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Many hearing-impaired listeners suffer from distorted auditory processing capabilities. This study
examines which aspects of auditory coding., intensity, time, or frequengyre distorted and how

this affects speech perception. The distortion-sensitivity model is used: The effect of distorted
auditory coding of a speech signal is simulated by an artificial distortion, and the sensitivity of
speech intelligibility to this artificial distortion is compared for normal-hearing and
hearing-impaired listeners. Stimulspeech plus noiseare wavelet coded using a complex
sinusoidal carrier with a Gaussian envelgpectave bandwidth Intensity information is distorted

by multiplying the modulus of each wavelet coefficient by a random factor. Temporal and spectral
information are distorted by randomly shifting the wavelet positions along the temporal or spectral
axis, respectively. Measured we(#) detection thresholds for each type of distortion, 4@
speech-reception thresholds for various degrees of distortion. For spectral distortion,
hearing-impaired listeners showed increased detection thresholds and were also less sensitive to the
distortion with respect to speech perception. For intensity and temporal distortion, this was not
observed. Results indicate that a distorted coding of spectral information may be an important factor
underlying reduced speech intelligibility for the hearing impaired. 2@D1 Acoustical Society of
America. [DOI: 10.1121/1.1378345

PACS numbers: 43.71.Ky, 43.71.An, 43.66.Dc, 43.66.Fe, 43.66RUS]

I. INTRODUCTION ever, one can investigate the differences in auditory func-
tions among hearing-impaired subjects on specific auditory
The difficulty hearing-impaired listeners have in per- tests related to accuracy of intensity, time, or frequency cod-
ceiving speech in noise has been the subject of many invesng, and correlate these with their speech-perception perfor-
tigations, but is still not entirely understood. Although audi- mance. In several studies this correlation approach was ap-
bility plays an important role, several studies have showrplied, concentrating on the role of reduced temporal or
that this cannot explain the whole probl¢see, e.g., Moore spectral resolution. The role of reduced temporal resolution
(1996 or Noordhoelet al. (2000]. These studies have dem- in reduced speech intelligibility in noise is not yet clear. In
onstrated that factors apart from reduced audibility, calledsome studies a significant correlation between speech intel-
suprathreshold deficits, degrade speech processing. Supratigibility and temporal resolution was foun(Tyler et al,,
reshold deficits can distort the auditory processing of eithen982; Dreschler and Plomp, 1985; Moore and Glasberg,
intensity, time, or frequency information, or a combination 1987); in other studies this was not g&esten and Plomp,
of these types of information. For example, excessive for41983; van Rooij and Plomp, 1980With respect to reduced
ward and backward masking are consequences of supratbpectral resolution, in most studies a significant correlation
reshold deficits that may be reduced to a single factor ofvith speech intelligibility was foundPattersoret al, 1982;
distorted temporal coding; excessive upward and downwargesten and Plomp, 1983; Dreschler and Plomp, 1985; Horst,
spread of masking may be related to distorted spectral codt987). On the other hand, this was not the case in a few other
ing. Impaired loudness perception probably relates to a disstudies(van Rooij and Plomp, 1990; Smoorenburg, 1092
torted representation of intensity information. This study  The correlation approach results in statistical relations
evaluates these three types of information. The aim is tietween reduced speech perception and suprathreshold defi-
investigate how reduced speech intelligibility relates to dis—cits. A drawback of this approach is that one cannot exclude
torted coding of intensity, time, or frequency. that an underlying common factor causes the observed cor-
Auditory coding cannot be manipulated directly. How- relation. For example, if a correlation between speech intel-
ligibility and spectral resolution is observed, an underlying
dpart of the results was presented at the Joint ASA/EAA/DEGA MeetingcommOrl factor can be the hearing threshold. Then, higher
“Berlin 99” [Collected papers from the joint meeting “Berlin 99,” hearing thresholds instead of reduced frequency selectivity
b)gil::esr?? (Z‘ld(?;r?:seslI'S ICDTI?I?Zu\égsgg}c?ll?_zg?ﬁgbries Digital Signal Processi oy Ca-use reduced speech perqeption. n differen-t studies,
(WY 82), Prof. Holstlagn 4, 5656 AA Eindhoven’, Thge Neth%rlands; elec-hignder.Iylng faptors probably had dl.fferem effects, \.NhICh may
tronic mail: Nicolle.van.Schijndel@philips.com explain the different results. Relations between distorted au-
®Electronic mail: JM.Festen@azvu.nl ditory coding and speech perception can be investigated in a
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on speech perception in normal-hearing and hearing-
impaired listeners. They concluded that “limited resolution
of spectral contrast is only loosely associated with hearing
loss for speech in noise.” Turnest al. (1995 compared
speech reception of hearing-impaired and normal-hearing lis-
teners for unprocessed speech and for speech of which spec-
tral cues were removed. For the original speech, hearing-
impaired listeners had lower speech-intelligibility scores
than the normal-hearing listeners. However, for speech with-
out spectral cues, hearing-impaired listeners understood as
FIG. 1. lllustration of the distortion-sensitivity model. Performance for well as normal-hearing listeners. In terms of the distortion-
hearing-impaired listeners as a function of distortion is compared with thalsensitivity model, this convergence indicates that the reduced
of normal-hearing listenerésolid line). The possible outcome of such an  gq0 00 intelligibility by hearing-impaired listeners is related
experiment is “convergenceldotted and solid lingsor “no convergence .
(dashed and solid lings to a degraded processing of spectral cues. It should be men-
tioned that this is our interpretation of the data. Tureeal.
more direct way using the distortion-sensitivity mo@ebut- were interested in the abi'lity of hea.ring-impa'ired Iistgnerg o
gast, 1995: van Schijndet al, 2007). use te_mporal cues. Their conclusion, not in confllct_ with
ours, is that the temporal accuracy of speech coding of
hearing-impaired listeners is not impaired in terms of speech
recognition.
The studies mentioned previously obtained data that can

e analyzed in terms of the distortion-sensitivity model. The
ffects of distortion of intensity, time, and frequency infor-
Fnation on speech perception were studied in isolation, al-
hough these three domains are not completely independent.

anipulation in one domain will affect the other domains.
For example, spectral smearing introduces temporal smear-

case, hearing-impaired listeners are less sensitive to the di g and vice fvfrqsa‘ In Sec.tlldAgl, th'sdw'ltl bef |Itlrl]Jstrated. h
tortion than normal-hearing listeners. Then, it may be con’ WaI€ness ol theése unwanted by-products of the Speech-

cluded that the artificial distortion relates to distorted audi-Pr0¢€SSINg .algorlthm IS important. Therefqre, n the present
tory coding that impedes performance. The artificialsmdy’ the interdependency of the intensity, time, and fre-

distortion affects the sound characteristics in the same wa9“er|‘°y SOT&:;?S V\t/az talfj%n Into accr?_urr]]ta o dit
as the auditory deficits. In the no-convergence case, hearing- h short, this study addresses which domains in auditory

impaired listeners are as sensitive to the distortion as norma -°d'”9t§'-e-’ mngsny,f t'T]e' or frequgnb:g/cigl:se spegcht— it
hearing listeners, indicating that the artificial distortion hasP€'c€P '?n ‘t)rg err]rjsh or egrl(;\g-lm.palre IIS enerls. Ilrs, !
no relation to the hearing deficits causing difficulties in!S Investigated which sound domains are less ciearly per-

speech perception. In the no-convergence case, performanc egved by hearing-impaired listeners. For this, detection

of the normal-hearing and hearing-impaired listeners will runt resholds for artificially applied distortions of intensity,

parallel, or may even diverge. Divergence will be discussecyme' or frgquency are measur.ed. Ifa parti_culqr type of |n
in more detail in Sec. 11l C2. A few studig®uquesnoy and ormation is less clearly perceived by hearing-impaired lis-
Plomp, 1980; ter Keurst al, 1993; Turneret al, 1995; van teners, the detection thresholds for the distortion of this in-

formation will probably be higher. The influence of distorted

sensitivity model so far, but they did not explicitly explain Cr?d';.g on speech.pe_rceptlgnlvgas |nvhe§t|g<|':|1j[e'(:).ll'3y means of

their results in terms of the model, except the last study. the |stort|on-sen§|t|V|ty Model. speec mFe' gl |!ty IS mea-
sured as a function of the degree of artificial distortion of

In van Schijndelet al. (2001 the distortion-sensitivity tensity. i ¢ e tion. C ) £ th
model was used with respect to the coding of intensity infor-Ntensity, time, or frequency information. Comparison of the

mation. It was concluded that reduced intensity coding accuperformance for f_‘orma"_hea““g and hearing-impaired Iiste_n-
racy may partly explain impaired speech perception. ers may proy|de insight mt_o the role of _reduced accuracy in
With respect to the coding of temporal information, Du- auditory coding as a possible explanation for the degraded

quesnoy and Plomp1980 measured speech reception of performance of the hearing impaired.

normal-hearing and hearing-impaired listeners as a function

of reverberation time. Their results show that hearing-;. METHOD

impaired listeners are as sensitive to reverberation as normal- ) ) o

hearing listeners. In terms of the distortion-sensitivity model - Degradation of intensity, time, and frequency

this leads to the conclusion that speech-perception problen@ormaﬂon

are not caused by a deficit that introduces a delay to parts of In this study, a sound-processing algorithm is used to

the speech energy, as distorted temporal coding may do. degrade artificially the intensity, time, and frequency content
With respect to coding of spectral information, ter Keursof speech. The degradation is intended to simulate the effects

et al. (1993 compared the effect of reduced spectral contrasbf distorted auditory coding. By means of the speech-
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Under the distortion-sensitivity modéFig. 1), the rela-
tion between speech intelligibility and distorteiditory
coding is studied by simulating the effect of the auditory
deficit byartificial distortion of the speech signal. The idea is
that removing cues that are not perceived by the hearin
impaired will not affect their performance. Performance is
measured as a function of distortion, and compared fo
normal-hearing and hearing-impaired listeners. Two trend
may be observedonvergencédotted and solid linesor no
convergence(dashed and solid lingsIn the convergence

Schijndelet al, 2001 used the principles of the distortion-
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reception threshold te$BRT, Sec. D 3 @), speech intelligi-
bility of sentences was measured as a function of applied
artificial distortion. In order to simulate auditory coding, a
perceptually relevant spectro-temporal decomposition and
recomposition method was developed. This method was also
used in van Schijndett al. (2001, and is described in the
following.

1. Spectro-temporal decomposition and
recomposition

To model auditory spectro-temporal coding, sounds
were described in the time—frequency domain by means of a =P fime
wavelet transform. Compared with the short-time Fourier
transform, the wavelet transform matches auditory systerﬁ'G- 2. Schemat_ic illustration of‘the perturbation of the i_ntensity, time, or
coding more closely because it uses a logarithmic frequenciZec =, oI alcr. The Gaussan vausetsare ymbolzed by rectangies
scale(e.g., Rioul and Vetterli, 1991 An important criterion  temporal position, or spectral position.
in the choice of the mother wavelet is its spectral and tem-
poral width. Results of van Schijndek al. (1999 suggest
that a Gaussian-windowed sinusoid with a shape factor bewavelet carrier frequency along the time axis, and eight
tween 0.15 and 0.3 roughly matches the auditory timewavelets per octave along the frequency axis. Theoretically,
frequency window. Therefore, as the prototype analysithe number of complex coefficients needed to describe the
function, a Gaussian wavelet was chosen. The Gaussiaignal using the 25-dB criterion for sampling is about two
wavelet is a complex sinusoidal carrier with a Gaussian eneoefficients per input sampléllen, 1977. In this study, the

velope: frequency of the signals was limited to the range from 250 to
. 4000 Hz. As a resultl s of speech(sampling frequency:
— _ 2
S(t)= Verfo expli2arfot)exp( — m(afol)®), @D 441 kHz; no information below 250 Hz or above 4 kHz

in which f, is the carrier frequencyy is the shape factor, preservelilwas described by 2610° complex wavelet coef-
and \af, normalizes the energy of the analysis function.ficients.
This time—frequency window has an effective bandwidth of ~ Using these wavelet coefficients, sounds can be recon-
A¢=afy and an effective duration ak,=1/(afy) (Gabor, structed by an overlap-add procedure. Theoretically, the re-
1947. The effective bandwidth of the analysis function wasconstruction is not perfect. However, using the 25-dB crite-
set to ; octave[roughly equal to the auditory critical band rion for sampling in time and frequency, little or no aliasing
(Scharf, 1970]. This corresponds to a shape factar occurs in either the time or the frequency domain. Adequate
=0.1735. As a result, the effective duration of the time—sampling is important for two reasoridllen and Rabiner,
frequency window is 5.76 ms at 1 kHz.44 ms at 4 kHg 1977. First, the difference between the recomposed signal
The effective number of periods contained within the Gaussand the original signal must not be noticeable to a listener.
ian envelope equals 5@e., 1k). Second, in this study modifications to the spectro-temporal
This Gaussian wavelet was used to construct a wavelaetecomposition of sound are performed. When modifying un-
decomposition that covers the time—frequency plane. Shiftdersampled spectro-temporal representations of sound, inter-
of this prototype analysis function cover the temporal rangeactions between modification and window shape may occur.
scales of the prototype function cover the spectral range. Th8uch interactions will lead to unwanted by-products. As a
scaling is controlled by varying the carrier frequerigy The  result of the careful sampling in our decomposition and re-
decomposition results in complex wavelet coefficients,composition schemdl) the difference between an original
which can be characterized by a modulus, a phase, and and a recomposed signal was very small and not noticeable
position in the time—frequency plane. to the listener, and2) the scheme is robust for interactions
For simultaneous sampling in time and frequency, thebetween window shape and modifications in the decomposed
Nyquist sampling theorem was applied twigsllen, 1977;  signal.
Allen and Rabiner, 1977 The sampling interval was based Between decomposition and recomposition, the integrity
on the temporal and spectral range over which the Gaussiasf the intensity, time, or frequency information was reduced
wavelet is essentially different from zero. Since the Gaussiato simulate poor auditory coding. Intensity degradation was
wavelet does not have compact suppanmttime, or in fre-  obtained by introducing uncertainty in the modulus of each
guency, the range between the points that were 25 dB dowwavelet coefficient. Temporal and spectral degradations were
from the peak was taken as the range over which the windowbtained by introducing uncertainty in the temporal and
is significant, i.e., essentially different from zero. Thus, out-spectral position of each wavelet, respectively. In Fig. 2, this
side these 25-dB down points, the window is considered tdés illustrated schematically. In the following paragraphs,
be negligible. This definition corresponds to a duration ofthese different types of degradation will be explained in
about twice the effective duration and a bandwidth of aboutnore detail. After the perturbation, the energy contained in
twice the effective bandwidth. Application of this criterion each frequency band over the whole test sentence was scaled
leads to a sampling of one wavelet per three periods of th&o equal the original energy in that band. Since this study
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aims at investigating speech-perception performance in
noise, speech and noise were summed before processing.

2. Degradation of the intensity accuracy

To degrade the accuracy of the intensity information, the
modulus of the wavelet coefficients was perturlfietensity
perturbation. This was achieved by multiplying each wave-
let coefficient by a random factor. As a result, silence will
remain silence after perturbation. The random perturbation
factore (in dB) was chosen from a uniform distribution with
zero mean and boundarfes-Lp/2 and +Lp/2. Thus the
modulus of each individual coefficient was multiplied by a
different random factor ¥&#°. The intensity perturbation
levels used in this study were moderate and the uncomfort-

able loudness levels of the subjects were never approached.

3. Degradation of the temporal accuracy

To degrade the accuracy of the temporal information,
the positions of the wavelets were shifted randomly along the
temporal axis(temporal perturbation To avoid a degrada-
tion of the accuracy of spectral information as much as pos-
sible, only the temporal envelope of the wavelets was dis-
placed, not the underlying fine structure. The new fine
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structure was calculated by extrapolation of the original fine
structure to the new position of the envelope. As a result, the
information contained within the original fine structure was
left unaffected. The position of the envelope of each wavelet
was shifted independently by a random value chosen from a
uniform distribution ranging from—Tp/2 to +Tp/2. The
degree of temporal distortiof is expressed in terms of the
duration of the waveleténversely proportional to the band-
width). If Ty equals two wavelets, the maximal displacement
along the time axis is one effective duration of the wavelet -60 T T T T
from its original position. At 1 kHz, this is 5.76 ms; at 4 kHz, 0 1000 2000 3000 4000
this is 1.55 ms.

normalized energy [dB]

frequency [Hz]

FIG. 3. The effect of the artificial distortion of the spectral information on
an artificial vowel/a/(a) undistorted vowel(b) spectral reference condition
To degrade the accuracy of the spectral information, théphase distorted (c) spectral perturbation of 0.75 octavgshase distorted
" . and spectrally perturbed
position of each wavelet was shifted randomly along the
spectral axis(spectral perturbation The positions of all
wavelet coefficients were shifted independently by a randonchronization of the regular pattern of the wavelet coefficients
value chosen from a uniform distribution ranging from along the temporal axis. This desynchronization was ob-
—Fp/2 to +Fp/2. The degree of spectral distortidfy is  tained by shifting the position of each wavelehvelope plus
expressed in octaves. Fp=0.5 octaves, the maximal dis- fine structurg¢ along the temporal axis by a random value
placement along the frequency axis is 0.25 octaegmials chosen from a uniform distribution ranging fron0.0375 to
the effective bandwidth of the analysis windpow +0.0375 of the wavelet bandwidth. In all conditions with
After wavelet decomposition, the spectral information of spectral distortion including the spectral reference condition
the signal is not only encoded in the position of the wavelet0-octaves spectral perturbatjorthe phase was distorted in
along the spectral axis, but also in the phase of the coeffithis way.
cients. The relative phases of the coefficients in each fre- In Fig. 3, the effect of distorting the spectral information
quency band contain information about the spectral structuref an artificial vowel /a/ is illustrated. Panéh) shows the
within this band. The random shifts of the wavelet positionsundistorted vowel. In pangb), the vowel is plotted in the
along the spectral axis result in a smeared spectrum ovepectral reference condition. In this condition, the phase of
bands. However, if the phase is kept intact, part of the spedhe complex coefficients is distorted, but the positions of the
tral information within a band is reintroduced in the overlap-wavelets along the spectral axis are retained. As a result,
add procedure by interactions between neighboringnost of the spectral fine structure is lost, but the spectral
wavelets® By distorting the phase information we tried to envelope is intact. In pangt), the vowel is plotted in the
bypass this problem. The phase was distorted by a desymost severe spectral distortion condition used in this study,

4. Degradation of the spectral accuracy
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0.6 T T T T T condition, but the rms bandwidth is the same. Thus for tem-
O spectral perturbation poral perturbation up to three-wavelets, both the spectral and
— 05k @® temporal perturbation | .
= the temporal contrasts of sound are reduced. At that point,
= the spectral smearing reaches a maximum of about 0.25 oc-
?‘g 04r 8 ] taves. Beyond that, temporal perturbation only reduces the
g 05 L 5 i temporal contrasts while the spectral contrasts stay unaltered.
o With respect to spectral perturbation, it should be noted
Z on b ._1{,_', % P F ' that in all spectral conditions the phase was distorted. As a
' B 3 7 result, the duration and bandwidth of the Gaussian-
01 0.. o \ \ . windowed sinusoid in the spectral reference conditiopen
0 2 4 6 8 10 12 circle “0” ) are larger than the duration and bandwidth of the

RMS duration [ms] original signal(closed circle “0”); the spectral reference

condition is slightly spectro-temporally smeared. The effect
FIG. 4. The effect of the nondeterministic perturbation process on the rm . ; e ;
duration(footnote 4 and rms bandwidth of a Gaussian-windowed tone with of additional spectral perturbatlon Is Just a reduction of the

a center frequency of 1 kHz and a shape factor of 0.1735, i.e., an effectivg'pecu’aI contrasts, while the reSUIt'@er phase distortion
bandwidth of%1 octave. Closed and open symbols represent the values cortemporal contrasts are maintained.

responding to temporal perturbation and spectral perturbation, respectively.

The numbers represent the degree of perturbdgapressed in the number B. Subjects

of wavelet3. The error bars represent the standard deviation. ’

Twelve normal-hearing listeners, aged 20—-63 years with
a mean age of 26 years, participated in the experiment. Pure-
i.e., whenFp equals 0.75 octaves. The phase is distorted atne air-conduction thresholds of the normal-hearing listen-
in the reference condition, and in addition the wavelets werers did not exceed 15 dB HL at any octave frequency from
shifted randomly over a maximum &f,/2 along the spectral 250 to 4000 Hz. In addition, twenty-six sensorineurally
axis. As a result, the spectral envelope is smeared almos$iearing-impaired listeners took part in the experiment, aged
fully. Thus the overall spectral effect of the applied spectral24—67 years with a mean age of 48 yeafheir intelligibil-
uncertainty is a broadening of the spectral peaks. ity scores for monosyllabic words in quite were at least 75%
As mentioned in Sec. |, degradation of the accuracy otorrect. The pure-tone, air-conduction threshold in the
the information of one domain is not possible without collat-hearing-impaired listener’s better-hearing ear was at least 30
eral degradation of the information of other domains. FordB HL at one or more frequencies between 250 and 4000
example, the degradation of the accuracy of the intensityHz. Thresholds of the better-hearing ear averaged over 0.5,
information also affects the spectral and temporal content of, and 2 kHzthe pure-tone average, or PTfanged from 17
a signal. The effects of distortion of temporal information onto 70 dB HL, with a mean PTA of 50 dB HL. All listeners
spectral information and vice versa are illustrated in Fig. 4were native Dutch speakers.
for a Gaussian-windowed sinusoidcenter frequency
=1 kHz; «=0.1735. This Gaussian tone pulse was waveletC. Stimuli and apparatus
decomposed, followed by spectral or temporal degradation
of the wavelet coefficients, and recomposed. For recomposi1—_h
tion of the unperturbed signal, the original wavelet coeffi- €

cients were used. Then, reconstruction is perfsee Sec. .
IIA1). The rms duratichand rms bandwidth of this signal speaker(VersfeId etal, ZQOQ' The word sets consisted of
lists of balanced meaningful CVC word@8osman and

are indicated by the closed circle with index “0.” If the Smoorenburg, 1995

wavelet coefficients are perturbed, the reconstructed signal is Signals were played out over TOTucker Davis Tech-
different from the original signal. Temporal or spectral per- 9 piay

turbation of the coefficients increase the duration and band?OIOQ'es System Il hardware. Stimuli were presented in the

width of the reconstructed signal. The effects of temporalmIOIdIe of the dynamic range of each listener by frequency

perturbation on the duration and bandwidth of the signal arghapmg them using a programmable filfgDT PFJ. The

represented by the other closed circles; the effects of thStImUII were presented m(_)naurall_y through Sony .MDR'
: . : 900 headphones. To avoid the risk of cross hearing, the
spectral perturbation are indicated by open circles. For eacl

. . . . dstener’s better-hearing ear was tested. For calibration,
degree of distortion, the perturbation procedure was applie N
sound pressure levels of the stimuli were measured on a

to the input signal six times. Since the perturbation values, - i o -
P 9 e perturbation sBruel & Kjeer type 4152 artificial ear with a flat-plate
are random values chosen from a uniform distribution, for

equal degrees of distortion the increase will not be exactlf‘dapter' The en tire experiment was qontrollgd by a personal
the same. The error bars represent the standard deviations%cfmpmer' Subjects were tested individually in a soundproof
the resulting duration and bandwidth of the output signals.

Looking at the effect of temporal perturbation, it can beD Procedures
observed that, when a temporal perturbation of three wave="
lets is applied, both the rms duration and rms bandwidth of  First, the hearing threshold and the uncomfortable loud-
the Gaussian tone pulse increase. For the seven-wavelet camess levellUCL) of each listener were determined. In the

dition, the rms duration is longer than in the three-waveletdetection and intelligibility tests, sounds were adapted to fit

The speech stimuli consisted of sentences and words.
sentence sets contained lists of 13 everyday Dutch sen-
tences of eight to nine syllables read by a female and male
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the dynamic range of each listener. To familiarize the sub<ulty or vice versa defined a reversal. A run was ended after
jects with the procedure, a training session preceded dat0 reversals. The geometric mean of the last 16 reversals was
collection. All conditions were measured twice in order toused as an estimate of the detection threshold for distortion.
determine measurement reliability. Speech intelligibility To define the experiment with respect to presentation level,
tests were performed once using sentences spoken by tld words were presented in the middle of the dynamic range
female talker and once using those by the male talker. In thef the listener, in noise with a speechlike spectriwandel
distortion-sensitivity model, the performance for individual and Goltermann RGjlat a signal-to-noise ratio of 15 dB.
hearing-impaired listeners is compared with that for normal-

hearing listeners. Therefore, for all listeners, the same order

of conditions and sentence lists was used. 3. Speech intelligibility

a. Speech-reception threshold in noise for an adapted
1. Threshold and UCL spectrum (SRTa).The speech-reception threshd®RT) is

The dynamic range of each listener was estimated bfn estimate of the ability to perceive speech in daily life
measuring the hearing threshold and the uncomfortable loudPlomp and Mimpen, 1999The SRT in noise is defined as
ness levelUCL) for narrow bands of noise. The UCL was the signal-to-noise rati¢SNR) at which 50% of the sen-
corrected for broadband stimulation, as described in the foltences are reproduced correctly. The speech level is varied in
lowing. an adaptive, up—down procedure with a step size of 2 dB. A

Thresholds and UCLs were measured using 1/3-octaveontinuous stationary noise is presented from 500 ms before
noise bands at center frequencies of 250, 500, 1000, 200t9 500 ms after each sentence. In our experiments, speech
and 4000 Hz. Hearing thresholds were measured using @d noise are adapted to fit in the dynamic range of indi-
Bekesy tracking (Yantis, 1994 procedure(300-ms noise vidual listeners. This adapted speech-reception threshold is
bursts; repetition rate 2.5 Hz; step size 1)dBhe measure- called SRTa. In the SRTa tests in this study, all stimuli were
ment was ended after 11 level reversals. The average of d#andpass filtered from 250 to 4000 Hz.
but the first reversal level was taken as the hearing threshold. ~After a SRT test using undistorted speech, the SRTa was
Narrow-band UCLs were measured with 1/3-octave noiséneasured as a function of the degree of distortaistortion-
bursts that were presented with a 3-dB increase in level fopensitivity model. The intensity-distortion conditions were 0
each presentatiof300-ms noise burst; repetition rate 1.4 (undistorted, 10, and 20 dB. The temporal-distortion condi-
Hz). Listeners were asked to press a button when the noiséons were O(undistorted, 3, and 7 wavelets. The spectral-
bursts became uncomfortably loud. Then, the level of thelistortion conditions were 0}, 3, and ; octave(recall that
noise burst was immediately diminished by a randomwavelet phases were distorted in all spectral-distortion con-
amount between 21 and 30 dB, and the ascending procedu@ions).
was repeated until six responses were obtained. The average P. Speech-reception bandwidth threshold (SRBT).
of the levels at which the button was pushed was taken as tieddition to the SRTa, the speech-recepbandwidththresh-
narrow-band UCL. old (SRBT) was measured to estimate suprathreshold speech

To correct the UCL for broadband stimulation, a 4-sProcessing. The SBI measure of speech intelligibility was
broadband noise burst was presented, spectrally shaped dgtroduced by Noordhoekt al. (1999. The SRBT is highly
cording to the narrow-band UCLs and starting 40 dB belowsensitive for suprathreshold deficits, as shown in a recent
the narrow-band UCLs. The level of the broadband noisétudy of Noordhoelet al. (2000.
burst was gradually increased in steps of 5 dB. After each  The SRBT procedure is similar to the SRT procedure,
presentation the listener was asked whether the signal wa&xcept that the bandwidtftenter frequency: 1 kHzof the
experienced as uncomfortably loud. If this was the case, thendisturbed speech is varied instead of the level when esti-

corresponding level was taken as the broadband UCL. ~ mating the 50% intelligibility threshold. Complementary
shaped bandstop noise is added to the bandpass-filtered

speech. Speech and noise are presented in the middle of the

2. Detection threshold for distortion listener's dynamic range.

The detection thresholds for the distortion of intensity,
temporal, or spectral information were estimated usingE
words. A 3I-3AFC two-down one-up adaptive procedure was~
used, leading to a 70.7% correct score. In each trial, the To estimate the quality of speech processing of listeners,
subject was presented with three signals, twice the referendee SRTa and SBT data were converted to a speech intel-
word and once the distorted word. The listener had to pointigibility index. The speech intelligibility indexSll) (ANSI,
out the distorted signal. For each ftrial, a random choice out997 is a physical measure of how much information of
of 90 bandpass filtere50—4000 Hg preprocessechat dif-  speech is available to the listener. The Sl correlates highly
ferent degrees of distortipnvords was loaded from disk. with speech intelligibility. To perceive speech, normal-
The difficulty of the task was increased by dividing the dis-hearing listeners need a certain amount of information which
tortion factor byv2 following two consecutive correct re- can be converted to a Sll value. If hearing-impaired listeners
sponses; the difficulty of the task was decreased by multiplyneed more information, this suggests that their speech pro-
ing the distortion factor byv2 following one incorrect cessing is degraded. Thus elevated Sll values are an indica-
response. A transition from increasing to decreasing diffition for a low speech processing quality. The SIl model ac-

Speech intelligibility index
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counts for hearing threshold, self-masking in speech, norma®. Degradation of the spectral accuracy
upward spread of masking, and level distortion at high pre-

sentation levels. To calculate the Sll, speech spectra, nois For the normal-hearing listeners, the detection thresh-
' » SP P ' Slds for spectral perturbation ranged from 0.22 to 0.39 oc-

spectra, and hearing thresholds must be known. As men- . . - :
tioned in Sec. 11 D 1, hearing thresholds were measured withe € with a median of 0.26 octave. For the hearing-impaired

1/3-octave noise bands, using Késy tracking (Yantis, listeners, the detection thresholds ranged from 0.17 to 1.4

1994). This procedure probably results in hearing thresholdsOCtave’ with a median of 0.36 octave. The mean standard

. . error of the individual detection threshold was 0.06 octave.
that are systematically about 4 dB higher than the m(_:‘thOandividual detection thresholds are shown in Figc)5This
on which the 1SO(1961) threshold is basedNoordhoek

i : figure will be explained in more detail in Sec. llIB. A
etal, 2(.)00' Noo_rdhoelet aI._, 2001. Therefore, in the SlI Mann—-WhitneyU test showed that the detection thresholds
calculations the internal noise level was lowered by 4 dB

The band-importance function for speech material of averag]:aor the group of the hearing-impaired listeners were signifi-

redundancy(Pavlovic, 1987 was used. ﬁgtrg:ér(s<0.05) higher than those for the normal-hearing

In summary, with respect to the detection of distortion

11l. RESULTS AND DISCUSSION of intensity and temporal information, no significant differ-
ence was observed between the group of normal-hearing and
the group of hearing-impaired listeners. With respect to the

To obtain insight into which attributes of sound process-detection of spectral distortion, a significant difference be-
ing are distorted for hearing-impaired listeners, detectiofween normal-hearing and hearing-impaired listeners was
thresholds for the distortion of intensity, time, and frequencyobserved. Thus spectral cues were probably less clearly per-
information were measured. If the auditory coding of a par-ceived by the hearing-impaired listeners.
ticular type of information is degraded, the detection thresh-
olds for the distortion of this type of information will prob-
ably be higher.

A. Detection thresholds

B. Suprathreshold speech intelligibility

The aim of this study is to gain insight into the suprath-
reshold speech processing problems of hearing-impaired lis-

For the normal-hearing listeners, the detection threshteners. Therefore, speech processing performance was mea-
olds for the intensity perturbation, described in Sec. 1A 2,5red by means of the SRTa andBSRests. For the normal-
ranged from 13 to 23 dB, with a median of 17 dB. For thenegaring listeners, the SRTa ranged frer.8 to 0.3 dB, with
hearing-impaired listeners, the detection thresholds rangegl median of-0.8 dB. For the hearing-impaired listeners, the
from 9 to 53 dB, with a median of 18 dB. The overall SRTa ranged from-1.1 to 8.5 dB, with a median of 2.0 dB.
(normal-hearing plus hearing-impaired listeners: 38 subjectsthe mean standard error of an individual SR¥ix measure-
mean standard error of an individual detection threskioid ment3 was 0.7 dB. The hearing-impaired listeners had sig-
measurementsvas 3 dB. Individual detection thresholds are nificantly higher SRTa’s than the normal-hearing listeners
shown in Fig. %a). This figure will be explained in more (\Mann—WhitneyU test:p<0.05. The SFBT for the normal-
detail in Sec. Il B. Some heal’ing-impail’ed listeners had dehearing listeners ranged from 1.1to 1.7 Octave, with a me-
tection thresholds that were much larger than those for th@jan of 1.6 octave. The SI for the hearing-impaired lis-
normal-hearing listeners, but a Mann—-Whitndy test  teners ranged from 1.5 to 3.4 octave, with a median of 2.1
showed that the difference in detection threshold between thgetave. The standard error of an individual BR(two mea-
group of normal-hearing and the group of hearing-impairedsyrements was 0.3 octave. The hearing-impaired listeners
listeners was not significant. had significantly higher SBT values than the normal-
hearing listener§Mann—WhitneyU test: p<<0.05).

For both the SRTa and the 8R tests, hearing-impaired
listeners performed worse than normal-hearing listeners,

For the normal-hearing listeners, the detection threshwhich confirms the problems hearing-impaired listeners have
olds for temporal perturbation ranged from 0.9 to 1.5 wave-n perceiving speech. To quantify the degree of deterioration
lets, with a median of 1.1 wavelets; for the hearing-impairedof suprathreshold speech processing, the individual SRTa
listeners, the thresholds ranged from 0.6 to 7.4 waveletsand SHBT data were converted to SlI units. For the normal-
again with a median of 1.1 wavelets. The mean standartiearing listeners, the Sl for the SRTa ranged from 0.36 to
error of an individual detection threshold was 0.4 wavelets0.42, with a median of 0.39; the Sl for the BR ranged
Individual detection thresholds are shown in Figo)5 This  from 0.26 to 0.39, with a median of 0.35. For the hearing-
figure will be explained in more detail in Sec. IlIB. A few impaired listeners, the Sl for the SRTa ranged from 0.37 to
hearing-impaired listeners had detection thresholds that wei@54, with a median of 0.43; the SlI for the BR ranged
much larger than those for the normal-hearing listeners, but ftom 0.32 to 0.52, with a median of 0.43. The individual
Mann—WhitneyU test showed that the detection thresholdsstandard error of the Sjkr, (Six measurementsvas 0.02.
for the group of hearing-impaired listeners were not signifi-The individual standard error of the St (two measure-
cantly higher than those for the group of normal-hearing lis-ments was 0.05. Both the S}kr, and the Skt for the
teners. hearing-impaired listeners were significantly higher than

1. Degradation of the intensity accuracy

2. Degradation of the temporal accuracy
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those for the normal-hearing listeneflslann—Whitney U

test; p<<0.05.
The SlI values of the hearing-impaired listeners indicateSllsgr, and a significant §<<0.05) correlation of 0.6 be-

this: There is a significantp(<0.05) correlation of 0.5 be-
tween the detection threshold for spectral perturbation and

that their suprathreshold speech processing is clearly disween the detection threshold and Sabf -

torted. The next step is to explore what aspects of auditory  Also correlations between the Slis and the detection
coding are distorted. The detection threshold experimentthreshold for intensity and temporal perturbation were con-
suggest that hearing-impaired listeners perceive spectral isidered. The individual detection thresholds for intensity and
formation less clearly than normal-hearing listeners. In Figtemporal perturbation are plotted in Figgapand (b), re-

5(c) the individual detection thresholds for spectral perturba-spectively. Details are the same as in Fi¢c)5The Spear-
tion are plotted as a function of the Sk, (panel ) and asa man rank correlation of the combined data for the normal-
function of the Sligst (panel 1). Open symbols represent hearing and hearing-impaired listeners between theggll
the detection thresholds for the normal-hearing listenersand the detection thresholds for intensity and temporal per-
closed symbols those for the hearing-impaired listeners. Theurbation were significant. Both were 0.4<0.05). The
figure shows a correlation between the Slis and the detectioBpearman rank correlations between theyghll and the de-
threshold for spectral perturbation. A statistical analysistection thresholds for intensity and temporal perturbation
(Spearman rank correlatipron the combined data for the were not significant.

normal-hearing and hearing-impaired listeners confirmed Summarizing, a correlation between the detection
536
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threshold for the distortion of spectral information and the2. Degradation of the temporal accuracy
Sl was observed. With respect to the detection thresholds of £, 4 jevels of temporal degradation, the medians of

intensity and temporal perturbation, only the correlation withine SRTa’s for the hearing-impaired listeners are higher than
the Slkry, Was significant. Thus distorted processing of hose for the normal-hearing listengRig. 6(b)]. The perfor-
spectral information by hearing-impaired listeners relates stay,ances of normal-hearing and hearing-impaired listeners
tistically to their speech-processing deficits. With respect tQ:ertainIy do not converge as a function of temporal pertur-
the processing of intensity and temporal information, this isyation. Instead the performances seem to diverge. This diver-

less clear. In Sec. IlIC, the relation between the auditoryyence may be related to the fact that the hearing-impaired
coding accuracy and reduced speech intelligibility is anajisteners have less information available from the other, non-
lyzed in a more direct way by means of the d'Stort'On‘perturbed cues. Let's explain this by an example.

sensitivity model. Assume as an extreme example that a hearing-impaired
listener cannot use the spectral information in speech, but
his/her processing of temporal information is as good as that
Applying the distortion-sensitivity model, the SRTa was of normal-hearing listeners. When all temporal information
measured as a function of the artificial degradation of thds removed from the speech, this hearing-impaired listener
spectro-temporal coding of sound, for normal-hearing andannot understand the speech. The reason is that he/she is
hearing-impaired listeners. The results are plotted in Fig. 6deprived of both spectral and temporal cues. Normal-hearing
The SRTa is plotted as a function of the degree of distortioristeners will also be bothered by the removal of temporal
of intensity information[panel (a)], temporal information information. However, they can still use the spectral infor-
[panel (b)], and spectral informatiofpanel (c)]. Open and mation. Thus, looking at the effect of distortion of temporal
closed circles represent the medians of the data for th#formation on speech intelligibility, performance of this
normal-hearing and hearing-impaired listeners, respectivehearing-impaired listener will diverge compared to normal-
The bars represent the interquartile ranges. The arrows repearing listeners. However, this divergence does not indicate
resent the medians of the detection thresholds for normathat this hearing-impaired listener has problems to perceive
hearing(open circl¢ and hearing-impaired listene(slosed  temporal information. It simply indicates that this hearing-
circle). impaired listener has less information available from the
other, nonperturbed, cues.
) ) ] ) To summarize, the difference in performance between
~ For all levels of intensity degradation, the hearing-nqrma|-hearing and hearing-impaired listeners does not de-
impaired listeners perform poorer than the normal-hearingease as a function of temporal perturbation. Actually, the
listeners on the speech intelligibility tesBig. 6@]. The  giyergence suggests that other cues, not in the temporal do-
difference in performance between normal-hearing angnain "are processed less efficiently. In addition, the group of
hearing-impaired listeners appears to decrease somewhat 8Rdkring-impaired listeners performed as well as the normal-

function of the intensity distortion. However, a Mann— peqring Jisteners on the temporal perturbation detection task
Whitney U test showed that this effect was not significant. (Sec. 1A 2. In conclusion, the results do not suggest a

This is in agreement with the lack of a significant differencere|ation between reduced intelligibility in noise and a dis-
in detectloq thresholds _for. mtelnsny. distortion betweeni, teq representation of temporal information.
normal-hearing and hearing-impaired listenéggc. 111 A1,

medians of the groups represented by arjovibe absence .

of a difference in sensitivity between normal-hearing and>- De€gradation of the spectral accuracy

hearing-impaired listeners could be the result from the low  For the most extreme spectral perturbation condition,
perturbation levels used in this study. Higher intensity dis-only the results using the male talker are used, because the
tortion levels were not measured, because this leads to umale talker was just intelligible in this condition while the
wanted spectro-temporal by-products of the signal processemale talker was nofsee Fig. 6¢c)]. The SRTa for the
ing (see van Schijndadt al., 200J). In conclusion, the results normal-hearing listeners in the spectral reference condition is
do not show a relation between reduced speech intelligibiliyabout 3 dB(median value: 3.1 dBhigher than in the inten-

in noise and a distorted representation of intensity informasity and temporal reference conditions, because the fine
tion. structure was perturbed in all spectral conditio(&ec.

C. Distortion-sensitivity model: Group results

1. Degradation of the intensity accuracy
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IA4). The SRTa for the hearing-impaired listeners in thethan for normal-hearing listeners; moreover, convergence of
spectral reference condition is about 2.5 @Bedian value: the speech-processing performance of normal-hearing and
2.4 dB) higher than in the intensity and temporal referencehearing-impaired listeners is observed. This strongly points
conditions. The difference in SRTa for original speech ando a relation between a reduced intelligibility in noise and a
speech without fine structure tells something about the rolelistorted representation of spectral information.
of fine structure. For hearing-impaired listeners this elevation
is slightly less than for normal-hearing listeners, but this is
not statistically significant. This suggests that perception 01D'
fine structure does not relate to speech-perception problems In the preceding section, the group results of the
of hearing-impaired listeners. distortion-sensitivity model for normal-hearing and hearing-
In the reference condition the median SRTa is higher foimpaired listeners were compared. Now, the individual re-
the hearing-impaired listeners than for the normal-hearingults will be used to further examine the relation between
listeners. When spectral perturbation is applied, the perfordistorted coding of information and reduced speech intelligi-
mance for the hearing-impaired listeners converges towardility. As an estimate of individual performance, the sensi-
that for the normal-hearing listeners. Abctave of spectral tivity to the distortion is taken. The sensitivity to the distor-
perturbation, the performance for the hearing-impaired listion of individual listeners is defined as the slope of the
teners equals that for the normal-hearing listeners. Manndinear regression line fitted through the individual SRTa val-
Whitney U Tests confirm the observed trends: at 0- gnd ues for different degrees of distortion. It quantifies how sen-
octave perturbation the performance for the hearing-impaireditive a listener is to the distortion of specific cues in speech.
listeners is significantly worse than that for the normal-The underlying idea is that if a hearing-impaired listener is
hearing listenersg<0.05), whereas &t and ats octave no  less sensitive to a particular artificial distortion than normal-
significant difference exists. hearing listeners, this artificially applied distortion probably
As already shown in Sec. Il A, intensity, temporal, andrelates to the internal deficit causing his/her speech-
spectral information cannot be manipulated completely indeperception problems. In this study two measures for suprath-
pendently. Perturbation in one domain will also affect thereshold speech-perception quality are usedgsH and
other domains. However, as shown in Figs. 3 and 4, th&lisgr, The relation between speech-perception quality and
spectral perturbation as applied in this study only had a neghe sensitivity to distortion of information will be evaluated.
ligible effect on the other domains. Therefore, it seems rea-  For intensity information, no correlation between the
sonable to assume that effects present in F{g) 6an be sensitivity to the distortion and S, or SllsggtT Was ob-
accounted for by a distortion of only the spectral informationserved in the individual data: the Spearman rank correlation
in speech. between sensitivity to intensity distortion and Sl was
In this study, interdependency of intensity, time, and fre-— 0.3 (p=0.09) for the Sl{gr, and—0.3 (p=0.1) for the
quency was only considered from a signal-processing poinBlisgsr.® For temporal information, sensitivities were not
of view. Also, another interdependency may exist, i.e.,considered, because of divergerisee Sec. IlICR
within the auditory system. Indeed, a recent study of Loizou In Fig. 7, the sensitivity to distortion of spectral infor-
et al. (1999 demonstrated an interaction between intensitymation is plotted against the individual Sk, (panel ) and
accuracy(expressed in terms of number of quantization lev-Sliggst (panel 1). Open symbols represent the data for the
els) and spectral accuradgxpressed in terms of number of normal-hearing listeners; closed symbols those for the
spectral channels This interdependency was not investi- hearing-impaired listenefsAs is already clear from Fig.
gated in this study. 6(c), the median sensitivity of the hearing-impaired listeners
In summary, the detection threshold for spectral perturis less than that of the normal-hearing listeners. No clear
bation is significantly higher for hearing-impaired listenerstrend between Sikt, and sensitivity is showhSpearman

Distortion-sensitivity model: Individual results
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rank correlation:—0.2 (p=0.2)]; however, there is a trend explained by distorted processing of spectral information,
between SHrst and sensitivity: The higher the SHs1, the  but with respect to the SRTa test other factors seem to affect
lower the sensitivity to spectral distortidispearman rank intelligibility as well. This may be explained by the fact that
correlation:—0.6 (p<0.05)].8 upward spread of masking plays a dominant role in the
Sliggrtaand Slkgst show a different picture: The sensi- SRBT test, but not in the SRTa test.
tivity to spectral distortion is significantly correlated with the
SllggsT, but not with the SWrr, This difference may be E. Comparison to literature
explained by the different experimental setup: The speechi D dati fihe i .
receptionbandwidththreshold is measured using bandpass™ egradation of the intensity accuracy
filtered speech signals embedded in complementary bandstop The median detection threshold for intensity distortion
noise, whereas the speech-reception threshold test usesohhearing-impaired listeners is not significantly higher than
noise spectrum equal to the average speech spectrum. Thefgat of normal-hearing listeners. However, some hearing-
fore, the ST is probably more sensitive to excessive impaired listeners showed abnormally high distortion thresh-
spread of masking than the SRTa. As a result, the sensitivitp!ds. This is consistent with the literature about intensity
to spectral distortion is likely to relate more directly to the discrimination (for a review, see Florentinet al, 1993.
SllspsT than to the SHgra Overall, hearing-impaired listeners discriminate as well as
In summary, the individual results show a relation pbe-normal-hearing listeners at equal sound pressure levels, and
tween suprathreshold speech processing as quantified by tHgensity discrimination may even be better at equal sensa-
Slisrst and the sensitivity to spectral distortion. This is in tion levels. However, for some hearing-impaired listeners
agreement with the observed relation between speech prgJarkedIy higher discrimination thresholds are observed
cessing quality and the detection threshold for spectral pefSchroderet al, 1994; Buuset al, 1995.
turbation (Sec. 111 B), and the observed convergence of the ~ With respect to speech intelligibility as a function of
performance for normal-hearing and hearing-impaired listenintensity distortion, no significant convergence of the perfor-
ers for increasing degrees of spectral distorti®ac. IllC3. ~ mances for normal-hearing and hearing-impaired listeners
These results suggest that the auditory processing of spectifiS observed. In addition, no significant correlation between
information of hearing-impaired listeners is distorted andth€ sensitivity to intensity distortion and the S was found.
that this affects speech perception. The poorer the spectrd} contrast, in van Schijndet al. (2001 a significant corre-
coding, the more problems hearing-impaired listeners havition between sensitivity to intensity distortion and sl
in perceiving speech. was observed. Several factolrs may accqunt for this. Different
The question remains whether distorted spectral auditor/St€ner groups were used in the previous and the present
coding is the only cause of suprathreshold speech-processis'dy- Since among hearing-impaired listeners a diversity of

deficits. A considerable variance is present in the data of Figguditory deficits is observedsee, e.g., Noordhoekt al,
7. This may be the result of measurement error, but this mag©0%: this may lead to a different result. Moreover, although

also be variance due to factors other than distorted coding doth groups of hearing-impaired listeners had comparable
spectral information. By calculating the reliabilitunnally, ~ nearing loss, the presentation levels for the second group of
1967 of the variables in the correlation, an estimate of the!iSteners was 7 dB lower than for the first group due to lower
influence of measurement error can be made. The square roggcomfortable rLoudness levels. Due to this dlfferenci in dy-
of the product of the reliabilities of two tests gives an estj-Namic range, the same Intensity pertprbaﬂons may have in-
mate of the unsigned maximum correlation possible, giver]irOd“CEd different loudness perturbatiqisee van Schijndel
the measurement accuracy et al, 200)). These factors may explain why the correlation
The reliability of the Slsr, (Six measurementss 0.9. in the present study is not significant while in the previous

The reliability of the sensitivity to the distortion is much Study it was.
smaller: about 0.3. This is because the measurement errors
add up when the slope is estimated. BetweengSiland 2 Degradation of the temporal accuracy
sensitivity, the maximum unsigned correlation possible is  The median detection threshold for temporal distortion
about 0.5. The correlation observed wa$.2. Thus in the of hearing-impaired listeners was not significantly higher
speech processing problems of hearing-impaired listeners alsan that of normal-hearing listeners. However, some
quantified by the SHrt, Spectral cues are probably not the hearing-impaired listeners showed abnormally high detection
only ones. thresholds. This is in agreement with the literature about
The reliability of the Slirst (two measuremeniss 0.7.  temporal resolution. Temporal-resolution deficits occur in
As a result, the estimate of the unsigned maximum correlasome hearing-impaired listeners and not in othsee, e.g.,
tion possible between Sis and sensitivity is 0.5. The cor- Noordhoeket al, 200). Whether or not hearing-impaired
relation observed was0.6. It may surprise that the absolute listeners show temporal-processing deficits also depends on
value of the observed correlation is larger than the predictethe temporal-resolution test that is used. On some tests of
maximum correlation. However, the predicted maximumtemporal resolution, most hearing-impaired listeners perform
correlation is only a rough estimate. Therefore, all varianceas well as normal-hearing listene(oore, 1993. Other
seems explained. tests clearly show that hearing-impaired listeners suffer from,
In summary, the distorted speech processing of hearingor example, excessive forward maskiffgesten and Plomp,
impaired listeners measured by the EHRtest can be fully 1983; Oxenham and Moore, 1995
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The performances of normal-hearing and hearingdution. [For review see Tyle(1986.] Reduced frequency
impaired listeners did not converge as a function of the disselectivity affects speech intelligibility in two ways. First,
tortion of temporal information. This agrees with the studybecause of reduced frequency selectivity the spectral con-
of Duquesnoy and Plomf980. They measured how sen- trasts in speech itself are less clear. Second, when frequency
sitive normal-hearing and hearing-impaired listeners were taelectivity is reduced, hearing-impaired listeners will suffer
reverberation. Reverberation can be considered a very syfrom excessive upward and downward spread of masking.
tematic type of distortion of temporal information. The sen- Ter Keurset al. (1992, (1993 investigated the first ef-
sitivity of the listeners to reverberation was compared to thdect. Speech and noise, having the same long-term average
Speech Transmission Indéoutgast and Steeneken, 1973 spectrum, were addeafter the smearing of the spectral en-
Their results showed that hearing-impaired listeners were agelope. As a result, the effect of excessive masking was not
sensitive to reverberation as normal-hearing listeners. simulated. Ter Keurst al. (1993 observed that hearing-

Based on the previous text, one may conclude that disimpaired listeners were as sensitive to reduced spectral con-
torted temporal processing is not a factor underlying pootrasts in speech as normal-hearing listeners. They did find a
speech intelligibility for the present group of hearing- small but significant correlation between the SRT for un-
impaired listeners. This conclusion seems to be in contrastmeared speech and auditory filter bandwidth, but they could
with a recent study of Noordhoedt al. (2001). In this ex- not explain this by a reduction of the spectral contrasts in
tensive study, relations between speech intelligibility and auspeech.
ditory functions in the 1-kHz frequency region were investi- In our study, the first and second effects were evaluated
gated. Results show that a factor related to ‘“reducedn combination, because first the noise was added to the
temporal resolution and reduced frequency discriminatiorspeech and then the spectral information was distorted. Our
seemed to relate to speech-processing deficits.” As alreadyesults strongly suggest that reduced frequency selectivity
mentioned(Sec. 11l D), in the present study not all variance influences speech intelligibility in noise. Since the results of
can be explained by distorted spectral processing. Some vater Keurset al. (1993 suggest that the first effect is not
ance remains unexplained. The underlying factor of this unresponsible for reduced speech perception, the reduced
explained variance may be distorted tempdmal intensity speech intelligibility in noise observed in hearing-impaired
processing. listeners is probably mainly due to the second effect, i.e.,

The question remains why in the present study reducedxcessive spread of masking. Thus for hearing-impaired lis-
temporal resolution did not show up clearly, while in Noord- teners, it is more difficult to separate speech from competing
hoeket al.'s study a factor related to temporal resolution andbackground noise.
frequency discrimination did. Probably, two differences be-
tween Noordhoek’s study and the present study may accoutt. SUMMARY AND CONCLUSIONS
for this: First, different listener groups were usgd in Nloord- In this study, the central question was how degraded
hoek’s and the present study. As already mentioned in Se

WEL si hearina.i ired list di it %peech perception of hearing-impaired listeners relates to
» SINCE among hearing-impaired ISteners a diversity Oly;qio e auditory coding. To investigate this, the intensity,

auditory 'deficits is observed, different listener groups rnay[ime, and frequency information of sound were artificially

Leet[d éo dn;fherelnLE s?lts. Second, [\IoordE_(I)eIt(hs study C?nfedndistorted after wavelet coding. The detection thresholds for
lralf dont the t i IZ requerfwy rezgéc())nl,_'w tl e4 ;Hpre;enbls Y%he different types of distortion were measured to obtain in-
ooked at the lotal region from hzto z. Fro em.ssight into how clearly hearing-impaired listeners could per-
re]atg d t.o reduced temporal resolution gnd/or frequgncy dls(Eeive a particular type of information. To investigate the re-
crimination may be so frequency specific that looking at ation between distorted auditory coding and speech
broad frequency range obscures the problem. perception, the distortion-sensitivity model was used. If

hearing-impaired listeners are less sensitive with respect to
speech perception than normal-hearing listeners to a particu-
The detection thresholds for spectral distortion were sigiar type of distortion(intensity, time, or frequengythis in-
nificantly higher for the group of hearing-impaired listenersdicates that this artificial distortion relates to the distorted
than for the group of normal-hearing listeners. In addition,auditory coding causing speech-perception problems.
convergence of speech-perception performance for normal- The group results showed that the detection thresholds
hearing and hearing-impaired listeners as a function of speder hearing-impaired listeners with respect to the distortion
tral distortion was observed. This agrees with the results obf intensity and temporal information were not significantly
Turneret al. (1995 that also showed convergen(see Sec. higher than those for normal-hearing listeners. For the dis-
[). It is also in agreement with conclusions of the recenttortion of spectral information, the detection thresholds for
study of Noordhoelet al. (2001 that concludes that spectral the hearing-impaired listeners were significantly higher than
resolution “seemed to be related to suprathreshold speedhose for the normal-hearing listeners. Thus hearing-
deficits.” impaired listeners may perceive spectral information less
The results of this study suggest that hearing-impairealearly than normal-hearing listeners. With respect to the
listeners suffer from reduced frequency selectivity and thatistortion-sensitivity model, the resulgBig. 6) did not show
this causes reduced speech intelligibility. This agrees withhat the group of hearing-impaired listeners was less sensi-
the literature, in which it has been reported frequently thative than the group of normal-hearing listeners to intensity
hearing-impaired listeners suffer from reduced spectral resand temporal distortion. The group of hearing-impaired lis-

3. Degradation of the spectral accuracy
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teners was less sensitive than normal-hearing listeners to the function f(t) has compact support if it is zero outside the inter¥gl
distortion of spectral information. Thus the group results <t<To+AT.

. : S > “ihe modulus of each wavelet coefficient ltiplied hosen f
important factor underlying the reduced speech intelligibility = o 0 oo arioa L and 41 TcC was chosen fiom &
D D-

observed in h?ar.in.g'impaired listeners. ) . ) 3This inherent characteristic of overlap-add procedures was described in
Also, the individual results were considered to investi- more detail by Baer and Moor@993. Without phase distortion, even for
gate the relation between reduced speech intelligibility andlarge random shifts along the spectral axis, basic periodicity in the spec-

. - . . - : trum is preserved due to the preserved coherence of the phase spectrum.
distorted coding of spectral information in more detail. A ., " cion of a real functionf(t) is defined by A,

significant correlation k_Jetween the SlI, both §Ha_and_ [ ULVt T2t with [f(1)]],= VTZ.f2(D)dt and the
Slisrer, and the detection threshold for spectral distortion centert,:=[ 1/)f(t)|[2]/*..t|f(t)|2dt. The rms bandwidth is defined analo-
was observedFig. 5. Thus the data reveal a statistical rela- gously[see, e.g., Chui1992].

tion between the quality of speech processing, quantified b§ﬂ'he ages of the group of normal-hearing listeners and the group of hearing-

; e jmpaired listeners did not match. From the normal-hearing listeners, 10
the SlI, and the spectral COdlng accuracy, quantlfled by thelwere in their twenties, 1 was in her thirties, and 1 was in her sixties. From

deteCtiO_n threshold for spectral distortion._ Ir' addition, the e hearing-impaired listeners, 2 were in their twenties, 9 were in their
correlation between the Sl and the sensitivity to spectral thirties, 3 were in their forties, 3 were in their fifties, and 9 were in their
distortion with respect to speech perception was significantsixties. In this study, it is assumed that differences in age do not affect the

: : e - results. This assumption seems reasonable. Literature shows that, for lis-
(Fig. 7). Thus there is a statistical relation between the qual teners under 70 years of age and with normal hearing, speech intelligibility

ity of speech processing and the effect of distortion of the performance does not vary with aggtudebakeet al, 1997.
spectral cues on speech perception. The more pronouncéslso, an alternative fit was used, the combination of a horizontal line and a
the speech—perception problems of hearing-impaired listenergloping line. The subthreshold perturbatidiperturbations lower than the

. . detection thresholdwere fitted with a horizontal line and all data obtained
(in terms of the Sl the less accurate the spectral auditory with larger perturbations with a single sloping line that intercepts the hori-

coding (higher detection thresholdgind the less influence zontal line at the perturbation threshold. The slope of the sloping line is
the distortion of spectral information has on speech intelligi- taken as an “alternative” measure of sensitivity. Using these “alternative”

bility (lower sensitivity to spectral distortionThe individual sensitivities, the correlation with S, is significant{ Spearman rank cor-

results support the group result, strongly suggesting that dis/aion: ~04 (p=0.05)}, in contrast with the correlation with the "origi-
d codina of spectral information is the factor underlvin nal” sensitivity that was not significant. The correlation between “alterna-
torted coding p YING fver sensitivity and the SHggr is not significant [Spearman rank

the suprathreshold problems encountered by many hearingsworrelation:— 0.3 (p=0.07)].
impaired listeners when trying to perceive speech. "Negative sensitivities to spectral perturbations may be explained by mea-
The sensitivity to spectral distortion could explain all Surement uncertainty and order/list effects.

8 “ PN e
0 " . . . . The “alternative” measure of sensitivitisee footnote Bleads to the same
true” variance in the Slkggr, 1.€., all variance not due to interpretation of the data. No clear trend betweergljand “alternative”

measurement error. Thus distorted auditory coding of spec'sensitivity is shownSpearman rank correlatior:0.1 (p=0.5)]; there is a
tral information may be the only factor underlying speech- correlation between Siig and sensitivity[Spearman rank correlation:
processing deficits measured by means of th&8BRest. —0.5 (p<0.05)].

However, sensitivity to spectral distortion could not explain

all “true” variance in the Slkgr, This suggests that, besides

distorted coding of spectral information, other factors play aﬁglen, J. B.(1977). “Short term spectral analysis, synthesis, and modifica-

role _'n t_he S_uprat_hreShOId SpeeCh prqcessmg pmblems Oltion by discrete Fourier transform,” IEEE Trans. Acoust., Speech, Signal
hearing-impaired listeners as reflected in the SRTa test. Process25, 235-238.
From the data of the present study the following generaRllen, J. B., and Rabiner, L. R1977. “A unified approach to short-time
; Fourier analysis and synthesis,” Proc. IEBE, 1558—1564.
conclusions can be drawn. ANSI (1997. ANSI S3.5-1997 American National Standard Methods for

(1) The distortion—sensitivity model may be a valuable tool Calculation of the Speech Intelligibility Indet@&merican National Stan-
dards Institute, New Yok
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