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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. 2@04 Acoustical Society of America.
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I. INTRODUCTION durational, and intensive attributes of phonetic elements.
Problems associated with central timing mechanisms are
Aging listeners have difficulty understanding speech,more likely to influence judgments about stimulus duration
particularly when it is degraded by some form of temporaland/or the perception of suprasegmental prosodic attributes
waveform distortion. The presence of hearing loss amon@f speech tempo and rhythm. Age-related cognitive decline
many elderly listeners imposes an additional deficit in speeclhssociated with limitations in executive functions, speed of
recognition that is evident in quiet, noise, and most forms oforocessing, and memory may also affect perception of
speech degradation. Nevertheless, there is evidence for agspeech signals that have a rapid presentation rate, multiple or
related deterioration in speech recognition performance thainpredictable forms of distortion, or limited contextual cues.
exceeds that which can be attributed to hearing loss alon&he goal of the present investigation is to define stimulus
Some stimulus and task factors appear to contribute to thiand processing factors that may account for the elderly lis-
age-related speech recognition deficit, including the type antener’s difficulty with temporally distorted speech.
degree of waveform distortion, the number of stimulus dis- At present, the predominant sou¢geof the age-related
tortions, the length of the recall task, and the availability ofdeficit for rapid speech remains unclear. In a recent study
contextual cues(Dubno et al, 1984; Gordon-Salant and (Gordon-Salant and Fitzgibbons, 200Zlelderly listeners
Fitzgibbons, 1993, 1997; Pichora-Fulkefral,, 1995. Anim-  with and without hearing loss showed difficulty recognizing
portant finding from previous research is that aging effectgapid speech created with selective time compression of con-
are prominent on speeded speech tasks, which suggests tlsahants, and minimal difficulty recognizing rapid speech cre-
older people exhibit a temporal processing deficit. ated with selective time compression of vowels or pauses.
Age-related difficulties in understanding temporally dis- These results suggest that older listeners experience a deficit
torted speech could arise as a consequence of temporal prio- processing the brief, impoverished acoustic cues for con-
cessing deficits associated with peripheral sensory mechaenants in time-compressed speech. Although performance
nisms, central timing mechanisms, and cognitive capacitieon the task involving selective time compression of conso-
Moreover, each of these mechanisms could contribute witlmants was the principal factor accounting for the variance in
varying import to a listener’s performance in a specific set ofrecognition of speech that was uniformly time compressed,
stimulus/task conditions. Peripheral effects could result fromperformance on this task accounted for only 53.3% of the
sensory coding problems arising from sensorineural hearingerformance deficit for speech that was uniformly time com-
loss and/or suprathreshold processing of short-term spectrgiressed. This finding indicates that other factors contribute to
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the age-related difficulty for understanding speeded speechthat a variation in speech rate within the sentence would

Two hypotheses may be useful in understanding the defplace added demands on cognitive processes required to nor-
rimental effects of rapid speech on elderly listener’s perfor-malize the acoustic—phonetic composition of the speech sig-
mance. The first is the cognitive slowing hypothg8sren,  nal, resulting in poorest performance in the condition with a
1965; Salthouse, 1982which states that a generalized slow- single time-compressed segment. Conditions in which the
ing accompanies the aging process and affects every eventliocation of the time-compressed segment is randomized
the nervous system. The slowing model predicts that reduaather than fixed should place additional cognitive demands
tions in available processing time have a dramatically disprobecause of greater novelty or unpredictability of the stimu-
portionate effect on the performance of elderly participantsjus, creating a further deterioration in performance by elderly
it is often cited to account for elderly listeners’ poor scoreslisteners.
on tasks that increase the stimulus presentation (k&fteg- The present study also investigated the effect of rate
field et al, 1985. The second hypothesis is that older listen-variations in background noise composed of multiple talkers
ers have difficulty adjusting to novel stimuli or switching on recognition of rapid speech. The addition of background
attention from one stimulus to anothég.g., Bryanet al, noise to rapid speech is particularly difficult for older listen-
1999. One requirement for recognition of ongoing speech isers (Gordon-Salant and Fitzgibbons, 1995; Tun, 1998ne
perceptual normalization, which is the process of convertingpossible source of this difficulty is an age-related decline in
wide variations in the acoustic characteristics of speeclexecutive control. Executive functions are high-level pro-
sounds to standard phonetic representations. Someb@ls cesses that supervise the operation of other cognitive pro-
(1994 manipulated the acoustic variability in speech signalscesses, for example, planning and implementing a sequence
using alterations in talkers and speech rate across stimuldf behaviors or inhibiting task-irrelevant information. Tasks
Young listeners showed poorer speech recognition scores that involve divided attention, such as listening to speech in
these variable conditions than in conditions with more uni-a competing message, are thought to place a large demand on
form acoustic/phonetic speech signélg., single talker, or executive contro(Tun et al, 2002. The literature on cogni-
uniform rate, suggesting that increasing demands on cognition and aging suggests that aging is accompanied by a de-
tive functions required for perceptual normalization can limitcline in executive contro(Bryan et al, 1999; MacPherson
speech identification accuracy. In a follow-up stu@om- et al, 2002, and in particular, evidence has shown that older
mers, 1997, older listeners exhibited poorer recognition per-listeners exhibit a reduced ability to inhibit the processing of
formance than younger listeners for speech signals witlirrelevant information(Hasher and Zacks, 1988The detri-
acoustic—phonetic variationgnultiple talker$ compared to mental effects of background talkers on a speeded speech
uniform acoustic—phonetic compositiorisingle talkey  task also may be attributed to acoustic—phonetic masking
within a stimulus list. Moreover, elderly hearing-impaired (energetic masking or to informational maskingBrungart
listeners showed poorer performance than elderly normalet al,, 2001). The temporal characteristics of noise appear to
hearing listeners in conditions with mixed speech ratesinfluence its masking effectiveness in normal-rate speech
Overall, these results suggest that older listeners may expéasks. Carharét al. (1969 and Takahashi and Bacgh992)
rience decline in cognitive abilities related to perceptual norshowed that young normal-hearing listeners were able to
malization, including accurate analysis and recognition oftake advantage of differences in the temporal characteristics
novel stimuli, adjusting to variation in stimulus speed, andof signal and noise to improve speech perception perfor-
switching attention from one stimulus to another. The slow-mance. The ability of older listeners to take advantage of
ing hypothesis and the hypothesis that listeners may exhibtemporal fluctuations in noise to mitigate its effects on
difficulty in the ability to adapt to a change in stimulus speedspeech recognition is unclear: one sty&yuart and Phillips,
or novelty, while perhaps not mutually exclusive, could be1996 has shown that older listeners are less able than
used to account for older listeners’ difficulty in recognizing younger listeners to take advantage of temporal fluctuations
rapid speech. in noise, two studies have shown no age effétkahashi

In experiment 1, rapid sentence-length speech stimuliand Bacon, 1992; Souza and Turner, 19%hd a recent
created through time-compression techniques, were prestudy (Dubno et al, 2002 has shown that older listeners
sented to young and elderly listeners with normal hearingpenefited from interrupted noise compared to steady-state
and with hearing loss. Speech-rate conditions includedhoise for syllable recognition, although the magnitude of
normal-rate speech, time-compressed speech with uniforibenefit was less than that observed for younger listeners.
time compression throughout the stimulus, and time-Thus, prior research suggests that young listeners, and pos-
compressed speech in which one segment of the stimulusibly elderly listeners, benefit from temporal modulations in
was time compressed. The slowing hypothesis predicts thatoise compared to steady-state noise. One form of temporal
performance of elderly listeners should be progressivelyariation in noise that has not been examined previously is
poorer with increments in the overall presentation rate: perthe speed of a background noise composed of multiple talk-
formance should be best for normal-rate speech, poorer fars, relative to the speed of the spoken message. It is possible
speech with a single time-compressed segriregfardless of  that listeners may be able to take advantage of differences
its location, and poorest for speech with uniform time com- between the speed of a target message and that of a back-
pression throughout the entire stimulus. The hypothesis reground masker, to enhance figure—ground separation. In this
lated to a decline in the ability to adjust to stimulus changecase, it could be predicted that varying speeds of speech and
(exclusive of any age-related slowed proceskipgedicts  noise would form a basis for listeners to separate the target
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TABLE I. Thresholds(dB HL) (re: ANSI, 1996 and standard deviationshown in parenthesg®f young
normal hearingYng Norm Hrg, elderly normal hearingEld Norm Hrg, young hearing-impaire@Yng Hrg
Imp), and elderly hearing-impaire@Eld Hrg Imp) listeners for octave frequencies from 250 through 4000 Hz.

Frequency(Hz)

250 500 1000 2000 4000
YngNormHrg 57 (4.6 17 (3.2 20 (32 20 (568 23 (53
Eld Norm Hrg 127 (7.5 7.7 (7.5 73 (47 545 (568 11.82 (751
Yng Hrg Imp 95 (174 250 (19.7 305 (186 320 (17.5 435 (149
Eld Hrg Imp 190 (9.49 193 (11.63 253 (1026 36.0 (10.89 50.67 (8.84

and background and perform better than in conditions withA. Methods
matched speech and babble speeds. The theory that speech
perception problems in noise backgrounds by older people il Subjects
a manifestation of limited executive contr@le., reduced A total of 51 adults participated in the study. Subjects
ability to inhibit processing of irrelevant informatipmight  assigned to the young normal-hearing gré¥H; n=15)
predict that older people will exhibit poorer speech recogni-were recruited from the student population at the University
tion performance than younger people in background babblef Maryland. These subjects were 18—40 years of age and
regardless of its speed because any noise represents a souneel pure-tone threshol@sl5 dB HL (re: ANSI, 1996 from
of irrelevant information that older listeners must inhibit in 250—4000 Hz. Subjects assigned to the elderly normal-
order to attend to and process relevant information. Experihearing group(ENH; n=11) were community-dwelling in-
ment 2 therefore examined younger and older listeners’ reddividuals aged 65—-76 years who met the same audiometric
ognition of time-compressed speech in three noise conditionsriteria as the YNH subjects. The young hearing-impaired
that varied the rate of the babble, including matched andisteners (YHI; n=10) were 18-40 years, with mild-to-
unmatched rates relative to the target speech signal. moderate sloping sensorineural hearing losses. The etiology
The current experiments were designed to investigatef the hearing losses was heredity or unknown. The elderly
possible age differences in the ability to recognize rapichearing-impaired listener€EHI; n=15) were 65-76 years
speech with and without variations in speech rate, and withwith mild-to-moderate sloping sensorineural hearing losses.
variations in noise rate. Because many older listeners havEhese subjects had a negative history of otologic disease,
age-related hearing loss and because hearing impairment neeise exposure, and family history of hearing loss. The
duces audibility of critical speech cué3ubnoet al, 1989, gradual progression of the hearing loss coupled with an ab-
it is important to distinguish the detrimental effects attributedsence of a known cause suggested that the etiology of the
to age from those attributed to hearing impairment. The exhearing losses of the older listeners was presbycusis. Table |
perimental design employed four listener groups, youngpresents the mean audiograms of the four listener groups.
normal-hearing, older normal-hearing, young hearing- Additional criteria for subject selection included mono-
impaired, and older hearing-impaired, which permitted arsyllabic word recognition scores in quigdorthwestern Uni-
assessment of the separate effects of age and hearing impaiersity Test No. § exceeding 80%, normal tympanograms,
ment, as well as possible interactive effects between them.and acoustic reflex thresholds for contralateral pure-tone
The current investigation also assessed the influence aftimuli (500—2000 Hg elicited at levels below the 90th per-
speech contextual cues on speech understanding perfarentile for individuals with comparable hearing thresholds
mance. Limitation in the availability of linguistic cues repre- (Silman and Gelfand, 1981All listeners were native speak-
sents another cognitive demand that could exert a greaters of English and had not participated in listening experi-
influence on the performance of elderly listeners comparednents previously. Older listeners also passed a brief screen-
to younger listeners. Prior studig®Vingfield et al, 1985; ing test for general cognitive awarenedbe Mini-Mental
Gordon-Salant and Fitzgibbons, 200%howed that age- Status Questionnaire, Pfeiffer, 197%nd were required to
related deficits on speeded speech tasks were strongly infllrave sufficient motor skills to provide a legible written re-
enced by the linguistic structure of the speech materials. lisponse.
the present experiments, it was anticipated that older listen-
ers would experience greater d_ifficulty than younger Ii_s_teneri Stimulus materials
in temporally challenging conditions when the availability of o ] ] -
linguistic cues was reduce@iVingfield et al, 1985. To that The stimuli were the eight lists of the low-probability
end, the speech stimuli included three forms of sentencd-P) sentences of the Revised Speech Perception in Noise

length materials: original sentences, syntactic sets, andgeSt(R-SPIN; Bilgeret al, 1984. The sentences were digi-
random-order words. tized onto a PC and edited to create three forms: original

sentences, syntactic sets, and random-order words. The origi-
nal, LP sentences contain no semantic cues to predict other
words in the sentende.g., “Mr. White should have consid-
The purpose of experiment 1 was to examine the influ-ered the sleeve)! The syntactic sets preserved each subject,
ence of variable-rate speech on younger and older listenerserb, and object phrase within each sentence, but presented
speech recognition performance. these phrases in random orderg., “Should have consid-

Il. EXPERIMENT 1: VARIATIONS IN SPEECH RATE
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ered Mr. White the sleeve)” The random-order words con- tions applied a 50% TCR to a single segment of each speech
sisted of presentation of each word in the sentence in consignal that was fixed in location at the first, second, or third
pletely randomized ordge.g., “Have White the should Mr. segment. The final condition applied a 50% TCR to a single
sleeve considered)” The three speech forms were imple- segment of each speech signal, but the location of the time-
mented for all 200 LP-SPIN sentences. compressed segment varied from trial to trial. The 18 listen-

A computer algorithm for time compression was applieding conditions were presented in completely random order
to all speech stimuli(wepw software, Global Option; across listeners, with random assignment of stimulus list to
www.castle@asel.udel.eduThis algorithm extracted qua- listening condition.
sialternate epochs throughout the designated portion of the During the experiment, listeners were seated in a
speech waveform; these extracted segments corresponduble-walled sound-attenuating booth. The stimuli were
roughly to alternate single pitch perio@sveraging 10 msin played back from the digital audio tape recorder, routed to an
the signal. Following removal of the alternating pitch peri- amplifier (Crown D79, attenuator(Hewlett-Packard 350p)
ods, the algorithm applied a weighting function to over-audio mixer-amplifiefColbourn S82-2% second attenuator
lapped points between the extracted segment and adjacef{P 350D, and delivered to the listener through a monaural
remaining segments to produce a gradual rise—fall time bensert earphongEtymotic ER3A. The stimuli were pre-
tween sequential speech segméiitBunnell, 1993, personal sented at a level of 90 dB SPL. This level was selected to
communication As a result, the software technique createdinsure that the speech signals were presented at a supra-
a rapid signal of specified duration without audible clicks orthreshold level across frequendy.25 kHz—4 kHz to each
discontinuities, while preserving the pitch of the original sig- hearing-impaired listener, and to equate absolute stimulus
nal. The time-compression algorithm was applied uniformlylevel for presentation across all subject groups. The ear with
throughout each sentence-length signal, or selectively to thieetter hearing sensitivity or better speech recognitin
initial, middle, or final segment of the signal. Time compres-thresholds were bilaterally symmetricalas the test ear for
sion of a single segment of the original waveforms or syn-hearing-impaired listeners. The test ear was alternated for
tactic sets corresponded to the initial, middle, or final phrasdisteners with normal hearing. All conditions for experiment
of the signal. In the case of random-order words, time com4 were presented in quiet.
pression of a single segment was applied to a set of two or  The listener’s task was to write the entire speech stimu-
three contiguous word&epending on sentence lengtp-  lus perceived on an answer sheet. Listeners were encouraged
pearing in the beginning, middle, or end of the stimulus. Theto guess if they were unsure of the spoken message. While
speech rate for the original sentences was approximately 2G@e written response may have added a short-term memory
words per minute(wpm), and was reasonably constant component to the task, it insures accuracy of scoring the
(£10%) across all eight sentence lists and across the threléstener’s responses. Additionally, none of the listeners dem-
speech forms. Removal of the quasialternate epochs througbnstrated any difficulty in providing written responses within
out each sentence-length signal effectively removed 50% dhe allotted 16-s ISI. Prior to participating in the experimen-
the acoustic signal, and concatenated the remaining segmené conditions, listeners heard and responded to a practice
to create the 50% time compression. Thus, the speech rate tape that included samples of each stimulus form and speech
the uniform time-compressed signals was approximately 40@ate manipulation. Testing for each listener was completed in
wpm for each stimulus in the three speech forms. For signalapproximately 3 h.
with the single-phrase time compressed, the speech rate was
approximately 265 wpm. B. Results

The rms level of each stimulus was calculated, and the
amplitude of each of these waveforms was scaled in dB rel
tive to the rms level of the waveform for a calibration tone
to equate all stimuli. The stimuli were converted into analo
form and recorded onto a digital audio tape recon@&ony
PCM 2500 with a 16-s interstimulus intervdlSl). The or-
der of the sentences was randomized for each recording

Subjects’ responses were scored for percentage of cor-
Fect content words(nouns, verbs, prepositiongecalled
'within each stimulus list for each condition. Figure 1, panels
g(a), (b), and(c), presents the mean scores of the four listener
groups for sentences, syntactic sets, and random-order
(\é¥ords, respectively, in the six speech rate conditions pre-
. . . Sented in quiet. The scores were analyzed using analysis of
each list. The 16-s ISI has been shown in previous eXper'\'/ariance(ANOVA) with a split-plot factorial desigr(two

ments to bfe SI:Eﬁment fortolder|I|stetr;]erst_t0£_ro(\jnde Sa Yvr't:enbenNeen—subjects factors: age, hearing status; two within-
response for these sentence-length stinGlordon-Salan subjects factors: stimulus form and time-compression condi-

and Flt;g|pbons, 1997A calibration tong was r.ecorded at tion) following arc-sine transformation. The results revealed
the beginning of each tape that was equivalent in overall rmg significant main effect of hearing group<0.05), with

level to each of the speech stimuli. hearing-impaired listeners performing more poorly than lis-
teners with normal hearing. There were also significant main

3. Procedures effects of age (<<0.01), stimulus form<0.01), and time-
There were six speech rate conditions applied to theompression conditionp<<0.01), as well as significant in-

three stimulus forms, for a total of 18 listening conditions.teractions between age and conditigrin(0.01) and between

The two uniform speech rate conditions were normal-ratestimulus form and conditiong<<0.01).

speech and speech that was time compressed at a 50% time- Simple main effects analyses and multiple comparison

compression ratiéTCR) throughout the signal. Three condi- tests were conducted to identify the sources of the interaction
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compression conditiongcollapsed across hearing loss cat-
egories and stimulus formare shown in Fig. 2. The statis-
tical analyses revealed that older listeners performed more
poorly than younger listeners in all conditions involving time
© Py s P o~ - compression, but not in the normal-rate speech condition.
W PP e e Performance in the six time-compression conditions was
<o « < 5er~ < _ P .
© somewhat different for younger and older listeners. Younger
listeners obtained poorer scores in the uniform time-
. T 9 compression condition than in the normal-rate speech condi-
80 1 1 Yng Hrg Imp tion; none of the other differences was statistically significant
) Edfeime for this group. Thus, performance of these listeners in the
single-segment time-compression conditions was equivalent
across these conditions and equivalent to performance for
normal-rate speech and for uniformly time-compressed
speech. Older listeners obtained significantly poorer scores
in the single segment time-compressed conditid@-Segl,
TC-Seg2, TC-Seg3, TC-Seg Randomompared to the
normal-rate condition, and significantly poorer scores in the
0 , , condition in which the entire speech stimulus is time com-
o «o,se‘f‘ ‘0.9"& ﬂc,,e.e‘f’ @‘\w“‘ “‘\\«o““ pressed TC-uniform) compared to all other conditions. The
‘c,s‘g < older listeners did not show significant performance differ-
Stimulus Condition ences between the four single-segment time-compression
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FIG. 1. Mean percent-correct speech recognition scores of the four Iistené?ondmons-
groups (Yng Norm=young normal hearing, Eld NorsElderly normal Figure 3 presents data averaged across the four groups
hearing, Yng Hi=Young hearing-impaired, Eld HiElderly hearing-  for the three speech forms and six time-compression condi-
Impaired for six speech-rate conditions in quilo TC=no time compres- ¢ 15 explore further the formcondition interaction.
sion, TC-Seg¥time compression for segment 1, TC-SediZne compres- ) . ) .
sion for segment 2, TC-Segdime compression for segment 3, TC-Seg SiMple main effects analyses_ 'T:md multlplg comparison tests
Random=time compression for one segment of random location, TC-revealed that for each condition, recognition scores were
uniform=time compression implemented uniformly throughout the stimu- poorer for the syntactic setsp(< 0_01) than the original sen-
lus), for three stimulus formfPane{a)=sentences, par(e)=syntactic sets, tences, and poorer for the random-order worgs0.01)
panelc)=random order words Error bars represent the standard error of ! p ) . ’
the mean. than for the original sentences and syntactic sets. The pattern
of performance in the different conditions was similar for
sentences and syntactic sets: scores were highest in the
effects. Bonferroni corrections were applied for each set ohormal-rate speech conditions, poorer but equivalent in the
multiple comparisons to avoid type | errors and set the alphaingle-segment time-compression conditions, and poorest in
level atp<<0.01. To examine the agecondition interaction, the uniform time-compression condition. For random-order

average data for the two age groups in the six timewords, a different performance pattern emerged: perfor-
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100 - 1 Sentences sage when only one phrase of the message is rapid. Because
= = - = o i e, cc_»nvers_atlonal speech is rarely spoken_ .regltatlon style
with uniformity throughout the message, it is likely that ev-
eryday speech is characterized by similar fluctuations in pre-
sentation rate. Rapidly articulated everyday speech may in-
clude additional modifications to the acoustic characteristics
of speeche.g., alterations in closure duration, transition du-
ration, incomplete closuyehat can further degrade the sig-
nal and reduce speech intelligibility. Nevertheless, the cur-
rent results indicate that an increment in speech rate, even for
a small proportion of a message containing fully articulated
i i} 1 phonemes, may be one source of age-related difficulty in
R M P understanding _everyday spe_ech. _ _ _
< < The condition effect varied with subject age. The prin-
cipal significant effect for young subjects was better recog-
nition of normal-rate speech than uniformly time-
FIG. 3. Mean percent-correct recognition scores in the six listening condicompressed speech, suggesting that the overall rapid speech
t_ions across the three stimulus forms. Scores are collapsed across the fotfite condition was challenging for these listeners. However,
listener groups. younger listeners did not show significant decrements in
o ) . ] scores for the single-segment time-compression conditions
mance was significantly poorer in the uniform time- compared to the normal-rate speech condition, nor signifi-
compression condition compared to all other conditions, but;nt decrements in scores for uniform time-compression

scores for the normal-rate speech condition were higher thagympared to the single-segment conditions, suggesting that
those observed for conditions with time compression of segiese listeners do not show a progressive decline in perfor-

ments 1 or 2 only. mance with each increment in presentation rate. Performance
_ ) across conditions was somewhat different for older listeners.
C. Discussion The elderly listeners showed best performance for normal-
The main effect of hearing status indicates that hearingtate speech, poorer performance for single-phrase time-
impaired listeners showed significantly reduced scores confompressed speech, and poorest performance for uniform
pared to normal-hearing listeners in all conditions. Althoughtime-compressed speech. Moreover, there were no differ-
significantly reduced relative to the scores of normal-hearingnces in performance for the different single-segment time-
listeners, the mean speech recognition scores of hearingompression conditions, including the random segment con-
impaired listeners exceeded 90% in the normal-rate condidition. This condition effect suggests that older listeners’
tion for sentences, reflecting the selection of subjects wittperformance for time-compressed speech is influenced pri-
good-to-excellent monosyllabic speech recognition scoregarily by the duration of the sentence that is processed by
and the utility of the high speech presentation level. Theime compression. These results are consistent with the slow-
effect of hearing impairment did not interact with time- ing hypothesis(Birren, 1965; Salthouse, 1982; Wingfield
compression condition, indicating that the reduced audibilityet al, 1989, which predicts that the performance of older
and/or distortion imposed by mild-to-moderate sensorineurdisteners becomes disproportionately poorer as available pro-
hearing loss influenced performance regardless of the presegessing time is reduced. The results do not support an inter-
tation rate of the signal. It is also noteworthy that the hearingoretation based on reduced cognitive function related to ad-
loss effect did not interact with age effects, suggesting tha@ptation to novel stimuli, as described in the Introduction. If
hearing impairment and age are independent sources contrib-decline in the ability to adjust to changes in the stimulus
uting to many older listeners’ difficulties with understanding speed associated with perceptual normalization were the
speech in time-compression conditions. These findings gemprincipal source of the deficit, then poorer performance for a
erally agree with our previous workGordon-Salant and single time-compressed phrase compared to either uniform
Fitzgibbons, 1998 speech rate conditiofnormal rate or 50% TCRwould have
Age-related deficits were prominent in many of the been observed, as greater adjustment to speech rate would be
speech tasks. In particular, older listeners, both normalrequired for analysis of the more widely disparate time-
hearing and hearing-impaired, performed more poorly thawvarying signals. Moreover, poorer performance would be
younger listeners in all conditions involving time compres-predicted for a single, random time-compressed phrase than
sion. These findings are consistent with previous reports od single time-compressed phrase in a fixed location, as addi-
older listeners’ difficulty with time-compressed speech whertional cognitive abilities would be required to switch atten-
the time-compression algorithm is applied throughout thdion and process the unpredictable stimulus represented by
speech stimuluge.g., Vaughan and Letowski, 1997The  the random condition. This clearly wasn'’t the pattern of per-
present results also extend these findings to communicatidiormance observed. Rather, speech recognition performance
situations in which only one segment of a spoken message f elderly listeners became progressively poorer as the pro-
incremented in rate. Thus, older listeners experience morportion of the sentence affected by time compression was
difficulty than younger listeners in understanding the mesincreased, suggesting that it is the overall speed of the sen-
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tence that dominates the temporal effects of time-compressetl Stimulus materials and background noise
speech for older listeners. Conversely, the present results also Speech materials consisted of the uniformly time-
indicate that older listeners recognize speech better in CO”dEompressed(SO% TCR sentences, syntactic sets, and
tions with a single speeded phrase, regardless of the locatiqq,qom-order words, derived from the LP-SPIN sentences,
of the single phrase, in comparison to a uniformly speededg yescribed in experiment 1.
message. This indicates that slowing down only a portion of A packground of multitalker babble, recorded with the
a message may be beneficial to elderly listeners. ~ R-SPIN test, was presented in all of the conditions. Three
The effect of stimulus form was similar across all lis- papple rates were created by digitizing the 12-talker babble
tener groups and all time-compression conditions. Listenergqom the original R-SPIN tapes to a PC, and using either the
showed progressively poorer scores as the amount of linguig;atyral rate babble or applying the time-compression algo-
tic information in the stimuli was reduced: recognition scores;jihm (25% TCR and 50% TCRto the sampled babble. For
were highest for sentences in their original word ordergach stimulus on each list, brief waveforms of each form of
scores were reduced for syntactic sets, and scores were po@s pabble were created so that they were align@® ms
est for random-order words. Thus, the availability of linguis-\yith the onset of the target stimulus are20 ms with the
tic contextual cues aided sentence recognition in normal-ratgset of the target stimulugi.e., the onset of the babble
speech conditions and under the adverse listening conditiorbsreceded the onset of the speech stimulus by 20 ms and the
of accelerated speech rates. The original sentences used dfiset of the babble trailed the offset of the speech stimulus
these experiments were the low-probability SPIN sentencesby 20 m3. The rms level of each sentence-length babble
which do not contain semantic contextual cues. The effect Ofsample(compressed and uncompresses calculated, and
stimulus form in the present experiments suggests that thge amplitude of each of these waveforms was scaled in dB
grammatical rules of sentence structure and word order argative to the rms level of the waveform for a calibration
important in aiding overall speech recognition, and underyone The rms level of each sample remained constant before
score the value of any type of contextual information forgng after the time-compression processing. Additionally, the
facilitating speech recognition. Younger and older listenersympjitude density functions of each babble sample were ex-
showed the same effect of stimulus form in the various timeymined to determine if they were altered systematically by
compression conditions, contrary to previous restng-  time compression. Kurtosis values were calculated as a mea-
field et al, 1989. In this earlier study, older listeners exhib- ¢, rement of the peakedness of these functions. The mean
ited greater detrimental effects of time-compressed speeqfrtosis valuegand standard deviationgor the normal-rate
compared to younger listeners, as the linguistic redundancwabme’ 25% time-compressed, and 50% time-compressed

in the speech materials was reduced. The disparate resulfspple samples were 0.8®.64), 0.21 (0.82, and 0.26
between the two studies may be associated with the amourg 79, respectively, and were not significantly different (

of semantic contextual information available in the sentence. g os5). As noted in experiment 1, the target stimuli were
stimuli, the specific time-compression method, or the audiopreviously scaled in level to be equivalent in rms to that of a
logical characteristics of the older listeners. In the presentgjipration tone. The stimuli and background babbiéth
study, the effect of time-compression condition was somegpejr respective calibration tonesvere played back from
what different for random-order words compared to the Otherseparate channels of the PC, converted to analog form, and

stimulus forms, with poorer performance observed for recogyecorded on separate channels of the DAT recorder.
nition of stimuli with time compression of segments 1 or 2,

compared to normal-rate speech. The source of this observg,— Procedures
tion is not readily apparent, but may be attributed in part to " _ N _ .
the difficult nature of recalling a list of unrelated random The nine new conditions presented in experiment 2 were

words and the importance of the initial information in a spo-the three forms of uniformly time-compressed speech pre-
ken utterance. sented in three rates of babble: normal-rate babble, time-

compressed babble with a 25% TCR, and time-compressed
babble with a 50% TCR. The stimuli and noise were played
ll. EXPERIMENT 2: VARIATIONS IN BABBLE RATE back on separate channels of the DAT, routed to separate
Experiment 2 was conducted to investigate the hypothgattenuators(He\./vIettjPackard _350]3 mixed and amplified
esis that temporally mismatched background babble, relativcolbourn audio mixer amplifier model S82524and pre-
to a target speech signal, would produce less masking thatfnted through a single insert earphone. The speech presen-
temporally matched babble. The second hypothesis investfation level was 90 dB SPL, and the signal-to-noise ratio was
gated was that older listeners would be less able to takd 12 dB at the earphone. The order of conditions was ran-

advantage of temporal differences between target signal arfipmized across listeners. Listeners were instructed to ignore
background babble than younger listeners. the noise and write down the entire sentence-length stimulus.

The time required for completion of experiment 2 was ap-
A. Methods proximately 2 h.

1. Subjects B. Results

The same subjects who participated in experiment 1 also  Figure 4, panel$a), (b), and(c), presents the mean rec-
participated in experiment 2. ognition scores for uniformly time-compressed sentences,

1814 J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 S. Gordon-Salant and P. J. Fitzgibbons: Stimulus and noise rate variability



100

80 1

60 1

teners in all conditions. Multiple comparison testing was
a) conducted to analyze further the noise condition effect, and
revealed that recognition of rapid speech in time-compressed
I babble with 50% TCR was significantly poorer than recog-
1 nition of rapid speech in either normal-rate babble or time-
compressed babble with 25% TCR. The effect of hearing
0 | status was not significant for any of the stimulus forms.

C. Discussion
20 . . ) .
Recognition of time-compressed speech in noise appears

to be affected by the temporal characteristics of the noise
Nomn Babble  25% TC Babble 50% TC Babble ' relative to those of the speech signal, particularly for rapid
100 speech with linguistic contextual cues. In the present experi-
b) ment, listeners performed better in conditions in which the
rate of the target speech signal and background babble were
mismatched compared to when they were matched. The gen-
eral pattern of performance, where condition effects were
observed, was poor but equal scores in the normal-rate
babble and 25% TCR babble conditions, and poorer scores in
the 50% TCR babble condition. This pattern of results indi-
cates that listeners compared the overall rates of a target
speech signal and the background noise and were able to
take advantage of differences in these rates to improve
_ speech recognition. Moreover, the results suggest that listen-
Norm Babble  25% TO Babble 50% TC Babble ers were apparently able to extract word-rate variations in a
series of babble backgrounds that were all unintelligible.
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c These findings support the predictions based on figure—
2 w222 Yng Norm c) ground separation, which postulated that listeners would per-
€ 801 = 51:’9”:{“’ form better when the presentation rates of speech and noise
S == Eld HI were different relative to conditions in which the rates were
© 60 the same. The current experiments provide an initial test of
] this supposition with one speech rate and several babble
e 40 | rates. Further tests of this hypothesis would require addi-
3 tional speech rates, and background babble rates that are
‘qé,' both faster and slower than the target speech rates. An alter-
o 0 native explanation for the condition effect is that increasing
8 the rate of the speech babble created in increase in energetic
0 T r

masking, resulting in poorest performance in the noise con-
dition with 50% time compression of the babble. However, if
Noise Condition an increase in energetic masking was the principal underly-
FIG. 4. Mean percent-correct speech recognition scores of the four IisteneIF1g factor to aCCOl,mt for thF..‘ _reSU|tS’ then the _results should
groups for uniform time-compressed speech presented in three noise conOW @ decrease in recognition performance in the 25% TC
tions (normal-rate babble, babble compressed at a 25% time-compressidpabble condition relative to the normal-rate babble condition,
”:_“01 .32dfgﬁgg'fpif,ggfsf::te?cgfoﬁr}l}'i’smr:?ﬁéﬁisfgt’smg:{‘if assuming a fairly linear relationship between modulation rate
S=Irr:3:rlljdom-order words Error bars repr’espent the s);andard error’ofpthe mean.and performance. This finding was not observed. Althoth
the samples of normal-rate 12-talker babble contained ran-
dom dips in the waveform envelope during which there is a
syntactic sets, and random-order words, respectively, in theemporary increase in the signal-to-noise ratio, we observed
various noise conditions. ANOVAs were conducted on theno consistent changes in the temporal structure following
arc-sine transformed recognition scores separately for eadime compression. However, these few conditions don't pro-
stimulus form using a split-plot randomized factorial designvide a systematic examination of the energetic masking hy-
with two between-subjects factofage and hearing stafus pothesis; further testing with additional, faster babble rates
and one within-subjects factgnoise condition The results and controlled modulation rates would be needed to provide
showed a significant main effect of agp<€0.01) for all  a stronger test of energetic masking effects.
three stimulus forms, and a significant main effect of noise ~ Younger and older listeners exhibited the same general
condition (p<<0.01) for the sentences and syntactic sets. Theerformance pattern, indicating that both age groups were
finding that the main effect of age was significant and notable to take advantage of the temporal mismatch between
involved in any interactions substantiated the observatioarget and background. These findings generally agree with
that older listeners performed more poorly than younger listhose reported by othefFakahashi and Bacon, 1992; Souza

Norm Babble 25% TC Babble 50% TC Babble
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and Turner, 1994; Dubnet al, 2002, who used different bility of the signal more extensively for normal-hearing lis-
types of speech stimuli, noise, and methods to alter the tenteners than for hearing-impaired listeners. For example, for
poral fluctuations of speech and noise. However, it is alsdhe normal-rate babble only, @ost hocanalysis indicated a
noted that older listeners in the present study performedignificantly greater decline in performance from the quiet
more poorly than younger listeners in all conditions. Thus,condition to the normal-rate babble condition for normal-
while older listeners derived about the same improvement aearing listeners compared to hearing-impaired listengrs (
younger listeners as a result of the temporal alterations in thec0.01). Thus, the presence of noise minimized the differ-
noise, their overall performance level was depressed relativence in signal audibilityi.e., effective band signal-to-noise
to that of younger listeners. The source of the age effect in allatios necessary for speech recognitidretween normal-
noise conditions is unknown at present. One possibility rehearing and hearing-impaired listeners.

lates to the hypothesis that performance on tasks under ex-

chtlye control is r_educed in older.peoplg. T.he ability 0/ SUMMARY AND CONCLUSIONS

inhibit the processing of a competing voice in the back-

ground while trying to listen to a target speaker is considered  The principal findings of the current experiments were
an executive functiofiTun et al., 2002. The executive con- as follows.

trol theory_ pred|cted_ Fhat gge-re_lated differences WOUId b‘?l) Older listeners perform more poorly than younger listen-
observed in all conditions involving a background of noise, ers on nearly all speech recognition tasks involving

regac\jrgless Ofdltsf rate”. Tthe ?ge feffect ob.::‘r?rved_ ”: all Pmse speeded speech, with poorest performance observed for
conditions and for all stimulus forms, with no interaction uniform time compression of speech.

effects, was consistent with the predictions of the executiv%z) Increasing the speed of only one phrase in a sentence is
qontrol theory. Tunet al. (2009 also observed _that oldgr detrimental for older listeners, compared to normal-rate
listeners performed more poorly than younger listeners in a speech

series_ of _speech reco_gnition tasl_<s inv_oIvir!g distr_acting Ver(3) Time compression of a single phrase presented randomly
bal stimuli. The experimental variable in this previous study = 4o ot produce poorer scores than time compression of
was the semantic content of the target signals and competing 4. o phrase in the sentence

talkers, rather than presentation rates of target and bac 2
ground. Nevertheless, the impaired ability of older people to
inhibit the processing of a speech background, regardless of
its semantic content, supported an age-related decline in di-
vided attention and selective listening, two high-level cogni- 1 atched.
tive abilities under central exeputlve ciontrol. Thg findings of 5) Hearing-impaired listeners perform more poorly than
t_he current study are nc.)t. consistent Wlth_the notion that older normal-hearing listeners in all normal-rate and speeded
Ilst_eners are less sensn_lve t_o changes in th_e overall presen- speech conditions presented in quiet.
tation rate of speech stimuli than younger listeners. If age-
related differences in rate discrimination were a key factorto  The findings generally support the hypothesis that
account for the results, then older listeners would have benyounger and older listeners are differentially affected by
efited less from the temporally mismatched conditions relaspeeded speech tasks, with increased speed of any phrase of
tive to the matched conditions, compared to younger listena spoken message having a particularly detrimental effect on
ers. the performance of older listeners. Moreover, age-related
The effects of noise background varied somewhat withdeficits increase with faster presentation rates, which corre-
the availability of linguistic cues. Although a noise condition spond to reduced stimulus durations. These results agree
effect was observed for sentences and syntactic sets, thigith the slowing hypothesis, which states that reductions in
effect was not observed for random-order words, the stimuavailable processing time have an excessive impact on per-
lus form that is devoid of linguistic information. One pos- formance of older listeners. Additionally, performance is
sible explanation for this finding is that recognition perfor- consistently poorer for older listeners than for younger lis-
mance for speeded, random words was considerablieners during speeded speech tasks in a background of
diminished, and that any words that listeners were able tgpeech babble presented at several rates, including a normal-
retrieve among these impoverished stimuli were sufficientlyrate and two speeded speech rates. The age-related deficit in
robust to be minimally affected by noise, regardless of itsthe ability to ignore a background of distracting information
speed. The absence of a condition effect for random-ordegippears to be consistent with a cognitive decline in executive
words is consistent with the notion that all listeners havefunction. For both younger and older listeners, the interfer-
difficulty inhibiting the processing of irrelevant information ence of background noise is greatest when the temporal com-
when the target signal itself is difficult to recognize. position of the speech and noise is matched, and less so
An effect of hearing status was not observed in the noisevhen it is dissimilar, at least for speech stimuli presented at
conditions, although it was observed consistently in quieta rapid rate and containing contextual linguistic information.
This difference is probably associated with more extensiverhus, it appears that both younger and older listeners com-
differences in the audibility of the speech signals betweerpare overall rates of the target and background, and are better
the normal and hearing-impaired groups in quiet than imable to resolve the target signal when its rate is distinct from
noise. The presence of the noise appeared to alter the audirat of a speech background. This example of auditory

Both younger and older listeners show better recognition

of time-compressed sentences when the temporal char-
acteristics of target speech signal and background babble
are mismatched than when temporal characteristics are
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