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People with cochlear hearing loss often have considerable difficulty in understanding speech in the
presence of background sounds. In this paper the relative importance of spectral and temporal dips
in the background sounds is quantified by varying the degree to which they contain such dips.
Speech reception thresholds in a 65-dB SPL noise were measured for four groups of s(#jects:
young with normal hearingp) elderly with near-normal hearin€g) young with moderate to severe
cochlear hearing loss; and) elderly with moderate to severe cochlear hearing loss. The results
indicate that both spectral and temporal dips are important. In a background that contained both
spectral and temporal dips, grouf and (d) performed much more poorly than gro@. The
signal-to-background ratio required for 50% intelligibility was about 19 dB higher for gfdupan

for group (a). Young hearing-impaired subjects showed a slightly smaller deficit, but still a
substantial one. Linear amplification combined with appropriate frequency-response siNgling
amplification, as would be provided by a well-fitted “conventional” hearing aid, only partially
compensated for these deficits. For example, gr@still required a speech-to-background ratio
that was 15 dB higher than for grog). Calculations of the articulation index indicated that NAL
amplification did not restore audibility of the whole of the speech spectrum when the
speech-to-background ratio was low. For unamplified stimuli, the SRTs in background sounds were
highly correlated with absolute thresholds, but not with age. For stimuli with NAL amplification, the
correlations of SRTs with absolute thresholds were lower, but SRTs in backgrounds with spectral
and/or temporal dips were significantly correlated with age. It is proposed that noise with spectral
and temporal dips may be especially useful in evaluating possible benefits of multi-channel
compression. ©1998 Acoustical Society of Amerid&0001-496607)04812-1]

PACS numbers: 43.71.Gv, 43.71.Ky, 43.66.Dc, 43.66[MIS]

INTRODUCTION in speech-to-noise ratioPlomp and Mimpen, 1979; Lau-
renceet al, 1983; Mooreet al, 1992; Nilssoret al, 1994.
People with cochlear hearing impairment often complainynen the background is a single competing talk@arhart
that their greatest problem is understanding speech wheg,q Tillman, 1970; Duquesnoy, 1983; Hyggeal, 1992;
background noise is present. This problem is often quantifie(,‘!/Ioore etal, 1995, a time-reversed talkefDugquesnoy,

in the laboratory by estimating the speech-to-noise ratio re-1983 or an amplitude-modulated noi¢Buquesnoy, 1983;

guired to achieve a given level of intelligibility, such as 50%. akar,1ashi and Bacon, 1992; Eisenbetgl, 1995 tr;e dif- '

We will refer to this ratio as the Speech Reception Threshol : ' ' I

(SRT), and will express it in decibel&iB). erence in SRT between normal and hearing-impaired people
' an be much larger, ranging from about 7 dB up to about 15

For people with moderate to severe cochlear losses, th 5 Thi I deficit indeed. At sianal
SRT typically is higher than for normally hearing people. In ~~" IS represgnts a very large deficit indeed. t signal-to-
background ratios where normally hearing people would

other words, the hearing impaired need a higher signal-to=“ "~ e T A i
noise ratio to achieve the same level of performance. Howachieve almost 100% intelligibility, hearing-impaired people

ever, the difference in SRT for normal and hearing-impaired@ be understanding almost nothing. Thus, the problems
people varies greatly depending on the nature of the backaced by hearing-impaired people, in comparison to normally
ground sound. When the background sound is a steady noi§€aring people, are much greater when the background
with the same long-term average spectrum as the spee@®und is a single talker than when it is a steady speech-
(called speech-shaped nois¢he difference is typically in shaped noise.

the range 2-5 dBGlasberg and Moore, 1989; Plomp, 1994 Normally hearing people achieve markedly lower SRTs
This represents a substantial deficit, since intelligibility inin a background of a single talker than in a background of
this situation worsens by 11% to 19% for each 1-dB decreasspeech-shaped noise, whereas hearing-impaired people do
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not (Duquesnoy, 1983; Festen, 1987a, b; Festen and Plomp, (b) Eleven elderly subjectémean age 74.1 years, s.d.
1990; Hyggeet al, 1992; Mooreet al, 1995. The relatively 3.2 year$ with near-normal hearing for frequencies up to 4
poor performance of hearing-impaired people when listeningkHz. The mean absolute thresholds for this group were 9.5,
in a background of a single talker appears to arise from 8.1, 11.4, and 21.0 dB HL for the frequencies 500, 1000,
failure to take advantage of “dips” in the competing voice. 2000, and 4000 Hz, respectively. Two of these subjects had
These dips may be of two types: temporal and spectral. Thbearing losses greater than 30 dB at 4 kHz. Excluding these
temporal dips arise because there are moments when tiwo subjects, the mean absolute threshold at 4 kHz was 17.4
overall level of the competing speech is low, for exampledB HL. The data for this group were analyzed both including
during brief pauses in the speech or during production ofind excluding these two subjects. Most of the 11 subjects
low-energy sounds such as m, n, k, or p. During these temhad mild losse$10—-45 dB at frequencies above 4000 Hz.
poral dips the signal-to-background ratio is high, and this  (c) Six young hearing-impaired subjedtaean age 29.2
allows brief “glimpses” to be obtained of the target speech.years, s.d. 9.4 yearsFive had moderate to severe cochlear
The spectral dips arise because the spectrum of the targhearing loss and ong4) had only a mild loss. The data for
speech is usually different from that of the backgroundthis group were analyzed both including and excluding the
speech measured over any short interval. Although parts afubject with a mild loss.
the target spectrum may be completely masked by the back- (d) Ten elderly subjectémean age 76.5 years, s.d. 4.2
ground, other parts may be hardly masked at all; the signalyears with moderate to severe cochlear hearing loss.
to-background ratio may often exceed 20 dB. Thus, parts of The elderly subjects were all alert, able to follow in-
the spectrum of the target speech may be “glimpsed” andstructions, and able to concentrate. The audiograms of the
used to infer the structure of the complete speech sound. subjects in groupgc) and(d) are shown in Fig. 1.
The reasons why hearing-impaired people fail to take

advantage of the dips in the background noise are not clearly stimuli
understood. Specifically, it is not clear whether the problem . .

. ; ; The speech materials used were the sentence lists re-
arises mainly from a failure to take advantage of temporal

dips or from a failure to take advantage of spectral dips.Corded at the House Ear Institute in Los Angefte Hear-

People with cochlear hearing loss generally show impairec'rIg in Noise Test—HINY (Nilssonet al, 1994. The follow-

. oo . ing background sounds were used:
temporal resolution for stimuli with slowly fluctuating enve- (1) A steady speech-shaped noise with the same long-
lopes which would lead to a reduced ability to take advan- y'sp P 9

tage of temporal dipsFesten, 1987a, b; Glasbess al, term average spectrum as the target spgeeterred to as

1987; Moore and Glasberg, 1988b; Festen and Plomp, 1995“NT noisg. .Th|s provided a reference condition against
Glasbera and Moore. 1992- Festen. 1993 Moore 1995wmch SRTs in other types of noise can be compared. The

g ' ' ’ ) ) dspectrum of this noise is shown by the dashed line in Fig. 2.
They also show reduced frequency selectivity, which woul (2) A single competing female talker. This sound was
lead to a reduced ability to take advantage of spectral diptc'ake :

(Glasberg and Moore, 1986; Tyler, 1986; Moore, 1995 /S8 AT & 0T OREE) 20 20 SOUEE TEot ey 1
The main goal of this paper is to clarify and quantify the P ; b 9 bp y

L : min. For our tests, the sample was recycled, to give a con-
relative importance of spectral and temporal processing fog)

the ability to understand speech in background sounds wit Inuous sample about 7 min in length. This background has

temporal and spectral dips, such as a single competing talker.Oth spectral and temporal dips, as described earlier. The

This was done by measuring SRTs in several baCkgrOlmapeech was digitally filtered so that its long-term average

sounds, which varied in the extent to which they containe pectrum matchgd 'that. of 'the HINT noise. The result is
shown as the solid line in Fig. 2.

temporal dips, spectral dips, or a combination of the two. (3) A noise with the same spectrum as the HINT noise,

Both normally hearing and hearing-impaired subjects Were[\?ut with the overall temporal fluctuations of the single talker.

used. In experiment 1, the stimuli were presented without, . . .
any frequency response shaping. In experiment 2 thehls was achieved by extracting .the er)velope of the speech
' " " .of the single female talker, and imposing that envelope on

hearlng-lr_np_alred SUbJeCtS. were tested .W'th a frequ_ency-gal{he HINT noise. The envelope was extracted by calculating
characteristic corresponding to the National Acoustics Labo:

o X . the root-mean-square amplitude of the speech in a 10-ms-
ratories’ recommendatiofByre and Dillon, 1986 long sliding temporal window. We refer to this noise as

“noise modulated by speech.”
| EXPERIMENT 1 (4) Steady HINT noise filtered so as to have spectral
A. Method dips in several frequency regions. The filtering was based on
the equivalent-rectangular-bandwid{ERB) scale derived
from the auditory filter bandwidths for normally hearing sub-
Four groups of subjects were tested: jects(Glasberg and Moore, 199C0Each ERB represents one
(a8 Ten young subject$mean age 25.1 years, s.d. 3.3 auditory filter bandwidth. The relationship between number
yearg with normal hearing. The absolute thresholds of allof ERBs and frequency is
subjects were better than 20 dB HL at all of the standard
audiometric frequencie&l25, 250, 500, 1000, 2000, 4000, ERB number21.4logy(4.37F +1), 1)
6000, and 8000 Hzand average thresholds were close to OwhereF is frequency in kHz.
dB HL. The noise was filtered in a number of ways:

1. Subjects
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FIG. 1. Audiograms for each subject in the young hearing-impaired group
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FIG. 2. The dashed line shows the long-term average spectrum of the HIN

4
Frequency (kHz)

Two-Erb Bandwidths

Three-Erb Bandwidths

Magnitude Response (dB)

Four-Erb Bandwidths

; N~ ;
2000 3000 4000 5000
Frequency (Hz)

0 1000 6000 7000 8000

FIG. 3. Characteristics of the digital filters used to produce the noises with
multiple spectral notches.

(@ with an alternating pattern of two ERBs present and
two ERBs removed,

(b) with an alternating pattern of three ERBs present and
three ERBs removed, and

(c) with an alternating pattern of four ERBs present and
four ERBs removed.

The characteristics of the digital filters used are illustrated in
Fig. 3. The filters were designed using the function fir2 in
MATLAB (Krausset al, 1994 with an n of 800. Prior to
filtering, the last 400 samples of the source file were ap-
pended to its beginning, and the first 400 samples were ap-
pended to its end. After filtering, the first 800 samples were
discarded, eliminating both filtering onset transients and de-
lays. We anticipated that normally hearing subjects should be
able to take advantage of the relatively narrow spectral dips
in the noise with 2-ERB spectral gaps. However, hearing-
impaired subjects generally have reduced frequency selectiv-
ity and so we thought that they might not be able to take
advantage of the spectral dips until they became relatively
wide (spectral gaps of three and four ERBs

(5) A noise with both spectral and temporal dips ob-
tained by applying the temporal envelope of a single talker to
a speech shaped noisss in(3)] and then filtering that noise
[as in(4)].

The overall level of background4)—(3) was always the
same for a given subjecusually 65 dB SP)L For back-
grounds(4) and (5), the spectrum level of the noise in the
passbands of the digital filters was left the same as for the
original HINT noise. Thus, the overall level of the noise was
slightly reduced by the filteringby about 3 dB. This was
gone so that we could examine benefits of removing part of

noise. The solid line shows the long-term average spectrum of the femalf€ background spectrum without the confounding effect of

talker after filtering to match the spectrum to that of the HINT noise.
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TABLE |. Mean SRTs in quiet and in various masking conditions for the four groups of listeners. The SRTs in quiet are expressed as level in dB SPL. The
SRTs for the masking conditions are expressed as speech-to-background ratios in dB. A smaller number indicates better performance. Numbers in parentheses
are standard deviations across subjects. For the older subjects with near-normal hearing, the upper numbers refer to results for the whole group and the lower
numbers refer to results excluding two subjects whose absolute thresholds at 4 kHz exceeded 30 dB HL. For the young hearing-impaired subjects, the upper
numbers refer to results for the whole group and the lower numbers refer to results excluding one subject with a mild loss.

Older normal Young hearing
Young normal hearing impaired Older hearing
hearing N=11 N=6 impaired
N=10 (N=9) (N=5) N=10

Speech in quiet 19.712.2 29.9 (3.9 51.8 (10.3 57.5 (5.9
29.8 (3.5 55.0 (8.0

Steady noise masker —3.8 (2.0 -2.0(1.9 —-1.4 (3.0 25 (2.2
-22 21 —0.6 (2.5

Single voice masker —-11.9 (2.9 —-7.7 (2.9 -6.1 (3.7 0.8 (2.9
-8.2 (2.9 -4.7 (0.9

Noise modulated by speech —10.0 (2.5 -6.3 (2.2 —-4.1 (3.3 1.5 (1.9
—6.9 (1.9 -2.8 (1.2

Noise with two-ERB gaps —-12.5(1.9 —-8.9 (2.1 -6.1(3.2 —-0.4 (1.5
-9.4 (2.1 —5.1 (2.2

Noise with three-ERB gaps -16.1 (1.9 —10.9 (3.1) —6.6 (2.8 —-1.1 (1.9
—-11.6 (3.0 —5.7 (1.9

Noise with four-ERB gaps —-18.7 (1.7 —-12.6 (2.1 —-7.1(2.7 -2.1 (1.7
—-13.0 (2.) -6.2 (1.9

Modulated noise with two-ERB gaps —16.5 (1.9 —-12.3 (4.2 —-7.1 (2.7 —-1.8 (2.9
—-13.5 (3.6 —6.0 (0.7

Modulated noise with three-ERB gaps —-17.9 (2.9 —13.7 (3.2 —6.4 (4.6 —-2.0 (1.8
—-14.5 (2.7 -5.0 (3.2

Modulated noise with four-ERB gaps —22.6 (2.6 —-15.7 (2.9 -8.5 (3.7 —-3.1(2.5
—16.5 (2.5 -7.2 (2.3

tBackground sound$2)—(5) were produced by digital to testing, practice was given with the steady noise back-
processing using a Silicon Graphics Indy computer. All pro-ground, the background with four-ERB spectral dips, and the
cessing was done using a 16-kHz sampling rate and floatingackground with four-ERB spectral dips and temporal dips,
point arithmetic. When processing was complete, samplegsing lists 26—28. Testing started with measurement of SRTs
were converted to 16-bit integers and up-sampled to a 44.%n quiet. Then the conditions with background noise were
kHz rate. They were transferred digitally to recordable com+ested, using a different randomized order for each subject.
pact disc(CDR) for use in the experiment. The speech wasgpjects were seated in a single-walled sound-attenuating
played back from digital audio tap€DAT). The target pooth situated within the testing room. Subjects communi-

speech and background sounds were independently amplifiehieq with the tester via a microphone located in the sound-

and their levels were controlled by independent manual ?‘téttenuating chamber.
tenuators. The outputs of the attenuators were mixed using

an active mixer. The stimuli were presented to the betteP. Results
hearing ear, or to the left ear if the audiograms were very The results obtained are summarized in Table I. The

similar for the two ears, using Sennheiser HD 424 earphonegrTs in quiet are expressed as level in dB SPL. The SRTs in

which have a “diffuse field” response. background sounds are expressed as signal-to-background
For the young normally hearing subjects and the elderly,

subjects with near-normal hearing, backgrounds—(3) ratios in dB. Lower numbers indicate better performance.
werJe resented at an overall Ievelgc;f 65 dg SPL, which isFOr group (b) (elderly subjects with near normal hearing
close ?o the level of normal conversational speé@zﬁ de. the upper figure in each row shows results for the whole
scribed above, backgroundd) and (5) had slightly lower group, and the lower figure shows results excluding the two
overall levelg. For the hearing-impaired subjects the level ofsuLbjchts whose absolute thrr]esh_o Ids_ at 4_k|—(;z ext():_ee?serc]j 30dB
presentation depended on the SRT in quiet. If the SRT iH_| ) ?r groqp(c) (hyoung hearmg—|m|paf|re hsu ftl e
quiet was 55 dB SPL or less, then the presentation level wadPPer figure in each row shows results for the whole group,
65 dB SPL. If the SRT in quiet was greater than 55 dB SPI_and the lower figure shows results excluding the subject with

the presentation level was the SRT in quiet plus 10 dg. @ Mmild loss. _
Consider first the results for the young normally hearing
3. Procedure subjects. The mean SRT in quiet is similar to what has been

An adaptive procedure was used to estimate the SRT iabserved in previous studigdloore and Glasberg, 1993;
each background noise. The SRTs for speech in quiet werdilssonet al, 1994. The highestpoorest mean SRT with
also measured. The adaptive procedure was as recommendaatkground noise occurs for the steady noise ma@tiNT
for use with the HINT materialéNilssonet al, 1994. Each  noise. The mean SRT decreases by about 8 dB for the back-
SRT reported is based on the use of two complete lists. Priaground of a single talker, which is consistent with earlier
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work, as reviewed in the introduction. The mean SRT for thetake advantage of temporal dips. Thresholds in the steady
noise modulated by speech is 6.2 dB lower than for thenoise with two-ERB gaps were only 3—-5 dB lower than in
steady noise but 1.9 dB higher than for the single talker. Thishe steady HINT noise with no spectral gaps, which is close
indicates that the temporal dips in the single talker are oto what would be expected from the slightly lower overall
major importance, but that spectral dips also play some roldevel of the noise with spectral gaps. Thus, for this noise,
The difference in SRT between the single talker and thehere was very little advantage of the spectral gaps. The
modulated noise is unlikely to be due to the fact that theSRTs decreased by only 1-2 dB when the width of the spec-
background speech was meaningful; Duquesri@983  tral gaps was increased from two to four ERBSs, indicating a
showed that SRTs were similar for a background of speeckery limited ability to take advantage of spectral dips. The
and time-reversed speech. Introducing spectral dips in th8RTs for the noises with both spectral and temporal dips
steady noise leads to improved performance, and the imwere much higher than normal. For example, for the modu-
provement increases as the width of the spectral dips inlated noise with four-ERB gaps, the SRTs for the young
creases. This confirms that normally hearing subjects arbearing-impaired subjects were 14—16 dB higher than for the
able to take advantage of spectral dips in background soundgoung normally hearing subjectdepending on whether the
Finally, introducing spectral dips into the noise modulated bysubject with the mild loss was includgdvhile the SRTs for
speech results in yet further decreases in the SRTs. For thiee elderly hearing-impaired subjects were 12—13 dB higher
modulated noise with four-ERB gaps, the mean SRT is abouhan for the elderly subjects with near-normal hearing.
19 dB lower than for the steady HINT noise. This illustrates ~ To assess the statistical significance of the effects de-
the very large advantage of listening in spectral and temporacribed above, an analysis of varian@NOVA) was con-
dips that can be obtained by normally hearing subjects.  ducted with group as a between-subjects factor and type of
Consider next the results for the elderly subjects withbackground as a within-subjects factor. The main effect of
near-normal hearing. Generally, the pattern of results is simigroup was highly significanf (3,33)=79.9,p<0.001]. The
lar to that obtained for the young normally hearing subjectsmain effect of type of background was also significant
However, the elderly subjects appear to take slightly les$F(8,264)=149.6, p<0.001. Finally, the interaction of
advantage of spectral and temporal dips. This may partlgroup and type of background was highly significant
reflect the fact that their absolute thresholds wslightly  [F(24,264)=11.9, p<0.001. This confirms that the de-
higher than for the young subjects, especially at high frecrease in SRT produced by the spectral and temporal dips
guencies. The reduced absolute sensitivity is reflected in thearied across groups; the decrease was greatest for the young
SRT in quiet, which is, on average, about 10 dB higher fomormally hearing group and smallest for the elderly hearing-
the elderly subjects than for the young subjects. Mean SRTenpaired group.
for the speech in background sounds are slightly but consis- To examine possible interrelationships between audio-
tently lower when the results for the two subjects with ametric thresholds, age, and the SRTs, correlations between
slight hearing loss at high frequencies are excluded. Thughese variables were determined for each group separately
even this mild hearing loss was sufficient to produce somend for the combined results of grouf®—(d), i.e., for all
elevation of the SRTs. Although “dip listening” is some- subjects with some degree of hearing loss. The audiometric
what reduced in the elderly subjects, its effects are still subthresholds were quantified by taking various averages, either
stantial. For the modulated noise with four-ERB gaps, theveighting low and high frequencies equally, or giving more
mean SRTs are about 14 dB lower than for the steady HINTemphasis to high frequencies. The averages used were: 0.5,
noise. 1, and 2 kHz; 1, 2, and 4 kHz; and 2 and 4 kHz. The only
We consider the results for the two groups of hearing-case in which age was correlated with the SRTs in quiet or in
impaired subjects together, as the pattern of results was simitoise was for the elderly group with near-normal hearing,
lar. Overall, the elderly subjects performed somewhat moravhere correlations ranged from 0.27 to 0.67. These correla-
poorly than the young subjects, which may reflect the factions decreased, and were nonsignificant for all backgrounds
that the elderly subjects had slightly greater hearing lossegxcept ongthe steady noise with four-ERB ggpshen the
on average. This is consistent with the average SRTs imean absolute threshold at 2 and 4 kHz was partialled out.
quiet, which were 51.8 dB for the young subjects and 57.5-or groups(b)—(d) taken together, age was not significantly
dB for the elderly subjects. The young subject with the mildcorrelated with the SRTs in quiet or in any of the background
hearing loss performed consistently better than the remainingoises; the maximum correlation was 0.25. It appears then,
young hearing-impaired subjects. Hence, the mean SRTs fahat ageper seis only weakly related to SRTs in the various
the young hearing-impaired group were consistently highebackground noises. This is consistent with the finding of van
(and the s.d.s were smallewhen the data for the subject Rooij and Plomp(1992 that almost all of the systematic
with the mild loss were excluded, although the SRTs rewvariance in SRTs in noise for elderly subjects can be ac-
mained below those for the elderly group. The SRTs wereounted for by the audiogram alone. They concluded that age
somewhat lower for the background of a single talker thardifferences in speech perception are probably mainly due to
for the steady HINT noise, but the difference was less tharlifferences in auditory rather than cognitive factors.
for the normally hearing subjects, indicating a reduced abil-  In what follows, we will concentrate on the correlations
ity to take advantage of spectral and/or temporal dips. Théor groups(b)—(d) taken togetherr{=27). Table Il shows
SRTs in the noise modulated by speech were only 1-3 dBhe correlation of the SRTs with the audiometric measures.
lower than for the steady noise, indicating a limited ability to All of the correlations were significant @< 0.01. The SRTs
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TABLE II. Correlation of the SRTs with various averages of the audiomet- TABLE Ill. As Table | except that NAL amplification was applied to all
ric thresholds for the combined results of groudps—(d). stimuli and results are presented only for the young hearing-impaired and
older hearing-impaired groups.

Average
05,1, 1,2,and 2 and Young hearing
and 2kHz 4kHz 4kHz impaired Older hearing
- - N=6 impaired
Speech in quiet 0.95 0.94 0.93 (N=5) N=10
Steady noise masker 0.52 0.58 0.61
Single voice masker 0.67 0.67 0.69  Speech in quiet 39.17.9 42.6 (6.5
Noise modulated by speech 0.70 0.75 0.77 40.1 (8.0
Noise with two-ERB gaps 0.71 0.76 0.79  Steady noise masker -1.2 (1.9 1.0 (2.7
Noise with three-ERB gaps 0.71 0.78 0.82 —0.6 (0.6
Noise with four-ERB gaps 0.79 0.84 0.87  Single voice masker —8.4 (3.7 —-1.9 (2.5
Modulated noise with two-ERB gaps 0.73 0.74 0.75 —7.9 (3.9
Modulated noise with three-ERB gaps 0.76 0.82 0.84 Noise modulated by speech —-5.4 (2.1 -14 (1.7
Modulated noise with four-ERB gaps 0.79 0.83 0.85 -4.9 (1.9
Noise with two-ERB gaps —6.1 (3.5 -3.7 (2.1
—4.8 (1.7
. . . . . . Noise with three-ERB gaps —7.7 (2.9 —-3.9 (1.9
in quiet were highly correlated with all of the audiometric 9o —48(2.1)
measures, consistent with the idea that the audibility of theoise with four-ERB gaps -10.0 (3.2) —-4.9 (2.0
speech was the primary factor limiting performance. The -71(28
SRTs in the steady HINT noise were only modestly corre-Modulated noise with two-ERB gaps _2'421 gg ~56 (28
Iateq with the audpmetnc measures. This is con3|§tent wn%dulated noise with three-ERB gaps —10.6 (3.5 5829
the idea that audibility was less important for SRTs in steady 9731
noise, since performance was determined mainly by th@todulated noise with four-ERB gaps —11.4 (4.9 ~7.2 (2.9
higher-level portions of the speech which were generally -10.1(4.)

well above absolute threshold. The correlations of the SRTS
in quiet and in steady noise with the absolute thresholds are

similar to those that have been reported in other studieyse of them. To compensate for the loss of audibility in the
(Dreschler and Plomp, 1980; Dreschler and Plomp, 1985hearing-impaired subjects, the stimuli were subjected to the
Glasberg and Moore, 1989 frequency-gain characteristic prescribed by the NAk-

For the noises where listening in temporal or spectraVised procedure(Byrne and Dillon, 1988 For brevity, we
dips was assumed to be important, the SRTs were rathavill refer to this as NAL amplification. Subjects were subdi-
highly correlated with the absolute thresholds, and especiallyided into five groups on the basis of the pattern and severity
with the absolute thresholds at high frequenc¢iserage of 2  of their hearing loss, and the NAL characteristic for each
and 4 kH2. This could be taken as indicating that the audi-group was calculated on the basis of the average audiometric
bility of information in the spectral and temporal dips was of thresholds for each subgroup. The gain recommended by the
major importance. However, it could also have occurredNAL procedure ranged from1-12 dB at 500 Hz and from
partly because other factors, such as frequency selectivityt4—29 dB at 4 kHz. The required frequency-selective ampli-
are correlated with the absolute threshfick et al, 1977; fication was implemented by digital filtering in real time us-
Glasberg and Moore, 1986; Moore, 199%he role of audi- ing a Tucker-Davis AP2 array processor. Speech and back-
bility will be examined in more detail later. ground noise stimuli were filtered separately and recorded on

To summarize: hearing-impaired subjects gained muclPAT. The background noises were presented with a nominal
less advantage than normally hearing subjects from spectrainput” level (before NAL amplification of 65 dB SPL.
and temporal dips in background sounds. The noise contain- Other aspects of the stimuli and procedure were the
ing both spectral and temporal dips revealed very considessame as for experiment 1. Only subject grodpsyoung
able differences between normally hearing and hearinghearing-impaired andd) elderly hearing-impaired were
impaired subjects. Thus, this noise provides a potentiallfested. The subjects in each group were the same as for ex-
very sensitive way of evaluating the effects of signal pro-periment 1.
cessing such as frequency-selective amplification and com-
pression. B. Results

The results are given in Table Ill. Consider first the
II. EXPERIMENT 2 SRTs in quiet. The NAL amplification reduced the mean
SRT by 13-15 dB for the young subjectdepending on
whether the subject with the milder loss was includadd
In this experiment, we examined the extent to which theby 14.9 dB for the elderly subjects. The mean SRT for both
reduced dip-listening abilities of the hearing-impaired sub-groups remained above that for the young subjects with nor-
jects could be restored by improving audibility via linear mal hearing(Table ), which is not surprising since the
amplification. In experiment 1, the portions of the targetfrequency-gain characteristics prescribed by the NAL proce-
speech in spectral and temporal dips may have had levels sture provided only partial compensation for the hearing loss
low that the hearing-impaired subjects were not able to makésee the Discussion sectionNevertheless, the “aided”

A. Method
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SRTs are well below the level of normal conversationalTABLE IV. Correlation of the SRTs with various averages of the audiomet-

speech, which is about 65 dB SRPearsongt al., 1976- rig thresholds fqr the combined results of groypsand (d) using stimuli
Consider now the SRTs in the presence of backgroun(\ﬁlIth NAL amplification.
sounds. The NAL amplification had very little effect for the Average
steady HINT noise, reducing the mean SR#&lative to that 05,1,and 1,2,and  2and
measured in experiment by 0 to —0.2 dB for the young 2 kHz 4 kHz 4 kHz
group and by 1.5 dB for the elderly group. This seems reaspeech in quiet 0.62 0.43 0.39
sonable, since in this noise the low-level portions of theSteady noise masker 0.33 0.26 0.23
speech would be masked even when linear amplification wagingle voice masker 0.50 0.35 0.32
applied; only the higher level portions of the speech would\°/S¢ modulated by speech 0.43 033 0.33
. . e Noise with two-ERB gaps 0.59 0.40 0.32
have contributed to intelligibility and these were mostly \ise with three-ERB gaps 0.44 0.34 0.35
above absolute threshold even without amplificati@s in  Noise with four-ERB gaps 0.39 0.23 0.21
experiment 1 Modulated noise 0.58 0.37 0.34

The NAL amplification improved the mean SRT in  With two-ERB gaps
modulated noise by about 1—3 dB for both groups, indicatind\/'c\’;:ﬁ:atfi:_‘;;eB o 0.61 0.47 0.48
that it partially restored the ability to make use of temporalygqyiated noise 9ep 0.53 0.32 0.30
dips. However, performance with this noise remained well with four-ERB gaps
below that for the young normally hearing grodpable ).
The NAL amplification produced an improvement in the
mean SRT of about 2—3 dB for the single talker backgroundwith spectral and/or temporal dips. Furthermore, several of
The fact that the improvement was similar for these twothese correlations remained significant when the effects of
backgrounds suggests that the NAL amplification did notabsolute threshold were partialled out. Considering the case
markedly improve the ability to listen in the spectral dips of where the mean absolute threshold at 0.5, 1, and 2 kHz was
the single talker. partialled out, significant partial correlations were obtained
For the steady noises with spectral gaps, NAL amplifi-between age and the SRT in a single talker backgrdund
cation led to modest decreases in mean SRT ranging up t030.83, p<0.001, in noise modulated by spee¢h=0.74,
dB. For the modulated noises with spectral gaps, the imp<0.00J), in unmodulated noise with three- and four-ERB
provement was somewhat larger, ranging from 2-5 dBgaps (r=0.65, p<0.01 andr=0.78, p<0.001), and in
However, the SRTs remained well above the values for thenodulated noise with two-, three- and four-ERB gdaps
young normally hearing subjects. For example, the mear=0.54, p<<0.05; r=0.70 p<0.01; andr=0.53, p<0.05,
SRT in the modulated noise with four-ERB spectral gapsespectively. It appears that when reduced audibility is par-
was 11.2 dB higher for the young hearing-impaired grouptially compensated for by NAL amplification, age may play a
with NAL amplification than for the young normally hearing significant role when the background contains spectral and/or
group (12.5 dB higher excluding the subject with the mild temporal dips.
loss. For the same noise, the mean SRT for the elderly The correlations of the SRTs with the audiometric
hearing-impaired group was 15.4 dB higher than for thethresholds are shown in Table IV for the combined results of
young normally hearing group and 8.5 dB higher than for theéboth groups. The correlations were markedly lower than for
elderly group with near-normal hearing. stimuli without NAL amplification(Table 1I), consistent with
To assess the statistical significance of the effects dethe idea that NAL amplification partially compensates for
scribed above, an analysis of varian@eNOVA) was con- loss of audibility. When the contribution of audibility is re-
ducted with group as a between-subjects factor and type afuced, other suprathreshold factors, such as reduced fre-
background as a within-subjects factor. The main effect ofjuency selectivity, and individual differences in cognitive
group was significanfF(1,14)=12.95,p=0.003, the eld- factors, may play a greater role.
erly impaired group having higher SRTS than the young im-  In summary, NAL amplification only partially compen-
paired group. The main effect of type of background wassated for the relatively poor performance of the hearing-
also significan{F(8,112)=39.5, p<0.001]. Finally, the in- impaired subjects when listening to speech in noises with
teraction of group and type of background was just signifi-spectral and temporal dips. The SRTs in noises with tempo-
cant[F(8,112)=2.25,p=0.03)]. This reflects the finding that ral modulation and spectral dips were improved by 2-5 dB
the decrease in SRT produced by the spectral and tempor@y the NAL amplification, but remained 7-15 dB higher
dips was greater for the young group than for the elderljthan for young normally hearing subjects. The SRTs for
group. speech in background noise with spectral and/or temporal
As in experiment 1, correlations were determined bedips were correlated with age, suggesting a possible role for
tween the audiometric thresholds, ages, and the SRT€Ognitive factors that decline with age.
Within each group, age did not correlate significantly with
the SRTs in background sounds. However, for both groupgy, - \gsessiING THE ROLE OF AUDIBILITY
combined, some significant correlations with age did occur.
Age was not significantly correlated with the SRT in quiet It remains unclear whether the failure of NAL amplifi-
(r=0.27) orin steady HINT noiser £0.39). However, age cation to restore performance to normal reflects deficits in
was moderately correlated with the SRTs in backgroundsuprathreshold processing, perhaps related to reduced fre-
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quency selectivity and/or temporal resolution, or whether théABLE V. Mean Als for speech at levels corresponding to the SRTs in
failure occurred because NAL amplification was not Sanﬁ_steady noise, and in modulated noise with four-ERB gaps. The calculated

ient t t dibility t LE ith NAL l Als do not take into account the effect of the background noise; they indi-
cient {o restore audibility (0 normal. Even wi ampli- cate the proportion of the speech spectrum that was above the absolute

fication, part of the speech spectrum may have been beloreshold. Numbers in parentheses are standard deviations across subjects.
absolute threshold. To clarify this issue we calculated theror the older subjects with near-normal hearing, the upper numbers refer to
articulation index(Al) for stimuli at the measured SRTs, results for the whole group and the lower numbers refer to results excluding
taking into account the absolute thresholds of the subjectéwo subjects whose absolute thresholds at 4 kHz exceeded 30 dB HL. For

..~ _._ the young hearing-impaired subjects, the upper numbers refer to results for
the speech spectrum, and the amount of NAL amplification,q \wnole group and the lower numbers refer to results excluding one sub-
(if any). Our main concern was to determine the proportionject with a mild loss.

of the speech spectrum that was above dhsolutethresh-

old. Hence, the calculations did not take into account the Speech level at SRT in
presence of the background noises. If all of the speech spec- modulated noise,
trum is above the absolute threshold, then deficits in perfor- Group steady noise 4-ERB gaps
mance in the presence of background noise must be due 9 Young normal 10 0.92
masking effects of that noise. (b) Older normal 0.92(0.04) 0.75 (0.08

To calculate the Al, the speech was analyzeé-attave 0.94 (0.02 0.75 (0.07)
bands and the root-mean-squémas) level in each band was (©) Young impaired 0.47(0.18 0.31(0.13

0.41 (0.12 0.27 (0.07

expressed in dB HL, i.e., relative to the normal absolute . I
threshold for that band. The absolute thresholds of each sutgc-) With NAL amplification 082(0.19 060 (0.19

. 1 _ 0.80 (0.14 0.59 (0.19
ject at thez-octave center frequencies, and the amounts ofg) older impaired 0.430.15 0.32 (0.16
NAL amplification, were estimated by interpolation from the (d) With NAL amplification 0.72(0.15 0.55 (0.18

audiometric frequencies. It was then possible to calculate the
rms level of the speech relative to the absolute threshold in

eachz-octave band. It was assumed that the dynamic ranggspresent the highest and lowest SRTs, respectively, when
of the speech in each band extended from 12 dB above to Jigackground sounds were present. Except for gr@ipAls
dB below the rms level. The proportion of the 30-dB dy- were calculated individually for each subject and then aver-
namic range that was above the absolute threshold in eaq{ged within groups.
band was multiplied by the importance value for that band,  gqr group(a), the Als for the two cases were 1.0 and
and the products were summed to give the Al. Values for thg) 92, j.e., almost all of the speech spectrum was above abso-
importance function were those for “average speech” agute threshold. Thus, for this group, the SRTs in noise must
specified in Pavlovi¢1987). According to ANSI(1969, Al have been determined by the masking effects of the noise
values over approximately 0.7 lead to essentially perfect pefrather than by part of the speech spectrum being below ab-
formance for sentence material. This should be borne igolute threshold. For grougb), the Als were somewhat
mind when considering the Al values. smaller, but still at or above 0.75. In particular, the mean Al
Consider first the Als for speech at the SRTs in quietat the SRT in steady noise, excluding the two subjects with
without any amplification. The mean Als for grouf@, (b),  mild-high frequency loss, was 0.94. The SRT for this group
(¢), and (d) (with standard deviations in parenthesegre was 1.6 dB higher than for the normal subjects. For speech
0.26, 0.23(0.09, 0.16(0.03, and 0.16(0.10, respectively. presented at the SRT for the normal subjegts., 1.6 dB
The slightly lower Als for the impaired groups may have lower, on average the mean Al for this group is 0.93. It
occurred because the hearing-impaired subjects had learngdems unlikely that the very small reduction in audibility
to make more effective use of low-frequency informationassociated with an Al of 0.93 would be sufficient to account
falling in the range where their hearing was relatively good for the difference in SRT between grou@s and(b). For the
When NAL amplification was applied, the SRTs in quiet modulated noise with four-ERB gaps, the Al was reduced to
(expressed as the input level prior to NAL amplificajion 0.75, which is still above the value required for near-perfect
decreased, but the mean Als for grodpsand(d) for speech intelligibility of sentences. Thus performance was probably
at the SRT in quiet increased to 0.41.09 and 0.22(0.16), determined mainly by the masking effects of the background
respectively. Thus, to achieve the same level of intelligibil-noise. The SRT for grougb) with this noise was 6.9 dB
ity, these groups required slightly higher Als when NAL higher than for grouga). For speech presented at the SRT
amplification was applied than when it was not. A higher Al for normal subjects, the Al was reduced to 0.58. This is
with NAL amplification was found for five out of six sub- sufficiently low that performance probably would have been
jects in group(c) and for seven out of ten subjects in group limited partly by some of the speech spectrum being below
(d). The higher Als may have occurred because the NALabsolute threshold.
amplification partially restored the audibility of higher fre- For group(c), the Als without NAL amplification were
guencies, but these subjects did not make very effective usmarkedly lower than 1. It seems likely that performance in
of that information, possibly because of a lack of opportunitythis case was partly limited by some of the speech spectrum
for acclimatization(Gatehouse, 1992 being below absolute threshold. With NAL amplification the
Table V shows the mean Al for each group for speech afls increased markedly, to 0.8NE6) or 0.80 N=5) for
a level corresponding to the mean SRT in steady noise, amgbeech at a level corresponding to the SRT in steady noise.
the mean SRT in modulated noise with four-ERB gaps; thes€or speech presented at the SRT for the normal subjects with
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steady noiséi.e., 2.6 dB lower, on averagthe mean Al was above the absolute threshold, the rate of growth of loudness
0.77 N=6) or 0.74 N=5), high enough to give near- level with increasing level is greater than normal. At a sound
perfect intelligibility. 1t seems likely that performance with level of 90—100 dB SPL, the loudness in an impaired ear
NAL amplification was determined mainly by the masking often “catches up” with that in a normal e@Fowler, 1936;
effect of the background noise, although reduced audibilitySteinberg and Gardner, 1937; Moatal, 1996. As a con-
may have played some role. For speech at the SRT in modgequence, the range of sound levels over which sounds are
lated noise with four-ERB gaps, the Al was increased markboth audible and comfortablghe dynamic rangeis much
edly when NAL amplification was applied, but it remained atsmaller for hearing-impaired than for normally hearing
or below 0.6. Thus, in this case, performance was probablpeople.
partly limited by part of the speech spectrum being below  Most rules for prescribing the insertion gain of a linear
absolute threshold. For speech presented at the SRT for thed are appropriate for speech inputs with a moderate level.
normal subjects with this noisg.e., 11.2 dB lower, on av- However, in conditions where a wide dynamic range is re-
erage the mean Al was 0.3IN=6) or 0.27 N=5). These quired, for example, when listening to speech in noise with
values are small enough to indicate that reduced audibilitgpectral and temporal dips, it may be impossible to apply
would have played a substantial role. sufficient linear gain to ensure that all of the speech spectrum
For group(d), the Als without NAL amplification were s above absolute threshold while preventing the noise from
lower still. It seems certain that performance in this case wagecoming unpleasantly loud.
partly limited by some of the speech spectrum being below  One way of dealing with loudness recruitment is to use
absolute threshold. With NAL amplification the mean Al in- hearing aids with fast-acting compression or automatic gain
creased markedly, to 0.72 for speech at a level correspondingbntrol (AGC). Such aids can increase the available dynamic
to the SRT in steady noise. For speech presented at the SRdnge and can make it possible for the hearing-impaired per-
for the normal subjects with steady noise, the mean Al wason to deal with sounds covering a wide range of levels
0.61. It seems likely that performance with NAL amplifica- without needing to adjust the volume control on the aid
tion was determined mainly by the masking effect of the(vilichur, 1973; Lippmanret al., 1981; Mooreet al, 1992.
background noise, although reduced audibility may haven principle, they can also improve the ability to listen in
played some role. For speech at the SRT in modulated nois@ips of a competing sound by increasing the gain for signals
with four-ERB gaps, the Al was increased to 0.55 whenjn the dips, thus improving the intelligibility of the speech.
NAL amplification was applied. Thus, in this case, perfor-However, laboratory studies of systems using fast-acting
mance was probably partly limited by part of the speechcompression have given mixed results, with some studies
spectrum being below absolute threshold. For speech Pr&showing no benefit or even a worsening in comparison to
sented at the SRT for the normal subjects with this noise, thgnear amplification and others showing moderate benefits
mean Al was 0.21. This value is small enough to indicate(vmchur, 1973; Lippmannet al, 1981; Villchur, 1982;
that reduced audibility would have played a substantial rolepjgore and Glasberg, 1988a; Mooet al, 1992; Hickson,
1994; Moore, 1996
IV. DISCUSSION The laboratory studies have generally used test materials
Linear amplification according to the NAL prescription covering a much smaller range of sound levels than would be
is generally regarded as one of the better formulas for fittingencountered in everyday life. Also, when background sounds
linear hearing aids. Also, our implementation of the NAL have been used, the most common sound has been steady
prescription, using digital filtering, was more accurate tharspeech-shaped noise. Our results suggest that this is not the
would normally be achieved in a conventional, wearablemost effective noise for revealing benefits of compression;
linear hearing aid; even though NAL targets were based omnoises with spectral and temporal dips might be much more
groups, the gains used for each individual were alwaysensitive; preliminary results obtained in our laboratories in-
within 3 dB of the target gains for that individual. In particu- dicate that this is, indeed, the case.
lar, the target gains at higher frequencies were achieved, Although our results suggest that the relatively poor per-
which is often not the case in wearable aids. Our result§ormance of the hearing-impaired subjects when listening to
showed that, even with NAL amplification, the performancespeech in background noise with spectral and/or temporal
of the hearing-impaired subjects remained worse than that afips was at least partly due to part of the target speech spec-
the normally hearing subjects. Furthermore, the Al calculairum being below absolute threshold, it is likely that other
tions indicated that, for the noise giving the lowest SRTssupra-threshold factors also contributed to their poor perfor-
(modulated noise with four-ERB gapsperformance was mance, especially when NAL amplification was applied. In
partly limited by some of the speech spectrum being belowparticular, it seems likely that reduced frequency selectivity
absolute threshold. In other words, the NAL amplification contributed to the relatively poor performance when the
did not provide sufficient gain to restore audibility of the background noise had spectral diffzattersoret al., 1982;
low-level parts of the target speech. Moore, 1995. Consider, for example, the Al values shown
While it is possible to increase the amount of linear gainin Table V for the young impaired group and the modulated
applied, this can only be done to a limited extent because afioise with four-ERB gaps. The mean Al value without NAL
loudness recruitment, which nearly always is associated witamplification was only 0.31, suggesting that a major factor
cochlear hearing loss. The threshold for detecting sounds Igmiting performance was the proportion of the target speech
higher than normal, but once the sound level is increasedpectrum that was above absolute threshold. However, when
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NAL amplification was applied, the Al at the SRT increasedtion, the Medical Research Coun¢lUK), the Hearing Re-

to 0.6. Since much more of the speech spectrum was abowearch Trust, and the European UniGHDE Projec}. Di-

absolute threshold in this condition, but the same perforanne van Tasell, Winifred Strange, and an anonymous

mance level was obtaing80% correc, it seems reasonable reviewer provided very helpful comments on earlier versions

to infer that the masking effect of the background noiseof this paper.

played a substantial role in limiting performance. The mean

SRT for this group with NAL amplification was 11.2 dB ansi (1969. ANSI S3.5-1969, “American National Standard Methods for

higher than for the young normally hearing group, which is a the Calculation of the Articulation Index(American National Standards

very large difference, probably too large to be explained by Institute, New Yorh. . _ _ -
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duced frequency selectivity Dreschler, W. A., and Plomp, R1980. “Relations between psychophysi-
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