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This study examined age-related changes in temporal processing by measuring DLs for signal
duration using simple and complex stimuli. Previous research has shown that elderly listeners
exhibit difficulty discriminating duration changes in simple sounds, suggesting the possibility of
age-related changes in central timing mechanisms. The present experiments examined the
interactive effects of aging, hearing loss, and stimulus complexity on duration discrimination. Four
groups participated: young and elderly listeners with normal hearing, and young and elderly
listeners with hearing loss. Duration DLs were measured for 250-ms tone bursts and for silent gaps
between tone bursts that were presented either in isolation or embedded as target stimuli within tonal
sequences. The tone sequences were composed of five sequential 250-ms components. Stimulus
complexity was varied by changing the sequential order of tone frequencies and the location of an
embedded target component across listening conditions. Analyses of results revealed the following:
Elderly listeners performed more poorly than younger listeners in nearly all stimulus conditions, the
effects of stimulus complexity on discrimination were greatest among elderly listeners, and hearing
loss had no systematic effect on discrimination performancel98®5 Acoustical Society of
America.

PACS numbers: 43.66.Mk, 43.66.Sr

INTRODUCTION the effects of listener age and stimulus complexity on mea-
sures of temporal sensitivity that involve discrimination of

This paper describes studies that compared the abilitiegyration increments in tone bursts or silent intervals between

of young and elderly listeners to discriminate temporal aSyone bursts. Duration discrimination was examined because
pects of simple and complex tonal patterns. In recent yearg,q perceptual coding of stimulus duration is generally be-

several research reports have indicated that elderly listene[s,,eq to occur within the central nervous systé@meelman
may have diminished auditory temporal processing capacityﬁ%z; Abel, 19728 which is presumed to be the predomi-

The_ t_awdence _for this conclu_s_|on comes from different "®Chant locus of age-related dysfunction and slowed auditory
ognition experiments that utilized various forms of tempo-

rally degraded speecfHarris and Reitz, 1985; Helfer and zlrlociisrgneg?é::r::ti:nadli"nlzfi?z; isbilghr?suZ?\’ dlg%?'ggg_ltslc;?ém
Wilber, 1990; Gordon-Salant and Fitzgibbons, 199and Y, g g X

other tasks that examined listeners’ ability to process the oréiiﬁﬁxzsrl]th?;;agﬁ?Ldfr:g gs:zgi:ls;Xgier:'ﬁgcti:glc;lgs
der of sounds presented in a rapid temporal sequence . ating 9 . P
or silent intervals between pairs of tonal markers. Data col-

(Trainor and Trehub, 1989; Humes and Christophersonl, din thi ) dv al led that hearing |
199J). In addition, measures of backward recognition mask-eCte_ In this Previous study also reveale that hearing loss
d little or no influence on discrimination performance for

ing suggest that the speed of perceptual processing may b&™ ™" ) o ;
compromised in elderly listener@ewman and Spitzer stimuli that were clearly audible. Similar conclusions regard-

1983; Razet al, 1990; Phillipset al, 1994. By contrast, ing'the effects of age and hearing loss on duration discrimi-
some basic psychoacoustic estimates of temporal sensitivifjation were reported by Abet al. (1990 for data collected
measured with simple sounds that involve either the disWith narrow-band noise bursts. These results for simple
crimination of amplitude modulation in noise burg®aka- sounds may be indicative of diminished accuracy in central
hashi and Bacon, 1992r the detection of brief temporal timing mechanisms, but it is not clear how the findings gen-
gaps in noise and tone burgisutman, 1991; Mooreet al,, eralize to the processing of more complex temporal patterns
1992 have not always shown consistent deficits in temporathat describe sounds such as speech or music.
processing among elderly listeners. Comparisons among Examination of questions about stimulus complexity is
these few reports suggest that stimulus complexity and pemotivated in part by previous discrimination studies con-
ceptual processing demands are important factors that infliducted with young normal-hearing listeners using a variety
ence the extent of age-related deficits observed in temporaif complex tonal sequencé®/atson and Kelly, 1981; Wat-
processing tasks. son and Foyle, 1985; Espinoza-Varas and Watson, )L 386

The focus of the present investigation was to examinesults of these experiments demonstrated that discrimination
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TABLE I. Mean pure-tone thresholds and standard deviationparenthesgsn dB HL for the four subjects
groups (YNH=young normal hearing; YHtyoung hearing impaired; ENHelderly normal hearing; EHI
=elderly hearing impaired

Frequency(Hz)

Group 250 500 1000 2000 4000
YNH 4.4 1.7 2.2 1.7 5.6
(3.9 (2.5 (4.9 (2.5 (4.6)

YHI 27.2 32.2 38.3 44.4 56.1
(15.9 (19.9 (18.9 (19.9 (11.1

ENH 7.5 7.5 7.0 7.0 135
(4.6) (5.6) (7.0 (4.6) (3.2

EHI 24.0 255 28.5 39.0 52.0
9.7 (117 (13.9 (10.9 (11.6

accuracy with complex stimuli can be considerably pooremormal hearingpure-tone thresholds 15 dB HL, re: ANSI,
than that measured for simple sounds presented in isolatiod989, 250—4000 Hz Group 3 consisted of elderly listeners
These investigations also revealed that discrimination perfort65—76 yearswith mild-to-moderate, sloping sensorineural
mance with complex stimuli is influenced strongly by severalhearing losses. These subjects had a negative history for oto-
nonsensory factors, including listener training, degree ofogic disease, noise exposure, familial hearing loss, and oto-
stimulus complexity, and listener familiarity and uncertainty toxicity. The presumed etiology of hearing loss for these sub-
regarding stimulus characteristics. The influence of these fagects was presbycusis. Group 4 included young subjects
tors, which presumably reflect central processing limitations(20—40 yearswith mild-to-moderate, sloping sensorineural
has not been examined in discrimination tasks with elderlyhearing losses of hereditary or unknown origin. Each subject
listeners. It is anticipated that stimulus complexity effectsin group 4 was matched audiologically to a subject in group
would be more pronounced in elderly listeners, who are re3. Audiometric data for the four subject groups are displayed
ported to exhibit varying degrees of central processing defiin Table I. Additionally, each subject had normal tympano-
cits (Otto and McCandless, 1982; Jergeral, 1989; Willott, grams and acoustic reflex thresholds bilaterally, indicating
1991). normal middle-ear function. Each subject also exhibited
The specific goal of the present investigation is to com-good general health and passed the Short Portable Mental
pare duration discrimination performance of young and eldStatus Questionnair@feiffer, 1975, a screening procedure
erly listeners for stimuli presented in isolation and embeddedor cognitive function.
as components of sequential tonal patterns. Because hearing
loss is prevalent among many elderly listeners, another puB. Stimuli
pose of the experiments is to examine the independent and All tonal stimuli f . d usi
interactive effects of age and hearing loss in each of several onal stimuli for experiments were generated using

discrimination conditions. This was accomplished by exam. ' €rs€ FFT procedures with a digital signal processing

ining groups of listeners who were matched according to aggoard (Tucker-Davis Technologies AP2nd a 16-bit D/A

and degree of hearing loss. Testing was also restricted to ca]onverter(Tucker Davis Technologies DD1, 20-kHz sam-

high-frequency range that was selected to coincide with reP'NY ratg that was followed by low-pass filteringFre-

gions of maximal hearing threshold elevation in listenersd4€ncy Devices 901F; 6OOO'H.Z cutoff, 90 dBjodional du-.
with hearing loss. Duration difference limeriBLs) were ration DLs were measured using a 4-kHz tone burst with a

measured for tone bursts and silent gaps between tone bursg%ference duration of 250 ms that included a 240-ms steady-

Measurement of the DLs for both tones and gaps was cor ate portion and 5-ms cosine-squared rise—fall envelopes.
Gap duration DLs were measured for a reference silent in-

ducted because preliminary testing indicated that the tw? . .
: . . erval of 250 ms inserted between a pair of 250-ms 4-kHz
stimulus types may present different levels of difficulty for tone bursts. These DLs for the tones and gaps served as

the simple and complex signal conditions. ) 2
baseline performance measures for target stimuli presented
in isolation.
. METHOD The complex stimuli were tone sequences that had an
overall duration of 1.25 s and were constructed of five con-
tiguous 250-ms components, each with 5-ms rise—fall char-
Listeners in the experiments included 40 subjects asacteristics. One component of each tone sequence had a fre-
signed to four groups with 10 subjects each defined accordjuency of 4 kHz and served as the embedded target stimulus
ing to age and hearing status. Group 1 included elderly lisin conditions that measured tone duration DLs. For other
teners (65-76 years with normal hearing (pure-tone conditions that measured duration DLs for an embedded gap,
thresholds<15 dB HL, re: ANSI, 1989, 250—-4000 Hz the 4-kHz tonal component of each sequence was replaced
Group 2 consisted of young listenef20—40 yearps with by a silent interval of equal duration. The nontarget tonal

A. Subjects
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components in each sequence had frequencies that differed C—1 YNG NORM
. . - 250 — IZZ3 YNG HI

across test conditions, with specific values selected from a W ELD NORM
range of approximately one-third octave centered geometri- B3 ELD HI

cally about 4 kHz. The frequency range was restricted to5

insure that tonal components did not span regions of mark-~=

edly different threshold elevation in the listeners with hear- =

ing loss. <

Three levels of stimulus complexity with the tone se- %5

3

n

175
150 |~

Ls {m

125

B
%5555
50585
et tevtetes

2

o
%5
o

100 =
75
50

%!
o
%

2
%
3

53

,.
o%e%
%

odel
55

_
4%

X
%%

o
SR
Pe%a%%0% %%
0%

X

e

X
%%

quences defined the discrimination conditions for the DL
measurements with embedded tones or gaps. One conditio
featured minimal stimulus complexity in which a single tone 2
sequencé3770, 3570, 4000, 4480, 4240 Haas arbitrarily 0
selected and presented on each discrimination trial, with the
embedded 4-kHz target tor@r gap always fixed in the
third (middle) sequence location. A second condition fea-F!G- 1. Duration discrimination of 4-kHz tonal stimuli by four subject
tured t ti | lexity b ti diff ﬂroups(young normal-hearing listeners, young hearing-impaired listeners,
ured greater stimulus cqmp_e>§| y . y presen Ing _a I ergn Iderly normal-hearing listeners, and elderly hearing-impaired listgirers
tone sequence on each discrimination trial. For this conditiofour conditions(BASE=tones in isolation, SEQ4target tone embedded in
the embedded target compongmne or gap was also fixed a fixed tonal sequence, SE©farget tone embedded in a tonal sequence
in the third sequence location. but the order of the nontarge\gith random frequencies and fixed target location, SE@Bget tone em-

. ! . dded in a tonal sequence with random frequencies and random target
components in the range 3570-4480 Hz was randomaegiatim
across listening trials. The third condition also featured a
different random sequence on each trial, but additionally al-

. tracking procedure. An average of six threshold estimates
lowed the embedded target component to occur with equa : . .

o . " Wwas used to determine the duration DL for each subject and
probability in the second, third, or fourth sequence location

on each trial condition.
. Prior to data collection, each subject received 3 t of

practice in each of the eight discrimination conditions. For
most subjects, no significant changes in discrimination per-

The measurement of duration DLs in each condition wasormance were observed after five to six trial blocks. A few
obtained using an adaptive two-interval forced-ché®i€C)  subjects required up to ten practice blocks before stable per-
procedure. Each listening trial contained two observation informance was observed, but there were no observable differ-
tervals with an interobservation interval of 750 ms. One in-ences in the training required of young and elderly subjects.
terval contained the reference 250-ms target stim(iioise The subjects were tested individually in a sound-treated
or gap, and the other randomly selected interval containethooth. The eight discrimination conditiongwo baseline
the corresponding comparison target stimulus that wasneasures with simple stimuli and six measures with complex
longer and variable in duration. For conditions with tonal sequenceswere tested in a different random order for each
sequences, the reference and comparison sequences okubject. Stimulus levels were fixed at 85 dB SPL in order to
given listening trial were always identical, except for the provide adequate audibility and provide a minimum sensa-
longer duration of the embedded target component in th&on level of 25—-30 dB at 4000 Hz for the listeners with
comparison sequence. Additionally, for each condition ofhearing loss. Testing was monaural through an insert ear-
stimulus complexity, the subjects were informed about thephone(Etymotic ER-3A that was calibrated in a 2-cheou-
nature of stimulus variability and the possible sequence lopler (B&K, DB 0138). Listening was conducted in 2-h ses-
cations of the embedded target component. The subjects ussibns at 1-week intervals. Total test ti{@ot including
a computer keyboard to respond to the trial interval containpractice sessiofsvaried across subjects, but averaged ap-
ing the longer target component. The listening intervals ofproximately 12 h. The subjects were reimbursed for their
each trail were marked by a visual display that also providegarticipation in the experiments.
correct-interval feedback to the subjects.

Estimates of all duration DLs were obtained using an
adaptive rule for varying the duration of the target stimulus
according to the subject’'s responses on previous trials. The An initial analysis of variancéANOVA) conducted on
rule stipulated a decrease in target duration following twothe data from all conditions revealed that the magnitude of
consecutive correct response trials and an increase in targiie duration DLs for gaps was considerably greater than cor-
duration following each incorrect response. The tracking proresponding DL values for the 4-kHz tonH5(1,36=48.53,
cedure estimated a threshold duration corresponding tp<<0.01], although there was a significant interaction be-
70.7% correct discriminatior(Levitt, 1971. Testing was tween gap and sequence effeff3,108=3.94, p<0.01].
conducted in 65-trial blocks using an initial step size forTo simplify the examination of age effects, the data were
duration changes of 15 ms that shifted to 2 ms after threexamined separately for the conditions involving the mea-
reversals in direction for changes in target duration. A threshsurement of DLs for tones and gaps. The duration DLs of
old estimate was calculated by averaging values of the revetenes for each condition and group of listeners are presented
sal points associated with the small step-size changes in the Fig. 1. The figure shows group means of the DLs in ms for
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C. Procedure

II. RESULTS
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= YNG NORM =10.46,p<0.01] and stimulus conditiofF(3,108=34.79,
. o N e p<0.01], with no significant effect of hearing loss. There

B2 ELD HI were no significant interactions in this analysis. Multiple-
2 comparisons analysis of the combined data for young and
200 = elderly subjects revealed significantly larger duration DLs
for all tone-sequence conditions, relative to the baseline val-
ues(p<0.05. This analysis also indicated that the gap dura-
tion DLs for the fixed tone sequencéSEQJ were smaller
than those for the two tone-sequence conditions featuring
greater stimulus complexitySEQ2 and SEQ3(p<0.05.
These latter two conditions produced similar results.
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Ill. DISCUSSION

Results of the discrimination testing indicated perfor-
mance differences among listeners that differed primarily by

FIG. 2. Gap duration discrimination by four subject groupsung normal- 540 Thg discrimination abilities of individual subjects within
hearing listeners, young hearing-impaired listeners, elderly normal-hearing

listeners, and elderly hearing-impaired listenersfour conditions(BASE ~ 9roups _Varied considerably, but .With. a few exceptions fc_)r
=silent interval bounded by two tones, SE€dap embedded in a fixed young listeners performance variability was relatively uni-

tonal sequence, SEQZap embedded in a tonal sequence with randomform across subject groups for most conditions. The obser-
gﬁgﬁce:f/'ﬁtsh ?ggdf(')ﬁirggsacl?:: tg;’ rifﬁptgggf?xgi; a tonal se- vation of individual d.ifferences in' duration discriminati'on is
not uncommon and is apparent in the results of studies that
examined large groups of minimally trained listen€Fgler
the baseline conditiofBASE) and the three conditions with et al, 1982; Abelet al, 1990 and small numbers of exten-
tone sequences. These are designated as SEQ1 for the fixsidely trained listener¢Divenyi and Sachs, 1978
sequences, SEQ?2 for the sequences with variable tone order
and fixed target location, and SEQ3 for the sequences with"
variable tone order and random target location. For the target stimuli presented in isolation, values of
An ANOVA was performed on the raw data for the tone the duration DLs for tones and gaps for the young listeners
duration DLs using a repeated-measures design with twaith normal hearing were equivale(#6.8 and 48.5 ms, re-
between-subjects factofgge and hearing stajusnd one spectively, yielding an average Weber fraction of 0.19 for
within-subjects factofstimulus conditioh The ANOVA re-  the 250-ms reference durations. Nearly identical results were
sults revealed significant main effects of stimulus conditionalso observed for the young subjects with hearing loss, who
[F(3,108=20.14,p<0.01] and listener agf-(1,36=18.01, produced an average Weber fraction of 0.18 for the same
p<0.01], and a significant interaction between these two facconditions. The performance of these young subjects was
tors [F(3,108=9.03, p<0.01]. Subsequent analysis of virtually the same as observed previously for tone and gap
simple main effects revealed that the duration DLs of theduration DLs of young listeners for the same reference
elderly subjects were significantly larger than those of thestimulus durationgFitzgibbons and Gordon-Salant, 1994
younger subjects for each of the conditions with complexThese baseline measures also agree closely with other dis-
tone sequencefSEQL: F(1,1449=16.04, p<0.01; SEQ2: crimination data reported for tone and noise sigri@leeel-
F(1,144=25.01, p<0.01; SEQ3: F(1,149=23.55, man, 1962; Small and Campbell, 1962 silent gapgAbel,
p<0.01], but not for the baseline condition with the isolated 1972h, where Weber fractions for duration DLs converge on
target tone. The duration DLs of the young subjects showea value of about 0.2 for reference durations similar in mag-
no significant differences across stimulus conditions, but thaitude to that used in this study.
discrimination performance of the elderly listeners was influ-  The discrimination performance of the elderly subjects
enced by stimulus conditidi-(3,108=25.10,p<0.01]. For  in the baseline conditions was generally poorer than that of
these older listeners, a multiple-comparisons analysithe younger listeners. This was particularly the case for gap
(Student—Newman—Keylgevealed that the duration DLs discrimination, which revealed a Weber fraction of 0.31, a
measured for all tone-sequence conditions were significantlyalue that was about 65% larger than that observed for the
larger than the baseline DLs for isolated tor{@s<0.05.  younger listeners. The baseline DLs for tones of these older
Although performance differences across the tone-sequenstibjects were mixed, with about one-half of the listeners
conditions were apparent, these differences failed to reactmostly from the hearing-loss gropperforming like the
statistical significance. None of the data analyses revealegbung listeners, and the other half giving poorer results
significant effects of hearing loss on the duration DLs forequivalent to those observed for duration DLs of gaps. Thus
young or elderly listeners. most, but not all, of these baseline results are consistent with
Figure 2 displays the group means for the duration DLsour earlier reported findings that showed age-related deficits
for gaps in each stimulus condition and group of listenersin duration DLs for both tones and gaps. Although many of
An ANOVA with the same repeated-measures design wathe smaller tone duration DLs in the present baseline data
conducted on the raw data for these results. This analysisame from the group of elderly subjects with hearing loss, it
revealed significant main effects of listener afe(1,36 is doubtful that sensitivity losper sewas a contributing

Baseline measures
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factor. No consistent effects of hearing loss were observecklative to the higher complexity sequences. However, this
for most of the data collected from the young and elderlyresult pertains more to the performance of the young sub-
listeners. The results also showed no general differences bgcts; the older listeners generally found each condition of
tween duration DLs for tones and gaps for most of the substimulus complexity to be equivalent in difficulty.

jects. This outcome differed from the anticipated finding of

relatively poorer duration discrimination for gaps comparedc, stimulus complexity effects

to tones(Abel, 1972h. However, a different finding emerged

for measurements collected with the more complex tone se-  1he findings generally show that elderly listeners have
quences. poorer duration discrimination ability than younger listeners.

The performance of elderly listeners also exhibited the great-
est effects of stimulus complexity, as evidenced by the mag-
nitude of shifts in DLs from baseline conditions to those with
The duration DLs measured for target stimuli that wereyne tonal sequences. This was particularly apparent for the
embedded as components of the tone sequences revealgfl shifts associated with embedded tones, which showed
some interesting findings, as well as some unexpected trendginimal effects of stimulus complexity for young listeners
The most pronounced of the unexpected outcomes was thgq significant effects for the older subjects. For gap dis-
relative difficulty of gap duration discrimination. Generally, crimination within tone sequences, performance shifts from
the DLs for gaps measured with the complex signals averpaseline were substantial for young and elderly listeners, but
aged 30%-50% larger than corresponding DLs for embedese, too, were generally greater for the older subjects.
ded tones. Although this trend was not evident in the baseline  Thus elderly listeners experienced the effects of stimulus
data, it was characteristic of each group of listeners for th%omplexity for tone and gap discrimination, while the young
complex tone sequences. The effects of stimulus complexitysteners exhibited similar effects for gap discrimination only.
with the tone sequences also differed for the discriminationrpe explanation for this result is not readily apparent. How-
of embedded tones and gaps. ever, it appears from listeners’ comments that discrimination
1. Tone discrimination of duration changes in embedded tonal components was an

Discrimination results for tones embedded in sequence‘§aSier task than that required for gap discrimination. The

differed for young and elderly listeners. For the young supeason for this is simply that changes in the durationg of
jects, duration DLs were essentially the same in each tonee—mbedded tones produced strong perceptual changes in the

sequence condition, with values equivalent to those of théhyth.m .Of t_onal Sequences, which could serve as a.baS|s for
baseline condition for isolated tonal stimuli. This outcomed'scr'm'nat'on' This perceptual cue was also_ largely indepen-
was most evident for the young listeners with normal-dem of the sequence characteristics, which probably ac-

hearing sensitivity, who produced nearly identical DLs in a"cqunts for the Iaqk of systematlc influence across levels qf
conditions, as shown in Fig. 1. The performance of youn timulus complexity that defined the tonal sequence condi-

subjects with hearing loss was somewhat poorer, but the 'éons. Perceived rhythmic changes ass_ociated with gap incre-
results were also more variable and did not reach a differend®€nts were less salient, thus allowing factors related to

of statistical significance. For the elderly listeners the DLS_StImUIUS complexity(frequency randomization and variation

for embedded tones were also equivalent across tond? target location to exert a stronger influence on discrimi-

sequence conditions, but for these data an average Webggtion performance. The elderly listeners were apparently

fraction of 0.45 reflects a value twice that of the baselinenOt able to make use of rhythmic cues to the same extent as

condition. as well as all values calculated for the youngelyounger listeners. This sugggstion is consistent with findings
listeners. Thus the older subjects perceived changes in tH; pprted by Hgmes and .Chnstophers(m@Q]) that some of
duration of embedded tones with much greater difficulty tharfner elderly I|§teners d|§played age-related deficits on a
younger listeners. However, like the younger subjects, théhythm perception task with tone sequences.

elderly listeners did not appear to be differentially affected

by variations in stimulus complexity across the tone-D. Summary

B. Tonal sequences

sequence conditions. The present findings provide support for the conclusion
S that many elderly listeners have diminished temporal pro-
2. Gap discrimination cessing abilities. For duration discrimination, these age-

The duration DLs for embedded gaps were distinguishedelated processing limitations can be apparent even with rela-
by their relatively larger values and the changes in magnitively simple sounds. The use of more complex sounds for
tude across stimulus conditions. As Fig. 2 shows, the DLs ofliscrimination testing effectively produced exaggerated age-
the elderly listeners were larger than those for the youngerelated problems that were not evident from results collected
listeners in all conditions. The Weber fractions calculated forwith simpler stimuli. The present experiments used a re-
these older subjects ranged from 0.52 to 0.64 across the tonstricted range of stimulus complexity and thus did not pro-
sequence conditions. The young subjects also showed elide an exhaustive investigation of listener uncertainty ef-
evated DL values, with Weber fractions changing from 0.33fects on discrimination performance. Nevertheless, it is clear
to 0.45 across the tone-sequence conditions. Analysis of dathat factors that act to reduce familiarity and predictability of
collapsed across subject groups indicated better discriminatimulus characteristics can have an important influence on
tion performance in the low complexity conditid®EQJ), discrimination of complex sounds. The sources of age-
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related limitations in temporal discrimination as examined culties of hearing-impaired elderly persons: The contributions of auditory

here are unknown, but seem likely to reside at more centralprocessing deficits,” J. Speech Hear. Rg4. 686-693.

stages of auditory processing. Little information is presently’¢'9e" J Jerger, S., Oliver, T., and Pirozzolo(1R89. *Speech under-
ilabl h fth . hani 7 standing in the elderly,” Ear Heat0, 79—89.

available about the nature of the processing mechanisms Mevitt, H. (1971). “Transformed up—down methods in psychoacoustics,” J.

volved or the operational characteristics that change with ag- Acoust. Soc. Am49, 467-477.

ing. Lutman, M. E.(199)). “Degradations in frequency and temporal resolution
with age and their impact on speech identification,” Acta Otol. Suppé
120-126.
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