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Effect of Mid-Term Adaptation on Pure-Tone Detection

Sabine Meunier and Alain Marchioni
L.M.A.-C.N.R.S. 13402 Marseille cedex 20, France

Summary

Performance in detecting a 50 ms pure-tone signal in a longer tone-burst masker was evaluated as a function of the
delay between masker and signal onset. Delays from 500 ms to 5s were used, and detection was measured in terms of
sensitivity d’. Performance was also measured for a continuous masker. In a first experiment, the masker and the signal
had the same frequency (500, 1000, 2000, 4000 and 8000 Hz). In this case, sensitivity increased with delay for high
frequencies and for high masker levels. In a second experiment, the masker and the signal had different frequencies;
the masker was set at 4 kHz and the signal frequency was inside and outside the critical band of the masker. For this
second case, the results depended on masker level and signal frequency: increasing the delay for a 50 dB SL masker did
not improve detection; at 80 dB SPL, however, delaying the signal improved detection for signal frequencies close to
the masker frequency. The assumption is made that the improved detection for long durations of the masker originates
from a long-term decrease in the firing rate of the auditory nerve fibers.

PACS no. 43.66.Dc, 43.66.Cb

1. Introduction

Studies on auditory detection and simultaneous masking have
a long history [1, 2, 3, 4]. Most investigators used maskers of
200 to 800 ms; much less attention has been given to longer
maskers. In the 1960’s, research was done on the detection of
a short, narrow-band signal masked by a longer wide-band
sound. It was shown that the signal threshold increases when
the signal is presented in the first few milliseconds of the
masker relative to when it is presented after some hundreds
of milliseconds (200 to 800 ms). This increase, the overshoot
effect, is large when a short high-frequency pure tone (less
than 10 ms) is masked by a broad-band noise, and also when a
narrow-band noise is masked by a broad-band noise [5, 6, 7].
The term "overshoot" was used for broad-band maskers and
narrow-band signals with center frequencies above 2 kHz.

Masked signal detection was also studied for narrow-band
signals and maskers, and for pure tones [8, 9, 10, 11]. The
authors found that the masker "fringe" (that is, an extension
of masker duration before signal onset) had an effect on
signal detection. Rather than overshoot they used the terms
"auditory enhancement” [12], "adaptation of masking" [13]
or "temporal decline of masking" [14]. If both masker and
signal were pure tones, a decrease in signal threshold with
increasing signal onset delay was observed when the masker
frequency was higher than the signal frequency [8, 15, 16,
10, 11].

It has always been assumed that detection would stay con-
stant for delays longer than 500 ms. McFadden [17] noted
that nobody had ever proved that, and Canévet et al. [18]
showed that detection threshold sometimes varied for dura-
tions of 1 to 30s. Canévet et al. compared the detection of
an intensity increment in two conditions: In the continuous
condition, the masker was on continuously, with a short in-

crement every 5s; in the pulsed condition, the masker was
on for 2s with the increment 1 s after its onset. Increment
detection was better when the masker was continuous than
when it was pulsed. Scharf et al. [19] showed that this result
depended on signal frequency: detection did not improve at
500 Hz, although a large effect was found at 4 kHz.

Originally, Canévet et al. [ 18] and Scharf et al. [19] sought
to compare detection and loudness adaptation. Canévet et
al. asked whether loudness adaptation to a sustained sound
would affect the detection of an intensity increment of that
sound. Intuitively, we would expect a decrease in masker
loudness to improve detection of an intensity increment. But
Florentine et al. [20] showed that intensity discrimination for
low sound levels was worse than for high levels. One would,
therefore, expect the detection of an intensity increment to
be degraded by adaptation to the masker. The third logical
possibility was that adaptation would have no effect on in-
tensity discrimination; that is, there would be an adaptation
to both the signal and the masker.

In fact, Canévet et al. [18] showed that detection of an
intensity increment in a sound is improved after a long expo-
sure to this sound, but this improvement was not correlated
with loudness adaptation. Scharf et al. [19] suggested that pe-
ripheral neural adaptation [21, 22, 23, 24, 25] would explain
this phenomenon.

In this paper we try to characterize and explain the im-
proved detection of a signal after long exposure to a masker
observed by Canévet et al. [18]. The Scharf et al. [19] exper-
iment showed that this improvement occurs at 4 kHz and not
at 500 Hz. In a first experiment, therefore, signal detection
experiments were conducted for 0.5, 1, 2, 4 and 8 kHz masker
frequencies with signal and masker at the same frequency.
Since peripheral neural adaptation was commonly found for
high-level stimuli, experiments were run at different masker
levels (10 and 50 dB SL and 80 dB SPL) to determine whether
level is an important parameter and to compare the psychoa-
coustical results with physiological data.
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In a second experiment, the signal and masker differed in
frequency. Green [8], Fastl [9], and Bacon and Viemeister
[10, 11] reported a large decrease in pure-tone signal thresh-
old when the fringe of a pure-tone masker with a different
frequency was increased to 800 ms. In contrast, the decrease
was small for pure tone signals and maskers of the same
frequency. We wanted to test whether this result applied for
longer delays. We ran experiments with 4 kHz, 50dB SL and
80 dB SPL maskers, because these conditions most clearly
showed improved detection with increasing onset delays in
the first experiment. The signal frequency was set at 3720 Hz
(just within the masker critical band), 2800 Hz (outside the
masker critical band), and 3900 Hz (well within the masker
critical band).

2. Method

2.1. Apparatus

The experiments were run in a sound-treated room. The pure
tones were produced by an ADRET oscillator. WILSON-
ICS programmable electronic switches with a cos® shape
were used to gate the signals, which were gated on and off
at zero crossings. The level was set by WILSONICS pro-
grammable attenuators. The stimuli were presented via AKG
K340 headphones. The experiment was controlled by a PDP
11/73 computer.

2.2. Procedure

Maskers and signals were presented to the right ear of the
subject. First, the absolute threshold for the frequencies was
measured by a two-interval forced-choice adaptive procedure
[26] with a 2 down — 1 up rule. Signal duration was 300 ms;
feedback was given after each trial.

Two conditions were tested. In the "continuous condition,"
the masker was on for the whole run, and in the "pulsed con-
dition" the masker had a limited duration and was presented
at regular intervals. For all conditions, signal duration was
50 ms, the rise and fall times were 50 ms for the masker, and
10 ms for the signal.

First, masked thresholds were measured in the continuous
condition. The observation interval was presented 5s after
the masker onset, and every 5 s thereafter. This observation
interval was indicated by a 500 ms spot on the subject’s ter-
minal, the signal (when it was presented) being temporally
centered within the 500 ms interval. A Yes/No procedure was
used with a 5 down — [ up rule. The signal occurred randomly
in 50% of the observation intervals. Signal and masker were
added in phase. At the beginning of a run, the signal level
was set 5 dB higher than the expected threshold.

Once the threshold had been determined with a continuous
masker, the signal level was fixed at this threshold and d’
was measured in the continuous and pulsed condition. To
measure d' in the continuous condition, the signal sequence
was identical to those used to measure masked threshold
in this condition, except that signal level and experiment
duration were fixed (about 5 min).

In the pulsed condition, the sequence was similar to that of
the continuous condition, but the signal was presented At s
after the masker onset, and the masker was turned off 1 s after
the end of the signal. The value of At was chosen at random
before each run and kept constant during the run. A pause
was inserted between two presentations. It lasted from 2.5 to
3.5's, depending on the delay, because the entire duration of
a run was set to about 5 min whatever the At.

For both conditions (continuous and pulsed), sixty-four
observation intervals were presented during a run, only the
last sixty were taken into consideration. A d' value was com-
puted after two runs (except in the pulsed condition, for
At = 5s: four runs and for At = 12s: eight runs, to keep
each run at the same duration), which means that d’ was
calculated over 120 presentations. The probability of signal
occurrence was 0.5.

Since increment level was set to the threshold value ob-
tained with a 5 down — 1 up Yes/No procedure with a contin-
uous masker, the adaptative threshold should correspond to
a d’ value of 2.26. Of course this is only a statistical assump-
tion. As we shall see in the next section, d’ is sometimes
different from 2.26 because the exact level of the increment
needed to reach this value is difficult to evaluate. A d’ greater
than 3 was sometimes observed, but it never corresponded to
a probability correct, p(c) of 1. When a p(c) of 1 was obtained
for the first 60 presentations, the run was rejected, and the
signal level was decreased. A new run was started with this
reduced level.

2.3. Signals

In the first experiment, the signal and the masker were pure
tones of the same frequency, namely: 0.5, 1, 2, 4 and 8 kHz.
The levels of the masker were 10, 50dB SL, and 80 dB SPL,
but at 8 kHz we tested only the low levels (8 and 50dB SL).
The signal and masker were added in phase. In the second
experiment, the signal and the masker were pure tones of
different frequencies; the masker frequency was 4 kHz, and
signal frequencies were 3.72 and 2.8 kHz, thus the signal was
within and outside the critical band of the masker. The exper-
iment was run on two subjects for another signal frequency:
3.9kHz. In this experiment the masker levels were 50 dB SL
and 80dB SPL.

At was set at 0.5, 1.5, 2.5 and 5s. At the beginning of
the study, a 12 s delay was also tested (at 500 Hz for 10 and
50dB SL and at 4 kHz for 50dB SL). Since the subjects told
us that their attention seemed to decrease with such a long
duration, it was abandoned for the rest of the experiment. For
the last runs (at 1 kHz and when the signal was at 3.9kHz
with a 4 kHz-80 dB SPL masker for subject S.P.), we did not
run the 2.5 s delay, in order to make the experiment shorter.

2.4. Subjects

Eight subjects (6 males, 2 females, including the authors)
participated in the experiments. All audiograms were within
10dB of normal at all frequencies tested. Because of their
lack of availability, different subjects had to be used for the
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Figure 1. d’ as a function of the delay between masker and signal onsets. The 50 ms signal and the masker are 2 kHz pure tones. Results for

different masker levels and for each subject are reported.

experiments, but all subjects were tested at 0.5 and 4kHz,
for a 50 dB SL masker level, to obtain a common point of
comparison for every subject. Not all results will be shown
here.

3. Results

In the figures, d' is shown as a function of the delay At
between the masker and signal onsets. The continuous con-
dition is designated CONT.

3.1. Experiment 1: Masker frequency equals signal
frequency

Figures 1, 2 and 3 show the individual results obtained for
high frequencies (2, 4 and 8 kHz). For all subjects and all
levels, d’ was generally much higher for large values of At
than for small values. Detection thus seems to be improved by
increasing the delay At. We called this improvement "mid-
term adaptation"; the choice of this term will be explained in
the discussion. As shown in Figures 1 and 2, the more intense
the masker, the more detection improved with delays in the
signal. Indeed, d’ generally increases from about O to about
2 from At=0 to the continuous condition at 2 kHz and 80 dB
SPL; however, d’ usually increases from about 1 to about 2
for lower levels. At 4kHz and 80 dB SPL d' increases from
0 to more than 2.5 whereas it only increases from 0 to 2 (or
1 to 3) at 10 and 50 dB SL.

Figures 4 and 5 show the individual results obtained for
low frequencies (500 Hz and 1 kHz). The improvement in de-
tection depended on frequency. Figure 6 shows the mean of
d’ for each frequency and each masker level as a function of
the delay between masker and signal onsets. For low frequen-
cies (500 Hz and 1 kHz) an increase in delay did not produce
a significant variation in d’. The significance of the results
was verified by analysis of variance (ANOVA). On the other
hand, for a more intense masker (80dB SPL), a significant
variation of d’ was observed for these low frequencies and
for all subjects (p<0.06 for a S00 Hz-masker, and p<0.0001
for a 1 kHz-masker).

In summary, for low masker levels, mid-term adaptation
was observed only at high frequencies. But at 80dB SPL,
detection was improved for all frequencies when At was
increased (Figure 6).

To determine the approximate range of signal level cor-
responding to the change in d’ shown above, we measured
signal threshold for a 500 ms-delay with a 4 kHz masker at
50dB SL. The procedure used to measure the threshold was
the same as that used for the continuous condition, except that
the masker was pulsed and the delay between the masker and
signal onsets was 500 ms. This threshold was 4 dB higher
than the threshold for a continuous masker (mean of 5 sub-
jects). This value is much smaller than the threshold differ-
ences commonly found for overshoot or temporal decline
of masking (between 0 and 200 ms for example), but it is
significant.
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Figure 2. As in Figure 1 but for 4 kHz signals.

The exposure duration at which this mid-term adaptation
reached an asymptotic value depended on masker level and
frequency. The more intense or the higher the frequency
of the masker was, the longer the duration. It is hard to
determine the exact signal onset delay necessary to reach the
asymptote, but it appears to be about 10 s. Our data show an
asymptotic duration of about 5s at 10dB SL; Figures 1, 2, 3
(open circles) show that detection in the continuous condition
was generally the same as in the pulsed condition for a delay
of 5s. This asymptotic duration was longer than 5s for a
50 dB SL masker with frequency higher than 1 kHz (Figures
1, 2 and 3, open squares). Scharf er al. [19] estimated it
at about 30s for a 4kHz pure-tone masker at 50dB SL. At
80dB SPL, the asymptotic duration of mid-term adaptation
was about 5s at 500 Hz, but for higher frequencies it was
longer (Figures 1 to S, filled diamonds).

Individual differences appear in these results (see Figures
1 to 5), as in previous studies on masked detection [6, 5, 8,
10, 11, 27]. However the data followed a general trend even
though different frequencies and/or levels were needed to
observe the same results among subjects.

Another interesting result was observed for low frequen-
cies at the lower levels (S00Hz and 1 kHz at 10 and
50dB SL). The variation of d’ with At was not monotonic:
it increased then decreased then increased again when At
increased, especially at 500 Hz (Figure 6). The trend was
similar at 1 kHz, except that d’ decreased first then increased
(Figure 6). We don’t know how to explain this result which
is shown for 3 out of 4 subjects (Figures 4 and 5).

3.2. Experiment 2: Masker frequency different from signal
frequency

Three subjects were tested with a masker frequency differ-
ent from the signal frequency. They had been tested in the
previous experiment.

The experiments were first run at 50 dB SL, because a large
effect was observed at that level when masker and signal
had the same frequency (4 kHz). In this case, the detection
for all subjects and all signal frequencies was not improved
significantly when the delay was increased (not shown).

However, for a masker level of 80 dB SPL (Figure 7), there
seemed to be an effect of masker fringe on signal detection
for signal frequencies within the critical band for 2 subjects
out of 3 (Figure 7b). For a signal frequency of 3.72kHz, d’
increased from about O to 2 (for A.M.) and 2.6 (for S.M.)
when At varied from 500 ms to the continuous condition
(Figure 7b). For the third subject no monotonic variation was
observed: d’ decreased then increased when At increased,
and it was not so much larger in the continuous condition
(d’=2.5) than for a At of 500 ms (d'=2.2). At lower signal
frequency (2.8 kHz) the effect seemed to vanish for the two
adapting subjects (A.M. and S.M., Figure 7a). For the third
subject (S.P.), an effect of onset delay on signal detection was
observed at 3.9 kHz (Figure 7¢, d’ varied from 1 to about 2.5
for At from 500 ms to the continuous condition).
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Figure 3. As in Figure 1 but for 8 kHz signals.

4, Discussion

4.1. Comparison of mid-term adaptation with temporal
decline of masking and peripheral neural adaptation

It appears that the auditory system improves its ability to de-
tect a change in a masking signal (intensity increment, added
signal) as the duration of the masker fringe increases. Signal
detection improved for fringes greater than 500 ms; that is for
fringes longer than those used in temporal decline of mask-
ing experiments. Temporal decline of masking was observed
for signals of less than 20 ms, but it seemed to occur also for
longer signals [28, 14], that is for the same durations as we
used. Temporal decline of masking is stronger for maskers
and signals with different frequencies than for maskers and
signals overlapping in frequency. This result is the reverse of
what we found for longer fringe durations.

Different hypotheses have been offered to explain the de-
cline of masking for short-duration fringes: spectral spread
of masker, narrowing of the auditory filter, adaptation of sup-
pression, transient masking, grouping, and peripheral neural
adaptation to the masker (see [12] for a review).

Peripheral neural adaptation may explain the effect we
found. It consists of a decrease of the discharge rate in
auditory-nerve fibers stimulated by a constant stimulus. Most
of the measurements showing this adaptation were done for
stimulus durations of about 200 ms. But Lonsbury-Martin
and Meikle (29] showed a decrease over a period of 24 s in
the discharge of the auditory-nerve fibers of cats exposed

one minute to a constant stimulus (85 or 90 dB SPL) at the
characteristic frequency (CF) of the fiber. Ten Kate et al.
[30] showed a decrease in firing rate with stimulus duration
over 100s in the dorsal cochlear nucleus of the cat. They
also found that this decrease in firing rate as a function of
duration increased with stimulus level. Viemeister et al. [31]
showed the same effect on the auditory nerve of the cat,
for high-frequency fibers at 2040 dB above threshold. This
adaptation was strong for fibers with a CF of more than
25 kHz; less adaptation was observed in fibers with lower
CFs. Note that 25 kHz in the cat is comparable to 10kHz in
humans [32]. Javel [33] found a “long-term adaptation” and
a “very long-term adaptation” in the auditory nerve of the
cat. Long-term adaptation is the decrease in the discharge
rate in the first several seconds after the stimulus onset, and
very-long term adaptation is the decrease in the discharge
rate over longer time exposure. But Javel [33] did not find
any dependence of the amount of adaptation on CE

Smith and Zwislocki [22, 23] showed that there is no neural
adaptation on a short increment (20 ms), that is, during neural
adaptation, the signal-to-masker ratio increases. This result
was shown for delays up to 200 ms. If we assume that it is
also true for longer delays and for longer increments (50 ms),
our data are accounted for by neural adaptation. Indeed, if
the signal to noise ratio increases during the exposure to the
masker, the detection will improve.

We have used the word “adaptation” because it seems that
the auditory system reduces its response to the masker in
order to ignore it and to be more sensitive to another signal:
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Figure 4. As in Figure 1 but for 500 Hz signals.

there is an “adaptation to masking”. The asymptotic duration
of this phenomenon was about 10 s. Therefore, we propose to
call this effect “mid-term adaptation”. Indeed, this duration is
shorter than that for loudness adaptation (about 1 min, [34])
which could be called “long-term adaptation”, and longer
than short-term effects as in overshoot or in temporal decline
of masking (about 100 ms).

The increase in neural adaptation with stimulus level
is consistent with the increase in mid-term adaptation
with masker level. The frequency dependence reported by
Viemeister et al. [31] is consistent with our results. They
found a duration of adaptation of about 10s, which is close
to ours (from 5 to 30 s, depending on masker level).

It is also fairly easy to explain the results for different
masker and signal frequencies on the basis of peripheral
neural adaptation. A sound with a given frequency excites
mainly the auditory fibers tuned to this frequency, but other
fibers with characteristic frequencies close to the sound fre-
quency are stimulated too, albeit not so much. Therefore,
some adaptation will occur in these fibers as well. If the stim-
ulation is too weak, the adjacent fibers will not be excited
enough to adapt. But if the level is high enough to produce
a strong stimulation of these adjacent fibers, adaptation will
appear on those fibers. Thus, the masker level needs to be
high enough to induce adaptation at other frequencies.

Some authors have suggested that two mechanisms of
masking were involved in temporal decline of masking: a
within-channel process when masker and signal overlap in
frequency and an across-channel process when masker and

signal do not overlap. These two mechanisms may occur in
two sites in the auditory system, which would produce dif-
ferent temporal decline of masking (see [14]). In mid-term
effects as shown here, there may be a temporal decline of
masking only on the within-channel process.

Viemeister et al. [31] found that the adaptation in cats
was twice as strong for fibers with a low spontaneous firing
rate than for fibers with a high rate of the same CF. On the
other hand, fibers with a low spontaneous firing rate were
presumed to be responsible for coding intensity of high-level
signals [35, 36]. High-intensity signals should thus stimulate
low spontaneous firing rate fibers which adapt more than
high spontaneous firing rate fibers, and high-intensity signals
would produce more adaptation than lower-intensity signals.
This remark is consistent with what we found for humans. Itis
also consistent with the hypothesis suggesting that the coding
of high-level signals is essentially done by low spontaneous
discharge rate fibers.

4.2. Comparison of mid-term adaptation with the various
forms of loudness adaptation

Another kind of adaptation has been found in the auditory
system : loudness adaptation or perstimulatory fatigue. Loud-
ness adaptation is a decrease in the loudness of a sound while
its physical level is constant. This adaptation can be simple or
induced by the addition of another short signal [37, 38, 39].
The inducer can be either in the same ear as the long signal
(ipsilaterally-induced loudness adaptation) or in the other
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Figure 5. As in Figure 1 but for 1 kHz signals.

ear (contralaterally-induced loudness adaptation). One could
hypothesize that loudness adaptation is responsible for the
mid-term adaptation found here. But it does not seem to be
true for either simple or induced loudness adaptation. Indeed,
signal detection improved even without simple adaptation to
the loudness of the masker (e.g. at S00 Hz and 80dB SPL). It
might be thought that, in our experiments, the added signal
acted like an ipsilateral inducer. The level of the signal, how-
ever, was never more than 5 dB higher than that of the masker,
and it has been shown [38] that ipsilaterally induced loud-
ness adaptation occurs only for signals 5 dB higher than the
masker. As a control, we measured the loudness of the masker
over time with the same signal presentation as for increment
detection (with the 50 ms signal added at some period to the
masker). No correlation between mid-term adaptation and
loudness adaptation (either simple or induced) was found.

Mid-term adaptation and ipsilaterally induced loudness
adaptation seem to be different phenomena. Indeed, mid-term
adaptation depends on the frequency of the masker, while
ipsilaterally induced loudness adaptation does not depend on
the test sound frequency [40]. Mid-term adaptation depends
on the masker level whereas the parameter for ipsilaterally
induced loudness adaptation is the difference in level between
the inducer and the test signal [38].

One important point is that mid-term adaptation and sim-
ple loudness adaptation have the same variation with fre-
quency: less adaptation was observed for low than for high
frequency [34]. But they varied in an opposite way with

level: loudness adaptation was observed for low levels [34],
mid-term adaptation was greater for high masker levels. The
mechanisms responsible for simple loudness adaptation re-
main mysterious. Different explanations have been proposed,
but none seem suitable (see [34]). Schaaf [34] suggested that
the auditory system adapts to long stimulation but that fluc-
tuations can reduce or override the adaptation. These fluctu-
ations may be in the stimulus or in the sensory organ. Thus,
for a low-level stimulus, excitation remains fixed over a small
group of fibers and no fluctuation will occur. For a high-level
stimulus, excitation is widespread and unstable, and it leads
to fluctuations precluding adaptation. How and where, in the
auditory system, could temporal variation override adapta-
tion? A common mechanism might be involved in loudness
adaptation and mid-term adaptation: peripheral neural adap-
tation. For loudness, the adaptation would be reduced in most
listening conditions because of fluctuations in the excitation.
For detection, the auditory system would use only the signal-
to-masker ratio to detect the signal in order to increase signal
detectability after adaptation to the masker. This hypothesis
could explain why variation with frequency was the same for
loudness and mid-term adaptations (peripheral neural adap-
tation seems to be stronger for higher-frequency stimuli) and
why it varied inversely for level (at high levels, fluctuation
and spread of excitation could override loudness adaptation).
But unfortunately, this explanation cannot account for the
difference in asymptotic duration of loudness and mid-term
adaptation.
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Figure 6. As in Figure 1 but the mean results of the subjects
appear here. The bars represent the error of the mean (£1 SD).
The results for each frequency are reported on different graphs.

5. Summary

It has long been known that detection of a signal embedded
in a masker is strongly dependent on the masker duration
preceding the signal. The experiments on this topic usually
used maskers of 200 to 800 ms. Some years ago, it was shown
that signal detection was still time dependent even for fairly
long durations {18, 19]. Similarly, we found that prolonged
exposure (10s) to a masker improves detection for a signal.
The improvement in detection can be seen as an adaptation
effect, which we called “mid-term adaptation”.

We showed that mid-term adaptation depends strongly
on the level and frequency of the signals: the higher the
frequency and the more intense the level of the masker, the
greater the adaptation. Mid-term adaptation also depends

on the relationship between masker and signal frequencies.
The phenomenon seems to disappear quickly when signal
frequency is different from masker frequency, and it seems
that the masker needs to be intense (80 dB SL) to observe the
phenomenon. Moreover, even at that level, signal frequency
has to be close to the masker frequency to observe mid-term
adaptation.
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