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This study invastigated factors that comtrnbute to deficits of elderly listeners in recognizing
speach that is degraded by temparal waveform distortion. Young and elderly listenars with
nommal hearing sensitivity and with mild-to-moderate, sloping sensorineural hearing losses ware
evaluated. Low-pradictability (LP} sentances from the Revised Speech Perception in MNoise test
(A-5PIM) {Bilger, Mustzel, Rabinowitz, & Rzeczkowski, 1864) were presentad 1o subjects in
undistorted form and in three forms of distortion: time compression, reverberation, and
interruption. Percent-correct recognition scores indicated that age and hearing impairment
contributed independantly fo deficits in recognizing all forms of temporally distorted speech. In
addition, subjects' auditory temporal processing abilities were assessed on duration discrimina-
tion and gap detection tasks. Canonical comelation procedures showed that some of the
suprathreshold temporal processing measures, aspeclally gap duration discrimination, contrib-
ured fo the ability fo recognize reverberant speech. The overall conclusion is that age-related
factors other than peripheral haaring loss contribute to diminished speech recognition perfor-

1 mance of elderty [isteners.
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The speech recognition problems of elderly listeners are well-known but poorly
understood. Considerable attention has been paid to the speech recognition deficits
experienced by elderly listeners in noisy backgrounds (Bergman, 1971; Blumenfeld,
Bergman, & Millner, 1969; Jokinen, 1973; Dubno, Dirks, & Margan, 1984; Findlay &
Denenberg, 1977; Goetzinger, Proud, Dirks, & Embrey, 1961; Gordon-Salant, 1987,
Townsend & Bess, 1380 Yanz & Anderson, 1984). In contrast, refatively littie is
known about eiderly listeners' ability to recognize speech that has been degraded by
some form of temporal waveform distortion. Temporal waveform distortions charac-
terize reverberant speech, interrupted speech, and the speech of fast talkers. Elderly
listeners may have particular difficulty processing temporally distorted speech be-
cause aging is thought to be accompanied by a generalized slowing of mental
processes (Birren, Woods, & Williams, 1980) or diminished speed of sensory and
perceptual encoding (Salthouse, 1982, 1985; Wingfield, Poon, Lombardi, & Lowe,
1283} A slowing of avditory temporal processing in an elderly person may delay o
disrupt processing of the rapid, complex, and somewhat impoverished acoustic cues
available in temporally distorted spaech,

Adew studies have reported diminished recognition performance of elderly listeners
with temporally distorted speech signals. For example, Nabelek and Robinson (1282)
showed that subjects aged 64 years and older exhibited significantly greater
performance deficits than younger subjects at relatively long reverberation times (RT
= 0.8 sec and 1.2 sec). Using time-compraession technigues to simulate the speach
of fast talkers, Konkle, Beasley, and Bess (1977) demcnstrated that recognition of
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time-compressed speech deteriorated with increasing age
among subjects aged 54 to 84 years. Finally, Bergman,
Blumenfeld, Cascardo, Dash, Levitt, and Marguiles {1978)
found that speech interrupted at the rate of 8 times per sec
praduced a sharp performance decline that increased with
age above 40 years.

One limitation of these earlier studies was that the elderly
listeners were characterized as “normally hearing for their
agea,” whereas the young subjects had audiometrically nor-
mal hearing. Because decline in high frequency hearing
sensitivity often increases with age, the poorer perfaormances
of the older listeners could have been related as much to high
frequency hearing loss as to age effects. The presence of
hearing impairment in younger listenars does reduce recog-
nition of reverberant speech (Nabelek & Mason, 1981),
interrupted speech (Korsan-Bengsten, 1973}, and time-com-
pressed speech (Grimes, Mueller, & Williams, 1984, Harris,
Haines, & Myers, 1963). Thus, it is not yet known to what
extent age, independent of hearing loss, contributes to
speech recognition problems of elderly listeners for tempo-
rally degraded speech signals. One purpose of the present
investigation was to examine this issue.

Several factors that contribute to speech recagnition prob-
lems of elderly listeners have been identified recently. Van
Rooi] and Plomp {(1990) investigated auditory and cognitive
factors that are related to measured speech-reception
thresholds (SRATs) of young and elderly listeners in quiet and
noise. The SATs of the elderly listeners were predicted
primarily by reduced auditary sensitivity in the high frequen-
cies and, secondarily, by reduced memory performance.
Jerger, Jerger, and Pirozzolo {1991) also found that degree
of hearing loss had the strongest relation to scores on four
monatic speech recognition procedures. General cognitive
status contributed secondarily to performance on twa di-
chatic spesch measures. Similarly, Humes and Christopher-
son (1991} found that auditory sensitivity was the primary
component contributing to recognition of nonsense syllables
presented in unfiltered, filtered, and filtered + reverberant
conditions by elderly listeners with hearing less. Additional
psychoacoustic measures obtained from duration discrimina-
tion tasks, embedded test-tone tasks, and frequency discrim-
ination tasks contributed somewhat less to the variance of
unfiltered {undistorted) nonsense syllable recognition scores.

For younger listeners with hearing impairment, important
factors contributing to speech recognition performance in
quiet and noise include temporal difference limen (Tyler,
Summerfield, Wood, & Fernandes, 1982) and gap detection
{Dreschler & Plomp, 1985; Tyler et al., 1982). Gap detection
is also related significantly to recognition of reverberant
speech in noise by young listeners with hearing loss (lrwin &
McoCauley, 1987), Auditory temporal processing measures
hawe not proven to be impartant predictors of speech recog-
nition performance in elderly listeners for degraded speech
materials (c.f. Van Fooij & Plomp, 1990). However, method-
ological constraints, such as use of nonsense syllables,
measures of speech reception threshold rather than supra-
threshold speech recognition, or use of very demanding
measures of temporal resclution, may have limited such
findings. Although one recent study {Moore, Peters, & Glas-
berg, 1992) concluded that reduced temporal gap resolution
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does not accompany aging, ather evidence (Fitzgibbons &
Gordon-Salant, 1992) indicates that age can have a signifi-
cant effect on acditory temporal resolution measures, inde-
pendent of the effects of peripheral hearing impairment,
Thus, auditory temporal processing deficits may be an im-
portant scurce of diminished speech recognition perfar-
mance by elderly listeners, especially for speech signals
distarted in the temporal domain.

The purpose of the present study was to investigate the
sources of recognition deficits of elderly listeners for tempa-
rally distorted speech signals. The first hypothesis addressed
was that age contributes independent of hearing loss o
performance deficits in recognizing reverberant, interrupted,
and time-compressed speech, A series of experiments was
conducted in which each type of temparal waveform distor-
tion was imposed in order to generate psychometric func-
tions that related speech recognition performance to degras
of degradation. Independent and interactive effects of age
and hearing loss were determined by comparing the perfor-
mance of young and elderly listeners with normal hearing
and with significant hearing loss. The second hypothesis
examined was that auditory temporal processing deficits of
elderly listeners contribute to problems in recognizing tem-
porally distorted speech. Eight auditory tempaoral processing
measures were compared to the speech recognition mea-
sures obtained for all subjects, in an effort to identity subtle
relations between specific parameters of auditory temporal
processing and specific forms of temporal speech distortion,

Methods

Subjects

Four subjact groups with 10 subjects sach participated in
the experiments. Group 1 was composed of elderly listeners,
aged B5-76 years with normal hearing (pure tone thresholds
= 15 dB HL, rec ANSI, 1889, 250-4000 Hz). Group 2 was
compoased of young listeners, aged 20-40 years with normal
hearing (pure tone thresholds = 15 dB HL, re: ANSI, 1889,
250-4000 Hz). Group 3 consisted of elderly listeners (65-76
yaars, with mild-to-moderate, sloping sensorineural hearing
losses. These subjects had a negative history for otologic
disease, noise exposure, familial hearing loss, and ototoxic-
ity. Thus, the presumed etiology of the loss for these subjects
was presbycusis. The subjects in Group 4 were young
(20-40 years) and had mild-to-moderate, sloping senso-
rineural hearing losses. Each subject in Group 4 was
matched as closely as possible to a subject in Group 3 on the
basis of pure tone threshalds between 250 and 4000 Hz and
on suprathreshold word recognition scores. Mean pure tone
thresholds and threshold ranges of the four subject groups
are shown in Table 1. The young and elderly subjects with
normal hearing showed mean threshold differences betwaen
3.5 and 10.5 dB across frequency; however, the threshald
ranges showed considerable overlap between age groups at
each frequency, Similarly, threshold differences between
young and elderly subjects with hearing loss were between 1
dB and & dB with comparable threshold ranges across

frequency.
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TABLE 1. Mean pure tone thresholds and threshold ranges (in
parentheses) in dB HL for the four subject groups.

Frequency (Hz)
Group 250 500 1000 2000 4000
YMH 4.0 0.5 20 2.0 4.0
{0-10)  (—5-10)  (D-10) {010 {0-15)
ENH 75 7.5 7.0 7.0 13.5
(0-135) {0-15)  (D-15) {0-15) (5-15)
YHI 17.5 22.0 26.5 44.5 51.5
(0-45) 10-50) [(5-55]  [15-80) (35—70)
EHI 24,0 26.5 295 360 56.0
(10-40)  [15-40)  (5-50) (2550}  {40-80)

Note, ¥YMH = young nomal hearing: YHI = young hearing Impaired;
EMH = elderly normal hearing; EH|l = elderly hearing impaired.

All subjects exhibited word recognition scores (Northwest-
ern University Test #68, Tillman & Carhart, 1966) in quiet
exceeding B0%. Immittance measures confirmed the pres-
ence of normal middle ear function in each subject.

In addition to the audiometric and age characteristics, all
subjects were native speakers of English, had a minimum
high school education and good hand-mator control, and
were in good general health, Each elderly subject passed the
Short Portable Mental Status Questionnaire (Pfaiffer, 1975),
a screening measure for cognitive function,

Speech Materials

One criterion for stimulus selection was to use sentence-
length materials to provide a stable sample of language in
which to embed the test items and to implement the desired
ternporal waveform distortions. The speech stimuli selected
were the low-predictability (LP)} sentences of the Revised
Speech Perception in MNoise test (H-SPIN) (Bilger at al.,
1884}, The eight lists of LP R-SPIM sentences were selected
specifically because they provide minimal semantic and
linguistic cues to aid recognition of the final test word of the
sentence.

The sentence stimuli were presented in undistorted form
and in three forms of temporal distortion. There were four
degrees of distortion for each type of temporal distorion.
These degrees of distortion were determined as a result of
pilot testing with subjects with normal hearing to sample
performance between approximately 70 and 100% correct,
Sets of temporally distorted speech stimuli were created
digitally in the following manner, The stimuli were digitized
onto a laboratory microcomputer (10 kHz sampling rate),
processed with one of three different aigorithms, then con-
verted back to analog form, low-pass filtered (5000 Hz
nominal cut-off,. 104 dRfoctave attenuation rate), and re-
corded onto digital-audio tape (DAT).

The first form of distortion was time-compression. Time-
compression techniques produce speeded speech in a man-
nar that avoids spectral distortion. The software developed
for this purpose examines the entire speech waveform for
epochs of between 5 and 15 msec duration. In the case of
voiced segments, these epochs correspond to actual pitch
periods associated with fundamental frequencies in the
range between 200 and 87 Hz. All quasialternate epochs
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i{depending upon the time-compression ratio) are extracted
from bath voiced and unvoiced segments at zero-crossing
points and written to a new waveform file, Several points
before and after each extracted segment are then over-
lapped with those of adjacent segments at the juncture points
in the new waveform file, A weighting function is also applied
to these overlapped points so that the rise-fall tima betweean
sequential speech samples is gradual. The LP sentences
were time-compressed at 30%, 40%, 50%, and 60% time-
compression ratios. These time-compraession ratios repre-
sent the percentage reduction in the total duration of the
original sentences that were implemented in the time-com-
pressed senlences.

The second form of distortion was reverberation, which
modifies the waveform characteristics of speech. The soft-
warg to create the reverberant speech was based on the
image method for simulating small room acoustics (Allen &
Berkley, 1979). The room model assumes a rectangular
enciosure with a source-to-receiver impulse response, or
transfer function, calculated using a time-domain image
expansion method, The subroutine to calculate the imoulse
response requires as input parameters the number of im-
pulse response points described, the source location, the
receiver location, the room dimensions, and the reflection
coeflicients of each of the six wall surfaces. Once a simulated
room impulse response has been calculated. an energy
decay curve for the impulse response is used to estimate the
reverperation time of a signal produced in this room. A
reverberant speech sample is created by using a Fast
Fourier Transform (FFT) methad to convalve an anechoic
{unreverberant) speech sample with the calculated impulse
response. In this experiment, the LP RB-SPIN stimull were
processed to simulate four reverberation times; 0.2 sec, 0.3
sec, 0.4 sec, and 0.6 sec.

The third form of distortion was interruption. Speech inter-
ruption was created digitally by multiplying the digitized
speach waveform by a square wave. An algorithm was used
te smooth the signal amplitude at the interruption junctures.
The method effectively turned the speech signal on and off at
a 50% speaech-time rafio. The four rates of interruption used
were 12.5/sec, 25/sec, 50sec, and 100/sec based on pilot
testing with three subjects with normal hearing who obtained
recognition scores between B8 and 92% correct for this
range of interruption frequencies. Moreover, this range of
interruption frequencies produced scores of between approx-
imately 60 and 90% correct among naive subjects with
notmal hearing in a classic study by Miller and Licklider
{1950).

Psychoacoustic Measures

The measures of auditory temporal processing were those
described in another paper (Fitzgibbons & Gordon-Salant,
1992}, Briefly, there were four temporal processing tasks,
each measured at two test frequencies, 500 Hz and 4000 Hz,
o examine expected regions of minimal and maximal hear-
ing loss, respectively. In order to avoid potential age-related
effects of response bias, discrimination thresholds were
measured using a three-interval forced-choice paradigm
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TABLE 2. Summary of speech recognition measures and psychoacoustic measures used In the

experiments.

Speech recognition measures

Undistorted LP SPIN [SPIM

Time-Compressed LF SPIM
30% Time Comprassion  [TC20)
40% Time Compression  [TC40)
50% Time Compression  [TCS0)
B0% Time Compression  [TOS0)

Rewverberant LP SPIN

0.2 sec Reverl, Time {REWVE)
0.3 sec Heverk, Time {REWV3}
0.4 zec Reverh, Time {AEV4)
0.6 sec Heverb. Time ({REVE}
Interrupted LP SPIN
12.5 Interruptions/Sac (INT12)
25 Interruptions'Sec (INT25}
50 Interuptions/Sac (INTSO)
100 Interruptions!Sac (INT 1000

Psychoacoustic measures

Duration Discrimination

S00Hz (DDS)
A000 He  (D0D4)

Gap Duration Discrimination
500 Hz (GDS)
4000 Hz  (GDM)

Gap Detection—Sams Tones
500 Hz [SAMES)
4000 Hz  [SAME4)

Gap Detection—Differant Tanes
500 Hz {DIFFS)
4000 He  (DIFF4)

(3IFC) and an adaptive rule for stimulus change that con-
varged on 70.7% performance level [Levitt, 1871). The
Subject’s response was simply 1o select the trial interval that
sounded different from the other two, regardiess of experi-
mental condition and stimulus. Stimulus presentation, event
timing, and collection of responses were controlled by a
laboratory computer. The first task was duration discrimina-
tion, which measured difference limens (DLs) for duration
increments in tone bursts having a standard duration of 250
msec. The second lask was gap duration discrimination,
which measured the DL for silent intervals bebween tone
bursts. The silent-interval DL was assessed for a 250-msec
standard interval that was marked by 250-msec tone bursts
of equal frequency. The third and fourth tasks were mea-
sures of gap detection, which examine the listener's ability to
detect a brief silent interval between successive tone bursts,
Stimuli preceding and following the gap were 250 msec in
duration with 5-msec rise-fall envelopes. n the third task, the
temparal gap was preceded and followed by tonal stirmuoli of
the same fraquency; in the fourth task, the temporal gap was
surrounded by two different stimulus frequencies,

Apparatus

During the speech experiments, the LP-SPIN sentences
were played back on the DAT recorder/player (SONY PCM-
25004/), amplified (Crown D-75), attenuated (Hewlet-Pack-
ard 3500}, amplfied again (Colbourn 582-24), and delivered
manaurally to an Etymotic ER-34 insert earphane at 90 4R
SPL. The stimuli for the psychoacoustic experiments were
played from a Crescent microcomputer system, routed to a
programmable attenuator system (Tucker-Davis Technolo-
gies PA3 and HBUF3), amplified {Colbourn S82-24), atten-
uated (Hewlet-Packard 3500), and delivered to an insert
earphone (Etymotic ER-3A) at 85 dB SPL. For subjects with
hearing loss, the test ear was always the better ear; for
normal hearing subjects, the test ear was the preferred ear.
The nontest ear was occluded with an EAR foam plug to

mimic standard meonaural measurement technigues. Sub-
jects were seated in a socundproof booth during all test
proceduraes.

Procedures

There were 21 experimental conditions presented to each
subject. These conditions are summarized in Table 2. The
speech experiments consisted of 13 different conditions
carresponding to the 12 forms of distorted speech (3 types of
distortion = 4 degrees of distortion) and undistorted speech.
These conditions were presented in randem order o the
subjects, and random assignment was made of SPIN list to
experimental condition, Subjects were asked to write the final
test word of each sentence.

Thee gight psychoacoustic conditions (four tasks = 2 stim-
ulus frequencies) were presented in randomized order o the
subjects. Three measures of threshold corresponding to
70.7% correct discrimination were obtained in each condi-
tion. The mean of these measures was taken as the final
threshold estimate.

The speech conditions were presented first, followed by
the psychoacoustic conditions for half of the subjects in each
group, and wera presented in reverse order for the other half
of the subjects.

The entire test procedure was completed in 12 to 15 hours,
scheduled in 2-hour sessions at 1-week intervals. Subjects
were reimbursed for their participation in the experiments.

Resulis

Speech Recognition Data

Mean percent correct scores and standard deviations for
the undistorted LP-SPIM sentences are shown in Figure 1,
Each subject group exhibited good-to-excellent speech rec-
ognition scores, However, a ong-way ANOVA on arc-sine
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FIGURE 1. Mean percent-correct recagnition scores and stan-
dard deviations of the four sublect groups for the undistorted
low-predictabliity SPIN sentences presented In quiet.

transformed scores revealed a significant effect of subject
group (F = 7.70, p = .001). Past hoc multiple comparison
testing (Student-Newman-Keuls) revealed that the two
groups of subjects with normal hearing performed signifi-
cantly better than the two groups with hearing loss, There
warg no significant differences in performance between the
two groups with normal hearing, indicating that small sen-
sitivity differences between the young and elderly listeners
did not play an important role in suprathreshold speech
recognition performance. Tests for homogeneity of vari-
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ances (Cochran's C, Bartlett-Box F, and Hartley's F-Max)}
failed to reach significance in this and all subsequent
analyses of differences between means, indicating that the
assumption of homogeneity of variances was met in these
analyses,

Figure 2 presents the mean performance of the four
subject groups for the time-compressed LP-SPIN stimuli, An
Analysis of Covanance {ANCOWVA) was conducted on the
arc-sine transformed scores, to remove the systematic dif-
ferences between groups revealed in undistorted spesch
processing. A randomized block design (Kirk, 1968) with two
betwean-subjects factors (age and hearing status) and one
within-subjects factor (degree of distortion) was applied for
this and all subsequent ANCOVA's. The results of the
ANCOVA on the time-compressed speech data showed a
significant main effect of age (F = 28.45, p = .001), hearing
status {F = 132.01, p < 001}, and time-compression ratio (F
= 57.60, p < .001). Interaction effects were not significant,

Mean perfarmance scores on the reverberant spesch
tasks are shown in Figure 3, Again, ANCOVA was per-
formed and showed significant effects of age (F = 33.05, p
=.001), hearing status (F = 62.34, p <.001), and reverbar-
ation time (F = 70.15, g < .001), There were na significant
interactions.

Finally, the interrupted speech data for the four subject
groups are shown in Figure 4. ANCOVA of these data
revealed a significant main effect of age (F = 8.85, p < .01)
and hearing status (F = 58.69, p = .01). Asignificance level
aof .01 was selected per experiment. Using this criterion, the
main effect of interruption frequéncy (F = 3.30, p < .05) was
not considered significant. It should be noted, however, that
the performance of the young listeners with normal hearing
is comparable to that reported previously (Miller & Licklider,
1850}, The present analysis also failled to reveal any
significant interactions among the variables evaluated,
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FIGURE 2. Mean percent-correc! recognition scores and standard deviations of the four subject
graups for the time-compressed low-predictabliity SPIN sentences, at four time-compreasion

ratlos.
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FIGURE 3. Mean percent-correct recognition scores and standard devlatlons of the four subject
groups for the reverberant low-predictabllity SPIN sentonces, at four reverbaration times.

Relations Between Psychoacoustic and Speech assumption is that data for all variables be collected on each
Measures subject. These assumptions were met in the present data
analysis, The canonical correlation technique finds several linear

The goal of the second serfes of analyses was to ideniify the combinations of the predictor variables and the same number of

predictive relationship between the psychoacoustic measures linear combinations of the criterial variables, such that the corre-
and the speach recogniion measures. To that end, a canonical lations bebween the two sets are maximized, The linear cambi-
comelation analysis {Hotelling, 1935, 1936) was conducted. |t nations are called the canonical variables, and the correlalions
examined the linear relatonships between a set of predictor between corresponding pairs of canonical varables are called
varables and a set of criteral variables. The only restriction in canonical correlations (SAS, 1989). The coefficients of the finear
applying canonical correlation is that there be a minimurm of two combinations are canonical ceefficients or cananical weights,

variables in each set (Tucker & Chase, 1980). A second general Each canonical variable is uncomrelated with all the other canon-
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FIGURE 4. Mean percent-correct recognition scores and standard deviations of the four subject
groups for the interrupted low-predictabllity SPIN sentences, at four Interruption ratios.
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ical vanables of ether sef, except for the one corresponding
canonical vanable of the opposite set,

The SAS CANCORR procedure was conductad in the
present analysis. Initially, the full sst of predictor variables
included the gight scores from the psychoacoustic measures,
individual pure tone thresholds from 250 to 4000 Hz, three
calculations of pure tone average, and age. The threshold
measures [individual frequencies and averages) were in-
cluded because of previous research demeonstrating that the
mast significant predictor variable was hearing sensitivity
{Humes & Christopherson, 1891; van Rooij & Plomp, 1980),
The full set of critarion variables was the 13 scores from all
speech  recognition conditions  (undistorted, time-com-
pressed, interrupted, and reverberant spesch). The raw
soores were transformed 0 2-scores, and a multiple corre-
lation matrix was derived. The correlation matrix showed that
there was high multicollinearity (r = 70) between numeraus
pairs of variables within a set (criterial or predictor variables).
One strategy for reducing high mullicollinearity is o delete
ane ar mare of the highly redundant variables [Tucker &
Chase, 1280). Applying this strategy, individual variables
were omitted, one at a time, until the correlation matrix
indicated that each variable was reasonably unique.

The final set of predictor variables submitted to the
CANGORRA procedure was PTAZ {average of thresholds at
1000 Hz, 2000 Hz, and 4000 Hz}, age, duration discrimina-
tion at 500 Hz and 4000 Hz (D05 and D04), gap duration
dizerimination at 500 Hz and 4000 Hz (GD5 and GD4), gao
detection for same tones at 4000 Hz (SAME4), and gap
detection for different tones at 4000 Hz {DIFF4). The criterion
wariables in the final set included undistorted SPIN scores
(SPIN), 40% time-compressed SPIN scores (TC40), 12.5/
sec interrupted SPIN scores (INT12), and reverberant SPIN
scores al 0.2 sec and 0.6 sec (REVEZ and REVE).

A summary of the overall significance tests for the canon-
ical correlation analysis is shown in Table 3. The first
canonical correlation is 907, which represents the correla-
tion between the linsar combination of the dependant vari-
ables and the linear combination of the independent wvari-
ables, This value is substantially larger than any simpla
correlation between a predictor variable and a criterion
variable. The probability level for the null hypothesis that the
first canonical correlation is 0 in the population is less than
0001, Thus, the null hypothesis can be rejected and the
conclusion drawn that the correlation is significant. A second
canonical correlation is derived such that the linear combi-
nation of predictor varfables and the linear combination of
dependent variables are each uncorrelated with those de-
rived for the first canonical correlation. In addition, the new
linear combinations themselves are maximally correlated.
The second cananical correlation is necessarily less than the
first cancnical correlation. Table 3 shows that the second
canonical carrefation is B07, which also is significant {F =
2.3992, p =.0008). Thus, the first two canonical correlations
were significant and warrant further interpretation,

Historically, researchers have examined the size and
configuration of the weights in each set of canonical vari-
ables. However, Tucker and Chase (19580) argue that exam-
iming the canonical companent loadings (the correlations of
the original data variables with the derived canonical vari-
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TABLE 3. Summary al canonical correlation analysis.

Eigenvalue Canonical r  Approx. £  df o
Varnate
1 4.64 807 A.7BTS 40 - .00M
2 187 BO7 2,2802 40 =.0008

ates) is preferred, Table 4 shows this canonical structure of
the correlations between the predictor and criterial variables
and the first two canonical variables, The succeeding inter-
pretation of these correlations follows the general rule that &
correfation = .5 is significant.

Inspection of Table 4 indicates that the first canonical
variabla {CV1] is highly correlated with the predictor variable
PTAZ {092}, For the second canonical variable (CV2), high
corretations are shown with the predictar variables GDSs
(.72}, GD4 (.65), and age {.63). The correlations shown in
Table 4 also indicate significant relationships between the
first canonical variable and the criterial variables TG40 (.91),
SPIM (B3}, and REVZ (.71}, The second canonical variable
shows significant negative correlations with REVE scores
(—0.6648).

Two conclusions can be drawn from this canonical corre-
lation analysis, First, the presence of high-frequency hearing
loss is associated with decreased scores on undistorted and
nearly all termporally distorted speech tests. This effect is
mast praminent for time-compressed speech (40% TC ratio).
The second finding is that age and gap duration discrimina-
tion (&t beth 500 Hz and 4000 Hz) cantribute significantly to
recognition of reverberant speech. Specifically, advanced
age and increased gap discrimination thresholds (reflecting
poorer performance) are related o reduced reverberant
speach SCores.

The CANCORR procedure also calculates a canonical
redundancy matrix, which assesses the degree to which the
sots of criterial and predictor variables overlap, Thus, it
assesses the amount of vanance in the dependent variables

TABLE 4. Summary of the canonical structure analysis between
the set of predictor variables (age, hearing loss, and temporal
processing measures) and the set of criterial variables (speech
measures).

Structure coefficients

Varlables cv1 cv2

Pradictor
AGE —.16 (.63
PTAZ — (.92 0.22
Dos 0.0 021
LA — 007 0.14
G0O5 0.21 072
GD# 0.41 0.85
SAME4 014 0.00
DIFF4 ] 019

Criterial
SPIN 0.83 0.0
TC40 0.91 =02y
INT32 .48 010
REW2 71 0,49
REVEG .42 —[L.BB




that are predictable from a knowledge of the independent
variables, Based on the first two canonical variables, 67% of
the proportion of variance of the dependent variables can be
explained by their own canonical variables and 52% of the
proportion of this variance can be explained by the opposita
cananical variables. Thus, approximately 36% of the wvari-
arce in these speach recognition scores was unexplained by
the present analysis.

Discussion

Analyses of speech recognition performance indicated that
there were significant effects of ‘age, independent of the
effects of hearing impairment, on the reverberant, time-
compressed, and interrupted speech measures. Thus, el-
derly subjects performed more poorly than their younger
counterparts on thase three temporally distorted speech
tasks, even when possible performance differences in undis-
torted speech recognition scores were covaried out, These
results suggest that age-related factors other than peripheral
sensitivity loss contribute to the speech recognition deficits of
elderly listeners.

Few previous studies using temporally distorted speech
signals and elderly listeners employed careful controls of
peripheral hearing sensitivity in young and elderly subjects,
rendering comparisons between studies difficult. However,
ohe previous study (Humes & Christopherson, 1981} used a
fitered + reverberant nonsense syllable speach task; they
found no differences in recognition scores Detween young
noise-masked listeners and elderly listeners with hearing
loss (aged B5-75 years), altheugh an older group of elderly
listeners (76—86 years) performed more poorly than the other
two groups. Methodological differences between the current
study and that of Humes and Christophersan (1991) could
account for the divergent findings, including differences in
speech materials, reverberation times, presentation levels,
and number of distortions imposed an the speech signal.

Recognition of undistorted LP-SPIN sentences was af-
fected by hearing loss but not by age. This finding is
consistent with numerous previous reports showing that age,
per se, is not associated with diminished speech recognition
perfarmance in undistorted, quigt listening conditions (e.g.,
Gordon-Salant, 1987). Listeners with hearing loss exhibited
recogrition deficits for LP-SPIN stimuli, regardless of age,
even at high presentation levels. This indicates that the
LP-SPIN sentences, evan in nonstandard guiet conditions,
are sensitive for revealing speech recognition difficulties of
listeners with hearing loss.

Similarly, hearing loss was a significant variable affecting
recognition of the three forms of temporally distorted speach,
regardiess of the degree of distortion. This finding is in
agresment with earlier reports of recognition performance of
listeners with hearing loss for monosyllabic words distorted
by time-compression (Grimes et al, 1984), reverberation
{Nabelek & Mason, 1981}, and interruption (Korsan-Beng-
sten, 1973). The current results extend the effect of hearing
impairment to difficulties with temporally distorted sentence-
langth materials at high presentation levels. The implication
is that efforts to maximize recognition performance of listen-
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ers with hearing loss by increasing the stimulus level are nat
successful with temporally disterted speech.,

Assessment of relations between speech and nonspeech
measures showed that high frequency hearing sensitivity
was the most important variable contributing to undistorted
LP-SPIM scores, time-compressed scores at 40% time-
compression, and reverberant speech scores at 0.2 sec RT.
The strong correlation with hearing loss validates the AN-
COVA results, and also is in agreement with previous studies
that examined relations between nonspeech and speech
measures (Humes & Christopherson, 1981; van Rooif &
Plomp, 1990).

The cananical correlation analysis also revealed a second
set of canonical variables, age and gap duration discrimina-
tion, that was highly {and negatively) correlated with the
reverberant speech measure at 0.6 sec AT, Increased gap
duration discrimination thresholds were associated with de-
creased reverberant speech scores. Similarly, older age was
associated with reduced reverberant speech scares. The gap
duration discrimination threshold reflects a listener's ability to
detect changes in the duration of silent intervals between
stimuli. This task may be analogous to detecting changes in
silent intervals between words in a sentence. Because rever-
beration effectively alters the modulation characteristics of
the speech waveform, pauses between waords in the sen-
tence as well as individual phonemes in the sentence may
hecome difficult to resolve. The present findings suggest that
listeniers who have difficulty detecting changes in the duration
of silent intervals will also have difficulty resolving the re-
duced temporal fluctuations in the reverberant speech wave-
farm.

The second canonical correlation failed to reveal a corre-
lation between age and time-compressed speech, and be-
tween age and interrupted speech, as might have been
expected on the basis of the ANCOWA results. This outcome
could be attributed in part to the specific time-compression
ratio and interruption rate selected for the analysis, because
the age effect appears to be relatively minor at the 40%
time-compression ratio {see Figure 2} and 12.5/sec interrup-
tion frequency (see Figure 4). Across the entire range of
time-compression ratios and interruption frequencies evalu-
ated, however, the main ANCOVA showed that age was a
significant factar.

The significant relationship between age and reverberant
speech scares confirms that there is something associated
specifically with aging that reduces the ability to process
temporally distorted speech signals. The current results also
indicate that this aging effect is independent of changes in
hearing sensitivity and gap duration discrimination (because
sach canonical variable is orthegonal to the other canonical
variables). Thus, there is a distinct aging factor that appears
to affect performance beyond the hearing impairment and
peripheral termporal processing factors, The source af the
aging factar is still unresclved, although various researchers
have implicated age-related changes in central auditary
processing (Jerger, Jerger, Oliver, & Pirozzolo, 1983) or
cognitive decline (van Rooi] & Plomp, 1990). Further re-
search aimed at elucidating the role of higher-arder temporal
processing factors in relation to age-related speech recogni-
tion performance declineg is warranted.
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Owerall, the comparisons of mean performance and the
correlational analyses converge on two main points: Hearing
loss and age contribute independently fo recognition deficits
tor reverberant speech and time-compressed speech. How-
ever, it also appears that at least some suprathreshold
temporal processing measures (gap duration discrimination)
contribute to the ability to recognize reverberant speech,

Performance by all subject groups deteriorated with in-
creasing degrees of distortion on the time-compressed and
reverberant speech tasks. Combining the three main effects
(age, hearing impairment, degree of distortion) suggests that
elderly listeners with hearing loss may be at a severs
disadvantage when they ara listening in everyday reverber-
ant environments or to rapid speech. If methods to alleviate
the negative impact of hearing loss through amplification,
rehabilitation, and environmental design are to be success-
ful, they must take into consideration these particular con-
tributing factors to speech recognition deficits in elderly
peaple.
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