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WERNER, LYNNE A.; MAREAN, G. CAMERON; HALPIN, CHRISTOPHER F . ; SPETNER, NANCY BENSON;
and GILLENWATER, JAY M. Infant Auditory Temporal Acuity: Gap Detection. CHILD DEVELOP-
MENT, 1992, 63, 260-272. The development of auditory temporal acuity during infancy was
examined in 3-, 6-, and 12-month-old infants and in adults using the gap detection paradigm.
Listeners detected a series of gaps, or silent intervals, of variable duration in a broadband noise.
In order to vary the acoustic frequencies available to the listener, a high-pass noise was used to
mask frequencies above specified cutoffs. High-pass maskers with cutoffs of 500, 2,000, and
8,000 Hz were used. The minimum detectable gap was determined using the Observer-based
Psychoacoustic Procedure. The thresholds of 3- and 6-month-olds were considerably poorer than
those of the adults, although the effect of masker condition was about the same for these 3 groups.
The thresholds of 12-month-olds were significantly worse than the adults when the stimulus was
unmasked or when the masker cutoff frequency was 2,000 or 8,000 Hz. When the masker cutoff
frequency was 500 Hz, 12-month-olds fell into 2 groups: some had gap thresholds that were
about the same as 3- and 6-month-oIds, while some had gap thresholds that approached those of
adults. In a second experiment, a larger group of 12-month-olds were tested with a 500-Hz
masker cutoff. Average performance of 12-month-olds was about the same as that of 3- and
6-month-olds in Experiment 1. Some infants attained thresholds close to those of adults. Thus,
gap detection thresholds are quite poor in infants, although the similarity of the effect of fre-
quency on performance in infants and adults suggests that the mechanisms governing temporal
resolution in infants operate qualitiatively like those in adults.

Temporal cues have frequently been creased progressively between 3 and 11
shown to be critical to both human and non- years. A similar age effect was observed for
human communication (e.g., Gottlieb, 1985; all tone frequencies and intensities. Irwin,
Pisoni, 1977). Moreover, a relation between Ball, Kay, Stillman, and Rosser (1985) mea-
temporal acuity and the ability to under- sured gap detection threshold, or the mini-
stand speech has been demonstrated among mally detectable silent interval in a continu-
human listeners (e.g., Dreschler & Plomp, ous sound, for children and adults. They
1980). The few studies examining the devel- found that 6-year-olds had higher gap detec-
opment of temporal acuity suggest that im- tion thresholds than older children or adults,
maturity of this capacity may even persist This effect was more pronounced at lower
into childhood. Davis and McCroskey (1980) intensities and when a low-frequency noise
determined the duration of a silent interval band was the stimulus. In contrast, Wight-
between two tone bursts required for chil- man, Allen, Dolan, Kistler, and Jamieson
dren to report hearing two sounds rather (1989) found that 6-year-olds were adultlike
than one sound. The threshold duration de- in gap detection at both 400 and 2,000 Hz.
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These investiga.tors reported that 3-year-olds
were poorer than adults in gap detection at
both frequencies; however, they were also
able to simulate the thresholds of these chil-
dren by assuming that the children were
inattentive on a high proportion of trials.
Thus, whether temporal resolution is mature
among preschool and school age children is
not clear.

Morrongiello and Trehub (1987) have
publisbed the only developmental study of
temporal resolution that included infant sub-
jects. Tbey found that adults responded to a
smaller change in the duration of a repeated
noise burst than did 5.5-year-old children,
who in turn responded to smaller changes in
duration than did 6-month-old infants. While
these age differences may result from differ-
ences in temporal acuity, one cannot dismiss
the possibility that they result from immatu-
rity of performance factors (e.g., attention)
not directly related to the auditory system.

The purpose of the current study was
to assess temporal acuity among human in-
fants. A gap detection technique, similar to
that employed in earlier studies (e.g., Fitz-
gibbons & Wightman, 1982; Irwin et al.,
1985; Irwin, Hinchcliffe, & Kemp, 1981) was
used. Because several studies of infants in
our own as well as other laboratories sug-
gest that the rate of auditory development
depends on sound frequency (e.g., Olsho,
1984; Olsho, Koch, Carter, Halpin, & Spet-
ner, 1988; Olsho, Koch, & Halpin, 1987;
Schneider, Trehub, & Bull, 1980; Sinnott,
Pisoni, & Aslin, 1983; Trehub, Schneider, &
Endman, 1980), the effect of frequency on
the development of temporal processing was
of particular interest.

The manipulation of stimulus frequency
in the gap detection paradigm is not a trivial
problem. A pure tone is the most frequency
specific sound that might be used. The most
straighfforward way to introduce a gap of
known duration into a sound is to abruptly
switch the sound off and on again. However,
this abrupt switching creates spectral "splat-
ter" (i.e., the spectrum of the stimulus will
contain energy at a range of frequencies
around that of the original pure tone). While
use of a narrow band of noise rather than a
pure tone alleviates this problem to some
extent, it does not eliminate it. Furthermore,
the waveform of a noise band has pro-
nounced variations in amplitude that may
be confused with a gap. The Frequency and
extent of such amplitude variations are re-
lated to tne bandwidtb of the stimulus and.

hence, usually to the stimulus frequency.
Thus, one explanation for the pronounced
age difference in gap detection of low fre-
quency noise bands observed by Irwin et al.
(1985) is that younger children were more
easily confused by these "dips" in the wave-
form than were older listeners.

In the current study, an interrupted
broadband noise was the stimulus in all con-
ditions. The duration of the interruption, or
gap, was varied to determine gap detection
threshold. Frequency was manipulated by
varying the low-frequency cutoff of a contin-
uous high-pass masking noise presented si-
multaneously with the interrupted stimulus.
A broadband noise contains energy over the
entire range of audible frequencies. When
gaps are introduced in a broadband noise,
the listener can use information in any fre-
quency region to detect the gaps. A high-
pass noise contains only frequencies above
its low-frequency cutoff. With such a noise
presented at a sufficiently high intensity, the
portion of the broadband stimulus above the
cutoff of the masker would be inaudible.
Only those frequencies below the cutoff
would be available for detecting gaps in the
broadband stimulus. While this stimulus
configuration avoids the problems inherent
in the use of noise bands, it conFounds fre-
quency with bandwidth. In other words, as
the cutoff Frequency oF the masker is in-
creased, the bandwidth of the stimulus that
can be used to detect gaps also increases.
Shailer and Moore (1983,1985) have shown,
however, that in the range of bandwidths
used here, the effects of bandwidth are mini-
mal compared to the effects of stimulus fre-
quency for adult listeners.

Experiment 1
Method

Subjects.—The infant subjects were 17
3-month-olds, 19 6-month-olds, and 14 12-
month-olds. These subjects provided 86 ac-
ceptable data sets. An additional 84 sessions
were attempted but excluded for the follow-
ing reasons: training criterion not met (21);
insufficient data (7); false alarm rate too high
(51); psychometric Function slope not greater
than zero (5). About half of the excluded ses-
sions were from the infants who eventually
contributed thresholds to the final data set.
The rest were from seven 3-month-olds,
nine 6-month-olds, and eight 12-month-olds
who never provided usable data, typically
because they did not return for testing after
the first or second session. All subjects met
the following criteria for inclusion: (1) full-
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term gestation and normal pre-, peri-, and
postnatal developmental course; (2) no his-
tory of hearing dysfunction and no family
history of congenital hearing loss; (3) no oc-
currence of middle ear infections within 2
weeks of testing and no more than 2 prior
occurrences of middle ear problems. All in-
fants completed testing within 2 weeks of
the age given.

Eleven 20—30-year-olds were the adult
subjects. All were undergraduate or gradu-
ate students. All reported normal hearing
and no history of hearing dysfunction. None
of the adult subjects had prior experience
listening in psychophysical or other auditory
experiments. Adults were tested in two ses-
sions; one of the adult subjects completed
only one session.

Data with respect to subject race, gen-
der, and socioeconomic status were not sys-
tematically collected.

Stimuli and apparatus.—Two indepen-
dent noise generators (Coulbourn S81-02)
were used to produce tbe stimulus and
masker. The stimulus noise was presented at
a spectrum leveP of 30 dB SPL. Caps were
created in the noise by gating the stimulus
off and on with a rise/fall time less than 1
ms. Gap duration could be varied between
0 and 125 ms in 1-ms steps. A series of 10
gaps, each gap followed by 500 ms of noise,
constituted a "signal" trial. Using tbis ratber
long "intergap interval" ensured that sub-
jects could not use cbanges in tbe overall
loudness of the stimulus to detect gaps. Al-
though this procedure meant that trial dura-
tion changed as gap duration changed, once
gap duration reached near threshold values,
the resulting change in duration would be
negligible.

Tbe masker noise was high-pass filtered
with cutoffs of 500, 2,000, or 8,000 Hz (i.e.,
frequencies above the cutoff were passed by
the filter, while frequencies below the cutoff
were not). These frequencies would be ex-
pected to result in different levels of perfor-
mance in adults, and they represent frequen-
cies where infants perform differentially
relative to adults in other tasks (e.g., Olsho,
1984; Olsho, Koch, & Halpin, 1987; Olsho et

al., 1988; Schneider et al., 1980; Sinnott et
al., 1983; Trehub et al., 1980). Two Krobn-
Hite 3343 filters in series were used to
achieve a nominal filter slope of 96 dB/oct.^
The masker level, 35 dB pressure spectrum
level, was chosen so that when the unfil-
tered masker noise was presented simulta-
neously with the interrupted stimulus, no
gaps were detected by a panel of adult pilot
subjects. The same spectrum level of the
masker was then maintained in all condi-
tions. The stimulus, and, in masked con-
ditions, the masker were turned on at the
beginning of the session and, except for
the gaps during signal trials, remained on
throughout the session.

A Sony E222 earphone was used to de-
liver sounds to all listeners. The frequency
response of this earphone was relatively fiat
(i.e., it produced the same intensity) to about
6,000 Hz, with a gradual roll-off at higher
frequencies. An equalizer was used to en-
sure that the spectrum of the noise delivered
by the earphone was flat (± 2 dB) to about
10,000 Hz. Calibrations were performed in
a 6-cc coupler (meant to approximate tbe vol-
ume of the external ear) using a Hewlett
Packard 3521A spectrum analyzer and rou-
tinely checked with a Bruel & Kjaer 2215
sound level meter (see Olsho et al., 1988,
for details). The diameter of the earphone is
approximately V2 inch; it was placed in a
foam cushion and held at the entrance to the
ear canal with micropore tape. By taping the
earphone cord to the back of the infant's
shirt to reduce tension on the cord, we were
generally able to maintain a stable earpbone
position throughout a session.

Testing was conducted in a single-
walled, sound-attenuating bootb (IAC). The
infant sat on a parent's lap, facing a window
into an adjacent control room and a video
camera in the test booth. There was a table
directly in front of the parent and infant. An
assistant was seated to the infant's left, and
a smoked Plexiglas box containing lights and
a mechanical toy, the "visual reinforcer,"
was placed to the infant's right at infant eye
level.

Procedure.—Infants were tested using
the Observer-based Psychoacoustic Proce-

' Spectrum level is deflned as the average intensity of sound in a 1-Hz band.
^ The filter slope specifies the degree to which frequencies falling beyond the cutoff of the

filter are attenuated. A filter slope of 96 dB/octave, for example, would mean that a frequency 1
octave below the filter cutoff would be attenuated by 96 dB relative to the cutoff frequency. The
degree of attenuation provided by the filter may not actually be achieved since the noise level
in the sound generation system can be higher than the level achieved by the filter; hence, the
"nominal" filter slope is typically given.
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dure (Olsho, Koch, Halpin, & Carter, 1987).
In this procedure, an observer, blind to trial
type, uses the infant's behavior on each
trial to decide whether a signal or no-signal
trial has occurred. In the current experi-
ment, a signal trial was defined as a trial on
which gaps were presented; a no-signal trial
was a period of equal duration during which
the stimulus was continuous.

The infant was seated on a parent's lap
in the test bootb, and the earphone was
placed on the infant's right ear. An assistant
was seated to the infant's left and manipu-
lated toys to maintain the infant in a quiet,
attentive state, facing forward. The parent
and the assistant listened to masking sounds
presented over circumaural headsets to pre-
vent them from hearing the stimuli pre-
sented to the infant and inadvertently infiu-
encing the infant's responses. The parent
heard music; the assistant monitored activity
in the control room.

The observer watched the infant from
the control room, either through the window
or over a video monitor. The noise stimulus
was presented continuously from the begin-
ning of the session. The observer began a
trial when the infant was quiet and attending
at midline. Signal trials were presented to
the infant with a probability of 0.65. A flash-
ing LED indicated to the observer tbat a trial
was in progress, but the observer did not
know whether a signal (gap) or no-signal
(continuous noise) trial was being pre-
sented. The observer used the infant's be-
havior to decide whether a signal or no-sig-
nal trial had been presented, and received
feedback after each trial.

Each test session consisted oF two
phases, training and testing. During train-
ing, the duration of the gaps on signal trials
was flxed at 100 ms. If the observer judged
that a signal had occurred on a signal trial,
the visual reinforcer was activated as soon
as the observer recorded the judgment and
continued for 4 sec after the end of the trial.
If the observer judged that no signal had oc-
curred on a signal trial, the reinforcer was
activated for 4 sec at the end of the trial, and
an error was scored. If the observer judged
that no signal had occurred on a no-signal
trial, a correct rejection was scored, and if
the observer judged that a signal had oc-
curred on a no-signal trial, an error (false
alarm) was scored. In no case was the rein-
forcer activated during or after a no-signal
trial. The purpose of this procedure was to
encourage the infant to respond to the gaps

in anticipation of the onset oFthe reinForcer.
The observer could then use whatever re-
sponse the inFant made (e.g., head turning,
eye widening, cessation of activity) as the
basis of his or her judgment on each trial.
The training phase continued until the ob-
server had reached a criterion of four of the
last flve signal trials correct and four of the
last five no-signal trials correct.

During the testing phase, the visual re-
inforcer was activated only when the ob-
server judged that a signal had occurred
when a signal trial had actually been pre-
sented. Gap duration was varied to estimate
a threshold, following PEST mles (Taylor &
Creelman, 1967; Spetner & Olsho, 1990, de-
scribe the threshold estimation procedure in
detail). Briefly, these rules specify that if the
observer is correct at a given gap duration,
the gap should be made shorter, while if the
observer is incorrect at a gap duration, the
gap should be made longer. When the ob-
server goes from being correct to being in-
correct as the gap duration is changed (i.e.,
a reversal occurs), then the amount by which
the gap duration changes (the step size) is
halved. The effect is to generate a binary
search For the threshold. In the current ex-
periment, the observer was considered cor-
rect at a given gap duration if at least three
of the last four signal trials at that duration
were correct. The observer was considered
incorrect if Fewer than three of the last four
signal trials at a given duration were correct.
The observer was required to maintain a
false alarm rate below 0.25 during testing.
Testing was continued until 50 signal trials
had been presented, or until the observer's
false alarm rate exceeded 0.25, or until the
infant's state precluded further testing. A
typical test run lasted 20 min. An example
of an infant test protocol is shown in Fig-
ure 1.

Thresholds were estimated as the gap
duration at which the observer said "signal"
70% of the time. This duration was esti-
mated by taking the proportion of "signal"
judgments at each gap duration presented to
an individual infant in a given condition and
fitting a psychometric function to those data
points using probit analysis (Finney, 1970).
The fit of the function was assessed using
a maximum likelihood criterion (Hall, 1968,
1981). The threshold for a session was used
only if at least 30 signal trials were obtained,
the false alarm rate did not exceed 0.25, and
the slope of the best-fitting function was
greater than zero. If a session was excluded,
thresholds were obtained in subsequent vis-
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FIG. 1.—Example of a trial-by-trial protocol for a 12-month-old tested in the 8,000-Hz masker

cutoff condition. Filled symbols represent trials on which the observer responded "signal"; circles aie
no-signal trials; squares are training signal trials; triangles are testing signal trials.

its if possible. If a condition was repeated,
the entire training and testing procedure
was completed on the return visit.

Adult thresholds were obtained using
the same general procedure, except that the
adults listened alone in the test booth and
were asked to raise their hands when they
heard gaps in the noise. An observer in the
control booth recorded responses, and the
reinForcer was activated as feedback to
the adult Following the same contingencies
used in inFant testing.

An attempt was made to test each sub-
ject under Four conditions: no masker, high-
pass masker with 500-Hz cutoff, high-pass
masker with 2,000-Hz cutoFF, and high-pass
masker with 8,000-Hz cutoff. Thresholds in
these four conditions were obtained in ran-
dom order. All adults were able to complete
the four thresholds within two 1-hour ses-
sions. Infants were rescheduled as many
times as possible to obtain four thresholds.
However, only a few infants actually pro-
vided data in all four conditions; at least six
infants at each age provided thresholds in
each condition. The number of thresholds
obtained in each condition are listed in Ta-
ble 1.

Results
The average gap detection threshold in

each masking condition for listeners of vari-
ous ages is shown in Figure 2. When adults
were forced to use frequencies below 500
Hz to detect gaps, their gap detection thresh-
olds averaged about 16 ms. Adult thresholds
improved to about 5 ms when frequencies
as high as 8,000 Hz were available. These

average thresholds are consistent with those
typically reported for adults (e.g., Fitzgib-
bons & Wightman, 1982; Irwin et al., 1981),
and the improvement in performance with
frequency has also been well documented
in adults (e.g., Buus & Florentine, 1982;
Fitzgibbons, 1983; Shailer & Moore, 1985).

Several aspects of inFant perFormance
are noteworthy. First, it is apparent that, in
general, the inFants do not perForm as well
as the adults do. Although that Fact in itselF
is not startling, the size oF the age effect is
rather dramatic: 3- and 6-month-oIds have
average thresholds 40 to 60 ms higher than
those oF adults in all masking conditions.
Compared to infants' Fairly good pure tone
thresholds and frequency diFFerence thresh-
olds (Olsho et al., 1988; Olsho, 1984), this is
a lairge age difference. For example, in fre-
quency discrimination, infant thresholds are
roughly twice those of adults (e.g., Olsho,
1984; Sinnott & Aslin, 1985), while in gap
detection, inFant thresholds are at least Four
times those of adults. Second, the effect of
frequency on the gap detection threshold is
similar for 3-month-olds, 6-month-olds, and
adults: the threshold improves as higher fre-
quencies are made available until the 8,000-
Hz masker cutoff does not differ from the
unmasked condition.

Third, the performance of the 12-
month-olds appears to differ From that oF
both younger and older listeners. The 12-
mdnth-olds do no better than the 3- or 6-
month-olds with 2,000- or 8,000-Hz masker
cutoffs or in the unmasked condition. When
the cutoFF of the masker is as low as 500 Hz,
the 12-month-olds' average gap detection



TABLE 1

MEANS AND STANDARD DEVIATIONS OF OTHER MEASURES OF GAP DETECTION PERFORMANCE

Age
Masker

Condition N
False

Alarm Rate

.19
(.05)
.19

(.06)
.22

(.04)
.00

(.00)
.20

(.09)
.21

(.03)
.22

(.03)
.05

(.06)
.22

(.06)
.22

(.02)
.21

(.04)
.03

(.04)
.18

(.06)
.23

(.05)
.23

(.02)
.04

(.07)

Trials to
Training
Criterion

22.11
(12.15)
17.25
(8.91)
24.17
(9.58)
8.00

(1.33)
29.00

(17.81)
23.00

(15.40)
25.33

(12.86)
10.30
(1.49)
17.67

(10.78)
23.86

(10.82)
25.83
(9.99)
9.09

(1.64)
25.17

(18.60)
18.22

(11.08)
22.43

(10.05)
9.10

(1.64)

Psychometric
Function

Slope (z/ms)

5.83
(.21)
3.31
(.35)
4.48
(.25)
1.87
(.33)
3.43
(.50)
5.83
(.05)
1.69
(.49)

.97
(.51)
3.38
(.16)
4.24
(.50)
4.26
(.41)
2.06
(.35)
8.31
(.14)
4.05
(.27)
4.79
(.20)
1.79
(.32)

3

6

12

adult

3

6

12

adult

3

6

12

adult

3

6

12

adult

unmasked

unmasked

unmasked

unmasked

500 Hz

500 Hz

500 Hz

500 Hz

2,000 Hz

2,000 Hz

2,000 Hz

2,000 Hz

8,000 Hz

8,000 Hz

8,000 Hz

8,000 Hz

9

12

6

10

6

6

6

10

6

7

6

11

6

9

7

11

NOTE.—Standard deviations are in parentheses.

o

3-month-olds 6-nionth-olds 12-monthKjlds

Age

500 Hz
2000 Hz
8000 Hz
Unmasked

Adults

FIG. 2.—Average gap detection threshold (± 1 SE) as a function of masker condition for four age
groups. Note that a logarithmic scale is used on both axes.
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TABLE 2

INDIVIDUAL GAP DETECTION THRESHOLDS OF 12-MONTH-OLDS AND ADULTS IN THE
500-Hz MASKER GUTOFF GONDITION

30019
30018
31013
31018
30020
31015

SD

12-MONTH-OLDS

Gap Threshold
Subject Number (ms)

6
15
10
18
74
94
36.2
37.8

ADULTS

Subject Number

32001
32002
32003 ....
32004
32005
32006
32007
32009
32010
32011

SD . . .

Gap Threshold
(ms)

8
14
10
41
10
13
19
24
19
8

16.4
10.1

threshold approaches that of the adults, but
the variability in performance is extremely
high. Examination of the individual thresh-
olds in this condition (Table 2) suggests a
bimodal distribution of thresholds. Two of
the six subjects performed as poorly as the
younger infants, while the other four per-
formed as well as adults. There was no evi-
dence of a bimodal distribution of thresholds
in any of the ofher ages or conditions. This
finding is discussed further below and led
us to test a second group of 12-month-olds
in this condition (Experiment 2).

Gap thresholds were transformed using
the logarithmic function to make the vari-
ances more homogeneous before applying
analysis of variance (Winer, 1971). Because
of the extreme variability among 12-month-
olds at 500 Hz, this group was excluded From
the analysis. An age (3) X masking condition
(4) analysis of variance'' of the transformed
thresholds showed a significant effect of age
[F(2,86) = 108.9, p < .001], a significant ef-
fect of masking condition [F(3,86) = 8.4, p
< .001], but no effect of the age x masking
condition interaction [F(6,86) = .5, p = .8].
One-way analysis of variance was used to
examine the effect of age on the gap detec-
tion threshold in each masking condition.
Twelve-month-olds were included in these
analyses at 2,000 and 8,000 Hz and in the
unmasked condition. The effect of age was
significant at 500 Hz [F(2,194) = 25.877,

p < .001], at 2,000 Hz [F(3,26) = 27.867,
p < .001], at 8,000 Hz [F(3,29) = 48.426, p
< .001], and in the unmasked condition
[F(3,33) = 16.583, p < .001]; in each of these
conditions Tukey HSD multiple compari-
sons indicated that 3-, 6-, and 12-month-olds
(where included) did not differ from each
other, but that each infant group had signifi-
cantly higher thresholds than the adults.
Thus, the statistical analyses confirmed the
trends that appear evident in Figure 2.

In order to better understand the nature
of tbe age differences in gap detection
thresholds, three additional perFormance
measures were examined: False alarm rate,
number oF training trials to criterion, and
slope oF the psychometric Function used to
calculate the threshold. The means and stan-
dard deviations of these measures for each
age group are listed in Table 1. DifFerences
among the age groups were tested using
one-way analysis of variance in each mask-
ing condition.

All infant groups had higher false alarm
rates than adults in all conditions. Thus, one
factor contributing to tbe age difference in
thresholds could be age differences in re-
sponse bias. However, unless response bias
varied in a systematic way witb masker con-
dition, it could not explain wby the nature of
the age difference in threshold varied with
masker condition. False alarm rate was
transformed using an arcsin transformation

^ The use of a factorial analysis was justified by the fact that none of the correlations between
thresholds obtained from the same subjects in difFerent masking conditions was signiflcant after
partialing out the efFect of age.



Werner et al. 267

(Winer, 1971) for the statistical analysis. The
effect of age was significant in each condi-
tion, unmasked [F(3,33) = 18.456, p < .001],
500 Hz [F(3,24) = 7.918, p < .002], 2,000
Hz [F(3,26) = 34.457, p < .001], and 8,000
Hz [F(3,29) = 23.956, p < .001]. In each
case, though, post hoc analyses showed
the same pattern of age differences, 3-, 6-,
and 12-month-olds all having significantly
higher false alarm rates than adults. Thus,
differences in response bias cannot account
for the difference between 500 Hz and the
other masking conditions.

The number of training trials to criterion
may refiect the difficulty experienced by lis-
teners in leaming the detection task under
different masking conditions, and one might
predict that thresholds would be higher for
listeners and conditions under which the
task is more difficult to learn. Again, infants
generally required more trials than adults
to reach training criterion, as indicated in
Table 1. The one-way analysis of variance
showed a significant effect of age in all con-
ditions, unmasked [F(3,33) = 5.891, p <
.002], 500 Hz[F(3,24) = 3.94, p < .028],
2,000 Hz[F(3,26) = 7.074, p < .001], and
8,000 Hz[F(3,29) = 3.357, p < .032]. New-
man Keuls analyses indicated that at 500 and
2,000 Hz and in the unmasked condition the
infants all required significantly more trials
to reach training criterion than the adults.
At 8,000 Hz, only the 3-month-olds required
more training trials than the adults. This sug-
gests that the 8,000-Hz condition was rela-
tively easier for the 6- and 12-month-olds to
learn, but it is noteworthy that the three
groups of infants had comparable thresholds
in this condition nonetheless.

Finally, psychometric function slopes
may affect threshold estimates in that thresh-
olds estimated on shallower psychometric
functions will be more variable than those
estimated on steep psychometric functions
(e.g., McKee, Klein, & Teller, 1985). The
slopes derived from probit analysis (Finney,
1970) were transformed using a tan"^ trans-
Formation Following Watson, Franks, and
Hood (1972). Although examination of the
average slopes listed in Table 1 suggests that
the adults tended to have shallower psycho-
metric functions than infants, one-way anal-
ysis of variance of the transformed slopes in
each masking condition indicated no sig-
nificant differences among the age groups in
any masking condition. Thus, differences in
gap detection thresholds do not appear to
stem from differences in the accuracy of esti-
mate for diFFerent age groups.

Discussion
It was clear From the above results that

inFants generally have poorer gap detection
thresholds than adults under all masking
conditions, although the effect oF masking
condition is similar For younger inFants and
adults. IF one considers just the 3- and 6-
month-olds, the difference between the in-
Fants and adults is difficult to interpret. The
Fact that restricting the Frequency region in
which gaps are heard has a similar effect on
the performance of these infants and adults
supports the interpretation that temporal
coding operates in a similar way in fhe two
groups. The dramatic difference between in-
Fant and adult gap thresholds according to
this interpretation would result From other
Factors infiuencing perFormance, such as at-
tention or motivation.

One result that argues against attention
as an important Factor is that inFant and adult
psychometric function slopes in gap detec-
tion did not difFer. Inattentiveness would
be expected to make the psychometric func-
tion slope shallower (Schneider, Trehub,
Morrongiello, & Thorpe, 1989). This is a
somewhat surprising result, because infant
psychometric function slopes are typically
shallower than those of adults, even when
infant performance is fairly good (e.g., Olsho
et al., 1987).

An alternate interpretation is that the
age difference in thresholds results, at least
partially, from immaturity of temporal cod-
ing. The finding that some 12-month-olds
have adultlike gap detection thresholds at
500 Hz might be taken as support for this
interpretation. If 12-month-olds are in a pe-
riod of rapid development of temporal cod-
ing, then high variability in performance
would not be unexpected. Given tbe small
number of 12-month-olds who completed
testing at 500 Hz, however, little faith can
be put in the result. In Experiment 2 an ad-
ditional group of 12-month-olds was tested
with a 500-Hz masker cutoff to determine
whether the result was replicable.

Experiment 2

Method
Subjects.—The subjects were 11 12-

month-old infants and five 20—30-year-old
adults meeting the inclusion criteria de-
scribed for Experiment 1. These subjects
also passed tympanometry, a screening test
for middle ear dysfunction, on the test date.
An additional eight infants did not provide
a threshold: four did not reach training crite-
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rion, and Four did not complete enough test
trials.

Stimuli and apparatus.—The stimuli
were the same as those used in the 500-Hz
masker cutoff condition in Experiment 1.
A General Radio 1381 noise generator
produced the stimulus (gapped) noise. A
Grason-Stadler 901B noise generator pro-
duced the masking noise. The masking noise
was high-pass filtered using a Kemo VBF
25MD filter with a nominal slope oF 90 dB/
octave. Except For the earphone, the rest
oFthe apparatus was the same as in Experi-
ment 1.

An Etymotic insert earphone (ER-1) was
used to deliver sounds to the listeners. This
earphone has a fiat Frequency response over
a broad Frequency range, eliminating the
need For equalization. The Foam ear tips that
held the delivery tube in place were
trimmed to fit tbe inFants' ear canals. InFants
generally tolerate the insert earphones as
well as or better than other earphones, and
they deliver the stimulus at a more consis-
tent intensity. Calibrations were perFormed
in a Zwislocki coupler,'' but in other respects
as in Experiment 1.

Procedure.—Each listener was tested in
a single condition, the 500-Hz masker condi-
tion oF Experiment 1. The test method, the
Observer-based Psychoacoustic Procedure,
was the same as in Experiment 1. General
aspects oF the procedure were the same, but
several changes were made in the psycho-
physical procedure in an attempt to reduce
the variability in inFant perFormance.

Each session included two training
phases. In the first training phase, signal tri-
als were presented with a probability of 0.8
and the reinforcer was activated on sig-
nal trials, whether or not the observer re-
sponded correctly. Gap duration was 125 ms.
This phase ended when the observer was
correct on at least four of the last five consec-
utive trials as long as at least one of the cor-
rect trials was a no-signal trial. In the second
training phase, the probability of a signal
was 0.50, and the reinforcer was activated
only when the observer correctly identified
a signal trial. Gap duration was 125 ms. This
phase continued until the observer was cor-

rect on at least four of the last five signal
trials and on at least four of the last five no-
signal trials.

During the test phase, threshold was es-
timated using a one-up, two-down adaptive
method (Levitt, 1971). The probability of a
signal trial was 0.50. Gap duration began at
125 ms. If the observer was correct on two
consecutive trials (signal or no-signal), gap
duration was reduced. If the observer was
incorrect on one trial, gap duration was in-
creased. The size of the step in gap duration
was varied using PEST rules as in Experi-
ment 1. Tbe test phase continued until at
least eight reversals had occurred. Thresh-
old was defined as the average of the gap
durations at which reversals occurred, ex-
cluding the first two reversals.

The advantage of this method over that
used in Experiment 1 is that because re-
sponses on both signal and no-signal trials
affect the threshold, the observer cannot ob-
tain low thresholds simply by responding
"signal" more often. Computer simulations
indicate that this version of the one-up, two-
down rule converges on approximately the
70% correct point on the psychometric Func-
tion, and this test method and the method
used in Experiment 1 produce the same
average threshold For inFants (Werner &
Marean, 1991).

Results
The average gap threshold oF 12-

month-olds in Experiment 2 was 62.2 ms
(SEM = 9.0), while the average For the
adults was 13.2 ms (SEM = 2.3). The 12-
month-olds' average was much poorer than
in Experiment 1; in fact, this mean would
fall with those of 3- and 6-month-olds for Ex-
periment 1. Thus, one might conclude that
there is little evidence of improvement in
gap detection between 3 and 12 months in
any condition. The only hint that there is
any difference here was the distribution of
thresholds in the two age groups, shown in
Figure 3. Although there is no overlap be-
tween the infants and adults in gap thresh-
olds, the distribution of infant thresholds
still appears to be bimodal. Six of the 11 in-
fants had thresholds between 30 and 49 ms,
and four had thresholds higher than 90 ms.

"* An insert earphone fits into the listener's ear canal. The advantage of an insert is that there
is little variability in the intensity of stimulus because the position oF the delivery tube is less
variable. Because the volume of the ear canal beyond the end of the delivery tube is smaller
than the volume of the ear canal beyond an earphone that sits outside the ear canal, calibrations
are perFormed in a smaller coupler. The Zwislocki coupler gives a more accurate calibration
value than a 2-cc coupler at high Frequencies.
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Thus, although the best 12-month-olds in
this sample were not as good at gap detec-
tion as adults, they are better than the 3- and
6-month-olds tested at 500 Hz in Experi-
ment 1. It should be noted, moreover, that it
was rare to find infants in any other condi-
tion in Experiment 1 whose thresholds fell
within 10 ms of the worst adult in the same
condition. This occurred four times in 80
thresholds, twice in the unmasked condition
(a 3-month-old and a 6-month-old), once in
the 500-Hz condition (a 3-month-oId), and
once in the 2,000-Hz condition (a 12-month-
old). Finally, 12-month-olds' gap detection
thresholds may have been somewhat poorer
in Experiment 2 as a result of changes in
procedure. Although the two procedures
produce the same results in tone detection
(Werner & Marean, 1991), it is possible tbat
this would not be tbe case in gap detection.
At this point, the safest conclusion may be
that 12-month-olds are not different from
younger infants in gap detection. That we
continue to find 12-month-olds who perform
fairly well at 500 Hz, however, suggests that
improvement in the gap detection threshold
may be occurring at this age.

General Discussion
The major findings of this study are

threefold. First, infants generally perform
quite poorly in gap detection. Second, the
effects of restricting the range of frequencies
available for detecting gaps are qualitatively
similar for infants and adults. Third, there is
a suggestion that improvement in gap detec-
tion performance is occurring around 12

months oF age and that this improvement oc-
curs first in the case where only low Fre-
quency inFormation is available For gap de-
tection.

These results are consistent with Mor-
rongiello and Trehub's (1987) finding that
6-month-olds required a greater change in
the duration oF repeated noise bursts to de-
tect a change, and with Wightman et al.'s
(1989) report that 3-year-olds had higher gap
detection thresholds than adults. The 12-
month-olds who perFormed well in gap de-
tection at low frequencies here perFormed,
on average, a little worse than Wightman et
al.'s (1989) 3-year-olds did in their 400-Hz
condition. InFants in all the other conditions
in this study perFormed much worse than
Wightman et al.'s (1989) 3-year-oIds. The
psychophysical data thus suggest substantial
improvement in auditory temporal resolu-
tion over the early years oF liFe.

Numerous studies have demonstrated
that inFants as young as 1 month oF age can
discriminate between speech sounds that
vary along a temporal dimension (reviewed
by Aslin, Pisoni, & Jusczyk, 1983). Is the
finding that inFants have such poor gap de-
tection thresholds inconsistent with that lit-
erature? In fact, it appears that w^hen tem-
poral information alone is provided, 6—8-
month-olds may have difficulty discriminat-
ing speech stimuli (Eilers, Morse, Gavin, &
Oiler, 1981). Aslin et al. (1983) suggest that
infants may have been using nontemporal
cues to discriminate between sounds in ear-
lier experiments. Thus, it appears that the
poor gap detection performance reported
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here is not inconsistent with the infant
speech perception literature.

There are at least three classes of factors
that could contribute to age-related improve-
ment in gap detection perFormance. The first
is maturation oF temporal coding in the pri-
mary auditory pathways. Brugge and his col-
leagues (Brugge, Javel, & Kitzes, 1978; Kett-
ner, Feng, & Brugge, 1985) have shown that
phase locking, the tendency oF neurons to
respond in a manner that is time-locked to
a stimulus waveform, gradually improves
following the onset of auditory function in
kittens. Unlike absolute sensitivity and
frequency resolution, which mature very
quickly once the peripheral auditory system
begins to function, temporal coding matures
over a longer time course and appears to ma-
ture later at more central loci (Brugge et al.,
1978; Kettner et al., 1985; Sanes & Rubel,
1988). Given the protracted time course of
development in temporal coding and that
the rate of development is slower in humans
than in other mammals, it is possible that
one would see continuing maturation of tem-
poral coding during human infancy. In fact,
the latency of the auditory brainstem re-
sponse (ABR) continues to mature until
some time after 12 months of age in humans,
and this age-related change is usually attrib-
uted to increases in the synchrony oF evoked
neural activity (e.g., Eggermont, 1985).
Since neural synchrony is a by-product of
pbase locking, one might conclude that mat-
uration oF temporal coding in humans con-
tinues at least until 12 months postnatal age.
Finally, Brugge and his colleagues (Brugge
et al., 1978; Kettner et al., 1985) have shown
that the first neurons to achieve adultlike
phase locking are those reponding to low
Frequencies. The only inFants we observed
who approached adult performance in gap
detection were 12-month-olds listening at
500 Hz. At the same time, the age differ-
ences in gap detection observed bere are
larger than would be predicted from the data
on neural development, and it is not clear
that one vi'ould predict a maturational course
that exceeds 3 years in duration. It is also
not obvious that one would expect to see
an adultlike frequency effect in gap detec-
tion in infants if the infant system were sub-
stantially immature, since the variability in
neural response resulting from immaturity
would be likely to swamp the differences in
variability associated with frequency.

Another Factor that may contribute to the
infant-adult performance difference in gap
detection is the effective level of the stimu-

lus. The stimuli here should have been well
above threshold for all subjects at a spectrum
level of 30 dB SPL, but since infants require
higher intensities of sound for simple detec-
tion (e.g., Olsho et al., 1988; Trehub et al.,
1980), and since the stimuli here were pre-
sented at a fixed intensity, the sensation
level of the stimuli would be lower for the
infants. Sensation level is known to affect
gap detection threshold (e.g., Fitzgibbons,
1983), and it is likely that some of the differ-
ence between the younger infants and adults
can be accounted For by sensation level diF-
Ferences. It is unlikely that sensation level
can completely account For the observed age
diFFerences in gap detection perFormance For
several reasons. First, inFant-adult diFFer-
ences in sensation level on the order of those
typically reported (e.g., Olsho et al., 1988)
are far too small to account for the large age
difference in gap detection performance
(e.g., Fitzgibbons, 1983). Second, age differ-
ences in absolute sensitivity are frequency
dependent (e.g., Olsho et al., 1988; Trehub
et al., 1980), but for 3- and 6-month-olds, age
differences in gap detection are constant
across Frequencies. To the extent that sensa-
tion level differences do contribute, how-
ever, it should be possible to show that in-
Fants improve more rapidly than adults do as
the level oFthe stimulus is increased beyond
the level used here.

Clearly, nonsensory mechanisms that aF-
Fect inFant responses must be considered. At
all ages, inFants tend to require more trials
to learn the task and to have a more liberal
response bias during testing than adults do.
This suggests a general inefficiency in inFant
processing oF auditory inFormation. More
specifically, Werner and Bargones (1991)
showed that 6-month-olds had difficulty de-
tecting a sound in the presence oF an irrele-
vant sound, even when the irrelevant sound
was at a distant Frequency, while adult per-
Formance was unaFFected by the irrelevant
sound. In other words, adults listened selec-
tively For the target, while infants did not.
The fact that adults in the present study
achieved gap detection thresholds close to
those reported in studies using narrow-band
stimuli implies that they listened selectively
for gaps in the optimal frequency region. If
infants did not listen selectively, their per-
formance would be relatively poor, since on
many trials they would be listening in a non-
optimal frequency region. A frequency ef-
Fect would still be predicted since the in-
Fants would happen to be listening in an
optimal Frequency region on some trials.
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This idea leads to the prediction that inFants
might do better in detecting gaps in a narrow
band stimulus.

IF anything, the finding that some 12-
month-olds do relatively well in gap detec-
tion at 500 Hz suggests that temporal reso-
lution is relatively rnature. Why this only
occurs in the 500-Hz condition is not clear,
but it may involve some interaction between
the Factors described above. For example,
12-month-olds may have mature temporal
resolution but only be able to listen selec-
tively when gaps occur in a restricted Fre-
quency region. This hypothesis could be
tested by examining infant gap detection
when bandwidth and frequency are manipu-
lated independently.

It is likely that some combination of
factors—temporal coding, sensation level,
general processing efficiency, or selective
listening—is responsible for tbe large differ-
ences between inFants and adults in gap de-
tection perFormance. Moreover, it need not
be the case that a single Factor or even a sin-
gle combination oF Factors accounts For im-
provement over the entire developmental
course oF gap detection. Studies that use
similar stimuli and methods to assess perFor-
mance over a broader age range, testing spe-
cific hypotheses about the nature oFthe age-
related change in temporal processing, are
clearly in order.
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