AFC) procedure was used. For each trial, one
SAM white noise and two unmodulated white noises
were randomly assigned to the three intervals. The inter-
stimulus interval was 0.5 s. The carriers were ramdom for
the three intervals in each trial. Subjects were instructed
to identify the modulated interval and were provided with
feedback. The MD was manipulated through a 3-down 1-
up algorithm with an initial value of —5dB. A reversal
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was defined as occurring when the variation direction of
depth changed. The step size was initially 8 dB, but was
reduced by half after every two reversals until it reached
1 dB. For each f,, condition, the threshold was calculated
as the mean of the last 4 reversals after 10 reversals were
obtained. Each subject received a short practice session be-
fore the formal test.

3.3. AMFR experiment

3.3.1. Stimulation and recording

Stimuli were SAM noise, generated offline in MATLAB
with 48 kHz sampling rate and stored for playback. Listen-
ers sat in a double-walled sound-attenuating booth. Stim-
uli were presented binaurally at 65dB SPL through an
ER-3A insert earphone. EEG recordings and data storage
were controlled by the NeuroScan Acquire 4.3 software
with a SynAmps2 system. A vertical electrode montage
was adopted, with three Ag-AgCl electrodes placed at Cz
as non-inverting, right earlobe as inverting, and forehead
as ground. The EEG recordings were amplified (gain of
20000), bandpass filtered (10-2000 Hz, 6 dB/octave) and
digitized at 20-kHz sampling rate.

Values of f,, were 32, 64, 128 and 256 Hz, and MDs
were =5, —10, —15, =20, =25 and —30dB, which were
determined from a pilot experiment to ensure AMFRs var-
ied in a reasonable range. Hence there were 24 (4x6) con-
ditions for each subject. The whole test was divided into
10 blocks. For each block, 24 pieces of SAM noise corre-
sponding to the 24 conditions were presented in a random
order. The duration of each SAM noise was 10 s with an
inter-stimulus interval uniformly distributed between 2.5
and 3s.

3.3.2. Data analysis

The data analysis was performed offline. The first and last
0.5 s of each 10-s continuous recording were discarded to
avoid the onset and offset effect of neural responses. The
remaining 9 s was segmented into segments of 125 ms in
length, resulting in 72x 10 segments for each condition. A
single segment would be considered contaminated and was
rejected if it contained voltages exceeding £25 uV. Band-
pass filtering was conducted on each artifact-free sweep to
enhance the component corresponding to f,,. The pass-
bands were 2040, 40-80, 80-160 and 160-320 Hz for
fm =32, 64, 128 and 256 Hz, respectively. After filtering,
segments of the same condition were ensemble averaged
to reduce noise. Then the RA was calculated to represent
the strength of AMFRs.

4. Results

4.1. Behavioral measurement of TMTF

The average TMTF of all listeners (not shown) is similar
to that in a previous report [6], confirming that the behav-
ioral experiment was effective. The function was relatively
flat for f,, up to 16 Hz, indicating that for low rates per-
formance was limited by amplitude resolution rather than
temporal resolution.
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Figure 3. (Colour online) Results for the four f,, conditions for
one subject. Black circles represent RA of each condition. Red
curves represent the logistic fits. Measured and predicted MDT
are given by the yellow dotted and blue dashed lines, respec-
tively.

4.2. Objective prediction of MDT

Figure 3 shows the fitting result of one subject, in which
the distribution of RA data (black circles) matched well
with logistic functions (red curves) for all f,,. R? (good-
ness of fit) averaged across all fitting results of the 12 sub-
jects was about 0.91 (£0.07). The predicted MDTs (blue
dashed lines) determined from the fitting function are
shown for comparison with behavioral measured MDTs
(yellow dotted lines). The differences between predicted
and behavioral thresholds range from 0.2 to 3.5 dB. Fig-
ure 4 shows the predicted MDT as a function of the be-
havioral MDT of each listener for each f,, condition. Pear-
son’s analysis indicated a significant correlation between
predicted and behavioral thresholds for all £, (p <0.028).
These results show that AMFRs might be useful for objec-
tively predicting TMTF [2, 3]. There were no significant
correlations between any two of the metrics: behavioral
thresholds, the maximum RA, individual age and absolute
thresholds (p >0.087).

It should be noted that the threshold was likely to
be overestimated. A two-way ANOVA (2 methods x 4
modulation frequencies) revealed that the main effects of
method (F;;;=10.038, p<0.01) and f, (F333= 51.221,
p<0.001) were both significant, and their interaction was
also significant (F333=10.410, p<0.001). Post hoc pair-
wise comparisons revealed that the predicted threshold
was significantly higher than the behaviorally measured
one (p <0.013) for f,, of 32, 64 and 128 Hz, but the thresh-
old difference was not significant for 256 Hz.

5. Discussion
TMTF measurement is an important method to evaluate

the temporal resolution of the auditory system, but it de-
pends on subjective responses. Previous studies found that
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Figure 4. Correlation of predicted thresholds with behavioral
thresholds across subjects, for four different f,,, conditions.

0.2
f,, = 256Hz
—Pearson's r|
~ =pvalue

p value

Pearson's r

o
~

0
50 100 0 50 100 0 50 100 0 50 100
Ratio (%) Ratio (%) Ratio (%) Ratio (%)

o

Figure 5. Pearson’s r (solid lines) and p value (dashed lines)
of correlation analyses as function of the ratio between the RA
adopted for threshold prediction and the maximum RA, for four
different f,, conditions.

AMFRs were highly correlated to some behavioral mea-
sures of temporal acuity [2, 3]. Here we investigated a
method to predict the TMTF from logistic functions fit-
ted to AMFRs recorded for different modulation rates. The
results showed that for a given modulation rate the ob-
jectively predicted thresholds were correlated with behav-
ioral thresholds across normal hearing listeners. However,
the predictions deviated systematically from the observed
thresholds and these deviations depended on the modula-
tion rate. Thus, further work is required.

First, as the relative contribution of different sources
in the auditory pathway to AMFRs likely depends on the
modulation rate [7], the effect of different generators was
not considered in the present study. The threshold was de-
fined as x( of the logistic function in the current method,
but a further analysis (see Figure 5) indicated that the
accuracy of predictions might be improved by adopting
different points on the function relating RA to MD (see
Figure 3) as predicted thresholds for different f,,. To this
end, Figure 5 shows, separately for each f,,, the correla-
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tion (and the corresponding p value) between behavioral
thresholds and a wide range of predicted thresholds as a
function of the ratio between the RA value adopted for
threshold prediction and the maximum RA. The results
show that the best correlation occurs at different ratios for
different f,, conditions, which might be due to the effect of
different generators. Second, the validation tests were only
conducted with normal-hearing listeners, the effectiveness
of the method remains unclear for hearing-impaired lis-
teners. A potential problem is that the fitting function was
based on the auditory models of normal hearing. When
it is used for impaired hearing, extra parameters or dif-
ferent functions should be introduced to account for the
effect of hearing loss [4, 5]. Finally, other types of SAM
signals should be tested in future work, since a carrier of
narrow-band noise or pure tones could be more accurately
controlled to investigate the temporal processing of the au-
ditory system [8].
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