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Age-related changes in within- and between-channel gap
detection using sinusoidal stimuli

Antje Heinricha� and Bruce Schneider
Center for Research on Biological Communications Systems, University of Toronto,
Mississauga, Ontario, L5L 1C6, Canada

�Received 20 July 2005; revised 10 January 2006; accepted 18 January 2006�

Pure tone gap stimuli with identical �within-channel� or dissimilar �between-channel� marker
frequencies of 1 and 2 kHz were presented to young and old listeners in a two-interval forced choice
gap detection task. To estimate the influence of extraneous duration cues on gap detection,
thresholds in the between-channel conditions were obtained for two different sets of reference
stimuli: reference stimuli that were matched to the overall duration of the gap stimulus, i.e., two
markers plus the gap, and reference stimuli that were fixed at the combined duration of the two
markers excluding the gap. Results from within-channel conditions were consistent with previous
studies, i.e., there were small but highly reliable age differences, smaller gap thresholds at longer
marker durations, and an interaction between the two variables. In between-channel conditions,
however, age differences were not as clear cut. Rather, the effect of age varied as a function of
duration cue and was more pronounced when stimuli were matched for overall duration than when
the duration of the reference tone was fixed. © 2006 Acoustical Society of America.
�DOI: 10.1121/1.2173524�

PACS number�s�: 43.66.Mk, 43.66.Ba �JHG� Pages: 2316–2326
I. INTRODUCTION

A. Within- and between-channel gap detection

In a two-interval forced-choice gap-detection task the
participant is asked to listen to two successively presented
sounds and identify the one that contains a small period of
silence, the gap. The sound containing the gap consists of
three parts: the leading marker �the portion of the sound be-
fore the gap�, the gap, and the lagging marker �the portion of
the sound after the gap�. The no-gap reference stimulus con-
sists of the leading and lagging markers with no gap between
them. When the two markers consist of pure tones, the fre-
quencies of the two markers can either be the same or dif-
ferent. Numerous studies have shown that gap detection
thresholds are sensitive to the spectral similarities of the
markers bounding the gap. In general, gap detection thresh-
olds tend to increase and then asymptote, as the spectral
difference between the leading and lagging markers becomes
greater �Grose et al., 2001; Formby et al., 1998a; Formby
and Forrest, 1991; Divenyi and Danner, 1977�.

Several mechanisms have been suggested to account for
this result �e.g., Formby and Forrest, 1991; Formby et al.,
1996; Phillips et al., 1998, 1997; Fitzgibbons et al., 1974�.
All of these accounts assume that, in the first stage of audi-
tory processing, the signal is processed by a bank of auditory
filters, with each filter defining a separate auditory channel.
Hence, when the two markers are presented to the same ear
and are identical or nearly identical with respect to frequency
content, then both markers are processed by the same audi-
tory channel, and the detection of a gap can be based on
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within-channel comparisons. On the other hand, when the
two markers differ substantially with respect to their fre-
quency content and/or are presented to opposite ears, the
detection of a gap has to involve the integration and/or com-
parison of events across two or more auditory channels
�between-channel comparisons�.

B. Age-related changes in gap detection

Comparatively few studies have investigated the influ-
ence of age on gap detection. The results to date suggest that
the effect of age on gap detection thresholds differs for
within- and between-channel tasks. In within-channel tasks
age differences in threshold are generally small and related
to marker duration. Schneider and Hamstra �1999�, for in-
stance, tested young and old listeners in a gap detection task
where both markers were 2-kHz pure tones. The duration of
the markers varied in different conditions. They found that
whereas there were considerable age differences when
marker durations were short, these differences completely
vanished for the longest durations. This result integrated pre-
viously conflicting evidence from Moore et al. �1992� and
Schneider et al. �1994�. Specifically, whereas Moore and col-
leagues did not find age differences in a within-channel gap
detection task when marker durations were large, Schneider
et al. �1994�, using very short durations, found that thresh-
olds for older listeners were generally larger and more vari-
able than for young listeners.

A number of factors have been ruled out as having a
direct influence on the age effect in within-channel gap de-
tection. For instance, Schneider et al. �1998� demonstrated
that age differences are probably not due to either differences
in off-frequency processing or longer integration times of the

temporal window in older listeners. Moreover, several stud-
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ies were unable to find any association between audiometric
and gap thresholds, thus indicating that peripheral hearing
loss has no direct influence on gap detection thresholds �e.g.,
Moore et al., 1989; Schneider et al., 1994; Schneider and
Hamstra, 1999; Moore et al., 1992; but also see Lutman,
1991, for a contrary position�. One mechanism that has been
suggested to contribute to the age effect is neural adaptation.
Schneider and Hamstra �1999� argue that the fact that age
differences are closely linked to marker duration suggests
that there are differences in neural adaptation and recovery in
response to markers of different lengths.

Lister and colleagues were among the first to examine
the effects of age and hearing status in between-channel gap
detection tasks �Lister et al., 2000, 2002; Roberts and Lister,
2004�. In a first study they tested listeners with and without
hearing loss in a gap duration discrimination task in which
the two stimuli could be distinguished by the duration of the
gap rather than its presence. The rationale for inserting a
small �1 ms� gap in the reference stimulus was to ensure that
both intervals contained similar gating transients. The stimuli
were narrow-band noises. In a posthoc analysis Lister et al.
�2000� tested the effect of age on gap threshold and found
differences in threshold for young and old adults. Specifi-
cally, they found a steeper increase in threshold for older
than for younger listeners as frequency disparity increased.
Moreover, consistent with within-channel results, hearing
status did not significantly influence gap thresholds. Rather,
younger listeners, including those with a severe hearing im-
pairment, always had smaller thresholds compared to even
minimally impaired older adults. Hence, the study suggested
that in between-channel tasks, like in within-channel tasks,
reduced temporal processing in older adults is independent
of peripheral hearing loss. In a second study, Lister et al.
�2002� investigated the matter in greater detail and tested
three groups of young, middle-aged, and older adults, respec-
tively. The study showed again that thresholds increase more
sharply with increasing frequency disparity for older listen-
ers, a result that was confirmed by Roberts and Lister �2004�.
Hence, the effect of age is more apparent for frequency-
disparate stimuli. Lister et al. �2002� speculate that the effect
is caused by the fact that perceptual channels are more
sharply tuned in older adults, presumably permitting them to
use between-channel processing more effectively than
younger adults for smaller frequency disparities.

Others have suggested that the increased age effect for
between- compared to within-channel tasks can be linked to
increased task complexity �Pichora-Fuller, 2003; Pichora-
Fuller et al., 2006�, an interpretation in concordance with
results of a study by Snell �1997� that used more complex
low-pass noise stimuli embedded into modulated and un-
modulated noise maskers. The results of the Snell study
showed a robust age effect for all conditions, even when the
noise stimuli were presented in quiet and even though pure-
tone thresholds at the test frequencies were comparable for
young and old listeners. Moreover, adding a noise floor to
the gap stimuli further increased age differences.

In summary, age differences in gap detection in within-
channel tasks depend on marker duration and may point to

differences in neural adaptation. Age differences are ampli-
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fied in between-channel conditions and appear to be related
to the difficulty in integrating or comparing information
across channels. Finally, age differences appear to increase
as the spectral and temporal complexity of the markers is
increased. One objective of the study was to determine if age
differences in between-channel gap detection can be mini-
mized when stimulus complexity is reduced to a minimum.
Hence, the present study determined gap detection thresholds
for tonal markers �1 and 2 kHz� for both within- and
between-channel conditions in young and old adults.

C. Extraneous temporal and spectral cues to gap
detection

Extraneous cues, only indirectly related to the size of the
gap, can affect between-channel gap detection. For instance,
when the marker durations of the leading and lagging mark-
ers in both the gap and no-gap stimuli are held constant, the
overall duration of the gap stimulus is longer than that of the
no-gap reference stimulus by the amount equal to the size of
the gap. Thus, the listener could be using overall duration to
discriminate between gap and no-gap stimuli. Alternatively,
when the overall durations of gap and no-gap stimuli are
kept constant, the duration of each marker in the reference
stimulus is longer than the duration of each marker in the gap
stimulus. Hence, the listener could be performing the task
based on the duration of the markers rather than on the per-
ception of a gap. Differences in marker duration between gap
and no-gap stimuli, however, are only effective for stimuli
with dissimilar frequencies in leading and lagging marker
because when the frequency content is identical in both
markers, the listener cannot tell when the leading marker in
the reference stimulus ends and the lagging marker begins.
Hence, for within-channel tasks, equating overall duration
removes any possibility that the task is based on marker
duration.

A number of studies �Formby and Forrest, 1991; Formby
and Muir, 1989; Penner, 1977� have demonstrated that listen-
ers do indeed use extraneous duration cues to aid gap detec-
tion which in turn can lead to an underestimation of the true
gap detection threshold. However, these studies also show
that not all listeners use these duration cues to the same
extent and that different listeners may use different cues or
no extraneous cues at all. Support for the notion that duration
cues, especially overall duration cues, could possibly modu-
late gap detection accuracy also comes from a different line
of research. Bergeson et al. �2001� investigated duration dis-
crimination for pure tones and found that for young adults
the Weber fraction for a 20-ms tone duration is 0.6, decreas-
ing to 0.3 at 200 ms. Thus, given an overall marker duration
of 40 ms in the reference stimulus, duration differences
could become noticeable when the target exceeds 64 ms in
overall duration; this equals a gap size of 24 ms for younger
adults. For older adults the Weber fraction is 1.3, and dura-
tion differences would only be noticeable at a much higher
level �92 ms�. Gap thresholds of over 20 ms are not unrea-
sonable for young adults, and gap durations larger than
52 ms have been observed in older adults, especially for

between-channel conditions.
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Whereas Formby and Forrest �1991� as well as Penner
�1977� aimed to minimize duration cues in their studies by
randomizing the duration of each marker independently, we
chose to estimate their influence instead. Therefore, we in-
cluded two sets of between-channel conditions that were spe-
cifically constructed to estimate the effects of overall and
relative marker duration cues. In the first set of between-
channel conditions, the overall duration of the reference
stimulus matched that of the target. Hence, the individual
durations of the two markers in the no-gap stimulus were
longer than those in the gap stimulus. In a second set of
conditions individual marker duration was kept constant be-
tween gap and no-gap stimuli, so that the overall duration of
the no-gap stimulus was shorter than that of the gap stimulus.

Another possible cue to the presence of a gap is the
spectral splatter that arises from the termination of the first
marker and the onset of the second marker. If the amount of
spectral splatter varies with gap duration, then spectral splat-
ter could be used to determine the presence or absence of a
gap. To minimize the effects of spectral splatter we con-
structed each marker by multiplying a pure tone by an enve-
lope consisting of a sum of Gaussian envelopes, with the
separation between the means of each successive Gaussian
envelope equal to one standard deviation unit. This has been
shown to minimize spectral cues in within-channel gap de-
tection for short duration stimuli �Schneider and Hamstra,
1999, Schneider et al., 1994�. In the Appendix, we show that
the likelihood that the detection of a gap in between-channel
conditions is based on spectral splatter is negligible. Hence,
we can be reasonably certain that the gap detection thresh-
olds observed here are based on temporal and not spectral
cues.

In the present study we compared gap detection perfor-
mance for young and old listeners in within- and between-
channel tasks using two different marker durations �10 and
20 ms�. For within-channel tasks, Schneider and Hamstra
�1999� found that the size of the age difference decreased as
marker duration increased. For between-channel tasks, sev-
eral studies suggested that age differences increase for more
complex stimuli. Our first objective was to measure the ex-
tent of age differences for between-channel stimuli when
stimulus complexity was reduced to a minimum. A second
objective was to see if age differences also decreased as a
function of marker duration for between-channel compari-
sons. Lastly, we sought to estimate the influence of extrane-
ous duration cues on gap detection performance for young
and old listeners in between-channel conditions.

II. METHODS

A. Participants

The final sample consisted of 24 young �mean age:
21.3 years; s.d.: 1.81; 14 females� and 24 older listeners
�mean age: 71.5 years; s.d.: 4.85; 12 females�. Three young
listeners had to be replaced because they were not available
for all experimental sessions, and three older listeners had to
be replaced because they were not able to perceive the gap in
between-channel conditions even with the longest duration.

All listeners �with the exception of one in the older age
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group� had hearing thresholds at 1 and 2 kHz in the test �left�
ear that were �25 dB HL. One older listener had a hearing
threshold of 35 dB HL at 2 kHz. Thresholds at the two test
frequencies were significantly higher for older than they
were for younger adults, and the extent of this age difference
increased with increasing frequency. Audiometric thresholds
for a range of frequencies in the test �left� ear are displayed
in Table I. The older adults could be characterized as having
at most a slight hearing loss at the test frequencies �Clark,
1981� and as being in the early stages of presbyacusis.

B. Stimuli

The stimuli were digitally generated with a sampling
rate of 20 kHz and converted to analog form using a 16-bit
Tucker Davis Technology �TDT� digital-to-analog converter.
Various techniques were used in an effort to minimize the
spectral splatter at the on- and off-set of the stimuli. Firstly,
amplitude envelopes for gap and no-gap sounds were con-
structed by summing a series of Gaussian functions, spaced
one standard deviation apart, with a standard deviation of
1 ms �Fig. 1�. The sum of the envelopes formed a flat top
with ogival rise and decay times. Secondly, all of the gap
durations tested preserved the phase of the sinusoidal stimuli.
Gaps were created by placing the mean of the first Gaussian
in the second marker, an integer number of ms after the mean
of the last Gaussian in the first marker. Hence, the smallest
possible gap occurred when the first Gaussian in the second
marker followed 2 ms after the last Gaussian in the first
marker. However, pilot testing had revealed that this gap was
perceivable by most of the young listeners in within-channel
conditions. In order to create smaller energy dips for within-
channel conditions, we filled the smallest gap with a
reduced-amplitude Gaussian instead of completely omitting
it. Now, the gap was detected as a more or less shallow dip in
the stimulus envelope. Originally, gap durations were mea-
sured as the distance between the 1

2-power point at the end of
the first marker to 1

2 -power point at the beginning of the
second marker. In the case of filled-in Gaussians, however,

TABLE I. Mean and standard deviation �SD� of hearing thresholds in dB
HL �ANSI, 1989� for nine pure-tone frequencies in the left �test� ear for
young and old listeners. The superscript letters denote significant differences
in hearing level between young and old listeners.

Frequency in kHz

Young Old

Mean SD Mean SD

0.25 9.79 4.54 14.17a 6.70
0.5 4.38 3.40 10.00b 6.76
1 3.13 6.05 7.92a 6.58
1.5 3.33 6.54 10.21b 8.91
2 3.33 5.45 10.00b 9.33
3 0.83 6.86 15.42b 8.84
4 3.13 5.86 23.33b 14.27
6 11.25 9.12 34.79b 17.78
8 6.04 7.07 41.67b 18.69

ap�0.05.
bp�0.01.
the amplitude envelope did not decay to zero, but, instead,
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the sum of the two markers began to affect the 1
2-power

points, making these points unusable as points of reference.
To avoid this problem when analyzing data, we used the area
difference between the gap and the no-gap amplitude enve-
lope functions to index gap duration. All analyses were con-
ducted on the area difference between gap and no-gap enve-
lope. However, in describing the data we converted the area
measures back into equivalent gap durations.1

The leading and lagging marker envelopes were then
multiplied by tones of 1 and 2 kHz. In the within-channel
conditions, both leading and lagging marker were multiplied
by the same 1- or 2-kHz tone, respectively. In the between-
channel conditions, leading and lagging markers were multi-
plied by different frequencies, either 1 or 2 kHz. The result-
ing product was normalized in such a way that all stimuli,
gap and no-gap, contained the same amount of energy �Fig.
1�. The marker duration for the gap stimuli was kept constant
within each condition at 10 or 20 ms, respectively. Two dif-
ferent sets of between-channel conditions were tested: a set
where the overall duration of the no-gap stimulus matched
that of the gap stimulus, and a set of conditions where the
duration of the no-gap stimulus was fixed at the combined
marker duration of leading and lagging markers, i.e., at either
20 or 40 ms. Stimuli matched for overall duration were also
used in all within-channel conditions. Note that under condi-
tions of matched duration, the reference stimuli were con-

FIG. 1. �a� The Gaussian envelopes used to create two 20-ms markers �each
marker consists of 21 Gaussians� with a 13-ms gap between the two mark-
ers. The Gaussian envelopes are spaced 1 ms apart, and there is a 13-ms gap
between the last Gaussian in the leading marker and the first Gaussian in the
lagging marker. �b� The two envelopes formed by summing the Gaussians in
�a�. �c� The Gaussians used to form the two marker envelopes of the no-gap
stimulus that is equivalent in total duration to the 13-ms gap stimulus shown
in �a� and �b�. There are 27 Gaussians in the leading marker and 27 Gaus-
sians in the lagging marker, with 1 ms separating the last Gaussian in the
leading marker and the first Gaussian in the lagging marker. �d� The two
envelopes formed by summing the Gaussians in �c�. �e� The Gaussians used
to form the envelopes of the no-gap stimulus whose marker durations are the
same as in �a�. There are 21 Gaussians in the first marker and 21 Gaussians
in the lagging marker with 1 ms separating the last Gaussian in the leading
marker and the first Gaussian in the lagging marker. �f� The two envelopes
formed by summing the Gaussians in �e�.
structed in such a way that they matched gap stimuli in over-
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all duration for odd gap durations �e.g., 9 ms� and exceeded
them in overall duration by 1 ms in cases of even gap sizes
�e.g., 8 ms�. The sound pressure level of the pure tones be-
fore they were multiplied by the marker envelopes was
70 dB SPL. After the pure tones were multiplied by the am-
plitude envelopes, they were rescaled so that the total energy
in a stimulus was equated across all conditions. Hence, there
were no energy differences between gap and no-gap stimuli.
Stimuli were presented to the left ear over TDH-49 ear-
phones in a single-wall sound-attenuating booth.

C. Psychoacoustic procedure

A three-down, one-up tracking procedure was used in a
2AFC paradigm to determine the 79.4% accuracy point on
the psychometric function �Levitt, 1971�. At the beginning of
each run, the gap size was set to its maximum value, 31 ms
in within-channel conditions and 61 ms in between-channel
conditions. In each trial, which was initiated by a button
press, a gap and a no-gap stimulus were presented, randomly
assigned to one of two 500-ms-long stimulus intervals, sepa-
rated by 100 ms. The task was to indicate which of the two
intervals contained the gap stimulus. After three consecutive
correct responses the gap size of the stimulus was decreased.
After each incorrect response the gap size was increased. The
size of the increment or decrement in gap was halved after
each reversal until a minimum step size of 1 ms was reached.
Each stimulus began 100 ms into the interval.

Participants indicated which interval they thought con-
tained the gap by pressing one of two buttons. Lights on the
button box indicated the beginning and the length of each
interval and also provided immediate feedback to the subject
about the accuracy of their response. Each run was ended
after 12 reversals. The gap-detection threshold for the condi-
tion was defined as the average of the last eight reversals.
Participants cycled through all conditions a total of four
times. The gap threshold for each condition was defined as
the geometric mean of the thresholds of the four runs. All
listeners came in for three successive sessions of 1.5 h each;
thresholds for within-channel conditions were obtained in
session 1, for between-channel conditions with the reference
stimulus matched in total duration in session 2, and for
between-channel conditions with fixed marker durations in
session 3. Testing within each session was counterbalanced
for frequency content of the leading marker and marker du-
ration between listeners. The testing was self-paced and ini-
tiated by a button press. Listeners were not given practice
trials prior to data collection. Table II details all conditions
tested in the study.

III. RESULTS

A. Within-channel gap detection

Figure 2 displays mean gap thresholds in milliseconds
for young and old listeners in all four within-channel condi-
tions. The thresholds are generally very small: between 0.9
and 1.6 ms for young listeners and 1.2 and 2.5 ms for older
listeners. Moreover, the data show that the shorter marker

duration �10 ms� generally led to longer gap thresholds.
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Lastly, thresholds appear to be higher for 2-kHz than for
1-kHz markers and older listeners generally exhibited larger
thresholds than young listeners.

A 2 marker duration �10 ms, 20 ms� by 2 marker fre-
quency �1 kHz, 2 kHz� by 2 age group �young, old� mixed
measures ANOVA with marker duration and marker fre-
quency as within-subject variables and age as a between-
subjects variable supported the graphical results.2 The
ANOVA revealed main effects of marker duration �F�1,46�
=74.25, p�0.0001� �20-ms markers led to smaller thresh-
olds than 10-ms markers�, frequency �F�1,46�=70.78, p
�0.0001� �2 kHz stimuli resulted in larger overall thresh-
olds�, and age �F�1,46�=12.28, p�0.001� �young listeners
generally achieved smaller thresholds�. Moreover, the inter-
action of marker duration and age reached significance
�F�1,46�=4.52, p�0.05�. This interaction indicated that the
age difference was more pronounced for the 10-ms com-

TABLE II. Stimulus conditions used in the study. Markers varied in fre-
quency similarity and frequency order. Each condition was run a total of
four times.

Session no.
Marker duration

�ms�

Frequency of
leading and lagging

markers

�1� Within-channel

10 1 kHz, 1 kHz
2 kHz, 2 kHz

20 1 kHz, 1 kHz
2 kHz, 2 kHz

�2� Between-channel,
matched reference
stimulus

10
1 kHz, 2 kHz
2 kHz, 1 kHz

20
1 kHz, 2 kHz
2 kHz, 1 kHz

�3� Between-channel,
fixed reference
stimulus

10
1 kHz, 2 kHz
2 kHz, 1 kHz

20
1 kHz, 2 kHz
2 kHz, 1 kHz

FIG. 2. Mean gap detection thresholds for young �black� and old �gray�
listeners for 10- and 20-ms markers of identical frequency �within channel�.
The stimulus frequency of both markers was either 1 or 2 kHz. Error bars

depict 1 standard deviation above the mean.
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pared to the 20-ms marker duration, even though the age
difference reaches significance in both instances �10-ms du-
ration: t�46�=−3.62, p�0.001; 20-ms duration: t�46�
=−3.02, p�0.01�. None of the other interactions were sig-
nificant.

B. Between-channel gap detection

Figure 3 depicts gap detection thresholds for young and
old listeners in between-channel conditions when the no-gap
reference tone was �A� adjusted in each trial to match the
overall duration of the gap stimulus or �B� fixed at the com-
bined marker duration of the two markers in the gap stimu-

FIG. 3. �A� Mean gap detection thresholds for young �black� and old �gray�
listeners for 10 and 20-ms markers of dissimilar frequency �between chan-
nel�. Stimulus frequency either ascended �1 kHz in the first marker and
2 kHz in the second marker� or descended. Panel �A� presents the thresholds
for the condition in which the no-gap stimulus matched the gap stimulus in
total duration. Panel �B� presents the thresholds for the condition in which
the duration of the markers in the no-gap stimulus was the same as the
duration of markers in the gap stimulus. Note that in condition A the dura-
tion of the no-gap stimulus co-varied with that of the gap stimulus while in
condition B, the no-gap stimulus was constant throughout the session. Error
bars depict 1 standard deviation above the mean.
lus. The data show age differences in both plots but these

A. Heinrich and B. Schneider: Age-related changes in gap detection
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differences appear to be more pronounced in the matched
condition than in the fixed condition. Moreover, there is a
consistent advantage for gap thresholds when the marker fre-
quencies before and after the gap are ascending from
1 to 2 kHz compared to when they are descending. Lastly,
thresholds are in general smaller in fixed marker conditions
than in adjusted marker conditions.

A mixed factor ANOVA with marker duration �10 ms,
20 ms�, frequency order �ascending from 1 kHz to 2 kHz or
descending�, and duration cue �matched or fixed� as within-
subject variables and age as a between-subject variable re-
vealed a significant main effect of frequency order �F�1,46�
=27.92, p�0.0001� but no main effect of age, marker dura-
tion, or duration cue. The significant effect of frequency or-
der confirms that thresholds are smaller for ascending than
for descending frequency order. Moreover, there were three
significant interaction effects, two of them involving the du-
ration cue: between duration cue and age group �F�1,46�
=4.97, p�0.05� and duration cue and marker duration
�F�1,46�=5.02; p�0.05�, and between marker duration and
frequency order �F�1,46�=4.87, p�0.05�. No other interac-
tions were significant.

The interaction between duration cue and age reflects
the fact that age differences in threshold were more pro-
nounced when stimuli were adjusted for overall duration
than when the overall duration of the reference tone was
fixed. In fact, a significant age effect was only present when
reference stimuli were matched in overall duration to the gap
stimuli �t�46�=−2.70, p=0.01�, but not when the overall du-
ration of the reference stimuli was fixed �t�46�=−0.92, p
�0.05�.

The interaction between duration cue and marker dura-
tion was caused by the fact that when the reference stimulus
changed with gap size, gap thresholds were larger for
20-ms than for 10-ms markers. On the other hand, when the
reference stimuli were fixed in overall duration, thresholds
were smaller for 20-ms than for 10-ms markers. However,
neither of these threshold changes were significant �t�47�
=−1.17, p=0.25 when the reference stimulus changed with
gap size; t�47�=1.31, p=0.20, when the reference stimulus
was fixed�.

Lastly, the interaction between marker duration and fre-
quency order was caused by the fact that, for an ascending
frequency order, thresholds decreased in size when going
from 10- to 20-ms duration markers. In contrast, for the de-
scending frequency order thresholds were larger when the
markers were 20 ms in duration compared to 10 ms. Yet,
neither of these threshold changes at each marker duration
reached significance �ascending frequency order: t�47�
=1.26, p=0.21; descending frequency order: t�47�=−1.53, p
=0.13�.

C. Correlation between pure-tone thresholds and
within-channel gap detection thresholds

Lastly, in order to rule out that the age differences in the
within-channel conditions were caused by age-related pure-
tone threshold elevations, we computed Pearson product-

moment correlations between listeners’ gap detection thresh-
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olds for a particular frequency condition and their respective
hearing level at that frequency. For instance, the correlation
between individual gap detection thresholds for the 1-kHz
within-channel condition with 10-ms markers and hearing
levels at 1 kHz were −0.01 for young adults and −0.28 for
old adults, respectively. Correlations were equally small for
the other three within-channel conditions, ranging from 0.07
to 0.16 in young listeners and from −0.27 to −0.36 in old
listeners. None of the correlations reached significance.
Hence, there is no evidence that within-channel gap detec-
tion thresholds vary with hearing level.

To determine whether between-channel performance
was related to hearing levels at each of the two frequencies,
we correlated gap thresholds for each of eight conditions �see
Table II� with audiometric thresholds at each of the two test
frequencies. This yielded 16 correlation coefficients for
younger adults and 16 correlation coefficients for older
adults. Of the 32 correlations tested only one reached the
alpha=0.05 level of significance. Under the null hypothesis
that hearing level and gap detection thresholds were indepen-
dent of each other we would expect 5% of the 32 correlation
coefficients �or 1.6 correlation coefficients� to reach signifi-
cance. Moreover, in the one case that reached significance
�which occurred in older adults�, the sign of the correlation
indicated that gap detection thresholds improved as hearing
levels worsened. Because of this, and because only one cor-
relation coefficient turned out to be significant, there is no
evidence to suggest that between-channel gap detection per-
formance is correlated with hearing levels at either of the two
frequencies.

IV. DISCUSSION

A. Within-channel gap detection

Figure 2 and its associated ANOVA indicated that �1�
older adults had larger gap detection thresholds than younger
adults; �2� gap detection thresholds decreased for both
younger and older adults as marker duration increased from
10 to 20 ms; �3� the size of the age difference decreased as
marker duration increased from 10 to 20 ms; and �4� gap de-
tection thresholds were lower for the 1-kHz markers than
they were for the 2-kHz markers for both younger and older
adults. The first three results are consistent with the findings
from other within-channel gap detection studies that have
used 1- or 2-kHz markers �Moore et al., 1992; Schneider
et al., 1994, 1998; Schneider and Hamstra, 1999; Strouse
et al., 1998�. However, an effect of marker frequency on
performance has not been consistently shown. Whereas some
studies �Shailer and Moore, 1987; Moore and Glasberg,
1988; Formby and Forrest, 1991� found no appreciable dif-
ference in gap threshold for 1- and 2-kHz marker frequen-
cies, others �Moore et al., 1992� seemed to show that for
both young and older normal listeners gap detection thresh-
olds increased by about 1 ms when marker frequencies in-
creased from 1 to 2 kHz. The results from the present study
are in agreement with the latter results and show that an
increase in marker frequency from 1 to 2 kHz led to larger

thresholds.
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Hence, there does appear to be a significant age differ-
ence in within-channel gap detection for short duration tonal
markers that decreases with increasing marker duration and
is uncorrelated with hearing loss.

B. Between-channel gap detection

Frequency order: A number of interesting results arose
from the between-channel conditions. First, frequency order
was the only significant main effect, whereas all other vari-
ables were only involved in interaction effects. The main
effect of frequency order indicates that going from a 1-kHz
marker to a 2-kHz marker resulted in smaller gap detection
thresholds than when the 2-kHz marker preceded the
1-kHz marker. This result is in agreement with several stud-
ies that showed a similar asymmetry effect when the lagging
marker has a higher frequency than the leading marker
�Formby et al., 1996; Lister et al., 2000, 2002�. However,
other studies have not found an asymmetry in thresholds
with respect to whether tonal frequency increased or de-
creased from the first to the second marker �Fitzgibbons
et al., 1974; Formy et al., 1998b�.

One possible explanation for this frequency order effect
is harmonic distortion. If the 1-kHz leading marker has dis-
tortion products at 2 kHz, then the participant could be bas-
ing her or his judgment on events occurring in the 2-kHz
channel, thereby turning a between-channel task into a
within-channel task. To check whether the earphone
tranducer was producing distortion products at 1 kHz, we
recorded the sound pressure level produced by the earphones
in the ear canal of a dummy head �Kemar�, using the Bruel &
Kjaer Pulse platform. Those measurements showed that any
harmonic distortion produced by the earphone was more than
70 dB down from the signal intensity. Hence, headphone dis-
tortion products cannot account for the observed effect.

However, it is possible that the presence of aural har-
monics in the inner ear could have turned the between-
channel task into a within-channel one. Aural harmonics or
subjective tones refer to the phenomenon that, in the course
of the sound transmission from the air to the basilar mem-
brane, the ear sometimes introduces new frequencies into the
original sound if the intensity of the pure tone is high enough
�e.g., Wegel and Lane, 1924; Fletcher, 1930�. For instance,
Steinberg �1935� claims that any tone below 1 kHz will pro-
duce noticeable harmonics when its intensity level exceeds
50 dB. In fact, for high-intensity sounds, the intensity of the
harmonics may exceed the magnitude of the fundamental
�Steinberg, 1935�. Lawrence and Yantis �1956� extended the
demonstration of aural harmonics to frequencies of up to
5 kHz. Specifically, they determined that aural harmonics
first occurred for a 1-kHz tone at 50 dB SPL. At 70 dB SPL
the second aural harmonic had an intensity of approximately
55 dB SPL. In the present case, the stimulus is a 1-kHz tone
whose level was approximately 70 dB SPL before it was
multiplied by the marker envelopes. Hence, according to
these measurements, we can assume that in addition to the
original 1-kHz frequency, sound energy was being generated
by the ear for frequencies of 2 kHz and possibly even higher

harmonics. The second harmonic is of specific interest to us
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because if energy was present not only at 1 but also at 2 kHz,
then the task may have acquired a within-channel compo-
nent. Hence, rather than basing their evaluation of the tem-
poral gap solely on the temporal characteristics of the 1- and
2-kHz tone presentation, the listener may have also used
within-channel cues provided by the second harmonic. When
the first marker is a 1-kHz tone it will generate an aural
harmonic at 2 kHz. Hence, if the listener attends to the
2-kHz channel, she or he should hear a weak 2-kHz tone �the
aural harmonic of the 1-kHz leading marker� when the lead-
ing marker is played, followed by a stronger 2-kHz tone
when the lagging marker �a 2-kHz tone� is played. This
would turn a between-channel task into a within-channel
task. Divenyi and Danner �1977� found that the intensity of
the leading marker could be as much as 25–45 dB lower
than that of the second marker before it began to have a
substantial effect on gap discrimination �identifying which of
two gaps is larger�. Hence, provided that the aural harmonic
produced by the leading 1-kHz tone in this experiment is
sufficiently intense, participants could possibly base their
judgments on events occurring in the 2-kHz channel.

Although aural harmonics generated by a lagging
1-kHz tone could also turn a between-channel task into a
within-channel task, the effectiveness of monitoring the
2-kHz channel is likely to be diminished because of forward
masking effects. If the first marker is a 2-kHz tone, the lis-
tener is presented with a strong 2-kHz tone followed by the
weaker, 2-kHz, aural harmonic generated by the lagging
1-kHz tone. It has long been known that the presence of an
intense masker elevates the threshold for a same-frequency
probe stimulus following the masker �e.g., Duifhuis, 1973;
McFadden and Yama, 1983; Nizami, 2003�. Hence, in the
ascending frequency case, the 2-kHz tone is present as a
weak-intensity aural harmonic in the leading marker and a
2-kHz tone in the lagging marker. In the descending fre-
quency case, the stronger 2-kHz tone is presented first and
the weaker aural harmonic second. The data of Plomp �1964�
and Penner �1977� show that it is much more difficult for
observers to perceive a gap when the intensity of the first
marker is greater than the intensity of the second marker than
when the two markers have equal intensities. Thus the
frequency-order asymmetry may result from a combination
of the presence of aural harmonics at 2 kHz coupled with
forward-masking effects.

Marker duration: The data did not provide evidence for
a general effect of marker duration for durations of 10 and
20 ms. Although no studies have investigated the effects of
marker duration on gap detection threshold for between-
channel stimuli, at least one study has investigated the effect
for within-channel stimuli. Schneider and Hamstra �1999�
showed that age differences in within-channel gap detection
thresholds declined as a function of marker duration, finally
disappearing at the longest marker duration tested �500 ms�.

Marker duration and frequency order: The interaction
between marker duration and frequency order was caused by
the fact that in the case of an ascending frequency order
longer marker durations led to smaller gap thresholds
whereas in the descending frequency order conditions the

opposite was true. This result is consistent with the notion
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that, due to the presence of aural harmonics, the ascending
frequency conditions contained a within-channel component
and therefore changes in marker duration in these conditions
had similar effects as in pure within-channel conditions.

Marker duration and duration cue: Previous within-
channel studies �e.g., Schneider and Hamstra, 1999� have
indicated that gap thresholds decrease with increasing
marker duration, a result that was replicated in our within-
channel conditions. In the between-channel case, gap thresh-
olds also decreased with increasing marker duration when
the overall duration of the reference stimulus was fixed.
Thus, the effects of marker duration on gap detection thresh-
olds are the same for both within- and between-channel con-
ditions when the overall duration of the no-gap or reference
stimulus in the between-channel conditions is fixed. How-
ever, when the duration of the reference stimulus was
matched to that of the gap stimulus in the between-channel
case, gap detection thresholds increased as the duration of
the markers defining the gap changed from 10 to 20 ms. This
deviation from the expected pattern may reflect the fact that
it is more difficult to determine the presence of a gap when
the duration of the markers in the no-gap or reference stimu-
lus are changing with the size of the gap.

Age: The only significant age effect in between-channel
conditions occurred when the stimuli were matched for over-
all duration. This result is in stark contrast to the clear age
differences that have been found in at least four between-
channel gap detection studies �Lister et al., 2000, 2002;
Pichora-Fuller et al., 2006, Roberts and Lister, 2004�. We
propose that the overall size of the gap thresholds as well as
the size of the age effect is a function of the complexity of
the stimuli. In this context stimulus complexity can be seen
as a continuum where pure-tone markers represent the sim-
plest form of gap markers that lead to the smallest overall
thresholds and the smallest age differences. Markers consist-
ing of harmonic complexes, noises, and speech sounds rep-
resent more complex sounds leading to generally higher
thresholds and more pronounced age differences �Lister et
al., 2000, 2002; Haubert and Pichora-Fuller, 1999�.

Duration cue and age: For older adults, gap detection
thresholds were lower in between-channel conditions when
marker duration was fixed than they were when gap and
no-gap stimuli were matched in overall duration. In contrast,
in younger adults, the two types of marker duration cues had
no effect on gap detection thresholds.

Because the testing sequence was always such that con-
ditions with matched overall durations were tested prior to
conditions with fixed marker durations, we tried to assess
whether practice effects may have been responsible for the
effect of duration cue on older adults. To assess the effects of
practice on performance, we looked for evidence of improve-
ments in performance as a function of the number of three-
down, one-up tracking runs in each between-channel condi-
tion in an omnibus ANOVA with duration cue, marker
duration, frequency order, and trial number as within-subject
variables. There was no indication of a practice effect for
young �F�3,69�=1.71, p=0.1� or old adults �F�3,69��1,
p=0.51�, confirming that in neither age group did gap detec-

tion thresholds decrease with practice. Moreover, practice
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also did not interact with duration cue for young �F�3,69�
�1, p=0.98� or old adults �F�3,69��1, p=0.98�. Hence, it
is unlikely that learning was responsible for the effect that
the two types of duration cues had on older adults.

Because the gap detection thresholds of the older listen-
ers were more variable in all between-channel conditions, it
is possible that some older adults used duration cues while
others did not, or that older listeners used duration cues in
some runs but not in others. This interpretation would also be
in agreement with Formby and Muir �1989� who found that
different listeners used different cues at different times.

Another possibility is that the presence of two sets of
discriminable cues �marker duration cues and gap cues� at
the larger gap sizes was more confusing to older than to
younger adults. Because our adaptive procedure started with
gap sizes of 61 ms, participants, when encountering these
larger gap sizes, could base their decision on the difference
in gap size �0 vs. 61 ms�, the difference in overall duration
for the condition in which marker duration was fixed �20 vs.
81 ms for the 10-ms markers�, or on marker duration when
gap and no-gap stimuli were matched in overall duration �10
vs. 40 ms for the 10-ms markers�. Because age differences
are more likely to appear when either the stimuli or the task
is more complex, it is possible that some older adults per-
formed less well than younger adults because of the addi-
tional complexity of the task. Moreover, one could argue that
stimulus complexity was greater when the gap and no-gap
stimuli were equated for overall duration than when the
marker duration was fixed. In the former condition both the
total duration of the no-gap stimulus and the duration of each
of its markers covaried with gap duration. In the latter, the
no-gap stimulus was unchanged from trial to trial. It is pos-
sible that older adults found it more difficult than younger
adults to make the discrimination when the duration of the
no-gap stimulus varied from trial to trial, but not when the
no-gap reference stimulus remained unchanged over an
adaptive run. It is important to note that such trial-by-trial
changes in total duration are unlikely to affect performance
in the within-channel task because the overall durations are
so short that trial-by-trial variation in overall duration would
not be noticeable near threshold levels.

Finally, there is always the possibility that temporal acu-
ity was particularly well preserved in our sample of older
adults and that this is the reason why we did not find any
substantial age differences in between-channel tasks. How-
ever, the fact that the older adults in our sample performed
worse than the younger adults in within-channel gap detec-
tion tasks, and that the pattern of age differences in within-
channel gap detection was consistent with previous studies,
suggests that our group of older adults was not atypical with
respect to temporal acuity. Hence, we conclude that age dif-
ferences in between-channel tasks increase with stimulus
complexity.

V. SUMMARY

Within-channel, but not between-channel, pure-tone gap
detection thresholds were consistently higher for older than

for younger adults. The failure to find substantial age differ-
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ences in between-channel gap detection in the present experi-
ment stands in sharp contrast to a number of studies in which
substantial age differences were reported �e.g., Lister et al.,
2000; 2002; Pichora-Fuller et al., 2006; Roberts and Lister,
2004�. However, those studies reporting substantial age ef-
fects have all used spectrally complex markers �noise bands
and/or speech stimuli� to define a gap whereas our markers
were pure tones. This suggests that age differences in gap
detection are modulated by stimulus complexity, with greater
complexity leading to greater age differences. The fact that
age differences were larger in the between-channel condition
of the present study when the duration of the no-gap stimulus
varied over trials than when the no-gap stimulus was invari-
ant over trials also suggests that age differences may be mag-
nified by task complexity. Finally, the fact that between-
channel performance was better when the first and second
markers were 1 and 2 kHz, respectively, than when the same
markers appeared in the reverse order is consistent with the
notion that both younger and older adults can use the aural
harmonics produced in the ear by the first marker to aid gap
detection.

APPENDIX: POWER SPECTRA FOR GAP
AND NO-GAP STIMULI WITH EQUAL
DURATION MARKERS

A stimulus with a gap consists of two markers, a leading
marker and a lagging marker with a gap between them. Con-
sider the case where the leading and lagging markers have
equal duration, with each marker consisting of a sinusoid
multiplied by a temporal window. Let each temporal window
consist of a sum of n+1 Gaussians spaced 1 standard devia-
tion �� seconds � apart. Furthermore, assume that the first
window is multiplied by a sinusoid whose frequency is r1 /�
Hz, and that the second window is multiplied by a sinusoid
whose frequency is r2 /� Hz, where r1 and r2 are both inte-
gers greater than 0. �In the present experiment r1=1, r2=2,
�=0.001 s.� Finally, a gap between the two markers is pro-
duced by centering the first Gaussian in the envelope of the
second marker, �m+1�� seconds after the center of the last
Gaussian in the first marker, where m is an integer. Specifi-
cally, if g1�t� is the first marker, and g2�t� is the second
marker, then

g1�t� = cos�2�r1t

�
���

k=0

n

e−�t − k��2/2�2	 , �A1�

g2�t� = cos�2�r2t

�
�� �

k=m+n+1

m+2n+1

e−�t − k��2/2�2	 . �A2�

Note that if m=0, there is no gap between the first and sec-
ond markers, that is, the sum of the envelopes of the two
markers is flat during the switchover from frequency r1 /�, to
frequency r2 /�. If m is an integer greater than zero, there is
a gap between the two markers equal to �m+1��.

Figures 1�a� and 1�b� show how a 13-ms gap is inserted
between two 20-ms markers �n=20, m=12�. The standard
deviation of the Gaussians shown in Fig. 1�a� is 1 ms, and

the means of the Gaussians are spaced 1 ms apart. Therefore
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the envelope for the first marker is obtained by summing the
first 21 Gaussians in Fig. 1�a�. If the center of the first Gauss-
ian is at T0 ms, the center of the 21st Gaussian is at T0+n
��=T0+20 ms. Hence the duration of the first marker is
20 ms. The location of the first Gaussian in the second
marker is set at T0+n�+ �m+1��=T0+20+13 ms. Therefore
the duration of the gap is 13 ms. The 21 Gaussians defining
the envelope of the second marker begin at T0+n�+ �m
+1��=T0+20+13 ms and end at T0+2n�+ �m+1��=T0

+40+13 ms. Hence the duration of the second marker is also
20 ms. The envelopes of the two markers are obtained by
summing the Gaussians associated with each marker. The
results of this summation process are shown in Fig. 1�b� �the
envelopes have been normalized by setting the maximum
amplitude to 1.0�.

Figures 1�c� and 1�d� show how the envelopes of the
no-gap comparison stimulus are constructed for the condition
in which the duration of the no-gap comparison stimulus is
equal to the total duration of the gap stimulus. The total
duration of the gap stimulus is 2n�+ �m+1�� ms=53 ms.
The equal duration comparison stimulus is obtained by sum-
ming 54 Gaussians. The first 27 Gaussians define the enve-
lope for the first marker. The second 27 Gaussians define the
envelope of the second marker. The two summed envelopes
are shown in Fig. 1�d�.

Finally, Figs. 1�e� and 1�f� show how the envelope of the
no-gap comparison is constructed for the condition in which
the duration of each of the markers in the no-gap comparison
stimulus is equal to the duration of each of the markers in the
gap stimulus. The first 21 Gaussians are used to determine
the envelope of the first marker, the second 21 Gaussians the
envelope of the second marker. The two marker envelopes
are shown in Fig. 1�f�. For both types of comparison stimuli
the sum of the two marker envelopes is flat during the tran-
sition period between the first and second markers.

To obtain the energy density function for g1�t�+g2�t� we
note that the Fourier transform of g1�t� is



−�

�

cos�2�ft�cos�2�r1t

�
���

k=0

n

e−�t − k��2/2�2	dt

− j

−�

�

sin�2�ft�cos�2�r1t

�
���

k=0

n

e−�t − k��2/2�2	dt �A3�

and the Fourier transform of g2�t� is



−�

�

cos�2�ft�cos�2�r2t

�
�� �

k=m+n+1

m+2n+1

e−�t − k��2/2�2	dt

− j

−�

�

sin�2�ft�cos�2�r2t

�
�� �

k=m+n+1

m+2n+1

e−�t − k��2/2�2	dt .

�A4�

Hence the Fourier transform of g1�t�+g2�t� is the sum of the
quantities in �A3� and �A4�. It can be shown3 that the spec-
tral density function of g1�t�+g2�t� �the square of this Fourier

transform of g1�t�+g2�t�� is
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1

2
�2�

sin2��1 + n��f��
sin2��f��

��A2 + B2 + 2AB cos�2�m + n + 1��f��� , �A5�

where

A = �e−2�2�2�f − r1/��2
+ e−2�2�2�f + r1/��2

� ,

B = �e−2�2�2�f − r2/��2
+ e−2�2�2�f + r2/��2

� . �A6�

Figure 4 plots the energy density functions �in decibels�
for the gap and the two no-gap stimuli when �=0.001 s, r1

=1, and r2=2, so the two frequencies in the cross-channel
condition become 1 and 2 kHz, respectively, n=20, so that
the two marker durations are each 20 ms long and m=12,
thereby producing a gap of 13 ms. The top panel of Fig. 4
plots the energy density functions for the stimulus with a
13-ms gap between two 20-ms markers �Fig. 1�b��, and for
the no-gap comparison stimulus whose marker durations are

FIG. 4. Top panel: relative spectral densities of two 20-ms markers �one at
1 kHz, the other at 2 kHz� separated by a gap of 13 ms �see Figs. 1�a� and
1�b��, and the same two markers without a separation between them �the
no-gap stimulus with equivalent marker durations, Figs. 1�e� and 1�f��.
Middle panel: the spectral density of the no gap stimulus whose total dura-
tion is equivalent to that of the stimulus with a 13-ms gap. Each marker
duration is 26 ms long with a 1-ms separation between the end of the first
marker and the start of the second �Figs. 1�c� and 1�d��. Bottom panel:
spectral densities of the two no-gap reference stimuli, one whose marker
durations are equivalent to those in the gap stimulus �20 ms� and one whose
marker durations are 26 ms each so that the total duration of the two mark-
ers is equivalent to that of the stimulus with the gap.
20 ms �Fig. 1�f��. Note that except for the small region near
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1500 Hz these two energy density functions are essentially
equal. The middle panel of Fig. 4 plots the energy density
function for the no-gap comparison stimulus whose total du-
ration is equal to that of the gapped stimulus. Note that the
overall form of this spectral density function is quite close to
that of the no-gap comparison stimulus whose marker dura-
tions are equal to those in the gap stimulus. This is illustrated
in the bottom panel of Fig. 4 where the energy density func-
tions of both comparison stimuli are shown. Therefore, Fig. 4
shows that it is unlikely that the discrimination between the
gap stimulus and either of the two no-gap comparison stimuli
is based on spectral cues.

1Consider a sum of Gaussians. When m Gaussians are removed from that
sum it creates a dip in the envelope. We can show that when m Gaussians
are removed from the middle of the envelope, the time difference between
when the envelope decays to 0.7 of its peak value and when it returns to 0.7
of its peak amplitude is approximately equal to �m+1��. Since the 0.7
position on the amplitude envelope is approximately the 0.5 position on the
squared envelope, the time difference between the half power points on the
envelope is approximately equal to �m+1�� for m greater than or equal to
1. The difference in area, A, between the full envelope and the envelope
missing m Gaussians is equal to m�2��. Note that the time gap, tg �mea-
sured in seconds�, created by the m missing Gaussians is tg= �m+1��, for m
greater than or equal to 1. Therefore area is linearly related to time gap by
A= �tg−���2� for tg�2�, tg measured in seconds. When there are no
missing Gaussians, the gap duration is defined as 0, and the area is 0. When
there is one missing Gaussian the gap duration is 2� and the area is �2��.
If we now assume that the area is linearly related to gap duration over this
range, area= ��2� /2�tg measured in seconds, and 0� tg�2�. All analyses
were performed on areas, and means were then converted back to equiva-
lent gap durations using these linear relationships.

2Note that Fig. 2 shows gap thresholds in time units �ms� whereas area units
were used for all statistical analyses. These area units were log transformed
to keep the variances relatively constant over experimental conditions. The
log-transformed mean area units were then translated back into time units.

3For a proof please contact Bruce A. Schneider at
bschneid@utm.utoronto.ca
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