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This study examined age-related changes in temporal sensitivity to increments in the inter-onset
intervals ~IOI! of successive components in tonal sequences. Temporal discrimination was
examined using reference stimulus patterns consisting of five 50-ms, 4000-Hz components with
equal tonal IOIs selected from the range 100–600 ms. Discrimination was examined in separate
conditions by measuring the relative difference limen~DL! for increments of tonal IOI in
comparison sequences. In some conditions, comparison sequences featured equal increments of all
tonal IOIs to examined listener sensitivity to uniform changes of sequence rate, or tempo. Other
conditions measured the DL for increments of a single target IOI within otherwise uniform-rate
comparison sequences. For these measurements, the single target IOI was either fixed in sequence
location, or randomized in location across listening trials. Listeners in the study included four
groups of young and elderly adults with and without high-frequency hearing loss. The results for all
listeners showed the relative DL for rate discrimination to decrease from a maximum at the 100-ms
IOI to a smaller stable value across the range of longer sequence IOI. All listeners also exhibited
larger relative DLs for discrimination of single target intervals compared to rate discrimination for
equivalent reference IOI values. Older listeners showed poorer performance than younger listeners
in all conditions, with the largest age differences observed for discrimination of brief single intervals
that were varied randomly in sequence location. None of the results revealed significant effects of
hearing loss on performance of younger and older listeners. ©2001 Acoustical Society of
America. @DOI: 10.1121/1.1371760#

PACS numbers: 43.66.Mk, 43.66.Sr@SPB#
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I. INTRODUCTION

This paper describes experiments that compared
ability of younger and older listeners to discriminate chan
in the timing of successive events within auditory sequenc
For many years, research on cognitive aging has provi
evidence that elderly persons exhibit a generalized declin
the rate of information processing, with factors such
stimulus complexity and task demands having an impor
influence on performance Meyersonet al., 1990; Cerella,
1990; Salthouse, 1991!. The contribution of sensory and pe
ceptual influences on the cognitive tasks is not usually c
sidered, and has only recently become an area of enha
investigation. For example, it is generally known that hig
frequency sensorineural hearing loss is a primary con
quence of aging that can interact with temporal process
deficits to influence speech recognition in older listene
This is particularly evident in experiments that utilize rap
or time-compressed speech stimuli, where both hearing
and listener age independently influence recognition per
mance~e.g., Gordon-Salant and Fitzgibbons, 1993; Win
field, 1996!. Other studies report that older listeners ha
difficulty in processing the temporal order of nonspee
stimuli presented in sequential auditory patterns~Trainor and

a!Portions of this work were presented in ‘‘Discrimination of tonal seque
tempo by young and elderly listeners,’’ Association for Research in O
laryngology, St. Petersburg Beach, FL, February, 2000.

b!Author to whom correspondence should be addressed.
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Trehub, 1989; Humes and Christopherson, 1991; Fitzgibb
and Gordon-Salant, 1998!. The source of age effects ob
served with sequential patterns, speech or nonspeech, i
clearly understood, but may be related to a loss of sensiti
to changes in sequential component durations or the tim
structure of the pattern as a whole.

Evidence providing support for the existence of ag
related changes in temporal sensitivity comes primarily fr
psychophysical data. Some of it relates to measures of
minimum detectable duration of a temporal gap separa
successive acoustic markers, either pairs of tone or n
bursts. Recent studies report that gap thresholds meas
with elderly listeners are about twice the magnitude of tho
observed for younger listeners~Schneideret al., 1994, 1998;
Snell, 1997; Snell and Frisina, 2000!. Stimulus factors also
appear to be important, with other studies finding that a
effects in gap detection are evident primarily for short du
tion stimuli ~Schneider and Hamstra, 1999! or for gaps lo-
cated near onsets and offsets of longer signals~He et al.,
1999!. Other temporal sensitivity measures reveal that ol
listeners exhibit greater difficulty than younger listeners
discriminating changes in the duration of simple noise
tone bursts, or silent intervals separating a pair of stimu
markers~Abel et al., 1990; Fitzgibbons and Gordon-Salan
1994!. These duration discrimination results were reported
be largely independent of sensorineural hearing loss, indi
ing that cochlear mechanisms are not the principal sourc
the age-related differences in temporal sensitivity. Altern
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h-
tively, Schneider and Pichora-Fuller~2000! suggest that di-
minished performance on tasks such as gap detection
duration discrimination may be linked in part to an ag
related loss of synchrony in the neural firing response
stimulus markers, as suggested by findings from evok
response studies on aging conducted with gerbils~Hellstrom
and Schmiedt, 1990; Boettcheret al., 1993, 1996!.

In a recent experiment~Fitzgibbons and Gordon-Salan
1995! we extended the study of aging and temporal proce
ing to more complex stimulus patterns that featured to
sequences with varying degrees of spectral complexity.
study compared difference limens~DLs! for changes in the
duration of a single tonal component of the stimulus patt
to those measured for the same component presented in
lation. The older listeners in the study exhibited large red
tions in discrimination ability for target stimuli embedde
within the sequences, whereas younger listeners produ
duration DLs that were about the same for the embedded
isolated target stimuli. Additionally, the discrimination pe
formance of younger listeners was relatively unaffected
variations of spectral complexity within stimulus patterns,
the uncertainty introduced by randomization of sequence
cation for the embedded target component. There were s
indications from the experiment suggesting that younger
teners were able to resolve changes in the duration of
bedded pattern components, regardless of location, simpl
attending to changes in the overall rhythm or tempo of
stimulus sequence. By contrast, older listeners appeare
be less sensitive to overall changes in pattern tempo,
their performance was diminished significantly by variatio
of spectral complexity and randomization of target locat
within sequences.

The present study is designed to examine more dire
the hypothesis that elderly listeners exhibit diminished s
sitivity to changes in the rhythm and timing pattern with
tonal sequences. The perceived rhythmic characteristic
sequential patterns can be influenced by a large numbe
stimulus factors including variation in component frequen
and intensity, as well as durations and interval spaci
among successive events~Hirsh et al., 1990!. To minimize
some of this complexity, the present investigation is
stricted in scope to the examination of listener sensitivity
changes in the time intervals separating successive onse
tones within sequences. The stimulus patterns included
quences of brief tone bursts of equal frequency, intens
and duration.

Stimulus patterns of this type have been utilized in
number of earlier investigations of temporal processing, b
in musical and psychoacoustic research. For example, H
et al. ~1990! studied temporal sensitivity in young listene
using sequences of tones equally separated in time~isochro-
nous sequences!. The stimuli were six or ten 20-ms 1000-H
tones separated equally by silent intervals to produce
form toner inter-onset intervals~IOIs! corresponding to dif-
ferent sequence presentation rates. Using these as refe
patterns in discrimination trials, Hirshet al. examined lis-
tener sensitivity to displacement of a tonal component wit
sequences introduced by the lengthening of a single IOI.
measured DLs for tonal displacement, expressed as a
2956 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 P. J. Fitzgibb
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centage of the reference IOI, were observed to be about
same as expected for discrimination of IOI changes betw
a pair of tones presented in isolation, that is about 10%
reference intervals of at least 100 ms or so. Additionally,
sequence location of the imposed interval change seeme
have little influence on discrimination performance for
but the fastest sequence presentation rates.

Whereas Hirshet al. reported similar discrimination re
sults for single intervals and sequences, other results indi
that temporal sensitivity for sequences is more acute t
that observed for simple stimuli. Drake and Botte~1993!
used a large set of isochronous sequences featuring 5
440-Hz tones uniformly separated by silent intervals to p
duce a range of presentation rates for sequence length
2–7 tones. In this experiment, sequence tempo discrim
tion was examined by measuring the DL for IOI chang
when all sequence intervals were covaried equally and sim
taneously to effect a uniform change of presentation ra
Their results, also reported as relative DLs for sequence
showed a similar trend for all sequences with discriminat
being fairly stable for reference IOIs in the range of abo
200–800 ms, and poorer for shorter and longer reference
values. Of particular interest was the observation that fo
given value of sequence IOI, discrimination improved pr
gressively as the number of intervals in a sequence incre
from two to six. For example, with a reference IOI of 40
ms, the relative DL was observed to decrease from about
for a two-tone sequence to about 2% for a seven-tone
quence. Drake and Botte suggested that this outcome m
be attributed to a multiple-look mechanism that listeners
to enhance their temporal sensitivity for regularly spaced
tervals in a sequential context.

Less is known about the consequences of aging a
pertains to temporal processing of extended sequential
terns. From the available evidence reported for sim
sounds, it is anticipated that older listeners would be dis
vantaged in their sensitivity to temporal spacings within
tonal sequence. This would be the case particularly for ra
presentation rates where any effects of reduced speed of
cessing, or perhaps loss of neural synchrony, would be
pected to be most evident. The present study examines s
potential age effects by assessing the ability of younger
older listeners to discriminate changes of presentation rat
tonal sequences. The study also examines the magnitud
age-related differences in temporal sensitivity for multip
versus single changes of interval spacing within stimulus
quences. Towards this goal, the DLs for rate discriminat
are compared to those for single-interval discrimination u
der conditions of both low and high experimental certain
regarding sequence location of a target interval. Additio
ally, because hearing loss is prevalent among many o
listeners, another purpose of the experiments is to exam
the independent and interactive effects of age and hea
loss in each discrimination condition. This is accomplish
by testing groups of listeners who were matched accordin
age and degree of hearing loss. All testing was restricted
high-frequency region that coincided with a region of thres
old elevation in those listeners with hearing loss.
2956ons and S. Gordon-Salant: Aging and temporal discrimination



TABLE I. Mean audiometric thresholds in the test ear~from 0.25–8.0 kHz, in dB HLre: ANSI, 1996!, word recognition scores~Northwestern University
Auditory Test No. 6! and ages of the four listener groups. Standard deviations are included in parentheses.

Audiometric thresholds
Word recognition

% CorrectGroup Age 0.25 kHz 0.5 kHz 1.0 kHz 2.0 kHz 4.0 kHz 8.0 kHz

Young, norm hrg 25.3~4.6! 5.3 ~4.0! 3.7 ~4.0! 5.3 ~3.5! 3.7 ~4.4! 5.0 ~5.3! 5.3 ~5.8! 97.6~2.9!
Elderly, norm hrg 67.6~2.0! 9.6 ~4.3! 6.5 ~3.1! 6.1 ~3.0! 7.3 ~6.0! 13.4~5.5! 26.5~11.3! 97.8~2.6!
Young, hrg loss 30.3~10.8! 23.0~17.0! 29.0~20.5! 37.5~21.2! 41.5~18.9! 51.0~14.1! 54.0~17.1! 92.0~5.3!
Elderly, hrg loss 70.7~2.6! 20.3~7.9! 22.7~11.0! 26.3~13.4! 39.7~12.7! 58.0~7.5! 72.7~7.0! 89.3~6.0!
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II. METHODS

A. Subjects

A total of 52 listeners participated in the experimen
These included a group of 15 younger listeners~18–40 years
of age! with normal hearing~YNH: pure tone thresholds
from 250–4000 Hz between 0 and 15 dB HL,re: ANSI,
1996!, a group of 13 older listeners~65–76 years of age!
with normal hearing~ONH!, a group of 10 younger listener
with hearing loss~YHL: sloping, mild-to-moderate senso
rineural hearing losses!, and a group of 14 older listener
with hearing loss~OHL: sloping, mild-to-moderate senso
rineural hearing losses!. Additional audiometric criteria for
participant selection were monosyllabic word recogniti
scores>80%~Northwestern University Auditory Test No. 6!
and normal acoustic immittance results~i.e., normal tympa-
nograms, acoustic reflex thresholds elicited within the 9
percentile range for normal hearing or cochlear hearing lo
and negative acoustic reflex adaptation!. Table I presents the
mean ages, audiometric thresholds, and word recogn
scores of the four listener groups. The etiology of hear
loss for listeners in the YHL group included heredity a
noise exposure. The etiology of hearing loss for listeners
the OHL group was assumed to be presbycusis, based o
absence of a significant otologic history and gradual on
and progression of hearing loss during the sixth and sev
decade of life. Additionally, all listeners passed a screen
test of cognitive function~Pfeiffer, 1975!. Students at the
University of Maryland were recruited to serve as parti
pants in the YNH group. Clients of the University of Mary
land Hearing Clinic and their family members were invit
by letter to participate in the other three listener groups.
listeners were paid for their participation in the experimen

B. Stimuli

All tonal sequences for the experiments were genera
using an inverse fast-Fourier-transform~FFT! procedure
with a digital signal processing board~Tucker–Davis Tech-
nologies, AP2! and a 16-bit D/A converter~Tucker–Davis
Technologies DD1, 20-kHz sampling rate! that was followed
by low-pass filtering~Frequency Devices 901F, 6000-H
cutoff, 90dB/oct!. Stimulus sequences were constructed w
five 4000-Hz tone bursts separated in time by equal-dura
silent intervals. Each tone burst in a sequence had a fi
duration of 50 ms that included 5-ms cosine-squared rise
envelopes, with all tone and silent-interval durations spe
fied between zero-voltage points on the electrical wa
forms. Within these isochronous sequences, the silent in
2957 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 P. J. Fitzgibb
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vals between tones were adjusted to establish the des
sequence inter-onset interval~IOI!, an interval that includes
both the tone and silent interval. Adjustments of seque
IOI also produced shifts in overall sequence duration. F
some conditions of the experiment, tone sequences w
equal IOI values of 100, 200, 400, and 600 ms were crea
to serve as the reference stimuli for examining rate discri
nation. For these conditions, the comparison sequences
in discrimination trials were the same as the reference
quences except that all sequence IOIs were lengthe
equally by increasing the inter-tone silent intervals, and
varied to determine the duration DL for increments of s
quence IOI. In other discrimination conditions, a DL w
measured for changes in the duration of a single IOI wit
an otherwise isochronous sequence. The reference sti
used for these measures were the isochronous sequence
uniform IOIs of either 100 ms or 600 ms, representing t
fastest and slowest rates for the tonal patterns, respectiv
The comparison sequences were the same as the refe
sequences except one tonal IOI was longer than the ot
and was varied to measure a duration DL. For these sin
interval conditions, some stimulus patterns featured minim
uncertainty in which the single variable IOI always preced
the third tone of the sequence, and was known to the liste
Other single-interval measures were collected for sequen
featuring greater stimulus uncertainty in which the sing
variable IOI occurred in random fashion preceding the 2
3rd, or 4th sequence tone across listening trials, with
selection of these particular intervals being arbitrary. T
variation of single IOIs was accomplished while preservi
other sequence IOIs at their original values, thus increas
overall sequence duration.

C. Procedures

The measurement of DLs for the tonal inter-onset int
vals was obtained using an adaptive three-interval, tw
alternative forced-choice discrimination procedure. Each d
crimination trial contained three observation intervals spa
750 ms apart. The first listening interval of each trial co
tained a sample of the reference stimulus sequence, with
second and third intervals containing samples of the re
ence and comparison sequence in either order selected
domly across listening trials. Measurements of sequence
discrimination were collected for each of four reference I
values of 100, 200, 400, and 600 ms. For each of th
conditions, the reference and comparison stimulus seque
of a listening trial differed only by the duration of the ton
IOIs, which were always longer in the comparison sequen
2957ons and S. Gordon-Salant: Aging and temporal discrimination
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Measurements of single-interval discrimination were a
collected in four conditions, for reference IOI values of 1
ms and 600 ms, each tested under two degrees of stim
certainty regarding target-interval location. For sing
interval conditions, the reference and comparison seque
of a listening trial were the same, except for a single lon
target IOI in the comparison sequence. This single tar
interval in the comparison sequence was either fixed or
domized in sequence location, respectively, across liste
trials in the minimal and maximal uncertainty condition
Listeners used a keyboard to respond to the compar
stimulus in the second or third observation interval of ea
trial. All listening intervals were marked by a visual displa
that also provided correct-interval feedback for each trial

Estimates for all duration DLs were obtained using
adaptive rule for varying comparison sequence IOI such
the IOI decreased in magnitude following two consecut
correct responses by the listener and increased in magn
following each incorrect response. Threshold estimates
rived by this adaptive rule corresponded to values associ
with 70.7% correct discrimination~Levitt, 1971!. Testing in
each condition was conducted in 50-trial blocks with an I
starting value of 1.4 times reference value, and a step size
IOI changes that decreased logarithmically over trials to p
duce rapid convergence on threshold values. Following
first three reversals in direction of IOI change, a thresh
estimate was calculated by averaging reversal-point IOI
ues associated with the remaining even-numbered rever
An average of six threshold estimates was used to calcula
final DL for IOI with each listener in each condition. Prior t
data collection, each listener received 2–3 hours of prac
for sequence discrimination, with all listeners showing p
formance stability after 3–4 trial blocks in each condition

The listeners were tested individually in a sound-trea
booth. The eight discrimination conditions~rate discrimina-
tion at four reference IOI values, and four single-interv
measures! were tested in a different order for each listen
Stimulus levels were 85–90 dB SPL in order to provide a
equate audibility and produce minimum sensation levels
25–30 dB at 4000 Hz for the listeners with hearing lo
Testing was monaural through an insert earphone~Etymotic
ER-3A! that was calibrated in a 2-cm3 coupler ~B&K, DB
0138!. All listening was conducted in 2-hour sessions ov
the course of several weeks. Total test time~not including
practice! varied across listeners, but averaged about 8 ho

III. RESULTS

For the purpose of analysis and comparison with pre
ous findings, all duration DLs collected in the experime
were converted to relative values expressed as a percen
of sequence IOI, the interval representing the reciproca
sequence rate for each of the reference stimulus patte
Results from the sequence rate discrimination conditions
shown in Fig. 1, which displays the mean relative DLs
percent as a function of sequence IOI for each of the f
listener groups, with vertical bars in the figure represent
the positive standard error of the mean. Performance v
ability among the older listeners was equivalent to that of
younger listeners for 100-ms IOI, but was about twice tha
2958 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 P. J. Fitzgibb
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the younger listeners across the range of longer IOI valu
Among younger listeners, most of the performance varia
ity was attributed to listeners with hearing loss. Among old
listeners the reverse was true, with the normal-hearing lis
ers showing greater variability than those with hearing lo
The mean relative and absolute DL values~in parentheses!
for younger listeners~collapsed across hearing loss group!
for IOIs of 100, 200, 400, and 600 ms were 6%~6 ms!, 3.8%
~7.6 ms!, 3.5%~14.1 ms!, and 2.9%~17.5 ms!, respectively.
Corresponding average values for the older listeners for
same IOIs were 7.9%~7.9 ms!, 5.3% ~10.5 ms!, 5.0% ~20
ms!, and 5.1%~30.6 ms!. Thus, younger and older listene
exhibited a similar trend in average threshold values acr
the IOIs examined here.

An analysis of variance~ANOVA ! was performed on
the individual data for relative DLs using a split-plot fact
rial design with two between-subjects factors~age and hear-
ing status! and one within-subjects factor~sequence IOI!.
Results of the analysis revealed significant main effects
sequence IOI@F(3,48)536.85, p,0.01# and listener age
@F(1,48)510.75,p,0.01# with no significant interaction ef-
fects. Multiple comparison testing~Scheffé! revealed that the
effect of IOI was primarily attributed to the larger DL value
for the 100-ms IOI, with no significant differences observ
across conditions of longer IOIs~p,0.05!. The performance
of the older listeners was significantly poorer than that
younger listeners across the range of sequence IOIs. Non
the data analyses revealed systematic or significant in
ences of hearing loss within the groups of older and youn
listeners.

A second analysis compared the relative DLs measu
for the single-interval discrimination condition with the co
responding DLs measured for rate discrimination with t
same reference sequence IOI. These results are display
Figs. 2 and 3, respectively, for the reference sequence
of 100 ms and 600 ms. Each figure shows the mean rela

FIG. 1. Mean relative difference limen~DL! in percent as a function of
sequence inter-onset interval~IOI! in ms ~100 ms, 200 ms, 400 ms, and 60
ms!; all conditions involved uniform changes in inter-onset interval. Vertic
bars represent the positive standard error of the mean. The four list
groups are Young Normals~young adult listeners with normal hearing,M
515!, Young Hrg Loss~young adult listeners with mild-to-moderate sens
rineural loss,N510!, Elderly Normal~elderly listeners with normal hearing
N513!, and Elderly Hrg Loss~elderly listeners with mild-to-moderate sen
sorineural hearing loss,N514!.
2958ons and S. Gordon-Salant: Aging and temporal discrimination
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DL for each listener group for a single interval that w
either fixed ~Single Fixed Interval! or randomized~Single
Random Interval! in sequence location, together with th
corresponding rate discrimination DL from Fig. 1 measur
with covariation of all sequence intervals~All 4 Intervals!.
Error bars in the figures represent standard errors of
mean. Each figure shows that relative DLs for the sing
interval conditions were larger than corresponding values
the four-interval conditions, with DLs of the older listene
being larger than DLs of the younger listeners. Additiona
relative DLs for 100-ms IOIs are larger than correspond
values for 600-ms IOIs, reflecting the same trend seen for
rate-discrimination results of Fig. 1. For the younger liste
ers, mean single-interval relative and absolute values~in pa-
rentheses! of DLs for the fixed- and random-location cond
tions, respectively, were 10.5%~10.5 ms! and 10.7%~10.7
ms! for 100-ms IOIs, and 4.3%~26.1 ms!, and 3.9%~23.2
ms! for 600-ms IOIs. Corresponding mean single-interv
DLs for the older listeners were 17.3%~17.3 ms! and 21.8%

FIG. 2. Mean relative DL in percent for each listener group in stimu
sequence conditions with 100-ms IOI. The three conditions are unif
increments in all four intervals~All 4 Intervals!, single increments in one
fixed-location interval~Single Fixed Interval!, and single increments in on
random-location interval~Single Random Interval!. Vertical bars represen
the standard error of the mean. The four groups are the same as
described for Fig. 1.

FIG. 3. Same as for Fig. 2, but for a 600-ms IOI.
2959 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 P. J. Fitzgibb
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~21.8 ms! for 100-ms IOIs, and 6.1%~36.4 ms! and 8.3%
~49.2 ms! for 600-ms IOIs.

Separate ANOVAs were conducted with the individu
relative DLs for the 100-ms and 600-ms IOI conditio
shown in Figs. 2 and 3, each using a split-plot factorial d
sign with two between-subjects factors, age, and hearing
tus, and one within-subjects factor, stimulus condition. Ea
analysis revealed significant main effects of age@F(1,47)
.10.0, p,0.01#, IOI condition @F(2,94).17.6, p,0.01#,
and an age by condition interaction@F(2,94).9.6,p,0.01#,
with no significant effect of hearing loss. Analysis of simp
effects in these data revealed that relative DLs of the ol
listeners were significantly larger than those of the youn
listeners~p,0.01! in each condition for both IOIs. Addition-
ally, all listeners produced significantly smaller relative D
for the four-interval conditions compared to the sing
interval conditions. However, for single intervals, young
listeners performed about the same for the fixed- a
random-location conditions, whereas older listeners show
significantly larger DLs for the random-location vers
fixed-location conditions (p,0.01).

IV. DISCUSSION

The experiments compared the abilities of younger a
older listeners to discriminate changes in the timing betw
successive components within simple tone sequences
some conditions, listeners were asked to respond to unif
changes in tonal onset intervals that altered the presenta
rate, or tempo, of the sequential stimulus patterns. In ot
conditions, listeners responded to changes in the magni
of a single sequence interval that produced a localized
ruption of timing within the tonal patterns. The resul
showed that listeners’ sensitivity to changes of temporal
tervals depends on both the magnitude and number of
quence intervals that are subjected to change. The re
also indicated that older listeners were less sensitive t
younger listeners to both single and multiple changes of
quence intervals. The magnitude of age-related performa
deficits also differed for conditions featuring single and m
tiple timing cues.

A. Younger listeners

Results for the single-interval conditions revealed th
younger listeners were able to discriminate interval chan
with a degree of accuracy that was as good as, or better t
results reported in several earlier studies of duration d
crimination for simple stimuli presented in isolation. Colle
tive results from these earlier investigations indicate that,
a broad range of reference durations for filled and unfil
stimulus intervals~about 200–2000 ms!, listeners can reli-
ably discriminate duration increments exceeding 10–20 %
the reference interval, with larger values seen for mu
briefer reference intervals~Creelman, 1962; Small and
Campbell, 1962; Abel, 1972; Divenyi and Danner, 197
Allen, 1979!. Younger listeners of the present study pr
duced mean relative DLs of 4.3% and 10.5%, respectiv
for single IOI intervals of 600 ms and 100 ms that we
presented in a fixed mid-sequence location. By comparis
for a sequence IOI of 100 ms Hirshet al. ~1990! reported a

ose
2959ons and S. Gordon-Salant: Aging and temporal discrimination
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relative DL of 11.6% for single-interval discrimination, an
Drake and Botte~1993! measured a relative DL for a singl
600-ms IOI of about 5.4%. These values agree closely w
the present single-interval estimates collected using stim
patterns quite similar to those of the earlier studies. T
single-interval DL estimates of the present investigation
smaller than those reported in our earlier study of durat
discrimination for an embedded target tone or silent gap
tonal stimulus sequences~Fitzgibbons and Gordon-Salan
1995!. These earlier results, however, were collected us
stimulus patterns that featured a high degree of spectral c
plexity, a factor that can exert a strong influence on discri
nation performance. Despite the stimulus differences,
present results, like those of our earlier study, revealed
single-interval discrimination performance of the young
listeners was largely unaffected by stimulus uncertainty
troduced by randomization of sequence location for the
get interval. This outcome suggests that the younger liste
are able to attend to the timing characteristics of the pat
as whole, rather than attempting to focus on changes
specific target interval.

The measurements for rate discrimination were collec
by varying all sequence intervals by an equivalent amoun
each of the four sequence presentation rates. As mentio
previously, the average performance of the younger listen
as displayed in Fig. 1, revealed that the relative DL d
creased from a maximum value for the 100-ms IOI to
smaller fairly stable value for each of the longer seque
IOIs tested. Additionally, the relative DLs for rate discrim
nation are smaller than those measured for single-inte
discrimination for the same reference IOI. It could be argu
that observed differences in DLs for rate and single-inter
discrimination were a consequence of listeners attendin
changes in overall sequence duration to perform the
crimination tasks. In this event, however, we would exp
an equivalent increment in overall sequence duration at
crimination threshold, whether the sequence increment
sulted from the lengthening of single or multiple sequen
IOIs. Results show this not to be case. Sequence dura
for the reference tonal patterns ranged from 450 ms w
100-ms IOI to 2450 ms for 600-ms IOI. For younger liste
ers, increases in duration for the 450-ms sequence at
crimination threshold were 10.4 ms for increments of
single interval and 24 ms for increments of multiple interv
~i.e., four times absolute DL of 6 ms!. Corresponding dura
tion increases for the 2450-ms reference pattern were
ms for a single-interval increment and 70 ms for multip
interval increments. These differences indicate that it is
likely that overall stimulus duration was a useful cue f
sequence discrimination. Drake and Botte~1993! also pro-
vided convincing evidence that interval discrimination
their listeners was not based on changes of overall sequ
duration. Additionally, the close agreement between
present single-interval DLs and those reported by Hirshet al.
~1990! is apparent despite differences in procedure whe
Hirsh et al. lengthened a single sequence IOI by tonal d
placement without consequent changes in overall sequ
duration.

Results for the rate discrimination measurements in
2960 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 P. J. Fitzgibb
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present investigation display the same trends seen in
tempo discrimination data reported by Drake and Bo
across a similar range of sequence IOIs. One characterist
rate discrimination thresholds is the apparent constancy
the observed relative DLs across the range of longer I
from about 200–600 ms, a range corresponding to seque
durations of 850–2450 ms for tonal patterns of the pres
study. Thus it appears that a relatively constant Weber r
for duration discrimination seen in the earlier studies w
simple isolated sounds also extends to more complex
quential patterns, at least within the range of durations
amined here. The Hirshet al. experiments did not specifi
cally measure rate discrimination, although the collect
findings from that investigation suggested that discriminat
of a repeated sequence interval would be about the sam
that measured for a single interval. However, the pres
rate-discrimination data support those of Drake and Botte
showing that temporal sensitivity for changes of multip
intervals is more acute than that observed for single in
vals, presented as either isolated targets or as an embe
component of an extended sequence. For example, in
present results for younger listeners the relative DLs for
quence rate at IOIs of 100 ms and 600 ms are smaller
4.5% and 1.5%, respectively, than the corresponding DL v
ues for single-interval discrimination.

Drake and Botte postulated a multiple-look hypothe
to account for the better temporal sensitivity seen
multiple- versus single-interval discrimination. This hypot
esis argues that for an isochronous sequence, multiple re
tions of the same interval leads to a strengthening of mem
trace for the reference interval and thus greater sensitivit
temporal deviations. In their examination of the hypothes
Drake and Botte predicted that, for independent observat
of each sequence interval, the absolute DL for sequen
with a given number~N! of intervals should be equal to tha
measured for a single interval divided by the square roo
N. Similar predictions, that are derived from the logic
signal-detection theory~Green and Swets, 1966!, were exam-
ined earlier by Hafter and Dye~1983! to account for listen-
ers’ ability to lateralize click sequences that varied in du
tion and size of the inter-click interval. In applying th
multiple-look model to the temporal discrimination dat
Drake and Botte found approximate agreement between
served and predicted DLs for IOI, at least for a limited ran
of IOI and sequence length. For stimulus sequences w
four intervals, as used in the present experiment, a multi
look strategy would predict absolute DLs for rate discrim
nation to be about half those measured for a single inter
Inspection of the data for the younger listeners reveals
the observed differences between DLs for rate and sin
interval discrimination are sizeable, but not quite as large
predicted. It should be noted, however, that our sing
interval DLs were also measured within a sequential con
that itself included multiple repetitions of the reference IO
Thus, it is possible that the single-interval DLs measu
here reflect better discrimination performance than would
expected for a pair of tones presented in isolation. We s
pect this to be the case because some of our earlier mea
~Fitzgibbons and Gordon-Salant, 1995! for duration discrimi-
2960ons and S. Gordon-Salant: Aging and temporal discrimination
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nation with isolated stimuli produced larger relative D
~about 20%! for single intervals than observed here for sing
intervals within sequences. Nevertheless, it is clear from
present results that multiple repetition of the same seque
interval leads to improve temporal sensitivity.

B. Older listeners

The older listeners exhibited reduced ability to discrim
nate temporal intervals. Additionally, like the young
groups of listeners, hearing loss among the older listen
was shown to have little influence on discrimination perf
mance. For older listeners, the mean relative DLs for
fixed-location single interverals were 17.3% and 6.1%,
spectively, for baseline IOIs of 100 ms and 600 ms. Each
these values is significantly larger than corresponding va
measured for the younger listeners, with the absolute ma
tude of the age-related difference being greatest for
100-ms IOI. Unlike the younger listeners, the older listen
were significantly affected by the procedure of randomiz
the sequence location of the single target interval that
subjected to variation in duration. For example, relative
their performance with fixed target locations, the relat
DLs of older listeners increased by 4.5% and 2.1%, resp
tively, with randomization of the 100-ms and 600-ms targ
intervals. It is conceivable that the target randomization
fects simply reflect differences in temporal sensitivity as
function of sequence location of the target interval, a po
bility that was not specifically examined in the experimen
However, a sequence-location effect would necessarily ap
to elderly listeners only, as the young listeners were larg
unaffected by target randomization, and no sequence l
tion effects for single intervals were observed in the d
crimination experiments conducted by Hirshet al. ~1990!.
Thus, it seems reasonable to assume that the influenc
target randomization on the performance of the older list
ers was primarily a consequence of stimulus uncertai
These age-related performance decrements associated
target randomization are similar to those observed ea
with the spectrally complex tonal patterns that produc
larger temporal DLs~Fitzgibbons and Gordon-Salant, 1995!.

The older listeners also exhibited less sensitivity th
the younger listeners for rate discrimination, although
shifts in performance as a function of sequence IOI tende
parallel those observed with the younger listeners. For
older listeners, mean relative DLs for rate discriminati
shifted from a value of about 8% for the 100-ms IOI to
relatively stable value of 5.1% across longer IOIs, where
Weber ratio was also fairly constant for younger listene
For rate discrimination, the magnitude of the age-related d
rement was reasonably uniform in degree across the rang
sequence IOI that was examined.

Explanations for the age-related differences observe
temporal discrimination performance are not straightforwa
On the basis of previous accounts of an age-related slow
in auditory processing, it was anticipated that the larg
deficits among older listeners in the present experime
would be evident for the shorter temporal intervals asso
ated with the fast sequence presentation rates. The rate
crimination results did not show a substantially larger a
2961 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 P. J. Fitzgibb
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related deficit at the fastest sequence rate. However, it
apparent that the greatest age-related deviations from the
formance of younger listeners were associated with the sh
est reference interval~100-ms IOI! when presented as
single target interval. Thus the degree of improvement
temporal sensitivity from single-interval to multiple-interv
discrimination was greatest among elderly listeners, but o
for the brief reference intervals. This could imply more ef
cient utilization of a multiple-look strategy among elder
listeners, but this was not evident in the results for the slow
stimulus rates featuring longer IOI values. Alternatively,
age-related loss of neural synchrony~Schneider and Pichora
Fuller, 2000! that is required to mark successive tonal ons
might be expected to impact discrimination of brief interva
more so than much longer reference intervals. As such, m
tiple repetition of the same brief stimulus interval might
expected to enhance the neural coding of stimulus onse
the same manner as signal averaging reveals a robust o
response characteristically seen in the post-stimulus-t
histograms of single VIII N. fibers~Kiang et al., 1965!. One
outcome of this clearly defined onset marking would be
improve sensitivity to duration cues.

The results of the experiments provide additional e
dence for age-related temporal processing deficits that
unrelated to the presence of sensorineural hearing loss.
possible that a central timing mechanism is inherently
volved for listening tasks requiring a judgment about stim
lus duration, as postulated for some time in a theoret
model developed initially by Creelman~1962!, and subse-
quently modified by Abel~1972! and Divenyi and Danner
~1977!. The theoretical accounts for duration discriminati
postulate a central counter that essentially sums neural
ings produced during the extent of stimulation, with a larg
count resulting for the longer of two signals. Other eleme
of the model include a memory factor for the neutral pu
count, and a factor indicating the degree of precision
marking of stimulus onsets and offsets. Earlier studies h
demonstrated the utility of the model in describing the ge
eral trends and level of performance exhibited in a la
body of discrimination data collected from young, train
listeners.

Consideration of the model components can provid
useful framework for examining possible sources of the a
related performance differences observed in the presen
vestigation. A first consideration involves the possibility th
age effects in duration discrimination are partially the res
of reduced precision in marking signal onset/offset bou
aries. For younger listeners, precision in marking sig
boundaries is a factor that is primarily influenced by sign
level, and Divenyi and Danner~1977! showed that levels of
about 25 dB SL are sufficient to minimize uncertainty
registering signal onsets. This requirement was met in
present experiment for all listeners except three in the eld
hearing-loss group, who had thresholds of 65 dB HL a
kHz and may have listened at sensation levels below 25
However, the discrimination performance of these three
teners was better than that of several others in the same
erly group of listeners. Another factor that could influen
the coding of signal boundaries in elderly listeners is a l
2961ons and S. Gordon-Salant: Aging and temporal discrimination
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of synchrony in the neural response to stimulation, as s
gested previously by Schneider and Pichora-Fuller~2000!.
However, the primary effects of this factor would be e
pected for the discrimination of brief intervals, with progre
sively less influence at longer reference durations, as n
by Divenyi and Danner. The present results did show
largest age-related deficit for single-interval discriminati
of the shortest reference IOI of 100 ms, but for rate discrim
nation the age differences were similar in degree for all r
erence IOIs. Thus, there is no consistent trend in the pre
results indicating that lack of precision of the coding
stimulus boundaries was a primary source of age-rela
deficits. Of course, the shortest 100-ms reference interva
the current study may have been too long to observe
strong effects related to a loss of neural synchrony, a po
bility that we are currently investigating by examining di
crimination within a range of briefer reference intervals.

Other components of the Creelman model that could
dergo changes with aging include the central count
mechanism itself, or the memory for accumulated counts
is required to compare durations of two or more signals i
discrimination task. For example, the density of neu
pulses feeding a central counter may be diminished simpl
a consequence of a reduction in the number of neural fib
with aging ~Willott, 1990!. In this event, longer increment
of signal duration would be required for discrimination b
elderly listeners compared to younger listeners. This fac
could account for the uniform deficit with aging observ
across the range of reference IOIs. Alternatively, a differe
in memory for the clock count between younger and ol
listeners for accumulated pulse counts could also prod
age-related differences in discrimination performance. In
case, an age-related memory deficit should produce m
exaggerated performance differences between younger
older subjects at the longer reference intervals. The rate
crimination data shown in Fig. 1 do not provide strong e
dence in support of this hypothesis. However, the larger v
ability observed for the elderly listeners across the range
longer reference IOIs suggest that the memory factor co
have contributed to performance deficits in some of the
derly listeners. Additional testing with longer reference
tervals than employed in the present study may show st
ger influences of memory differences between younger
older listeners.

Finally, the observed age-related performance diff
ences with single intervals for fixed- and random-locat
targets implicate a cognitive factor that deteriorates with
ing but remains robust in younger listeners. Possible sou
of this cognitive factor are auditory attention, auditory sea
capacity, or working memory capacity. However, the fa
that a similar pattern of age-related performance deficits
observed at the 100-ms IOI and the 600-ms IOI argues so
what against working memory as the likely candidate of
cognitive factor. These considerations of the model com
nents suggest a number of factors that can be investig
independently in subsequent studies of aging and temp
processing: accuracy of marking of stimulus onsets, num
of observation intervals, memory load, and the conseque
of cognitive demands in specific discrimination tasks.
2962 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 P. J. Fitzgibb
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C. Summary

The experiments measured the ability of younger a
older listeners with and without hearing loss to discrimina
changes in the temporal intervals separating component
simple tonal sequences. Sequence rate discrimination
assessed by varying the inter-onset intervals of all tonal c
ponents in a uniform manner at each of four reference
quence rates. The relative DLs observed for rate discrim
tion for all listeners were larger for fast sequence rates,
smaller but equivalent at the slower rates tested. The
DLs for the older listeners were larger than DLs of t
younger listeners at each sequence rate. Temporal DLs w
also measured for changes of a single sequence interval
was either fixed or randomized in sequence location in se
rate test conditions. For all listeners, the temporal DLs
single-interval changes were larger than corresponding D
for multiple-interval changes. The older listeners also p
duced larger single-interval DLs than younger listeners, p
ticularly for short reference intervals. The performance of
young listeners was unaffected by randomization of tar
interval location, whereas older listeners exhibited large p
formance decrements with target randomization. None of
results revealed a significant influence of sensorinueral h
ing loss. Collectively, the results indicate age-related diff
ences in sensitivity to both localized and overall changes
the timing of components within sequential tone patterns
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