Age effects on discrimination of timing in auditory sequences
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The experiments examined age-related changes in temporal sensitivity to increments in the
interonset intervalglOl) of components in tonal sequences. Discrimination was examined using
reference sequences consisting of five 50-ms tones separated by silent intervals; tone frequencies
were either fixed at 4 kHz or varied within a 2—4-kHz range to produce spectrally complex patterns.
The tonal 10Is within the reference sequences were either e@@4 or 600 mp or varied
individually with an average value of 200 or 600 ms to produce temporally complex patterns. The
difference limen(DL) for increments of IOl was measured. Comparison sequences featured either
equal increments in all tonal 10Is or increments in a single target 10I, with the sequential location
of the target changing randomly across trials. Four groups of younger and older adults with and
without sensorineural hearing loss participated. Results indicated that DLs for uniform changes of
sequence rate were smaller than DLs for single target intervals, with the largest DLs observed for
single targets embedded within temporally complex sequences. Older listeners performed more
poorly than younger listeners in all conditions, but the largest age-related differences were observed
for temporally complex stimulus conditions. No systematic effects of hearing loss were
observed. ©2004 Acoustical Society of AmericdDOI: 10.1121/1.1765192

PACS numbers: 43.66.Mk, 43.66.8BK] Pages: 1126-1134

I. INTRODUCTION tors, including the prevalence of sensorineural hearing loss
among older listeners, as well as complex effects of speech
This paper describes results of some experiments thalemantic and syntactic factors, can each exert a significant
examined the ability of younger and older listeners to dis4influence on speech processing. However, in terms of acous-
criminate changes in the temporal characteristics of auditoryical changes, rapid speech is primarily characterized by a
sequences. The specific experiments are part of a largeglative reduction in the duration of some or all of the com-
project designed to explore the hypothesis that aging is agonent phoneme and pause intervals, together with conse-
companied by a general decline in auditory temporal proquent changes to overall speech tempo and rhythm. There-
cessing that can affect listeners perception of both speedlare, it seems reasonable to assume that any loss of
and nonspeech sequential sounds. Speech recognition studighsitivity to these component duration changes, or sequence
have shown consistently that elderly listeners have difficulttiming characteristics, could be important factors underlying
understanding stimuli that have been time altered in somene age-related difficulties observed with rapid speech.
manner. This observation is most evident for listening tasks  additionally, psychophysical evidence lends some sup-
that utilize sentence-length speech samples presented at ragjgrt to the conclusion that aging does appear to be a factor
presentation rates, produced either by fast talkers or timehat contributes to diminished auditory temporal sensitivity.
compression techniques applied to speech wavef@Misg-  Some of the evidence relates to measured thresholds for the
field etal, 1985; Gordon-Salant and Fitzgibbons, 1993,qetection of brief temporal gaps between successive acoustic
2001; Tun, 1998 By comparison to younger listeners, the markers, either pairs of simple tone or noise bursts. Most of
diminished recognition performance exhibited by many eldthe gap thresholds measured for elderly listeners are reported
erly listeners with rapid speech can be quite pronouncedo pe about twice the magnitude of those observed for
These speech results provide some general auditory SUpPQibunger listeneréSchneideet al, 1994, 1998; Snell, 1997
for a class of cognitive theories which stipulate that aging isp|ger listeners are also observed to have difficulty discrimi-
accompanied by a generalized slowing of information proating changes in the duration of simple tones and noise
cessing for events throughout the nervous systBitren,  pyrsts; or reference intervals defined by a silent interval in-
1965; Salthouse, 1991 serted between a pair of acoustic markegkbel et al.,, 1990;
Despite the prevalence of experimental observations, th?itzgibbons and Gordon-Salant, 1994: Lis&tral, 2000:
specific sources of the speech understanding problemg ose et al, 2001). Generally, the age-related deficits ob-
among elderly listeners are less certain. Part of the problemggred for duration discrimination are also found to be

relates to the inherent temporal and spectral complexity Ofyrgely independent of sensorineural hearing loss, indicating
the speech signal itself. Additionally, a number of other fac4t cochlear mechanisms are not the likely source of re-

duced temporal sensitivity among the elderly listeners.
dElectronic mail: peter.fitzgibbons@gallaudet.edu Other evidence also indicates that measures of temporal
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sensitivity collected with simple stimuli do not always gen- tent to which the results collected with the fixed-frequency
eralize to listening conditions that feature more complex exuniform sequences is useful towards understanding the pro-
tended sequences of sounds. For example, in one studessing of more complex temporal patterns is unclear. We
(Fitzgibbons and Gordon-Salant, 1995%ve compared the know, for example, that even simple sequences of speech
ability of younger and older listeners to discriminate durationsounds feature considerable spectral complexity as well as
changes for a simple tone presented in isolation and the sanvariation of timing within patterns. These stimulus factors
tone embedded as one component of a five-tone contiguousay contribute to the speech recognition problems that are
sequence that approximated the length of a simple spokegvident for many older listeners. Therefore, the focus of the
sentence. One notable finding of the study was that younggiresent investigation is to examine the manner in which
listeners were able to discriminate duration changes in thstimulus temporal and spectral complexity interact with the
embedded target tone with about the same accuracy as théigteners age to influence sequential processing of nonspeech
demonstrated for the target tone presented in isolation. Howstimulus patterns. Additionally, because diminished speed of
ever, this was not the case for older listeners. These listenepsocessing is hypothesized to be a consequence of aging, we
showed significant reductions in discrimination performanceanticipate that the specific effects of spectral and temporal
for tones within a sequential context versus the same targegimulus factors will vary with sequence presentation rate.
presented in isolation. The performance of these older listerFinally, hearing loss is a well-established consequence of
ers was also reduced considerably if the sequence location 88ing, one that is known to influence listeners’ processing of
the embedded target tone changed randomly across a serk@th speech and non-speech sounds in a number of listening
of listening trials. By comparison, younger listeners weretasks (Dubno and Schaefer, 1992; Dubno and Ahlstrom,
largely unaffected by uncertainty regarding sequential local999. Thus, another purpose of the study is to examine the
tion of a target tone. These results indicate that relativelyndependent and interactive effects of listener age and hear-
small age- related effects measured for simple isolatednd loss on all discrimination measures. This is accomplished
stimuli may become pronounced when examined within &Y testing groups of younger and older listeners in the ex-
more complex sequential stimulus context. periments who were matched by age and degree of senso-
One possible explanation for the age effects seen wittiineural hearing loss.
the sequential stimuli is that younger listeners are able to
utilize overall timing cues related to cha'nges.of §equeptia||_ METHODS
rhythm or tempo to perform the duration discrimination _
tasks. By comparison, older listeners may not, or can not Subjects
process these overall timing cues as effectively. Recently, we | jsteners in the study included 51 subjects assigned to
conducted an initial investigation of this hypothesis by di-four groups according to age and hearing status. One group
rectly comparing the ability of younger and older listeners toincluded young normal-hearing subje€¥NH, n=15) ages
discriminate changes in sequence tempo within relativelyilg—40 (M = 23.2 years, s.e5.3) with pure-tone thresholds
simple tonal patterngFitzgibbons and Gordon-Salant, 2001 <15 dB HL (re: ANSI, 1996 from 250 to 4000 Hz. Another
The stimulus sequences consisted of five brief tones of equgroup included young hearing-impaired listené¥Hl, n
frequency separated equally by silent intervals to create se=10) of 18 to 40 years Nl =29.9 years, s.g=10.2) with
quences with uniform tonal interonset interval®Ils) that  mild-to-moderate sloping high-frequency sensorineural hear-
corresponded to a given presentation rate. For each of seveiial losses of hereditary or unknown etiologies. A third group
reference sequence rates, the intertone silent intervals weeg subjects included normal-hearing elderly listengEsiH,
co-varied simultaneously in order to measure the relative Din=11) of 65-76 yearsNI=70.8, s.d=5.2) who met the
for changes of tonal 101 corresponding to a slowing of thesame audiometric criteria as the YNH listeners. Lastly, an
sequence rate. The results indicated that young listeners agéderly group of listeners with hearing impairme@HI, n
generally quite sensitive to changes of sequence rate, witk 15) were 65-76 yeard=70.5, s.d=3.9) and also had
the relative DLs for 10l changes being about 3% over amild-to-moderate sloping sensorineural hearing losses.
broad range of presentation rates. The same results also rehe young and elderly listeners with hearing loss exhibited
vealed significant age-related performance differences, withilateral impairment of equivalent degree
the older listeners observed to be consistently less sensitie- 5—10 dB) and configuration across the range of audio-
to changes of sequence rate than younger listeners. Additiomaetric test frequencies. These subjects had a negative history
ally, the performance of older listeners was notably poor forof otologic disease, noise exposure, and family history of
discriminating localized changes in sequence timinghearing loss. The probable etiology of hearing loss in the
changes that were examined in some conditions by altemlder listeners was presbycusis. All testing in the study was
ations of a single tonal interval within the otherwise equal-monaural, and Table | presents the mean audiograms for test
interval patterns. While the age differences in performancears of the four listener groups.
were evident across a range of stimulus sequence rates, many Additional criteria for subject selection included mono-
of the elderly listeners exhibited the greatest difficulty insyllabic word recognition scores exceeding 80%, normal
tracking timing changes at the faster stimulus rates. tympanograms, and acoustic reflex thresholds for contralat-
These results with simple tonal patterns suggest thatral pure tone stimuli500—2000 Hgelicited at levels below
older listeners may have specific problems processing ththe 90th percentile for individuals with comparable hearing
timing pattern within auditory sequences. However, the exthresholdgSilman and Gelfand, 1981None of the listeners
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TABLE I. Thresholds(dB HL) (re: ANSI, 1996 and standard deviatiorishown in parenthesgfor test ears of
young normal hearingYng Norm Hrg, elderly normal hearingEld Norm Hrg, young hearing-impairet¥ng

Hrg Imp), and elderly hearing-impairedld Hrg Imp) listeners for octave frequencies from 250 through 4000
Hz.

Frequency(Hz)

250 500 1000 2000 4000

YngNorm Hrg 5.7 (4.6 1.7 31) 20 (B2 20 (B 23 (53
Eld Norm Hrg 127 (7.5 7.7 (75 7.3 (47 545 (568 11.82 (7.5)
Yng Hrg Imp 95 (174 250 (197 305 (186 320 (175 435 (14.9
Eld Hrg Imp 19.0 (9.49 193 (11.63 253 (10.26 36.0 (10.89 50.67 (8.84

had participated previously in listening experiments and eachided with that of greatest sensitivity loss in the listeners
was paid for their services as subjects. Older listeners alswith hearing impairment. For these reference patterns, the
passed a brief screening test for general cognitive awarenessdering of the five tone frequencies within a sequence was

[the Mini-Mental Status QuestionnaifBfeiffer, 1973]. randomized across listening trials, but the sequence IOls
were equal, with values of 200 ms for the faster-rate se-
B. Stimuli guences and 600 ms for the slower-rate sequences. Another

rg:ondition(F_ONE) used these same spectrally complex ref-

ated using an inverse fast Fourier transfaf&T) procedure erence sequences at the faster and slower rates to measure
with a digital signal processing boat@ucker-Davis Tech- discrimination of changes in one sequence I0l. The sequence

nologies, AP2 and a 16-bit D/A convertetDD1, 20-kHz location of the selected target interval, an 10l of either 200
sampling ratgthat was followed by low-pass filteringrre- ™S O 600 ms, also shifted randomly across the four possible

quency Devices 901F, 6000-Hz cutoff, 90 dBjocthe se- tonal 10Is within a sequence on each Iistening tr?al.. .
quences were constructed using five equal-duration tone 1he other two conditions also assessed discrimination of
bursts that were separated by silent intervals. Each tone burdtSingle sequence interval, using reference stimulus patterns
of a sequence had a fixed duration of 50 ms that includeghat featured temporal complexity. One of theéde ONE)
5-ms cosine squared rise/fall envelopes, with all tone angSed fixed-frequency stimulus sequences, with all tones set
silent interval durations specified between zero-voltagd® 4000 Hz. The tonal IOIs in these reference sequences were
points in the electrical waveforms. For each sequence thBonuniform in magnitude, with fixed values in the faster-rate
silent intervals between tones were adjusted to establish $quences of 100, 150, 200, and 350 ms, with the 200-ms
desired tonal interonset intervalOl), an interval that in- 0! representing the average interval magnitude that always
cluded both the tone and silent interval durations. The stimuserved as the target interval for discrimination testing. Cor-
lus sequences used as reference patterns for discriminatiésponding [0l values for the slower-rate reference se-
testing were designed to feature spectral complexity, tempdiuences were 400, 500, 600, and 900 ms, with the 600-ms
ral complexity, or a combination of spectral and temporal|0| being the average value that served as the target interval
complexity. Spectrally complex sequend€ featured vari- for discrimination testing. The selection of IOl values for
able tone frequencies with fixed tonal 10ls, while temporallythese faster and slower reference sequences was in part arbi-
complex patterngT) featured variable tonal 10Is with fixed trary, but was intended to include intervals shorter and longer
tone frequencies. Sequences with combined spectral arfhan that of the 200 or 600-ms target interval. Additionally,
temporal complexity(FT) featured variable frequencies and the fixed IOl values in these temporally complex reference
variable 10l values. patterns were selected to preserve overall sequence durations
The stimulus sequences were used in different test corio match those of the corresponding equal-interval reference
ditions that were designed to examine listeners ability to dissequences of the_FALL and F_ONE conditions. These se-
criminate either uniform changes in sequence presentatiopuence durations were 850 and 2450 ms, respectively, for the
rate or localized changes of timing within a sequence. Unifaster and slower patterns, which were intended to grossly
form changes in sequence rate were introduced by comimic the durations of rapidly and slowly spoken sentences.
variation of all sequence IOIALL ), whereas localized tim- The final condition(FT_ONE) used these same temporally
ing changes were effected by variation of a single sequenceomplex reference sequences, but with the addition of tone
IOl value (ONE). The experiments included four discrimina- frequencies that differed in the same manner as described for
tion conditions, each of which was conducted with referencéhe spectrally complex patterns. These sequences with both
sequences that were presented at a faster and slower rateequency and temporal complexity were also used to assess
One of the conditionsF_ALL ) used the spectrally complex discrimination of a single target 101 with reference values
sequences in which all 10l values were varied equally t0200 or 600 ms, respectively, in the faster and slower stimulus
examine discrimination of uniform changes of sequence ratepatterns. For both conditions that utilized the temporally
The individual tones within the reference patterns were 2000complex stimulus patterns, the ordering of the four tonal IOl
2500, 3000, 3500, and 4000 Hz. This octave range was sealues changed randomly across a series of discrimination
lected to allow a degree of spectral variability within se-trials. As such, the sequence location of the 200-ms, or 600-
guences, while also restricting testing to a region that coinms, target 10l for discrimination testing also changed ran-

All stimulus sequences for the experiments were gene
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domly across the four possible tone intervals of a sequence 100
on each listening trial. 200 ms0f
g 80t I
C. Procedures <
The measurement of DL for increments of tonal inter- 5 oL |z

onset intervals was obtained using an adaptive three-interva/3 o ™ 1
two-alternative, forced-choice discrimination procedure. §
Each discrimination trial contained three observation inter-?‘DE 4
vals spaced 750 ms apart. The first listening interval of eactg
trial contained a sample of the reference stimulus sequences ol
with the second and third intervals containing samples of the®
reference and comparison sequence in either order selecte % ﬂ%m
randomly across listening trials. For all conditions, reference 0 Ol

F_All F_One T_One FT_One

and comparison sequences of a given listening trial differed
only by the duration of one or more 10l values, which were
always longer in the comparison sequence. In all cases, thRG. 1. Mean relative difference lime(DL) in percent for each listener
lengthening of I0Is in the comparison sequence was accong.roup_in the four _stimulus sequence conditions with 200 ms as the reference
plished by incrementing one or more intertone silent inter__tonal inter-onset |nterve_(IIOI). Th_e four sequence cqndltlor_ls include equal

. . ] increments of all 10ls in equal-interval patterns with variable frequencies
vals, with no change of tonal durations, thus extending overg_aLL), increments of a single IOl in equal-interval patterns with variable
all duration of the comparison sequence. In theAEL frequenciesF_ONE), increments of a single 10! in unequal-interval pat-
condition, measurements of sequence rate discriminatiot§ms With fixed frequencieS‘_I'_ONE), and increments of a single 10l in
were collected with the spectrally complex reference seﬁgtzcr‘]';?l';mzl eﬂgttgglig"v';grﬁ;:aﬁfarﬁaﬂ:ge':\‘I:gf?n)—’oy'\gﬁ)ngmza';?:é_
quences which featured uniform IOl values of 200 or 600 MSmpaired(Yng Hl), elderly normal hearingEld Norm), and elderly hearing-
for the faster and slower patterns, respectively. Adjustmentinpaired(Eld HI). Error bars represent the standard error of the mean.
of sequence rate in the comparison sequences were imple-
mented by co-varying all sequence 10Is equally to produce @hanges that decreased logarithmically over trials to produce
slowing of presentation rate. The sequential ordering of tongapid convergence on threshold values. Following the first
frequencies changed randomly across trials, but was alwayree reversals in direction of 10l change, a threshold esti-
the same for the reference and comparison sequences ofngate was calculated by averaging reversal-point 10l values
given listening trial. These same reference sequences weggsociated with the remaining even-numbered reversals. An
also used for the single-interval discrimination COﬂditiOﬂ,average of four threshold estimates was used to calculate a
F_ONE. For this condition, only one 10l in the comparison final DL for 10l with each listener in each condition. Prior to
sequence, designated as the target interval, was lengthenefhta collection, each listener received 2—3 h of practice for
with other sequence IOl values remaining fixed and equal tgequence discrimination, with all listeners showing perfor-
their original reference values, either 200 or 600 ms. Withinmance stability after 3—4 trial blocks in each condition.
the comparison sequence, the location of the target 10l  The listeners were tested individually in a sound-treated
changed randomly across the four sequence intervals on eagoth. The discrimination conditions were tested in a differ-
listening trial; the ordering of tone frequencies did notent random order for each listener. Stimulus levels were
change across listening intervals within a trial but did change5-90 dB SPL in order to provide adequate audibility and
randomly across trials. In a similar manner, discrimination ofproduce minimum sensation levels of 25-30 dB in the
a single target 10l was assessed in the two conditions thgt000-4000-Hz region for the listeners with hearing loss.
featured temporally complex reference sequences, that isesting was monaural in the listener’s preferred ear using an
T_ONE, with the fixed-frequency patterns, and FONE, insert earphonéEtymotic ER-3A that was calibrated in a
with the variable-frequency patterns. In each condition, the-cn? coupler(B&K, DB0138). All listening was conducted
variable target interval in the comparison sequences had i 2-h sessions over the course of several weeks. Total test

reference duration of 200 or 600 ms, respectively, for th&ime (not including practicevaried across listeners, but av-
faster and slower reference sequences. Again, the ordering efaged about 8 h.
sequence tone frequencies, 10l values, and sequence location
of the target interval changed randomly across discrimination
. . N . . lll. RESULTS
trials, but not across listening intervals of a given trial.

Estimates of all duration DLs in each condition were For the purpose of analysis and comparison with previ-
obtained using an adaptive rule for varying the target 10lous findings, all duration DLs collected in the experiments
valugs), such that the target decreased in magnitude followwere converted to relative values expressed as a percentage
ing two consecutive correct responses by the listener andf the reference 10l value. Results of the four experimental
increased following each incorrect response. Threshold esteonditions for each of the four listener groups are displayed
mates derived by this adaptive rule corresponded to values Fig. 1, for the conditions with faster-rate sequences
associated with 70.7% correct discriminatidrevitt, 19717). (200-ms 10l targets and Fig. 2, for the conditions with
Testing was conducted in 50-trial blocks with an 10l startingslower-rate sequencé800-ms 10l targets Each of the fig-
value of 1.4 times its reference value, and step size for IOlres displays the mean relative DLs for each condition and

Discrimination Condition
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FIG. 2. Same as for Fig. 1, but for 600-ms reference 10Is. FIG. 3. Mean relative DLs in percent for 200-ms reference 10Is in the four

sequence conditions for young and elderly listeners. The data are collapsed
across the normal-hearing and hearing-impaired listener groups.

group of subjects, with vertical bars in the figures represent- .
ing the standard error of the means. The relative DLs dist"® T-ONE and FLONE conditions at both sequence rates
played in Fig. 1 are generally larger than those of Fig. 2,(p<0.01).

particularly for the three conditions that involved single-

interval discrimination(F_ONE, T_ONE, FT_ONE). The V. DISCUSSION

F_ALL condition that involved discrimination of changes in The experiments compared the abilities of younger and
sequence rate produced the smallest relative DLs, and theggjer listeners to discriminate changes in the timing between
values were essentially equivalent for the sequences with thg,ccessive components of tonal sequences that featured spec-
faster and slower reference rates. A separate analysis of vatia| complexity, temporal complexity, or a combination of the
ance(ANOVA) was conducted for the relative DLs shown in two. In some conditions, listeners were asked to respond to
Figs. 1 and 2, using a split-plot factorial design with two uniform changes in all tonal interonset intervals that altered
between-subjects facto@ge and hearing stajusnd one the presentation rate of the sequential stimulus patterns. In
within-subjects  factor (discrimination condition Each  other conditions, listeners responded to changes in the mag-
analysis revealed significant main effects of listener gge ( nitude of a single sequence interval that produced a localized
<.001), discrimination conditionp<.001), and significant disruption of timing within the tonal patterns. The results
interactions between age and conditiop<{(0.01). The showed that listeners sensitivity to changes of temporal in-
analyses revealed no significant effects of hearing loss acrossrvals depends on both the number and magnitude of the
conditions, for either the faster or slower sequence presentéemporal intervals that are subjected to change. Additionally,
tion rates. the spectral and temporal characteristics of the stimulus se-
Simple main effects analysis and multiple comparisonquence can affect discrimination performance, with temporal
tests were subsequently conducted to examine sources of taemplexity exerting the most pronounced effects. The results
agex condition interactions that were evident in the data col-indicated that older listeners were less sensitive than younger
lected for both the faster and slower stimulus sequences. Tigteners to changes of timing within the stimulus sequences.
examine the interaction effects, the mean relative DLs for the
two age groupgcollapsed across hearing stgtase shown 100
in Fig. 3, for the four conditions with 200-ms target intervals, 600 ms 10
and Fig. 4, for the four conditions with the 600- ms targets.® 8ot
As each figure shows, the relative DLs for both listener age
groups were smaller for the conditions featuring only se-.
guence spectral complexitf-_ALL and F_ONE), and sig-
nificantly larger for the conditions featuring sequence tempo-
ral complexity(T_ONE and FT.ONE), (p<0.01). For both
age groups, the mean performance differences were relg
tively small between the two conditions with spectral com- :
plexity (F_ALL and F_ONE), and were also not signifi-
cantly different between the two conditions with temporal
complexity(T_ONE and FT.ONE). The discrimination per-
formance of the older listeners was poorer than that of the
younger listeners in each of the four conditions, but the larg-
est age-related performance differences were observed for  FIG. 4. Same as Fig. 3, but for 600-ms reference 101 values.
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However, the magnitude of the age-related discriminatiorthat the performance variability among the elderly listeners
deficits varied across stimulus conditions, and dependedas sometimes large, especially among the DLs measured
largely upon the timing characteristics of the stimulus pat-for the shorter 200-ms target interval. This outcome was pri-
terns. marily attributed to the poor discrimination performance of
two elderly listeners, who produced abnormally large DLs
for the 200-ms single target interval. However, even with the
For the stimulus conditions that featured tonal I0Ils ofomission of the data for these two subjects, the mean relative
equal magnitude in the reference patteri®s ALL and DL for the elderly listeners was 14.6% for the 200-ms target,
F_ONE), the younger listeners were able to discriminate in-a value that remains considerably larger than that observed
terval changes with a relatively high degree of accuracy. Théor the younger listeners.
estimates of discrimination for overall changes of presenta-
tion rate with the equal-interval sequences revealed the beBt Unequal interval patterns
temporal sensitivity among the younger listeners. Thus, for
the F_ALL condition, with all sequence IOIs co-varied

A. Equal interval patterns

The reference sequences with irregular timing featured

X ) unequal tonal intervals with an average value of 200 or 600
equally, the relative DLs for rate change were 4.1% for the,s yajyes that served as the respective sequence targets for

0, - . . .. . .
faster reference sequences and 3.1% for the slower ,Sglngle-mterval discrimination in the faster and slower refer-
quences. The near equivalence of these DLs for rate digsnce sequences. For these temporally complex stimulus pat-

crimination with the faster and slower sequences agrees Withyns giscrimination of changes in the single target interval
earlier findings that were collected with fixed-frequency tone

; o proved to be difficult for both younger and older listeners,
sequences that also featured uniform timing pattéDrake

s with performance being significantly poorer than that ob-
and Botte, 1993, Fitzgibbons and Gordon-Salant, 200bl-  gerved for the same target intervals embedded within the

lective findings from these earlier studies indicated that th(=sequences with equal tone intervals. For the sequences with
relative DL for changes of sequence rate remains fairly conynequal intervals and fixed tone frequendi€sONE condi-
stant over a broad range of reference tonal 10Is ranging fronjon)  the younger listeners produced mean relative DLs of
about 200 to 800 ms. This was not the case for the singlez; 104 and 27.7% for the 200- and 600-ms single IO targets,
interval DLs, which generally reflected larger relative DL rggpectively. Similarly, for the same temporally complex se-
values for the shorter 200-ms interval compared to the longefyences with variable tone frequencied _ONE condition,
600-ms interval. For example, for the ®NE condition that  the mean relative DLs of the younger listeners were 32.0%
examined discrimination of a single embedded sequence ingnq 25.295 for the 200- and 600-ms single target intervals,
terval, the younger listeners produced mean relative DLs ofespectively. For both conditions, discrimination perfor-
8.9% and 5.2% for the target 10ls of 200 and 600 ms, rémance among listeners was always poorer and more variable
spectively. These values are larger than the correspondingy the shorter 200-ms target than for the 600-ms target in-
DLs for the F_ALL condition, indicating that localized teryal, a result that was also observed for the stimulus pat-
changes of timing within sequences are more difficult to disterns with the equal tone intervals. Additionally, no signifi-
cern than uniform changes in presentation rate. cant differences in the discrimination performance of the
The discrimination performance of the older "StenerSyounger listeners were observed between tempora”y com-
with the equal-interval reference sequences was generaliylex sequence conditions that featured fixed-frequency and
poorer than that of the younger listeners. For discriminationariable-frequency tonal patterns. Thus, the combined effects
of sequence rate with the equal-interval patte(RSALL  of spectral and temporal complexity in the stimulus se-
condition, the older listeners produced mean DLs of 9.6%quences of the FTONE condition were about the same as
for the faster sequences with 200-ms reference 10Is anghose produced by temporal complexity alone with se-
10.0% for the slower sequences with 600-ms 10Is. Thesguences of the TONE condition.
values are larger than corresponding estimates for rate dis- The older listeners exhibited pronounced difficulty dis-
crimination in the younger listeners. However, like the criminating changes in the target interval within the se-
younger listeners, the mean DLs for rate discriminationquences with unequal timing. For the fixed-frequency pat-
among the older listeners were essentially equivalent for thearns(T_ONE), these older listeners produced mean relative
faster and slower reference sequences, indicating a fairlpLs of 72.4% and 49.3% for the 200- and 600-ms target
constant Weber fraction for the two reference presentationOls, respectively. Corresponding mean DLs for the variable-
rates. This outcome also agrees with observations from ourequency sequencéBT_ONE) were 56.0% and 46.2%, re-
previous experiment with fixed-frequency tone sequencespectively, for the same 200- and 600-ms targets. These re-
(Fitzgibbons and Gordon-Salant, 200Ihich revealed a sults also showed poorer and more variable discrimination
relatively constant relative DL in elderly listeners for rate performance for 200-ms targets relative to that for the longer
discrimination across a large range of reference sequen@0-ms target intervals. This was particularly the case for the
presentation rates. 200-ms targets in the JONE condition, in which two eld-
For single-interval discriminatioiF_ONE condition), erly listeners from each hearing status group exhibited abnor-
the mean relative DLs of the older subjects was 17.9% andhally poor discrimination. With the data from these subjects
12.4% for the 200- and 600-ms target 10Is, respectivelyomitted, the mean DL value for the elderly listeners in the
Each of these values is at least twice the corresponding DI_ONE condition with the 200-ms target interval would
values for the younger listeners. It should be noted, howevehave shifted from 72.4% to 59.4%, a value equivalent to that
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for the FT_ONE condition for the elderly listeners. In either 14
case, the DL values of the older listeners with the unequal-_
interval patterns were at least three times larger than theig
corresponding DLs measured for the same reference targeg 1o}
intervals embedded within the stimulus patterns with equalg
intervals. The performance of the elderly listeners was alscg
significantly poorer than that of the younger listeners in bothg ¢|
the T_ONE and FT.ONE sequence conditions. However, é
like the younger listeners, the discrimination performance of2 4y
the older listeners with the temporally complex sequences
was not significantly different for the conditions with fixed- I I
frequency and variable-frequency tonal patterns. 0 y . . . . "
& S &
C. Stimulus complexity effects P A A A A

600 ms
AlllOI

600 ms
One IOl

12r 200 ms
AlIOI

N Young
L Elderly

R‘ela
N

The experiments were designed to examine some effect. Discrimination Condition
OT temporal and spectral qor_nplexfcy _On “Stener_s ablllty toFIG. 5. Mean relative DLs in percent of young and elderly listeners for
discriminate changes of timing within tonal stimulus se-changes of 101 in three stimulus conditions with equal-interval tone se-
guences. The results indicate that the temporal complexityuences. The conditions include equal increments to all sequence 10Is with
associated with the unequal sequence intervals produced suBference values of 200 m&00 ms All I0]) or 600 ms(600 ms Al IO,

. . and increments of a single 600 ms I®BD0 ms One |0l The sequence tone
stantial performance decrements, relative to that observed for 9 @ 9 d

equencies were either fixed at 4 kHEqual Freq, or variable in the

the patterns with equal intervals. This outcome was evident—4-kHz rangeVar. Freq). The results are collapsed across normal-hearing
for all listeners, but the magnitude of the effects was signifi-and hearing-impaired listener groups. The DLs shown for Equal Freg. con-
cantly larger among the elderly subjects. It was anticipatedditions are from Fitzgibbons and Gordon-Sal&z@03.

on the basis of earlier reports, that the introduction of irregu-

lar timing to stimulus patterns could influence listeners abil-Our results generally support this prediction, with the DLs of
ity to discriminate one or more embedded target intervalsour younger listeners for both the 200- and 600-ms target
Some of the earlier studiéBharucha and Pryor, 1986; Hirsh intervals showing reasonably good agreement with the dura-
et al, 1990; Monahan and Hirsh, 1990; Drake and Bottetion DLs reported previously for similar reference silent in-
1993 reported that even small deviations from regularity intervals bounded by a simple pair of stimulus markers pre-
the timing patterns of tonal sequences could produce decrsented in isolatiorfAbel, 1972b; Groset al, 200J).

ments in listeners temporal discrimination performance. In  The general equivalence of results observed for the
the present investigation, the temporally complex stimulusT_ONE and FT.ONE single-interval discrimination condi-
sequences featured a substantial degree of irregularity in th@ns indicates that the effect of adding spectral complexity
timing patterns, with each tonal IOl differing across a rela-to the sequences with unequal intervals was minimal for both
tively wide range of values. This dispersion of interval val-the younger and older listeners. This outcome was unex-
ues within the stimulus sequences undoubtedly contributegected, primarily because we had previously observed sub-
to the listeners difficulty in discriminating incremental stantial effects of sequential spectral variation on duration
changes to any single embedded target interval. Additionalljjudgments in a different type of discrimination tagkitzgib-

the procedure of randomizing the ordering of the unequabons and Gordon-Salant, 199%owever, the lack of spec-
tonal I10Is within sequences across listening trials, as well agral effects in the present results is most likely due to the high
randomizing the sequential location of the target intervallevel of difficulty already associated with the temporally
introduced a large degree of stimulus uncertainty that furthecomplex patterns, a situation that could have obscured obser-
complicated the discrimination task. In all likelihood, this vation of any potential additional spectral influences on tem-
degree of stimulus uncertainty with the complex sequenceporal discrimination. We suspect this to be the case in part on
precluded listeners from developing a memory trace for timthe basis of gost hocexamination that compared the DLs
ing patterns within the reference sequences that was suffineasured here for the variable-frequency sequences with
ciently strong to discern small deviations in the magnitude ofequal intervals(F_ALL and F_ONE condition$ to some

a particular target interval. This would necessarily be thecorresponding results reported in our earlier study that uti-
case for stimuli that required substantial memory resourcebzed fixed-frequency tone sequences with the same uniform
to encode the pattern of temporal intervals within referenceiming characteristics (Fitzgibbons and Gordon-Salant,
sequences, a task that was perhaps more taxing for the old2801). Each of the studies examined groups of younger and
listeners. Without the aid of stimulus context, it seems likelyolder listeners that exhibited the same age and hearing char-
that even the younger listeners had to adopt the less efficiemacteristics. Some of these comparative data are displayed in
strategy of attempting to isolate and focus on the specifi¢ig. 5, which shows the mean relative DLs of younger and
target interval that was subjected to duration changes. In thislder listeners for two corresponding conditions that mea-
event, we might expect that the DLs measured for singlesured discrimination of sequence rate changes, labeled All
target intervals within the temporally complex tonal patternslOl for sequences with equal 200- or 600-ms tonal IOls, and
would more closely approximate those values reported foone condition that measured discrimination for a single se-
corresponding target intervals that are measured in isolatiomuence interval, labeled One 10I, for a 600-ms target inter-
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val. Results in the figure from the earlier study are labeled1) For equally timed tonal sequences, all listeners generally

Equal FrequencyEqual Freq, while those from the present
investigation are labeled Variable Frequeridar. Freq) As

show better sensitivity for uniform changes of sequence
rate than they do for localized changes of timing in a

the figure shows, the sequence rate discrimination perfor- single sequence interval.

mance(All IOl conditions) of the younger listeners was vir- (2) The relative DLs for uniform changes of sequence rate
tually the same for the equal-frequency and variable- were equivalent for the faster and slower sequences, but
frequency tone sequences, while the single-interval DLs for  discrimination performance was generally poorer for
the 600-ms target were slightly larger for the variable- fre-  single intervals within the faster, compared to slower,
guency sequences. Thus, the discrimination performance of sequences.

the younger listeners was largely unaffected by the additiori3) Discrimination of temporal intervals within sequences
of spectral variability to the stimulus patterns with uniform with unequal timing is considerably more difficult than
timing. By comparison, the data of elderly listeners show  discrimination of corresponding intervals within equally
large effects of spectral complexity, with the relative DLs for ~ timed sequences.

the variable-frequency sequendesth All 101, and the One (4) Older listeners exhibit larger relative DLs than younger
IOl conditiong being considerably larger than those for the  listeners for all stimulus sequences, but the largest age-
corresponding equal-frequency sequences, and also larger related differences were observed for stimulus patterns
than those of the younger listeners in each condition. with unequal timing.

The above comparison of data indicates that the inde¢5) There were no significant effects of hearing loss ob-
pendent effects of sequential spectral complexity on tempo- served in any of the discrimination conditions for
ral discrimination performance may be substantial, at least younger and older listeners.
for older listeners, and sequences with uniform timing char-
acteristics. This outcome, in conjunction with the strong ef- ~ The present findings confirm some of our previous ob-
fects of tempora| Comp|exity seen in the present results, sugservations that elderly listeners have diffiCU|ty discriminating
gests that both of these stimulus factors could contribute téemporal differences in tonal sequences. Whereas our earlier
the age-related processing difficulties commonly associatetgsults were collected with fixed-frequency stimulus se-
with time-altered speech. While the importance of spectrafuences with equal timing, the current results pertain to
cues in speech understanding is well documented, the role gPectrally and temporally complex patterns that were in-
variable timing within and across Speech utterances is |e§§nd6d to mimic some characteristics inherent to sequential
well understood. However, the present findings with non-Speech patterns. The collective evidence indicates that spec-
speech sounds indicate that the processing of sequences wifal complexity within sequences may exert an important in-
variable timing is difficult for all listeners, but especially for fluence on the temporal discrimination performance of older
older listeners and faster sequence presenta’[ion rates. @Efteners. The discrimination of temporal deviations in stimu-
course, in addition to ongoing variations in frequency andus patterns with variable timing structure is relatively diffi-
timing, sequences of spoken speech also exhibit substantigHlt for all subjects, but especially for older listeners. The
variation in component intensity, a factor that undoubtedlycombination of results lends further support to the hypothesis
contributes to the significant effects of listener hearing losghat aging is associated with significant difficulty processing
observed in many of the speech recognition studies. In théhe temporal characteristics of complex sequential stimuli.
present experiments with nonspeech sequences, all testing
was restricted to spectral regions of hearing loss, but stimuACKNOWLEDGMENTS
lus intensity was fixed at a relatively high level to insure _
signal audibility. As a result, no systematic effects of hearing. 'S research was supported by a grant form the Na-
loss among either the young or elderly listeners were optional Institute of Aging of the NIH(RO1AGO9191 The

served in the discrimination measures. This outcome agreé"smhorS are grateful to Jennifer Lantz, Claudia Pastorelli, and

with conclusions previously reported for studies that exam-saUI Strieb for their assistance in data collection.

ined effects of hearing loss on duration discrimination tasks
(Fitzgibbons and Gordon-Salant, 1995, 2001; Gresal, Abel, S. M.(19723. “Duration discrimination of noise and tone bursts,” J.
2001). These hearing- loss results regarding duration dis- Acoust. Soc. Am51, 1219-1223.

crimination provide indirect support for the contention thatAZ’“:]’ i'zwé'l(glf;g?' Discrimination of temporal gaps,” J. Acoust. Soc.

the processing of stimulus duration is primarily controlled by apel, s. M., Krever, E. M., and Alberti, P. W1990. “Auditory detection,
central timing mechanismé&Creelman, 1962; Abel, 1972a; discrimination, and speech processing in ageing, noise-sensitive and

Divenyi and Danner, 1977 Given sufficient stimulus audi- ~_nearing-impaired listeners,” Scand. Audidl9, 43-54.

- .. . . ANSI (1996. S3.6-1996. “Specifications for audiometer®&merican Na-
bility, the postulated timing mechanisms are unlikely to be" jona1 siandards Institute, New York

affected by peripheral hearing loss, but may exhibit dimin-Bharucha, J. J., and Pryor, J. ¥1986. “Disrupting the isochrony underly-

ished function with aging. ing rhythm: An asymmetry in discrimination,” Percept. Psychoph.
137-141.

Birren, J. E.(1965. “Age changes in speed of behavior: Its central nature
and physiological correlates,” iBehavior, Aging, and the Nervous Sys-

The temporal discrimination results collected from the '™ edited by A. T. Welford and J. E. BirrefThomas, Springfield, 1},
pp. 191-216.

young and.elde”.y Iiste_ner_s for the Sequemia_l stimulus patcreeiman, €. D(1962. “Human discrimination of auditory duration,” J.
terns used in the investigation can be summarized as follows:Acoust. Soc. Am34, 582-593.

D. Summary

J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004  P. Fitzgibbons and S. Gordon-Salant: Aging and discrimination of sequence timing 1133



Divenyi, P. L., and Danner, W. F1977). “Discrimination of time intervals Hirsh, I. J., Monahan, C. B., Grant, K. W., and Singh, P(1890. “Studies
marked by brief acoustic pulses of various intensities and spectra,” Per- in auditory timing: |. Simple patterns,” Percept. Psychophs.215-226.
cept. Psychophy1, 125-142. Levitt, H. (1973). “Transformed up-down methods in psychoacoustics,” J.

Drake, C., and Botte, M.-C(1993. “Tempo sensitivity in auditory seqe- ~ Acoust. Soc. Am49, 467-477.
unces: Evidence for a multiple-look model,” Percept. Psychopbys.  Lister, J. J., Koehnke, J. D., and Besing, J.[®000. “Binaural gap dura-
277-286. tion discrimination in listeners with impaired hearing and normal hear-

Dubno, J. R., and Ahstrom, §1995. “Masked thresholds and consonant  ing,” Ear Hear.21, 141-150. o ) o
recognition in low-pass maskers for hearing-impaired and normal-hearinglonahan, C. B., and Hirsh, 1. J1990. "Studies in auditory timing: 2.
listeners,” J. Acoust. Soc. Am07, 2430—2441. Rhythm patterns,” Percept. Psychophyg, 227-242.

Dubno, J. R., and Schaefer, (1992. “Comparison of frequency selectivity P feiffer. E.(1975. *A short portable mental status questionnaire for the
and consonant recognition among hearing-impaired and masked normal_assessment of organic brain deficit in elderly patients,” J. Am. Geriatr.
hearing listeners,” J. Acoust. Soc. A1, 2110-2121. Soc.23, 433-441. ) . . )

Fitzgibbons, P., and Gordon-Salant,($994). “Age effects on measures of S?tl)thorl;szll'll'.dAfl9ill))l. Theoretical Perspectives on Cognitive Agifeg-
auditory duration discrimination,” J. Speech Hear. R&%.662—-670. aum, Hiiscale,

o B . Schneider, B. A., Pichora-Fuller, M. K., Kowalchuk, D., and Lamb, M.
Fitzgibbons, P., and Gordon-Salant, (3995. “Age effects on duration (1994. “Gap detection and the precedence effect in young and old

discrimination with simple and complex stimuli,” J. Acoust. Soc. A98, adults.” J. Acoust. Soc. Am95. 980—991.

_3140—3145- on . Schneider, B. A., Speranza, F., and Pichora-Fuller, M.(3098. “Age-
Fitzgibbons, P., and Gordon-Salant, (3001. *Aging and temporal dis- related changes in temporal resolution: Envelope and intensity effects,”

crimination in auditory sequences,” J. Acoust. Soc. A9, 2955—-2963. Can. J. Psychob2, 184-191.

Gordon-Salant, S., and Fitzgibbons, @993. “Temporal factors and  sjiman, S., and Gelfand, §1981). “The relationship between magnitude of
speech recognition performance in young and elderly listeners,” J. Speechhearing loss and acoustic reflex thresholds,” J. Speech Hear. 4®gs.
Hear. Res36, 1276-1285. 312-316.

Gordon-Salant, S., and Fitzgibbons,(200]). “Sources of age-related rec-  Snell, K. B. (1997). “Age-related changes in temporal gap detection,” J.
ognition difficulty for time-compressed speech,” J. Speech Hear. R&s. Acoust. Soc. Am101, 2214-2220.

709-719. Tun, P. A.(1998. “Fast noisy speech: Age differences in processing rapid

Grose, J. H., Hall lll, J. W., and Buss, R001). “Gap duration discrimi- speech with background noise,” Psychol. Agihg 424—434.
nation in listeners with cochlear hearing loss: effects of gap and markewingfield, A., Poon, L. W., Lombardi, L., and Lowe, [1985. “Speed of
duration, frequency separation, and mode of presentation,” J. Assoc. Res.processing normal aging: effects of speech rate, linguistic structure, and
Otolaryn.2, 388—398. processing time,” J. Gerontofl0, 579-585.

1134 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004 P. Fitzgibbons and S. Gordon-Salant: Aging and discrimination of sequence timing



