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General introduction

11SPEECH INTELLIGIBILITY

Hearing-impaired ligenersoften have problemsin undersanding speech, evenwhenusngahearing ad.
This producesanumber of difficultiesin everyday life. Hearing-impaired persons may even experience
socid isolation dueto the problemsthey experiencewhen communicating with other people. Thisthesis
addresses the origin of reduced speech intdligibility. Section 1.1.1 describes the factors rdaed to
gpeech intdligibility in normd-hearing ligeners Section 1.1.2 discusses in what respect gpeech
reception in hearing-impaired ligeners differs from that of norma-hearing ligeners

1.1.1 Normal-hearing ligeners

Speech communication usudly takes placein the presance of ambient noise, liketraffic sounds, musc,
or gpeech from competing takers. The noise masks part of the speech, and as a result speech
informationislogt inthetrandfer from talker to listener. However, even when alarge part of the gpeech
sgnd ismesked, intdligibility may il be acceptable for normd-hearing ligeners This shows thet the
oeech 9gnd containsahigh leve of redundancy.
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Fig. 1.1. Sentence ¢ ng listeners, and of the

signal-to-noise ratio (upper scale; for aconstant S/N ratio over freguency).
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Chapter 1

The Speech Intdligibility Index (ANSl, 1997) is a physcad measure designed to predict speech
intdligibility for norma-hearing ligeners under avariety of adverse ligening conditions, such as noise
measking, filtering, or an devated hearing threshald. It is based on deta obtained from many ligening
experiments. The SlI is calculated from the spesch pectrum, the noise spectrum, and the hearing
threshold, and may be interpreted as the proportion of the total speech information avalabdle to the
ligener. When the ST ismaximd (1), dl gpeech information is available; when the ST is minimd (0),
no spesch informetion isavalade

In naturd peech, the indantaneous sound-pressure leve fluctuates around the long-term average
speech levd. In the S modd, it is assumed that dl gpesch informetion rdevant for intdligibility is
contained ina30-dB range, symmetric around the average speech levd. Thus, when for dl frequencies
the average peech levd is 15 dB aoovethelevd of amasking noise, dl speechinformationisavalable
(SI1=1). When the average gpeech sgnd is 15 dB bdow the noise levd, dl speech information is
masked by the noise (S11=0).

By usng an gopropriate trandfer function, the speechintdligibility score can be predicted from the
cdculated SI. The form of this trandfer function depends on the type of gpesch
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General introduction

meterid. Fgure 1.1 shows the trandfer function for smple meaningful Dutch sentences. This function
was measured by determining theintdligibility scorefor santencesasafunction of 9gnd-to-noiseratio

(SN ratio) for monaurd lisgening, with the noise gpectrum shaped according to the long-term gpeech
spectrum (Flomp and Mimpen, 1979). The SN ratio reguired for 50% sentenceintdligibility iscalled
the oeech-reception threshold (SRT) in noise For normd-hearing ligeners, the SRT in noise is
goproximatdy -5dB (i.e, the average speech levd is5 dB bdow the noise leve). This corregponds
to an S of 0.33 (s=e Fg. 1.1). Thus when 33% of the rdevant Soeech intengty fluctuations on a
decibd scde are available, 50% of the sentences are correctly understood. When speech and noise
are of equd leve (i.e, the SN ratio is 0 dB), the Sl is 0.5. Thus, with only 50% of the rdevant

intengty range available, sentence intdligibility isamogt 100%.

A broad frequency region from about 125 to 8000 Hz carries the most important information for

underdanding pesch. The information content of the gpesch is nat digributed evenly over this
frequency region. Fgure 1.2 shows the band importance function, representing the contribution to

indligihility of &x-octave frequency bands as afunction of their center frequendies (Paviovic, 1987).

From thisfunction it follows thet

level (dB)

250 500 1000 2000 4000
frequency (Hz)

Fig. 1.3. Schematic representation of the spectral envelope of two vowels. The solid line represents the /i/, and
the dashed linethe /e/.
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speechlow-passfiltered with acut-off frequency of 1600 Hz, aswdll as speech high-passfiltered with
1600 Hz, correspondsto an S1 of 0.5, i.e, dmog perfect intdligibility of smple santences. So, no
dngle part of the gpectrd range of goesch is essentid for intdligibility.

Whenthespeech 9gnd isaudible(i.e, abovethe dosol utethreshold and not masked by noise) ligeners
diginguishdifferent peech sounds on thebas sof the spectrd and tempord contragtsinthesgnd (eg.,
ter Keurs, 1992, Drullman, 1994). Therefore, ligeners need a sufficent auditory resolution both in
frequency and in time for understanding oeech. Fg 1.3 presents the envelope of the spectra of two
vowds the/i/ (0lid line) and the/ef (dashed line). Thisfigure showsthat corresponding formant peeks
can lie very dose to each other. This illudrates the need for a sufficent auditory spectrd resolution.
Snce it is assumed that dl normd-hearing ligeners are equely adle to percave the spectrd and
tempord contrasts necessary for speech intdligibility, the Sl modd doesnot take aligener’ sauditory
tempora or specird resolution into account.

112 Hearing-impaired ligeners

Hearing-impaired ligenersareless sengtivefor wesk sounds. Therefore, for hearing-impaired ligeners
Speech presentation levels have to be higher than for normd-hearing ligeners Amplification by a
hearing ad can fully compensate a conductive hearing loss. However, amplification often does not

restore sound perception to normd for listeners suffering from sensorineurd hearing impairment. The
reasonfor thisisthet asensorineurd hearing lossdoesnot Imply resultinanattenuation of dl sounds
entering the eax, but dso in adistortion of these sounds (Flomp, 1978, 1986).

FHgure 1.4 shows the effect of attenuation (A), digortion (D), and a combination of attenuation and

digtortion(A+D) onthe speech leve reguired for a50% sentence score, asafunction of thenoiselevd.

The atenuation component of asensorineurd hearing lossrepresentsthereduced senstivity. Fgure 1.4
shows that the effect of attenuation is thet the ligener needs higher goeech levds in quiet and in

conditions with low noise levels. At higher noise leves, the required soesch levd is not influenced by
the atenuation component of the hearing loss. Therefore,
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amplification ugng a hearing aid can compensate for  atenution. The effect of digortion is thet the
lisener needs a higher speech to noise levd, independent of the noiselevd itsdf (Hg 1.4). Therefore,
amplification using a hearing ad cannot compensate for the distortion component of sensorineura
hearing loss

The digortion component of a hearing loss can be esimated by messuring the SRT in noise & high
presentation levels The amount of increesein the SRT for a hearing-impaired ligeners rddive to the
SRT of normd-hearing ligenersisrdaedtothedigortion. However, despitethehigh presentationlevd,
part of the rdevant 30-dB dynamic range of the gpeech may il fal beow the hearing threshold of a
hearing-impaired ligener. This can happen for example when the ligener has a Segp frequency-

dependent hearing loss. In that case, the hearing-impaired lisener will haveahigher-than-norma SRT
in noise, because part of the gpeach will beinaudible. The S modd can be used to estimate the 9ze
of this so-cdled audibility effect, Snce the hearing threshold is one of the input parameters to the Sl

modd. When a hearing-impaired lisener needs the same amount of gpeech informetion as normd-

hearing ligeners(i.e, needsthesame S1) toreach the 50% intdligibility score, thismeansthat theorigin
for the higher SRT in noiseisan inaudibility of apart of the gpeech Sgnd. When the hearing-impaired
ligener nesds more gpeech information than normd-hearing ligeners
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(i.e, ahigher Sl), this indicates thet the heering-impaired listener suffersfrom asuprathreshold defiait
that digorts the perception of speech.

A suprathreshold deficit may be ether a defidit in basc auditory functions (eg., reduced spectra or
tempord resolution) or a defict in centrd gpeech and language processing. Van Rooij and Plomp
(1992) invedtigated the rdldive contribution of auditory and cognitive factors to speech perception in
ligenerswith agesranging from 53 to 94 years. They cond uded thet reduced goesch perceptionismost
likdly dueto defiatsin auditory factors

1.2 AIM AND EXPERIMENTAL DESGN

The am of this thess is to find those auditory defidits that cause the reduced intdligibility of
suprathreshold speech for hearing-impaired ligeners. To invedigate this issue, the rdation between
Speech perception and basic auditory functions was investigated. Performance of hearing-impaired
ligeners was meesured in ligening experiments on soesch intdligibility, and on auditory functionssuch
as Spectrd resolution, tempord resolution, intengty discrimination, and frequency discrimination. Once
the auditory defidits thet cause reduced intdligibility can be spedified, this may hdp designing hearing
adstha improveintdligibility.

Two agpects of the present experimentad goproach distinguish this thes's from preceding sudies thet
atempted to rdate reduced speech intdligibility to adeterioration of specific auditory functions Fr,
the SII modd was used to separate audibility effectsfrom the effects of suprathreshold deficits, before
rdaing soeech intdligibility to auditory functions Second, both speech intdligibility and auditory
functions were measured in a limited frequency region, thus increesing the chance to find any dear
reaions

To meeaure the intdligibility of spesch in alimited frequency region, anove intdligibility test (SRBT
test) was developed. The SRBT test isaderivaive of the wdl-known SRT test developed by Plomp
and Mimpen (1979). SRBT isan acronym of peech-receptionbandwi dth threshold, and it isdefined
as the minimum bandwidth of speach neaded to reach 50% sentence intdligibility. Complementary
notched noiseis
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added to the band-filtered peech Sgndl, in such away that only the frequency range within the gpeech
pessdhand can contribute to intdligibility.

This SRBT test was intended to be used with hearing-impaired ligeners while the full dynamic range
of the gpeech was above their hearing threshold. The dynamic range of most hearing-impaired ligeners
decreaseswith frequency. Therefore, the center frequency could not be chasen too high. Furthermore,
the gpeach had to be presented in afrequency region that contributessgnificantly tointdligibility. Figure
1.2 showsthat the frequency region that contributes most to the undersanding of goeech is centered
around 2 kHz. Hence, as acompromise, 1 kHz was chosen as center frequency inthe SRBT test. The
frequency region around 1 kHz till contains an important portion of the gpeech information.

130OUTLINE OF THISTHESS

After this fird introductory chapter, the thess continues with the development of the SRBT ted,

described in chapter 2. In the SRBT tedt, the bandwidth of the gpesch Sgnd is varied in an adaptive
procedure. The sep Sze to be gpplied in this procedure was determined in a pilot experiment. In the
manexperiment, the SRBT was meesured for norma-hearing lisenersa various sound-pressurelevels
and imposed spectrd tilts. This produced a frame of reference for interpreting results of hearing-

impaired ligeners

In chapter 3, the results of SRBT measurements with hearing-impared liseners are presented.

Additiondly, threshaldsusing thetraditiond SRT test arereported for threeconditions inquiet, innoise,

and whilespectraly adapting oeech and noisetofit theindividud ligeners dynamicranges Theorigins
for an devated SRT and a broader-than-normd SRBT are divided into an audibility part and a
uprathreshold part by gpplying the SII modd. The suprathreshald deficitsin the Speach perception of

each ligener are quantified by the additiona amount of gpeach informetion needed for an intdligibility
score of 50% (as compared to normd-hearing ligeners). At the end of chapter 3, the extent to which
the suprathreshold deficit can be predicted from the hearing lossis investigated.
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The maintopic of thisthessisaddressed in chapter 4, in which thresholds of hearing-impaired ligeners
on speechrintdligibility tests and on auditory-function tests around 1 kHz are presented. Speech
intligibility was assessed with the same tets as used in chapter 3. The measured auditory functions
were detection efficiency, tempord and spectrd resolution, tempord and spectrd integration, and
discrimination of intengity, frequency, rhythm, and spectro-tempora shape. The effect on intdligibility
of increased Soread of masking was investigated by modifying the S| modd toindudetheindividudly
meesured soread of masking. Additiondly, corrdations between suprathreshold deficits in speech
perception and auditory functions are given. The posshility of predicting suprathreshold gpeech
perception from the measured auditory functions of theindividud lidenersisinvedigated.

Inchapter 5, agenerd discussonisgiven of the mogt important results of thisthess. Some posshilities
to improve Spesch intdligibility using Sgnd processing in ahearing ad arereviewed, in thelight of the
uprathreshold defidts that were found detrimenta for intdligibility in chapter 4. Findly, a discusson
is presented on the extent to which the results ontheintdligibility testsin thisthessmay be conddered

representative for everyday oeech perception.
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Measuring the threshold for speech reception
by adaptive variation of the signal bandwidth.
|. Normal-hearing listeners

An adaptivetest hasbeen devel oped to deter minethe minimumbandwidth
of speech that a listener needs to reach 50% intelligibility. Measuring
this speech-reception bandwidth threshold (SRBT), in addition to the
mor e common speech-reception threshold (SRT) in noise, may be useful
in investigating the factors underlying impaired suprathreshold speech
per ception. Speech was bandpass filtered (center frequency: 1 kHz) and
complementary bandstop filtered noise was added. To obtain reference
values, the SRBT was measured in 12 normal-hearing listeners at four
sound-pressure levels, in combination with three overall spectral tilts.
Plotting SRBT asa function of sound-pressurelevel, resultedin U-shaped
curves. Themost narrow SRBT (1.4 octave) wasobtained at an A-weighted
sound-pressure level of 55 dB. The required bandwidth increases with
increasing level, probably due to upward spread of masking. At a lower
level (40 dBA) listeners also need a broader band, because parts of the
speech signal will be below threshold. The SI (speech intelligibility
index) model reasonably predicts the data, although it seems to
under estimate upward spread of masking.

Journdl of the Acoustical Society of America 105, 2895-2902 (1999)
(http://gjpsap.org/jasa)
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2.1INTRODUCTION

Sensorineurd hearing lossnat only reducesthe sengttivity for soft sounds, but often decreasesthe aallity
to underdand gpeach presented well above the hearing threshold. The difficulties heering-impaired
ligeners encounter in understanding suprathreshold gpeech become especidly dear when gpeechiisin
some way digorted or masked. In everyday studions, ambient noise is the most frequent disurbing
factor. Plomp and Mimpen (1979) deve oped an adaptive test for accuratdly messuring the speech
reception threshold (SRT) for sentences in noise. The SRT is defined as the Sgnd-to-noise ratio
required for 50% intdligibility, with the noise spectrum shaped according to the long-term peech
spectrum. Hearing-impaired ligeners often need higher sgnd-to-noise raios than normd-hearing
lisenersto correctly understand 50% of the sentences. Theincreaseof thesgna-to-noiseratiorequired
for gpeech underganding is denoted as hearing loss for speech in noise (Flomp, 1978).

Various efforts have been made to rdae hearing loss for gpeech in noise to adeterioration of spedific
auditory functions, but they did not leed to adear picture. Festen and Plomp (1983) investigeted the
relaions between the pure-tone audiogram, frequency resolution, tempord resolution, and speech
reception in noise for 22 sensorineurd hearing-impaired ligeners with moderate losses Al tests
concerning frequency resolution and tempord resolution were performed & 1 kHz. Hearing loss for
gpeech in noise was rdaed to various messures of frequency resolution a& 1 kHz (corrdlation
codffidentsfrom 0.49t0 0.63). No sgnificant corrdationswere found between hearing lassfor gpeech
in noise and tempora resolution or the audiogram. Glasberg and Moore (1989) found a rdaion
(R=0.56) between the SRT in noiseand the audiogram for 15 subjectswith moderate cochlear hearing
loss, but corrdaions were higher with various meesures of both frequency resolution and tempord
resdlution & 0.5, 1, and 2 kHz (corrdaion coefficents from 0.59 to 0.68). Van Rooij and Plomp
(1990) found sgnificant corrdations between the SRT in noise and pure-tonethresholdsfor 72 dderly
subjects. In contrast to the previous sudies, frequency resolution and tempord resolution & 0.8 and
2.4 kHz could nat account for an additiond part of the variance. Smoorenburg (1992) showed thet the
pure-tone average a 2 and 4 kHz isan adequate predictor for the SRT innoisein 200 individuaswith
noise-induced hearing loss (R=0.72). This

12
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prediction could not be improved by taking into account two messures of frequency resolution: the
criticd ratio a 0.25 and 0.5 kHz for low-frequency noise (cut-off frequency of about 0.7 kHz) andthe
dope of its upward oreed of masking.

Invery generd terms, one may identify two main factors underlying aligener’ s hearing lossfor goeech
innoise (1) areduction of the effective frequency range (for indancein case of ahigh-frequency 10ss),
and/or (2) adeterioration in suprathreshold sound processing. Only inthelatter case, onewould expect
a corrdation between SRT and specific auditory functions like frequency resolution and tempora
resolution.

For understanding speech, a broad frequency region from about 125 to 8000 Hz is important.

Therefore, corrdations between the ability to undersand wideband speech and auditory functions a
a edific frequency may be amdl or dosant. In order to find dear corrdaions between speech
underdanding and auditory functions at a specific frequency, it is more rdevant to congder only a
limited frequency range of the gpeach, inwhich thefull dynamic range of the gpeechisabovethehearing
threshold.

In the present study, anadaptivetest was deve oped that may be hdpful ininvedtigating thefactorsthet
cause reduced intdligibility of suprathreshold speech. This tes determines the minimum pesch
bandwidth around 1 kHz required for 50% intdligibility (Speach+reception bandwidth threshold or
SRBT). To obtain reference SRBT vaues, the SRBT for normd-hearing lideners was determined.

If a hearing-impaired ligener cannot reach 50% intdligibility with the same frequency region as a
norma-hearing ligener, then (1) this frequency region does not operate as wdl as for the normd-

hearing ligener, and (2) the hearing-impaired listener will have awider-than-normd SRBT. Thus, the
cause for awider-than-norma SRBT mugt be due to changes in the auditory sysem in the 1-kHz
frequency region. Consaquently, correlations between auditory functions at 1 kHz and the SRBT are
more obvious than correlations between auditory functions a some frequency and thewideband SRT
innoise

The SRBT test may beincorporated in atest battery inwhich, for agroup of hearing-impaired ligeners
severd auditory functions are messured at 1 kHz. A srong corrdation between a pecific auditory
function & 1 kHz (eg., frequency resolution, tempord resolution, or intengty discrimination) and the
SRBT would suggest thet the deterioration

13
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of this auditory function underlies the impaired ability to undersand suprathreshold soesch.

The frequency region that is mogt important for undergtanding gpeech is centered a 2 kHz (Pavlovic,
1987). However, 1 kHz was chosen as a center frequency for the oeech filter in the SRBT ted,
because this test isintended to be presented to hearing-impaired ligenerswith thefull rdevant dynamic
range of the goeech above their hearing threshold. The dynamic range of the speech thet isrdevant for
inteligibilityisbest gpproximated as 30 dB (Steeneken and Houtgadt, 1980). If the dynamic range (the
difference between uncomfortable loudnesslevd and hearing threshold) of ahearing-impaired ligener
is gmdler than 30 dB in the frequency region involved in the SRBT ted, presenting the full rdevant
dynamic range of the speech above hearing threshold is not possible. For many hearing-impaired
ligenersasmdl dynamic rangeistypicaly found in the high-frequency region. Therefore, asomewhet
lower frequency, 1 kHz, was chosen as center frequency of the gpeech filter inthe SRBT test. Withthis
center frequency, the goeech is dill presented in a frequency region thet contributes Sgnificantly to
intdligihlity. For indance, in a gpeech band of 1 octave, 26% of the rdlevant spesch information is
present when it is centered a 2 kHz, and 24% when it is centered & 1 kHz (Pavloic, 1987).

Inthe SRBT tegt, agmilar adgptive procedure aswiththe SRT test wasfollowed, except thet now the
bandwidthof the sentenceswas changed in the up-down procedure. Complementary bandstop-filtered
noise was added to the gpeech to limit the frequency region contributing to intdligibility as much as
possble

The SRBT was mesasured for 12 normd-hearing ligeners a four sound-pressure levels (SPLs). We
aso invedigated the effect of imposing a spectrd tilt of -6 or -12 dB/octave. Thisis of interest for
comparing the performance of hearing-impaired ligeners with a doping audiogram to resuts of the
normd-hearing ligeners

The SRBT can be expressed in SI (speech intdligibility index) vaues The effectiveness of the Sl

modd in predicting the SRBT of norma-hearing ligenersfor the various conditions was examined. If
the SII modd is condgtent with the resuits of the normd-hearing listeners, the modd will yidd fixed
intdligihility indices a the threshold. In that case, the modd can be usad in future experiments as a
framework to predict the basdine SRBT of individud hearing-impaired ligeners, given the speech
gpectrum, the noise spectrum, and the audiogram. The rationde isthat the deviation of the actud

14
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performance from the SII modd predictions can be usad to “quantify” the degree of deterioration in
suprathreshold gpeech processing of hearing-impaired ligeners.

Inthe SRBT experiments, narrow-band gpeech ispresented to theliseners. Toinvestigate whether the
S a 50% intdligibility for narrow-band speech isequd to the ST a 50% intdligibility for wideband
gpeech, thedandard SRT innoise (Flomp and Mimpen, 1979) wasa so measured. Additiondly, 50%
inteligibility thresholdsfor two intermediate condiitions were measured: the SRT for a2Y2-octave band
of gpeech, and the SRBT a adgnd-to-noiseratio of 0 dB.

2.2SPEECH INTELLIGIBILITY INDEX

The speech intdligibility index (1) isaphyscd messure that is highly corrdated with the intdligibility
of gpeech under a variely of adverse ligening conditions, such as noise masking, filtering, and
reverberation(ANSl, 1997). Itisamgor revison of the Articulation Index (ANSI, 1969). TheSl1 can

be represented by theequation I~ 3§ I A, (2.1
1

n
[
where n isthe number of frequency bands used in the cdculaions The band-importance function |;
reflects the importance of frequency band i to gpeech intdligibility. The band-audibility function A is
equd to the effective proportion of the speech dynamic range within band i thet contributes to
indlighility. Input varigbles of the S1 modd are the gpeech goectrum, the noise spectrum, and the
hearing threshold.

The SII may be interpreted as a proportion of the tota gpeech information available to the ligener.
Whenthe S1 ismaximd (1.0), dl gpeech informetion is avalable to the lisener. The lowest vaue of
the S (0.0) sgnifiesthat no speech information isavallable.

Inthis study speech-reception thresholds as wel as speech-reception bandwidth thresholds were
meesured. At these thresholds 50% of the sentences are intdligible for the ligeners. Therefore, equa
Slisare expected a these thresholds.

15
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23METHOD

2.3.1 Materialsand design

The spesch materid consgted of 16 ligsof 13 everyday Dutch sentences (eight or ninesyllables). Eight
ligs were pronounced by a femde spesker and eight lits by a mae spegker (Flomp and Mimpen,
1979; Smoorenburg, 1992). For masking, a Gaussian noise was used, shaped according to the long-
termaverage spectrum of the sentences. The shape of thelong-term average spectrum was determined
separady for the two speskers Both the speech and the noise were digitized & a sampling rate of
15,625 Hz with 16-bit resolution.

The experiment conssted of two parts. In the firg part the SRBT was measured & various sound
pressure levels and imposed spectrd tilts In the second part the combined effect of noise and
bandwidth reduction was investigated.

Twdve ligs of sentenceswere used inthefirgt part of the experiment and four ligsin the second part.
The ligswere presented in afixed order. To avoid order and list effects, the presentation order of the
conditions was counterbaanced over theligenersaccording to aL atin square, 12 x 12 for thefirgt part
and 4 x 4 for thesacond part of the experiment. With 12 subjects, each sequencewas presented to one
subject in thefirg part and to three subjectsin the second part of the experiment.

Inthe SRBT expaiments, the bandwidth of the speech Sgnd was varied. The gpeech was bandpass
filtered with afixed center frequency of 1 kHz. The bandpassfilterswerefiniteimpul seresponsefilters,
desgned by windowing, with 256 codffidents This alowed onHine processing of the spesch.
Bandstop noise was added to the speech (Fg. 2.1) to mask speech components be ow and abovethe
cut-off frequendes of the bandpassfilter, and to regtrict spread of excitation of the gpeech. Although
gpread of exatation in the auditory system does nat provide new information, the speech could Soread
to afrequency region in which the integrity of the auditory sysemisbetter thenin thefrequency region
amed a. The bandstop noise spectrum was complementary to the speech passhand. The noise was
filtered off ling, usng finite impulse response filters with 1024 coefficients. The leve and spectrum of
the flanking noise were equd to the longterm average of the speech. Therefore, the SPL
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Fg 2.1. Example of one combination of filters, used for filtering the speech (solid ling) and noise (dashed lines) in
the SRBT experiment.

of thetotd Sgnd (gpeech plus noise) remained congant, independent of the speech bandwidtth.
Inthefird part of theexperiment the SRBT wasmeasured in 12 condiitions: four A-weighted SPLs(40,
55, 70, and 85 dB) each at three imposed spectrd tilts (0, -6, and -12 dB/octave). The tilt was
imposed on the totd Sgnd, i.e,, the bandpassHiltered gpeech and the bandstop-filtered noise. The
sound-pressure leve was defined as the levd of the Sgnd before gpplication of the spectrd tilt. The
gpectrd tilt of -6 dB/octave was obtained by low-passfiltering the sgnd with acutoff frequency of 250
Hz Thefilter of -12 dB/octave had acutoff frequency of 500 Hz. After thislow-passfiltering, thesgnd
was amplified by 12 dB to obtain afixed goectrum leve a the 1- kHz center frequency of the gpeech
band for the three spectrd ftilts.

In the second part of the experiment four messurementswere parformed a an A-weaghted leve of 70
dB: (1) the SRBT asin thefird part of the experiment, (2) the SRBT in broadband speech-shaped
noise, withasgnd-to-noiseraio of 0 dB in the gpeech passband, (3) the SRT with a2Y2octave band
of gpeach (center frequency: 1 kHz) in broadband speech-shaped noise, and (4) the dandard SRT in
noise
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2.3.2Listeners

Tweve normd-hearing ligeners, ranging inagefrom 19to 34 years, participated intheexperiment. The
pure-tone air-conduction thresholds in the tested ear did not exceed 15 dB HL at octave frequendes
from 125 to 8000 Hz.

2.3.3 Test procedure

Inthe SRT experiment, the levd of the sentences was changed according to an adgptive procedure
(Pomp and Mimpen, 1979). Thefirg sentence of alist was presented a aSgnd-to-noiseratio of -8
dB. This sentence was repeeted, each time & a 4-dB higher levd, until the listener could correctly
reproduce the sentence. The subsequent 12 sentences were then presented only once, using an up-
down procedure with asep gze of 2 dB. The SRT was defined as the average Sgnd-to-noise ratio
of sentences 5 to 14. Sentence 14 was not actually presented, but its Sgnd-to-noise ratio was known
from the reponse to sentence 13. The A-weighted leve of the masking noise wasfixed & 70 dB.

In the SRBT tet, a procedure comparable with the SRT test was followed, except that now the
bandwidth of the speech Sgnd was changed adaptively. In an adgptive up-down procedure, the Sep
gze isvery important. If the gep 9zeistoo large, the error variance of the threshold estimate will be
large. If the Sep 9zeistoo amdl, many observationsarewagted in converging on thethreshold (L evitt,
1971). Inthe SRT expariment, thedopeof theintdligibility scoreasafunction of leve isabout 20%/dB
over the midde range (Flomp and Mimpen, 1979). This correspondsto 40% inintdligibility score per
gep in the adaptive procedure. To find an equivdent sep Sze for the SRBT procedure, a pilot
experiment was performed with 10 normd-hearing lisenersin which spesch intdligibility (percentage-
correct score for sentences) was measured in 10 conditions of bandwidth reduction. The 10
bandwidths were equidigant on a logarithmic frequency axis Near the 50% intdligibility score, a
widening of the speech band (in Hz) by afactor 1.37 gppeared to give about the same increase in
intdligibility asa 2-dB increment of the Sgnd-to-noiseraio in the SRT procedure. Hence, we chose
agep szeinthe SRBT procedure corresponding to multiplication or divison of thebendwidth (inHz)
by afactor 1.37.

Inthe SRBT procedure, the firg sentencein alis was presented initidly a a600-Hz bandwidth. This
Ssentence was repeated each time with the bandwidth multiplied by
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(1.37)? (adouble step), until the listener could correctly reproduce the sentence. The other sentences
inalig were presented only once. If a sentence was repeated correctly, the bandwidth for the next
sentence was divided by 1.37. If a sentence was not repeated correctly, the bandwidth for the next
sentence was multiplied by 1.37. The SRBT was defined as the geometric mean of the bandwidth of
sentences 5to 14.

The dimuli were presented monaurdly through headphones (Sony MDR-CD999) in a soundproof
room. Before the experiment, aligt of 13 sentenceswias presented, to familiarize the ligenerswith the
procedure. During this familiarization, an SRBT test was parformed a an A-weighted SPL of 70 dB
and aspectrd tilt of -6 dB/octave.

2.3.4 91 calculations

The S was cdculaed falowing the a-octave band procedure of ANS (1997). For freefidd
ligening, the ST calculaion procedureis based on the SPLs of gpeech and noise measured in absence
of the listener at the podition of the listener’ s heed. For other ligening Stuations, the SPLs need to be
trandformed to equivaent SPLsthat would have been messured a the listener’ spogtionin afreefidd,
while producing the same SPL a the eardrum of the lisener as under the actud drcumstances.

Inthisstudy, the SPLsof the gpeech and noisewere measured in & -octave bands withthe headphone
(Sony MDR-CD999) onaBrid & Kjaa type4152 atificid ear with aflat-plaiecoupler. These SPLs
need to be trandformed to equivdent freefidd levels. The gopropriate “atificd-ear-to-freefidd

trandfer function” was cdculated, congdering that a threshold the SPL a theeardrumwill bethesame

for both free-fiddd and headphone measurement.

For this purpose, absolute thresholds were measured with 10 normd-hearing liseners a octave

frequencies from 250 to 4000 Hz through headphones. In designing the appropriate transform, a
revised free-fidd hearing threshold was usad, because research by Killion (1978) and Berger (1981)

suggeststhat |ISO R226 (1961) isin eror a low frequendies. The “ atificid-ear-to-freefidd trander

fundion” was cdculaed as the difference between the free-field hearing threshold (corrected by a
“monaurd disadvantage’ of 2 dB) and the average threshold for the normal-hearing subyjects listening

19



Speech-reception bandwidth threshold

3.0\\.

O -6 dB/octave

{ ® 0dB/octave
V¥V -12 dB/octave

N
o

SRBT (octaves)
N
o

=
ol

1.0 1 1 1 1

A-weighted level (dB)

Fg. 22. Mean speech-reception  bandwidth threshold for 12 norma-hearing listeners (symbols) and predictions by
the SII modd (curves) as a function of A-weighted sound-pressure level, with spectra tilt as a parameter. The vertica
bar represents the inter-individual standard deviation. Predictions from the SII model deviate substantially from the
dataat 85 dBA.

through headphones. The free-fidd hearing threshold usad inthisca culaionisidentica to1S0 (1961)
at 500 Hz and above, whereas from 400 Hz downwardsto 100 Hz the SPLs are between 1 and 8 dB
higher.

With the “ artifidd-ear-to-free-fidd trandfer function” SPLs of gpeech and noise, measured on the
atifiadd ear, were trandormed to equivdent freefidd leveds. These freefidd SPLs were next
converted to spectrum levels, contained within aband 1 Hz wide, as required by the SI1 procedure.

24RESULTS
Themean SRBT (in octaves) for four sound-pressurelevelsand three spectrd tiltsis presented by the
symbasinHg. 2.2. Thelinesinthisfigurerepresent S predictions andwill bediscussedin Sec. 2.5.2.

Because the inter-individud sandard deviaion did not sgnificantly differ over the 12 conditions, the
mean Sandard deviation (0.29 octave)
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is given only once, in the upper-left corner. The mogst narrow SRBT (1.33 octave) isobtained at 55
dBA for the spectrd tilt of O dB/octave. Between 55 and 85 dBA, the SRBT increaseswithincreesing
SPL and stegpening spectrd tilt. Thewidest SRBT (2.45 octave) isfound a 85 dBA and atilt of -12
dB/octave. At 40 dBA the SRBT ison average about 0.5 octave wider than at 55 dBA.

To evduatethe efects of levd and tilt, atwo-factor andyssof variancefor aLain Square desgn with
repeated measures on both factors was performed (Neter et al., 1990). The effect of level was
ggnificant [F(3,110)=52, p<0.001] aswastheeffect of tilt[F(2,110)=24,p<0.001] and theinteraction
[F(6,110)=3.8, p<0.01]. Pairwise comparisons of the mean scores with the Tukey HSD test (Hays
1988) showed that ligeners need a dgnificant wider SRBT than the mogt narrow SRBT (a thetilt of
0 dB/octaveand 55 dBA) in eight conditions (p<0.05): dl spectrd tiltsat 40 and 85 dBA, and thetilts
of -6 and -12 dB/octave a 70 dBA.

In each SRBT measurement, 13 sentences were presented a various bandwidths around the SRBT.
The response on each sentence (correct or incorrect) is known. From these data, the proportion of
correctly repeated sentences as a function of bandwidth can be caculatied. Thefirg sentence of eech
lig is exduded from the caculation, because this sentence was presented more than once to each
lisener. To cdculate one psychometric function from dl 1728 responses (12 sentences x 12 ligeners
x 12 conditions), the bandwidth of eech presented sentenceis converted to ardative bandwidth (RB)
by scdling the actud bandwidth rdaive to the corresponding SRBT for thet condition and lisener:

B " bandwidth (in H2) _ (2.2
SRBT (in Hz)

Next, the percentage-correct score as afunction of this rdative bandwidth is cdculated (Fig. 2.3). A
logigtic function isfitted to the data using the maximum+likdihood method. The obtained function can
be written as

100

score " ——.
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Fg 2.3. Mean percentage-correct score for sentences as a tunction of the bandwidth relative to the SRBT, based
on 1728 responses (12 sentences x 12 listeners x 12 conditions).

By definition, ardative bandwidth of 1 corregponds to 50% intdligibility. At ardaive bandwidth of
0.7, only 10% of the sentences are reproduced correctly by the ligeners. At ardative bandwidth of
1.4, the number of correctly repeated sentences reaches dmost 90%.

Over the middle range, the dope of the psychometric function is about 40% in intdligibility score per
2-dB step inthe SRT procedure. In the stegpest section of FHg. 2.3, the chaosen Sep Sze (multiplication
of the bandwidth by 1.37) gopears to reault in a dightly segper dope of about 50% in intdligibility
score per step.

The means and Sandard deviations of the two SRBT and two SRT vaues, which were measured in
the second part of the experiment are presented in Table 2.1. These conditions represent combinations
of noise addition and bandwidth reduction that dl leed to a 50% intdligibility. As expected, as the
ggnd-to-noise ratio decreases listeners need a broader band of speech to understand 50% of the
sentences.

The SRBT a the leve of 70 dBA was measured in both parts of the experiment, with the same
ligeners. The average SRBT was 1.43 octave in the fird part of the experiment and
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Table 2.1. Four combinations of noise addition and bandwidth reduction leading to 50% inteligibility, and the
corresponding modified speech intdligibility indices. Standard deviations are given between parentheses.

Condition SRT (dB SIN ratio) SRBT (octaves) S

No noise 1.41(0.15) 0.319 (0.052)
2Y>octave band 4222 0.366 (0.054)
0dB SN raio 3.39(0.50) 0.341 (0.037)
No band-limiting -3.8(1.1) 0.324 (0.036)

1.41 octave in the second part. A t test for matiched samples revedled no dgnificant learning effect
(p<0.05). Therefore, the dandard deviation of individud SRBT vaues could be cdculated. This
sandard deviation, which represents ardigbility meesure of thetedt, is0.15 octave.

2.5DISCUSSION

2.5.1 Effect of level and tilt on the SRBT

The SRBT gopearsto vary condderably as afunction of presentation levd and spectrd tilt and is in
this respect, far less robugt than the SRT in noise. Quditaivey, this may be understiood as aresult of
the spectrd configuration of the gimulus in the SRBT-expariment, i.e,, a central spectrd region of
(physcdly) unmasked gpeach flanked by two noisebands. Thisconfiguraionisvulnerablefor theeffect
of upward goread of masking, which is expected to increase with leve and negative spectrd tilt. The
increased SRBT for the40-dBA condition probably reflectsthat thelower part of therdevant dynamic
range of gpeech in the unmasked centrd dimulus region dreedy fals beow the hearing threshald. The
gimulus configuration in the SRT tedt, with alow oesch+to-noiseratio over thewhole specira range,
IS much less sengtive to these effects

Usudly, for the SRT in noise athreshold isobtained which isindependent of sound-pressureleve, but
Smoorenburg (1992) reported that the SRT asafunction of noiseleve increases 1.4 dB between 50
and 80dBA for norma-hearing liseners. Probably, thiswasa o caused by upward soreed of masking.
Van Dijkhuizen et al. (1987) investigeted the
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effect of various spectrd tilts on the SRT in noise, & an SPL of 80 dB. They conduded that spectrd
tilts from about -7 up to +10 dB/octave do not affect the SRT in noise. At the spectrd tilt of -12
dB/octave the SRT was about 6 dB higher than without tilt. This was partidly explained by upward
goreed of masking.

2.5.2 Predictions by the SI1 model

For amore quantitative goproach to interpret the present data, the Sl ca culation modd was gpplied,
which indudes the effects of upward soread of masking and peech audibility. The S was calculated
for the 12 SRBT vadues measured in the fird part of the experiment. At these speech-reception
bandwidth thresholds, 50% of the sentences are intdligible for the ligeners. Consequently, equa
speech intdligibility indices are expected at these thresholds.

Theaurvesin Ag. 2.2 connect SRBT vaueswith an S1 of 0.33. Thisvaue correspondsto the 1 for
the average SRBT in the 70-dBA condition without goectrd tilt. This S| was used asareference for
the 11 other SRBT vdues, because in the 70-dBA condition without spectrd tilt dl speech is wdl
above hearing threshold and the SRBT is not wider due to upward soread of masking. Thus, the Sl
in the 70-dBA condition without specird tilt is essantidly insengtive for amdl erors in the input
vaiables of the S modd (gpectrum levels of speech and noise, and hearing threshold).

The observed increase in SRBT a 40 dBA is conggent with the predictions by the SII modd. The
predicted SRBT increases as the presentation leve decreasesbdow 55 dBA, because part of the 30-
dB dynamic range of the gpeach fdlsbdow hearing threshold. For levels between 55 and 85 dB, both
observed and SlI-predicted SRBT increase with increasing SPL and stegpening spectrd tilt. The
increaseinthepredicted SRBT isdueto the estimeted effect of upward Soread of masking. At 85dBA,
the modd dso predicts some leve digortion (i.e, the decrease of intdligibility because of a high
presentation levd). However, the amount of digtortion is o amdl, that the influence on the predicted
SRBT isnegighle

The observed SRBT increases fadter than the predicted one between 55 and 85 dBA. This suggests
that the Sl modd underestimates the effect of upward soreed of masking of the low-frequency noise
band. The exact way in which the upward soread of masking is accounted for by the modd greetly
influencesthe caculaied S| for the presant
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conditions. This holds especidly for those conditions with the high SPLs and the negative spectrd  ilt.
The SPL of the low-frequency noise was higher than the SPL of the gpeech in the frequency region
around 1 kHz, espedidly in the conditions with a spectrd tilt of -6 or -12 dB/octave (but dso without
gpectrd tilt), because the noise was obtained by bandstop filtering the speechrshaped noise
Furthermore, no externd noiseis present in the frequency region around 1 kHz, so when the upward
spread of masking reechesthelower limit of the dynamic range of the speech, it dreedy dartsto affect
goeech intdligibility.

A possible explanation for the discrepancy between our dataand the predictions by the Sl modd is
that the dope of the masking curvein the Sl modd may be too segp for low-frequency maskers. In
the SII modd, the dope of the upward soread of masking in dB/octave (C;) due to frequency band i
iscdculated as

C," &80%0.6{BL, , (24)

whereBL,; isthe SPL of frequency bandi. Thisprocedureisbased onthea-octave soreed of masking
protocol discussedin Ludvigsen (1985), who deduced thisrd ation from themasking curves of Zwicker
(1963) with masker frequendies of 650, 1000 and 2000 Hz. Inthe Sl modd , thedope of themasking
curve does not depend on masker frequency. However, bdow 500 Hz the rdaive bandwidth of the
auditory filter increases with decreasing center frequency (Moore, 1986). Thus, for frequenciesbe ow
500 Hz, thedope of the masking curve may be expected to decreasewith decreasing center frequency.
Thiseffect is not accounted for by the ST modd.

2.5.3 Modified SI1 model

Thepresent Sl modd cannot accurately predict the SRBT of thenormd-hearing ligenersinthevarious
conditions of this experiment, making it unfit to predict the SRBT in future experiments with hearing-
impaired ligeners Wetried to modify the Sl modd in order to find a better correspondence with the
SRBT messurements

In the Al modd (ANS , 1969) the cdculation of the upward soreed of masking is frequency
dependent. Therefore, the masking goectrum was recd culated using the Soreed-of-masking dgorithm
fromtheold ANS S3.5 sandard.

25



Speech-reception bandwidth threshold

3.0 \ \ T T T T /
@® 0 dBloctave
\ { O -6 dBloctave /

Vv -12 dBfoctave /4

N
a1

SRBT (octaves)
N
o

[
v
o\ o o .
15 \ — e—— —_—
1.0 1 1 1 1
40 55 70 85

A-weighted level (dB)

Fg. 2.4. Mean speech-reception bandwidth threshold for 12 norma-hearing listeners (symbols) and predictions by
a modified SIl modd (curves) as a function of A-weighted sound-pressure level, with spectrd tilt as a parameter. The
veatica bar represents the inter-individua standard deviation. For dl presentation levels the SII predictions are in
good agreement with the data.

However, thisdid not leed to better predictions. At 70 dBA, the observed increasein SRBT whenthe
spectrd tilt becomes more negativeisnot predicted by the Sl modd withtheold ANS S35 soread-
of-masking dgorithm, while thisincrease is predicted by the unmodified SII modd. For the negetive
goectrd tiltsa 85 dBA, the SII modd with the old ANS S3.5 spread-of-miasking agorithm predicts
SRBT vduestha are about the same amount too high asthe predictions by the unmodified ST modd
aretoo low.

Inasacond attempt to obtain abetter correspondence between the 12 SRBT measurementsinthefirst
part of the experiments and the SII modd, shdlower dopes of the masking curves were used for
frequencies bdow 500 Hz. The dope of the masking curve (in dB/octave) was chosen to decrease
linearly with center frequency below 500 Hz. Thus, for a-octave bands with masker frequencies
grester or equd to 500 Hz (i.e, i1$6), the dope of the masking curvewas ca culated according to Eq.
(2.4) and for a-octave bands with center frequencies below 500 Hz (i.e,, 1<6) according to
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C, " [1&(6&i)ia] i[&80%0.6iBL,] . (25)

The parameter @ was varied on apod-hoc bass The differencesbetween the 12 Sliswereminimized
for &= 0.08.

Only rardy has the masking pattern of narrow noise bands below 500 Hz been measured. Mawad
(1967) measured the masking pattern of a narrow-band noise with a center frequency of 250 Hz and
anSPL of 60 dB. Thedopeof the masking curvewas about -30 dB/octave. Combingtion of Eq. (2.5)
withi =3 and & = 0.08 resultsin adope of -33 dB/octave, S0 the vaue of 0.08 seems reasonable.
With theinduson of Eq. (25) in the SII modd, the differences among the 12 Slis were decreased.
FHgure 2.4 agan shows the SRBT measurements (symboals), but now with the predictions by the
modified Sl modd (lines). The equa-S1 contours (S1 of 0.33) in Fg. 2.4 correspond better to the
SRBT messurements than the curvesin Hg. 2.2. The 40-dBA conditions with a spectrd tilt of -6 or
-12 dB/octave provided theonly sgnificant differencesbetween messured and calculated SRBT (t test,
p<0.05). The cause may beasmdl deviaion of the SPL or hearing threshold inthe cdculationsfrom
itsactud vaue The caculaled SRBT increased very fast with decreesing SPL intheregion around 40
dBA. Consequently, a smdl deviation of the SPL or hearing threshold results in a large change in
SRBT.

Thefour conditionsin Table 2.1 are combinaions of noise addition and bandwidth reduction thet dl
leed to a50% intdligibility. Therefore, equa peech intdligibility indices are expected for these four
conditions The exact way in which the upward soread of masking is cdculaied in the SII modd hed
a negligible effect on the Sl for these four conditions. The average and $andard deviation of the
individua modified S, is given in the last column of Table 2.1. An andyds of variance for aLatin
Square design with repeated measures showed a Sgnificant effect of condition on the speech
intdligibility index [F(3,30)=4.55, p<0.05]. Pairwise comparisons of the mean scoreswith the Tukey
HSD test (Hays, 1988) showed that the SII in the 2%/2-octave-band condition was Sgnificantly higher
(p<0.05) than in the no-noise and no-bandlimiting conditions. So far, we have no explandtion for this
finding.
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2.5.4 Reference SRBT values

The SRBT tedt is meant as atool for studying imparment of suprathreshold speech processng in
hearing-impaired ligeners. The am of this experiment was to obtain reference SRBT vaues as a
framework for interpreting future results with hearing-impaired ligeners It gopeared thet for normal-

hearing ligeners four conditionsin our experiment were optimd for the SRBT measurement (i.e, no
influence of upward goreed of masking or the hearing threshold): the three spectrd tilts a the SPL of
55 dBA, and no spectrd tilt a the SPL of 70dBA. Inthese conditions, the SRBT is about 1.4 octave
(i.e, afrequency band from 600 Hz to 1600 Hz).

Vaiousfrequency bandscontributedifferent amountstointdligibility. Therefore, thebandwidthrequired
to underdand 50% of the speech is frequency dependent. As mentioned in Sec. 2.1, the frequency
region thet ismost important for undergtanding speech is centered & 2 kHz. Thus, if 2 kHz had been
chosen as center frequency, probably asmdler SRBT would have been measured. According to the
Sl modd, theimportance of the frequency region from 600 to 1600 Hz, rddiveto thetota frequency
region rdevant for gpesch intdligibility, is 33%. A frequency band centered & 2 kHz, with the same
rdative importance has awidth of 1.2 octave (1.3 kHz - 3.0 kHz). Therefore, if the experiment had
been carried out with a center frequency of 2 kHz, ingead of 1 kHz, presumably an SRBT of about

1.2 octave, indead of 1.4 octave, would have been measured.

If the SRBT ismeasured in a condition in which there is essentidly no influence of upward soreed of
masking or the hearing threshold, and 1 kHz is chosen as center frequency, the gopropriate reference
vaueis 14 octave. Reference vaues for the other conditions reflect the effects of upward soread of
masking and/or of proportions of the gpeach Sgnd faling below the hearing threshold. For these
conditions, results for normd-hearing listeners are congstent with the modified S modd.

2.6 CONCLUSIONS

An adaptive test has been developed for messuring the minimum bandwidth of spesch, with a center
frequency of 1 kHz, required for 50% intdligibility (Soeech-reception
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bandwidth threshold or SRBT). The performance of norma-hearing ligeners on the SRBT test was
measured. Norma-hearing liseners need a gpeech band of about 1.4 octave (i.e,, 600-1600 Hz) to
undergand everyday sentences at an A-weighted SPL of 55 dB. The reguired minimum bandwidth
increeses with increesing leve, due to upward soread of masking. At lower SPLS the ligeners dso
need abroader bandwidith to understand the sentences, because parts of the speech will fal below the
hearing threshold.

The Sl modd gppears to underestimete the amount of upward spread of masking produced by the
low-frequency noise in the SRBT messurements. Usng shdlower dopes of the masking curves for
frequenciesbd ow 500 Hz, abetter correspondence between he measurementsand the Sl modd was
obtained.
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Measuring the threshold for speech reception
by adaptive variation of the signal bandwidth.
|I. Hearing-impaired listeners

In chapter 2, an adaptive test was developed to determine the speech-
reception bandwidth threshold (SRBT), i.e, the width of a speech band
around 1 kHz required for a 50% intdligibility score. In this test, the
band-filtered speech is presented in complementary bandstop-filtered
noise. In the present study, the performance of 34 hearing-impaired
ligeners was measured on this SRBT test and on more common SRT
(speech-reception threshold) tests, namely the SRT in quiet, the standard
RT in noise (standard speech spectrum), and the spectrally adapted SRT
in noise (fitted to the individual’s dynamic range). The aim was to
investigate to what extent the performance on these tests could be
explained smply from audibility, as estimated with the SI (speech
intdligibility index) model, or require the assumption of suprathreshold
deficits. For most listeners, an devated SRT in quiet or an eevated
standard SRT in noise could be explained on the basis of audibility. For
the spectrally adapted SRT in noise, and especially for the SRBT, the data
of mogt listeners could not be explained from audibility, suggesting that
the effects of suprathreshold deficits may be present. Possibly, such a
deficit isan increased downward spread of masking.

Journal of the Acoustical Society of America 107, 1685-1696 (2000)
(http://ojps.aip.org/jasal)
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3.1INTRODUCTION

A common complant of ligenerssuffering from sensorineurd hearingimpairment isthat they experience
great difficulty in underganding gpeechinambient noise. According to somestudies, thisdifficulty isonly
caused by the fact thet part of the goeech pectrum is below the absolute threshold (Zurek and
Ddhorne, 1987; Leeand Humes, 1993). Other Sudiessugges that suprathreshold deficits(i.e, deficits
that show up in a uprathreshald simulus condiition) are also involved (Glasberg and Moore, 1989;
Dreschler and Plomp, 1985). In a review, Moore (1996) concluded that, for hearing losses up to about
45 dB, inaudibility of part of the speech spectrum is the dominant source of the difficulty inunderstanding
speech, whereas for greater losses suprathreshold deficits start to play a role.

Aspects of sound perception that may be affected are spectral resolution, temporal resolution, frequency
discrimination,and loudness perception. It has proved difficult to relate the reduced ability to understand
speech in noise to specific suprathreshold deficits (Moore, 1996). A reason for this may be that
correlations between the ability to understand broadband speech and auditory functions at a specific
frequency were studied. Theinvestigation of the factors underlying apeech-processng deficit may be
amplified by redricting the research to a limited frequency region. To find clear correlations with
auditory functions at a specific frequency, considering intelligibility for narrow-band speech seems more
relevant.

For that purpose, the SRBT test has been developed (chapter 2). In this test, the bandwidth of speech
around 1 kHz required for a 50% intelligibility score is determined (speech-reception bandwidth
threshold or SRBT). The narrow-band speech is presented in complementary bandstop-filtered noise to
endure that the speech was only audible within the desired frequency band. A procedure comparable
to the SRT tes in noise (Flomp and Mimpen, 1979) isfallowed with the difference thet the bandwidth
of the peech Sgnd, not the Sgnd-to-noise ratio, is changed adgptively.

The SRBT of normd-hearing ligeners is 1.4 octave under optimd conditions, i.e, when the entire
gpeech dynamic range is above the hearing threshald, but not so loud that audibility is affected by
excessve upward spreed of masking. Provided that thefull dynamicrangeof peechisabovethreshold,
it is plausble to assume that a broader-than-

32



Chapter 3

norma SRBT pointsto a deterioration in sound processing in the 1-kHz frequency region. The SRBT
test ismeant asaresearch todl to sdect hearing-impaired ligeners suffering from a defiat in speech
processing in the 1-kHz frequency region, and may be incorporated in corrdaion sudies of auditory
functions & 1 kHz and gpeech perception.

Although the simulus in the SRBT experiment is an atificdd sgnd, it is not remote from everyday
ligening Stuations. In practice, it often occurs thet part of the gpeach spectrum is masked by ambient
noise with a different goectrd contert, like the sound from traffic, domestic equipment, or music.
However, it should be dear that the SRBT isnot desgned asameasurefor the goeech communication
ability of hearing-impaired ligenersin red life. The human vaiceis probably the most common source
of ambient noise. Therefore, the SRT test for broadband gpesch in noise, in which the noise pectrum
is shgped according to the long-term average speech spectrum, is a more gppropriate measure for

everyday gpeech perception.
An dternative measure for a ligene’s daility to underdand narrow-band speech is the SRT for

bandpassfiltered gpeech in noise. However, when noise is added to the speech passband, the
bandwidth of the speechmust be much broader than the SRBT in order to dlow the ligenersto reach
a 50% intdligibility score. For a broader speech band around 1 kHz, the corrdlation between
intdligibility and auditory functions at 1 kHz isless oovious Therefore, the SRBT test is preferred to
the SRT test for bandpassHiltered goesch in noise, when the experimentd god isto find corrdations
between a ligene’ s ability to understand narrow-band speech and performance on psychoacoudic
tedsa 1 kHz

In the present study, 34 hearing-impaired ligenersand 10 normal-hearing ligeners performed the new
SRBT test and more common SRT tedts. FHrg, the SRT in quiet was measured. Next, the SRT in
Steady-gtate speech-shgped noise was measured with the noise fixed a 20 dB above eech ligener’s
SRT inquiet. Snce even a these levds it is possble that part of the gpeech spectrum falsbeow the
heering threshold, the SRT in noise was d o measured with the gpeach and noise spectra shaped to fit
the midine of the dynamic range of eech individud ligtener. Lagt, the SRBT was determined using the
same gpecird shaping.

The fird @am of this paper is to examine to what extent the SRBT of the hearing-impaired ligeners
differsfrom the SRBT of normd-hearing ligeners. Thisisimportant, because
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the SRBT test isintended to discriminate between ligenerswith norma and reduced speech processing
in the 1-kHz frequency region. The second aim isto investigate whether an devated SRT or broader-
than-norma SRBT can be explained Smply within the audibility concept (Ilosing part of thefull dynamic
range of the gpeach), or require the assumption of suprathreshold defidits. Thisisof Sgnificancefor the
audiology practice, because when the Speechrunderstanding problem of a hearing-impaired ligener is
causd by asuprathreshold defiit, intdligibility cannot be restored completdy by amplification of the
gpeach 9gnd with ahearing ad.

In this sudy, audibility is defined as the effective proportion of the goeech dynamic range contributing
to intdligibility as cdculated with the peech intdligibility index, or S (ANS, 1997). The S| replaces
the older aticulationindex (ANS, 1969), and is cd culated from the speech and noise pectra, and the
heering threshald. The SII modd indudes procedures for computing the effect on audibility of sdf-
masking of gpeech, upward spread of masking, and leve digortion (i.e, the decrease of oeech
intdligibility a high presentation levels), for normal-hearing listeners.

A gpeech-processing ddficit is defined as a suprathreshold effect, not induded in the S modd, thet
reducesintdligibility. For example, speechintdligibility can be reduced by spectra soreed of masking.
If the goread of masking experienced by ahearing-impaired ligener in agpesch intdligibility test isthe
same asthat experienced by anorma-hearing listener a the same absolutelevd, thisis congdered an
audibility effect. If the hearing-impaired listener experiences excessve Joreed of masking, the extent
to which the oread of masking exceeds the normal spread of masking is regarded to be a gpeach
processing deficit.

Thus if the performance of a hearing-impaired ligener on spesch intdligibility testsis conagtent with
the Sl modd, it isassumed that thislisiener does nat suffer from a suprathreshold gpesch-processing
defidt, and that a possible dbnormd SRT or SRBT isdue only to inaudibility of apart of the spesch
spectrum. If, on the other hand, performance is worse then predicted by the Sl modd, it is assumed
thet thisis causad by a gpesch processng deficit.
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32METHOD

3.2.1 Materialsand design

The gpeech materid conggted of @ght ligs of 13 meaningful everyday Dutch sentences (eight or nine
syllables), uttered by amae spesker (Smoorenburg, 1992). For masking, aGaussan noisswas used,
shaped according to the long-term average spectrum of the sentences. Both the speech and the noise
were digitized at a sampling frequency of 15625 Hz with 16-bit resolution.

Sgndswere generated by a persond computer usng TDT (Tucker-Davis Technologies) System |1
hardware. Speech and noise were upsampled by afactor of 2, and were each ddivered through a 16-
bit D/A converter (TDT DD1) a a 31250-Hz sampling frequency and low-pass filtered & 16 kHz
(TDTFT5). Next, oeechand noisewereatenuated ssparatdy (TDT PA4), and subsequently summed
(TDT SM3). Thetotd sgnd was sant through aprogrammablefilter (TDT PFL), used for frequency
shaping. If necessary, the Sgnd was passad through an amplifier.

In thissudy, our main interes isto compare the results of individud hearing-impaired ligeners to the
results of the normd-hearing ligeners. Therefore, differences among ligeners due to order and ligts
effectswere avoided by presenting theligts of sentencesand theintdligibility testsinafixed order. With
the eight ligts of sentences, two Smilar blocks (test-retest) of four intdligibility tests were performed.
A block conagted of three SRT tedts, followed by one SRBT ted.

The fird SRT test was paformed in quiet (SRTQ), with the origind pectrum (i.e, with the
programmeablefilter in bypass mode). The second SRT test waas performed in noise (SRTn), withthe
unmodified spectra for goeech and noise. The levd of the masking noise was 20 dB above the
measured SRT( of each ligener. Thethird SRT test was dso performed in noise, with the difference
that the gpesch and noise Sgnd swere adapted to the dynamic range of individud ligeners(SRTa). The
noise spectrum was shaped to fit hdfway between hearing threshold and broadband uncomfortable
loudness levd (see Sec. 3.2.3) for frequencies between 250 and 4000 Hz. The shape of the speech
gpectrum was equd to the shape of the noise spectrum. The Sgnd-to-noise ratio in the adaptive
procedure was varied by adjugting the level of the speech. To obtain the desired spectra, the speech
and noise agnas werefiltered, usng afiniteimpulse reponse (FIR) filter
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with 160 coeffidents, implemented on the TDT PF1-hardware. Bdow 250 Hz and above 4000 Hz,
the frequency response of thefilter wasflat.

In the SRBT procedure, the bandwidth of the speech sgnd was varied. The gpeach was bandpass
filtered on line with a fixed-center frequency of 1 kHz, usng software filters with 256 coefficents
Complementary bandstop noise was added to the Speech Sgnd. The noise wasfiltered off-ling, using
software filters with 1024 coefficients. Bath the (bandpassiltered) speech and (bandstop-filtered)
noisegoectrawere shaped tofit hdfway thedynamic range of theindividud ligener, usngthesameFIR
filter, implemented on the TDT PF1-hardware asin the preceding SRTates.

3.2.2Listeners

Thirty-four hearing-impaired persons were sHected from the files of the Univeraty Hospitd VU and
saved as subjects. Information about individud ligenersisgivenin Table A.1 of Appendix A. Thar
age ranged from 35 to 88 years, with amean of 64 years. Their ndive language was Dutch. Only
ligenerswho could reach an intdligibility soore for monosyllabic wordsin quiet of a least 75% were
sected. Four ligeners had amixed hearing loss and 30 ligeners suffered from sensorineurd hearing
lossin both ears. Mean, sandard deviation, and range of pure-tone ar-conduction thresholds a the
ear under test are given in Table 3.1. For each ligener, the threshold was at least 40 dB HL & oneor
more frequendes. Ten normd-hearing ligeners, ranging in age from 18 to 33 years, partiapated in the
expariment as areference group.

Table 3.1. Mean pure-toneair-conduction thresholds at octave frequenciesinthe ear under test of the 34 hearing-
impaired listeners. Also g_]iven are the standard deviation and the range of thresholds at each frequency.

Threshold Frequency (Hz)
(dB HL) 250 500 1000 2000 4000 8000
Mean 29 35 43 49 65 82
s.d. 19 20 17 16 17 2
Minimum 0 -5 0 5 15 15
Maximum 75 75 70 75 100 120
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3.2.3 Procedure

Ligeners were seated in @ soundproof room. The dimuli were presented moneurdly through
headphones (Sony MDR-CD999). Generdly, the ear with thelowest word intdligibility scorein quiet
wastesed. Only if therisk of overhearing exiged or if the listener could nat reach a 75% intdligibility
scorein quiet with this ear, the other ear was tested.

The expariment condged of two pats. In the firg part of the experiment, the dynamic range was
determined for each ligener by meesuring hearing threshold and uncomfortable loudnessleved (UCL).
Inthe second part of the experiment, the ability of thelistener to understand speech was measured with
SRT tedsin quiet and in noise, and with the SRBT tedt.

Dynamic range

Hearing threshold and UCL were messured with 1/3-octave bands of noise @ five center frequencies
250, 500, 1000, 2000, and 4000 Hz. Levesfor intermediate 1/3-octave bands were caculated by
interpolation. The maximum presentation level was 80 dB SPL in the determination of the hearing
threshold and 134 dB SPL in the UCL messurement. If the hearing threshold was higher then 80 dB
SPL or the UCL was higher than 134 dB SPL, the levels of 80 or 134 dB SPL were used in the
cdaulaion of the midline of the dynamic range

For the determination of the hearing threshold, a Békésy tracking procedure was used with astep Sze
of 1dB. Theligener was asked to push abutton aslong as he or she could hear apulsating noise burst
(duration: 300 ms; repetition frequency: 24 Hz). Aslong as the button was pushed, the levd of the
noise burgts decreasad. When the button was rdeased, the level darted to increase. The threshold
meesurement was finished after 11 reversals The threshold was defined as the average of dl but the
fird reversd leves

Uncomfortable loudness levels were determined in two geps. Frd, the UCL of the five 1/3-octave
bands of noisswas measured individudly. Next, the UCL wasmeasured with abroadband noiseburd.
For determinationof the 1/3-octave band UCL, thelistener had to push abutton as soon asapulsating
noise burgt with increesing leve (length: 300 ms; repetition frequency: 1.7 Hz) was experienced as
uncomfortably loud. Theleved of the noise burdt increased in Seps of 3 dB. When the listener pushed
the button, the leve of
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the noise burdt decreasad by arandom amount between 21 and 31 dB. The measurement wasfinished
after Ix regponses. The UCL of each band wias computed by averaging acrossthelevesa which the
button was pushed.

The broadband noise burst had aduration of 4 s and was Spectraly shaped according to the narrow-
band UCLs To determine the UCL of the broadband noise burd, the noise burst was generated at
gradudly increesng levels. After eech presentation the listener was asked whether the Sgnd was
experienced as uncomfortably loud. If so, this level was conddered as the broadband UCL and the
corresponding leve in eech of thefive 1/3-octave bands wastaken asthe new UCL of that band. The
broadband UCL was measured, because in the second part of the experiment a broadband masking
noise was used, and snce the rd ationship between narrow-band and broadband UCL svaries across
ligeners (Welker et al., 1984).

Speech intdligibility

Inthe SRT tedts, thelevd of the sentences was changed according to an adaptive procedure (Flomp
and Mimpen, 1979). Thefirs sentence of alist wasrepested, eechtimeat a4-dB higher levd, until the
ligener could correctly reproduce the sentence. The subsequent 12 sentences were presented only
once, using an up-down procedure with astep sze of 2 dB.

The SRTqwasdefined astheaverage A-weighted sound-pressureleve of sentences5to 14. Sentence
14 was not actudly presented, but its“would-be’ levd wasinduded in the caculaion of the SRT, to
usetheinformation provided by theresponseto sentence 13. The SRTnand SRTawere defined asthe
average Sgnd-to-noiseratio (in dB) for sentences 5to 14.

In the SRBT ted, thefirg sentencein alist was presented a a600-Hz bandwidth, much narrower than
the bandwidth required for a 50% intdligibility score. This sentence was repested eech time with the
bendwidth multiplied by (1.37)? (adouble step), until the listener correctly reproduced the sentence.
The other sentencesin theligt were presented only once. When a sentence was repeated correctly, the
banawidth (in Hz) for the next sentence was divided by 1.37. When the repesated sentence was
incorrect, the bandwidth (in Hz) for the next sentence was multiplied by 1.37. Thisimpliesthat theSep
gzeinthe
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SRBT procedure was condant on a logarithmic frequency axis The SRBT was defined as the
geometric mean of the bandwidth of sentences 5 to 14.

Prior to the speechintdligibility experiment, two ligsof 13 sentenceswere presented, to familiarizethe
ligeners with the procedure. With these ligts, an SRTq test and an SRTn test were performed.

3.3 3| CALCULATIONS

Asaconsequenceof our effort to kegp thefull dynamic range of the spoeech audible, presentationlevels
were different for each ligener. This, in turn, may cause differencesin audihbility, for example because
a ahigher levd thebandgtop noisein the SRBT experiment produces more spectrd Soread of masking.
The effect of levd on audibility is evaluated with the speech intdligibility index (S1).

The S| for agiven condition is ca culated from the gpeech and noise Specira, and the hearing threshold
(ANSl, 1997). The SI isdefined by

(3.1)

where n is the number of frequency bands used in the caculations. The band-importance function |[;
reflects the importance of frequency band i for gpeech intdligibility. The band-audibility function A is
the effective proportion of the dynamic range of gpeech within band 1 thet contributes to intdligibility.
In quiet, agpeech samplein band i contributesto intdligibility, wheniitsleve ishigher then thelevd of
animaginay intemd noieinthe ear of theligener. Thisinternd noiseis caculated o the, if it were
an externd noise, it would leed to the pure-tone threshold of the listener. In noise, agpeech samplein
band i contributes to intdligibility when its leve is higher then the leved of the masking noise and the
imeginary noise. Furthermore, the band audibility function A indudes the effects on audibility of sdif-
mesking in speech, upward soread of masking and level digtortion (i.e., the decrease of gpeech
intelligibility a high presentation levds).
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Inthe present sudy, the SI1 was ca culated following the 1/3-octave band procedure of ANSI (1997),
uang the band-importance function for goeech materid of average redundancy (Paviovic, 1987). One
modificationto the sandard SI modd was introduced. In the sandard SII modd, the dope for the
upward oread of masking in dB/octave (C;) due to frequency band i isgiven by

C," &80%0.6BL, , (32)

where BL; is the levd of the masker (in dB SPL) in frequency band i. In our modified SII modd,
shdlower dopesof the masking curveswere used for frequencies bd ow 500 Hz, because cdculations
in chapter 2 have shown that the sandard Sl modd underestimates the upward spread of masking
produced by the low-frequency noise in the SRBT experiment. For 1/3-octave bands with masker
frequencies below 500 Hz (i.e, i<6), the dope of the masking curve was cdculated according to*

C, " [180.084(6&i)]i[ &80%0.6iBL ]. (33)

The levd of speaech and noise was meesured in 1/3-octave bands with the heedphone on aBrid &
Kjaa type 4152 atificda ear with a flat-plate coupler. For the Sl procedure, these levels were
transformed to equivaent freefidd leves, usng the “atifidd-ear-to-freefidd trandfer function” as
derived in chapter 2. Next, thefree-fidd levels of gpeech and noisewere converted to spectrum leves,
asisrequired by the SI1 procedure.

The gpectrum levd of theimeginary internd noiseis

X" Q&R , (34)

whereQisthe observed pure-tonethreshol d, measured with apsychoacoustica procedure compatible
with those used for obtaining the 1SO (1961) threshold, and Ris the criticd ratio in dB (Paviovic,
1987). The 1/3-octave band-noise threshold is virtudly identica to the pure-tone threshold (Berger,
1981; Cox and McDanid, 1986). Therefore, the spectrum leve of theinterna noisewascaculaied as
the obsarved 1/3-octave band-noise threshold (transformed to free-fidd levd) minusthe criticd ratio
indB.

All messured SRT and SRBT vaues were subjected to SlI caeulaions The Sl for ligeners with a
sensorineurd hearing loss wias cdculated in the same way as that for normd-hearing ligeners. For
ligeners with amixed hearing loss, the conductive part of
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the hearing losswas subtracted from thelevd of gpeach, externd noise, and internd noise. Thismeans
thet the conductive part of the hearing lossis conddered an dtenudion in the transmisson sysem, as
suggested by Hetcher (1952).

34RESULTS

3.4.1 Dynamicrange

For the norma-hearing liseners, the difference between hearing threshold and narrow-band UCL was
onaverage 98 dB [dandard deviation (s.d.) 11 dB]. Theindividud narrow-band UCL s of thenormd-
hearing ligeners had to be attenuated by 15 dB (sd. 9 dB) on averageto obtain the broadband UCL.
The narrowband dynamic range of the hearing-impaired ligeners ranged from about 30 dB to 100 dB
a each frequency. Onaverage, thair narrowband dynamic range decreased from 70 dB a 250 Hz, to
50 dB a 4 kHz. The attenuation of the narrowlband UCLs needed to obtain the broadband UCL
ranged from 10 to 40 dB, with amean of 25 dB.

3.4.2 Speech intelligibility

Thethreshalds of the individud ligeners on the four speschHintdligibility tedsare hownin Table A.2
of Appendix A, columns SRTg, SRTn, SRTa, and SRBT. For the normd-hearing ligeners, theaverage
SRTqwas 24.0 dBA (sd. 1.3 dBA). For the hearing-impaired liseners, the SRTq ranged from 23.5
to 84.5 dBA, with amean of 58.8 dBA. The mean dandard aror (ted-retest) of anindividud SRTq
was 2.2 dBA.

Thelevd of themasking noisein the subsequent SRTn test was 20 dB abovetheindividudly messured
SRTq. For one hearing-impaired ligener, the resulting levd of the masking noise was above the
uncomfortable loudnesslevd. For thisligener, theleve of themasking noisswas st at 5 dB abovethe
SRTq.

For the normd-hearing ligeners, the average SRTn was -3.6 dB (sd. 1.1 dB). For the hearing-
impeired ligeners the SRTnranged from -3.4 to +5.8 dB, withamean of +0.8 dB. Theaverage SRTa
was-4.5dB (sd. 1.0dB) for thenorma-hearing ligeners. For the hearing-impaired ligeners, the SRTa
ranged from -5.0 to +5.8 dB, with amean of -1.0
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dB. The mean dandard error (test-retest) of an individud SRTh and SRTawas 0.96 and 0.85 dB,
repectively.

The average SRBT of the normd-hearing ligenerswas 1.44 octave (sd. 0.13 octave). The SRBT of
the hearing-impaired liseners ranged from 1.29 to 4.02 octave, with a mean of 2.14 octave. The
sandard error (test-retest) of anindividuad SRBT was 0.18 octave.

3.5DISCUSSI ON

3.5.1 Relationship between narrow-band and broadband UCL s

In our Sudy, the average narrow-band UCL s (trandformed to free-fidd leves) of the normd-hearing
ligeners gpproximetely follow the equa loudness contour pettern (ssedso Walker et al., 1984). The
loudnesssummetionformulaof Stevens(1956) predi ctsthet thenarrow-band UCL smust beatenuated
by 14 dB to obtain the broadband UCL. Thisagreeswell with the average atenuation of 15 dB found
for the normd-hearing ligenersin our gudy.

Loudness summeation is often reduced in hearing-impaired lisgeners (Moore, 1995). Therefore, an
atenuation less than 14 dB would be expected for the broadband UCL of hearing-impaired ligeners.
However, the average atenuaion for the hearing-impaired ligenerswas Sgnificantly higher thenfor the
norma-hearing ligeners(p<0.05). Therefore, it seemsthat the broadband UCL can be predicted from
the narrowband UCL on the bad's of loudness summation for the average normd-hearing listener, but
not for the average hearing-impaired listener. For both groups of ligeners, the rdaionship between
narrow-band and broadband UCLswas highly variadle, conggent with the findings of Waker et al.
(1984).

3.52SRTaversusSRTn

Hgure 3.1 shows the SRT in noise for speech with an adapted spectrum (SRTQ) (i.e, a spectrum
hdfway the dynamic range) as a function of the SRT in noise for gpeech with the origind goectrum
(SRTn) for 10 normd-hearing ligeners and 34 hearing-impaired ligeners. The upper limit of the one-
tailed 95% <confidence interval of the SRT of
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Fig. 3.1. Speech-rec rsus the standard
speech-reception threshold in noise (SRTn) for normal-hearing listeners (open circles) and hearing-impaired
listeners (filled circles). Solid horizontal and vertical lines represent the one-tailed 95% confidence limit for the
data of the normal-hearing listeners. For data points between the dashed lines, SRTa and SRTn are not

normd-hearing ligenersis chosen asthe boundary between normd and devated SRT. The separation
between norma and devated SRTn is indicated with a verticd line a -1.5 dB [i.e, -36 dB +
to0s(9)* 1.1 dB, wheret, 5(9) isthe critica vaue of the Student t didtribution withan error probability
of 0.05 and nine degrees of freedom]. Usng this criterion, 7 hearing-impaired ligeners hed anormd
SRTn, whereas 27 hearing-impaired lisgenershad an devated SRTn. The boundary between anorma
and an devated SRTalies @ -2.6 dB. The SRTa was devated for 24 of the 34 hearing-impaired
ligeners The solid diagond linein FHg. 3.1 showswhere SRTnisequd to SRTa A two-taled t tedt,
using the mean sandard error (tet-retest) of individud SRT vaues, showed that for an individud
ligener the difference between SRTaand SRTnissgnificant if it exceeds 2.5 dB (p<0.05). Thus, for
the data pointsthet lie between the dashed lines the SRTadoes nat differ sgnificantly fromthe SRTn.
For ten hearing-impaired ligenersthe SRTawas sgnificantly lower than the SRTn. In other words for
these ligeners, speech
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intdligibility in noise improved when the simuli were shaped to fit in their dynamic range

Fve ligeners with an devated SRTn had a normd SRTa (see FHg. 3.1). These ligeners probably
performed worse than normd-hearing ligeners on the SRTn test only because part of the rdevant
dynamic range of the goeech was presented below the hearing threshold. However, for 22 of the
hearing-impaired liseners, adapting the gpectrum did not bring the SRT in noise back to normd. A
possble explandtion is that these ligeners suffered from excessve goread of masking due to higher
presentation leves. Anather possihility is that, although many efforts were made, parts of the speech

spectrum were still below absolute threshold. These possibilities were investigated with the SII model.

3.5.3 Results in relation to the SII

The speech intdligibility index is a physcad measure desgned to be a good predictor for goeech
intdligihblity. It may be interpreted as the proportion of the tota gpeech information available to the
ligener. For norma-hearing liseners dl conditions of equd intdligibility should result in the same Sl
Thus, when the measured SRT and SRBT are expressed in S| vaues, and the Sl modd iscongdent
withthe resuits of the normd-hearing ligenersin this study, the modd will yidd identicd S vauesfor
the various tets Then, an devated SI a 50% intdligibility for a hearing-impaired ligener can be
congdered an indication of deteriorated suprathreshold goeech processing, because alistener with a
higher-than-normd S| needs more speech information than norma-hearing ligenersto reach the 50%
intdligibility score

Average S|

The upper two rowsof Table 3.2 show theaverage Sl va ues (and Sandard devietion) for the normd-
hearing ligeners (NH) and the hearing-impaired liseners (HI). For the normd-hearing ligeners, the
average S| for the SRTq is 0.22, and the average Sl vaues for the SRTn, SRTa, and SRBT are
equd: 0.31. Pairedt testsshow thet the 1 for the SRTq isggnificantly lower thanthe S1 for the other
condiitions (Bonferroni te, p<0.05; Keren and Lewis, 1993).

Theoreticdly, apossble cause for the lower SI for the SRTq is an order or lig effect, because the
sentence ligts and conditions were presented in afixed order. However, for
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Table 3.2. Average speech intelligibility index with standard deviation in parentheses for the normal-hearing
listeners (NH) and the hearing-impaired listeners (HI), for four intelligibility tests. The Sl was calculated
according to different procedures. Modifications with respect to the standard SII procedure (ANSI, 1997) are
giveninthe second column. ‘ Slopes': Shallower slopes of the masking curves are used below 500 Hz (see Sec.
3.3). ‘Noise’: The internal noise level is lowered by 3.6 dB (see Sec. 3.5.3). ‘Desensitization’: The speech
desensitization factor (Pavlovic & al., 1986) is included in the model (see Sec. 3.5.4). Results for the hearing-
impaired listenersthat differ significantly (p<0.05) from the corresponding result for the normal-hearing listeners
areindicated with an asterisk.

Modifications Sl| SRTq SRTn SRTa SRBT
NH slopes 0.22 (0.07) 0.31(0.04) 0.31(0.03) 0.31(0.03)
HI slopes 0.26 (0.11) 0.31(0.05) 0.36* (0.05) 0.40* (0.10)
NH slopes, noise 0.31 (0.08) 0.32(0.04) 0.31 (0.03) 0.31 (0.03)
HI slopes, noise 0.30(0.12) 0.32(0.05) 0.37* (0.05) 0.41* (0.09)
HI slopes, noise, 0.24* (0.08) 0.24* (0.05) 0.26* (0.05) 0.30 (0.06)

each spechrintdligibility tegt, the fird measurement did not differ Sgnificantly from the sscond
meesreman (t tests for matched samples, p<0.05). This suggests thet no ggnificant order effect is
present. Verddd et al. (2000) did not find large lig effects in the speech materid of Smoorenburg
(1992) used in thisstudy: the sandard deviation between ligswas 0.6 dB. Therefore, it ssemsunlikdy
that the obsarved differencein SlI in our Sudy isaresult of an order or ligt effect.

Inquigt, the S1 isvery senstiveto thelevd of theimaginary internd noise, calculated from the hearing
threshald [Eq. (3.4)]. Mogt likdly the ST for the SRTq is too low, because the procedure for the
determination of the hearing threshold in the present sudy using Békésy tracking resulted in thresholds
that were sysematicaly afew dB higher than would have been messured uang the method of condant
dimui or the method of limits, on which the 1SO (1961) threshold is based. The SlI for the SRTq
becomesequd tothe S inthe other conditionswhenthe S| isrecd culated with theinternd noiseleve
lowered by 3.6 dB.

Rows 3and 4 of Table 3.2 present the S| va ues cd culated with the adgpted internd noiseleve. Note
thet the adaptation of the internd noise levd hardly influencesthe S vauesfor conditions other than
the SRTq. For the hearing-impaired ligeners the average
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SlI for the SRTq and SRTn is amilar to the S for norma-hearing ligeners, but for the SRTaand
SRBT, the average Sl is dgnificantly higher (t test for unequa variances, p<0.05). Thus, for the
average hearing-impaired ligener, the SlI corresponding to the SRTq and to the SRTh gppearsto be
“normd” (i.e, equa to the SII of the norma-hearing ligeners), suggesting the abbsence of the effect of
uprathreshold defidits Thisiscongstent with theidea, mentioned in the Introduction, thet the difficulty
with underdanding gpesch in background noise is only caused by part of the speech goectrum being
bel ow absolute threshold (Zurek and Delhorne, 1987; Lee and Humes, 1993). However, themean Sl
for the SRTaand SRBT ishigher. Therefore, in these conditions the effects of suprathreshold deficits
do ssam to influence spesch intdligibility. This agreeswith the nation thet suprathreshold defidits may
afect intdligibility (Glasberg and Moore, 1989; Dreschler and Plomp, 1985).

For the hearing-impaired ligeners, the mean Sl for the SRTais higher than for the SRTh, dthough
their mean SRTa(-1.0 dB) was 1.8 dB lower then their mean SRTn (+0.8 dB). This means that by
adapting the spectrum, the SRT innoise did not decrease as much as predicted from audibility. The S
modd would predict an equa SI for SRTn and SRTa Thus, the SRTa can be predicted for each
ligener fromthe S| for the measured SRTn. On average, the predicted SRTafor thehearing-impaired
ligenersis-2.9 dB. Hence, when adapting the spectrathe Sl modd predicts adecreasein the mean
SRT innoiseof 3.7 dB, indead of the observed 1.8 dB.

The mean S| for the SRBT isggnificantly higher then for the SRTa (p<0.05) for the hearing-impaired
ligeners. Thus, for the average hearing-impared ligener in the present dudy, the effect of
suprathreshold defidts is most obvious for the SRBT condition (narrow-band speech in bandstop
noise), and to alesser extent dsofor SRTa(gpectraly adapted broadband speech in broadband noise),
but entirdly abbsent for the gandard conditions SRTn and SRTQ.

One posshility that may explain why the ST varies across condition is thet the suprathreshold defiait
isfrequency dependent. For example, in the frequency regions where the hearing loss is greeter, the
suprathreshold deficit may belarger [Paviovicet al. (1986)]. Different frequency regions areinvolved
inthe different conditions. In the Sandard condiitions, the ligeners mugt usethe frequency regionwhere
the origind speech gpectrum is above thar hearing threshold. In the SRTa condition, the entire

frequency
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range from 250 to 4000 Hz should contribute. The suprathreshold defict may be present in the
frequency region that isbdow threshald in the slandard conditions, but above threshold in the SRTa
condition. This may explain the devated SlI for the SRTa However, it seems improbable thet a
frequency-dependent defidit can explain the devated Sl for the SRBT, because the frequency range
aound 1 kHz thet isimportant in the SRBT tedt isdso important in the other tedts.

Ancther possble cause for the dependence of the effect of suprathreshold deficitson condition canbe
found in the different gpectra of gpeech and noise among conditions. For ingtance, when a hearing-

impaired ligener experiences excessve upward or downward oread of masking, the degreetowhich
this influences spesch intdligibility in agpedific condition will depend on the pecific goectraof gpeech
and noise

Individual Sl

Table 3.2 showsthat theinterindividud goread in Sl for the hearing-impaired ligenersis subgantidly
larger than the goread in S for norma-hearing ligeners Therefore, the S1 of individud ligeners (after
the correction of -3.6 dB of theinternd noiseleves) iscongdered. Table A.2 of Appendix A shows
theseindividud S| vauesin thefour conditions. In Fg. 3.2, the SlI isplotted asafunction of SRT or
SRBT obtained for theindividud normd-hearing liseners (open drdes) and hearing-impaired ligeners
(filled cirdes). The upper limit of the one-tailed 95% confidence interva of the SII of normal-hearing
ligenersischasen asthe separation between normd and higher-than-normd Sl (horizontd lines). The
separation between normd and abnorma SRT or SRBT isindicated with averticd line. The dashed
linesin Hg. 2 represent the hypotheticdly maximum S| giventhe SRTn, SRTa, and SRBT, i.e, the S|
thet would have been caculated if the audibility of the speach hed not been influenced by the known
effects of hearing threshold, upward sporead of masking, and leve digortion. To cdculate this
hypotheticaly maximum S, the full 30-dB dynamic range of the goeech waas assumed to be audible
for dl frequency bandsinwhich the oeech was not masked by noisein the samefrequency band. Thus,
the vertical disance from each data point to the dashed line represents the combined influence of
hearing threshold, upward oreed of masking and leve digtortion.
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Sli

Sl

the maximum possible SlI as a function of SRT or SRBT, i.e., the SII that would have been calculated if the
audibility of the speech had not been influenced by the hearing threshol d, upward spread of masking, and level

distortion.

The harizontal and veticd linesdivide the graphs of Fg. 3.2 in four quadrants. No data points fal in
the upper-left quadrant. Datapointsin thelower-left quadrant correspond to anormd threshold. Data
pointsinthelower-right quadrant correspondto an devated SRT or abroader-than-normal SRBT, but
this abnormd threshold can be explained on
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bass of audihbility by the S1 modd. Findly, data pointsin the upper-right quadrant correspond to an
abnormd threshold that cannot be explained by the SI1 modd. The higher adata point lies bove the
horizontd line, the larger the speech processing deficit.

SRTq: FHgure 3.2 showsthat for dl but three hearing-impaired ligenersthe Sl for the SRTq is not
higher than normd. Themost important factor affecting theaudibility of thepeschin quietisthehearing
threshold. Theeffect of levd digortionisnegligible. Indeed, Sepwisemultipleregresson showsthet the
SRTq (in dBA) can be predicted quite accuratdly (R = 0.92) from the hearing threshald

SRTq ™ 22.2%0.60iHL, ;%0.32iHL, , (35)

where HL, s and HL, are the hearing threshold in dB HL a 0.5 and 2 kHz, respectively.

SRTn: Theresultsonthe SRTntest dsoyidd arather congant SlI. Only six of theligenersperformed
(dightly) worse than predicted on the badi's of audibility. The hearing threshold is the most important
factor that causes the difference between the individual SI1 and the dashed line. The ST calculations
show that apart of the gpoeech Sgnd (the high frequendes) is il baow the heering threshold, even for
the normd-hearing ligeners. Audihility of the spesch is dso affected by upward soread of masking.
SRTa: In contrast to mogt of thedevated threshaldsin noisefor theoriginal spectrum (SRTh), most
of thedevated thresholdsfor an adapted goectrum (SRTa) cannot be explained by the S| modd. For
the normd-hearing ligteners, the difference between the obtained Sl and maxima possble S (deshed
ling) for the SRTaisonly caused by upward soread of masking. Upward spreed of masking, someleve
digortion, and the hearing threshold reduce audibility for the hearing-impaired ligeners. Thus, the
hearing threshold il affects audihility, dthough speech and noise spectra were spectraly sheped to
fit in the dynamic range of individud ligeners from 250 to 4000 Hz. The reason isthat beow 250 Hz
and above 4000 Hz, the frequency response of thefilter wasflat. For most hearing-impaired ligeners,
the hearing threshold a 8000 Hz was much higher than a 4000 Hz. Therefore, part of the rdevant
dynamic range of the speech was be ow the hearing threshold in the frequency region between 4000
and 8000 Hz.

SRBT: The SRBT was broader than normad for 24 of the 34 hearing-impaired ligeners. For 21
hearing-impaired ligeners, the broader SRBT cannot be accounted for by the SII modd. Therefore,
adsoin this condition, additiond suprathreshold factors must have
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afected intdligibility. The difference between the obtained S and the maxima possble S (dashed
line) is caused by the hearing threshold, upward soread of masking, and some leve didortion. Figure
3.2 showsthat for the ligener with an SRBT of 3.6 octave, the difference between the actud S and
the deshed lineisvary large. The reesonisthat alarge part of the rdevant dynamic range of the peech
was presanted below the hearing threshold, dueto the extremely narrow dynamic range of thislistener.

Sl acrosstests

For aconvenient discusson of the SlI of the hearing-impaired lideners across teds, the liseners are
categorized into groups, based ontheir normd or devated SlI. A measurement error isassociated with
eech result, and this error may causean Sl tofdl just on one sde of asgparation between norma and
devated Sl. Therefore, the categorization into groups should not be viewed too absolutdy, but only
asameansto Implify thediscussion of theindividud S1 acrosstests The Sl for the SRTqisnot used
for this categorization, because the SI of only three hearing-impaired ligenersis diginct from the S|
of normd-hearing ligeners

Congdering the Sl for the SRTn, SRTa, and SRBT, the S| patternsof dl but three hearing-impaired
liseners can be subdivided into only four groups. Fgure 3.3 shows the average proportion of the
gpeach dynamic range (hatched areq) nesded for a 50% intdligibility scorein the three conditions, for
normal-hearing listeners (NH) and thefour hearing-impaired groups. The group-averaged S| isshown
In the upper-right corner.

Double frames contain an devated S1. Fgure 3.3 displays no large differences in hearing threshold
(deshed curves) or inthe midine of the dynamic range (thick curves in the middle pands) acrossthe
four hearing-impaired groups. Thus, the differences across the groups do not seem rdlated to mgjor
dfferencesin hearing threshold or in the presented spectra. Each group of hearing-impaired ligeners
is discussed beow.

Fig. 3.3. Average proportion of the speech dynamic range (hatched regions) required for a50% intelligibility
scorein three conditions (SRTn, SRTa, and SRBT) for normal-hearing listeners (panel set NH) and four groups
of hearing-impaired listeners (panel sets| through 1V). The 30-dB speech dynamic rangeisenclosed by thetwo
thin lines. Thick lines are the masker spectra (including upward spread of masking) for the noise. Dashed lines
indicatethe spectrum level of theimaginary internal noiseleading to the average absol ute threshold. The group-
averaged Sl is shown in the upper right corner. Double frames contain an elevated Sl|.
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Group |: Bleven hearing-impaired ligeners have anormd Sl for thresholdson all threetests These
ligeners seem to process suprathreshold speech equaly well as norma-hearing ligeners The four
ligenerswith amixed hearing loss dl bdong to thisgroup. Group | 1: Four ligeners have an devated
SlI for the SRBT, but anormd S for both SRT testsin noise. The speschrundergtanding problems
of theseligeners seam to be causad primarily by the Spedific gpectra configuration of thesimulusinthe
SRBT expeariment. A possible causeis an increasad susoeptibility to soread of masking.

Group II1: Twelve listenershave an elevated SII for both the SRBT and the SRTa, but a normal SII for
the SRTn. Like thelisteners of group I1, the elevated SII for the SRBT could be related to increased spread
of masking. The elevated SII for the SRTa may be caused by a frequency-dependent deficit. Figure 3.3
shows that the high-frequency part of the spectra of speech and noise is lifted above the hearing threshold
i the SRTa condition. It appears that, although the high-frequency part of the speech spectrum is
presented to the hearing-impaired listeners of this group, they cannot use it as effectively as normal-
hearing listeners. The performance of these listeners is consistent with the finding of Chinget al. (1998)
and Hogan and Turner (1998) that the contribution of audibility to intelligibility is much reduced at high
frequencies, where the hearing loss is severe.

Group IV: Four listeners have an elevated SII for the SRTn, the SRTa, and the SRBT. Two of these
ligenersdso have andevated S| for the SRTq. The SI for the SRTq of the other two ligenersisaso
higt 0.41 and 043. Therefore, the suprathreshold deficit of these listeners does not seem to depend
grongly on condition.

Overdl, it ssems that anormd Sl for the SRTn does not imply anormd Sl for the SRTaand the
SRBT (groups |l and 111). However, anormd Sl for the SRBT gppearstoimply anormd SlI for both
SRT tedsin noise (group 1).

3.5.4 Modifying the SI1 model toinclude suprathreshold deficits
Proficiency factor

In theliterature, various attempts have been madeto modify theaticulaionindex or S to account for
the deterioration in processing of suprathreshold speech, dueto the

52



Chapter 3

sensorineurd hearing loss. Hetcher (1952) proposed using the listener-dependent proficiency factor P
for this purpose. Equation (3.1) then changesto

n

St Py IA . (36)

T 1

The profidency factor dependsonly ontheligtener, and not on thelisening condition. However, the S|
for theligtenersof groupsll, 111, and IV dearly dependson thelisening condition (Fig. 3.3). Therefore,
the proficiency factor cannot account for the performance of the ligeners from these groups

Foeech desengitization factor
Pavlovic et al. (1986) proposad usng a* speech desengtization factor” to account for the deterioration
in gpeech processing of ligenerswith a sensorineurd hearing impairment

SI* § DJIA . 3.7)

The desengtization factor D is spedified as a function of the hearing loss in each frequency band. It
decreases linearly from 1, for hearing losseslessthan15dB HL, to O, for hearing losses exceeding 95
dB HL. With Eq. (3.7) the SII values are recdculated. Rows 4 and 5 of Table 3.2 show the average
Sl of the hearing-impaired lisgeners with and without the desengtization factor. An S1 indicated with
an aderisk differs sgnificantly from the correponding S1 of the normal-hearing listeners (row 3). At
the SRBT, the SlI of the hearing-impaired ligeners becomes equd to the SII of normd-hearing
listeners, when the desengtization factor is used. However, a the SRTg, SRTn and SRTa, the SI of
the hearing-impaired ligeners becomes lower than the SII of normd-hearing ligeners. In these three
conditions, the gpeech desengtization factor seems to overetimate the deterioration in gpeech
processing. It wasveified thet it isnot possibleto makethe 1 vaues of the hearing-impaired ligeners
equd to those of the normd-hearing ligeners by choosing another linear relation between the
desengtization factor D and the hearing loss Thus, the hearing-loss dependent speach desensitization
factor cannot explain our results
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Upward spread of masking

Ludvigsen (1987) modified thearticulationindex by indudingamodd of auditory meskingin cochlearly
hearing-impaired ligeners In hismodd, upward Soread of masking increases proportionatdy with the
hearinglossa the frequency being masked. Increased upward Soreed of masking decreasesthe S for
the SRTn, the SRTa, and the SRBT. It wasfound to have alarger effect onthe Sl for the SRTh, then
onthe S for the SRBT. Therefore, increased upward Soreed of masking dso cannat explanwhy the
average S| for the SRBT ishigher than the average Sl for the SRTn.

Downward spread of masking

The spectrd configuration of the dimulus in the SRBT expeariment isnot only sengtiveto the effect of
upward goread of masking, but dso for the effect of downward spread of masking. Increased
downward spread of masking may explain the results. The noise spectrum leve inthe SRTh condition
decreases with frequency (Fig. 3.3). Therefore, the level of downward spread of masking will be
negligible compared with the leved of the noise that isdready physcaly present inthe SRTn condition.
Downward spread of maskingwill havealarger influenceonthe S| for the SRBT, because downward
spread of masking from the high-frequency part of the bandstop noise will mask the (physicaly
unmeasked) bandpassiltered speech.

For norma-hearing ligeners, the dope of downward spread of masking is very steep, about 100
dB/octave (Zwicker, 1963), and independent of sound-pressure level. Abnorma downweard spread
of masking for hearing-impaired listeners has been observed by some authors. Glasberg and Moore
(1986) measured auditory-filter shapes a three center frequencies (0.5, 1.0, and 2.0 kHz) for five
ligeners, and a onecenter frequency (1.0 kHz) for seven ligenerswith cochlear impairments Thedope
of the high-frequency skirt of the filter, which reflects the amount of downward soreed of masking,
ranged from about 4 to 100 dB/octave. For four ligeners, thefilter shgpe could not even be determined
a one or two center frequencies, becausethefilter hed toolittlefrequency sdlectivity. Hearinglossand
high-frequency dope were not dgnificantly corrdated. Nelson (1991) obtained forward-masked
psychophysica tuning curves for 21 ligeners with cochlear hearing losses. Ten ligeners showed
abnormd downward spread of masking, when equivaent masker levelswere compared. Conversdy,
none of these
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Fig. 3.4. Speech intelligibility index corresponding to the data of the hearing-impaired listeners on three
intelligibility tests(SRTn, SRTa, and SRBT) versustheir sensorineural hearinglossaveraged over thefrequencies
0.5, 1, and 2 kHz. The horizontal line represents the one-tailed 95% confidence limit for the SII of the normal-
hearing listeners.

ligeners showed aonormd upward spreed of masking. The high-frequency dopesof their tuning curves
ranged from 10 to 87 dB/octave. Abnorma downward spread of masking was only observed in
ligeners with hearing losses exceeding 40 dB HL. However, nat dl ligenerswith ahearing loss grester
than 40 dB HL showed abnorma downward Joread of masking.

The two above-mentioned sudies show thet hearing-impaired ligeners may experience increased
downward soreed of masking. The dope of the downward spread of masking varies condderably
acrossthe ligeners, and cannot be predicted from the hearing loss. Further experiments are required
to invedtigateif, for theindividud listener, increasad downward soreed of masking isindeed rdated to
an devaed S for the threshald on these intdlligibility teds
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3.5.58ll and hearingloss

As mentioned in the Introduction, Moore (1996) argued that factors other than audibility contribute to
the difficulties in gpeach perception for ligeners with acochlear hearing lossgreeter than about 45 dB.
Toinvedtigate the rdation between S and hearing loss for the presant results, the Sl for the SRTn,
SRTa, and SRBT is plotted as afunction of sensorineurd hearing loss averaged over the frequendies
0.5, 1 and 2 kHz (Fig. 34). The harizontd line is the 95% confidence limit of the SII of the normdl-
hearing ligeners. Fgure 3.4 showsthat only for average hearing losses lessthen 25 dB, dl resultscan
be explained on the basisof audibility by the S| modd. For losses greater then 25 dB, suprathreshold
factorsdready seam to influence gpeech perception for someligenersand intdligibility tests However,
high losses may il be assodiated with “normd” S vaues

3.6 SUMMARY AND CONCLUS ONS

The speech-understanding ability of 34 hearing-impaired listeners and areference group of 10 normd-
hearing ligeners was measured with the SRT test in quiet, the dandard SRT test innoise, and an SRT
test in noise in which the goesch and noise goectra were shgped to fit in the dynamic range of each
ligener. Furthermore, the threshold for speech reception was measured with the new SRBT test (see
chapter 2). The SRBT is defined as the bandwidth of speech around 1 kHz required for a 50%
intelligibility score.

All individual data were converted to SII values, with the assumption that the SII reflects the effect of
audibility, and that a higher-than-normal SII value required for a 50% intelligibility score indicates a
deterioration in speech processing by factors not included in the SII model. For the normd-hearing
ligeners, the S modd accounts for the results obtained for dl four tests (S1 of typicdly 0.31 for dl
SRT and SRBT vdues).

For the normal-hearing listeners, the mean SRT in quiet was 24.0 dBA. For the hearing-impared
liseners, the mean SRT in quiet was 58.8 dBA. The meandandard SRT in noisewas-3.6 dB for the
normd-hearing ligeners and +1.0 dB for the hearing-impaired ligeners. An devaied SRT in quiet or
an devated dandard SRT in noise could be
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explaned onthebassof audibility by the Sl modd for the greast mgority of hearing-impaired ligeners

When the spesch and noise pectra were adgpted to fit in each ligener’ s dynamic range, the SRT in
noise improved on average by 0.9 dB for the normd-hearing ligeners and 1.8 dB for the hearing-

impared ligenars Y &, theimprovement for the hearing-impaired ligenersislessthan predicted onthe
beds of audibility by the SII modd. For about hdf of the hearing-impaired ligeners, the SRTa
corresponds to Sgnificantly higher SI vdues

On average, the SRBT of the normd-hearing listeners was 1.4 octave. The SRBT df the hearing-

impared ligeners ranged from 1.3 to 4.0 octave. Compared with the norma-heering reference group,

10 hearing-impaired ligeners had a norma SRBT, whereas 24 hearing-impaired liseners had a
broader-than-norma SRBT. Only for three hearing-impaired ligeners could the broader-than-normd

SRBT be explained on the badis of audibility by the SII modd.

Eleven of the hearing-impaired ligeners performed on dl four tessas predicted by the Sl modd. The
dataof 23 hearing-impaired ligenerson one or moreof theintdligibility tests could not be explained by
thismodd. This points to a deterioration in gpeech processing. The effect of such agpesch processng
deficit gppeared to depend drongly on the test condition for hearing-impaired ligeners However, a
norma S for the SRBT, gopearsto imply anormd SlI for bothSRTnand SRTa Thus it ssemsthat
the SRBT test ismogt sendtivefor goeech-processng deficits. Increased downward Soread of masking
may be the reason for the devated Sl for the threshold on these three intdligibility tests

Predicting the devation of the SlI from the hearing lass does not seem possible: for hearing losses
gredter than 25 dB, devated S| vaueswerefound for someligeners, but for other ligeners Sl vaues
were dill conddered normdl.

NOTE

11t should be mentioned that the shallower sopes of the masking curves for frequencies below 500 Hz
hardly influence the calculated Sl1 in the present study (the largest Sl decrement was 0.02). Equation
(3.3) decreasesthe SII most for spectrawith a negative spectral tilt and a high sound-pressure level (see
chapter 2). In the present study, no spectra tilt was imposed in the SRTn test, and the imposed spectral
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tilt was positive for spectra presented halfway through the dynamic range. Although the shallower dopes
of the masking curves hardly influence the SlI in thisstudy, Eq. (3.3) istill used to be consistent with our
previous study, described in chapter 2.
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Relations between intelligibility of narrow-band
speech and auditory functions, both in the 1-kHz
frequency region

Rel ationsbetween per ception of suprathreshol d speech and auditory functions
wereexaminedin24 hearing-impairedlistenersand 12 normal-hearinglisteners.
Thespeechintelligibilityindex (SI1) wasusedtoaccount for audibility. The
auditoryfunctionsincluded detecti on efficiency, temporal and spectral resolution,
temporal and spectral integration, and discrimination of intensity, frequency,
rhythm, and spectr o-temporal shape. All auditoryfunctionsweremeasuredat 1
kHz Soeechintelligibilitywasassessed with thespeech-receptionthreshold (SRT)
In quiet andinnoise, andwiththespeech-reception bandwidththreshold (SRBT),
previously developedfor investigating speech perceptionina
limitedfrequencyregionaround 1 kHz Theresultsshowedthat theel evated SRT
Inquiet couldbeexplained onbasisof audibility. Audibility could only partly
account for the elevated SRT valuesin noiseand thedeviant SRBT val ues,
suggesti ng that suprathreshol d deficitsaffectedintelligibilityintheseconditions.
S| predictionsfor the SRBT improved significantly by includingtheindividually
measured upward spread of masking in the S'1 model. Reduced spectral
resol ution, reducedtemporal resolution, and reduced frequency discrimination
appeared to be related to speech perception deficits. Loss of peripheral
compr ession appear ed to have the smallest effect on theintelligibility of
suprathreshold speech.

Journal of the Acoustical Society of America
(accepted for publication with minor modifications)
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4.1 INTRODUCTION

Sensorineura hearing lossofteninterfereswith understlanding Soeechinanoisy environment, evenwhen
the gpeech is presented well above the hearing threshold. Therefore, reduced speech intdligibility
cannot be judt areault of the devated hearing threshold per s2 There dso hasto be adeteriorationin
uprathreshold sound processing. V ariousresearchersstudied corrd ations between speech perception
and pedific auditory functions (Tyler et al ., 1982; Festen and Plomp, 1983; Dreschler and Plomp,
1985; Glasherg and Moore, 1989; van Roolj and Plomp, 1990; Smoorenburg, 1992; Divenyi and
Haupt, 19973, 1997b). However, finding the soecific deficits that are responsble for reduced
intdligibility of suprathreshold gpeech has proved to be difficult. The main reason for this may be that
correaions between a ligener’s aaility to undersand wideband spesch and auditory functionsina
limi ted frequency regionweresudied. Furthermore, auditory functionsand hearing lossareusudly not
independent. Therefore, when examining corrdaions between these two factors, it is difficult to
determine whether the underlying cause for reduced intdligibility liesin the deterioration of a specific
auditory function, or whether it is due to part of the gpeech spectrum fdling beow the absolute
threshold.

In the present Sudy, the relaion between peech perception and auditory functions was investigated
while avoiding the difficulties mentioned aove. The auditory functions were dl meesured a 1 kHz
Soech intdligibility was measured for aregtricted frequency range with a center frequency of 1 kHz.
For this purpose, the SRBT-test has been developed, as described in chapter 2. Thus the auditory
functions and gpeech perception refer to the same frequency region, which may well increese the
chanceto find dear corrdaions Theinfluence of audibility on gpeech intdligibility was evduated with
the gpeech intdligibility index, or S1 (ANSl, 1997). After accounting for audibility, corrdations
between gpeech perception and auditory functions were examined. In this way, the effects of
uprathreshold deficits were separated from the effects of audibility.

Ching et al. (1997) used asamilar goproach. They cdculated the deviaions of measured intdligibility
scoresfor filtered gpeech from theintdligibility scores predicted by the ST modd, and found thet these
deviaions were moderatdy corrdated with the measured spectrd and tempord resolutioninthesame
frequency region, and with the hearing threshold. Because audibility was accounted for, they conduded
that the corrd aionswith the hearing threshold may berd ated to suprathreshol d deficitsthet covary with
hearing loss

Inthe present Sudy, suprathreshold Speech percegption will not only berdated to spectrd and tempord
resolution, but also to theresults of aset of other detection and discrimination tests The detection tests

60



Chapter 4

assessed oectrd and tempord resolution, and spectrd and tempord integration. Inthe discrimination
tedts, judt-noticegble differences were measured in intengty, frequency, rhythm, and spectro-tempord
shape. Many auditory functionsare known to change with sound pressureleved. For example, intendty
disriminationimproves with leve, whereas spectrd resolution deteriorates with levd. So, differences
in results for hearing-impaired and norma-hearing ligeners can be caused by levd effects Such leve
effects can bethereault of differencesin ether the absolutelevd or in the sensdtion levd of the simuli.
Thelevd-dependence of auditory functions was accounted for in our invedtigations by meesuring the
thresholds of the norma-hearing ligeners & three presentation levels.

Soecch intdligibility was assessed for narrow-band speech with the novel SRBT. For broadband
gpeech, various speech-reception thresholds (SRT’ s) were determined, namdy the SRT in quig, the
SRT in noise, and the spectrdly adgpted SRT in noise (in which simuli are adjugted to fit in the
individud’ sdynamic range). In chapter 3, the sameintdligibility tesswere measured usng 34 hearing-
impaired ligeners. For most ligeners devated SRT vauesin quiet and in noise could be explained on
the bagsof audibility. However, for the spectraly adapted SRT in noise, and especidly for the SRBT,
the data of mog ligeners could not be explaned from audibility, suggeding that effects of
suprathreshold deficits influenced intdligibility in these conditions. In the present Sudy, an dtempt is
mede to determine which spedific suprathreshold defidits reduce intdligibility for hearing-impaired
ligeners
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42METHOD

4.2.1 Stimuli

The speech materid congged of eight ligts of 13 meaningful Dutch sentences, uttered by afemde
spesker (Flomp and Mimpen, 1979). For masking, a Gaussian noise that was pectraly shaped
according to thelong-term average spectrum of the sentenceswas used. Both the speech and thenoise
sgndswere digitized a asampling frequency of 15625 Hz. Noise bands of a-octave were used for
determination of the absolute thresholds and the levels of uncomfortable loudness.

In the measurements of the auditory functions, three types of Sgnaswere used: atone, adick, and a
Gaussan-windowed tone pulse. The tone was asnusoid with afrequency of 1 kHz, which was gated
with a 20-ms cosne sguared ramp, and had a hdf-amplitude duration of 100 ms The dick was a
filtered sep-function of two octaves wide (500-2000 Hz). The Gaussar+windowed tone pulse was
defined by

)" A /_éfosin(ZéfOt%%)ap(&é(éfot)z). 41)

The carrier frequency f, of the Gaussan pulsewas 1 kHz and the shepe factor & was 0.25. This shgpe
factor was chosen because it defines a Sgnd with the spectrd width of a criticd band (equivadent
rectangular bandwidth: ¥z octave) combined with ashort duration (equivaent rectangular duration: 2.8
ms). For low-levd stimuli with this particular spectro-tempora shepe, ligenersare not ableto combine
dimuusinformation acrossmultiplefrequency channdsor across“ mutiplelooks’ intime (van Schijndd
et al., 1999). The enagy of the Gaussan pulse only depends on the amplitude factor A. In its
generation, the Gaussan pulsewas cut off a 60 dB be ow thetop. For masking, anoisewith gaussan-
amplitudedigtribution was used with abandwidth of four octaves (250-4000 Hz) and aduration of 400
ms. The noise masker was gated with a 20-ms cosine-squared ramp.

4.2.2 Apparatus

Simuli were generated with apersond computer using TDT (Tucker-Davis Technologies) Sysem 1
add-on hardware. Intheintdligibility tests simuli were upsampled by afactor of two and ddivered &
a 31250-Hz sampling frequency. In the auditory-function tests, gimuli were
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ddivered a a sampling frequency of 40 kHz. Simuli were converted to andog usng a 16-bit D/A
converter (TDT DD1) and they were low-passfiltered a 16 kHz (TDT FT5). Sgndsand noisewere
atenuated ssparady (TDT PA4), and subssquently summed (TDT SM3). For frequency shaping in
the intdligibility tesand in the determination of the broadband uncomfortableloudnessleve (see Sec.
4.2.4), thetotd 9gnd was passed through a programmeable filter (TDT PF1). Listeners were seeted
inasoundproof room. Stimuli were presented monaurdly through headphones (Sony MDR-CD99).
Sound-pressurelevd sof thestimuli were messured with the heedphone placed onaBrid & Kjaa type
4152 atifidd ear with aflat-plate adgpter.

4.2.3 Listeners

Twenty-four sensorineurdly hearing-impeired persons were slected from the files of the Universty
Hospitd VU and sarved as subjects. Information about individud ligenersis given in Table B.1 of
Appendix B. Ther ages ranged from 39 to 67 years Their native language was Dutch. Only liseners
who could reech an intdligibility score for monosyllabic wordsin quiet of & least 75% were sdected.
They were tested @ ther better ear. The thresholds, averaged over 0.5, 1, and 2 kHz, ranged from 5
to 62 dB HL. Pure-tone air-conduction thresholdsin the eer under test werea leest 50 dB HL a one
or more octave frequendes between 250 and 4000 Hz. Twdve normd-hearing ligeners ranging in
ages from 19 to 63 years, paticipated in the experiment as a control group. The pure-tone air-
conduction thresholds did not exceed 15 dB HL a octave frequencies from 250 Hz to 4000 Hz for
their tested ears.

4.2.4 Procedure

The hearing-impaired ligenerswere tested in two sessons of four hourson two sparatedays. Sesson
1 consgted of 9x test blocks (blocks 1 to 6 described below) and sesson 2 of fivetest blocks (blocks
2 to 6 inretest) of about twenty minutes. The blockswere presented in afixed order to avoid possble
differences among ligeners due to sequence effects After each test block, the listenershad abresk of
the same duration. In the fird test block, the ligeners  thresholds and uncomfortable loudness leves
were determined.
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The measurements of the auditory functions were divided over four blocks (blocks 2, 3, 5, and 6).
Speech reception was measured in the fourth block. The reason for presenting this speech-reception
block in between the more-demanding auditory-function blockswasto givethe ligenerssomevariaion
inther task.

The normd-hearing ligeners parformed the same tests asthe hearing-impaired ligeners (sessons 1 and
2) and an extrathird sesson. Thisextrasess onwasinduded to investigate the leve -dependence of the
auditory functions measured in sessons 1 and 2. Auditory functions were messured & three
presentation levels 15 dB below, & the samelevd as, and 15 dB abovethe levels used in sessons 1
and 2 (determined in block 2). Sesson 3 congsted of ninetest blocks (blocks 3, 5, and 6; eech at three
levels) of fifteen minutes with bresks of fifteen minutesin between. (Block 3wasextended withthelast
test of block 2.) The presentation order of thelevelswas counterbalanced over the listeners according
to a 3x3 Lain sguare. Each sequence of levels was presented to four norma-hearing ligeners.

4.2.4.1 Threshold and UCL (block 1)

Hearing thresholds and uncomfortable loudness levels (UCL’ s) were measured with a-octave bands
of noise a five center frequencies: 250, 500, 1000, 2000, and 4000 Hz. Levdsfor intermediate a-
octave bandswere cdculaed by interpolation. For the determination of the hearing threshold, afixed-
frequency Békésy procedure was used with a sep size of 1 dB. After 11 reversds, the threshold
measurement was finished. The threshold was defined as the average of dl but thefirst reverd.

The UCL was determined in two steps. Frg, the UCL of the five a-octave bands of noise were
measuredindividudly. Next, the UCL wasmeasured with a4-sscond broadband noiseburg, spectrdly
shaped according to the narrow-band UCL’s. In the determination of the a-octave band UCL’s the
listeners were presented with noise burdisthat increased inleve. They had to pressabutton when the
noise burd was experienced as uncomfortably loud. After the button was pressed, the noiseleve was
reduced by a random amount between 21 and 31 dB. The measurement was finished after ax
regponses. The UCL of each band was computed by averaging across the leves a which the button
was pushed. For detalls of the threshold and UCL measurement procedure, see chepter 3.
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4.2.4.2 Speech intelligibility (block 4)

In this blodk, four intdligibility thresholds were measured: the speechrreception threshold in quiet
(SRTQ), the SRT in noise (SRTn), the SRT in noise with the gpeach and noise Sgnds adepted to the
midine of the dynamic range of individud ligeners (SRTa), and the soeech-reception bandwidth
threshold (SRBT). In session 1 the order of thetestswas SRTq, SRTn, SRTa, and SRBT. In sesson
2 the order was SRBT, SRTa, SRTq, and SRTn, i.e, the order was reversed, except for SRTq and
SRTn. Their order wasfixed, because the levd of the noisein the SRTn test was teken 20 dB above
the measured SRTq for eech ligener. Inthe SRBT procedure, the bandwidith of the gpeech agnd was
varied. Complementary shgped bandstop noise was added to the speech simuli. Both the spesch and
noise simuli were shaped to resemble the midine of the dynamic range of the individud ligener, i.e,
aline hafway between hearing threshold and broadband UCL (measured in block 1). A procedure
comparadle to the SRT test was fallowed, with the important difference that the bandwidth (center
frequency: 1 kHz), ingtead of the sound-pressure leve, of the speech Sgnd is varied adgptivdly. For
detalls of theintdligibility tests, see chepter 3.

Before the gpeechintdligibility messurements, two ligts of 13 sentences were used to familiarize the
ligeners with the procedure. With these ligs, an SRTq test and an SRTn test were performed.

4.2.4.3 Auditory functions (blocks 2, 3, 5, and 6)

General

The four test blocks are schematicaly presented in FHg. 4.1. Blocks 2, 3, and 5 each contain three
detection tests. Block 6 contains four discrimination teds. Thresholds were determined using an
adgptivetwo-interva forced-choiceprocedure (L evitt, 1971) with visud feedback. Eachtrid condsted
of two intervas of 400 ms, each indicated by alight, with 400 ms of slencein between. A two-down
one-up procedure was goplied that estimates the 70.7 % correct point on the psychometric function.
The gep gzesfor each test are given inthelagt column of Ag. 4.1. The threshold messurementswere
finished after 16 reversas. The threshold was defined as the meen (for block 2, and tests 3aand
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Fig. 4.1. Schematic representation of spectrum (second column) and temporal structure (third column) of the
stimuli inthe auditory-function testsasgiven in thefirst column. The parameter varied in the adaptive procedure
isindicated with an arrow, or with adashed line. The step sizeis given in the last column.
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53) or the geometric mean (for the other tests) of the lagt 12 reversals. A practice run with four
reversals was presented before each measurement, except in sesson 3.

Intest 2b of session 1, the energy E of the sgnds (tone, dick, and Gaussian pulse) to be used in dl
ubseEquent testswias determined. E wias chosen asthethreshold energy of the Gaussan pulseinapink
noisewith abandwidth of four octaves (250-4000 Hz). Theleve of the pink noise was chosen so that
the a-octave band centered & 1 kHz was presanted hdfway the hearing threshold and the
uncomfortable loudnesslevd of each individud ligener. Consequently, the levd of the pink masking
noisein the subsaquent detection tests wias varied around the middle of the dynamic range for each
ligener.

Sgnal-detection efficiency (block 2)

Fr4, the threshold for a Gaussan-windowed tone pulse was measured in quiet (23). This test was
included to be able to caculae the sensation leved of the Igndsin the subseguent discrimingtion tests
Next, the threshold for a Gaussan pulse was measured in pink noise (2b). This tes wasinduded to
determine the probe-signd energy E to be used in al subseguent tests The threshold was defined as
the energy leve! (in dB) a the detection threshold. In thesetests (2aand 2b), theleve of the Gaussian
pulsswasvariedin the adgptive procedure. Findly, thethreshold for aGaussan pulsein pink noisewas
determined again (2c), but now the noise level was varied in the adaptive procedure. In tests 2b and
2c, the Gaussan pulse was temporaly centered in the masker. Thethreshald in test 2c was defined as
the energy of the Gaussan pulse a detection threshold, normalized by the Spectrd denaity of the pink
noisea 1 kHz, i.e, E/N, (in dB).

Spectral resolution (block 3)

To determine the spectrd resolution without confounding it with Sgnal-detection efficdency (Patterson
et al., 1982), upward spread of masking (USOM) and downward spreed of masking (DSOM) were
determined in two geps. In thefirg sep the threshold for the tone in pink noise (3a) was determined.
Thenoise levd was varied in the adgptive procedure. The threshold was defined as the energy of the
tone a the detection threshold, normalized by the spectrd density of thenoisea 1 kHz. Inthe second
step, two measurements were performed, oneto measure USOM (3b), the other to measure DSOM
(3c). The USOM-masker was condructed from the noise a the threshold levd of the first
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sep of this block. The low-frequency part of the noise was amplified with 10 dB, and the high-
frequency part was atenuated with 10 dB (sse Fg. 4.1, 3b). To meke the DSOM-masker the hight
frequency part of the noise was amplified 10 dB, and the low-frequency part was atenuated 10 dB
(seeFg. 4.1, 30). Inthese tedts, the atenuated parts of the noise are induded to limit off-frequency
ligening. The frequency difference @f (in Hz) between the tone and the masker cut-off was varied in
the adaptive procedure. The threshold was defined as the frequency difference a the detection
threshold. The USOM-measker and DSOM-masker may generate atona sensation, because of the
Steep goectrd dope between the low- and high-frequency part of the noise. Therefore, the tone was
presented at the end of the masker to ease detection.

Temporal resolution (block 5)

To determine the tempord resolution without confounding it with Sgna-detection efficiency, forward
and backward masking were determined in two teps. Frg, the threshold for the dick in pink noise
(58) was measured. The noiselevd was varied in the adgptive procedure. The threshold was defined
astheenergy of thedick a the detection threshold, normdized by the specird dengty of thenoise In
the second gep, forward masking (5h), and backward masking (5¢) were measured. The forward
masker was condructed from the noise & threshold leve in sep 5a, by amplifying the firgt part of the
noiseby 10dB, and by atenuating thelast part by 10 dB (seeFg. 4.1, 5b). For the backward masker,
the lagt part of the noise was amplified 10 dB, and the firs part was atenuated 10 dB (see Fg. 4.1,
50). Theintervad 2t (in ms) between the dick and trangtion in the masker was varied in the adeptive
procedure. The threshold was defined astheintervd a the detection threshold. The attenuated part of
thenaise limits“ off-ime ligening” (Mooreet al ., 1988).

Discrimination (block 6)

In eech messurement trid, the two interva's contained four Gauss an-windowed tone pulses repeated
every 100 ms (se Fg. 4.1). In onerandomly chosenintervd, dl four pulseswereidenticd (reference
pulses). Intheother intervd, thefirg three pulseswere equd to the corresponding reference pulsesand
the fourth pulse deviated. The Sze of the
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differenceinthefourth, odd, pulse (inintengty, frequency, laiency, or shgpe) wasvaied inthe adeptive
procedure.

In test 63, intengty discrimingtion was meesured. The amplitude factor A in Eq. (4.1) was increased
from Ay to Ay + 2A, and A was varied in the adaptive procedure. The threshold waas defined asthe
jus-noticegble difference in energy (in dB), i.e, 20 log((Ay +2A)/A). In test 6b, frequency
discrimination was measured. The carrier frequency of the odd pulse was 1000 Hz + &f,. The
frequency difference @f, (in Hz) was varied in the adaptive procedure. The threshold waas defined as
the just-noticeable differencein frequency between the odd and the reference pulse (in percent). Intest
6c, rhythm discrimination was measured. The latency between the third reference pulse and the odd
pulse was 100 ms + 2T, and thedday 2T was varied in the adaptive procedure. The threshold was
defined as the jugt-naticegbleincreasein dday (in ms). In test 6d, shgpe discrimination was messured.
The shapefactor of the odd pulsewasa, +2a (i.e, the duration of the fourth pulse was shorter and its
bandwidth was wider). The shgpe-factor difference 24 was varied in the adaptive procedure. The
threshold was defined as the jus-naticegble difference in shape factor between the odd and the
reference pulse (in percent).

Integration

The tempord and spectrd integration of eech ligener was cdculaed by combining the masked
thresholds for the Gaussan pulse (test 2c), the tone (test 33), and the dlick (test 5a). We defined the
tempord integration asthemasked threshol d for the 100-mstone subtracted from themasked threshold
of the 2.8-ms Gaussan pulse. Spectrd integration was defined as the masked threshold for the dick
(two octaves wide) subtracted from the masked threshold for the Gaussan pulse (1/4 octave wide).
With these ddfinitions, maximaly efficent integrationcorrespondsto 0 dB and lessefficient integration
correspondsto negative numbers Thedick presented in pink noise goproximatdly fulfillsthe condition
of equd detectability across the frequency range covered by the Sgnd, necessary for accuratdy
measuring oectrd integration (van den Brink, 19908).

4.25 9l calculations

The SI vaues corresponding to eech SRT and SRBT measurement were cdculated following the
ANS a-octave band procedure (ANSI, 1997). The SII replaces the older
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aticulaion index (ANS, 1969). The band-importance function for goeech maerid of average
redundancy (Pavlovic, 1987) was used. For frequencies below 500 Hz, shalower dopes were usd
inthe ca culation of upward spread of masking, because previouscd culationsshowed that, inan SRBT
measurement, the sandard SII modd underestimates the upward soread of masking produced by the
low-frequency noise (chapter 2).

For the SII procedure, the levels of speech and noise were trandformed to equivdent freefidd levels
uangthe* artifidd-ear-to-freefidd trander function” asderived in chapter 2. Thepectrumlevd of the
interna noisewas cd cul ated asthe obsarved a-octave band noisethreshold (transformed to free-fidd
levd) minusthe ariticd raio in dB.

4.3 RESULTSAND DISCUSSION

4.3.1 Resultsof sessions1and 2

Theindividud resultsof theligenerson the peech intdligibility tetsand the auditory-function tetsare
givenin gppendix B, TablesB.2 and B.3. Each reault isthe average of thethresholdsin sessons 1 and
2. Table 4.1 presents the average reaults for the normd-hearing liseners (column “NH”) and the
hearing-impaired ligeners (column “HI”). The average threshold on test 2b has been cdculaied from
judt the thresholds measured in sesson 1, because these thresholds determined the Sgnd energy Eto
be usad in Al subsequent tests. For eight tests, data andlysis was performed on the logarithms of the
thresholds, and, therefore, geometric means are presented in Table 4.1 (with the logarithms of the
geomdric means, and ther corresponding Sandard deviations and individua dandard erors, givenin
parentheses). Thenumbersof hearing-impaired ligenersover which the averages have been cdculated
are given in column “number HI,” because some hearing-impaired listeners could not perform one or
two tests Additiondly, thethresholdsof one hearing-impaired listener onthethreetestsof block 3 (and
thereforedso ontempord integration) wereleft out of the dataandys's, because they were congdered
to besevereoutliers. The upper limit of the one-tailed 95%-confidence interva of the thresholds of
the normd-hearing ligeners was chosen as
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Table 4.1. Averageresultsof sessions 1 and 2 for normal-hearing listeners (NH) and hearing-impaired listeners (HI).
Thresholdsfor the group of hearing-impaired listenersthat differ significantly (p<0.05) from corresponding normal -
hearing thresholds are indicated with an asterisk. “Number HI” indicates the number of hearing-impaired listeners
over which the average has been calculated. “HI deviant” indicates the number of hearing-impaired listeners with
adeviant threshold (i.e., athreshold beyond the one-tailed 95%-confidence limit for anormal threshold). Columns
Oy ando,, present the standard deviation among listeners. In thelast column the averageindividual standard error
is shown. For eight tests, data analysis was performed on the logarithm of theindividual thresholds. For thesetest,

the values givenin columns“NH" and “HI” represent geometric means, with the logarithm given in parentheses.

Test dimension NH HI number HI Oyy Oy individua
HI  deviant SE
Speech reception (block 4)
SRTq dBA 27 56.0* 24 2 42 15.7 27
SRTn dB S/N -4.8 0.6* 23 23 09 25 0.8
SRTa dB S/N -50 -2.0* 23 17 0.7 23 10
SRBT octaves 135 207* 23 19 014 052 0.15
Auditory functions
2a. Gaussian pulsein quiet dB -34 31.8* 24 23 32 135 39
2b. Gaussian pulsein noise (E) dB 420 53.3* 24 11 6.7 838 23
2c. Gaussian pulsein noise (E/N,) dB 16.7 13.6* 24 3 27 42 17
3a. Tonein noise (E/N,) dB 9.3 14.2* 23 21 11 28 16
3b. Upward spread of masking Hz 142(215) 213 (233) 23 9 (018 (027) (0.09)
3c. Downward spread of masking Hz 65(1.81) 63(1.80) 23 4 (013 (0300 (022
5a. Click in noise (E/N) dB 151 152 24 3 26 27 13
5b. Forward masking ms 105(1.02) 248 (1.39) 23 7 (023 (030) (0.1
5¢. Backward masking ms 135(113) 197(129 20 5 (019 (028 (0.07)
Temporal integration dB 74 -0.8* 23 20 22 50 19
Spectral integration dB 17 -1.6* 24 13 16 39 18
6a. Intensity discrimination dB 39059 28(045 24 1 (016 (0249 (0.0
6b. Freguency discrimination % 31(049) 6.2¢(0.79) 23 10 (019 (0.34) (0.10)
6¢. Rhythm discrimination ms 25(140) 26(1.41) 24 1 (020 (021) (0.11)
6d. Shape discrimination % 27 (143 40 (1.60 22 8 0.21) (0.26 0.1
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Table 4.2. Results on the auditory-function tests measured in session 3 for 12 normal-hearing listeners. Each test
was performed at three levels relative to the level E in sessions 1 and 2: E-15 dB, E, and E+15 dB. Pairs of
thresholds that differ significantly (p<0.05) are indicated with asterisks or daggers.

Test dimension E-15 E E+15
2c. Gaussian pulsein noise (E/N,) dB 114" 154" 143
3a. Tonein noise (E/N,) dB 17 17 9.7
3b. Upward spread of masking Hz 92" 152" 172
3c. Downward spread of masking Hz 57 70 50
5a. Click in noise (E/N,) dB 143 145 158
5b. Forward masking ms 113 82 113
5¢. Backward masking ms 100 89 134
Tempora integration dB 38" 7.7" 46
Spectral integration dB -2.8" 09" -1.5
6a. Intensity discrimination dB 557 32" 23
6b. Frequency discrimination % 24 24 29
6¢. Rhythm discrimination ms 21 21 18
6d. Shape discrimination % 29 22 20

the boundary between anorma and a deviant threshold (for tempora and spectrd integration: lower
limit). The number of hearing-impaired ligenerswith adeviant threshald isgivenin column“HI deviant.”
The standard deviation among lisenersis given in columns “Oy” and “O,.” The individua standard
aror (test-retest), which represantsardiability messure of theted, isgiveninthelast column. Average
thresholds of the hearing-impaired ligeners that differ Sgnificantly from those of the normd-hearing
ligeners are indicated with an agterisk (t test for unequd variances, p<0.05). Note thet the average
detection threshold for a Gaussan pulse in noise expressed as E/N (test 2¢) wassgnificantly better
for the hearing-impaired than for the normd-hearing lideners.
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Fig.4.2. Mean masked threshold for click, Gaussian pulse, and tonefor 12 normal-hearing listenersat threelevels
15 dB apart. Thresholds are expressed as the signal energy relative to the spectral density of the pink noise at
1 kHz. Vertical bars represent the standard error of the mean.

4.3.2 Level effects (session 3)

Table 4.2 presentsthe thresholds of the normd-hearing liseners on the auditory-function tesds a three
presentation levds E-15, E, and E+15 dB. The intermediate levd E was equd to the levd usad in
sessons 1 and 2. For eech tedt, the presence of alevd effect waas invedtigated with three Bonferroni-

corrected t testsfor matched samples (p<0.05 for each set of three comparisons, Keren and Lewis,
1993). Parsof thresholdsthat differed Sgnificantly areindicated with asterisksor daggers To compare
the detection effidendes for the different simuli, the average masked thresholdsfor thetone, thedick,
and the Gaussan pulse are d o presented in Fg. 4.2. Error bars show the sandard error of the mean.

73



Speech intelligibility and auditory functions

The 9gnd enargy Einsessons 1 and 2 differed over ligeners (determined by theresult of test 2b, with
the nois=levd st at the midline of the individudly messured dynamic range). For the normd-hearing

liseners, the energy levd E ranged from 32 dB to 52 dB. For the hearing-impaired ligeners, E ranged

from 36 dB to 72 dB. This range gpproximetely overlgps the combined range of E and E+15 for the

normd-hearing ligenersin sesson 3. Ascan beseenin Table 4.2, no Sgnificant differenceswerefound

between the thresholds a E and a E+15 for the normd-hearing ligeners. Therefore, it ssemsunlikey

that differences in test results between the hearing-impaired and normd-hearing ligeners are a
conseguence of the different absolute levels a which the tests were performed.

Many auditory functions are known to dedine & low sensation levels Thismay aso cause differences
in performance on the discrimination tests between norma-hearing and hearing-impaired ligeners As

Table4.2 indicates, intengty discrimingtionwas the only discrimination ability thet wasworse e E-15

than a higher senstion leves for the normd-hearing ligeners. However, on average intendty
discrimination was better for the hearing-impaired then for the normd-hearing ligener. Therefore, it

gppears that the lower sensation levels par 2 do nat provide an explanation for the obsarved

differences between the hearing-impaired and normd-hearing ligeners

4.3.3 Comparisonswith theliterature

Sgnal-detection efficiency

For the normd-hearing liseners, the detection threshold for the Gaussan pulsein noiseis Sgnificantly
higher & theintermediate levd then at the lowest leve (see Table 4.2 and Fg. 4.2). For the dick and
the tone, thethresholdsdid not Sgnificantly changewithlevd. Thisisin agresment with resultsof Festen
and Dreschler (1988) who found thet the threshold for brief Gaussan-windowed tone pulsesishigher
a intermediate levels and that this effect disgppears both for dick-like sgnds (duration shorter than
0.5 ms) and for 9gnaslonger than 5 ms. Van den Brink and Houtgast (19909) did not obsarve aleve
effect in the detection of short tones, but aleve-dependence of masked thresholds was d o reported
by Carlyon and Moore (1986), von Klitzing and Kohlrausch (1994), and Oxenham et al . (1997). In
the lagt two Sudies an explandion is provided in terms
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of the leve-dependent compressive nature of the input-output function of the basilar membrane.

At theintermediate levd in our experiment, theaverage energy leve of the Gaussan pulsewas42 dB.
This corresponds to a pesk amplitude of 67 dB SPL. At this sound-pressure leve, the baslar
membrane trander characterigticissrongly compressve. Thus arddivey higher sound-pressureleve
IS needed for detection. The average masked detection threshold for the Gaussan pulse was
sgnificantly better for the hearing-impared then for the normd-hearing ligeners. This finding is
congsent with the ideathat cochlear impairment can leed to alossof compression. Thus, becausethe
masked threshold of the Gaussan pulse gppears to be dosdy rdaed to peripherd compression, it
condtitutes a poor measure for Sgnal-detection efficiency.

Integration

Van den Brink and Houtgast (1990b) investigated tempord and specird integration in masked sgnd
Oetection. They found thet liseners can efficently integrate the energy of narrow-band Sgnds (< a
octave) over time, and the energy of short-duration Sgnds (<30 ms) over frequency. Thismeansthat
thetotd energy of those Sgnds determines the masked detection threshold.

The normd-hearing ligenersin our sudy showed even lower masked threshalds for the tonethen for
the Gaussan pulse, espedidly a the intermediae levd. As mentioned above, the higher masked
threshold for the Gaussan pulse a the intermediate levd is probably a consequence of peripherd
compression. Thefact that the tone was presented at the end of the masker, while the Gaussan pulse
wastemporaly centered in the masker, may d o have caused adifferencein detectability. The hearing-
impaired ligeners showed on average less tempord integration (as defined in this Sudy) then the
normd-hearing ligeners, probably as aresult from loss of peripherd compression, in agreement with
datafrom Oxenham et al. (1997).

On average the hearing-impaired ligeners showed less specird integration than the norma-hearing
listeners, but for both groups of ligenersthe spectrd integration isdoseto 0 dB. Thismeansthat both
groups of ligenerscanintegrate the energy of thedick acrossfreguency, in agreement with the efficient
spectrd integration for short-duration signas reported by van den Brink and Houtgest (1990b). The
differencein goectrd
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integration between both groups of ligeners is causad by their different masked thresholds for the
Gaussan pulse thar masked threshalds for the didk did not differ agnificantly.

Spectral resolution

In Tables 4.1 and 4.2, the upward Soread of masking (USOM) and downward spreed of masking
(DSOM) are expressed asthefrequency difference (in Hz) a the detection threshold between the cut-
off frequency of the masker and the frequency of the tone. The goread of masking (in Hz) can be
converted to adope (in dB/octave):

Sope (in dB/octave)* 10 log2) : 4.2
log(1000+SOM)&10g(1000)

where SOM istheamount of USOM or DSOM (inHz). USOM issubtracted from 1000, and DSOM
isadded to 1000. For the normd-hearing ligeners, theaverage USOM was 152 Hz a theintermediate
leve (Table4.2), corresponding to adope of -42 dB/octave. The Segpnessof thedopeincreaseswith
decreasing levd. Thedopeof DSOM isabout 100 dB/octave, independent of theleve. Thesefindings
agree with the masking curves measured by Zwicker (1963).

Of the 23 hearing-impaired ligeners, 11 liseners demondrated increased Soread of masking: ether
increesed USOM (seven ligteners), increased DSOM (two ligteners), or both (two listeners). For
hearing-impaired listeners, increasad USOM  has often been reported, and increased DSOM  has
occagondly been reported in the literature (for areview, see Tyler, 1986).

Temporal resolution

In the present udy, forward masking and backward masking were meesured for masker leves just
10 dB above the threshald leved for Imultaneous masking of the same probe sgnd. This resulted in
intervals between the dick and the trandtion in the masker of about 10 ms &t the detection threshold
for norma-hearing ligeners. For these conditions, the thresholds for forward and backward masking
did not depend sgnificantly on the presentation leve. This result differs from literature data for larger
delay's between masker and probe 9gnd for which forward and backward masking decreases asa
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funcion of masker levd. This levd-dependence of nongmultaneous masking becomes more
pronounced withincreesng masker-sgnd interva (Penner, 1974; Weber and Green, 1979; Oxenham
and Moore, 1995). Therefore, the amdl intervds @ threshold in the present sudy are probably the
reason that no leve effect was found in nondmultaneous masking. On average, the hearing-impaired
ligenersinthisstudy showed moreforward masking then thenorma-hearing listeners inagresment with
Festen and Plomp (1983), and Oxenham and Moore (1995).

Intensity discrimination

In Fg. 4.3 the jus-naticedble difference (IND) in intensty is plotted againg energy leve (left pand)
and sensation levd (right pand) of the Gaussan-windowed tone pulses. Thefilled drdesrepresant the
thresholds of the hearing-impaired ligenersaveraged over sessons1 and 2. Theopen ardesrepresent
the IND of the norma-hearing ligeners Four data points are shown for each normd-hearing ligtener:
the average IND of sessons 1 and 2, and the three individua INDs meesured a the three levedsin
$s[50n 3.
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Intengity discrimination deteriorates as Simulus duration decreases (See Horentine, 1986). Therefore,
the INDs of the normd-hearing ligenersin FHg. 4.3 for the brief tone pulses used in the present sudy
are higher than commonly reported for simuli of longer duration. The INDs arein the same range as
thosefound by van Schijndd et al . (1999), who a o used Gaussanrwindowed tonepulses. Figure4.3
shows thet the IND & 1 kHz decreases with increesing Sgndl leve, conggtent with Rebinowitz et al.
(1976), and Horentine et al. (1987). When compared a equd sensaion levd, the INDs of most
hearing-impaired lideners are better than those of the normad-hearing ligeners, but at equa absolute
levd, this difference in performance vanishes Thisis congagtent with Turner et al ., (1989), Horentine
etal. (1993), and Schroderet al . (1994), dthough someligenersintherr sudiesdid show higher INDs
a equa absolute leves

Frequency discrimination

Asthe duration of atond Sgnd decreases, frequency discrimination deteriorates (Moore, 1973; Hdl
and Wood, 1984; Freyman and Nelson, 1986). Therefore, the INDs of the normd-hearing ligeners
obtained with the 2.8-ms Gaussan pulse are poorer than is normaly reported in the literature for
longer-duration gimuli. On average, the hearing-impaired listeners performed poorer then the normd-
hearing ligeners Thisisin contragt with results by Hal and Wood (1984), and Freyman and Nelson
(1987), who found that performance of mog of the hearing-impaired ligteners was normdl for brief
tones, and poorer than normd for tones of longer duraions

4.3.4 Influence of audibility on speech intelligibility

The spesch intdligibility index (ANSI, 1997) has been designed to predict speech intdligibility for
normal-hearingligeners and for heering-impaired listenerswithout suprathreshold deficits For normd-
hearing ligeners, dl conditions of equd intdligibility should result in the same S1. Thus, when the
meesured SRT and SRBT of thenormd-hearing ligenersare expressedin S va ues, themodd should
yidd identicd S vaues

For the normd-hearing ligeners, the average S| vaues for the SRTq, SRTn, SRTa and SRBT ae
0.19, 0.26, 0.29, and 0.30, respectively. The Sllsrrq is Sgnificantly lower then the Sl for the other
conditions (pairedt tesswith Bonferroni correction, p<0.05; Keren and Lewis, 1993). Thiswasdso
found in our previous study in which we assumed that

78



Chapter 4

Table 4.3. Average speech intelligibility index with standard deviation in parentheses for the normal-hearing
listeners (NH) and the hearing-impaired listeners (HI), for four intelligibility tests. The Sl was calculated
according to two different procedures. M odificationswith respect to the standard Sl | procedure (ANSI, 1997) are
given in the second column. ‘ Slopes': Shallower slopes of the masking curves are used below 500 Hz (see Sec.
4.2.5). ‘Noise’: Theinternal noiselevel islowered by 4.6 dB (see Sec. 4.3.4). ‘USOM, DSOM’: The individualy
measured upward and downward spread of masking isincluded (see Sec. 4.3.6). Resultsfor the hearing-impaired
listeners that differ significantly (t test for unequal variances, p<0.05) from the corresponding results for the
normal-hearing listeners are indicated with an asterisk.

Modifications Sl| S xrq Sl Sllgrra Sl et
NH slopes, noise 0.29 (0.11) 0.27 (0.02) 0.30(0.02) 0.29 (0.03)
HI slopes, noise 0.27 (0.10) 0.30* (0.06) 0.32* (0.05) 0.39* (0.09)
NH  slopes, noise, USOM, DSOM 0.29(0.11) 0.27 (0.04) 0.30 (0.04) 0.29 (0.04)

HI  slopes, noise, USOM, DSOM 0.27 (0.10) 0.27 (0.06) 0.30 (0.04) 0.36* (0.07)

Békésy tracking resulted in hearing thresholds thet were sysemicdly a few dB higher then the
methods on which the 1SO (1961) threshold is based (chepter 3).

Whentheinternd noiseleve inthe ST calculation, which represantsthe hearing threshold, waslowered
by 4.6 dB, the differencesamong thefour S| vaueswere minimized. The upper tworowsof Table4.3
show the average SlI vaues (and sandard deviaions) caculated with thelowered internd noiselevd.
For the hearing-impaired ligeners (row “HI"), the average SlIsrrq is SMilar to the average Sl for
norma-hearing ligeners (row “NH”), but for the SRTn, SRTa and SRBT, the average Sl for the
hearing-impaired ligenersis Sgnificantly higher thanthe average S1 for the normd-hearing liseners (t
test for unequa variances, p<0.05). Andevaied S| indicatesthat thehearing-impaired lisenersnesded
more speech information than the norma-hearing listeners to undersand 50% of the sentences
Therefore, an devated S| suggests that suprathreshold defiaits effected intdligibility. Conggent with
the resultsin chepter 3, theeffect of suprathreshold deficitsismost obviousfor the SRBT, less obvious
for the SRTa, and dosent for the SRTq. In contrast with our previous results, the effect of
uprathreshold defidts now isaso presant in the SRTn condition. In our previous Sudy, we suggested
tha the dependence of the effect of suprathreshold defidts on condition may be rdaed
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Fig. 4.4. Speech intelligibility index versus speech-reception threshold on the four intelligibility tests (SRTq,
SRTn, SRTa, SRBT) for normal-hearing listeners(open circles) and hearing-impairedlisteners(filled circles). Solid
lines represent the one-tailed 95%-confidence limit for the data of the normal-hearing listeners. Dashed lines
represent the maximum SI1 as afunction of SRT or SRBT.

to the different spectra of gpeech and noise for the different conditions when, for ingance, a hearing-
impeaired lisener auffersfrom excess ve goread of masking, theeffect on gpeschintdligibility will depend
on the pectra of gpeech and noise.

Table B.2 of Appendix B shows the individud S vaues for the four intdligibility tets For each
intdligibility text, the S of individud ligenersis shownin Hg. 4.4 asafunction of the threshold. Data
points of normd-hearing ligeners are indicated with open
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drdes and those of hearing-impaired ligenerswith filled crdes. Dashed lines represant the maximum
possble S, i.e, the SII that would have been reached if the audibility of the speech had not been
influenced by the hearing threshol d, upward Soreed of miasking and leve digortion. (Sincethemaximum
possble Slsrrq IS 0ne no dashed line has been drawn in the upper &t graph). The upper limit of the
one-tailed 95%-confidence intervd of the SI of norma-hearing ligeners is chosen as the separation
between normd and higher-thanknormd S (horizontd lines). The separation between normd and
deviant SRT or SRBT isindicated with averticd line

The horizonta and verticd linesdividethe graphsin four quadrants. No datapaintsfal in the upper left
quadrant: a normd threshold never corresponds to an devated SlI. Data points in the lower left
quadrant correspond to anormd threshold and anormd 1. Daa points in the lower right quedrant
correpond to andevated SRT or abroader-than-norma SRBT; theseresult can be explained on the
bass of audibility by the Sl modd. Data points in the upper right quadrant correspond to a deviant
threshold thet cannot be explained by the SII modd. The higher the position of the deta point ebove
the horizontd line, the larger the gpeech perception deficit. The upper left graph shows that the S
modd can account for dl differencesin SRTq between hearing-impaired ligenersand normd-hearing
ligeners The other three graphs show that audibility can account for some, but not dl, deviant gpesch
thresholdsfound for the ather tests. Therefore, inthese conditions, the effects of suprathreshold deficits
gppear to influence gpeech intdligibility for part of the hearing-impaired ligeners

4.3.5 Relationsamong the tests

Relations among auditory functions

The data of the combined groups of hearing-impaired and normd-hearing ligeners form a continuum
of thresholdson each test. Therefore, poaling thedataof hearing-impaired and normd-hearing ligeners
will not bias the vaues of the corrdation coefficients between each par of tests Table 4.4 shows
corrdaioncodfidentsamong 11 auditory functionsfor thecombined group of dl listeners. Themasked
thresholds for tone and dick are not indluded, because they are not independent from (the indluded)
tempord integration and spectrd integration. Missng datawere ddeted casewise. Thirty complete
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Table4.4. Matrix of correlation coefficientsamong 11 auditory-functiontestsfor 18 hearing-impaired listenersand
12normal-hearinglisteners. Underlined coefficientsaresignificant at the5%level ; double-underlined coefficients
are significant at the 1% level. Correlation coefficients were cal culated on the average results of sessions 1 and
2, except for the coefficientsin italics®.

Test 3b 3 5b 5c 6a 6b 6c 6d

UusoM DSOM FM BM  TI Sl ID FD RD SD

2c. Gaussian pulsein noise (E/N,) -0.21 005 05 -023 0.69 044 023 005 -006 -005
3b. Upward spread of masking 011 027 001 -038 -024 065 015 -017 -005
3c. Downward spread of masking 013 -003 -0.12 021 -038 001 -029 -0.21
5b. Forward masking 0.60 073 -028 -023 043 030 052
5¢. Backward masking 043 -002 021 050 050 048
Tempora integration 047 039 -027 -001 -032
Spectral integration 014 -011 -004 -023
6a. Intensity discrimination 007 049 -001
6b. Frequency discrimination 029 033
6¢. Rhythm discrimination 0.36

6d. Shape discrimination

cases remained: 18 hearing-impaired ligeners and 12 normd-hearing liseners. Of the 55 corrdlaion
codfficents 13 are dgnificant a the 1% levd (double underlined), and five are dgnificant a the 5%
level (underlined). Within the group of hearing-impaired ligeners none of the auditory functions
correlated sgnificantly with age or absolute presentetion leve (not shown in the table). Corrdation
coefficients were caculated from the meen thresholds of test and retest, except nine correlaion
codffidentsin itdics which were cdculated from the individud resuts’.

Because saveard auditory functionsare corrdated, aprind pd-components anadlysswas gpplied on the
metrix of corrdaions to reduce the 11 auditory functions to a smdler sat of factors. The resulting
factorsarelinear combinationsof the auditory functions. Only factorswith eigenvauesgregter than one
wereconddered ggnificant. Thisresulted in threefactorsthet can account for 68% of thetotd variance
A vaimax rotation was
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Table 4.5. Factor |oadingson thefirst threefactorsfrom aprincipal -componentsanalysison 11 auditory-function
tests for the combined groups of 18 hearing-impaired listeners and 12 normal-hearing listeners. The bottom row
shows the proportion of thetotal variance accounted for by each factor. For each test, the highest factor loading
has been underlined.

Test Factor 1 Factor 2 Factor 3
2c. Gaussian pulsein noise (E/N,) -0.10 -0.10 0.83
3b. Upward spread of masking 0.04 0.63 -0.35
3c. Downward spread of masking 0.07 0.72 032
5b. Forward masking 0.72 0.26 -047
5¢. Backward masking 0.84 0.11 -0.10
Temporal integration 043 0.37 071
Spectral integration 0.02 -0.07 0.79
6a. Intensity discrimination 0.12 -0.85 0.27
6b. Frequency discrimination 0.78 0.07 0.08
6¢. Rhythm discrimination 0.56 -0.57 -0.04
6d. Shape discrimination 0.73 -0.13 -0.15
Proportion of variance explained 26% 20% 22%

performed to obtain the factorsthat were dearly marked by high loadingsfor some auditory functions.
Table 4.5 shows the normdized factor loadings and the proportion of variance accounted for by each
factor. Factor loadings can be interpreted as corrdations between the auditory-function tests and the
auditory factors They are important for the interpretation of the auditory factors The highest factor
loeding has been underlined for each test. Forward and backward masking, frequency discrimination,
and shepediscrimination havethe highest loadingson auditory factor 1. Upward and downward spreed
of masking, intengty discrimination and rhythm discrimination have the highest loadings on auditory
factor 2; the loadings of upward and downward preaed of masking are pogitive, wheresstheloadings
of intendty and rhythm discrimination are negetive, corresponding to pogitive and negdive corrdaions,
respectively. Theauditory functionsthat load high onfactor 3 arethe masked threshold for the Gaussan
pulseand
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Table 4.6. Matrix of correlation coefficients between on the one hand thresholds on the four intelligibility tests
and corresponding speechintelligibility indicesand onthe other hand 11 auditory functions, and thethreefactors
from a principal -components analysis on these auditory functions. Correlation coefficients were calculated for
the combined groups of 24 hearing-impaired listeners and 12 normal-hearing listeners, with pairwise del etion of
missing data. Underlined coefficientsaresignificant at the5%level; double-underlined coefficientsaresignificant
at the 1% level.

SRTq SRTn  SRTa SRBT  Sllgyy lgm Slsra Slger

2c. Gaussian pulsein noise (E/N;) -0.44 -047 -0.22 -043 -0.03 -0.06 -0.08 -0.35

©
0
~ ’

3b. USOM 040 052 049 055 0.19 0.36 049 057
3c. DSOM 0.17 -0.07 -0.06 0.33 0.23 0.36 022 046
5b. Forward masking 068 056 0.63 061 0.15 055 0.25 047
5c. Backward masking 0.28 0.36 0.24 0.15 0.00 0.32 0.07 0.07
Temporal integration -0.76 -0.73 -0.66 -0.69 0.00 042 -0.23 -0.57
Spectral integration -0.36 -051 -0.12 -0.42 011 0.03 0.09 -0.37
6a. Intensity discrimination -045 -0.27 -047 044 -0.17 -0.24 -0.35 -0.45
6b. Frequency discrimination 042 049 059 043 0.08 0.66 0.38 043
6c. Rhythm discrimination 0.15 0.05 0.15 0.04 0.19 0.25 0.15 -0.03
6d. Shape discrimination 047 0.35 0.19 048 0.22 018 0.08 031
Factor 1 046 048 0.36 0.39 0.19 047 0.27 0.32
Factor 2 040 032 030 056 02 045 046 065
Factor 3 -0. -0.60 -0.55 -044 0.04 -0.02 0.01 -0.29

tempord and spectrd integration. A reduction of the masked threshald for the Gaussan pulse and
reduced integration are probably caused by aloss of peripherd compresson (Sec. 4.3.3). Thus,
auditory factor 3 is probably rdaed to periphera amplitude compresson.

Relations between speech reception and auditory functions
Table 4.6 shows the corrdaion coefficients between, on the one hand, thresholds of the four
intdligibility tests and corresponding goeech intdligibility indices, and, on the other
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hand, 11 auditory functionsand the three fectorsthat resulted from aprind pa-componentsandysson
the 11 auditory functions

Corrdation coefficents were cd culated for the combined groups of 24 hearing-impaired ligenersand

12 normd-hearing ligeners with pairwise ddetion of missng data Thirty corrdaions between
thresholds on the four intdligibility tests (SRTq, SRTn, SRTa, and SRBT) and auditory functionsare
sgnificant, but only 16 corrdations between SlI vaues and auditory functions are Sgnificant (double
underlined: p<0.01; underlined: p<0.05). Apparently, for haf of the corrdations between intdligibility
thresholds and auditory functions, the underlying cause is hearing threshold devation: most auditory
fundions corrdae dgnificantly with hearing loss, and hearing loss corrdaes dgnificantly with
intelligibility thresholds (nat shown).

Mogt sgnificant corrdations between S and auditory functions are podtive, suggedting that a
uprathreshold speech perception defidit (i.e, devated SII) may be causad by an devated threshold

on the auditory-function test in question. The SlI corrdaes negatively with the threshold for the

Gaussan pulseinnoise, tempord integration, Spectrd integration (in case of the Slsrer), and intengty
disorimingion. It seems very unlikdy tha an devated SII may be caused by better intensty
discrimination. Table 4.4 shows that intengty discrimination has a agnificant negative corrdation with
both USOM and DSOM. Intengty discrimination, USOM, and DSOM did not corrdaesgnificantly

with presentation levd for the hearing-impaired ligeners (not shown). Therefore, presentetion leve

cannot be the underlying cause for the corrdaion between soread of masking and intensty
discrimination. Therole of goreed of exdtation in intendty discrimination may explain the corrdation
betweengoread of masking and intengity discrimination. Thegoread of exdtation toward thehigher and,

to a lesser extent, the lower frequendes isimportant for intengty discrimination (Viemeder, 1972,

Moore and Ragb, 1974). Thus, intendty discrimingtion may profit from incressed USOM or DSOM,

as suggested by Horentineet al., (1993) and Schroder et al. (1994). Table 4.6 shows that USOM

hes a Sgnificant podtive corrdation with Slsgr, ad both USOM and DSOM have a sgnificant

pogtive corrdation with Slisger. Therefore, soread of masking may be the underlying cause for the

negative corrdation between intengty discrimingtion and Slisgra and Slisrer.
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Whileauditory factor 1only corrdatessignificantly with Slisgrr, auditory factor 2 corrdaessgnificantly
with the S| vdues for three teds the SRTn, SRTa, and SRBT. Upward and downward spreed of
masking, and intengty discrimination have the highest loadings on factor 2. This suggeststhat reduced
spectrd resolution isthe most important cause for suprathreshold speech perception deficits. Speech
intdligihility was probably affected by increasad goread of masking by thenoise. Furthermore, reduced
gpecira resolution may have interfered with the detection and discrimination of oectrd festures such
asformants.

4.3.6 Including measur ed spread of masking in the SI1 model
The individud S vaues were recdculaed to invesigate whether the underlying cause for the
correaion between the SI and spectra resolution istheincreased soread of masking by thenoise. In
this recd culation, the measured USOM was usad indeed of the SII modd vauesfor norma hearing,
and the measured DSOM wias used ingteed of no DSOM. For normd-hearing ligeners, the dope of
DSOM isleve and frequency independent (Zwicker, 1963). Therefore, themeasured dopeof DSOM
was used for al frequendesand levdsinthe ST calculations. USOM however, islevd and frequency
dependent. Therefore, the ratio between the measured USOM and SlI-modd dopesiis goplied as
“USOM factor” to cdculaetheindividud USOM for dl levelsand frequendesinthe Sl modd. For
hearing-impaired ligeners thisis probably not correct, but it is presumably coser to the red upward
goread of masking than the SII modd vaues for normd hearing.
In the gandard SII modd, the spectrum levd for masking (Z) in a-octave band i iscdculated as
i&l

. 0.1N,y, &
Z."10loy(10 %k(.)llo

0.1[B,%3.32C, 10g(0.89 Fi/Fk)]) 4.3

whereN isthe noisegoectrumlevd, B isthelarger of the noise soectrum levd and the salf-gpeech masking
gpectrum levd, C isthe dope of USOM, and F is the a-octave band center frequency. Theindividudly
measured USOM and DSOM are induded in the S modd by caculaing the spectrum leve for masking
a&s
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i&1 \ 18
z*10] og(lOO'lN‘% O 10°-1[B13.32(USOM factor) G,log0.89 F/F )]y, 5 100.1[Bk&3.320DIog(0.89Fk/Fi)]) (4.4)
K1 k= i%1

where C;, isthe measured dope of DSOM.

The two bottomrows of Table 4.3 show the average S| vaues recd culated with the measured Soreed
of masking for the norma-hearing (NH) and the hearing-impaired (HI) lisgeners The Sllsgrq IS Not
influenced by the modification, because no noise was present in this condition. For the normd-hearing
ligeners, average S| vauesfor SRTn, SRTa, and SRBT do not change, but the Sandard devidionsare
larger. The average SlI vdues for the hearing-impaired liseners are lower than without the messured
soread of masking. The average Slisgrn and Slisgra NOW are equd to those of the normd-hearing
ligeners. Theaverage Slisrgr isdlill Sgnificantly higher (p<0.05) than the Slisrer of thenormd-hearing
ligeners dthough it isdoser to the normd Slsger.

From a comparison of S| cdculations with just the measured USOM and with just the measured
DSOM (not shown), it can be conduded thet the effect of induding DSOM isnegligible Thus theeffect
of induding measured oread of masking shown in Table 4.3 originates primarily from induding the
measured USOM.

For normd-hearing ligeners, the S| predictionswith the measured USOM and DSOM induded inthe
modd areless accurate (larger Sandard deviaionsin Table 4.3). On the other hand, the average Sl

values of the hearing-impaired ligeners are doser to those of the norma-hearing liseners The change
invariance in Sl for the hearing-impaired and normad-hearing ligeners taken together is chosen asa
meesure of the net effect of induding the measured soreed of masking. Thetotd variancein Sllsgr, ad
Sllsrradid not change compared totheorigind S, but thetota variancein Slsger decreased by 46%.

Therefore, it is concluded that incorporating the meesured goreed of masking improves the Sli

predictions for the SRBT. Thismay be rdaed to the fact that USOM was measured with the simulus
a 1 kHz, and thet only in the SRBT measurement, the speech signd was restricted to the 1-kHz
frequency region.

When the measured goread of masking is induded in the modd, the corrdation coefficient between
SlIsrer and USOM* reducesto anon-significant 0.21. Thisindicatesthat the main underlying causefor
the correlation between Slisggr and USOM isthat

87



Speech intelligibility and auditory functions

increased upward soreed of masking by the noise reduces the speech range that contributes to
indlighility. With the measured soread of masking gpplied in the modd, the corrdation coefficient
between Sl sger and DSOM* (0.35) remainssignificant (p<0.01). Therefore, themain underlying cause
for the corrdation between Slisgrer and DSOM probably liesin reduced spectrd resolution presarving
less specird detal of the speach sgnd, and thus reducing intdligibility.

4.3.7 Predicting suprathreshold speech perception from auditory functions

Multiple regression

Stepwise multiple regresson was used to predict the Sl [with shalower dopes of the masking curves
below 500 Hz (see Sec. 4.2.5) and adjugted internd noise leve (see Sec. 4.34)] for the four speech
inteligibility tests from the resuits on the auditory-function tests Because severd auditory functionsare
corrdated, not theindividud auditory functions, but the three (uncorrdated) factors extracted from the
11 auditory functions (Table 4.5), were usad as predictor variaddles. An “auditory factor” was only
induded in the regresson when it could acoount for asgnificant part of the variance (p<0.05). Slisrtq
did not corrdate Sgnificantly with any of the auditory factors. For the ST vaues corresponding to the
other intdligibility thresholds, the following regresson equations were obtained:

Slgr, " 0.021ffactor2 % 0.021ffactorl % 0.28; RP=0.43 (45

S " 0.018ifactor2 % 0.31; RP=0.21 (4.6)

SRTa
Slgsr " 0.059factor2 % 0.029%factorl & 0.025ifactor3 %0.36  RP=0.62  (4.7)

where R isthevariance accounted for by the regress on equition. Factor 2 explains 22% of thevariance
INSsrTn, 21%iN Sl srTa ad42%in Sl sger . Factor Lexplansanadditiond 21%of varianceinSIsgrn,
and anadditiond 11% of variancein Slsger. ANAly, factor 3 explains anadditiond 9% of thevariance
in Ylsrer.

Auditoryfactor 2isrelated to spectrd resolution (see Sec. 4.3.5). Therefore, reduced spectra resolution
gopearsto be the most important cause of suprathreshold speech

88



Chapter 4

perception deficits. When factor 2 is accounted for, factor 1 can further reduce the variance in Slsgry
and Slisger. Auditory functions with a high loading on factor 1 were forward and backward masking,
frequency discrimingtion, and shape discrimination. Auditory factor 3, probably related to peripherd
compression, seems least important for suprathreshold soeech perception. The negative contribution of
factor 3in Eq. (4.7) meansthat loss of compresson resultsin ahigher Slisger.

The totd variance accounted for by the auditory factorsis largest for Sllsger. This was expected,
because dl auditory factors were measured & 1 kHz, i.e, the center frequency in the SRBT tedt. The
auditory factors can account for a gregter part of the variance in Slsgr, than in Slsgra. A possble
explanaion is thet the frequency region around 1 kHz is more important in the SRTn test then in the
RTated. Inthe SRTates, the goeech 9gnd is presented abovethreshold in the entire frequency range
from 250 Hz to 4000 Hz. Because mogt hearing-impaired liseners had a high-frequency hearing loss,
the high-frequency part of the speech agnd was bdow tharr threshold in the SRTn tedt. Thisincresses

the rdative importance of the 1-kHz frequency region in gpeech perception.

Individual approach

In this section, we will try to determine for each individud ligener which deteriorated auditory function
affects gpeach intdligibility in the 1-kHz frequency region. Fgure 4.4 shows that 19 ligeners hed a
normd Slsger (12 normd hearing and 7 hearing impaired) and thet 16 hearing-impaired ligeners hed
andevaed Slsger. Theauditory functionsin thegroup of 19 ligenerswith no spesch perogption deficit
in the 1-kHz frequency region gpparently are adequiate for norma gpeech perception. The thresholds
on the auditory-function tests can be summarized by three factors. For factors 1 and 2, the upper one-
tailed 95%-confidence limit of the auditory factorsin the ligener group withanormd Slsger iSchosen
as the separation between sound processing sufficient for gpeech perogption, and sound processing thet
may cause addidt in gpeech perception. For auditory factor 3, thelower one-talled 95%-confidence
limt is chosen as separation, because a lower score on factor 3 is probably rdated to the sound
processing defidit “loss of compresson”.

Of the 16 ligenerswith an devated S1, Sx ligeners had a deviant score on factor 1, Six ligeners hed
a deviant score on factor 2, and only one ligener had a deviat score on
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Table4.7. Individual SlI valuesfor the SRBT and thresholds on six auditory functionswith ahigh loading onfactor
1 (forward masking, backward masking, and frequency discrimination) or factor 2 (upward spread of masking,
downward spread of masking, and intensity discrimination) for the 16 hearing-impaired listeners with speech-
perception deficitsin the 1-kHz frequency region (i.e., elevated Sl ggr). Therow“95% limit” givesthe one-tailed
95%-confidence limit for thedataof listenerswithanormal Sl &g; (lower limit for 1D, which has anegative loading
onfactor 2; upper limit for other tests). Bold thresholdslie beyond this 95%-confidencelimit. Empty cellsmeanthat
the listener could not perform this test. An asterisk indicates that the listener has an elevated factor score. An
asterisk in parenthesis indicates that the factor scores could not be calculated, because the listener could not
perform on one or two tests that load high on this factor.

Sl e Factor 1 Factor 2
FM BM FD elevate USOM DSOM ID elevate
(ms) (ms) (%) factor (H2) (H2) (dB) factor

95% limit 034 30 3 82 331 125 21

0.35 25 19 30 88 61 30

0.38 25 47 114 ~ 248 157 47

0.39 u 9 (=) 291 28 37

0.39 26 38 80 ~ 138 49 49

041 116 61 51 ~ 314 56 22

041 8.6 (=) 118 47 29

041 28 25 35 464 107 24 ~

0.42 20 21 8.9 (=) 338 61 5.1

043 28 27 14.2 ~ 113 67 35

043 31 20 24 345 204 12 ~

0.44 33 18 7.0 ~ 456 48 11 ~

045 15 9 25 186 161 0.8 ~

047 71 16.8 ) 271 98 59

0.49 36 53 11.7 ~ 407 89 23

050 19 11 50 348 175 32 ~

0.66 23 9 4.2 483 9 13 ~
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factor 3. Therefore, factor 3 seemsto beleast important for suprathreshold speech perception (eswas
aso found by multiple regresson in the previous section). For the 16 hearing-impaired ligenerswith an
eevated Slsger, theindividud thresholds on Sx auditory functionsthet load high on ether factor 1 or
factor 2 are presented in Table 4.7. Thresholds printed in boldface lie beyond the one-tailed 95%-
confidence limit for the data of ligeners with a normd SlI. Threshdlds for rhythm and shepe
discrimination are nat shown in the table, because on each test only one ligener had a IND above the
95%-confidence limit for norma 1. Elevated scores on factor 1 or fector 2 are indicated with an
aderisk. Some ligeners have adightly deviant threshold on one tegt, while their corresponding factor
sooreis dill normd, because they have normd thresholds on the other tests that dso load high on this
factor. For four ligenersin Table 4.7, the factor scores could not be cd culated, because they could not
perform one or two auditory-function tests. This probebly indicates that the auditory function thet we
tried to meesureisvery poor. Therefore, the factor on which thesetestshad ahigh loading are assumed
to bedevaed (agerisksin parenthesesin Teble4.7). Table 4.7 showsthat the speech perception deficit
of individud hearing-impaired liseners seemsto be rdated ather to factor 1, or to factor 2. Only one
ligeners deviaes on both factors, and one ligener deviates on neither. For nine ligeners, the speech
perceptiondefiatinthe 1-kHz frequency region may beexplained by reduced tempord resolutionand/or
reduced frequency discrimination (factor 1). For five ligeners reduced spectrd resolution (factor 2)
seams responsible for the gpeach perception defiait.

The results of the individud gpproach and those of the multiple regresson andyssboth point to factors
1 and 2 as the most important determinants of gpeech perception. However, the multiple-regresson
resultsidentify factor 2 asthe mgor fector, whiletheindividud gpproach identifiesfactor 1 asthemgor
factor. This canbe partly explained from the detaof thefour hearing-impaired ligenerswith an devated
S| who could not perform dl auditory-function tests These four ligeners could not be induded in the
multiple regression. In the individua gpproach, factor 1 was congdered respongble for ther gpeech
perceptiondeficit. Another difference between thetwo goproachesthat may contributeto thedifferences
betweenther resuitsisthat different assumptions underlie each gpproach: in theindividua approach we
assumed thet an devated SlI can be caused
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by one devated factor score, independent of the other factor scores, while in multiple regressonit is
assumed that an devated S is caused by an devaion of alinear combination of the factors A third
difference is that we tried to identify the sound processng deficit for the largest possble number of
hearing-impaired ligenersin theindividua gpproach, while multiple regresson isbased on explaining as
much as possible of thevariance inthe S vadues.

In concdlusion, factor 2 (reduced spectra resolution) can explain the largest part of the variance in
intdligibility of suprathreshold spesch. However, to understand eachindividua speech perception deficit
inthe 1-kHz frequency range, both factor 2 (reduced spectral resolution) and factor 1 (reduced tempord
resolution and/or reduced frequency discrimination) have to be taken into account.

44 SUMMARY AND CONCLUSONS

Performance of 24 hearing-impaired ligeners and 12 normd-hearing liseners was measured on four
speechrintdligibility tets and on a st of auditory-function tests concerning detection efficiency,
resolution, discrimination and integration. Intdligibility was meesured in four conditions SRT in quiet,
RT innaise (SRTN), spectrdly adapted SRT in noise (SRTa), and the noved SRBT (chapter 2). The
SRBT isdefined asthe bandwidth of gpeach (center frequency: 1 kHz) in complementary notched noise
required for a50% intdligibility score.

All individud intdligibility thresholds were converted to speech intdligibility indices (S1), with the
assumption that the SII indludes the effect of audibility. The SRT in quiet could be explained from
audibility for dl ligeners However, deviant thresholds on the other intdligibility tests could nat dl be
accounted for by audibility. A higher-than-normd SlI required for a 50% intdligibility score was
assumed to indicate the effect of suprathreshold deficits. Including the measured upward spreed of
mesking in the S| modd subgtantidly improved the S predictionsfor the SRBT, but it did not improve
the SI predictions for the two SRT tests in noise. The reason for this probably lies in the fact thet
upward soreed of masking wasmeesured a 1 kHz, i.e, in the frequency region that ismod rdevant for
the SRBT measurement.

The SRBT test hasbeen devel oped asaresearch tool toidentify hearing-impaired ligenersauffering from
adefidt in gpeech perception in the 1-kHz frequency region. All auditory-function testswere measured
a 1 kHz. Asexpected, the Sllsger Was mogt dosdy rdaed to the auditory functions 62% of thetotd
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variancein Slsger could beexplained by thethresholds on the auditory-function tess whereasthiswas
43% and 21% for Slsgrn and Slsgra respectively.

The thresholds on the auditory-function tests were subjected to a prindpd-components andyss This
resulted in three “auditory factors’: the firg factor was related to tempord resolution and frequency
disorimingion, the second factor was associated with spectrd resolution, and the third factor was
associated with peripherd compresson. The auditory factor assodiated with Spectrd resolution, and the
auditory factor rdated to tempora resolution and frequency discrimingtion both seemed important for
uprathreshold speech perception. Reduced peripherd amplitude compress on gppeared least important
for peechintdligibility. Onanindividud beds each subdtantialy devated Slsrgr (for 15 of theligteners)
was found to be associated with adeviant vaue of the first and/or the second fector.

NOTES

1The energy level is the acoustic power times duration of the signa in decibels, defined as 10 log(E/E,).
The reference value E, is 1012 Watt-s, which makes the numerical value of the energy level for a plane
wave through a unit surface (1 n?) during 1 second equal to the numerical value of the sound-pressure
level.

2Severe outliers were defined as values that are more than three quartile ranges (the difference of upper
and lower quartile) above the upper, or below the lower quartile.

3The thresholds, on which theitalic correlation coefficientsin Table 4.4 are based, are mutually dependent
within a session. For example, the noise level used in the measurements of USOM and DSOM was
determined by the masked threshold for the tone in the same session. If, due to a measurement error, the
masker noise level was chosen too low, this resulted in an underestimate of USOM- and DSOM-
thresholds. Therefore, if the correlation coefficient between USOM and DSOM was cal culated from the
mean thresholds, it would have been artificially enhanced, because of error variance in their common
reference (the masked threshold for the tone). However, the test of USOM and the retest of DSOM are
independent, as well asthe test of DSOM and the retest of USOM. Therefore, the correlation coefficient
between USOM and DSOM was calculated as the average of the correlation coefficient between the
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USOM test and the DSOM retest, and the correl ation coefficient between the DSOM test and the USOM
retest. The other italic correlations were calculated similarly.

“Because the SlI calculated when including the measured spread of masking in the modd and the
measured spread of masking itself are mutually dependent, the correlation coefficient between USOM and
SlI was calculated as the average of the correlation coefficient between USOM test and Sl retest, and
the correlation coefficient between USOM retest and Sl test. The same holds for the correlation
coefficient between DSOM and the Sl cal culated when including the measured spread of masking in the
mode!.
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5.1 ORIGIN OF REDUCED SPEECH INTELLIGIBILITY

In thisthesis the origin of reduced speech intdligibility in heering-impaired ligenersisdivided into (1)
reduced audibility and (2) suprathreshold defidits. Section 5.1.1 destribestheway inwhich audibility
affects gpeech intdligibility. Saction 5.1.2 reviews mechaniams by which suprathreshold deficts may
dfect peech intdligibility.

5.1.1 Audibility

Here, audibility is defined as the effective portion of the gpeech dynamic range contributing to
intdligibility, as cculated using the speechintdligibility index (SI1). Audibility is affected when part
of the rdevant dynamic range of spesch fdlsbdow the hearing threshold or bdlow amasking noise,
but audibility can dso be affected by auditory-masking effects as found in normal-hearing
listeners. These auditory-masking effects indude upward soreed of masking, sdf-masking of
gpeech, andlevd didortion (i.e, thedecreaseof speschintdligibility & high presentationleves). Thus,
reduced audibility in ahearing-impaired ligener indudes dl those factors thet would affect audibility
in norma-hearing ligeners under the same conditions when the hearing threshold of the hearing-
impaired lisener is smulated by amasking noise for the normd-hearing ligeners

5.1.2 Suprathreshold deficits

The effects of posshle suprathreshold deficits on intdligibility are not induded in the SII modd.
Therefore, when suprathreshold defidits affect intdligibility, the SRT or SRBT (50% sentence
intdligihility) will correspond to ahigher-than-normd 1. Figure 5.1 illusrateshow audihbility effects
are sparated from the effect of a suprathreshold deficit by using the SII modd for one normd-
hearing ligener and two hearing-impaired ligenerswho particpated in the experiments of chapter 4.
The SRT in noise of the normd-hearing ligener (open drde) and of one of the hearing-impaired
ligeners (filled drde) correspond to anorma 1. This meansthat the devated SRT innoise of this
particular hearing-impaired lisener was entirdy due to audibility effects Thedevated SRT innoise
of the other hearing-impaired listener correponds to a higher-than-normd
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Fig.5.1. Sl versL ring-impaired listeners

(filled symbols). The solid line representsthe boundary between anormal and an elevated Sl1. Thedashed line
represents the growth of SII with signal-to-noiseratio if the whole dynamic range of the speech that is above
the average noise level would be audible. The deviation of a data point from the dashed line, given by the
distance“A,” indicatesthe proportion of thetotal amount of speechinformation|ost dueto reduced audibility,
i.e., dueto the hearing threshold and normal auditory masking. The elevation of adata point above the solid
ling, given by the distance “S,” indicates the amount of speech information lost due to a suprathreshold
deficit.

S (sguare). For this ligener, intdligibility in the SRT test in noise was not only influenced by
audibility, but dso by suprathreshold defidits

A suprathreshold deficit can beather of auditory or of cognitiveorigin. In chepter 4, it wasfound thet
eachsubdantidly devated Sl for the SRBT corresponded to an devated auditory factor. Therefore,
inthese ligeners, auditory factors seem sufficent to explain reduced intdligibility of suprathreshold
gpeech. The reaults of chepter 4 suggest that the auditory defidits that are mogt detrimentd to
intdligibility of suprathreshold speech are reduced tempord resolution, reduced frequency
discrimination, and reduced spectrd resolution.

Reduced temporal resolution may cause difficultiesin processng rgpid changes in the gpeech
ggnd, and in detecting brief dlent intervas thus meking it hard to identify sop consonants.
Furthermore, due to reduced tempora resolution, Soft consonants may be masked by preceding or
sucoeeding vowe s thet are much sronger.
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Reduced frequency discrimination may interfere with goeech intdligibility, because glidesiin
formant frequency will be more difficult to detect. A formant glide is one of the cuesin Speech that
dgnds the trangtion from one syllable to ancther. In addition, frequency discrimingtion isimportant
for detecting changesinthe pitch of ataker’ svaice Pitch changesconvey information about linguigtic
gructure (Summerfidd, 1987).

Reduced spectral resolution may dfect intdligibility in noisy conditions due to incressed
susceptibility to goread of masking. In chepter 3, the 1 caculations were modified with repect to
the upward spread of masking. In the modified SII modd upward soread of masking was taken to
increase proportiondly to the hearing loss, as proposed by Ludvigsen (1987). Thisdid not improve
the SlI-modd predictions. In chepter 4, the SII modd was modified by induding the actudly
measur ed upward Joread of masking (USOM) and downward spread of masking (DSOM) for
individud ligeners. This did improve the SI-modd predictions for the SRBT. This improvement
originated mainly from induding the measured USOM.

Also after the modification, the SI for the SRBT dill corrdates sgnificantly with the messured
DSOM. The underlying cause of this corrdaion may be that reduced spectrd resolution not only
leeds to excessve auditory masking (asinduded in the modified SII modd), but dso isdetrimentd
to speech intdligihility, because broadened auditory filters reduce the spectrd contragts in speech.
When less specird detall of the gpeech sgnd is preserved, the formant structure of vowes will be
blurred.

5.2 SUPRATHRESHOLD DEFICITSAND HEARING LOSS

In chapter 3, therdation between effectsonintdligibility of suprathreshold ddficitsand thesze of the
sensorineurd hearing loss was investigated for 34 hearing-impaired ligeners. By incorporating the
resultsfrom chapter 4, therdation between the effects of suprathreshold deficitsand hearinglosscan
be examined for alarger group of hearing-impaired ligeners (see FHg. 5.2). An Sl of about 0.3 is
conddered normd for a 50% intdligibility score for short sentences. Higher speechintdligibility
indices suggest thet a suprathreshold deficit affected goesch intdligibility. Figure 5.2 shows even
cearer than FHg. 34 in chapter 3, thet the higher the average hearing loss, the more ligeners
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Fig. 5.2. Speech intelligibility index corresponding to the data of 53 hearing-impaired listeners on three
intelligibility tests (SRTn, SRTa, and SRBT) versus their sensorineural hearing loss averaged over the
frequencies 0.5, 1, and 2 kHz. For fivelisteners, who participated in two experiments (chapter 3 and 4), average
results are presented.

suffer from asuprathreshold deficit (i.e, devated S1). However, surpriangly dso with alargeloss
norma Sl vadues may occur. This leads to the important finding that predicting the effect of
suprathreshold defidits on goeech intdligibility from the heering loss is not possible for individud
ligeners.

5.3 COMPENSATING FOR REDUCED INTELLIGIBILITY

5.3.1 Audibility

A hearing aid can compensatefor reduced audibility dueto part of the gpeech spectrum faling bdow
the hearing threshold using frequency-sdective amplification. In case of aconductive hearing loss a
hearing ad can fully compensate for reduced audibility by amplifying the sound by the amount it is
atenuated by the hearing loss. In case of a sensorineurd hearing loss, a good choice for the
amplitude-frequency responseof ahearing adisonethat putstheaverage everyday speech spectrum
hafway between
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hearing threshold and uncomfortable loudness levd (van Buuren et al., 1995). This frequency
shgping was gpplied in the SRTates in chapters 3 and 4. In tatd, 32 of the 52 hearing-impaired

ligenersof whichthe SRTawasmeasured did nat suffer from asuprathreshold deficit inthiscondition
(i.e,, they had anormd Sl for the SRTa). Sixteen of those 32 ligenershed anormd SRTa(seeHg.

3.2 and 4.4). This meansthat frequency-sdective amplification could fully compensate the hearing

lossin 50% of the hearing-impaired liseners without suprathreshold defiatsin the SRTa condition.

For the remaining 50% without a suprathreshold defidit in this condition, the applied frequency
shaping could not fully compensate for the reduced audibility. This shows that in case of a
sensorineurd hearing loss limitations exigt to the degree to which ahearing ad can compensate for

reduced audibility. Onelimitation isthet high leves of amplification result inleve distortion. Ancther

limitation is thet when the dynamic range of the hearing-impaired ligener is smdler than 30 dB, it

cannot contain the full rdevant dynamic range of speech, because thiswould result in uncomfortaly

loud levels

A hearing ad with fast-acting compression (Syllabic compresson) may compressthe dynamicrange
of thegpeechinto thesmdler dynamic range of theligtener. The compression can beether wideband

or multiband. A disadvantage of wideband compresson isthat asrong sgnd in alimited frequency
regionsuppresseswesker Sgndsat other frequencdies. A drawback of multiband compressonisthat

it reduces the spectra contrasts in speech (Flomp, 1988). Furthermore, both types of compresson
reducethetempora modulationsingpesch. Thesemodulationsareessantid for intdligibility (Houtgest

and Steeneken, 1985). Fortunately, modulation reduction by direct manipulation of the tempora

enveope (like compression) islessdetrimenta than expected on the bassof the gpeech tranamisson
index (Drullman, 1995; Noordhoek and Drullman, 1997). Compressonwith afactor of 2 ill ssems

acoepteble (van Buuren et al ., 1999).

5.3.2 Suprathreshold deficits

Asdready mentioned above, the frequency-shgping goplied in the SRTatest isagood choice for
the reponse of ahearing aid. Combining theresultsfrom chepter 3and 4, it gppearsthat inthe SRTa
condition 20 of the 52 hearing-impaired ligeners had an
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devated S| for the SRTa Thus, dmog 40% of the hearing-impaired ligeners suffered from a
uprathreshold defidat in this condition.

In the literature, many atempts have been described to compensate for suprathreshold deficits of
hearing-impaired ligeners. We will briefly discuss some atempts to compensate for the most
important (according totheresultsof chapter 4) suprathreshold defiats: reduced tempora resolution,

reduced frequency discrimination, and reduced spectrd resolution.

Reduced temporal resolution results in increased susceptibility to forward and backward
measking. Compression of the tempord enveope by a hearing ad reduces these effects, because it

amplifieswesk partsof the gpeech Sgnd (consonants) rdaiveto sronger parts (vowels). However,

this pogitive effect may be cancded by the reduction in intdligibility caused by the degradetion of
tempora contragts in speech.

Asareault of reduced frequency discrimination glidesin formant frequency or changesinthe
pitch of ataker’svoice may belesswell detected. No attempts have been found in the literature to
exaggerate glidesin formant frequency to compensate for reduced frequency discrimination. Grant

(1987) tried to compensate for areduced ability of profoundly hearing-impaired ligenersto follow
the pitch of ataker’ svoice Heinvestigated speechreading performance when information about the
taker’ sfundamentd frequency wasprovided asfrequency-modulated Snusoids. In someconditions,
the frequency variations of the Snusoid were exaggerated with repect to the taker’ s fundamentd
frequency. Speachreading with his type of represantation of the fundamentd frequency did not
improve compared with speechreading as supplement to norma gpeech.

Increased susceptibility to upward soreed of masking is one consaquence of reduced spectral

resolution. In conditions of serioudy disurbing low-frequency noise, frequency-sdedtive
atenuation can improve peech intdligibility (ven Dijkhuizenet al ., 1991). For the degradation of
spectra contrasts in gpeech due to broader auditory filters compensation is sought by spectra
enhancement. Thisform of agnd procesang enhances the differences between the pegks and the
vdleys in the short-term gpeech pectrum. Some studies have shown modest benfits of spectrd
enhancemeant (for a review, see Moore, 1995). A fundamentd limit to what can be reeched by
spectrd enhancement is that the enhanced gpeech oectrum away's has to pass the broadened
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auditory filters of the hearing-impaired ligener. Another way to compensate for the degradation of
the goectrd contragtsin the speech Sgnd s to reduce the masking of wesk formants by adjacent
intense formants by presenting adjacent formantsto different ears or by moving the formentsfarther
gpart infrequency. Results show thet some listeners might benfit from such formant representations
(Rosen and Fourcin, 1986).

Compress onand spectrd enhancement have oppositeeffects compresson amplifiestheweek parts
of the gpeech Sgnd, while spectrd enhancement attenuatesthem. Therefore, it may seem surprisng
that compresson is mentioned as a possble way to compensate for reduced tempord resolution,
while spectrd enhancement is mentioned as a possible way to compensate for reduced spectrd
resolution. The explanaion for this paradox isthat whilethewesk partsin the peech waveform (the
consonants) contain important speech informetion, the week parts in the speech pectrum (the
valeys) do not. Theimportant spectrd information isprovided by the pesksin the speech soectrum,
which may become better detectable after spectrd enhancement.

54 EVERYDAY LISTENING SITUATIONS

The speech materid used in thisthes swas chosen becauseit resembles conversationd peechinred
life. Therefore, the results of the intdligibility tests give indght into the problems encountered by
hearing-impaired ligeners in everyday speech communication. However, two aspects that are
important in practice were not covered by our experiments i.e, binaurd ligening and fluctuating
interfering sounds

Bronkhorst and Plomp (1992) investigated the effect of multiple speechlike maskers on speech
perceptionin condiionssmulaing free-fid d Stuations They conduded thet theadvantageof ligening
with two ears compared with best-ear ligeningisgpproximatdy 3dB for both normal-hearing
and hearing-impaired listeners. Therefore, it ssemstha exparimentsinwich thegpeechSgnd
is presented to only oneear candill providearedidic etimateof performanceinbinaurd conditions,
In everyday Stuations, speech is often masked by speech from competing Speekers. The tempord
enve ope of competing gpeech from alarge group of peopleisrather condant, S0 Seady-datenoise,
as used in our expariments, will beindicative of paformancein
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such gtuations. However, competing goesch from only one or two talkers has asrongly fluctuating
enveope. For normd-hearing ligeners, the SRT is subgantidly lower in fluctuating noise then in
deady-date noise. For hearing-impaired lideners the SRT does not subgatidly improve in
fluctuating noise, possibly because of increased tempord masking (Festen and Plomp, 1990,
Bronkhorst and Plomp, 1992; Bacon et al., 1998). This means that reduced tempord resolution
may be more detrimenta to peechintdligibility in many practicd Stuationsthen issuggested by the
results of chapter 4. Therefore, invedigaing the rdaion between the SRT in fluctuaing noise and
tempord resolution in hearing-impaired ligeners would be worthwhile,
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Summary
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Summary

Ligenerswith sensorineura hearing losses often experience difficulties in understanding peech, even
when the speech is presented well above their hearing thresholds. In this thesis the origin of these
dfficutieswasinvestigated by examining therdationsbetween speechintdligibility and besic properties
of the auditory system. To enhance the chances of obtaining dear corrdaions, theinvesigationswere
al paformed in alimited frequency region around 1 kHz.

A nove intdligibility tet (the SRBT tet) to meesure intdligibility of gpeech bandpass filtered with a
fixed center frequency of 1 kHz was developed in chepter 2. In this tegt, the minimum speech
bandwidth required for a 50% inteligibility score is determined (peschrreception bandwidth

threshold or SRBT). The narrowband speech is presented in complementary bandstop-filtered noise to

ensure that the speech is only audible within the desired frequency band. The bandwidth of the Speech
ggnd isvaried in an adaptive up-down procedure usng astep Sze of afactor of 1.37 for the bandwidth
(inHz). Onaverage, the SRBT of normd-hearing ligenersis 1.4 octave (600-1600 Hz) under optimal

conditions i.e., when the entire speech dynamic range is aove the hearing threshald, but not so loud

thet audibility is affected by excessve upward soread of masking.

In chapters 3 and 4, the paformance of, in totd, 22 norma-hearing ligeners and 53 hearing-impaired
ligenerswas measured usng the SRBT test, aswel asusng more common broadband SRT (gpeech

reception threshold) tests, namdy the SRT in quiet and the SRT in noise. For mogt hearing-impaired
ligeners, the scores on theseintdligibility tests deviated from those of the norma-hearing ligeners The
gpeech intdligibility index (1) modd was goplied to separate the origin of an devated SRT or a
broader-than-norma SRBT into (1) reduced audibility, and (2) suprathreshold deficits. Reduced
audibilityindudesdl thasefactorsthat would affect audibility in norma-hearing ligenersunder thesame

conditions when the hearing threshold of the hearing-impaired listener is Smulated by presenting a
mesking noise. Theeffect of suprathreshold deficits on speech perception isquantified by the additional

amount of gpesch information nesded for anintdligibility score of 50% (ascompared to normd-hearing
ligeners operating in threshold-amulaing noise). For short sentences, normd-hearing ligenersrequire
an S| of about 0.3 for a50% intdligibility score. This means that normd-hearing listeners need 30%
of the speech information to understland 50% of the sentences correctly. When the SlI vaue thet a
hearing-impaired ligener requires for a 50% intelligibility score isnormd, it is assumed thet a possble
deviant SRT or SRBT isdue only to inaudibility of apart of the spesch gpectrum. On the other hand,

ahigher-than-normal Sl value indicates that speech intelligibility was affected by suprathreshold deficits.

Theresultsof chapters 3 and 4 show that the presence and Sze of the effects of suprathreshold deficits
on gpeach perception depend on the typeof intdligibility test. The SRT test in quiet howsthesmdlest
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sengtivity to suprathreshold deficits in speech perception, while the SRBT test shows the largest
sngtivity. Only aweek rdaion is observed between suprathreshold deficits and hearing loss This
showsthat it isnot possibleto predict whether anindividud ligtener suffersfrom asuprathreshold defiait
from only a congderation of the Sze of the sensorineurd hearing loss

In chapter 4, the rdaions between suprathreshold oeech-perception deficits and basic auditory
fundions were invedigated. The auditory-function tests induded detection efficency, tempord
resolution (i.e,, forward and backward masking), spectrd resolution (i.e., upward and downward
spread of masking), tempord and spectrd integration, and discrimination of intengty, frequency, rhythm,
and spectro-tempord shape. All auditory functions were measured a or around 1 kHz. Because
severd of these auditory functions were corrdaed, the threshol ds on the auditory-function tetswere
subjected toaprind pd-componentsandyds. Thisresultedinthreeuncorrd ated “ auditory factors’” (i.e,
lineer combinations of the auditory functions). The firg factor is rdaed to tempord resolution and
frequency discrimingtion, the sscond factor is assodiated with spectrd resolution, and the third factor
Is assodaed with detection efficdency, and tempora and spectrd integration.

Multiple regression was used to predict suprathreshold gpeech perception from the auditory factorsfor
each of theintdligibility tests The total variance accounted for by the auditory fectors was largest for
the resultson the SRBT tet (62%). Thiswasin accordancewith our expectations, becaused| auditory
fundions were measured around 1 kHz which is dso the center frequency usad in the SRBT test. The
fird and second auditory factors were most closdy related to suprathreshold deficits in speech
perception. Thisleadstothemain condusion of thisthesis the suprathreshold deficitsthat effect gpeech
perceptionare (1) reduced tempora resolution, (2) reduced frequency discrimination, and (3) reduced
Spectrd resolution.
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APPENDIX A:
INDIVIDUAL DATA FROM THE EXPERIMENTSIN CHAPTER 3

Table A.1. Hearing threshold and uncomfortable loudness level for 1/3-octave bands of noise, together with age,
type of hearing loss (s = sensorineural; m = mixed), and broadband UCL attenuation (i.e., the attenuation needed to
arrive at the broadband UCL with the broadband noise burst spectrally shaped according to the narrowband UCL)
for 34 hearing-impaired listeners (listeners ‘a through ‘H’). For listeners withamixed hearing loss, theair-bonegap
isgivenin parenthesis. Mean results for the normal-hearing listeners are given at the bottom of the table.

listener age type hearing threshold (dB SPL)

(years) 0.25 kHz 05kHz 1kHz 2kHz 4kHz
a 63 373 214 183 654 68.1
b 55 315 27 490 58.0 66.1
c 4 293 158 11.0 49 324
d 73 m >80 >80 (30) 68.9 (40) 65.1 (15) >80 (35)
e 49 s 59.9 594 62.8 552 57.8
f 65 s 45.0 431 46.6 59.5 60.3
g 58 S 727 52.5 477 451 >80
h 76 s 475 452 49.0 62.6 67.5
i 74 s >80 62.7 57.6 489 55.6
j 54 m >80 715 (55) 62.9 (55) 63.2 (40) 742 (35)
k 56 s 425 336 241 438 64.6
I 35 s 2838 213 359 56.6 712
m 61 S 275 16.2 30.2 38.7 716
n 88 s 56.3 519 55.0 59.3 68.1
o 7 s 304 376 390 52.6 571
p 70 S 395 334 334 50.1 50.1
q 65 S >80 72.2 625 544 61.9
r 45 s 557 585 50.6 539 67.7
s 53 m 66.3 555 (20) 49.8 (20) 24.7 (5) 2375
t 85 s 56.8 535 61.0 69.0 734
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UCL (dB SPL) attenuation
025 05kHz 1kHz 2kHz 4kHz (dB)
>134 >134 >134 >134 >134 o
1137 1025 101.0 104.7 102.3 20
125.3 1153 107.0 100.3 103.7 30
>134 127.3 >134 114.7 1203 20
1013 9.7 9.3 887 9.0 40
915 910 86.3 837 887 20
1253 117.3 117.7 107.0 106.0 40
>134 131.3 129.3 131.0 >134 40
>134 119.2 119.0 1100 103.3 30
>134 >134 >134 >134 >134 25
133.0 1190 125.7 1180 1193 20
1293 1110 106.3 1013 104.0 20
1237 1143 1150 117.3 1213 30
>134 1320 128.3 130.2 >134 35
114.2 124.0 120.7 116.0 1193 10
125.0 117.3 1123 1130 120.0 30
107.3 97.3 9.7 95.8 100.3 20
>134 >134 1317 >134 >134 20
>134 1238 131.0 124.3 128.0 20
126.3 1170 1137 1140 1210 10
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listener age type hearing threshold (dB SPL)

(years) 0.25 kHz 05kHz 1kHz 2kHz 4kHz
u 69 S 55.0 58.2 65.8 61.7 729
v 74 S 518 492 493 57.2 63.0
w 73 s 59.9 50.6 531 704 719
X 7 s 60.3 58.3 445 529 67.7
y 79 S 554 50.7 505 63.1 61.9
z 61 m 54.3 46.3(15) 44.9 (30) 50.9 (30) >80 (45)
A 50 S 455 52.1 55.2 55.8 57.1
B 65 S 310 18.2 251 421 40.0
C 70 s >80 705 594 65.2 59.3
D 64 s 353 233 445 57.3 724
E 44 S 393 344 345 47.6 67.1
F 72 S 328 226 164 30.8 473
G 43 S 237 12.9 89 18.7 358
H 63 s 55.8 419 393 62.8 >80

mean normal 26 26.2 140 8.7 9.0 71

* For the first hearing-impaired listener, the extended procedure for determining the broadband UCL was not
followed. For thislistener theadapted spectrainthe SRTaand SRBT test werepositioned halfway betweenthreshold
and narrowband UCL. (Thislistener did not experience the resulting presentation level as uncomfortably loud.)
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UCL (dB SPL) attenuation
0.25kHz 05kHz 1kHz 2kHz 4kHz (dB)
130.2 1150 110.0 105.7 1113 20
116.0 117.7 104.3 108.5 109.3 30
125.0 119.0 1150 129.0 125.0 3B
1207 1182 117.0 108.3 1233 30
104.0 103.3 102.0 100.7 100.7 20
106.3 101.3 101.3 96.2 103.3 30
1140 105.0 1017 99.3 116.3 15
>134 1257 1137 1117 107.7 20
1103 103.0 104.7 107.0 103.7 20
126.8 1170 1117 117.3 >134 40
>134 1280 1193 1253 1283 30
102.7 95.0 88.7 86.8 830 30
106.0 100.7 95.0 954 100.7 10
97.6 918 1013 920 112.0 30
1211 1124 1084 107.5 104.8 15
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Table A.2. Individual thresholds and corresponding Speech Intelligibility Indices of 34 hearing-impaired listeners
(listeners‘a through ‘H’) and 10 normal-hearing listeners (listeners ‘1’ through ‘10) on four speech-intelligibility
tests: SRT in quiet (SRTQ), SRT in noise (SRTn), SRT innoisefor speech with an adapted spectrum (SRTa), and the
SRBT. Eachthreshold isthe average of two measurements. The Sl iscal culated with theinternal noiselevel lowered
by 3.6 dB (see Sec. 3.5.3). The hearing-impaired listeners are categorized into four groups based on the Sl|
corresponding to their SRTn, SRTa, and SRBT (Group I: normal SlI for al tests; Group |1: elevated S| for only the
SRBT; Group II1: normal Sl for only the SRTn; Group IV: elevated S| for al tests).

listener SRTq SRTn SRTa SRBT group
(dBA) Sl (dB) Sl (dB) Sl (oct.) Sl

a 490 0.390 52 0.351 14 0.403 225 0422 "

b 485 0.228 16 0.285 -28 0.359 214 0451 I

c 295 0.3%4 -2.6 0.295 -32 0.342 149 0.322 |

d 775 0.150 -24 024 -36 0.336 162 0.339 I

e 68.0 0.207 16 0.389 26 0424 363 0.306

f 51.0 0.139 0.2 0.264 -34 0.320 172 0.297 I

g 700 0.440 38 0.374 14 0.405 263 0.500 "

h 595 0.229 18 0.310 -0.6 0.39%6 197 0412 "

[ 845 0.635 12 0.316 16 0411 4.02 0.661 "

] 775 0.255 -34 0.296 -50 0314 129 0.290 I

k 46.0 0.301 08 0.310 -1.2 0.384 132 0.283

| 385 0.193 04 0.237 -1.8 0.370 202 0442 "
m 36.0 0.215 -0.2 0.283 -34 0.327 149 0.329 I
n 79.5 0.486 4.0 0.392 22 0.446 2.9 0.572 v
(o] 490 0.204 12 0.307 -1.2 0.378 202 0411 1l
p 525 0334 0.2 0.3%4 -14 0.389 187 0410 "
q 810 0413 4.6 0.449 58 0.567 325 0471 v
r 615 0.186 -2.0 0.252 -4.6 0.259 158 0.283 I
S 555 0.387 -32 0.341 -36 0.340 153 0.333 I
t 74.5 0.313 14 0.325 20 0404 3.04 0.553 "
u 66.5 0.147 0.6 0.294 -1.8 0.332 2.56 044 I
v 76.5 0.510 36 0.398 0.6 0430 297 0.550 v
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w 795 0428 58 0429 12 0422 208 0.395 v
listener SRTq SRTn SRTa SRBT group
(dBA) S (dB) S (dB) Sl (oct.) Sl

X 64.5 0.295 -12 0.280 04 0401 237 0493 "
y 68.5 0.330 20 0.387 -2.6 0.325 219 0433

z 545 0179 -16 0.242 -24 0.330 181 0.352 I
A 63.5 0.237 -2.2 0294 -20 0.353 219 0.448 I
B 435 0.341 08 0.381 -06 0430 181 0.395 "
C 83.0 0429 0.6 0.298 -0.8 0.356 250 0423 I
D 53.0 0.274 32 0.340 -10 0.381 197 0.406 "
E 435 0.173 0.6 0.293 -1.6 0.389 187 0.400 "
F 34.0 0.260 -0.8 0.284 -24 0.355 162 0.355 I
G 235 0234 -0.6 0.298 -4.4 0.319 140 0.308 |
H 56.5 0.251 0.6 0.287 12 0.332 153 0.300 I
1 218 0.198 -4.2 0.289 -5.6 0.274 140 0.309

2 244 0437 -34 0.338 -50 0.304 140 0.308

3 222 0.250 -20 0.367 -38 0.332 153 0.326

4 259 0.197 -3.8 0.306 -24 0.361 172 0.360

5 225 0.260 -26 0.349 -52 0.288 149 0.327

6 241 0.343 -6.2 0.241 -52 0.285 129 0.284

7 249 0.326 -28 0.330 -36 0.339 144 0.301

8 24.7 0.3%4 -34 0.330 -50 0.299 129 0.275

9 255 0.356 -36 0.337 -38 0.338 153 0.332
10 241 0312 -4.2 0.288 -50 0.305 132 0.293
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APPENDIX B:
INDIVIDUAL DATA FROM THE EXPERIMENTSIN CHAPTER 4

Table B.1. Hearing threshold and uncomfortableloudnesslevel for 1/3-octave bands of noise, together with age, and
broadband UCL attenuation (i.e., the attenuation needed to arrive at the broadband UCL with the broadband noise
burst spectrally shaped according to the narrowband UCL) for the individual hearing-impaired listeners. Mean
results for the normal-hearing listeners are given at the bottom of the table.

listener age hearing threshold (dB SPL) UCL (dB SPL) att.

(years 0.25kHz 05kHz 1kHz 2kHz 4kHz 025kHz 05kHz 1kHz 2kHz 4kHz (dB)

a 65 64.8 579 482 548 551 1095 1057 962 985 9%68 30
b 67 450 347 339 414 561 >120 >120 1177 1163 >120 40
c 62 310 228 386 728 >80 >120 1120 1068 1035 1042 20
d 65 32.3 318 448 528 734 1140 1063 1010 1075 1128 30
e 58 76.0 702 574 656 745 1095 1005 847 905 885 35
f 63 59.9 518 484 507 491 >120 1133 1128 1150 1170 30
g 53 535 5.0 521 638 721 1057 943 1023 990 920 30
h 57 459 586 595 577 484 78.2 820 895 820 755 40
i 52 485 587 565 587 549 >120 >120 1190 1170 >120 20
i 62 259 28 309 391 640 >120 >120 1167 1168 1087 15
k 58 60.6 56.7 524 618 395 1087 1048 993 1072 988 3H
I 39 274 287 296 663 500 >120 1182 1130 1092 1000 20
m 4 477 508 629 666 693 >120 >120 1142 1177 1097 35
n 39 429 383 490 453 248 97.7 9%3 917 935 83 20
o] 60 458 367 319 331 597 96.0 902 830 848 878 30
p 67 312 200 88 252 494 >120 1198 1060 107.7 1142 40
q 45 277 204 125 313 478 >120 1142 1003 1010 1055 20
r 65 330 233 209 711 717 >120 >120 >120 >120 >120 20
S 64 60.3 493 472 749 >80 93.3 %.7 930 963 1157 35
t 65 65.3 654 521 618 494 >120 1045 938 985 802 30
u 67 79.9 737 640 668 675 1190 1117 1133 1133 1133 30
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listener age hearing threshold (dB SPL) UCL (dB SPL) att.
(years 0.25kHz 05kHz 1kHz 2kHz 4kHz 025kHz 05kHz 1kHz 2kHz 4kHz (dB)
v 64 60.8 549 608 581 649 >120 1133 >120 >120 1133 25
w 41 516 383 458 503 465 1015 913 83 878 82 30
X 64 385 387 436 755 >80 119.0 1085 1018 1113 1133 30
meannormal 27 278 18.6 81 7.6 6.3 1189 1153 1117 1089 1050 22
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TableB.2. Individual thresholds and corresponding Speech Intelligibility Indices of 24 hearing-impaired listeners

(listeners‘a through ‘x’) and 12 normal-hearing listeners (listeners ‘1’ through ‘12") on four speech-intelligibility
tests : SRT inquiet (SRTq), SRT innoise (SRTn), SRT in noisefor speech with an adapted spectrum (SRTa), and the
SRBT. Each thresholdisthe average of two measurements. An empty cellsmeansthat thelistener could not perform
thistest. The Sl is calculated with the internal noise level lowered by 4.6 dB (see Sec. 4.3.4).

listener SRTq SRTn SRTa SRBT
(dBA) S (dB) Sl (dB) Sl (oct.) Sl

a 66.0 0.316 -0.6 0.324 -16 0.358 250 0.426
b 475 0.283 02 0.306 -30 0.337 172 0.391
c 36.0 0.185 0.6 0.192 -0.6 0.304 149 0.319
d 515 0.258 6.0 0410 -10 0.370 231 0.489
e 855 0.468 4.35 0.660
f 61.0 0.276 -10 0.337 -26 0.339 192 0.410
g 56.0 0.123 -1.0 0.237 -4.6 0221 132 0.236
h 69.0 0.302 0.8 0.393 46 0.336

i 65.0 0.237 02 0.347 -24 0.318 225 0453
j 370 0.231 -0.6 0.276 -4.0 0.292 132 0.287
k 61.0 0.178 06 0.397 -32 0314 3 0.465
I 40.0 0.237 30 0.277 -38 0.29% 181 0.391
m 720 0.296 -0.2 0.258 -12 0.347 256 0433
n 46.0 0.153 24 0.323 -3.60 0.312 187 0.382
(o] 475 0334 -1.6 0.275 -4.8 0.249 172 0.346
p 300 0.317 -2.0 0.256 -4.0 0.306 167 0.336
q 265 0.215 -1.0 0.257 -4.0 0.323 144 0.298
r 58.0 0435 54 0.343 -1.0 0.383 197 0418
s 64.5 0.289 26 0.282 14 0.351 219 0.266
t 59.0 0.090 -2.8 0.246 -30 0.281 208 0311
u 86.0 0411 38 0.387 28 0.444 290 0.440
Y 725 0.351 02 0.316 -20 0.320 250 0.500
w 47.0 0.151 -12 0.255 -26 0.328 283 0412
X 585 0.300 44 0.304 -20 0.274 231 0.407

118



Appendix

listener SRTq SRTn SRTa SRBT
(dBA) S (dB) S (dB) Sl (oct.) Sl
1 235 0.244 54 0.249 52 0.287 140 0.295
2 305 0516 -4.8 0.275 5.0 0.301 149 0.324
3 215 0.278 -4.4 0.285 -52 0.293 144 0314
4 210 0.292 5.0 0.268 52 0.291 144 0312
5 200 0171 -6.6 0.219 -4.2 0311 125 0.267
6 145 0.196 -4.0 0.300 -4.4 0.318 136 0.299
7 24.0 0.406 -4.2 0.290 -52 0.297 121 0271
8 260 0.179 -32 0.271 6.2 0.263 158 0.335
9 220 0.270 -50 0.264 -4.4 0321 121 0.255
10 240 0.270 -4.6 0.277 -4.4 0.313 125 0.274
11 270 0417 -4.8 0.270 -4.0 0.329 114 0.245
1 180 0215 -6.0 0.237 6.2 0.255 136 0.297
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Table B.3. Individual thresholds on the auditory-function tests as described in Sec. 4.2.4.3 of 24 hearing-impaired
listeners (listeners‘a through ‘x’) and 12 normal-hearing listeners(listeners‘ 1’ through* 12'). Each threshold isthe
average result of two measurements, except the threshold on test 2b which is based on one measurement only. An
empty cells meansthat the listener could not perform thistest.

listener 2a 2b 2c 3a 3b 3 5a b5b 5 6a 6b 6c ed
GPg GPn GPh Tone USOM DSOM Click FM BM TI Sl ID FD RD SD

(dB) (dB) (dB) (dB) (Hz (Hz) (dB) (ms) (ms) (dB) (dB) (dB) (%) (ms) (%)

a 271 457 169 157 113 67 136 280 273 13 34 35 142 23 62
b 258 547 174 132 138 49 179 269 375 43 05 49 80 27 67
c 262 480 86 124 172 18 157 136 116 -39 -71 41 52 27 18
d 489 457 107 133 407 89 125 361 530 -26 -19 23 117 3B 4
e 412 531 96 152 483 9P 140 28 86 56 -45 13 42 25 69
f 370 660 161 149 118 47 201 12 40 29 86 49 31
g 3H8 548 130 125 80 18 139 187 398 04 -09 55 37 42 67
h 583 662 224 146 1173 79 13 655 30 24
i 422 642 98 135 186 161 124 154 87 -37 -26 08 25 10 13
i 167 497 107 112 303 58 129 139 120 -05 -23 33 20 16 1
k 377 542 134 1715 271 98 146 708 41 -12 59 168 66

I 201 497 112 127 291 28 168 111 89 -15 -56 37 n 3
m 462 619 115 132 345 204 113 311 203 -17 02 12 24 19 40
n 371 537 147 184 248 157 163 247 472 -38 -17 47 114 35 43
o] 155 363 119 120 88 61 123 246 190 -02 -04 35 30 27 57
p 209 437 237 122 106 52 215 123 115 22 39 111 29 42
q -14 462 224 110 217 74 176 66 74 14 49 19 35 12 28
r 159 482 119 121 338 61 142 201 207 -02 -23 51 89 47

S 203 442 89 130 241 29 142 249 181 -41 53 36 52 31

3

t 263 507 133 145 H4 29 168 244 243 18 -35 47 35

&
|

u 414 637 129 179 456 48 132 3383 182 50 -03 11 70 30 9D
v 507 722 132 120 348 175 161 188 113 12 -29 32 50 16 27
w 303 474 123 158 464 107 124 278 252 -36 -02 24 35 15 28

X 334 582 110 225 314 5 201 1160 606 -110 -108 22 51 24 81
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listener 2a 2b 2 3a 3D Ko 5a Bb b5 6a 6b 6¢c 6&d
GPhg GP GPn Tone USOM DSOM Click FM BM  TI S ID FD RD SD

(dB) (dB) (dB) (dB) (Hz (Hz (dB) (ms) (ms) (dB) (dB) (dB) (%) (ms) (%)

1 -12 449 194 107 182 70 182 106 93 87 12 27 33 20 2
2 01 465 195 94 163 69 166 167 185 101 29 42 57 53 8
3 25 323 135 85 97 84 150 79 102 50 -15 66 22 3R 22
4 -51 383 149 98 106 44 134 102 171 51 15 50 20 17 3
5 -43 509 188 88 281 57 172 59 79 100 16 25 16 26 19
6 -87 484 213 107 208 49 178 51 89 106 35 38 59 2 20
7 -40 394 152 104 153 68 138 66 160 48 14 37 23 20 25
8 09 524 193 103 106 88 179 96 130 90 14 48 60 14 55
9 -19 326 149 77 17 60 138 133 175 73 12 68 34 51 20
10 -01 389 133 88 68 42 127 101 83 45 06 30 29 14 3
1 -74 370 144 73 129 123 93 387 343 72 51 42 32 40 15
12 -69 426 168 96 226 58 154 120 165 73 14 23 22 21 26
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