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The present experiments examine the effects of listener age and hearing sensitivity on the ability to
understand temporally altered speech in quiet when the proportion of a sentence processed by time
compression is varied. Additional conditions in noise investigate whether or not listeners are
affected by alterations in the presentation rate of background speech babble, relative to the
presentation rate of the target speech signal. Younger and older adults with normal hearing and with
mild-to-moderate sensorineural hearing losses served as listeners. Speech stimuli included
sentences, syntactic sets, and random-order words. Presentation rate was altered via time
compression applied to the entire stimulus or to selected phrases within the stimulus. Older listeners
performed more poorly than younger listeners in most conditions involving time compression, and
their performance decreased progressively with the proportion of the stimulus that was processed
with time compression. Older listeners also performed more poorly than younger listeners in all
noise conditions, but both age groups demonstrated better performance in conditions incorporating
a mismatch in the presentation rate between target signal and background babble compared to
conditions with matched rates. The age effects in quiet are consistent with the generalized slowing
hypothesis of aging. Performance patterns in noise tentatively support the notion that altered rates
of speech signal and background babble may provide a cue to enhance auditory figure–ground
perception by both younger and older listeners. ©2004 Acoustical Society of America.
@DOI: 10.1121/1.1645249#
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I. INTRODUCTION

Aging listeners have difficulty understanding spee
particularly when it is degraded by some form of tempo
waveform distortion. The presence of hearing loss am
many elderly listeners imposes an additional deficit in spe
recognition that is evident in quiet, noise, and most forms
speech degradation. Nevertheless, there is evidence for
related deterioration in speech recognition performance
exceeds that which can be attributed to hearing loss al
Some stimulus and task factors appear to contribute to
age-related speech recognition deficit, including the type
degree of waveform distortion, the number of stimulus d
tortions, the length of the recall task, and the availability
contextual cues~Dubno et al., 1984; Gordon-Salant an
Fitzgibbons, 1993, 1997; Pichora-Fulleret al., 1995!. An im-
portant finding from previous research is that aging effe
are prominent on speeded speech tasks, which suggest
older people exhibit a temporal processing deficit.

Age-related difficulties in understanding temporally d
torted speech could arise as a consequence of temporal
cessing deficits associated with peripheral sensory me
nisms, central timing mechanisms, and cognitive capacit
Moreover, each of these mechanisms could contribute w
varying import to a listener’s performance in a specific se
stimulus/task conditions. Peripheral effects could result fr
sensory coding problems arising from sensorineural hea
loss and/or suprathreshold processing of short-term spec
1808 J. Acoust. Soc. Am. 115 (4), April 2004 0001-4966/2004/1
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durational, and intensive attributes of phonetic eleme
Problems associated with central timing mechanisms
more likely to influence judgments about stimulus durati
and/or the perception of suprasegmental prosodic attrib
of speech tempo and rhythm. Age-related cognitive dec
associated with limitations in executive functions, speed
processing, and memory may also affect perception
speech signals that have a rapid presentation rate, multip
unpredictable forms of distortion, or limited contextual cue
The goal of the present investigation is to define stimu
and processing factors that may account for the elderly
tener’s difficulty with temporally distorted speech.

At present, the predominant source~s! of the age-related
deficit for rapid speech remains unclear. In a recent st
~Gordon-Salant and Fitzgibbons, 2001!, elderly listeners
with and without hearing loss showed difficulty recognizin
rapid speech created with selective time compression of c
sonants, and minimal difficulty recognizing rapid speech c
ated with selective time compression of vowels or paus
These results suggest that older listeners experience a d
in processing the brief, impoverished acoustic cues for c
sonants in time-compressed speech. Although performa
on the task involving selective time compression of con
nants was the principal factor accounting for the variance
recognition of speech that was uniformly time compress
performance on this task accounted for only 53.3% of
performance deficit for speech that was uniformly time co
pressed. This finding indicates that other factors contribut
15(4)/1808/10/$20.00 © 2004 Acoustical Society of America
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the age-related difficulty for understanding speeded spee
Two hypotheses may be useful in understanding the

rimental effects of rapid speech on elderly listener’s perf
mance. The first is the cognitive slowing hypothesis~Birren,
1965; Salthouse, 1982!, which states that a generalized slow
ing accompanies the aging process and affects every eve
the nervous system. The slowing model predicts that red
tions in available processing time have a dramatically disp
portionate effect on the performance of elderly participan
it is often cited to account for elderly listeners’ poor scor
on tasks that increase the stimulus presentation rate~Wing-
field et al., 1985!. The second hypothesis is that older liste
ers have difficulty adjusting to novel stimuli or switchin
attention from one stimulus to another~e.g., Bryanet al.,
1999!. One requirement for recognition of ongoing speech
perceptual normalization, which is the process of convert
wide variations in the acoustic characteristics of spe
sounds to standard phonetic representations. Sommerset al.
~1994! manipulated the acoustic variability in speech sign
using alterations in talkers and speech rate across stim
Young listeners showed poorer speech recognition score
these variable conditions than in conditions with more u
form acoustic/phonetic speech signals~i.e., single talker, or
uniform rate!, suggesting that increasing demands on cog
tive functions required for perceptual normalization can lim
speech identification accuracy. In a follow-up study~Som-
mers, 1997!, older listeners exhibited poorer recognition pe
formance than younger listeners for speech signals w
acoustic–phonetic variations~multiple talkers! compared to
uniform acoustic–phonetic composition~single talker!
within a stimulus list. Moreover, elderly hearing-impaire
listeners showed poorer performance than elderly norm
hearing listeners in conditions with mixed speech rat
Overall, these results suggest that older listeners may e
rience decline in cognitive abilities related to perceptual n
malization, including accurate analysis and recognition
novel stimuli, adjusting to variation in stimulus speed, a
switching attention from one stimulus to another. The slo
ing hypothesis and the hypothesis that listeners may exh
difficulty in the ability to adapt to a change in stimulus spe
or novelty, while perhaps not mutually exclusive, could
used to account for older listeners’ difficulty in recognizin
rapid speech.

In experiment 1, rapid sentence-length speech stim
created through time-compression techniques, were
sented to young and elderly listeners with normal hear
and with hearing loss. Speech-rate conditions includ
normal-rate speech, time-compressed speech with unif
time compression throughout the stimulus, and tim
compressed speech in which one segment of the stim
was time compressed. The slowing hypothesis predicts
performance of elderly listeners should be progressiv
poorer with increments in the overall presentation rate: p
formance should be best for normal-rate speech, poore
speech with a single time-compressed segment~regardless of
its location!, and poorest for speech with uniform time com
pression throughout the entire stimulus. The hypothesis
lated to a decline in the ability to adjust to stimulus chan
~exclusive of any age-related slowed processing! predicts
J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 S. Gordon-S
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that a variation in speech rate within the sentence wo
place added demands on cognitive processes required to
malize the acoustic–phonetic composition of the speech
nal, resulting in poorest performance in the condition with
single time-compressed segment. Conditions in which
location of the time-compressed segment is randomi
rather than fixed should place additional cognitive dema
because of greater novelty or unpredictability of the stim
lus, creating a further deterioration in performance by elde
listeners.

The present study also investigated the effect of r
variations in background noise composed of multiple talk
on recognition of rapid speech. The addition of backgrou
noise to rapid speech is particularly difficult for older liste
ers ~Gordon-Salant and Fitzgibbons, 1995; Tun, 1998!. One
possible source of this difficulty is an age-related decline
executive control. Executive functions are high-level pr
cesses that supervise the operation of other cognitive
cesses, for example, planning and implementing a sequ
of behaviors or inhibiting task-irrelevant information. Tas
that involve divided attention, such as listening to speech
a competing message, are thought to place a large deman
executive control~Tun et al., 2002!. The literature on cogni-
tion and aging suggests that aging is accompanied by a
cline in executive control~Bryan et al., 1999; MacPherson
et al., 2002!, and in particular, evidence has shown that old
listeners exhibit a reduced ability to inhibit the processing
irrelevant information~Hasher and Zacks, 1988!. The detri-
mental effects of background talkers on a speeded spe
task also may be attributed to acoustic–phonetic mask
~energetic masking!, or to informational masking~Brungart
et al., 2001!. The temporal characteristics of noise appear
influence its masking effectiveness in normal-rate spe
tasks. Carhartet al. ~1969! and Takahashi and Bacon~1992!
showed that young normal-hearing listeners were able
take advantage of differences in the temporal characteris
of signal and noise to improve speech perception per
mance. The ability of older listeners to take advantage
temporal fluctuations in noise to mitigate its effects
speech recognition is unclear: one study~Stuart and Phillips,
1996! has shown that older listeners are less able t
younger listeners to take advantage of temporal fluctuati
in noise, two studies have shown no age effects~Takahashi
and Bacon, 1992; Souza and Turner, 1994!, and a recent
study ~Dubno et al., 2002! has shown that older listener
benefited from interrupted noise compared to steady-s
noise for syllable recognition, although the magnitude
benefit was less than that observed for younger listen
Thus, prior research suggests that young listeners, and
sibly elderly listeners, benefit from temporal modulations
noise compared to steady-state noise. One form of temp
variation in noise that has not been examined previousl
the speed of a background noise composed of multiple t
ers, relative to the speed of the spoken message. It is pos
that listeners may be able to take advantage of differen
between the speed of a target message and that of a b
ground masker, to enhance figure–ground separation. In
case, it could be predicted that varying speeds of speech
noise would form a basis for listeners to separate the ta
1809alant and P. J. Fitzgibbons: Stimulus and noise rate variability
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TABLE I. Thresholds~dB HL! (re: ANSI, 1996! and standard deviations~shown in parentheses! of young
normal hearing~Yng Norm Hrg!, elderly normal hearing~Eld Norm Hrg!, young hearing-impaired~Yng Hrg
Imp!, and elderly hearing-impaired~Eld Hrg Imp! listeners for octave frequencies from 250 through 4000 H

Frequency~Hz!

250 500 1000 2000 4000
Yng Norm Hrg 5.7 ~4.6! 1.7 ~3.1! 2.0 ~3.2! 2.0 ~5.6! 2.3 ~5.3!
Eld Norm Hrg 12.7 ~7.5! 7.7 ~7.5! 7.3 ~4.7! 5.45 ~5.68! 11.82 ~7.51!
Yng Hrg Imp 9.5 ~17.4! 25.0 ~19.7! 30.5 ~18.6! 32.0 ~17.5! 43.5 ~14.9!
Eld Hrg Imp 19.0 ~9.49! 19.3 ~11.63! 25.3 ~10.26! 36.0 ~10.89! 50.67 ~8.84!
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and background and perform better than in conditions w
matched speech and babble speeds. The theory that sp
perception problems in noise backgrounds by older peop
a manifestation of limited executive control~i.e., reduced
ability to inhibit processing of irrelevant information! might
predict that older people will exhibit poorer speech recog
tion performance than younger people in background bab
regardless of its speed because any noise represents a s
of irrelevant information that older listeners must inhibit
order to attend to and process relevant information. Exp
ment 2 therefore examined younger and older listeners’
ognition of time-compressed speech in three noise condit
that varied the rate of the babble, including matched a
unmatched rates relative to the target speech signal.

The current experiments were designed to investig
possible age differences in the ability to recognize ra
speech with and without variations in speech rate, and w
variations in noise rate. Because many older listeners h
age-related hearing loss and because hearing impairmen
duces audibility of critical speech cues~Dubnoet al., 1989!,
it is important to distinguish the detrimental effects attribut
to age from those attributed to hearing impairment. The
perimental design employed four listener groups, you
normal-hearing, older normal-hearing, young hearin
impaired, and older hearing-impaired, which permitted
assessment of the separate effects of age and hearing im
ment, as well as possible interactive effects between the

The current investigation also assessed the influenc
speech contextual cues on speech understanding pe
mance. Limitation in the availability of linguistic cues repr
sents another cognitive demand that could exert a gre
influence on the performance of elderly listeners compa
to younger listeners. Prior studies~Wingfield et al., 1985;
Gordon-Salant and Fitzgibbons, 2001! showed that age
related deficits on speeded speech tasks were strongly i
enced by the linguistic structure of the speech materials
the present experiments, it was anticipated that older lis
ers would experience greater difficulty than younger listen
in temporally challenging conditions when the availability
linguistic cues was reduced~Wingfield et al., 1985!. To that
end, the speech stimuli included three forms of senten
length materials: original sentences, syntactic sets,
random-order words.

II. EXPERIMENT 1: VARIATIONS IN SPEECH RATE

The purpose of experiment 1 was to examine the in
ence of variable-rate speech on younger and older listen
speech recognition performance.
oc. Am., Vol. 115, No. 4, April 2004 S. G
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A. Methods

1. Subjects

A total of 51 adults participated in the study. Subjec
assigned to the young normal-hearing group~YNH; n515)
were recruited from the student population at the Univers
of Maryland. These subjects were 18–40 years of age
had pure-tone thresholds<15 dB HL (re: ANSI, 1996! from
250–4000 Hz. Subjects assigned to the elderly norm
hearing group~ENH; n511) were community-dwelling in-
dividuals aged 65–76 years who met the same audiome
criteria as the YNH subjects. The young hearing-impair
listeners ~YHI; n510) were 18–40 years, with mild-to
moderate sloping sensorineural hearing losses. The etio
of the hearing losses was heredity or unknown. The elde
hearing-impaired listeners~EHI; n515) were 65–76 years
with mild-to-moderate sloping sensorineural hearing loss
These subjects had a negative history of otologic dise
noise exposure, and family history of hearing loss. T
gradual progression of the hearing loss coupled with an
sence of a known cause suggested that the etiology of
hearing losses of the older listeners was presbycusis. Ta
presents the mean audiograms of the four listener group

Additional criteria for subject selection included mon
syllabic word recognition scores in quiet~Northwestern Uni-
versity Test No. 6! exceeding 80%, normal tympanogram
and acoustic reflex thresholds for contralateral pure-t
stimuli ~500–2000 Hz! elicited at levels below the 90th per
centile for individuals with comparable hearing thresho
~Silman and Gelfand, 1981!. All listeners were native speak
ers of English and had not participated in listening expe
ments previously. Older listeners also passed a brief scr
ing test for general cognitive awareness~the Mini-Mental
Status Questionnaire, Pfeiffer, 1975!, and were required to
have sufficient motor skills to provide a legible written r
sponse.

2. Stimulus materials

The stimuli were the eight lists of the low-probabilit
~LP! sentences of the Revised Speech Perception in N
Test ~R-SPIN; Bilgeret al., 1984!. The sentences were dig
tized onto a PC and edited to create three forms: orig
sentences, syntactic sets, and random-order words. The o
nal, LP sentences contain no semantic cues to predict o
words in the sentence~e.g., ‘‘Mr. White should have consid
ered the sleeve.’’!. The syntactic sets preserved each subje
verb, and object phrase within each sentence, but prese
these phrases in random order~e.g., ‘‘Should have consid-
ordon-Salant and P. J. Fitzgibbons: Stimulus and noise rate variability
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ered Mr. White the sleeve.’’!. The random-order words con
sisted of presentation of each word in the sentence in c
pletely randomized order~e.g., ‘‘Have White the should Mr
sleeve considered.’’!. The three speech forms were impl
mented for all 200 LP-SPIN sentences.

A computer algorithm for time compression was appli
to all speech stimuli~WEDW software, Global Option;
www.castle@asel.udel.edu!. This algorithm extracted qua
sialternate epochs throughout the designated portion of
speech waveform; these extracted segments corres
roughly to alternate single pitch periods~averaging 10 ms! in
the signal. Following removal of the alternating pitch pe
ods, the algorithm applied a weighting function to ove
lapped points between the extracted segment and adja
remaining segments to produce a gradual rise–fall time
tween sequential speech segments~T. Bunnell, 1993, persona
communication!. As a result, the software technique creat
a rapid signal of specified duration without audible clicks
discontinuities, while preserving the pitch of the original s
nal. The time-compression algorithm was applied uniform
throughout each sentence-length signal, or selectively to
initial, middle, or final segment of the signal. Time compre
sion of a single segment of the original waveforms or s
tactic sets corresponded to the initial, middle, or final phr
of the signal. In the case of random-order words, time co
pression of a single segment was applied to a set of two
three contiguous words~depending on sentence length! ap-
pearing in the beginning, middle, or end of the stimulus. T
speech rate for the original sentences was approximately
words per minute~wpm!, and was reasonably consta
~610%! across all eight sentence lists and across the th
speech forms. Removal of the quasialternate epochs thro
out each sentence-length signal effectively removed 50%
the acoustic signal, and concatenated the remaining segm
to create the 50% time compression. Thus, the speech ra
the uniform time-compressed signals was approximately
wpm for each stimulus in the three speech forms. For sign
with the single-phrase time compressed, the speech rate
approximately 265 wpm.

The rms level of each stimulus was calculated, and
amplitude of each of these waveforms was scaled in dB r
tive to the rms level of the waveform for a calibration ton
to equate all stimuli. The stimuli were converted into ana
form and recorded onto a digital audio tape recorder~Sony
PCM 2500! with a 16-s interstimulus interval~ISI!. The or-
der of the sentences was randomized for each recordin
each list. The 16-s ISI has been shown in previous exp
ments to be sufficient for older listeners to provide a writt
response for these sentence-length stimuli~Gordon-Salant
and Fitzgibbons, 1997!. A calibration tone was recorded a
the beginning of each tape that was equivalent in overall
level to each of the speech stimuli.

3. Procedures

There were six speech rate conditions applied to
three stimulus forms, for a total of 18 listening condition
The two uniform speech rate conditions were normal-r
speech and speech that was time compressed at a 50%
compression ratio~TCR! throughout the signal. Three cond
J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 S. Gordon-S
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tions applied a 50% TCR to a single segment of each spe
signal that was fixed in location at the first, second, or th
segment. The final condition applied a 50% TCR to a sin
segment of each speech signal, but the location of the ti
compressed segment varied from trial to trial. The 18 list
ing conditions were presented in completely random or
across listeners, with random assignment of stimulus lis
listening condition.

During the experiment, listeners were seated in
double-walled sound-attenuating booth. The stimuli we
played back from the digital audio tape recorder, routed to
amplifier ~Crown D75!, attenuator~Hewlett-Packard 350D!,
audio mixer-amplifier~Colbourn S82-24!, second attenuato
~HP 350D!, and delivered to the listener through a monau
insert earphone~Etymotic ER3A!. The stimuli were pre-
sented at a level of 90 dB SPL. This level was selected
insure that the speech signals were presented at a su
threshold level across frequency~0.25 kHz–4 kHz! to each
hearing-impaired listener, and to equate absolute stimu
level for presentation across all subject groups. The ear w
better hearing sensitivity or better speech recognition~if
thresholds were bilaterally symmetrical! was the test ear for
hearing-impaired listeners. The test ear was alternated
listeners with normal hearing. All conditions for experime
1 were presented in quiet.

The listener’s task was to write the entire speech stim
lus perceived on an answer sheet. Listeners were encour
to guess if they were unsure of the spoken message. W
the written response may have added a short-term mem
component to the task, it insures accuracy of scoring
listener’s responses. Additionally, none of the listeners de
onstrated any difficulty in providing written responses with
the allotted 16-s ISI. Prior to participating in the experime
tal conditions, listeners heard and responded to a prac
tape that included samples of each stimulus form and spe
rate manipulation. Testing for each listener was complete
approximately 3 h.

B. Results

Subjects’ responses were scored for percentage of
rect content words~nouns, verbs, prepositions! recalled
within each stimulus list for each condition. Figure 1, pan
~a!, ~b!, and~c!, presents the mean scores of the four liste
groups for sentences, syntactic sets, and random-o
words, respectively, in the six speech rate conditions p
sented in quiet. The scores were analyzed using analys
variance ~ANOVA ! with a split-plot factorial design~two
between-subjects factors: age, hearing status; two wit
subjects factors: stimulus form and time-compression con
tion! following arc-sine transformation. The results reveal
a significant main effect of hearing group (p,0.05), with
hearing-impaired listeners performing more poorly than
teners with normal hearing. There were also significant m
effects of age (p,0.01), stimulus form (p,0.01), and time-
compression condition (p,0.01), as well as significant in
teractions between age and condition (p,0.01) and between
stimulus form and condition (p,0.01).

Simple main effects analyses and multiple comparis
tests were conducted to identify the sources of the interac
1811alant and P. J. Fitzgibbons: Stimulus and noise rate variability
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effects. Bonferroni corrections were applied for each se
multiple comparisons to avoid type I errors and set the al
level atp,0.01. To examine the age3condition interaction,
average data for the two age groups in the six tim

FIG. 1. Mean percent-correct speech recognition scores of the four list
groups ~Yng Norm5young normal hearing, Eld Norm5Elderly normal
hearing, Yng HI5Young hearing-impaired, Eld HI5Elderly hearing-
impaired! for six speech-rate conditions in quiet~No TC5no time compres-
sion, TC-Seg15time compression for segment 1, TC-Seg25time compres-
sion for segment 2, TC-Seg35time compression for segment 3, TC-Se
Random5time compression for one segment of random location, T
uniform5time compression implemented uniformly throughout the stim
lus!, for three stimulus forms@Panel~a!5sentences, panel~b!5syntactic sets,
panel~c!5random order words#. Error bars represent the standard error
the mean.
1812 J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 S. G
f
a

-

compression conditions~collapsed across hearing loss ca
egories and stimulus forms! are shown in Fig. 2. The statis
tical analyses revealed that older listeners performed m
poorly than younger listeners in all conditions involving tim
compression, but not in the normal-rate speech condit
Performance in the six time-compression conditions w
somewhat different for younger and older listeners. Youn
listeners obtained poorer scores in the uniform tim
compression condition than in the normal-rate speech co
tion; none of the other differences was statistically signific
for this group. Thus, performance of these listeners in
single-segment time-compression conditions was equiva
across these conditions and equivalent to performance
normal-rate speech and for uniformly time-compress
speech. Older listeners obtained significantly poorer sco
in the single segment time-compressed conditions~TC-Seg1,
TC-Seg2, TC-Seg3, TC-Seg Random! compared to the
normal-rate condition, and significantly poorer scores in
condition in which the entire speech stimulus is time co
pressed~TC-uniform! compared to all other conditions. Th
older listeners did not show significant performance diff
ences between the four single-segment time-compres
conditions.

Figure 3 presents data averaged across the four gro
for the three speech forms and six time-compression co
tions, to explore further the form3condition interaction.
Simple main effects analyses and multiple comparison t
revealed that for each condition, recognition scores w
poorer for the syntactic sets (p,0.01) than the original sen
tences, and poorer for the random-order words (p,0.01)
than for the original sentences and syntactic sets. The pa
of performance in the different conditions was similar f
sentences and syntactic sets: scores were highest in
normal-rate speech conditions, poorer but equivalent in
single-segment time-compression conditions, and poores
the uniform time-compression condition. For random-ord
words, a different performance pattern emerged: per

er

-
-

FIG. 2. Mean percent-correct speech recognition scores in the six liste
conditions for young and elderly listeners. The data are collapsed acros
three stimulus forms, and across the normal-hearing and hearing-imp
groups. Error bars represent the standard error of the mean.
ordon-Salant and P. J. Fitzgibbons: Stimulus and noise rate variability
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mance was significantly poorer in the uniform tim
compression condition compared to all other conditions,
scores for the normal-rate speech condition were higher
those observed for conditions with time compression of s
ments 1 or 2 only.

C. Discussion

The main effect of hearing status indicates that heari
impaired listeners showed significantly reduced scores c
pared to normal-hearing listeners in all conditions. Althou
significantly reduced relative to the scores of normal-hear
listeners, the mean speech recognition scores of hea
impaired listeners exceeded 90% in the normal-rate co
tion for sentences, reflecting the selection of subjects w
good-to-excellent monosyllabic speech recognition sco
and the utility of the high speech presentation level. T
effect of hearing impairment did not interact with tim
compression condition, indicating that the reduced audibi
and/or distortion imposed by mild-to-moderate sensorine
hearing loss influenced performance regardless of the pre
tation rate of the signal. It is also noteworthy that the hear
loss effect did not interact with age effects, suggesting t
hearing impairment and age are independent sources con
uting to many older listeners’ difficulties with understandi
speech in time-compression conditions. These findings g
erally agree with our previous work~Gordon-Salant and
Fitzgibbons, 1993!.

Age-related deficits were prominent in many of t
speech tasks. In particular, older listeners, both norm
hearing and hearing-impaired, performed more poorly th
younger listeners in all conditions involving time compre
sion. These findings are consistent with previous report
older listeners’ difficulty with time-compressed speech wh
the time-compression algorithm is applied throughout
speech stimulus~e.g., Vaughan and Letowski, 1997!. The
present results also extend these findings to communica
situations in which only one segment of a spoken messag
incremented in rate. Thus, older listeners experience m
difficulty than younger listeners in understanding the m

FIG. 3. Mean percent-correct recognition scores in the six listening co
tions across the three stimulus forms. Scores are collapsed across th
listener groups.
J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 S. Gordon-S
t
an
-

-
-

h
g
g-
i-
h
s

e

y
al
en-
g
at
ib-

n-

l-
n
-
of
n
e

on
is
re
-

sage when only one phrase of the message is rapid. Bec
conversational speech is rarely spoken ‘‘recitation sty
with uniformity throughout the message, it is likely that e
eryday speech is characterized by similar fluctuations in p
sentation rate. Rapidly articulated everyday speech may
clude additional modifications to the acoustic characteris
of speech~e.g., alterations in closure duration, transition d
ration, incomplete closure! that can further degrade the sig
nal and reduce speech intelligibility. Nevertheless, the c
rent results indicate that an increment in speech rate, eve
a small proportion of a message containing fully articula
phonemes, may be one source of age-related difficulty
understanding everyday speech.

The condition effect varied with subject age. The pri
cipal significant effect for young subjects was better rec
nition of normal-rate speech than uniformly time
compressed speech, suggesting that the overall rapid sp
rate condition was challenging for these listeners. Howe
younger listeners did not show significant decrements
scores for the single-segment time-compression condit
compared to the normal-rate speech condition, nor sign
cant decrements in scores for uniform time-compress
compared to the single-segment conditions, suggesting
these listeners do not show a progressive decline in per
mance with each increment in presentation rate. Performa
across conditions was somewhat different for older listen
The elderly listeners showed best performance for norm
rate speech, poorer performance for single-phrase ti
compressed speech, and poorest performance for unif
time-compressed speech. Moreover, there were no di
ences in performance for the different single-segment tim
compression conditions, including the random segment c
dition. This condition effect suggests that older listene
performance for time-compressed speech is influenced
marily by the duration of the sentence that is processed
time compression. These results are consistent with the s
ing hypothesis~Birren, 1965; Salthouse, 1982; Wingfiel
et al., 1985!, which predicts that the performance of old
listeners becomes disproportionately poorer as available
cessing time is reduced. The results do not support an in
pretation based on reduced cognitive function related to
aptation to novel stimuli, as described in the Introduction
a decline in the ability to adjust to changes in the stimu
speed associated with perceptual normalization were
principal source of the deficit, then poorer performance fo
single time-compressed phrase compared to either unif
speech rate condition~normal rate or 50% TCR! would have
been observed, as greater adjustment to speech rate wou
required for analysis of the more widely disparate tim
varying signals. Moreover, poorer performance would
predicted for a single, random time-compressed phrase
a single time-compressed phrase in a fixed location, as a
tional cognitive abilities would be required to switch atte
tion and process the unpredictable stimulus represented
the random condition. This clearly wasn’t the pattern of p
formance observed. Rather, speech recognition performa
of elderly listeners became progressively poorer as the
portion of the sentence affected by time compression w
increased, suggesting that it is the overall speed of the

i-
our
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tence that dominates the temporal effects of time-compre
speech for older listeners. Conversely, the present results
indicate that older listeners recognize speech better in co
tions with a single speeded phrase, regardless of the loca
of the single phrase, in comparison to a uniformly spee
message. This indicates that slowing down only a portion
a message may be beneficial to elderly listeners.

The effect of stimulus form was similar across all li
tener groups and all time-compression conditions. Listen
showed progressively poorer scores as the amount of ling
tic information in the stimuli was reduced: recognition sco
were highest for sentences in their original word ord
scores were reduced for syntactic sets, and scores were
est for random-order words. Thus, the availability of lingu
tic contextual cues aided sentence recognition in normal-
speech conditions and under the adverse listening condit
of accelerated speech rates. The original sentences us
these experiments were the low-probability SPIN senten
which do not contain semantic contextual cues. The effec
stimulus form in the present experiments suggests that
grammatical rules of sentence structure and word order
important in aiding overall speech recognition, and und
score the value of any type of contextual information
facilitating speech recognition. Younger and older listen
showed the same effect of stimulus form in the various ti
compression conditions, contrary to previous results~Wing-
field et al., 1985!. In this earlier study, older listeners exhib
ited greater detrimental effects of time-compressed spe
compared to younger listeners, as the linguistic redunda
in the speech materials was reduced. The disparate re
between the two studies may be associated with the am
of semantic contextual information available in the sente
stimuli, the specific time-compression method, or the aud
logical characteristics of the older listeners. In the pres
study, the effect of time-compression condition was som
what different for random-order words compared to the ot
stimulus forms, with poorer performance observed for rec
nition of stimuli with time compression of segments 1 or
compared to normal-rate speech. The source of this obse
tion is not readily apparent, but may be attributed in part
the difficult nature of recalling a list of unrelated rando
words and the importance of the initial information in a sp
ken utterance.

III. EXPERIMENT 2: VARIATIONS IN BABBLE RATE

Experiment 2 was conducted to investigate the hypo
esis that temporally mismatched background babble, rela
to a target speech signal, would produce less masking
temporally matched babble. The second hypothesis inve
gated was that older listeners would be less able to t
advantage of temporal differences between target signal
background babble than younger listeners.

A. Methods

1. Subjects

The same subjects who participated in experiment 1 a
participated in experiment 2.
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2. Stimulus materials and background noise

Speech materials consisted of the uniformly tim
compressed~50% TCR! sentences, syntactic sets, a
random-order words, derived from the LP-SPIN sentenc
as described in experiment 1.

A background of multitalker babble, recorded with th
R-SPIN test, was presented in all of the conditions. Th
babble rates were created by digitizing the 12-talker bab
from the original R-SPIN tapes to a PC, and using either
natural rate babble or applying the time-compression al
rithm ~25% TCR and 50% TCR! to the sampled babble. Fo
each stimulus on each list, brief waveforms of each form
the babble were created so that they were aligned220 ms
with the onset of the target stimulus and120 ms with the
offset of the target stimulus~i.e., the onset of the babbl
preceded the onset of the speech stimulus by 20 ms and
offset of the babble trailed the offset of the speech stimu
by 20 ms!. The rms level of each sentence-length bab
sample~compressed and uncompressed! was calculated, and
the amplitude of each of these waveforms was scaled in
relative to the rms level of the waveform for a calibratio
tone. The rms level of each sample remained constant be
and after the time-compression processing. Additionally,
amplitude density functions of each babble sample were
amined to determine if they were altered systematically
time compression. Kurtosis values were calculated as a m
surement of the peakedness of these functions. The m
kurtosis values~and standard deviations! for the normal-rate
babble, 25% time-compressed, and 50% time-compres
babble samples were 0.88~0.64!, 0.21 ~0.82!, and 0.26
~0.79!, respectively, and were not significantly different (p
.0.05). As noted in experiment 1, the target stimuli we
previously scaled in level to be equivalent in rms to that o
calibration tone. The stimuli and background babble~with
their respective calibration tones! were played back from
separate channels of the PC, converted to analog form,
recorded on separate channels of the DAT recorder.

3. Procedures

The nine new conditions presented in experiment 2 w
the three forms of uniformly time-compressed speech p
sented in three rates of babble: normal-rate babble, ti
compressed babble with a 25% TCR, and time-compres
babble with a 50% TCR. The stimuli and noise were play
back on separate channels of the DAT, routed to sepa
attenuators~Hewlett-Packard 350D!, mixed and amplified
~Colbourn audio mixer amplifier model S82-24!, and pre-
sented through a single insert earphone. The speech pre
tation level was 90 dB SPL, and the signal-to-noise ratio w
112 dB at the earphone. The order of conditions was r
domized across listeners. Listeners were instructed to ign
the noise and write down the entire sentence-length stimu
The time required for completion of experiment 2 was a
proximately 2 h.

B. Results

Figure 4, panels~a!, ~b!, and~c!, presents the mean rec
ognition scores for uniformly time-compressed sentenc
ordon-Salant and P. J. Fitzgibbons: Stimulus and noise rate variability
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syntactic sets, and random-order words, respectively, in
various noise conditions. ANOVAs were conducted on
arc-sine transformed recognition scores separately for e
stimulus form using a split-plot randomized factorial desi
with two between-subjects factors~age and hearing status!
and one within-subjects factor~noise condition!. The results
showed a significant main effect of age (p,0.01) for all
three stimulus forms, and a significant main effect of no
condition (p,0.01) for the sentences and syntactic sets. T
finding that the main effect of age was significant and
involved in any interactions substantiated the observa
that older listeners performed more poorly than younger

FIG. 4. Mean percent-correct speech recognition scores of the four list
groups for uniform time-compressed speech presented in three noise c
tions ~normal-rate babble, babble compressed at a 25% time-compre
ratio, and babble compressed at a 50% time-compression ratio!, for three
stimulus forms @Panel~a!5sentences, panel~b!5syntactic sets, panel~c!
5random-order words#. Error bars represent the standard error of the me
J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 S. Gordon-S
e
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teners in all conditions. Multiple comparison testing w
conducted to analyze further the noise condition effect, a
revealed that recognition of rapid speech in time-compres
babble with 50% TCR was significantly poorer than reco
nition of rapid speech in either normal-rate babble or tim
compressed babble with 25% TCR. The effect of hear
status was not significant for any of the stimulus forms.

C. Discussion

Recognition of time-compressed speech in noise app
to be affected by the temporal characteristics of the no
relative to those of the speech signal, particularly for ra
speech with linguistic contextual cues. In the present exp
ment, listeners performed better in conditions in which t
rate of the target speech signal and background babble w
mismatched compared to when they were matched. The
eral pattern of performance, where condition effects w
observed, was poor but equal scores in the normal-
babble and 25% TCR babble conditions, and poorer score
the 50% TCR babble condition. This pattern of results in
cates that listeners compared the overall rates of a ta
speech signal and the background noise and were ab
take advantage of differences in these rates to impr
speech recognition. Moreover, the results suggest that lis
ers were apparently able to extract word-rate variations
series of babble backgrounds that were all unintelligib
These findings support the predictions based on figu
ground separation, which postulated that listeners would
form better when the presentation rates of speech and n
were different relative to conditions in which the rates we
the same. The current experiments provide an initial tes
this supposition with one speech rate and several ba
rates. Further tests of this hypothesis would require ad
tional speech rates, and background babble rates that
both faster and slower than the target speech rates. An a
native explanation for the condition effect is that increas
the rate of the speech babble created in increase in ener
masking, resulting in poorest performance in the noise c
dition with 50% time compression of the babble. However
an increase in energetic masking was the principal unde
ing factor to account for the results, then the results sho
show a decrease in recognition performance in the 25%
babble condition relative to the normal-rate babble conditi
assuming a fairly linear relationship between modulation r
and performance. This finding was not observed. Althou
the samples of normal-rate 12-talker babble contained
dom dips in the waveform envelope during which there i
temporary increase in the signal-to-noise ratio, we obser
no consistent changes in the temporal structure follow
time compression. However, these few conditions don’t p
vide a systematic examination of the energetic masking
pothesis; further testing with additional, faster babble ra
and controlled modulation rates would be needed to prov
a stronger test of energetic masking effects.

Younger and older listeners exhibited the same gen
performance pattern, indicating that both age groups w
able to take advantage of the temporal mismatch betw
target and background. These findings generally agree
those reported by others~Takahashi and Bacon, 1992; Sou

er
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ion
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and Turner, 1994; Dubnoet al., 2002!, who used different
types of speech stimuli, noise, and methods to alter the t
poral fluctuations of speech and noise. However, it is a
noted that older listeners in the present study perform
more poorly than younger listeners in all conditions. Th
while older listeners derived about the same improvemen
younger listeners as a result of the temporal alterations in
noise, their overall performance level was depressed rela
to that of younger listeners. The source of the age effect in
noise conditions is unknown at present. One possibility
lates to the hypothesis that performance on tasks under
ecutive control is reduced in older people. The ability
inhibit the processing of a competing voice in the bac
ground while trying to listen to a target speaker is conside
an executive function~Tun et al., 2002!. The executive con-
trol theory predicted that age-related differences would
observed in all conditions involving a background of nois
regardless of its rate. The age effect observed in all no
conditions and for all stimulus forms, with no interactio
effects, was consistent with the predictions of the execu
control theory. Tunet al. ~2002! also observed that olde
listeners performed more poorly than younger listeners i
series of speech recognition tasks involving distracting v
bal stimuli. The experimental variable in this previous stu
was the semantic content of the target signals and compe
talkers, rather than presentation rates of target and b
ground. Nevertheless, the impaired ability of older people
inhibit the processing of a speech background, regardles
its semantic content, supported an age-related decline in
vided attention and selective listening, two high-level cog
tive abilities under central executive control. The findings
the current study are not consistent with the notion that o
listeners are less sensitive to changes in the overall pre
tation rate of speech stimuli than younger listeners. If a
related differences in rate discrimination were a key facto
account for the results, then older listeners would have b
efited less from the temporally mismatched conditions re
tive to the matched conditions, compared to younger list
ers.

The effects of noise background varied somewhat w
the availability of linguistic cues. Although a noise conditio
effect was observed for sentences and syntactic sets,
effect was not observed for random-order words, the stim
lus form that is devoid of linguistic information. One po
sible explanation for this finding is that recognition perfo
mance for speeded, random words was considera
diminished, and that any words that listeners were able
retrieve among these impoverished stimuli were sufficien
robust to be minimally affected by noise, regardless of
speed. The absence of a condition effect for random-o
words is consistent with the notion that all listeners ha
difficulty inhibiting the processing of irrelevant informatio
when the target signal itself is difficult to recognize.

An effect of hearing status was not observed in the no
conditions, although it was observed consistently in qu
This difference is probably associated with more extens
differences in the audibility of the speech signals betwe
the normal and hearing-impaired groups in quiet than
noise. The presence of the noise appeared to alter the a
1816 J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 S. G
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bility of the signal more extensively for normal-hearing li
teners than for hearing-impaired listeners. For example,
the normal-rate babble only, apost hocanalysis indicated a
significantly greater decline in performance from the qu
condition to the normal-rate babble condition for norm
hearing listeners compared to hearing-impaired listenersp
,0.01). Thus, the presence of noise minimized the diff
ence in signal audibility~i.e., effective band signal-to-nois
ratios necessary for speech recognition! between normal-
hearing and hearing-impaired listeners.

IV. SUMMARY AND CONCLUSIONS

The principal findings of the current experiments we
as follows.

~1! Older listeners perform more poorly than younger liste
ers on nearly all speech recognition tasks involvi
speeded speech, with poorest performance observed
uniform time compression of speech.

~2! Increasing the speed of only one phrase in a sentenc
detrimental for older listeners, compared to normal-r
speech.

~3! Time compression of a single phrase presented rando
does not produce poorer scores than time compressio
a fixed phrase in the sentence.

~4! Both younger and older listeners show better recognit
of time-compressed sentences when the temporal c
acteristics of target speech signal and background ba
are mismatched than when temporal characteristics
matched.

~5! Hearing-impaired listeners perform more poorly th
normal-hearing listeners in all normal-rate and spee
speech conditions presented in quiet.

The findings generally support the hypothesis th
younger and older listeners are differentially affected
speeded speech tasks, with increased speed of any phra
a spoken message having a particularly detrimental effec
the performance of older listeners. Moreover, age-rela
deficits increase with faster presentation rates, which co
spond to reduced stimulus durations. These results a
with the slowing hypothesis, which states that reductions
available processing time have an excessive impact on
formance of older listeners. Additionally, performance
consistently poorer for older listeners than for younger
teners during speeded speech tasks in a backgroun
speech babble presented at several rates, including a nor
rate and two speeded speech rates. The age-related defi
the ability to ignore a background of distracting informatio
appears to be consistent with a cognitive decline in execu
function. For both younger and older listeners, the interf
ence of background noise is greatest when the temporal c
position of the speech and noise is matched, and less
when it is dissimilar, at least for speech stimuli presented
a rapid rate and containing contextual linguistic informatio
Thus, it appears that both younger and older listeners c
pare overall rates of the target and background, and are b
able to resolve the target signal when its rate is distinct fr
that of a speech background. This example of audit
ordon-Salant and P. J. Fitzgibbons: Stimulus and noise rate variability
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and
figure–ground separation suggests that overall speech
relative to background speech rate is a possible cue for
proving speech recognition in noise. Generally, the res
suggest that older listeners are less adept than younge
teners at adjusting to moment-to-moment fluctuations
speaking rate, but have a comparable ability to younger
teners at taking advantage of a temporal mismatch betw
signal and noise to resolve the target message. Furthe
search examining the range of speeds of target and n
over which this advantage operates in older listeners wo
be useful for possible refinement of hypotheses intende
unravel the source of age-related performance deficits in
graded listening conditions.
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