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This project focused on the individual differences underlying observed variability in temporal
processing among older listeners. Four measures of vowel temporal-order identification were
completed by young �N=35; 18–31 years� and older �N=151; 60–88 years� listeners. Experiments
used forced-choice, constant-stimuli methods to determine the smallest stimulus onset asynchrony
�SOA� between brief �40 or 70 ms� vowels that enabled identification of a stimulus sequence. Four
words �pit, pet, pot, and put� spoken by a male talker were processed to serve as vowel stimuli. All
listeners identified the vowels in isolation with better than 90% accuracy. Vowel temporal-order
tasks included the following: �1� monaural two-item identification, �2� monaural four-item
identification, �3� dichotic two-item vowel identification, and �4� dichotic two-item ear
identification. Results indicated that older listeners had more variability and performed poorer than
young listeners on vowel-identification tasks, although a large overlap in distributions was observed.
Both age groups performed similarly on the dichotic ear-identification task. For both groups, the
monaural four-item and dichotic two-item tasks were significantly harder than the monaural
two-item task. Older listeners’ SOA thresholds improved with additional stimulus exposure and
shorter dichotic stimulus durations. Individual differences of temporal-order performance among the
older listeners demonstrated the influence of cognitive measures, but not audibility or age.
© 2010 Acoustical Society of America. �DOI: 10.1121/1.3316291�
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I. INTRODUCTION

It is clear that as adults age, the likelihood that they
encounter difficulties with speech understanding increases.
While the concurrence of peripheral damage due to hearing
loss plays the most significant role in decreased speech-
understanding abilities in older adults �e.g., Dubno and
Schaefer, 1992, 1995; Humes and Christopherson, 1991;
Humes, 1996, 2002, 2005; van Rooij and Plomp, 1992�,
older adults have deficits that remain even after audibility of
the speech message is restored �Humes, 2007�. One form of
processing that has been attributed to part of this continued
impairment is temporal processing �e.g., Gordon-Salant and
Fitzgibbons, 1993, 1999; Schneider and Pichora-Fuller,
2000; Pichora-Fuller, 2003�. This is consistent with repeated
findings that older adults perform more poorly on a variety
of auditory temporal processing tasks, particularly involving
complex sequences �Fitzgibbons and Gordon-Salant, 1996,
1998�. However, it remains unclear the extent to which the
speech-communication deficits of older adults are related to
peripheral or central auditory deficits, or to more general
cognitive declines, an area that has been identified as a pri-
ority in auditory aging research for 20 years �Working Group
on Speech Understanding and Aging, 1988�. The nature of
the underlying impairment could have profound implications
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for the treatment of speech-understanding deficits in the eld-
erly. In order to investigate this issue, Humes �2005� outlined
two primary techniques to use for the delineation of the un-
derlying impairment: �1� concurrent study in multiple mo-
dalities and �2� correlational analysis with cognitive func-
tioning. This paper reports the results of an ongoing
investigation that is examining the cognitive, sensory, and
temporal processing abilities for a large group of older adults
across multiple modalities �see Humes et al., 2009�. In this
report, we explored the auditory temporal-order processing
abilities of older and younger adults for brief vowel se-
quences and analyzed individual differences to further iden-
tify related abilities in older adults.

There have been a number of age-related neurophysi-
ological changes associated with aging, including declines in
dopamine receptors, demyelination, cell loss, decreased ce-
rebral blood flow, and increased inefficient dendritic branch-
ing which have been attributed to processing-speed deficits
�e.g., Park et al., 2001�. Changes in the auditory system due
to insult or degeneration, combined with global neural
changes associated with aging, may result in a generalized
decreased ability to process rapid acoustic events. Indeed,
deficits in some form of processing speed may underlie many
age-related cognitive declines �Salthouse, 1996�. Findings
such as these suggest a “common cause hypothesis” of cog-
nitive aging �Baltes and Lindenberger, 1997; Lindenberger
and Baltes, 1994� which proposes that an underlying amodal
neural change results in widespread cognitive declines �for a
review, see Hofer et al., 2003� and concomitant sensory defi-
cits. Processing time has been demonstrated as a crucial in-
dicator of cognitive decline with aging and may be related to

many of the persistent speech-understanding difficulties that
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older adults face, even with appropriate compensation for
inaudibility associated with hearing loss. Therefore, in order
to understand and potentially treat these lingering difficulties
to improve communication and quality of life, it is essential
to understand if and how auditory temporal processing defi-
cits are manifest in older adult listeners.

Fluent speech is characterized by rapid acoustic changes
that represent the information necessary to extract meaning.
These dynamic acoustic changes likely play a facilitatory
role �Dorman et al., 1975�. However, most temporal-order
research has used non-speech stimuli, such as tone se-
quences. Trainor and Trehub �1989� inferred that age-related
temporal-order deficits might underlie some of the speech-
understanding difficulties that older listeners face. While
Humes and Christopherson �1991� concluded that audibility
is the primary predictor of age-related differences across a
variety of auditory processing tasks, the four tasks that dis-
criminated between young and old listeners had a temporal
component, two of which were the temporal-order discrimi-
nation of tones and of syllables. Indeed, older listeners are
less able to distinguish tone sequences with contrasting order
regardless of whether the task requires discrimination or
identification �Trainor and Trehub, 1989�. While “normal”
performance is sometimes maintained for simple patterns,
processing generally breaks down at faster processing rates
and for more complex patterns �Fitzgibbons and Gordon-
Salant, 1998�. However, the effects of age remain regardless
of various stimulus characteristics, such as stimulus duration,
interval spacing, or sequence timing characteristics �Fitzgib-
bons et al., 2006; Shrivastav et al., 2008�. Age-related dif-
ferences have also been described as being resistant to prac-
tice effects �Trainor and Trehub, 1989�. While age
differences in performance have sometimes not been ob-
served for temporal-order judgments between two stimuli
presented to opposite ears �Szymaszek et al., 2006; Kołodz-
iejczyk and Szelag, 2008�, even here age differences become
prominent for the very old �95–103 years� when compared to
either young �19–25 years� or older �65–67 years� adults.

The auditory temporal-order processing deficits in older
listeners appear to result from processing-speed declines.
Fitzgibbons and Gordon-Salant �1998� suggested an auditory
processing rate limitation underlies the deficits in temporal-
order processing observed in older adults. These processing
limitations appear to be associated with more general diffi-
culties in higher-level perceptual and cognitive processing
�Fitzgibbons et al., 2006�. Humes et al. �2007� also observed
modality-specific deficits in auditory processing speed in
older adults, as measured with both time-compressed speech
and an auditory speeded-spelling task. Modality specificity
of this processing deficit was confirmed through the use of a
parallel visual speeded-spelling task in these same listeners.
In support of auditory speed-of-processing deficits, corre-
sponding measures of auditory evoked potentials have sug-
gested the involvement of the P2 component which also cor-
related with behavioral performance �Lewandowska et al.,
2008�. The results clearly demonstrate impaired temporal-
order processing in older adults at higher central auditory
levels that likely involve contributions from attentional �i.e.,

cognitive� resources �Szelag et al., 2009�.
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The current study explored temporal-order identification
for vowel sequences using three stimulus conditions: �1�
monaural two-item sequences, �2� monaural four-item se-
quences, and �3� dichotic two-item sequences. The dichotic
two-item stimulus condition was used for two different tasks:
vowel-sequence identification and ear-sequence identifica-
tion. All told, there were four primary dependent measures of
temporal-order identification in this study. These stimulus
conditions and tasks were motivated by several consider-
ations. Comparison of performance for the monaural two-
item and monaural four-item sequences, for example, may
shed light on the contributions of memory to the identifica-
tion of brief word-length sequences. Comparison of perfor-
mance on the monaural and dichotic two-item tasks, on the
other hand, may provide insight into the limitations posed by
peripheral sensory processes, such as forward masking, or
central auditory factors involved with this task. Finally, it is
important to note that these tasks required judgment of both
temporal-order and vowel identifications; thus, these tasks
require a higher cognitive load than temporal-order tasks that
can be made on the bases of, for example, pitch ordering
�e.g., Fitzgibbons and Gordon-Salant, 1998� or ear ordering
�e.g., Kołodziejczyk and Szelag, 2008�. The inclusion of the
ear-sequence identification task provided the ability to exam-
ine temporal-order identification without requiring concur-
rent vowel identification. Thus, comparison of performance
for the two dichotic tasks, vowel-sequence identification vs
ear-sequence identification, enables examination of the role
played by phonological processing �i.e., stimulus categoriza-
tion�.

Additional experiments reported here also explored the
effect of stimulus duration, ear randomization, and stimulus
exposure effects regarding the performance of older adults.
Few studies have addressed individual differences among
older adult listeners related to temporal processing, although
several have discussed the large variability among older
adults �Moore et al., 1992; Schneider et al., 1994; Snell,
1997; Snell and Frisina, 2000�. A primary objective of this
series of experiments was to obtain temporal-order data from
a large group of older adults to examine individual differ-
ences in detail. In the analyses presented here, individual
differences in performance were explored to determine cor-
relations between different auditory temporal-order tasks,
age, audibility, and general measures of cognitive function-
ing �WAIS-III; Weschsler, 1997�. That is, aside from com-
parisons of the group data from young and older adults, this
study also explored individual differences in temporal pro-
cessing among older listeners and correlations with cognitive
tasks.

II. EXPERIMENT 1: MONAURAL AND DICHOTIC
TEMPORAL ORDER

This first experiment was designed to meet two specific
aims. First, group differences in temporal-order identification
for vowel sequences were examined between young and
older adults. Second, with the substantial number of older
listeners tested, individual differences in performance among

the older individuals were explored.
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A. Listeners

Two groups of listeners participated in this study. The
first group consisted of 35 young adult listeners �11 males,
24 females� with a mean age of 23 years �range: 18–31
years�. The second group was comprised of 151 older adults
�68 males, 83 females� with a mean age of 71 years �range:
60–88 years�. Participants were recruited through advertise-
ments in the local newspaper, in flyers for local community
centers, and posted at various locations on the Bloomington
campus of Indiana University.

Selection criteria for this study included age �18–35 or
60–89 years�, a Mini-Mental Status Exam �Folstein et al.,
1975� score �25, and specific hearing sensitivity require-
ments. Maximum hearing thresholds for air conducted pure
tones were not to exceed the following limits in at least one
ear: 40 dB hearing loss �HL� �American National Standards
Institute, 2004� at 250, 500, and 1000 Hz; 50 dB HL at 2
kHz; 65 dB HL at 4 kHz; and 80 dB HL at 6 and 8 kHz. It
was also required that there be no evidence of middle ear
pathology �air-bone gaps �10 dB and normal tympano-
grams�. A pure-tone average �PTA� for the frequency range
of the test stimuli used in this study was calcuated over 500,
1000, 1500, and 2000 Hz. Young listeners had mean PTA
thresholds at 8 dB HL �SD=4 dB� and 8 dB HL �SD=5 dB�
for right and left ears, respectively. Older listeners had mean
PTA thresholds at 21 dB HL �SD=13 dB� and 20 dB HL
�SD=11 dB� for right and left ears, respectively. Participants
were paid for their participation. Due to the long testing du-
ration of the entire multimodality project, there was some
attrition across tasks resulting in a loss of approximately one
participant in each age group for each task.

B. Stimuli

Stimuli were recorded by a male Midwestern talker in a
sound-attenuating booth using an Audio-Technica AT2035
microphone. Four confusable vowel stimuli �i.e., from a re-
stricted vowel space� /(, ε, a, */ were spoken rapidly in a
/pVt/ context in a carrier phrase “The first word is__now.”
The words pit, pet, pot, and put were digitally edited to re-
move voiceless sounds, leaving only the voiced pitch pulses.
Productions of four vowels that had the shortest duration,
F2�1800 Hz, and good identification by two young
normal-hearing listeners, one older normal-hearing listener,
and one older hearing-impaired listener during final pilot
testing were selected for stimuli. Stimuli were modified in
MATLAB using STRAIGHT �Kawahara et al., 1999� to be 70 ms
long with a fundamental frequency of 100 Hz. Stimuli were
low-pass filtered at 1800 Hz and normalized to the same rms
level. Low-pass filtering was used to minimize the influence
of the high-frequency hearing loss of the older adults on their
vowel-identification performance.

C. Calibration

Stimuli were presented via Tucker-Davis Technologies
�TDT� System III hardware using 16 bit resolution at a sam-
pling frequency of 48 828 Hz. The output of the TDT D/A
converter was passed through a programmable attenuator

�PA-5�, headphone buffer �HB-7�, and then to an ER-3A in-
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sert earphone. The earphone was calibrated in a 2 cm3 cou-
pler using a Larson Davis model 2800 sound level meter
with linear weighting. The system was calibrated using a
calibration vowel of the same rms amplitude as the test
stimuli, but with a duration of 3 s. A single stimulus presen-
tation measured 83 ��2� dB sound pressure level �SPL� and
a presentation of two overlapping stimuli measured 86 ��2�
dB SPL. Output levels were checked electrically at the be-
ginning of each day of data collection and were verified
acoustically with the sound level meter and 2 cm3 coupler at
monthly intervals throughout the study.

D. Procedure

All participants passed an identification screening of the
four vowel stimuli in isolation with at least 90% accuracy on
one of no more than 20-trial blocks in their test ear. This was
to ensure that listeners would be able to complete the subse-
quent auditory temporal-order measures which were target-
ing identification performance of either 50% or 75% correct
�see below�. If participants did not reach this 90% identifi-
cation accuracy criterion during screening, they were re-
screened on a separate day. Participants ultimately unable to
reach this criterion were dismissed from further auditory test-
ing. Only five older adults were excluded from the study
because of their failure to identify the brief vowel stimuli in
isolation with at least 90% accuracy. In addition, all partici-
pants completed a full cognitive assessment using the WAIS-
III �Weschsler, 1997� prior to data collection.

At the first auditory temporal-order experimental session
listeners completed, a stimulus familiarization task which
consisted of listening to each vowel stimulus in isolation
while receiving orthographic feedback as to which stimulus
was presented. In addition, prior to each new experimental
task, listeners completed a demonstration of that task for 12
different temporal-order sequences. Correct responses were
displayed with no response required on behalf of the listen-
ers. Demonstrations were repeated for a total of 24 stimulus
presentations prior to each task. Listeners were offered addi-
tional repetitions of the demonstration, although only 8% of
listeners requested additional presentations.

All participants completed four tasks in the following
order: Monaural two-item Identification �Mono2�, Monaural
four-item Identification �Mono4�, Dichotic two-item Vowel
Identification �Dich2�, and Dichotic two-item Location �or
Ear� Identification �DLoc�. The first task, Mono2, required
participants to identify the order of two vowels presented
monaurally to the test ear. The right ear was the test ear for
all monaural measurements in this study, except for six older
listeners who were tested using their left ear due to right ear
thresholds exceeding the inclusion criteria. The second task,
Mono4, presented a sequence of four vowels to the test ear.
Two dichotic tasks were also completed. Dich2 was analo-
gous to Mono2 with the exception that each of the two vow-
els was presented to a different ear, with the ear that was
presented first randomized from trial to trial. DLoc used the
same stimulus presentation as Dich2, except listeners were

only required to identify the location �i.e., ear� that received
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the first stimulus. In this way, a direct comparison of perfor-
mance between identification and location measurements
could be made.

All auditory testing was completed in an IAC sound-
attenuating booth with listeners seated in the sound booth
either individually or in pairs. Each participant was seated
comfortably in front of a touch-screen display �Elo Model
1915L�. For all four tasks, the same vowel was never re-
peated twice in a row. The Mono4 task had the additional
stipulation that each sequence must contain at least three of
the four vowel stimuli. Thus, a single vowel could occur
twice within a sequence, which was implemented to avoid
the possibility of correctly guessing the identity of the fourth
vowel based on the three preceding vowels. For the three
vowel-identification tasks, responses were collected using
columns consisting of four buttons labeled “pVt” on the
screen, each column corresponding to the interval during
which the stimulus was presented. Thus, for Mono2 and
Dich2, there were two columns of four buttons displayed on
the touch screen, and, for Mono4, there were four columns of
four buttons displayed from left to right. Listeners were re-
quired to identify the correct vowel sequence exactly for the
response to be judged correct. The location task, DLoc, only
had two buttons �labeled “Right” and “Left”� for the listener
to identify which ear was stimulated first. Orthographic feed-
back showing the correct sequence was provided on all trials.

The dependent variable measured was the stimulus onset
asynchrony �SOA� between the presented vowels. The mini-
mum SOA value was �2 ms to ensure a sequential presen-
tation for the stimuli. Given stimulus durations of 70 ms,
SOA values less than 70 ms resulted in the stimuli overlap-
ping in time. All tasks used the method of constant stimuli to
measure the psychometric function relating percent-correct
identification performance to SOA. For the three vowel-
sequence identification tasks, threshold was defined as 50%
correct, whereas 75% correct was defined as threshold for
DLoc because chance performance was 50% for this ear-
sequence task. Extensive piloting was completed to deter-
mine the appropriate starting SOA test intervals for young
and older listeners in general. Due to the large variability of
performance between older listeners, a single set of SOA
values could not be used for all participants. Therefore, ex-
perimental testing was conducted in two phases. The first
phase consisted of a preliminary wide-range estimate of SOA
threshold �i.e., using a large step size, 25 ms�, while the
second phase consisted of narrow-range testing �i.e., using a
smaller step size, 10 or 15 ms� to provide the actual SOA
threshold estimates reported in the results. Table I lists the
SOA test values used during initial wide-range testing across
the four tasks for the young and older listeners. From this
initial block of trials, the participant’s identification accuracy
at each SOA value was fitted by a psychometric function
�Weibull� and a preliminary threshold at 50% was estimated
�75% for DLoc�. Next, narrow-range testing for that same
task was completed using an initial SOA that was 30 ms �40
ms for Dich2� less than the wide-range threshold estimate

and a 10 ms �15 ms for Dich2� step size over six steps. This
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was designed to result in about three performance estimates
below the targeted performance level and three estimates
above this performance level.

In the event that a threshold was not obtained by the
wide-range task, a threshold was estimated based on visual
inspection of the listener’s performance graph and the wide-
range was rerun with a starting SOA 30 ms below the thresh-
old estimated by visual inspection. Narrow-range estimates
were only considered valid if the threshold could be esti-
mated without extrapolation beyond the range of perfor-
mance measured. If this was not the case, the results were
considered invalid. In this case, the narrow-range was ad-
justed to include the new estimated threshold and the
narrow-range measurements were repeated. In the end, each
threshold estimate for each task was based on three valid
narrow-range estimates for a total of 216 �Mono2�, 288
�Mono4�, or 432 �Dich2, DLoc� trials. Typically, all three
narrow-range thresholds for a given task were obtained over
the same SOA test range.

Breaks were always available to listeners between test
blocks, were verbally offered after about 1 h of testing, and
were prompted on screen for the two longer dichotic tasks
midway through a test block to avoid possible fatigue. Test
sessions were no longer than 2 h. Listeners returned for three
to four testing sessions. A few listeners scheduled more ses-
sions due to difficulty obtaining reliable threshold estimates
to begin the task or a slower rate of completing the tasks.

E. Results

1. Data reliability

Across each of the four tasks, three threshold estimates
were obtained. To test the reliability and stability of these
measures, Pearson-r correlations across the three blocks for
each of the four experimental tasks were completed sepa-
rately for both age groups. All correlations were significant
at p�0.01, thereby demonstrating similar performance
across blocks, with one exception for the young group �block
1 vs block 3 of Dich2, r=0.33�. As a test of the stability of
the threshold estimates, eight repeated-measures general lin-
ear model analyses were completed, one for each dependent
measure and each group. Results showed no significant main
effect of block number for any dependent measure or group
�p�0.01�, thus demonstrating no learning effect across
blocks. Based on these results, threshold estimates from all
three blocks appear to be reliable and stable estimates of
performance for both age groups. Therefore, the default cal-
culation of final threshold estimates for each task and partici-
pant was the average of three �narrow-range� threshold esti-

TABLE I. Wide-range starting test values across the four experimental
tasks. Values for older adult listeners are listed �values for young listeners
are in parentheses if different�.

Mono2 Mono4 Dich2 DLoc

Starting
SOA �ms� 10 85 �35� 45 100 �20�
No. of trials 72 96 144 144
mates.
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As a further check for within-subject outliers across
blocks, the standard deviation was calculated across the three
blocks for each listener. Any listener that had a standard
deviation greater than three times the average three-block
standard deviation for the respective age group was judged to
have an unreliable threshold estimate. In these cases, the two
closest threshold estimates were used to calculate the final
threshold estimate. A few listeners did not have at least two
threshold estimates that fell within three standard deviations,
and were therefore treated as missing data �about 1 partici-
pant per group per task�. Reliable data points having been
identified, threshold estimates averaged across all three
blocks �or two blocks, 6% of cases� were used in subsequent
analyses.

Of particular interest in this study are not only the lis-
teners who perform well enough on the experimental tasks to
yield valid threshold estimates but also those who perform
poorly or otherwise could not complete the experimental
testing. Table II lists the number of participants unable to
complete experimental testing for each task. Only six of
these participants were unable to complete two tasks �typi-
cally the two dichotic tasks�. Inspection of the data in Table
II reveals that older adults were unable to complete the
temporal-order identification tasks than younger adults, espe-
cially for Mono4. In order to include these individuals in
subsequent analyses and not bias the data by excluding them,
their performance was coded as extreme values �maximum
recorded threshold plus one standard deviation� and medians
were used for group analyses. Such nonparametric analyses
are more resistant to violations of normality and allowed
inclusion of all participants.

2. Data analysis

Table III displays the descriptive statistics for each
group. In order to test the difference between groups for each
experimental task, a Bonferroni-adjusted Mann–Whitney test
was used for pairwise comparisons and demonstrated signifi-
cant �p�0.001� between-group differences for all three
vowel-sequence identification tasks, as shown in Fig. 1.
However, no significant difference between age groups was
achieved for the dichotic ear-sequence identification task
�Bonferroni-adjusted p=0.032�. A Wilcoxon Signed-Ranks
Test was used to compare performance within a group across
experimental tasks �see Table IV�. For both age groups, SOA
thresholds for Mono2 were significantly shorter than SOA
thresholds for the other three tasks. For older adults, SOA
thresholds for Mono4 differed significantly from SOA
thresholds for both dichotic conditions. This was not the

TABLE II. Number of participants unable to achieve a threshold for each
experimental task.

Mono2 Mono4 Dich2 DLoc

Young 0 1 0 1
Old 1 21 6 6
case, however, for younger adults. The performance of older
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adults did not differ significantly between the two dichotic
tasks, whereas the performance of the young adults did differ
significantly between these two tasks.

F. Discussion and extension of results

The significant intertask differences demonstrate that
these four temporal-order identification tasks tap into differ-
ent processing demands. Clearly, the shortest SOAs were ob-
served for both age groups in the Mono2 stimulus condition,
with threshold SOA values being about 80–100 ms shorter
for this condition than the others. Apparently, it is easier for
both age groups to perform this task when the vowel se-
quence is presented to the same ear and is comprised of only
two stimuli. Keeping the stimuli in one ear but doubling the
number of items in the sequence �Mono4� resulted in sizable
increases in SOA thresholds �i.e., greater than a factor of 3�
relative to the SOA thresholds for the Mono2 condition. The
differences in chance performance between Mono2 �8%� and
Mono4 �1%� do result in a difference in task difficulty. In
order to equate d� between the two tasks, new thresholds
were calculated for the Mono4 task at a conservative 25%
correct using conversion tables from Hacker and Ratcliff
�1979�. Significant differences remained for the Mono4 con-
dition, both between young and older listeners �p�0.001�
and between Mono2 and Mono4 tasks �p�0.001�. However,
Mono4 d� adjusted thresholds were significantly better than
Dich2 thresholds, further highlighting the additional de-
mands of dichotic processing.

If limitations in vowel identification influenced perfor-
mance on the monaural tasks �rather than some other factors
related to temporal-order judgment�, then, the longer se-
quence in Mono4 would compound this factor, thereby re-
ducing the probability of correctly selecting the vowel se-
quence. However, while younger listeners did perform better
overall when identifying vowels in isolation than older lis-
teners �p�0.05�, vowel-identification performance in isola-
tion did not significantly correlate with performance on ei-
ther the Mono2 �r=−0.05� or Mono4 �r=−0.07� tasks. This
indicates that the sizable increases in threshold for Mono4
were not due to vowel-identification limitations, but more
likely due to task �e.g., sequential processing� and/or cogni-
tive �e.g., memory� factors.

Considering dichotic presentations, separating the
stimuli by presenting one to each ear resulted in considerably
longer SOA thresholds relative to Mono2. No difference be-
tween dichotic tasks was found for older listeners. This pro-

TABLE III. Descriptive statistics for experiment 1; IQ range=interquartile
range.

Older adult listeners Young adult listeners

N Median IQ range N Median IQ range

Mono2 150 49.1 35.4 35 15.8 15.7
Mono4 129 154.1 142.5 33 90.3 90.54
Dich2 143 116.0 37.4 34 96.5 28.8
DLoc 142 121.2 41.6 32 109.1 36.3
vides further evidence that vowel identification was not a
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limiting factor for vowel-sequence tasks as no difference in
performance was obtained for older listeners on the ear-
identification task which did not involve vowel identifica-
tion. Instead, it is likely that general temporal-order abilities
limited performance on both vowel- and ear-identification
tasks. However, one way of noting the processing demands
of these tasks is by comparison to young performance. In
agreement with previous studies of temporal-order for tones
�Szymaszek et al., 2006; Kołodziejczyk and Szelag, 2008�,
no age differences were obtained for the dichotic ear-
sequence identification task �DLoc�, indicating that the pro-
cessing requirements that underlie this task may be preserved
with age. It may be that the simpler task requirements for the
ear-sequence identification �DLoc� measures, as compared to
the parallel vowel-sequence identification measures �Dich2�,
resulted in similar performance between groups, as it has
been consistently found that age group differences in tempo-
ral processing often become apparent as the complexity of
the task increases �Fitzgibbons and Gordon-Salant, 1995,
1998�. The DLoc task is simpler than the Dich2 task, in part,
because there is no need to identify the phonological com-
position of the stimuli, simply to determine their location or
laterality. In addition, the DLoc task is simpler than the
Dich2 task because there were only two response alternatives
for DLoc �right vs left�, whereas Dich2 measures were com-
prised of 12 possible response sequences. However, while
the DLoc task complexity is less, the threshold SOA values
measured indicate that the demands of the task were signifi-
cantly greater for young adults. At least for younger listeners,

TABLE IV. Wilcoxon Signed-Ranks Test for comparison between tasks, Z
scores listed.

Group Mono2 Mono4 Dich2

Mono4 Old �10.3*
Young �5.1*

Dich2 Old �10.3* �7.1*
Young �5.1* �1.6

DLoc Old �10.3* �5.4* �1.4
Young �5.1* �0.9 �4.0*

FIG. 1. Young and older adult performance distribution
*p�0.001.
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phonetic labeling was easier than remembering to which ear
the stimulus had been presented first. Vowel identification
appears to have actually aided performance for these young
listeners.

Regarding group differences, older listeners perform sig-
nificantly poorer across all three vowel-sequence identifica-
tion tasks. Given that all listeners had normal or near-normal
hearing within the frequency range of the stimuli �below
1800 Hz� and that a high presentation level �83 dB SPL� was
used, group differences cannot be accounted for in terms of
differences in audibility. Indeed, the PTA did not correlate
significantly with vowel identification �r=0.11�, suggesting
that simple audibility did not influence identification perfor-
mance. Across all tasks, older listeners demonstrated large
variability, yet many older listeners performed within the
performance range of the young adults. This is consistent
with other age group differences found for other measures of
auditory temporal processing �Moore et al., 1992; Schneider
et al., 1994; Snell, 1997; Snell and Frisina, 2000; Humes et
al., 2009�.

As noted, the large differences in SOA thresholds for
both young and older listeners between the two-item monau-
ral and two-item dichotic tasks were striking. This difference
occurs even though the task requirements were identical: the
only difference was presenting the sequence to one ear vs
two ears, one stimulus per ear. Several possible factors could
underlie this difference, including the obvious differences in
physiological processing �i.e., central auditory processing� as
well as cognitive explanations. First, Shrivastav et al. �2008�
found that both presentation rate �i.e., SOA� and stimulus
duration influence the performance of older listeners, with
shorter tone durations leading to poorer discrimination per-
formance. Given that experiment 1 only used one stimulus
duration, it is not clear whether these performance patterns
would persist with a different stimulus duration. Therefore,
experiment 2 compared performance on these two-item iden-
tification tasks with 70 and 40 ms stimuli �40 ms stimuli
were also used by Humes et al. �2010��. Second, task perfor-
mance differences may have been related to the relative de-
mands due to divided-attention. Experiment 2 also examined

the temporal-order tasks of experiment 1, *p�0.001.
s for
how this factor might mediate monaural performance with
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40 ms vowels. Finally, experiment 2 also examined test-
retest learning, as it is not clear whether the performance
observed in experiment 1 represents a maximal ability or an
ability that can be enhanced with additional exposure to the
stimuli and temporal-order tasks.

III. EXPERIMENT 2: ADDITIONAL FACTORS FOR
OLDER LISTENERS

Experiment 2 used subsets of older listeners to investi-
gate three additional phenomena: stimulus duration,
stimulus-ear uncertainty �randomization�, and test-retest
learning. It has been reported that stimulus duration can have
an impact on monaural temporal-order discrimination, most
substantially for older adults �Shrivastav et al., 2008�. As
stimulus duration is an important dimension that can influ-
ence temporal-order performance, it is not clear whether the
performance patterns observed in experiment 1 will persist
for other stimulus durations. Therefore, experiment 2 com-
pared the difference in performance for vowel-sequence
identification tasks comprised of 40 ms or 70 ms stimuli. It is
possible that dichotic thresholds would be more influenced
by duration than monaural threshold due to the longer pro-
cessing time required.

Second, experiment 1 demonstrated a large difference in
SOAs between monaural and dichotic two-item sequences
for both young and older listeners. The second purpose of
experiment 2 was to explore one possible processing differ-
ence between the Mono2 and Dich2 tasks: divided attention.
In the dichotic testing, listeners were required to switch at-
tention between the two presentation ears, while listeners
only needed to attend to one ear in the monaural task. That
is, for the Dich2 task, the ear receiving the first stimulus of
the two-item sequence varied randomly from trial-to-trial
such that the listener did not know where to listen or where
the sequence would be initiated. This was not the case for the
Mono2 task. To examine the impact of this possible demand
on attention, this experiment randomized the ear to which the
two monaural stimuli were presented, such that on any given
trial the two vowels could both be presented to either the
right or left ear. This helped to match the level of location
uncertainty across trials between the monaural and dichotic
tasks.

Third, listeners in this study completed a large number
of tasks throughout the course of the study in multiple mo-
dalities �55 h of testing�. The conditions presented in this
final experiment occurred after significant exposure to the
stimulus materials in experiment 1, as well as completion of
eight different temporal-masking conditions using the same
40 ms vowel stimuli �reported in Humes et al., 2010�. All
participants completed the same tasks and on average, par-
ticipants completed about 12 h of testing with these vowel
stimuli prior to participating in experiment 2. Thus, partici-
pants had considerable opportunity to learn stimulus and
task-specific information prior to the measures completed in
experiment 2. Perhaps some of the difference observed be-
tween age groups in experiment 1 reflects age-related differ-
ences in learning the task or the stimuli. The question explic-

itly tested here examined whether learning did occur for
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older adults. It may be that temporal-order processing abili-
ties in older listeners are constrained by factors �e.g., physi-
ological� not susceptible to learning.

A. Listeners

Two groups of older adult listeners from experiment 1
volunteered to complete a portion of the conditions from
experiment 2. A subset �Group A� of 43 older listeners, 24
female and 19 male, ranging in age from 60–87 years
�mean=70 years� from experiment 1 completed the mea-
sures investigating stimulus duration and test-retest learning.
A second subset �Group B� of 24 older listeners, 16 females
and 8 males, ranging in age from 62–83 years �mean
=70 years� from experiment 1 completed the measures in-
vestigating the effect of ear randomization.

B. Methods

Five tasks were completed. Two tasks used the 70 ms
vowels and were the same as those used in experiment 1:
monaural two-item identification �Mono2_70� and dichotic
two-item identification �Dich2_70�. An additional three tasks
used 40 ms versions of the stimuli used in experiment 1
excised from the middle portion of the 70 ms vowels. These
three tasks were monaural two-item identification
�Mono2_40�, dichotic two-item identification �Dich2_40�,
and monaural two-item identification with randomization of
the stimulus presentation ear across trials �M2Rand_40�.
Procedures were identical to those outlined in experiment 1
for the monaural and dichotic tasks. M2Rand_40 consisted
of 144 trials, allowing for 72 trials to be presented to each
ear. Group A completed shortened stimulus duration tasks
Mono2_40 and Dich2_40 and the retest Mono2_70 and
Dich2_70 tasks. Monaural versions were always tested prior
to dichotic versions. Testing order of the two stimulus dura-
tions was counterbalanced across listeners. Group B com-
pleted the three 40 ms tasks �Mono2_40, Dich2_40, and
M2Rand_40� to examine ear randomization as a possible
factor in the larger dichotic thresholds.

Prior to completing the tasks in experiment 2, all older
participants in both groups completed an additional screen-
ing task for the identification of these shortened vowels in
isolation. Given the targeted threshold performance level of
50% for these two tasks, all participants were required to
complete this screening with at least 60% accuracy in each
ear to continue with experiment 2. Identification accuracy
during screening actually ranged from 77.5%–100% with a
mean of 95.2% �SD=6.2%� for the right ear and ranged from
62.5%–100% with a mean of 94.6% �SD=7.8%� for the left
ear. Thus, most listeners �77%� identified the short 40 ms
vowels in isolation with at least 90% accuracy, just as they
had the longer 70 ms vowels used in experiment 1. Task
demonstrations were provided prior to presenting any new
experimental task and were analogous to those in experi-
ment 1.

C. Results and discussion

The same data-reduction procedures as experiment 1

were used to obtain three-block averages to be used for an
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individual listener’s SOA threshold estimate. Four older par-
ticipants were unable to complete one or two tasks.
Mono2_70 and Dich2_40 each had two missing values, and
Mono2_40 and Dich2_70 each had one missing value. The
only participant in this data set who had an ear with hearing
thresholds beyond the audiometric criteria for this study did
not complete either dichotic test. Missing data for these four
participants were entered as extreme value outliers. As a re-
sult, medians were computed for group values and nonpara-
metric tests were again used for analysis. Pursing correla-
tions between performance on each task with mid-frequency
hearing thresholds �p�0.05� and vowel identification in iso-
lation �p�0.05� were not significant, suggesting that indi-
vidual differences in performance are not attributable to
simple audibility or vowel-identification abilities.

1. Stimulus duration

Group A completed the tasks for the investigation of
stimulus duration. A paired-sample Kruskal Wallis test was
used to examine the effect of test order between stimulus
durations �e.g., M2_70 first vs M2_40 first�. Results did not
differ significantly across the task orders �p�0.05�. There-
fore, data for counterbalanced conditions were pooled in sub-
sequent analyses for stimulus duration.

Figure 2 shows the median SOA values for the four
stimulus conditions in this experiment. Comparisons be-
tween analogous tasks using different stimulus durations
were tested using Wilcoxon Signed-Ranks tests. Results
demonstrated no significant difference between the SOAs for
the Mono2_70 �median=25.9 ms, IQ range=25.1 ms� and
Mono2_40 �median=27.6 ms, IQ range=28.3 ms� tasks
completed in experiment 2 �p�0.05�. However, a significant
effect of stimulus duration �p�0.001� was obtained for the
dichotic task comparison of Dich2_70 �median=104.8 ms,
IQ range=32.5 ms� and Dich2_40 �median=80.7 ms, IQ
range=45.9 ms�. This indicates that while no difference in
SOA occurred between stimulus durations for monaural con-
ditions, shorter stimulus durations actually lead to better
SOA values for the older listeners in dichotic testing. How-
ever, while SOA thresholds decreased substantially for the
shorter stimulus duration �40 ms� in the dichotic task, an-
other measure, the interstimulus interval �ISI�, was more
similar �median ISI for Dich2_70 was 34.5 ms and for

FIG. 2. Effect of stimulus duration; SOA thresholds from older adults in
experiment 2, error bars=interquartile range, *p�0.001.
Dich2_40 was 40.4 ms�. Nonetheless, all listeners had longer
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ISIs for the 40 ms stimuli �median difference=7.0 ms, IQ
range=14.1 ms�, which was significantly larger by means of
a Wilcoxon Signed-Ranks test �Z=−3.7, p�0.001�. Thus,
using ISI as an index, it may be that 40 ms vowels are more
difficult, requiring a larger temporal separation between the
stimuli. Two older listeners had thresholds that led to a tem-
poral overlap of the two 70 ms vowels �and therefore, no ISI
or temporal separation�, indicating that a silent interval is not
required for successful performance on the dichotic task us-
ing 70 ms vowels. However, in general, it appears that addi-
tional processing for dichotic sequences occurs after the
stimulus offset and that the processing requirements are
somewhat greater for the shorter 40 ms stimuli.

2. Ear uncertainty

Group B completed these measures to determine if ear
uncertainty resulted in the large differences between Mono2
and Dich2 tasks observed. Median SOA values for these 24
older adults appear in Fig. 3. Wilcoxon Signed-Ranks tests
demonstrated significant �Bonferroni-adjusted p�0.001� dif-
ferences between Dich2_40 �median=81.1 ms, IQ range
=68.5 ms� and each monaural task �p�0.001�, again dem-
onstrating large differences between monaural and dichotic
presentations, now for 40 ms stimuli. However, no differ-
ences were found between Mono2_40 �median=37.0 ms, IQ
range=44.5 ms� and M2Rand_40 �median=41.9 ms, IQ
range=44.8 ms�, indicating that differences between the
monaural and dichotic tasks for 40 ms vowels was not a
result of attentional demands related to stimulus-ear uncer-
tainty from trial-to-trial. Rather, differences appear to be re-
lated to inherent physiological �i.e., central auditory� differ-
ences between monaural and dichotic processing involved in
the comparison of stimuli across ears.

3. Test-retest learning

Group A also completed the retest 70 ms versions of
experiment 1 to investigate if performance improved for
older listeners with additional exposure. Figure 4 illustrates
the effect of the repeated exposures to stimuli and tasks be-
tween experiments 1 and 2. Comparisons were again tested
using Wilcoxon Signed-Ranks tests. The comparison of
SOAs between the first and second completion of Mono2_70
indicated a significant 39% improvement �p�0.001�. The

FIG. 3. Effect of ear randomization; SOA thresholds from older adults in
experiment 2, error bars=interquartile range, *p�0.001.
SOA values for Dich2_70 also improved significantly fol-
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lowing longer periods of exposure to the stimuli and tasks
�p�0.001�, but only with a 7% improvement. Thus, the
older listeners were able to improve their performance on
these vowel temporal-order identification tasks with in-
creased exposure to the stimuli. Of particular interest is
whether older listeners were able to approach the perfor-
mance of young listeners after such exposures or whether
older listener performance is limited by certain factors �i.e.,
physiological� and represents a maximal ability not suscep-
tible to training. Therefore, comparisons between the SOAs
from Mono2_70 and Dich2_70 conditions for older listeners
obtained after repeated exposures in experiment 2 were com-
pared to the results of the young listeners for the same tasks
but from experiment 1 �Fig. 4�. Results of the between
groups Mann–Whitney tests still indicated a significant age
group difference comparing the second testing of older lis-
teners to the first testing of the young listeners for the two-
item monaural task �Z=−4.02, p�0.001� and the two-item
dichotic task �Z=−2.30, p=0.022�. Thus, although the addi-
tional exposures to the brief vowel stimuli and the proce-
dures in this study narrowed the gap �literally� in SOAs be-
tween the older adults and the young adults on these two
measures of temporal-order identification, it was not enough
to eliminate significant group differences. We are investigat-
ing whether young adults also improve over time, and cur-
rently partial results are available. Data from 42 young lis-
teners indicate significant improvements with additional
exposure �Bonferroni-adjusted p�0.025�. Median SOAs
went from 13.9 and 97.4 ms for the Mono2 and Dich2 tasks,
respectively, to 7.3 and 85.7 ms following repeated expo-
sures to the stimuli and tasks. Thus, it appears that the per-
formance of young adults may also improve with exposure to
a similar degree as older listeners �about 10–20 ms improve-
ment across tasks and age groups�.

IV. GENERAL DISCUSSION

A. Group differences

Overall, the results from this set of experiments demon-
strate that older listeners have a significant difficulty identi-
fying the order of rapid temporal events relative to young

FIG. 4. Effect of stimulus exposure: Older adult performance for experi-
ment 1 �before exposure, cross-hatched light gray� and experiment 2 �after
exposure, solid light gray� in comparison to young performance for experi-
ment 1 �before exposure, solid dark gray�. Error bars=interquartile range,
*p�0.001, **p�0.025.
listeners. This difficulty becomes apparent and more pro-
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nounced as the cognitive complexity of the task increases,
such as from identifying two-item sequences vs four-item
sequences. One significant finding from experiment 1 was
the substantially elevated SOA thresholds in the two-item
dichotic tasks compared to the two-item monaural task. Dif-
ferences between dichotic and diotic processing have also
been noted previously �Szymaszek et al., 2006�. Results
from randomizing the presentation ear for monaural se-
quences in experiment 2 demonstrated that this difference
could not be accounted for by increased demands on divided-
attention resources, at least for 40 ms stimuli. Indeed, Tun et
al. �1992� noted a speech rate by age interaction for recall of
spoken passages that was independent of the attention pro-
cessing demands of the task. Instead, performance differ-
ences appear related to the physiological processing of di-
chotic vs monaural sequences, where dichotic presentations
require integration of temporal events across hemispheres.

Experiment 2 also highlighted two other substantial
findings related to temporal-order identification for older lis-
teners. These results refer to the effects of stimulus duration
and stimulus exposure on the performance of older listeners.
With regard to exposure, the initial measurements in experi-
ment 1 do not represent best performance—older listeners
were able to improve temporal-order identification perfor-
mance with extended exposure to stimulus information. This
is contradictory to previous results for the discrimination of
tonal sequences that have suggested no learning effect for
older listeners �Trainor and Trehub, 1989�. However, Szy-
maszek et al. �2006� reported an effect of practice on
temporal-order identification thresholds after one session. Al-
though older listeners did improve performance on our tasks,
they still did not reach the monaural performance of the
young listeners from experiment 1. Comparison to a second
set of young listeners with equivalent additional exposure
demonstrates approximately equal improvements in SOA for
both age groups. This either suggests that older listeners
would require additional and more focused training to
achieve performance thresholds near that of younger listen-
ers or that older performance is somehow limited by a factor
that maintains age group differences. It should also be noted
that considerable care was taken in establishing the SOA
thresholds in experiment 1, including the use of several dem-
onstration trials to familiarize the listeners to the stimuli and
tasks, use of initial wide-range constant-stimuli trial blocks
that essentially served as additional practice, and then basing
each threshold estimate �for most listeners� on three blocks
of trials that did not significantly vary from each other. De-
spite these efforts to obtain stable performance estimates,
older listeners clearly continued to improve their perfor-
mance with repeated exposures to these brief vowel stimuli
�i.e., 12 h of testing�. It also is important to note that this
additional exposure to the stimuli did not involve substantial
additional exposure to temporal-order identification. Rather,
as noted previously, extended exposure to these stimuli was
in the form of identification of one of the four target vowels
serving as the signal in various temporal-masking tasks.
Thus, any learning that has taken place from repeated expo-
sures to the stimuli is more of an implicit nature rather than

explicit and certainly would not be considered to be any
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form of “training” temporal-order performance. For now, we
can conclude that older adults do improve their thresholds
with repeated exposures to the stimuli but not enough to
eliminate differences in median SOA thresholds between the
two age groups. Therefore, older adult abilities remain plas-
tic and susceptible to learning, but significant age-related
factors remain that inhibit performance.

The effect of stimulus duration also revealed an interest-
ing result. Shorter stimulus durations did not adversely affect
the performance of older adults. While resulting in no differ-
ence for monaural presentations �Fig. 2�, shorter durations
actually resulted in smaller SOA thresholds for dichotic se-
quences. On the surface this appears counterintuitive, as el-
evated thresholds for duration discrimination with shorter
reference durations are well documented among older listen-
ers �Fitzgibbons and Gordon-Salant, 1995� at least for tonal
signals. Cullinan et al. �1977� presented diotic sequences of
four vowels continuously to young listeners and found that
performance on temporal-order identification improved as
the stimulus length increased, although this was also con-
founded with slowing the rate of presentation. In contrast, for
monaural presentations of three tone sequences, Fitzgibbons
et al. �2006� reported an effect of rate with no contribution of
stimulus duration. Shrivastav et al. �2008� found similar re-
sults for young normal-hearing participants listening to two-
tone sequences with flanker tones using uniform duration
and rate. Older listeners only demonstrated an effect of du-
ration for stimuli less than 40 ms in that study. This is, in
fact, what we found for our two-item monaural task: an ef-
fect of rate with no effect of duration �at least for the 70 and
40 ms vowels tested here�.

However, it appears that stimulus duration does influ-
ence temporal-order identification performance for dichotic
presentations. One possible reason for this advantage could
be related to the larger silent interval between the offset of
one stimulus and the onset of the next that shorter stimuli
provide. This silent interval may be beneficial by providing
more time for recovery �less masking� or processing;
thereby, actually leading to shorter �better� SOA thresholds
when shorter duration stimuli were used. Indeed, while SOA
values improved, this silent duration, the ISI, significantly
increased for shorter stimulus durations. It is important to
note that the results for shorter stimulus durations were ob-
tained only after significant exposure to the stimuli.

B. Individual differences among older listeners

This study was designed with a large sample size to
explore individual differences among the older listeners,
along with exploring a variety of task- and stimulus-specific
variables that influence the temporal-order performance of
older listeners in these experiments. First, correlations
among the temporal-order tasks of experiment 1 were exam-
ined to determine if performance on one task was related to a
listener’s performance on another task. Only older listeners
with threshold estimates �N and correlations shown in Table

V� were included in these correlations. Results indicate sig-
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nificant Pearson correlations among all measures �p�0.01�,
with the highest agreement between the two-item identifica-
tion measures �Mono2, Dich2; r=0.59�.

In order to determine if age, pure-tone audiometry, or
cognitive measures were able to predict an older listener’s
temporal-order identification performance, a second set of
analyses were completed. Redundancy among the sets of au-
diometric and cognitive measures obtained for all partici-
pants was first reduced using principal component �PC�
analysis with varimax rotation. Results of this analysis ex-
tracted three orthogonal PCs out of the 18 audiometric mea-
sures �Table VI�, corresponding to low-frequency hearing
thresholds in the right ear, the left ear, and bilateral high-
frequency hearing thresholds. Four orthogonal PCs were ex-
tracted for the 15 cognitive measures �Table VII� based on
the raw scores from the WAIS-III and corresponded roughly
to verbal, performance, free recall/pairing, and symbol-
search measures. These seven audiometric and cognitive
components were entered, along with age, as possible pre-
dictors in four multiple linear-regression analyses, one for
each of the four temporal-order tasks �Table VIII�a��. Results
indicate that cognitive measures of the WAIS, component 1
�verbal� and component 2 �performance�, serve as the pri-
mary predictors of variance across the four experimental

TABLE VI. Audiogram principal component analysis: % variance ac-
counted for in parentheses. Weights �0.4 removed for simplicity. R�right
ear, L�left ear.

Frequency �kHz�

Bilateral
high-frequency

�33.9%�

Right
low-frequency

�23.2%�

Left
low-frequency

�20.7%�

0.25 R 0.82
0.5 R 0.89
1 R 0.84
1.5 R 0.77
2 R 0.51 0.66
3 R 0.80 0.43
4 R 0.86
6 R 0.84
8 R
0.25 L 0.81
0.5 L 0.88
1 L 0.79
1.5 L 0.71
2 L 0.58 0.53
3 L 0.81
4 L 0.88
6 L 0.87
8 L 0.75

TABLE V. Experiment 1 task correlations for data from older adults only,
excluding participants who were unable to achieve a threshold value �N in
parentheses�.

Mono2 Mono4 Dich2

Mono4 0.46* �128�
Dich2 0.59* �142� 0.28* �121�
DLoc 0.30* �141� 0.25* �120� 0.34* �140�

*p� .01.
Fogerty et al.: Auditory temporal processing with age



tasks. Therefore, cognitive status �i.e., the level of an indi-
vidual’s cognitive skills� appears to account for between 8%
and 29% of the variance in performance among the older
participants. Additional variance was not accounted for by
either audiometric status or age.

Of interest is how much variance can be accounted for
by a basic measure of temporal-order identification ability
�Mono2�. Running the regression analyses a second time to
include Mono2 as a possible predictor �Table VIII�b�� re-
sulted in Mono2 becoming the primary predictor variable
across all tasks, accounting for over 20% and 34% of vari-
ance for Mono4 and Dich2 tasks, with cognitive measures
only entering into consideration for DLoc. This suggests that
Mono4 and Dich2 tasks are not predicted by other WAIS-III
cognitive measures not already accounted for by Mono2.

Overall, tests of individual differences among these
older listeners suggest that cognitive measures are related to
an older listener’s temporal-order identification ability for
vowels, while audiometric status does not serve as a predic-
tor. This latter finding is not surprising given that we low-
pass filtered the vowel stimuli at 1800 Hz and used a rela-
tively high presentation level to minimize the role of

TABLE VII. WAIS-III principal component analysis: % variance accounted
for in parentheses. Weights �0.4 removed for simplicity.

Variable
WAIS1
�25.5%�

WAIS2
�19.9%�

WAIS3
�13.8%�

WAIS4
�7.0%�

Information 0.83
Vocabulary 0.80
Similarities 0.75
Comprehension 0.73
Arithmetic 0.61
Letter-number sequencing 0.51
Picture arrangement 0.52 0.54
Matrix reasoning 0.41 0.69
Digit span 0.46
Picture completion 0.66
Block design 0.66
Digit-symbol coding 0.75
Pairing 0.99
Free recall 0.99
Symbol search 0.95

TABLE VIII. Linear regression: �a� age, 4 WAIS-PC
included as a predictor.

Task variable
% total
variance

Predictor
variable

�a� Mono2 14.5 WAIS2
14.4 WAIS1

Mono4 3.4 WAIS1
Dich2 6.1 WAIS1

6.0 WAIS2
DLoc 8.3 WAIS2

�b� Mono4 20.9 Mono2
Dich2 34.3 Mono2
DLoc 9.0 Mono2

3.6 WAIS2
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audibility. Thus, it appears plausible that general age-related
cognitive declines may influence temporal processing abili-
ties for vowels.

V. CONCLUSIONS

Four measures of temporal-order processing using
speech stimuli were obtained among a large group of older
adult listeners and compared to the performance of young
listeners. As expected, results indicated age group differ-
ences for three measures of temporal-order identification
with older listeners performing more poorly and with notice-
ably greater variability. However, the older group maintained
a large overlap in performance with the young listeners. In-
creasing the length of the stimulus sequence from two to four
vowels significantly degraded performance, possibly result-
ing from additional cognitive demands �i.e., memory�. A
large difference in performance between monaural and di-
chotic presentations occurred for both age groups and stimu-
lus durations. This difference was not related to attentional
demands created by stimulus presentation uncertainty across
ears �at least for 40 ms vowels� and therefore appears to be
specific to processing requirements. The manipulation of
stimulus duration demonstrated that older listeners with sub-
stantial exposure to the stimuli had better SOA values with
shorter stimuli for dichotic presentations; however, all listen-
ers required a longer silent interval between stimuli to com-
plete this task with shorter vowels, possibly indicating a need
for more processing time. No difference in thresholds be-
tween vowel durations was obtained for monaural presenta-
tions. Older listeners also demonstrated improvement in
temporal-order identification with significant additional ex-
posure to the test stimuli, yet performance still did not match
the performance of young listeners.

A major goal of this research project is to determine
causes for individual differences in performance among the
elderly, as large variability in performance among older lis-
teners has been consistently noted in the literature. One no-
table result showed that verbal and performance measures of
cognition predicted some of the variance associated with
each of the four temporal-order vowel-identification mea-
sures. It should be noted that the stimuli here were speech,
and perhaps verbal cognitive measures are more strongly as-

audiogram-PCs as predictors; �b� with Mono2 also

coefficient F �df� p

�0.38 29.877 �2, 147� �0.001
�0.38
�0.184 4.44 �1, 127� 0.037
�0.247 9.674 �2, 140� �0.001
�0.246
�0.288 12.682 �1, 140� 0.001

0.457 33.224 �1, 126� �0.001
0.586 73.207 �1, 140� �0.001
0.224 9.928 �2, 138� �0.001

�0.203
s, 3

�
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sociated with the temporal-order judgment of these vowels
than might be found for analogous nonspeech stimuli. Nev-
ertheless, the present results demonstrated that cognitive
measures were able to account for some of the differences in
temporal processing among older listeners, while no contri-
butions of audibility or age were found among this group of
older listeners.
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