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ABSTRACT

The general goal of this thesis is to increase comparability, accuracy, and diagnostical ben-
efit of sentence intelligibility tests within one language and to give suggestions for realizing

comparable sentence intelligibility tests across languages.

Most sentence intelligibility tests are either composed of meaningful (everyday) sentences or
syntactically fixed, but semantically unpredictable sentences. The second type tests were

investigated in detail in this thesis that were based on the original Hagerman sentences

(Hagerman, 1982) and the Oldenburg sentence test (Wagener et al., 1999¢; Wagener et al.,
T |

1999a; [Wagener et al., 1999b). The development, optimization, and evaluation of the Danish

DANTALE II test (Wagener et al., 2003) is presented which closely resembles the Oldenburg

sentence test. In order to test the comparability of this type of sentence intelligibility tests

across languages, the average speech reception threshold (SRT), slope of the intelligibility
function and spread across test lists was obtained and compared for these three tests. Only
the Danish test yields a lower intelligibility function slope than both other tests, whereas
a high comparability is maintained across test languages for most of the other parameters

considered.

A large number of tests was conducted with normal listeners employing a systematic pa-
rameter variation to study further the influence of various test parameters on the expected
outcome of the sentence test and its comparability even within one language (i.e. German).
This includes the usage of test lists in quiet using sentence tests that were originally in-
troduced and optimized for speech tests with interfering noise. In addition, measurement
parameters like noise presentation level, type of interfering noise, and type of presentation
were varied both with normal-hearing and hearing—impaired subjects. Fluctuating interfering
noises were found to differentiate best between different degrees of hearing loss. Therefore,

these noises were investigated in more detail.

In order to better understand the mechanisms of speech perception in fluctuating noise, speech
intelligibility in such noises was predicted with different approaches. The most successful ap-
proach models speech perception in fluctuating noise by first computing the expected intel-
ligibilities of sub—word units at the respective signal-to—noise ratio, considering the context
effects of the sub—word units. Then the word intelligibilities (or error probabilities, respec-
tively) are computed by multiplying the particular error probabilities for the sub—word units.

Finally, the sentence intelligibility is computed by averaging across the words.

Taken together, the sentence tests and measurement procedures considered here both ex-
perimentally and by means of theoretical models appear to yield the highest practically
achievable accuracy and comparability within and across languages. This might therefore

help to harmonize speech audiometry across both laboratories, clinics, and languages.
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Chapter 1
Introduction

Hearing is a dominant sense in our live. It helps us to recognize danger or friends, to
communicate, to enjoy music. It is a very accurate sense. The healthy auditory system
can differentiate between the roaring of the sea and traffic noise or between different
melodies in a polyphonic symphony. We are able to understand our interlocutor within
a noisy environment, even within a crowd of people which is talking with a higher
level. These situations are most difficult for hearing—impaired listeners. Therefore, a
hearing—impairment is often first recognized during communications within interfering

noise (the so—called ‘cocktail party situation’).

Speech intelligibility tests in noise should be performed additionally to pure-tone au-
diograms during diagnosis and rehabilitation, because recognizing speech within in-
terfering noise is more complex than perceiving pure tones and represents more the

difficult everyday situation of the listener.

In contrast to speech recognition in quiet that shows large differences between normal—
hearing and hearing—impaired listeners, speech recognition in noise only shows small
differences between different degrees of hearing loss. Therefore, much effort was spent
in the past on developing appropriate procedures to determine speech intelligibility in
noise with high accuracy. Most approaches, however, led to a particular test set—up in
one laboratory with results that could not directly be compared to those from other
laboratories. The current thesis thus is concerned with improving the accuracy and
applicability of speech tests. The main attention of this thesis is the comparability of

speech test results and accuracy within and across languages.

As determining speech intelligibility is a statistical estimate, the accuracy of the in-

telligibility value is a function of the number of test items per measurement. Thus,
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sentence tests are preferable for such purposes, because several words are tested within

each sentence within a short time frame.

Most sentence tests can be divided into two different groups by the type of sentence
material. First, high predictable everyday sentences as the German Gottingen sen-
tence test (Kollmeier and Wesselkamp, 1997), and HSM test (Schmidt et al., 1997),
the Dutch Plomp and Mimpen sentences (Plomp and Mimpen, 1979), the sentences by
Smoorenburg (1992), and Versfeld et al. (2000), and the American HINT test [hearing
in noise test, Nilsson et al. (1994)]. The advantage of these tests is that there is no

training effect when using the test lists only once. The disadvantage, however, is that
the test lists usually cannot be used twice with the same subject, because the mean-
ingful sentences can easily be memorized or words can be guessed from the context.
This would generate an incorrect low SRT result. A repeated measurement with the
same test list is not possible until a sufficient period of time has passed (i.e., half a
year or even longer). As the amount of test lists is limited, these sentence tests are
not suitable when many speech intelligibility measurements have to be performed, e.g.
during hearing-aid or cochlear implant fitting, or in research. In order to overcome
this problem, unpredictable sentence tests were developed. These tests consist of syn-
tactically fixed, but semantically unpredictable (nonsense) sentences, i.e., sentences

with a fixed grammatical structure but using words that do not necessarily make sense

in their respective combinations. ‘Hagerman (1982) first developed this test format
for Swedish, and Wagener et al. (1999c) further adapted this format to the German
Oldenburg sentence test and the Danish DANTALE IT (Wagener et al., 2003).

In order to establish comparable speech tests across different languages, this type of
sentence test seems suitable and has been studied in detail in this thesis. In Chapter 2,
the construction of one representative of such sentence tests is presented in detail. This
Danish sentence test is an adaptation of the German Oldenburg sentence test. The
chapter describes the design, optimization, and evaluation of the test in comparison to
the German test [published in the International Journal of Audiology (Wagener et al.,
2003)].

To compare these both sentence intelligibility tests with the Swedish original test by

‘Hagerman (1982) that differ in several details, Chapter[3 presents a re—analysis of
Hagerman’s original data and compares it to the respective data for the Oldenburg
sentence test and DANTALE II test.

Although sentence tests often were intended and optimized to yield similar intelligi-

bility in noise with the different test lists, these tests are sometimes used without any
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interfering noise (Baumann, 2001; Brand and Kollmeier, 2002b). This differs from the
usage of the tests in noise discussed so far, since speech intelligibility in quiet is mainly
limited by the internal noise of the subject which also determines the individual hearing
threshold for tones in quiet. The observed variability in speech intelligibility for a given
subject is therefore determined by the variances of the external noise (measurements
with interfering noise) or the variances of the internal noise (measurements in quiet).
It is not clear if both types of variances influence the results of a given speech test in
the same way and hence warrant that the test lists designed to be comparable in noise
are also comparable in quiet. This problem is independent of language or speech test
type. In Chapter4, this problem was exemplarily investigated for two different Ger-
man sentence tests. As one example of high predictable sentence intelligibility tests the
German Gottingen sentence test and as one example of low predictable sentence in-
telligibility tests the German Oldenburg sentence test was used to investigate whether

the homogeneity of test lists also holds for quiet test conditions.

Apart from the different languages and presentation in quiet or noise, there is a large
number of language—independent methods to determine speech intelligibility in noise
with one test. The measurement procedures are defined by different parameters. Hence,
comparability of speech tests results is highly dependent on the influence of these
parameters on the results. The aim of Chapter5 is to investigate those parameters
that typically vary between different test methods and different researchers. Critical
factors that influence the test result, should be separated from non—critical factors. In
this way, this study is intended to contribute to a harmonization in speech audiometry.
The parameters presentation level, type of interfering noise, and different presentation
modes (i.e. varying the speech or the noise level in an adaptive procedure and using
interrupted or continuous interfering noise) were investigated. In order to exclude other
influences, this extensive investigation was performed for one language (German) with
the same test and subjects (normal-hearing and hearing—impaired) throughout the

entire study.

As confirmed in Chapter5 and by other authors (Versfeld and Dreschler, 2002;
Hagerman, 2002; Eisenberg et al., 1995; Festen and Plomp, 1990), fluctuating interfer-

ing noises are highly suitable for testing speech intelligibility in noise, as these noises
differentiate best between different degrees of hearing loss. The ICRA group (Inter-
national Collegium of Rehabilitative Audiology) presented a highly fluctuating noise

as standard noise for investigating digital hearing aids and intelligibility in fluctuating

noise (Dreschler et al., 2001). This so—called icra5 noise was also used as interfering
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noise in Chapter5. However, a disadvantage of this noise is that it includes silent
intervals with durations up to 2s. Hence, entire sentences of speech tests sometimes
fall into these silent intervals. In order to eliminate this disadvantage, two noises were
generated that limit the maximum silent interval duration of the icrab noise to 250 ms
or 62.5 ms, respectively. In Chapter 6 the dependency of speech intelligibility in fluctu-
ating noise on maximum pause duration is considered as a function of the individual
hearing loss in hearing-impaired subjects. Since speech intelligibility in pause-limited
fluctuating noise correlates both with speech intelligibility in quiet and in stationary
noise, a prediction of speech intelligibility in fluctuating noise should be possible with

these quantities.

Such a prediction is undertaken in the final chapter of this thesis: In order to under-
stand the process of speech intelligibility in fluctuating interfering noise in more detail,
Chapter|7 compares several approaches to model speech intelligibility in fluctuating
noise. The most successful approaches base on Plomp’s model about hearing loss for
speech (Plomp, 1978). The input parameters of the speech perception model are the
level histogram or level sequence of the fluctuating interfering noise and both the indi-
vidual SRT in quiet and in stationary noise. First, the validity of Plomp’s model for the
results with the Oldenburg sentence test is evaluated. Further on, the predictions are
compared to a large database of SRT measurements in fluctuating noise with different
types and degrees of hearing loss and to predictions with the speech intelligibility index
SIT (Appendix A).

It will be shown in this thesis that it is possible to obtain comparable sentence intelli-
gibility results even across languages and that there are measurement procedures that
clearly represent the differences between hearing—impairments. Hence, the measure-
ment procedures proposed and compared in this study should supply the audiologist

with sophisticated tools to diagnose and rehabilitate the hearing—impaired listener.



Chapter 2

Design, Optimization, and
Evaluation of a Danish Sentence

Test in Noise

ABSTRACT

The Danish sentence test DANTALE II was developed in analogy to the Swedish
sentence test by Hagerman and the German Oldenburg sentence test as a new Danish
sentence test in noise to determine the speech reception threshold in noise (SRT,
i.e. the signal-to—noise ratio (SNR) that yields 50% intelligibility). FEach sentence is
generated by a random combination of the alternatives of a base list. This base list
consists of 10 sentences with the same syntactical structure (name, verb, numeral,
adjective, object). The test sentences were recorded and segmented in such a way
that the coarticulation effects were taken into account in order to achieve a high
perceived sound quality of the resynthesized sentences: 100 sentences were recorded,
therefore, each coarticulation between each word and the 10 possible following word
alternatives were recorded, and the correct coarticulation was used to generate the test
sentences. Word-specific speech recognition curves were measured for each recorded
word to optimize the homogeneity of the speech material and the measurement
accuracy. Level corrections of particular words and a careful selection of the test lists
produced a noticeable reduction in the variation in the distribution of word—specific
SRT (standard deviation 1.75dB instead of 3.78 dB). Therefore, the slope of the total

intelligibility function was expected to increase from 8.3%/dB (raw test material)

13
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to 13.2%/dB (after modification). These theoretical expectations were evaluated by
independent measurements with normal-hearing subjects, and, for the most part,
confirmed. The reference data for the DANTALE II are: SRT = —8.43dB SNR; slope
at SRT, s50 = 13.2%/dB. The training effect was 2.2dB and could be reduced to less

than 1dB, if two training lists of 20 sentences were performed prior to data collection.

2.1 INTRODUCTION

Holding conversations in noisy environments represents a major problem for many
hearing—impaired listeners. Therefore, recent speech audiometry assesses speech recog-
nition in noise, with whole sentences as test material. The requirements for new audio-
logical measurements have been formulated by the European project NATASHA (Net-
work And Tools for the Assessment of Speech and Hearing Ability) in order to achieve
similar audiological measurement procedures across Europe. These include require-
ments for new speech tests. One possible sentence test format that has the advantage
in principle of being very similar across different languages is the use of syntactically
fixed, but semantically unpredictable (nonsense), sentences, i.e. sentences with a fixed
grammatical structure but using words that do not necessarily make sense in their re-
spective combinations. Hagerman (1982) developed this test format for Swedish, and
Wagener et al. (1999) further developed this format into the ‘Oldenburger Satztest’
(Oldenburg sentence test). One major advantage of these tests is their repeated usabil-
ity with the same subject, as any sequence of these mostly nonsense sentences of the

same general structure is unlikely to be memorized (in contrast to everyday sentences,

as used in the Gottingen sentence test (Kollmeier and Wesselkamp, 1997), the Plomp

sentences (Plomp and Mimpen, 1979), and the Hearing In Noise Test (Nilsson et al.,

[ |
1994)). Therefore, these tests are very useful for hearing aid evaluation. They are also
useful for the fitting of cochlear implants, because the sentences are spoken relatively
slowly, and the speech material consists of only 50 well-known words. These tests can

be used for children, who are able to memorize five-word sentences.

The speech reception threshold, SRT (signal-to—noise ratio (SNR) that yields 50%
intelligibility), in noise shows relatively small differences between normal-hearing and
hearing—impaired subjects. In addition, the differences between different hearing aids
or different hearing aid fittings are rather small. Therefore, a sentence test in noise

should be capable of detecting even small changes in the ‘effective’” SNR by translating
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them into large changes in intelligibility. This means that the intelligibility functions
of the test lists have to be very steep. Also, the differences in intelligibility across
different test lists have to be smaller than the effect to be measured, which calls for
high comparability and low variability across test lists. Much effort has therefore to

be invested to achieve high accuracy and good comparability of the different test lists.

In this article, a Danish version of this sentence test is presented (Dantale II). The
DANTALE II was developed and produced as a Danish—-German co—production to
ensure maximum comparability with the Oldenburg sentence test. The word material
and the speaker have been selected by the Danish authors (Josvassen and Ardenkjeer).
They also performed the cutting of the recorded material in Oldenburg, where the test
was recorded in a way comparable to that used for the recordings of the Oldenburg
sentence test. The Danish authors also performed the auditory quality check of the
recorded and resynthesized speech material to ensure maximum subjective quality of
the sentences for native Danish listeners. The German author (Wagener) generated
the test sentences, produced the experimental design and performed all data analyses.
All speech intelligibility measurements with normal-hearing subjects were performed
at the Department of OtoRhinoLaryngology, Head and Neck Surgery, Copenhagen
University Hospital, Rigshospitalet. The design, optimization and evaluation of this

sentence test are presented here.

2.2 DESIGN

2.2.1 Construction

The test construction is based on the Swedish sentence test by Hagerman (Hagerman,

[
1982). The base test list consists of 10 different five-word sentences with an equal
syntactical structure (name, verb, numeral, adjective, object.) (Table [2.1). The test
sentences are generated by randomly choosing one of the 10 alternatives for each part

of the sentence. Consequently, each test list consists of the same word material.

2.2.2 Selection of words for the sentence material

The words in the sentence material were chosen on the basis of an analysis of word

frequency in the written language. This analysis includes the 5000 most frequently
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Table 2.1: Basic test list of the DANTALE II test.

CHAPTER 2. DANISH SENTENCE TEST IN NOISE

examples for two generated test sentences.

The bold and italic words are

Index | Name Verb | Numeral | Adjective | Object
0 Anders | ejer | ti gamle jakker.
1 Birgit havde | fem rgde kasser.
2 Ingrid ser Syv peene ringe.

3 Ulla kgbte | tre nye blomster.
4 Niels vandt | seks fine skabe.

5 Kirsten | far tolv flotte masker.

6 Henning | solgte | otte smukke | biler.

7 Per laner | fjorten | store huse.

8 Linda valgte | ni hvide gaver.

9 Michael | finder | tyve sjove planter.

used words in Danish. The latest count of the 5000 most frequently used words in
Danish can be found in ”Dansk frekvensordbog” (Dictionary of Word Frequency in
Danish) by Bergenholtz (1992). The use of frequent words enables an equal difficulty
level in the sentences to be achieved, placing the test subjects on an equal footing as
far as possible with regard to familiarity with the sentence material words. As a result,
the probability of achieving the same slope of the psychometric function for each word

in the sentence material is increased.

Five of the sentences are represented in the present tense, and five are represented in the
past tense. This was done to avoid having certain verb endings presented more often
than others, which has an impact on the phonetic balance. An attempt has been made
to avoid using words of an emotive and offending nature, as well as geographically,

socially and professionally related words.

To avoid presenting certain speech sounds more often than others in the sentence mate-
rial, and to maximize the validity of the test results across subjects, phonetic balancing
of the sound material was carried out on the basis of Danish standard language. A

statistical survey of the relative occurrences of speech sounds in the 5000 most fre-

quent words in Danish (Bergenholtz, 1992) was done for this purpose by Peter Molbaek

Hansen (a phonetician and teacher of linguistic science at the University of Copen-
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Table 2.2: Basic test list of the DANTALE 11 test, English translation.

illustrate the way of recording the sentences for index 0 and four examples of following

words. The same procedure was repeated for all following words (indicated by the

dotted line) and all indices.

Index | Name | Verb Numeral | Adjective | Object
0 Anders {7 owns old 7 jackets.
1 Birgit e\ had red / e boxes.
2 Ingrid Q| sees nice rings.

3 Ulla o bought new e| flowers.

4 Niels :. won /9 fine :. cupboards.
5 Kirsten s gets . lovely e | masks.

6 Henning. sold * eight beautiful. cars.

7 Per borrows | fourteen big houses.

8 Linda chose nine white presents.
9 Michael | finds twenty funny plants.

hagen, Denmark). The results of this survey were compared to the relative occurrences

of speech sounds in the sentence material (Figure2.1).

The sound surveys are based on a modified version of the International Phonetic Al-
phabet (IPA). The consonant transcription level is rough, while the vowel transcription
level is more detailed, which ensures a depiction of the vowel variants and length vari-
ations. A very accurate phonetic balance was achieved with a correlation of 0.97 using

‘Pearson’s 1’ coefficient.

A random sample of 10 semi-randomized lists was presented to 10 normal-hearing
subjects (free field) in a pilot study. The purpose of the test was to prevent the
sentence meanings from appearing puzzling to such a degree that there would be a
reduction in test result validity and reliability. The pilot study resulted in a decision
to change one of the nouns, as it deviated semantically to some degree from the other
nouns in the sentence material. This change did not cause a loss of correlation with
regard to the phonetic balance. The final sentence material is listed in the Table 2.1
(Ardenkjeer-Madsen and Josvassen, 2001).
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Figure 2.1: A comparison expressed in percentages between the sound occurrences
in the 5000 most frequently used words (Molbszk) and the sound occurrences in the
final sentence material (Danish Hagerman sentences). For the sake of readability of

the phonemes, the distribution is split into two figures.

2.2.3 Recordings

The recordings were made in the radio studio of the University of Oldenburg, using an
AKG C-1000S microphone and a DAT recorder (AIWA HHB1 Pro) with a sampling
rate of 44100 Hz and a resolution of 16 bits. The sentences were spoken by Anne Bingen,

a Danish speech and hearing therapist.

The main difference between the Hagerman and the Oldenburg sentence test is the

method used to record and generate the sentences. For the Hagerman test, only the
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sentences of the base list were recorded, without any transitions between the words,
while for the Oldenburg sentence test, 100 sentences were recorded to take the coar-
ticulation into account. For index 0, records were made as shown in Table 2.2. The
same procedure was repeated for all following indices. In this way, all words in a given
column were recorded in combination with all words in the following column. Since
this approach yields a more natural sound of the test sentences, it was used for the

Danish sentence test as well.

2.2.4 Generating test sentences

The test sentences were generated by combining the 10 alternatives for each word
group at random (examples are indicated by bold and italic type in Table [2.1). The
100 recorded sentences were segmented into single words, very close to the beginning
of the word, and including the part co—articulated to the following word at the end
of the word. After some training, it became quite easy to identify the cutting point.
We attempted to select the point in time for the cutting such that the following word
would be perceived as 'naturally spoken’ if it represented the first word of a new
sentence. The cutting was performed with the CoolEdit program (by Syntrillium).
The cutting points were identified by listening very carefully to the recorded material.
In constructing sentences, a word in a given column was selected to produce the correct
coarticulation for the following word, regardless of the previous word. As an example
see Figure2.2. The shortly ramped words (5—ms ramps) were strung together with a
5-ms overlap to generate a sentence. 25 test lists of 10 sentences were generated in this
way. Each word of the base list occurs once in the resulting test list. Consequently,

each test list consists of the same word material.

2.2.5 Interfering noise

The first step in achieving high accuracy in a speech test in noise (i.e., a steep intelli-
gibility function) is to use stationary noise with the same long—term spectrum as the
speech. This interfering noise yields optimal spectral masking. Each generated test
sentence was strung with silence intervals in between the sentence repetitions to form a
2.5-min sequence. The lengths of the silence intervals were randomly chosen; for each
particular sentence, the duration was fixed between 5ms and 2s. The starting points

of the sentence repetitions also differed. These sequences were superimposed in order
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Linda~ O ejer
... O ejer~ Ootte
[J otte~ O hvide ...

O hvide kasser.

Figure 2.2: Taking the coarticulation effects into account to achieve a natural intona-
tion. Only the utterances with the correct coarticulation to the following word in the
final sentence are used, i.e. the words in bold type, to generate the sentence: Linda
ejer otte hvide kasser. The coarticulation part is indicated by ~, and the cutting place

by scissors.

to generate a speech—shaped interfering noise (Figure2.3).

Ingrid finder syv rgde huse. Ingrid finder syv rgde huse. Ing
+

yve paene ringe.Michael ejer tyve peaene ringe.Michael ejer tyve

+

e skabe. Linda laner seks flotte skabe. Linda laner seks

Figure 2.3: Generation of the interfering noise. The speech material was superimposed

using random silence duration and starting time.

The superimposing was performed 30 times, to provide a more or less stationary noise
without strong fluctuations. The long—term spectrum (Figure2.4) of the resulting noise

was comparable to the mean long—term spectrum of various languages, the LTASS

spectrum (Byrne et al., 1994).
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Figure 2.4: Long—term spectrum of the interfering noise generated by superimposing
the speech material of the DANTALE II test. The spectrum is given as root mean

square (rms) levels in one third octave bands. The mean long—term spectrum of the

test sentences and the LTASS spectrum (Byrne et al., 1994) are also given.
2.3 OPTIMIZATION

The intelligibility function of a sentence test (i.e., dependency of speech intelligibility
(SI) on sound pressure level or SNR) can be described by Equation2.1.

1
| + ¢ 4s50(SNR — SRT)’

SI(SNR) = s50: slope at SRT (2.1)

After the probabilistic model of Kollmeier (1990), which is described in Wagener et
al. (1999), the intelligibility function of a sentence test depends on the word-specific
intelligibility functions as the convolution of the mean word-specific function and the
distribution of the SRT values. Therefore, a steep slope s50 of the list—specific intelligi-
bility function requires a small standard deviation oggr of the word-specific SRT values

and a steep slope Syorq Of the mean word—specific intelligibility function (Equation[2.2).

550 2 Sword (2.2)
14+ 16f%vordo-g'RT .
(In(2e2 — 1 + 2e7))?

The word—specific intelligibility functions of each generated test list were determined
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using normal-hearing subjects in order to optimize the SRT distribution of the speech
material by level adjustment of the single words and selection of the most homogenous

lists.

2.3.1 Optimization measurements

Sixteen normal-hearing subjects (12 female, 4 male, age 20-37 years; median age 25
years; born and brought up in Northern Sealand or Copenhagen) participated in the
measurements at the Rigshospital in Copenhagen. They had no otological problems,
and their hearing thresholds did not exceed 20dB HL at 0.5, 1, 2 and 4 kHz (a hearing
threshold of 20 dB HL was allowed only once in this frequency range). The subjects
were situated in a double-walled sound—insulated booth, fulfilling the requirements of
[SO 8253-1. The sentences were presented monaurally via a Madsen type Midimate
622 audiometer, with Beyer Dynamic DT770 headphones. The subject’s task was to
repeat the words. The experimenter was situated outside the booth, and received the
subject’s answers via the audiometer intercom. The experimenter recorded the correct

and incorrect responses (word scoring) for further analysis on a computer.

The 25 test lists of 10 sentences were combined to form 5 test lists of 30 sentences and
5 test lists of 20 sentences for the optimization measurements. All lists were presented
at 10 different SNRs (—18 to 0dBSNR, increments of 2dB). The orders of the test

lists and of the SNRs were chosen randomly.

The test sentences and the noise were mixed digitally at the particular SNRs. This
mixed material was stored on Compact disks. The noise started 500 ms before the
sentence started, and ended 500ms after the sentence ended. Measurements with

gated noise were chosen, because differences in SRT results were found for gated and

continuous noise (Wagener et al., 2000). In the case of the gated—noise condition, the
delay between the noise onset and the speech onset was always fixed, while it depended
on the response time of the subject in the case of the continuous—noise condition. Thus,
in order to achieve a defined fixed onset—onset interval, we decided to use the gated—

noise presentation for all experiments.

The test sentences of the same test list had a different, randomly chosen, order at the
different SNRs.

The SNR was adjusted in this way in order to avoid using the audiometer for adjusting

the SNR. Therefore, any inaccuracy of the audiometer was avoided. The audiometer
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was calibrated in such a way that the measurements were performed at a noise level of

65dB SPL.

The model function (2.1) was fitted to each acoustical representation of the words
by using a maximum likelihood procedure (more precisely, the negative logarithmic
likelihood was minimized). In this way, the SRT and the slope at the SRT (s50) were

determined for all different word representations of the speech material.

2.3.2 Level adjustment based on optimization results

Level adjustments of particular words and a test list selection were performed in order to
minimize ogpr (Equation2.2). This level adjustment was limited to £4 dB maximum
to preserve a natural intonation. This limit was chosen after a listening test of 10
Danish listeners, who determined the most natural sounding of the sentences out of six

different limitations (maximum +2-6 dB, increment 1dB, and no limitation at all).

The SRT distribution before (grey line, 1250 words) and after (black line, 800 words)
the modification are shown in Figure2.5.

1
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Figure 2.5: SRT distribution before (grey line, 1250 words) and after (black line, 800

words) the level adjustment and selection.

The expected slope s50 for the optimized test can be calculated using Equation(2.2.
The mean word—specific slope s,.-q Of the selected material equals 0.161 dB~1, and the
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standard deviation of the optimized SRT distribution equals 1.75dB SNR. This yields
an expected slope of s50 = 0.132dB™! instead of 0.087 dB~! before the optimization.

2.4 EVALUATION

The evaluation measurements were performed to evaluate the theoretical predictions by
independent measurements with a large number of normal-hearing subjects. The list—
specific intelligibility functions were calculated by determining the speech intelligibility
at two different SNRs.

2.4.1 Evaluation measurements

Sixty normal-hearing subjects (41 female, 19 male; age 19-40 years; median age 27.5
years; born and brought up in Northern Sealand or Copenhagen) participated in the
measurements at the Righospital in Copenhagen. They had no otological problems
and their audiogram thresholds did not exceed 20dB HL at 0.5, 1, 2 and 4 kHz.

For the evaluation measurements, test lists of 20 sentences were used. The experimental
setup was the same as described in ‘Optimization measurements’ above. The subjects
were divided into two groups. One group performed half of the lists at an SNR of
—10dB and the other lists at —6 dBSNR, the other group performed the particular
lists at the respective other SNR. In this way, all subjects performed each test list just
once in the evaluation measurements, and all lists were measured at two different SNRs.
The order of the test lists was chosen randomly, and the two SNRs were presented
alternately. The SNRs were chosen according to a corresponding intelligibility of above
and below 50% (estimated from the optimization results). The noise was presented at
a fixed level of 65 dB SPL. To achieve a similar training status for all subjects, all test
lists were measured once with each subject before the evaluation measurements. These
were adaptive measurements, determining the SRT. An adaptive procedure according
to Brand (2002a) was used. The audiometer was used to adjust the SNRs during the
training measurements. The SNRs for the evaluation measurements were adjusted by

mixing the speech and noise signals digitally to avoid any inaccuracy of the audiometer.

As the model function (2.1) contains two parameters, and the speech intelligibility was
determined at two different SNRs per test list, the model functions for each test list

could be calculated using the measurement results.
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2.4.2 Training effect

The SRT levels decreased with increasing number of lists performed per subject, due
to familiarization with the measurement procedure and the word material. Therefore,
eight test lists of 20 sentences were used for training purposes before the evaluation
started. The training effect equals the SRT difference between the first and last per-
formed training list. Figure2.6 shows the SRT results by temporal order. The index on
the x—axis indicates the temporal order of the measurements. The results of different
test lists have been averaged for each index. The training effect of the training ses-
sion equals 2.2dB. The SRT given by the evaluation measurements (see below) hardly
differs from that given by the last performed training list (difference: 0.3dB).

SRT [dB S/N]
~

0T 2 3 4 5 6 7 8 Eva

Temporal order of measurements
Figure 2.6: SRT results during the training phase before the evaluation measurements
were performed. The x—axis indicates the temporal order of the measurements using

test lists of 20 sentences. The differences in SRT can be considered as training effects.

2.4.3 Evaluation results

Figure 2.7 shows the results of the evaluation measurements. The intelligibility func-

tions affiliated to the evaluation data are also shown.

The evaluation measurements result in a mean SRT of —8.38 dB SNR, with a standard
deviation of 0.16 dB across test lists; the slope s50 equals 12.6%/dB=+0.8. These results
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Figure 2.7:  Speech intelligibility functions of the DANTALE II test. Evaluation
data (diamonds) as well as the affiliated speech intelligibility functions (solid lines) are

shown.

were derived by pooling the data of all subjects and calculating the mean values across
the different test lists. It is not possible to determine threshold and slope for each
subject and list individually, because each list was presented only once to each subject
(two points are necessary for the calculation of SRT and s50 using Equation 2.1). In
order to investigate the influence of the variability in threshold of the subjects on the
resulting slope, data of all test lists can be pooled and the threshold and slope values
for each individual subject can be determined. These values represent the individual
intelligibility functions of the subjects. The mean SRT value across the subjects equals
—8.43dB SNR, with a standard deviation of 0.95dB across subjects. The mean slope
across the subjects equals 13.2%/dB, which exactly represents the slope that was ex-
pected after the optimization. The difference in the values for the slopes obtained for
the pooled subjects and for the pooled test lists is due to the different thresholds for
the subjects. In fact, the slope value for pooled subjects (0.1262dB~1) can be calcu-
lated by using the mean s50 value (0.132dB™1), the standard deviation of SRT across
subjects (0.95dB) with pooled test lists, and Equation2.2: s50 = 0.1261dB~1.

No significant difference was found between the intelligibilities of the different test lists
(single analysis of variance: F=0.80 at —10dB SNR, and F=1.36 at —6 dB SNR).
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2.5 DISCUSSION

A Danish sentence test based on the Swedish Hagerman and the German Oldenburg
sentence test was introduced. The DANTALE II test was optimized to determine the
SRT (SNR that yields 50% intelligibility) in noise. The differences between the results
obtained by pooling the subjects (SRT=-8.38 dB SNR+0.16; s50=12.6%/dB=+0.8) and
pooling the test lists (SRT=—8.43dB SNR+0.95; s50=13.2%/dB+£1.9) show that the
differences between the test lists are smaller than those between the normal-hearing
subjects. Therefore, the reference data of the test are represented by the mean data
across subjects (SRT=-8.43dB SNR; s50=13.2%/dB). The mean slope is lower than
the slope of the German test, which was realized in a similar way: s50 = 13.2%/dB
instead of 17.1%/dB. This difference is due to a lower mean word—specific slope of the
Danish test: 16.1%/dB, instead of 20%/dB for the Oldenburg word material. It is not
clear, at present, whether this difference is due only to the different languages. This

will be investigated further in the future.

All evaluation results confirm the expected values after the optimization (SRT =
—9.1dBSNR; s50 = 13.2%/dB). The slightly higher SRT of the evaluation can be at-
tributed to better training of the subjects used for the optimization measurements. The
DANTALE II consists of 16 test lists of 10 sentences, which can be combined to give 120

test lists of 20 sentences (test lists of 20 or 30 sentences give better reliability in adaptive

threshold measurements (Brand and Kollmeier, 2002a)). There were no significant dif-
ferences in the intelligibilities of the different test lists. The test provides a test—retest

reproducibility of about 1dB, if using 20 sentences for determining the threshold adap-

tively (if using 30 sentences, the reproducibility is less than 1dB (Wagener et al., 2000;

Brand and Kollmeier, 2002a)). In these studies, training with 60 sentences before

the first measurement and with 20 sentences before the retest measurement was used.
There was a training effect of 1.4 dB during the first two test lists, making it essential
to perform suitable training of the subject before doing speech intelligibility measure-
ments. The overall training effect of 2.2dB for 16 test lists of 10 sentences is similar

to the training effect of the Swedish Hagerman sentences (Hagerman, personal com-

munication and Hagerman and Kinnefors (1995). Hagerman found a training effect of
0.1dB per list (10 sentences), and an additional 0.3dB between the first—performed
and second—performed lists. This yields an overall training effect of 1.9dB when us-
ing 16 test lists. The advantage of the low—predictability sentences that are used in

this test is that, after training, the test lists can be used repeatedly with the same
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subject, because it is almost impossible to learn the lists by heart. Test lists that use
highly predictable sentences, such as the German Gottingen sentence test (Kollmeier
[

and Wesselkamp, 1997), the Dutch Plomp sentences (Plomp and Mimpen, 1979), or
the English Hearing In Noise Test (Nilsson et al., 1994), can only be used once per

subject, as subjects tend to recognize the sentences if they are presented again.

2.6 CONCLUSIONS

The DANTALE II test is a sentence test with syntactically fixed, but semantically
unpredictable (nonsense) sentences. The test was optimized for the determination of
SRT in noise. The DANTALE II consists of 16 test lists of 10 sentences, which can be
combined to give lists of 20 sentences. As the test lists can be used repeatedly with the

same subject, the test is recommended for studies involving extensive measurements.
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Chapter 3

Sentence Intelligibility Tests with
Syntactically Fixed, but
Semantically Unpredictable
Sentences: Comparison across

Languages

ABSTRACT

Performance—intensity functions of three comparable sentence tests with syntactically
fixed, but semantically unpredictable sentences (Swedish Hagerman sentences, German
Oldenburg sentence test, Danish DANTALE II) were compared in order to test the
perceptual similarities of these tests across languages. The same model function was
employed to describe the intelligibility function in all three tests. The thus standardized
reference data of all three sentence intelligibility tests were compared. They show
similar reference values, except for the intelligibility function slope of the Danish test

that was lower than of the other tests.

29



30 CHAPTER 3. COMPARISON OF SENTENCE TESTS

3.1 INTRODUCTION

Sentence intelligibility tests with syntactically fixed, but semantically unpredictable

sentences are available in three different languages [Swedish: Hagerman (1982), Ger-
man: Wagener et al. (1999c), Danish: Wagener et al. (2003)]. These tests can

be described by their reference intelligibility function that was obtained by evalua-

tion measurements with normal-hearing subjects. In order to compare the properties
of such tests, these reference functions (sometimes denoted as performance—intensity
functions) are compared. The reference intelligibility functions of the German Olden-
burg sentence test (Wagener et al., 1999b) and Danish DANTALE 1I test (Wagener

et al., 20035 could not be directly compared with the Swedish Hagerman éentences

(Hagerman, 1982), as Hagerman originally used a different model function to describe
the intelligibility function. In order to obtain comparable reference values, the raw
data of Hagerman’s evaluation measurements were analyzed with the logistic model
function that was also used in the other tests (Equation 3.1):

1

p (La SRTa 3) = 1_|_e4-s-(SRTfL)

(3.1)

p denotes the mean probability that the words of a sentence are correctly repeated by
the subject, if the sentence was presented with a signal-to—noise ratio L. The speech
reception threshold SRT (signal-to—noise ratio that yields 50 % intelligibility) and the
slope s of the intelligibility function at the SRT describe the entire function. Therefore,
SRT and s describe the reference values of such speech tests and will be evaluated for

the three tests under consideration.

3.2 HAGERMAN SENTENCES WITH LOGIS-
TIC MODEL FUNCTION

The original raw data of Hagerman’s evaluation measurements (Hagerman, 1982) con-
sists of word-scored sentence scores of 10 normal-hearing subjects. Each subject per-
formed five test lists (list no 6-10) at five different signal-to—noise ratios (SNRs). Three
subjects performed these lists at -11, -9, -7, -5, -3dB SNR, six subjects at -12, -10, -
8, -6, -4dB SNR, one subject at -10, -8, -6, -4, -2dB SNR.. The levels were chosen in

ascending order for half of the subjects and in descending order for the other half.
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The intelligibility function for each particular word was determined by averaging the
data of all subjects and test lists for each single test word. For each particular word
the logistic model function (Equation[3.1) was fitted to the SNR-intelligibility data
by using a maximum likelihood procedure. When averaging across the intelligibility
functions, the adjective ‘hela’ (‘whole’) was omitted, because not enough data were

present at low SNRs. This would have resulted in an unrealistic slope of more than

400 %/dB.

The parameters of the mean word—specific intelligibility function equaled

SRT =—-8.3dBSNR +1.7dB and slope Sy.q =23.5%/dB (see Table3.1).

In addition, the intelligibility function for each test list was determined by averaging
the data of all subjects. For each test list the logistic model function (Equation3.1)
was fitted to the SNR-intelligibility data by using a maximum likelihood procedure.
When averaging across the intelligibility functions of the lists, test list no 8 had to be
omitted, because it was only performed at SNRs above -8 dB SNR.. Therefore, too few
data were below 50 % intelligibility (only one data point) and no reliable estimate of

the slope at 50 % was possible.

The  parameters of  the  reference intelligibility function  equaled

SRT = —8.1dBSNR £ 0.3 and slope s=16.0%/dB £ 3.0 (see Table3.1).

3.3 COMPARISON OF REFERENCE VALUES
ACROSS LANGUAGES

The mean word—specific slopes sy0rq, the standard deviations of the word—specific SRT
distribution oggr, the experimentally determined mean list—specific slopes s, the mean
SRTs, and the mean SRT standard deviations between test lists oy are given in
Table 3.1 for each sentence intelligibility test, separately. The data of the Swedish test
were determined in the present study. The data of the German test were determined
in Wagener et al. (1999a) and Wagener et al. (1999b), the data of the Danish test
in [Wagener et al. (2003). In order to check the consistency of the data and the

relation between word—specific and list—specific distribution parameters, the predicted
mean list-specific slopes s,,.q [predicted by the probabilistic model of Kollmeier et al.
(19925], is also included in Table 3.1. According to the model, the intelligibility function
of a test list can be calculated by convoluting the mean intelligibility function of all

words that build the list with the SRT distribution of these words.
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Table 3.1: Comparison of values that describe the perceptual properties across lan-
guages. Given are: mean word-specific slopes syrq, Standard deviations of the word—
specific SRT distribution ogrr, predicted mean list—specific slopes sp,cq, experimentally
determined mean list—specific slopes s, mean SRTs, and mean SRT standard deviations

between test lists oy,

Sword ~ OSRT Spred S SRT Olist
Language [%/dB] [dB] [%/dB] [%/dB] [dBSNR| [dB]
Swedish 23.5 1.7 16.6 16.0 —8.1 0.30
German 20.0 1.1 17.2 17.1 —7.1 0.16
Danish 16.1 1.8 13.2 13.2 —8.4 0.16

SRT and s give the reference values of the particular test. The comparison between
Spred and s estimates the applicability of the probabilistic model. oy is a measure for

the perceptual homogeneity of the test lists.

3.4 DISCUSSION

The results of the Swedish Hagerman sentences are very similar to the data of the
German Oldenburg sentence test. The mean word—specific slope is slightly higher than
of the German test (23.5%/dB versus 20.0 %/dB) and clearly higher than of the Dan-
ish test (16.1%/dB). The standard deviation of the word—specific SRT distribution is
similar to the Danish test and slightly higher than the German test (Swedish: 1.7 dB,
Danish: 1.8dB, German: 1.1dB). Therefore, the probabilistic model predicts a slightly
lower slope of the mean list—specific intelligibility function of the Swedish test compared
to the German test (16.6 %/dB versus 17.2%/dB), both higher than the slope of the
Danish test (13.2%/dB). The probabilistic model predicts the mean list—specific intel-
ligibility functions slope very accurately for all three sentence tests. The mean slope of
the Swedish reference function is slightly lower than the German Oldenburg sentence
test and higher than the Danish test (Swedish: 16 %/dB, German: 17.1 %/dB, Danish:
13.,2%/dB), as it was predicted by the model.

The lower reference function slope of the Danish test is caused by the lower word-—
specific intelligibility function slope. This cannot be explained by eventually more

fluctuations in the Danish interfering noise because both modulation spectra of the
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German and Danish noises were similarly flat. The mean SRT of the Swedish Hager-
man sentences were almost similar to the mean Danish DANTALE IT SRT value and
lower than of the German Oldenburg sentence test (Swedish: —8.1dBSNR, Danish:
—8.4dBSNR, German: —7.1dBSNR). The SRT standard deviation between test lists
was slightly larger for the Swedish Hagerman sentences compared to the Danish and
German test (Swedish: 0.30dB, Danish and German: 0.16 dB). Nevertheless, the ho-

mogeneity of the test lists is high in all three sentence tests.

In conclusion, the mean expected SRT is highly comparable across similar tests in dif-
ferent languages. Using a ‘calibration’ offset of 1dB, the reference data that describe
the Swedish and German tests are highly comparable. However, the Danish test shows
a shallower intelligibility function which is due to shallower word—specific intelligibil-
ity functions while the variability across test items (words, sentences, lists) is highly

comparable across languages.

ACKNOWLEDGEMENTS

Dr. Bjorn Hagerman is gratefully acknowledged for entrusting the raw data of his eval-
uation measurements for this study. This study was supported by DFG KO 942/13-3.



34

CHAPTER 3. COMPARISON OF SENTENCE TESTS



Chapter 4

Test list homogeneity of high— and
low—predictable sentence
intelligibility tests in noise and in

quiet

ABSTRACT

Sentence intelligibility tests are often developed and optimized for performing speech
intelligibility measurements with interfering noise. The accuracy and homogeneity
of such test lists is given by the external variance that is quantified by the masking
of the particular test items by the noise. The accuracy and homogeneity in quiet is
given by the internal variance that is quantified by the effect of hearing threshold
on the items. It is a basic problem independent of the particular language that the
external and internal variance cannot a priori be considered as being equal. In this
study, this problem was exemplarily explored with two German sentence intelligibility
tests that differ in predictability. The homogeneity of the different test lists with
respect to speech intelligibility in noise was already shown for the German high—
predictable Gottingen (Kollmeier and Wesselkamp, 1997) and the low—predictable
Oldenburg sentence intelligibility test (Wagener et al., 1999c; Wagener et al., 1999a;

‘Wagener et al., 1999b). The equivalence of the respective test lists with respect to

speech intelligibility in quiet was investigated with normal-hearing listeners. The

standard deviations of the speech reception thresholds (SRT) across test lists were

35
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smaller than the theoretical maximum accuracy of a single SRT determination.
Therefore, both sentence tests can be used in quiet conditions without any changes of
the test material. This result can be transferred to other speech intelligibility tests

and languages that were developed with a similar optimization strategy.

4.1 INTRODUCTION

The accuracy of speech intelligibility tests and the homogeneity of different test lists is
given by the perceptual variance of the particular test items. Therefore, speech intelligi-

bility tests are optimized by minimizing this variance. Most sentence intelligibility tests

were optimized with respect to intelligibility with interfering noise (Kalikow et al., 1977,

Plomp and Mimpen, 1979; [Hagerman, 1982; Nilsson et al., 1994; Kollmeier and Wes-
T

selkamp, 1997; [Wagener et al., 1999a; Wagener et al., 2003), as this condition can be

controlled best. The perceptual variance of such tests is given by the external variance

that is quantified by the masking of the noise on the particular test items. It is not clear
whether the homogeneity of such test lists can be transferred to speech intelligibility in
quiet. The variance in quiet is given by the internal variance due to the effect of hear-
ing threshold on the particular test items. It is questionable, whether the external and
internal variance can be considered as being equal, since the frequency shape of hear-
ing threshold is different from the interfering noise spectrum (mostly speech shaped).

As sentence intelligibility tests are often applied both in noise and in quiet, especially

when performed with cochlear implant users (Dorman et al., 2002; Tyler et al., 2002;
Friesen et al., 2001; Baumann, 2001; Brand and Kollmeier, 2002b), there is a need

to explore the homogeneity of test lists in both conditions, noise and quiet. This

language independent question was exemplarily investigated in this study using two
German sentence intelligibility tests that vary in predictability of the respective words

in each sentence.

The German Gottingen and Oldenburg sentence tests were developed, optimized,

and evaluated for speech intelligibility in noise (Kollmeier and Wesselkamp, 1997;
‘Wagener et al., 1999¢; Wagener et al., 1999a; [Wagener et al., 1999b). The Gottingen

high-—predictable sentence test consists of 20 test list with 10 short meaningful sentences
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each (similar speech material as the Dutch Plomp and Mimpen sentences (Plomp and
[

Mimpen, 1979) and the American English HINT (Nilsson et al., 1994)). As these sen-

tences can easily be memorized by the subject, the test lists can only be used once with

the same listener for a longer period of time. In order to overcome this disadvantage of
meaningful test sentences, the Oldenburg sentence test was developed (Wagener et al.,
1999(:5, which is similar to the Swedish Hagerman sentences (Hagerman, 1982) and
the Danish DANTALE II test (Wagener et al., 2003). The Oldenburg low—predictable

sentence test consists of 10 test lists with 10 syntactically fixed, but semantically non—

predictable sentences of the form name verb numeral adjective object each. Since 10
alternative words exist for each position within each 5-word sentence, the speech ma-
terial of this test consists of only 50 words that are used in a different permutation for

each test list. Both sentence tests were recently analyzed with respect to efficient de-

termination of speech intelligibility in noise (Brand and Kollmeier, 2002a) and context
effects (Bronkhorst et al., 2002).

In order to investigate whether the homogeneity of test lists also holds for quiet test
conditions, both sentence tests were evaluated in quiet and compared to the respective

results in noise.

4.2 METHOD

In order to determine the intelligibility functions of the particular test lists, the in-
telligibilities of all test lists were measured at two different presentation levels. The
presentation levels should correspond to intelligibilities of about 20% and 80%, because
these intelligibilities allow the most accurate concurrent estimates of speech reception
threshold (SRT: speech level that corresponds to 50% intelligibility) and intelligibility
function slope at SRT (Brand and Kollmeier, 2002a). An intelligibility function was
fitted to the data, as follows:

1
1 + ¢4 s (SRT-L)’

p(L,SRT,s) = (4.1)

where L= speech level; SRT= speech level that correspond to 50% intelligibility; s=
slope at SRT.

In pilot measurements with five normal-hearing listeners, the SRT and slope values
in quiet were determined adaptively for two test lists with 30 sentences of the
Gottingen and Oldenburg tests. The mean results amount to SRT =21.4dB SPL,
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s=17.3%/dB for the Gottingen sentence test and SRT =21.4dBSPL, s=6.2%/dB for
the Oldenburg sentence test. Based on these results, the presentation levels for the
evaluation of the Gottingen sentence test were chosen to 17dBSPL (corresponding
to 20% intelligibility) and 26 dBSPL (corresponding to 80% intelligibility). The
presentation levels for the evaluation of the Oldenburg sentence test were chosen to 16
and 27 dB SPL.

Twenty normal-hearing subjects participated in the measurements (age: 21-49 years).
They had hearing thresholds for pure tones better than 15dBHL at the frequencies
0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, and 6kHz. They never participated in similar

measurements before. The sentence tests were performed in their respective better ear.

The measurements were performed with a MS Windows—based program for conduct-
ing speech intelligibility measurements (developed and distributed by the national
center of excellence HorTech, Oldenburg). The digital signals were D/A—converted
by a 32-bit D/A-converter RME ADI 8-pro. The stimulus levels were adjusted
by a computer—controlled custom—designed audiometer comprising attenuators,
anti—-aliasing filters, and headphone amplifiers. Signals were presented monaurally to
the subjects via Sennheiser HDA 200 headphones. The headphones were free—field
equalized according to international standard (ISO/DIS 389-8), using a FIR filter
with 80 coefficients. The subjects were situated in a sound-insulated booth. Their
task was to repeat each sentence or parts of the sentence presented over headphones
as closely as possible. The instructor, also situated in the booth in front of the
subject, marked each correctly repeated word. For this purpose, an Epson EHT 108
handheld touchscreen computer was used on which the target sentence was displayed.
This handheld computer was connected to the personal computer via serial interface.
All data were analyzed using word-scoring. The whole apparatus was calibrated to
dBSPL with a B&K artificial ear 4153, a B&K 0.5inch microphone 4143, a B&K
preamplifier 2669, and a B&K measuring amplifier 2610.

In order to train the subjects for speech intelligibility measurements and to eliminate
the training effect of the Oldenburg sentence test (Wagener et al., 1999b), all sub-

jects performed two test lists of the Oldenburg sentence test with 20 sentences at a

presentation level of 35 and 25 dB SPL prior the evaluation measurements. The evalu-

ation measurements were performed with presentation levels and test types in separate
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blocks. The blocks were presented in random order. Prior to each block, the subject

was told what sentence type should be repeated.

The sentences of the Gottingen test were combined to 10 test lists with 20 sentences
each, the Oldenburg sentences were combined to five test lists with 20 sentences each for
the evaluation measurements. The test lists were combined for the sake of measurement
efficiency. It is time-saving to perform one test list consisting of 20 sentences instead

of two test lists consisting of 10 sentences each.

Ten subjects performed one half of the Gottingen test lists at a presentation level
of 17dBSPL, and the other half of the lists at 26 dBSPL. The other ten subjects
performed the particular Gottingen test lists at the respective other presentation level.
In this way, each subject performed each test list of the meaningful Gottingen sentence
test only once, and there was no influence by memorizing the sentences. Due to the
structure of the Oldenburg sentence test, it is not possible to memorize the sentences.
Therefore, the lists can be repeated. All 20 subjects performed each Oldenburg test
list at both presentation levels (16 and 27 dB SPL).

4.3 RESULTS AND DISCUSSION

The data were analyzed separately for each 10-sentence-list. The data of all twenty
subjects were pooled. These mean data were used to determine the speech intelligi-
bility functions for each test list. The speech intelligibility functions of the Gottingen
sentence test lists were determined in two different ways. First, the intelligibilities were

calculated using the weighting factors for the particular words described by Kollmeier

and Wesselkamp (19975. These factors were introduced in order to harmonize the in-
telligibilities of the words in noise. For comparison, the intelligibilities of the Gottingen
sentence test were also calculated without using these weighting factors. The speech
intelligibility functions of the Gottingen sentence test lists including the weighting fac-
tors are shown in Figure 4.1. The speech intelligibility functions of the Oldenburg
sentence test lists are shown in Figure[4.2. As can be seen in the Figures, the speech
presentation levels that were chosen according to the pilot measurements to obtain
intelligibilities of 20 % and 80 %, respectively, did not exactly yield the expected intel-
ligibilities. This was probably due to the limited accuracy of the SRT and intelligibility

function slope estimates that was based on the pilot measurements.
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Figure 4.1: Speech intelligibility functions of the Géttingen sentence test lists includ-

ing the weighting factors (Kollmeier and Wesselkamp, 1997). The diamonds indicate
the mean intelligibilities at 17 and 26 dB SPL.

From a mathematical point of view, measuring two points of the intelligibility function
and fitting the data with the model function (Equation4.1) uniquely determines
both parameters SRT and slope. However, an error in estimating the intelligibility
influences both parameters. Therefore, it would be most suitable to determine a
larger number of intelligibilities in order to determine the intelligibility function. For
the sake of efficiency, only two points of the intelligibility function were determined.
This simplification bases on the fact that at least in noise no mismatch between the
model function and the data could be found: In the optimization measurements of
the Oldenburg sentence test, the model function was fit to the data at eight different

signal-to-noise ratios. The model function described the distribution of the data

very accurately (Wagener et al., 1999a). The two presentation levels in this study

were chosen to statistically produce the best accuracy of concurrent SRT and slope

determination according to\Brand and Kollmeier (2002a). Each intelligibility estimate
of a particular test list is based on at least 200 (Gottingen sentence test) or 800
(Oldenburg sentence test) statistically independent responses (number of subjects

times sentences per list times number of statistically independent items per sentence
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Figure 4.2:  Speech intelligibility functions of the Oldenburg sentence test lists. The
diamonds indicate the mean intelligibilities measured at 16 and 27 dB SPL.

j, see below). However, there is still one psychological problem if the SRT estimate is
based on a rather low and a rather high intelligibility: The SRT estimate might be
too large. It is possible that, at the lower presentation level, the subject had given
up any effort since this is a very difficult situation. On the other hand, at the higher
presentation level, the subject might not pay attention any more since this is a very
easy situation. In this study, this effect should be reduced by deliberately maintaining
the subject’s motivation in both situations (the listeners were verbally motivated prior

to each measurement to correctly repeat as much as possible).

The reference data in quiet were determined for both sentence tests by averaging SRT
and slope values across subjects and test lists. The standard deviations across test lists
give a measure for the homogeneity of the test lists in quiet measurement conditions.
The mean results and standard deviations are given in Table 4.1. For the Gottingen

sentence test, the results with and without weighting factors are given.

The theoretical minimum standard deviation ogrr of the SRT estimate from a mea-
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Table 4.1: Mean SRT and slope values across subjects and test lists for the Géttingen
and Oldenburg sentence test in quiet. The standard deviations of the mean data
Osgrr, 08 are also given. For the Gottingen sentence test, the results with and with-

out weighting factors are given.

Gottingen sentence test Oldenburg sentence test

With weighting factors Without weighting factors

Mean SRT + ogRrr 19.6 £ 0.5dB SPL 19.3 £ 0.6dB SPL 19.9 £ 0.2dB SPL
Mean slope s £ o 10.7+1.9%/dB 10.8+1.9%/dB 11.3+ 0.6 %/dB

surement with N sentences is given by:

p(1—p)
RT = 4.2
s j-N-s2’ (42)

where p =speech intelligibility, here p = 0.5; 7 =number of statistically indepen-
dent items in each sentence; N =number of used sentences; s =slope of intelligibility
function at SRT (Brand and Kollmeier, 2002a).

Assuming j = 2 (Kollmeier and Wesselkamp, 1997) and s = 10.7%/dB for the

Gottingen sentence test, the accuracy of determining the SRT with 10 sentences equals

osgr = 1.0dB. The accuracy of the Oldenburg sentence test equals ogrr = 0.7dB,
due to a higher j = 4 (Wagener et al., 1999b) and s = 11.3%/dB. Theoretically,

the Gottingen sentence test needs twice as much measurement time to achieve the

same accuracy as the Oldenburg sentence test. However, in adaptive SRT measure-

ments, both sentence tests are equivalent with regard to test-retest accuracy (Brand
[ -

and Kollmeier, 2002a). This shows that Equation 4.2 could not be directly transferred

to adaptive procedures.

The SRT standard deviations across test lists of both sentence tests were smaller
than the theoretical minimal SRT standard deviation of single SRT measurements,
therefore no meaningful intelligibility differences in quiet were found between test

lists.

All test lists of the Oldenburg sentence test consist of the same word material. The

test lists differ only in the combination of the 50 words and in the usage of differ-

ent recordings of the particular words from the same speaker (Wagener et al., 1999¢;
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‘Wagener et al., 2003). Each particular Gottingen test list consists of different word
materials. Therefore, it is no surprise that the variations between the test lists
of the Gottingen sentence test are larger than the variations between the Olden-
burg sentence test lists. This holds also for both tests in noise [Gottingen sentence
test: osrr = 0.27dB (Kollmeier and Wesselkamp, 1997), Oldenburg sentence test:
osrr = 0.16dB (Wagener et al., 1999b)]. It is also possible that the standard devia-

tion across test lists of the Gottingen sentence test was slightly overestimated compared

to the Oldenburg sentence test, because only 10 subjects were included in each data
point (compared to 20 subjects in the Oldenburg sentence test). This might have
resulted in a higher standard error of the particular intelligibilities and therefore in

higher standard deviations across test lists.

The mean slopes of the intelligibility functions in quiet are smaller than the slopes of
the intelligibility functions in noise for both sentence tests. The mean slopes in noise
are as following: Gottingen sentence test s = 20 %/dB (Kollmeier and Wesselkamp,

[

1997); Oldenburg sentence test s = 17%/dB (Wagener et al., 1999b). There are two

explanations for a lower slope in quiet compared to noisy conditions. First, the slope

of a test list is highly determined by the intelligibility distribution of the particular test
words. If the intelligibilities of the words within a list are very similar, the slope of the
list is steep. Both the Gottingen and the Oldenburg sentence test were optimized in
order to equalize the intelligibilities of the test words in noise, and therefore to obtain
a steep slope in noise. Possibly, this equalization does not hold for quiet conditions.
In other words, there might be no intelligibility differences across entire test lists in
quiet, but there might still be intelligibility differences across the particular words
within test lists in quiet. This may also explain why there was no difference when
using the Gottingen sentence test with or without weighting factors. These factors
were introduced in order to increase the homogeneity of intelligibility within the test

words in noise. However, these factors do not increase the homogeneity in quiet.

The second explanation is a more general reflection: The long—term spectra of the
interfering noises of both the Gottingen and Oldenburg sentence test were similar

to the mean long—term spectra of the respective speech materials (Kollmeier and

Wesselkamp, 1997‘; Wagener et al., 1999¢). Therefore, these noises generate an optimal
spectral masking of the speech material. This leads to a well-defined limit between
‘word not perceived’ and ‘word perceived’. In quiet conditions, this limit is less precise,
because some frequency regions of the speech are audible whereas other frequency

regions are inaudible. Therefore, the transition between ‘word not perceived’ and
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‘word perceived’ is less distinct. This yields a lower intelligibility function slope.

The phenomenon of probably different external and internal variances of speech in-
telligibility tests in noise and in quiet is language independent. Therefore, it can be

assumed that these results can be transferred to other sentence tests and languages

that were developed using a similar optimization strategy (Plomp and Mimpen, 1979;
Nilsson et al., 1994; Hagerman, 1982; Wagener et al., 2003) or to future tests of a

similar type.

4.4 CONCLUSIONS

For both sentence tests (high—predictable and low—predictable) the mean SRT standard
deviations across test lists were smaller than the accuracy of SRT determination from
a single test list. This indicates that the homogeneity of the test lists is also given for
both tests in quiet even though both tests were originally optimized to exhibit a high
homogeneity in noise. Therefore, both sentence tests can be used in quiet measurement
conditions without any changes of the test material. The Go6ttingen sentence test can
be used in quiet with or without weighting factors for the particular words. In summary,
achieving homogenous test lists with respect to intelligibility in noise seems to be an

appropriate way to realize sentence intelligibility tests for noisy and quiet conditions.
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Chapter 5

Influence of Measurement
Procedure and Interfering Noise on

Sentence Intelligibility in Noise

ABSTRACT

Clinical and research measurements of speech intelligibility are strongly dependent on
several parameters of the measurement procedure. In order to obtain comparable re-
sults of different test procedures, it has to be investigated which parameters should
be standardized and which parameters could be set freely. In this study, the influ-
ence of noise level, noise type, and presentation mode on speech reception thresholds
(SRTs) and intelligibility function slopes in noise was therefore investigated for normal—
hearing and hearing—impaired subjects using an adaptive sentence test [Wagener et al.,
Zeitschrift fiir Audiologie 38, 4-15, 44-56, 86-95 (1999)]. The presentation level of
the noise had no significant influence on either SRT or slope values, provided that the
presentation level exceeded hearing threshold. Two stationary, speech shaped noises
produced identical results. Speech-simulating fluctuating noise yielded about 14 dB
lower SRTs for normal-hearing subjects and about 10 dB lower SRTs for some of the
hearing—-impaired subjects. Other hearing-impaired subjects did not benefit from the
modulations and showed similar SRTs as for stationary noise. The slope values for
fluctuating noise were significantly lower than for stationary noise. Using continuous
noise yielded lower SRTs compared to gated noise that was only presented during the

presentation of speech. However, the difference between continuous and gated noise

45
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was not significant for the hearing—impaired subjects. As a proposal for comparable
adaptive measurement procedures a presentation level of 65dB SPL (normal-hearing
subjects) or 80dB SPL (hearing—impaired subjects) and a standard interfering noise
with the LTASS—spectrum as long—term spectrum is suggested. A fluctuating, speech
shaped noise is recommended to differentiate between subjects. The way of controlling
signal-to—noise ratio (fixed noise or speech level) is non—critical in adaptive SRT-

determination.

5.1 INTRODUCTION

A large number of methods have been used in the literature to determine speech intel-
ligibility. They differ not only with respect to the use of different languages, but also
with respect to a large number of procedural parameters such as, e.g., the presenta-
tion level, the type of interfering noise, and presentation modes such as varying the
speech or the noise level in an adaptive procedure and using interrupted or continuous
interfering noise. A comparison of studies investigating the same effect, but different
speech tests is therefore difficult, because it remains unclear if differences are due to
the effect under consideration or due to the respective test language, the respective

group of subjects, or the details of the test procedure.

The aim of this study is therefore to quantify the influence of those parameters that
typically vary between different test methods. Critical factors that systematically in-
fluence the test result, should be standardized whereas non-—critical factors can be
left open to the peculiarities of the respective speech test methods. Hence, the cur-
rent study should contribute to harmonize speech audiometry across different research
sites and languages - a process that has already begun within the NATASHA project
(Droogendijk and Verschuure, 2000).

As the intelligibility differences in noise are rather small compared to intelligibility
differences in quiet, the Oldenburg sentence test with less than 1dB test-retest stan-
dard deviation (Wagener et al., 1999¢; Wagener et al., 1999a; Wagener et al., 1999b;

Brand and Kollmeier, 2002a) was used to determine speech intelligibility functions

adaptively for both normal-hearing and hearing—impaired subjects. The test lists of
this sentence test can be repetitively used with the same subjects, therefore it was

possible to use the same test and subjects throughout the whole study.

The first factor investigated here is the noise presentation level (in adaptive proce-
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dures with fixed noise level). In literature, different opinions can be found about level
dependency of speech intelligibility in noise. Some studies showed that the SRT is
only dependent on the signal-to-noise ratio (SNR), when the noise level exceeds a
threshold (Smoorenburg, 1992; Duquesnoy, 1983a; Plomp, 1978; Speaks et al., 1967;
Hirsh et al.,, 1954; Hirsh and Bowman, 1953; Hawkins and Stevens, 1950). Other
studies also showed SRT dependency on presentation level (Studebaker et al., 1999;
Beattie, 1989; Hagerman, 1982; Pickett and Pollack, 1958; Pollack and Pickett, 1958).

While using adaptive procedures, it is important to investigate, whether there are any

problems in determining SRT at high and low presentation levels.

The second factor is the interfering noise. Often, each speech test includes its own noise

which was generated by superimposing the speech material to produce a noise with the

same long—term spectrum as the speech material itself (Hagerman, 1982; Kollmeier
[ |

and Wesselkamp, 1997; Wagener et al., 1999¢; Wagener et al., 2003) or the noise was

spectrally matched to the sentences (Nilsson et al., 1994; Plomp and Mimpen, 1979).

Since the long—term spectra of most languages are quite similar (Byrne et al., 1994),

it seems useful to standardize the interfering noise. In the present study it was proved

whether an interfering noise with the mean speech spectrum over different languages

like the LTASS—spectrum (Byrne et al., 1994) is suitable as standard interfering noise

for speech tests.

One important application of speech tests in noise is the evaluation of hearing aids
(Green et al., 1989;|Arlinger, 1998; Humes, 1999). The time constants of the noise sup-

pression method and dynamic—range compression are important parameters of modern

hearing aid algorithms. In order to investigate the influence of such parameters on

speech intelligibility in noise, these hearing aids should not only be tested by apply-

ing stationary but also fluctuating noise (van Toor and Verschuure, 2002). Different
fluctuating versions of an LTASS-shaped noise exist (Dreschler et al., 2001). The

influence of these different fluctuating versions on speech intelligibility was also inves-

tigated in this study. Using fluctuating interfering noise is also interesting in clinical
practise. From the diagnostic point of view, it is important to find a test config-
uration that differentiates significantly between different degrees of hearing impair-
ment. A prerequisite for such a differentiation is a small intra—individual test-retest
standard deviation of the testing procedure compared to the typical inter—individual
standard deviation of SRT values. Large differences in SRT between normal-hearing
and hearing-impaired subjects were found in the literature if fluctuating interfering

noise has been used. Often, the SRT-benefit of hearing-impaired subjects was inves-
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tigated when using fluctuating instead of stationary noise. A similar benefit due to
modulations as in normal-hearing subjects was reported in hearing—impaired subjects
(4-6dB) by Festen and Plomp (1990). Little or no benefit was reported for hearing—
impaired subjects in (Duquesnoy, 1983a; Hygge et al., 1992; Eisenberg et al., 1995;
Gustafsson and Arlinger, 1994; Peters et al., 1998). It should be investigated in this

study, whether or not the intra-individual standard deviations of test-retest SRT mea-

surements with fluctuating interfering noise is small enough to permit a better differ-

entiation between subjects than using stationary interfering noise.

The third factor is the presentation mode of the speech and noise signals. The adjust-
ment of the signal-to—noise ratio in adaptive measurements is performed differently
by different authors or in clinical practise. Sometimes, the noise level was fixed and
the speech level was adjusted corresponding to the subject’s responses (Duquesnoy
and Plomp, 1983‘; Nilsson et al., 1994; Brand and Kollmeier, 2002a). Other authors
(Dubno et al., 1984; Gustafsson and Arlinger, 1994; Hagerman and Kinnefors, 1995)

performed vice versa: the speech level was fixed and the noise level was adjusted. It

was investigated in the present study, whether or not the results of these two different

approaches differ significantly.

Another important aspect of the presentation mode is the continuity of the noise sig-
nal, i.e. the use of continuous noise instead of noise that is interrupted between the
sentences. Hence the extent is investigated to which the results are influenced by such

interruptions of the interfering noise.

The influence of these three factors (noise presentation level, type of noise, and presen-
tation mode) on speech intelligibility of normal-hearing and hearing—impaired subjects

was investigated in this study.

In this article, first the employed methods are described (both experimental and statis-
tical). As the determination of speech intelligibility is a statistical estimate, the results
are obtained with a limited accuracy. While investigating the parameter influence on
speech intelligibility, it is important to investigate the parameter influence on the reli-
ability of this measure. The reliability results of all parameter settings are presented

prior to the SRT-differences within the parameter groups.
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5.2 GENERAL METHOD

5.2.1 Oldenburg sentence test

The Oldenburg sentence test was employed throughout this study which has been

constructed similar as the Swedish sentence test by Bjorn Hagerman (Hagerman, 1982;
Hagerman, 1984) and equal to the Danish DANTALE II (Wagener et al., 2003). It

was realized using a base list consisting of ten sentences with five words each. The

syntactic structure of all sentences is identical: Name verb numeral adjective object.
(see Table (5.1). This base list approximates the mean phoneme distribution of the
German language. The test lists of the Oldenburg sentence test were generated by

choosing one of the ten alternatives for each word group in a pseudorandom way that

used each word exactly once in each test list (Wagener et al., 1999c). If only the

ten sentences of the base list had been recorded, segmented, and synthesized in the
desired pseudorandom order, a rather unnatural sounding speech pattern would have
been resulted. For a more natural sound the co—articulation effects were taken into
account. For this purpose, 100 sentences were recorded in such a way that all words
in a given column (see Table 5.1) were recorded in combination with all words in the
subsequent column. Thus, each co—articulation between a word and the ten possible
subsequent word alternatives was recorded. In constructing the test sentences, the
specific recording of a word in a given column was selected, which produces the correct

co—articulation for the subsequent word, regardless of the previous word.

In order to achieve a steep speech intelligibility function, the words were selected and
adjusted in level with respect to an optimized perceptual homogeneity. For this pur-
pose, the speech intelligibility function of each word was determined with 12 normal—
hearing subjects. In order to equalize these word specific speech intelligibility functions

across all available words, some words were adjusted in level and the final 10 test lists

with 10 sentences each were selected (Wagener et al., 1999a).

These lists were evaluated in independent measurements with 20 normal-hearing sub-
jects. It was verified that the different test lists are comparable with regard to intelli-
gibility. The main advantage of the test is due to the semantically nonsense character
of the sentences: the sentences cannot easily be memorized and there is no benefit
available from sentence context. Therefore, the 10 final lists of 10 sentences can be
used several times with the same subject and can be combined to 120 different test

lists with 30 sentences each. One possible disadvantage of the test design is a strong
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Table 5.1: Design of the Oldenburg sentence test (base list). The underlined or italic

words show examples of newly generated sentences.

Name Verb Numeral | Adjective | Object
Peter bekommt | drei grosse Blumen.
Kerstin sieht neun kleine Tassen.
Tanja kauft sieben alte Autos.
Ulrich gibt acht nasse Bilder.
Britta schenkt vier schwere Dosen.
Wolfgang | verleiht fiinf griine Sessel.
Stefan hat zZwei teure Messer.
Thomas | gewann achtzehn | schone Schuhe.
Doris nahm zwoOlf rote Steine.
Nina malt elf weisse Ringe.

training effect during the first measurements with each new subject: comparing the

first and second list of 30 sentences, there was an improvement in SRT of up to 2dB

(Wagener et al., 1999b). This training effect is due to a general familiarization to the

measurement procedure and to the limited number of words in the test material. For-

tunately, there is no strong further training effect after this initial training (Wagener
[ |

et al., 1999b). Therefore the Oldenburg sentence test is highly suitable for studies with

numerous repetitive speech intelligibility tests in noise, e.g. for research purposes or

for fitting hearing aids or cochlear implants.

5.2.2 Apparatus

A computer—controlled audiometry workstation with a coprocessor board (Ariel DSP
32C) with 16-bit stereco AD-DA converters was used to control the complete experiment
as well as stimulus presentation and storing of the subject’s responses. This workstation

was developed within a German joint research project on speech audiometry (Kollmeier

et al., 19925. The continuous and the fluctuating noise signals were played back by a
Philips CD-Player (CD880), which was connected to the DSP board. The stimulus
levels were adjusted by a computer—controlled custom—designed audiometer comprising
Signals were presented
The headphones

attenuators, anti-aliasing filters, and headphone amplifiers.

monaurally to the subjects via Sennheiser HDA 200 headphones.
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were free-field equalized according to international standard (ISO/DIS 389-8), using
a FIR filter with 80 coefficients. The subjects were situated in a sound-insulated
booth. Their task was to repeat each sentence or parts of the sentence presented
over headphones as closely as possible. The instructor, also situated in the booth
in front of the subject, marked each incorrectly repeated word. For this purpose, an
Epson EHT 10S handheld touchscreen computer was used on which the target sentence
was displayed. This handheld computer was connected to the personal computer via
serial interface. The whole apparatus was calibrated to dB SPL with a B&K artificial
ear 4153, a B&K 0.5inch microphone 4143, a B&K preamplifier 2669, and a B&K

measuring amplifier 2610.

The subjects’ responses were analyzed using word—scoring.

5.2.3 Test procedure

Test-retest measurements were performed for each parameter setting (described below)
by determining the speech reception threshold (SRT, i.e. the signal to noise ratio that
yields 50 % intelligibility) and the respective slope with 30 test sentences. Intelligibility
is defined as the mean probability p that the words of a sentence are correctly repeated
by the subject, if the sentence was presented with a signal-to—noise ratio L. The logistic
function given by Equation 5.1 represents the intelligibility function. This function was

used to determine the SRT and slope estimates (s).

1
1 4+ e4s(SRT-L)

p (L, SRT,s) = (5.1)
The adaptive procedure developed by Brand and Kollmeier (2002a) was used. This
procedure determines SRT and slope concurrently. The SRT is estimated by this pro-
cedure with a mean test-retest standard deviation of 0.4 dB (normal-hearing subjects),
and 0.6dB (hearing-impaired subjects) (Brand and Kollmeier, 2002a). The slope is
estimated with a mean standard deviation of 3.4 %/dB (normal-hearing subjects), and
4.1%/dB (hearing—impaired subjects) (Brand and Kollmeier, 2002a).

Each subject performed four sessions: For the hearing—impaired subjects, a categorical

loudness measurement using the olnoise signal (see Section 5.2.5) was performed (Brand

[ |
and Hohmann, 2002). Each subject performed two practice lists with 30 sentences in
the first session and one practice list at the beginning of each subsequent session.

The results were discarded. Subsequently, up to five tracks were performed using the
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different parameter settings in random order. The test and retest measurements of one

condition were performed on two different days.

5.2.4 Statistical methods

All parameter settings were analyzed together with regard to test-retest reliability (Sec-
tion[5.3) and separately for each experiment with regard to effects of different parameter
settings. The test-retest reliability was determined by calculating the test-retest dif-
ferences and both the inter-individual and intra—individual standard deviations. The
inter-individual and intra-individual standard deviations of both SRT and slope val-
ues were determined to quantify the potential for differentiating between subjects with
various degrees of hearing impairment. Equation/5.2 was used to calculate the mean
intra—individual standard deviation of two data points per subject (calculating the 2nd

moment without calculating the 1st moment).
1 1
Ointra = ﬁ : ; E ’ (xn,l - xn72)2 (52)

In order to determine the effect of different parameter settings, the data of the 10
normal-hearing subjects were corrected by the overall training effect (Section/5.3) and
pooled within the particular experiments. The mean SRT and slope values were de-
termined within the experiments. The differences between different parameter settings
were investigated with a one way ANOVA (p<0.01). In order to test whether the
variances of different parameter settings were identical and the ANOVA could be used,
the Hartley test was used. It was assumed that the normal-hearing data were normal
distributed. When the ANOVA detected significant differences, the modified LSD test
(least significant difference test) according to Hayter was performed as post—hoc test

in order to investigate the differences in more detail.

The data of all 10 hearing—impaired subjects were tested using the Bartlett test (a
combined test of normality of distribution and equality of group variance), if an ANOVA
could be performed. If so, the data were analyzed analogously to the normal-hearing
data.

5.2.5 Test conditions

Three different types of parameters were tested: 1) noise presentation level, 2) type

of noise, and 3) presentation mode (see below). The standard measurement procedure



5.2. GENERAL METHOD 93

was as follows: A stationary speech—simulating noise - the olnoise - generated by
randomly superimposing the speech material of the Oldenburg sentence test, was used
as interfering noise. The interfering noise was presented synchronous to the sentences
(that is with interruptions between sentences) with the noise starting 500 ms before
and ending 500 ms after each sentence. The noise level was held constant at 65dB SPL
in the normal-hearing subjects and at the individual medium-loudness level in the
hearing—impaired subjects. The noise level used in hearing—impaired subjects was
limited to maximum 85dB SPL, therefore in the standard configuration, one subject
used a noise level of 78 dB SPL, and nine subjects 85 dB SPL. The sentence level was
adjusted according to the subject’s responses using the adaptive procedure. As this
standard parameter setting represents one setting of each tested parameter, it is referred
to differently in the three experiments: In the first experiment the parameter set is

referred to as 25 cu, in the second as olnoise, and in the third as synch, respectively.

Each parameter type will be presented as one experiment in the following, although
the measurements were performed in an interleaved way, using the same subjects over

four days with a random order of the parameter settings.

5.2.5.1 Experiment I: Noise presentation level

The normal-hearing subjects performed measurements with noise presentation levels of
45, 55, 65, 75, and 80 dB SPL. These values approximate the different categorical loud-
ness judgments in normal-hearing subjects for broadband noise [‘soft’ (15 cu), ‘between
soft and medium’ (20 cu), ‘medium’ (25 cu), ‘between medium and loud’ (30 cu), ‘loud’
(35cu), compare (Brand and Hohmann, 2001)]. The level that would yield ‘loud’ is
about 85dB SPL. 80 dB SPL was used as maximum level instead of 85 dB SPL to avoid
any discomfort.

The hearing—impaired subjects performed measurements at a noise level of 65dB SPL
and at levels corresponding to their individual categorical loudness judgments, deter-
mined in a prior adaptive categorical loudness scaling measurement. 85dB SPL was
the maximum noise level used in the measurements, therefore the loudness categories
30 and 35 cu were not represented at all, and 20 and 25cu were not represented for

some subjects.
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5.2.5.2 Experiment II: Type of noise

Two stationary speech—simulating noises were tested. The olnoise was generated from

the speech material of the Oldenburg sentence test and provides the same long—term

frequency spectrum as the sum of all test sentences (Wagener et al., 1999c). This

noise type was used in the standard parameter setting. A second, stationary inter-

fering noise, the icral noise (Dreschler et al., 2001) was used that was generated for
the International Collegium of Rehabilitative Audiology by the HACTES work group
(Hearing Aid Clinical Test Environment Standardization). The icral noise is a random

Gaussian noise with a male-weighted idealized speech spectrum according to the ANSI
S3.5 that is consistent with the LTASS spectrum (Byrne et al., 1994) throughout most
of the frequency range (Dreschler et al., 2001). In addition, two fluctuating speech

simulating noises were tested, the icrad and icra7 noises (Dreschler et al., 2001). The
icrad noise is a three-band-speech—fluctuating noise with a male weighted idealized
speech spectrum, which represents the modulations of one male speaker. The icra7
noise represents a six persons babble: one female, one male speaker and two female
and male speaker with a softer effort of —6 dB each. E The names of the icra noises

in this study were given according to the track numbers of the ICRA compact disk

(International Collegium of Rehabilitative Audiology, 1997). Root mean—square levels
were identical for all four noises. The normal-hearing subjects performed all mea-
surements at a noise presentation level of 65dB SPL. The hearing—impaired subjects
performed all measurements at a noise presentation level chosen according to their
individual medium—-loudness level. The maximum level was 85 dB SPL, this maximum

generated a softer category than ‘medium’ for some hearing—impaired subjects.

5.2.5.3 Experiment III: Presentation mode

Measurements were performed with three different presentation modes.

I These noises were generated as follows: A spoken text about arithmetical notation was split up
into three different frequency bands. In each frequency band the sign of each sample was randomly
either reversed or kept with a probability of 50% (Schroeder, 1968), therefore the resulting signals
showed the same modulation properties as the originals, but had a flat, white spectrum. These signals
were again filtered into the three frequency bands and in each band the RMS—values were equalized.
The bands were added together to get one signal with a white spectrum but the original modulations.

In order to obtain the correct long—term spectrum, the signal was filtered with a male or female speech

shaped filter according to the LTASS spectrum (Byrne et al., 1994). To avoid an unpleasant scratchy

sound, the phase of the signal was randomized.
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1) During the synchronous presentation mode (referred to as synch), the noise was
interrupted between the sentences and the noise level was fixed while the speech level
was adaptively adjusted according to the subject’s response. This presentation mode

was the standard parameter setting.

2) The presentation mode with continuous noise (not interrupted between sentences)

is referred to as cont. The noise level was fixed and the speech level varied, too.

3) In contrast to the synch and cont presentation mode, the noise level was adjusted
adaptively according to the subject’s response while the speech level was held constant
in the inv presentation mode (for inverse). Similar to the synch presentation, the noise

was interrupted between sentences in this presentation mode.

5.2.6 Subjects
5.2.6.1 Normal-hearing subjects

Ten normal-hearing subjects (five females, five males; aged 22-40 years; median age:
26.5) participated in the measurements. They had hearing thresholds for pure tones
better than 15dB HL at the frequencies 0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, and 6 kHz.
Thresholds of 15dB HL were permitted at no more than 2 frequencies. The sentence

tests were presented to each listeners’ better ear.

5.2.6.2 Hearing—impaired subjects

Ten sensorineural hearing—impaired subjects (three females, seven males; aged 59-79
years; median age: 70) participated in the measurements. They showed different types
and degrees of sensorineural hearing loss with no conductive hearing loss. Pure-tone
hearing thresholds ranged from 10dB HL up to more than 100dB HL. The types of
hearing loss were: three broadband hearing losses, two pure high—frequency hearing
losses, one combined low— and high—frequency hearing loss, and four sloping hearing
losses. The audiogram data of each ear that was tested in this study are shown in

Figure5.1.

All subjects were paid for their participation on an hourly basis.
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Figure 5.1: Audiogram data of the respective tested ear of each hearing—impaired subject
(broadband hearing loss: black solid line; pure high—frequency hearing loss: gray solid
line; combined low— and high—frequency hearing loss: dashed gray line; sloping hearing

loss: black dashed line).
5.3 TEST ACCURACY

5.3.0.3 Test-retest differences

One measure of reliability (and hence accuracy of the speech test for different parameter
configurations) is the test-retest difference of results. Table[5.2 shows the median SRT
test-retest differences for the different parameter settings averaged across all normal—

hearing and hearing—impaired subjects.

The test-retest differences between SRT values were positive for 84 % of the measure-
ments with normal-hearing subjects, this indicated a training effect of 0.67 dB between
the test and retest measurements (median test-retest difference across all settings).
As training occurred in most retest measurements with normal-hearing subjects, the
retest data were corrected by this ‘overall training effect’ of 0.67dB. All analysis in
the experiments was performed with these corrected normal-hearing data. The test—

retest differences between SRT values were positive for 61 % of the measurements with
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Table 5.2: Median test—retest differences between SRT values for the respective param-
eter settings averaged across all normal-hearing (NH) and hearing—impaired subjects

(HI) in dB. The medians are given for each parameter setting and across all settings.

15cu 20cu 25cu 30cu 35cu 65dB 85dB
NH: 09 04 08 09 0.7
HI: 02 03 0.0 0.4 0.0
icral icrab icra7 cont inv median
NH: 05 20 04 05 0.1 0.67dB
HI: 04 -06 09 08 0.1 0.23dB

hearing—impaired subjects, the median training effect was 0.2dB (75 % and 25 % per-
centile: 1.1 and -0.3dB). The hearing—impaired retest data were not corrected, because

the overall training effect was negligible.

The largest SRT test-retest differences occurred in the strongly fluctuating noise zcrad.
The slightly fluctuating noise icra7 and the stationary noises olnoise and icral result
in comparable SRT test-retest differences within the normal-hearing and the hearing—

impaired group.

5.3.0.4 Intra— and inter—individual standard deviations

Another measure of test reliability is the intra—individual standard deviation of test—
and retest results. Speech intelligibility measurements should differentiate between
subjects with different degrees of hearing loss. Therefore, the results should show small
intra—individual and large inter—individual standard deviations. Figure5.2, upper left
panel, shows the inter-individual and intra-individual SRT standard deviations of the
normal-hearing subjects as well as the intra—individual standard deviations corrected
by the median training effect. The inter—individual and intra—individual slope standard
deviations of the normal-hearing subjects are shown in the same figure, upper right
panel. The lower panels in Figure5.2 show the same values of the hearing—impaired
subjects (for hearing—impaired subjects, no training effect correction was necessary).
As the inter-individual standard deviation should exceed twice the intra-individual
standard deviation in order to differentiate significantly between the subjects (‘20—

criterion’), the 2o—criterion limits are given as a line in Figure[5.2.
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Figure 5.2: Inter—individual (white bars) and intra—individual standard deviations (gray
bars) of SRT (left panels) and slope (right panels) for the different parameter settings.
Upper panels: normal-hearing subjects, lower panels: hearing—impaired subjects. The
corrected intra—individual standard deviation (black bars) of SRT are also given for the
normal-hearing subjects (the retest results were corrected by the median SRT test-retest
difference across all parameter settings). The 20 —criterion is indicated as a line (the

criterion for normal-hearing subjects is based on the corrected intra—individual standard

deviations of SRT).

The inter—individual and corrected intra—individual of normal-hearing subjects were
rather similar in all configurations using stationary interfering noise (mean inter—
individual: 1dB, mean intra-individual: 0.5dB). The same holds for hearing—impaired
subjects (mean inter—individual: 1.2dB, mean intra-individual: 0.7 dB), with an ex-
ception at a presentation level of 65dB (mean inter-individual: 2.4 dB, mean intra—

individual: 0.9dB). The inter—individual standard deviation of hearing—impaired sub-
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jects at 65 dB was more than twice the intra-individual standard deviation. E The
intra-individual SRT standard deviation of the stationary and slightly fluctuating
noises were similar within the normal-hearing and hearing-impaired subjects. The
intra—individual SRT standard deviation of the strongly fluctuating noise icrad was
larger than of the other noise types for both groups of subjects. The inter—individual
SRT standard deviation of both fluctuating noises icrab and icra7 exceeded twice the

intra-individual SRT standard deviations for the hearing-impaired subjects.

The intra— and inter—individual standard deviations of the slope data were comparable
in all settings for both groups of subjects. Therefore, it was not possible to use the
slope data to differentiate significantly between the subjects. Both intra—individual and
inter—individual slope standard deviations were smaller for fluctuating interfering noises
than for stationary noises for both groups of subjects, because the slope results were
rather low (all standard deviations were similar when given relatively to the respective

slope: 0.2 — 0.3 -slope).

5.4 EXPERIMENT I:. NOISE PRESENTATION
LEVEL

5.4.1 Results

Table 5.3 shows the mean SRT and slope values for various noise levels for normal—
hearing subjects (upper part) and hearing—impaired subjects (lower part). In the latter
case, the mean SRT and slope values for the noise levels belonging to the individual
loudness categories 15, 20 and 25 cu as well as for the noise levels 65 and 85dB SPL

are reported.

Neither the SRTs nor the mean slopes differed significantly for the normal-hearing or

the hearing—impaired subjects across noise levels (one way ANOVA).

The mean slope values of the hearing—impaired subjects were slightly, but not signifi-

cantly lower than the normal-hearing data, which is consistent with the expectation.

2 The intra— and inter-individual SRT standard deviations of hearing-impaired subjects at 25 cu
were smaller than at the other levels, because only six subjects were included in these values. For the
missing subjects, the levels corresponding to 25 cu exceeded 85 dB SPL. The parameter setting olnoise
in the lower panels of Figure[5.2 shows the standard deviations of all 10 hearing—impaired subjects

(including six results at 25 cu, three at 20 cu, and one at 15 cu).
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Table 5.3: Mean SRT and slope values of different noise levels for normal-hearing
(NH) and hearing—impaired subjects (HI).

15cu 20cu 25cu 30cu 35cu
SRT [dB SNR] -6.2 -6.5 -6.2 -6.2 -5.9

NH:
slope [1/dB] 0.19 0.21 0.18 0.18 0.17
15cu 20cu 25cu 65dB &85dB
H. SRT [dB SNR] -3.0 -3.7 -3.9 -2.0 -3.3

slope [1/dB] 0.16 0.17 0.17 0.16 0.16

5.4.2 Discussion

The dependency of presentation level on speech intelligibility has often been inves-
tigated with different results. Some studies showed an effect of level (Studebaker
[ |
et al., 1999; Goshorn and Studebaker, 1994; Beattie, 1989; [Hagerman, 1982; Pickett

[
and Pollack, 1958): speech intelligibility became worse with increasing speech level.

Other studies did not show any effect of level (Smoorenburg, 1992; Duquesnoy, 1983a;
Plomp, 1978; Speaks et al., 1967; Hirsh et al., 1954; Hirsh and Bowman, 1953;

Hawkins and Stevens, 1950), when the noise level exceeded a certain threshold (40—

50dB SPL). Some of the former articles only report a level effect in hearing—impaired

subjects when audibility is considered (Studebaker et al., 1999). In this study, we

investigated the influence of level corresponding to the individual different loudness
categories, therefore overall audibility was considered (as no hearing loss compensation
was applied, this does not hold implicitly for all frequencies). In this study, there was

no statistically significant level effect. This is remarkable when comparing to the re-

sults for normal-hearing subjects by Hagerman (1982), who found a level effect using a

similar sentence test. The only intelligibility—intensity relation similar to Hagerman’s
results could be found regarding the mean normal-hearing values of this study: best
performance at 20 cu (55dB SPL), worst performance at 35cu (80dB SPL). However,
the differences between the presentation levels were smaller than the intra—individual

SRT standard deviations and smaller than the differences reported by Hagerman.

One possible explanation for the different results in former literature is that the main
level effects can only be seen at significantly high presentation levels where distortion
effects may become significant both in the subject’s auditory system and in some out-

dated audiometric equipment. The level range used in this study was motivated by
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the levels mostly used in diagnosis, and was limited to 80dBSPL (normal-hearing
subjects) and 85dBSPL (hearing—impaired subjects), in order to avoid any incon-
venience. No statistically significant level effect could be found within this range.
Unfortunately, the literature data were often only presented descriptively and no sta-
tistical test was presented about the level effect. Using the given normal-hearing
inter—individual standard deviations as a measure of test—retest reliability, no sig-

nificant level effect of the signal-to—noise ratios according to 50rau [rationalized

arcsine units (Studebaker, 1985)] was assumed within a speech level range of 64—
79dBSPL in (Studebaker et al., 1999). Other studies (Pickett and Pollack, 1958;
Pollack and Pickett, 1958) used 75 or 80dB SPL as lowest noise presentation level.
Beattie (1989) compared SRT results for 65 and 85dBSPL presentation level with

normal-hearing subjects. Even though the difference of 1.9dB was statistically signif-

icant, the results were nevertheless combined in further analysis, because the standard

deviations indicated substantial overlap between both distributions.

5.5 EXPERIMENT II: TYPE OF NOISE

5.5.1 Results

Table 5.4 shows the mean SRT and slope values for the noise types olnoise, icral, icrab
and icra7 for normal-hearing subjects (upper part) and hearing—impaired subjects
(lower part). While the results for the two stationary noises olnoise and icral are very
similar, the result for icra5 shows a large difference and the less fluctuating noise icra7
shows similar results as the two stationary noises. These findings are also represented
by statistical tests:

Table 5.4: Mean SRT and slope values of different types of noise for normal-hearing
(NH) and hearing—impaired subjects (HI).

olnoise icral icrab icra7
SRT [dB SNR] -6.2 -74 216 -99
slope [1/dB]| 0.18 0.19 0.05 0.11
SRT [dB SNR] -3.3 -3.0 -80 -21
slope [1/dB]| 0.16 0.16 0.06 0.11

NH:

HI:
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The Hartley test on equality of variances (a prerequisite for the ANOVA) rejected
the equality in variance if testing all types of noise for the normal-hearing subjects.
Therefore, an analysis of variance was not justified. By omitting icra5, which obviously
shows different variances and results, the equality in variance of the remaining types

could not be rejected.

According to the one way ANOVA (SRT: F=144.7; slope: F=78.7; p<0.01), there
was a significant effect of type of noise on both normal-hearing SRT and slope values.
The post—hoc LSD test showed the following results for both normal-hearing SRT and
slope values: There were no differences in the results for the stationary noises olnoise
and icral. The stationary values were significantly higher than the results for the icra7

noise which were significantly higher than the icrad results.

The Bartlett test (a prerequisite for the ANOVA) showed normality of distribution and
equality of variances for the hearing—impaired slope data. The group variances for SRT
(hearing—impaired subjects) did not differ significantly, when the stationary olnoise,

tcral and the fluctuating noises icrad, icra7 were analyzed separately.

The SRTs of the hearing-impaired subjects with the stationary noises olnoise and icral
did not differ significantly (one way ANOVA). There was a significant effect of the type
of the fluctuating noise on the hearing—impaired SRTs (F =9.3, p <0.01) as well as for
the type of noise on the slope values (F =32.3, p<0.01). The slope data were further
investigated with the post—-hoc LSD test. There was no difference in slope between the
stationary noises olnoise and icral. The stationary slopes were significantly higher than

the slopes for the icra7 noise, which were significantly higher than the icrad results.
5.5.2 Discussion
Regarding both the normal-hearing and hearing-impaired subjects, the stationary

noises olnoise and icral generated the largest SRT and slope values. These noises

mask the test sentences most efficiently because both long—term spectra correspond to

the speech material (Wagener et al., 1999¢; Dreschler et al., 2001). Since no differences
between the results of the stationary noises could be found, it can be recommended
to use the icral noise as standard masking noise for the current speech test. This
recommendation also holds for speech tests in other languages that show a long—term

spectrum comparable to the mean international long—term spectrum (Byrne et al.,

19945. No remarkable changes in the reference values will be expected compared to
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using a speech—shaped noise generated by superimposing the speech test’s word mate-

rial.

For the normal-hearing subjects, the fluctuating noises icrad and icra7 generated lower
SRT values and shallower slopes than the stationary noises, because these subjects ben-
efited from the valleys in the envelope of the masker (mean benefit for icra5: 14dB).
The mean SRT (icrab: —21.6dBSNR) and slope values (icrad: 5.2%/dB) are com-

parable to the results of Hagerman (Hagerman, 1997), who also used fully fluctuating

noise with normal-hearing subjects. That noise was generated by using the original

noise of the Hagerman sentences (Hagerman, 1982) and fully modulating it. The sen-
tence material Hagerman used with the fluctuating noise was an optimized version of
the original sentences, adapted for the use in that frozen fluctuating noise, i.e. the
modulation was phase-locked to the individual sentence and not randomized, as in

our case. The mean speech reception threshold equaled about -23.5dB SNR and the

respective slope equaled 9.0 %/dB (Hagerman, 1997).

Different results were found for the hearing—impaired subjects. The fluctuating noise
icra7 (fluctuating like 3 female and 3 male speakers) generated a similar mean SRT
as the stationary noises. However, the inter-individual standard deviation (icra7:
Ointer = 3.0dB) was twice that for the stationary noises (olnoise: e, = 1.3 and
icral: Oipger = 1.6dB), while the intra—individual standard deviations were compara-
ble (icra7: oipra = 0.9dB, olnoise, icral: o = 0.8dB). This indicates a lower SRT
for icra7 for some hearing—impaired subjects than for the stationary noises (similar to
normal-hearing subjects), while another group of hearing—impaired subjects exhibits
even higher SRT values than for the stationary noises. Averaged across all hearing—
impaired subjects, the strongly fluctuating noise icrad generated lower SRTs than the
less fluctuating noises. However, the subjects who could not benefit from the slight
modulations of the icra7noise, could also not benefit from the strong modulations of the
icrad noise. Other hearing—impaired subjects showed a benefit up to 10dB (compared

to stationary noise). Such a spread in hearing—impaired SRT results with fluctuating

interfering noise can also be found in|Versfeld and Dreschler (2002), though the maxi-
mum benefit was smaller in that study (7 dB). Similar to Versfeld and Dreschler (2002),

subjects that perform well in fluctuating noise also perform well in stationary noise,

but not vice versa. This means that for some hearing—impaired subjects, the valleys
of the fluctuating noise became smeared, and therefore act as stationary noise. This
division across different hearing—impaired subjects (which also appeared less distinctly

using icra7) should be further investigated in a further study.
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Hagerman also investigated SRTs in fully fluctuating noise with hearing—impaired sub-
jects (Hagerman, 2002). He found a mean benefit of 3.6dB by the fully fluctuating

interfering noise compared to only slightly fluctuating noise. The mean SRT values were

comparable to the respective SRTs of this study. Hagerman: slightly fluctuating noise:
—3.9dB SNR, fully fluctuating noise: —7.5dB SNR. This study: icral: —3.0dBSNR,
icrad: —8.0dB SNR.

The hearing—impaired slope values for the different types of noise were comparable to
the normal-hearing data. This means that the slope was influenced more strongly by
the type of noise than by the hearing ability, indicating that the external variability
introduced by the noise maskers dominates the overall variability across test items
(which is represented in the slope).

5.6 EXPERIMENT III: PRESENTATION MODE

5.6.1 Results

The mean SRT and slope values for the presentation modes synch, cont and inv, us-
ing normal-hearing (NH) and hearing—impaired subjects (HI), are given in Table[5.5.

The slope values did not differ significantly for the different presentation modes for

Table 5.5: Mean SRT and slope values of different types of presentation for normal-
hearing (NH) and hearing—impaired subjects (HI).

synchronous continuous inverse

. SRT [dB SNR 6.2 7.6 6.2
slope [1/dB] 0.18 0.21 0.18
;. SRT [dB SNE] 3.3 15 3.2
slope [1/dB] 0.16 0.18 0.18

both normal-hearing and hearing—impaired subjects. There was a significant effect of
the presentation mode on the normal-hearing SRTs (F=7.7, p<0.01) amounting to
1.4 dB. For the hearing—impaired subjects, no significant SRT difference could be found.
According to the post—-hoc modified LSD test of the normal-hearing data, there was
no difference between inverse and synchronous presentation mode. These presentation

modes generated significant higher SRT values than the continuous presentation.
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5.6.2 Discussion

While the SRT results did not differ when either the speech level or the noise level
was held constant in the adaptive procedure with gated noise, there was a difference
between gated and continuous noise presentation. One hypothesis for the deviation
between the continuous and the gated (or synchronous) conditions is that the first
word (the name) was additionally masked by the abrupt beginning of the noise in
the non—continuous conditions. In order to test this hypothesis, the SRT of each
word group (name, verb, numeral, adjective, object) was calculated separately for the
synchronous and continuous presentation. The mean SRTs, using normal-hearing (NH)

and hearing—impaired subjects (HI), are given in Table[5.6.

Table 5.6: Mean SRT values for each word group using the synchronous and continuous

presentation (normal-hearing subjects: NH, hearing—impaired subjects: HI) in dB SNR.

synchronous continuous
Name -7.1 -8.2
Verb -6.6 -7.7
NH: Numeral -7.0 -8.2
Adjective -6.1 -7.6
Object -6.3 -7.9
Name -4.2 -5.2
Verb -2.7 -4.1
HI:  Numeral -3.1 -4.3
Adjective -3.1 -4.7
Object -3.7 -4.3

If the starting of the noise masked the name more than the other words, the difference
between the SRT values of the name (SRT,,4.) and the other words (SRT ypers) should
be higher for the synchronous mode than for the continuous mode. The difference
amounted to -0.6 dB (normal-hearing) and -1.0 dB (hearing—impaired), respectively, for
the synchronous presentation (normal-hearing: SRT,4ne =-7.1dBSNR, SRT sipers =-
6.5dBSNR, hearing—impaired: =~ SRT,,4ne =-4.2dBSNR, SRT jpers =-3.2dBSNR).
For the continuous presentation, on the other hand, the difference amounted
to -0.3dB (normal-hearing) and -0.8dB (hearing-impaired) (normal-hearing sub-
jects:  SRT,4me =-8.2dBSNR, SRT jtpers =-7.9dBSNR, hearing—impaired subjects:
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SRT ame =-5.2dBSNR, SRT yipers =-4.4dBSNR). Hence, for hearing—impaired sub-
jects, a similar difference occurred for continuous and synchronous noise. For normal—
hearing subjects, the difference for synchronous presentation exceeded the one for con-
tinuous presentation by only 0.3 dB. This cannot explain the difference of 1.4 dB be-
tween the mean overall speech reception thresholds for synchronous and continuous
presentation. Table 5.6 indicates that each word group exhibited a SRT difference of
about 1dB between continuous and synchronous representation. This shows that there
is a main difference in the effect of synchronous and continuous presentation mode for

normal-hearing subjects which distributes evenly across the whole sentence.

5.7 GENERAL DISCUSSION

In this study, the parameters that significantly influence the results of adaptive speech
intelligibility measurements in noise should be identified. The presentation levels up to
85 dB SPL, adaptive procedures with gated noise (constant speech or noise level), and
different stationary speech shaped noises did not significantly influence SRT results
of normal-hearing and hearing-impaired subjects. Using fluctuating noises strongly
influence the results, especially the differentiation between subjects is better with this
types of noise compared to stationary noise. Using continuous noise instead of gated
(synchronous) noise yielded lower SRTs. In the following, the test—retest accuracy and

the results for the different parameter conditions are discussed.

Test—retest accuracy

The normal-hearing subjects showed a training effect of 0.7dB between the test and
retest measurements (with 30 sentences each). This is remarkable because the retest
measurements were performed on another day and the subjects performed two prac-
tice lists (60 sentences) prior to the first measurement. In order to compensate for this
training, the retest data of the normal-hearing subjects were corrected by the over-
all training effect prior to further analysis. The training effect for hearing—impaired
subjects was negligible: 0.2dB was smaller than the measurement accuracy, but there
were also some hearing—impaired subjects with large differences between particular test

and retest measurement. Hagerman found a similar training effect of 0.1dB per list

with 10 sentences for normal-hearing subjects (Hagerman and Kinnefors, 1995), and
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0.3 dB per list for hearing-impaired subjects, using the test—specific, slightly fluctuating

interfering noise (Hagerman, 2002).

This noticeable learning effect between test and retest measurements with normal-
hearing subjects is certainly due to the structure of the sentence test (cf. Section5.2.1):
All test lists consist of the same word material. Therefore the set size of the test is
limited, it is more or less a ‘semi—open’ test if the subject knows more or less the
base word material. 3 The subject benefits from the reduced set size in contrast to a

real open test by an elevated chance of guessing a word if only a part of the word is

perceived (Bronkhorst et al., 2002). Therefore, it may be necessary to perform even
more training before measuring with normal-hearing subjects than used in this study.
It has to be proved whether training using 80 sentences instead of 60 sentences before
the first measurement will exclude any remaining training effect. It has also to be
proved by a long—term study if this extended training has to be performed only once
- i.e. if the subjects are thereby ‘pre—trained for their entire life’ and can later on be
retrained by a just few training sentences. Even though this training effect clearly
limits the usage of the current speech test for clinical and research purposes, there is

no alternative test procedure available: Sentence tests consisting of highly predictable

sentences [such as the Gottingen sentence test (Kollmeier and Wesselkamp, 1997) or the

Hearing In Noise Test (Nilsson et al., 1994)] do not show any training effect (Brand and

[
Kollmeier, 2002a), but usually cannot be used twice with the same subject, because the

meaningful sentences can easily be memorized or words can be guessed by the context.
This would generate an incorrect low SRT result. A repeated measurement with the
same test list is not possible until a sufficient period of time has passed (i.e., half a year
or even longer). Subjects intimately familiar with these meaningful sentence tests will
always show lower SRTs than naive subjects with comparable hearing ability. These
differences do not occur to the same extent when syntactically fixed, but semantically

unpredictable sentences are used as in this study.

The largest test-retest difference between SRT results of the normal-hearing subjects
were found using the highly fluctuating noise icrab (2dB). One reason for the large
variability in SRT results using this type of noise is the fact that intelligibility strongly
varies if the words were presented synchronously to a maximum or minimum of the noise

amplitude. Some of the hearing—impaired subjects also showed the largest individual

3¢Open’ means, the subject can choose the response out of an infinite number of alternatives,
i. e. the size of vocabulary; in contrast to a ‘closed’ test, when a finite number of response alternatives

is given to the subject.
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test-retest difference for the icrad noise, but most of them showed a negative difference

- i.e. the retest SRTs were higher than the first measured values. These results were

comparable to (Hagerman, 1997; Hagerman, 2002), who used frozen fluctuating noise.

As the training effect is a disadvantage of speech tests with such speech materials
(Hagerman, 1982;|Wagener et al., 1999b; Wagener et al., 2003), it should be investigated

in the future wheter the individual training status could be estimated by analyzing the

performed measurement in order to calculate a correction term that compensates for
training.

The particular slope values of the hearing—impaired subjects hardly differed from
the normal-hearing data (median slope of all parameter settings: hearing—impaired:
14.9%/dB, normal-hearing: 17.3%/dB). These values are comparable to other sen-
tence tests in noise: Plomp sentences yield slopes of about 17-20%/dB (Duquesnoy,
1983a‘; Duquesnoy, 1983b; Festen and Plomp, 1990) for both normal—ﬁearing and

hearing—impaired subjects. Therefore, the SRT values could be determined with a

comparable accuracy for normal-hearing and hearing—impaired subjects because the
standard deviation of SRT estimate is inversely proportional to the slope. On the other
hand it was shown that slope values do not act as a good diagnostic indicator of hearing

loss.

The intra—individual standard deviation of slope estimates with normal-hearing sub-
jects was mostly higher than the inter-individual standard deviation. That means that
it was not possible to differentiate between different (normal-hearing) subjects based

on slope results.

However, the intra—individual standard deviation of SRT estimates with normal—
hearing subjects was always smaller than the inter-individual standard deviation,
therefore it was possible to differentiate between the different (normal-hearing) sub-

jects based on SRT. In comparison with other measurements using the same sentence

test and adaptive procedure (Brand and Kollmeier, 2002a), the intra-individual stan-
dard deviations were higher in the present study (0.8 dB instead of 0.4 dB). One main

difference between the studies was that some test lists of the Gottingen sentence test

(Kollmeier and Wesselkamp, 1997) were performed between the different test lists of
the Oldenburg sentence test in (Brand and Kollmeier, 2002a). When the retest data of

the present study were corrected by the overall training effect of 0.7 dB, also an intra—

individual standard deviation of 0.4dB was obtained. The inter-individual standard
deviations of the fluctuating noises (icrad: 3.0dB, icra7 1.6 dB) were higher than the

standard deviations of the other parameter settings. In other words, there were larger
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differences in intelligibility between different normal-hearing subjects using fluctuating
noise. Using the highly fluctuating noise icrad, the intra—individual standard devia-
tion was also significantly higher than the other intra—individual standard deviations.
The noise was fully fluctuating, therefore the valleys and peaks in amplitude were very
conspicuous. Since no frozen noise was used, the test words could be presented syn-
chronously to a noise valley or a peak. Therefore the intelligibility function of a speech
test in highly fluctuating noise was much flatter than the function in a stationary noise.

This yielded a lower accuracy for SRT estimation.

The inter-individual standard deviation should be larger than twice the intra—
individual standard deviation (‘2o—criterion’), in order to discriminate significantly
between the subjects. It was possible to discriminate significantly between the SRT's
of the hearing-impaired subjects for the parameter settings 65dB SPL, icrad, icra?,
icral and inv. The largest differences between the hearing—impaired subjects (i.e., the
highest inter—individual standard deviations) were found for a constant noise level of
65 dB SPL and for the fluctuating noises. The differences using a noise presentation
level of 65 dB SPL resulted from the audibility of the noise. For some hearing-impaired
subjects, a noise at 65 dBSPL is not audible at all frequencies, therefore they per-
formed the test partly ‘in quiet’. For other subjects it was a test in noise. Both the
intra—individual and the inter—individual standard deviations of stationary noise and
strongly fluctuating noise for hearing—impaired subjects were comparable to results by
Hagerman (2002). Hagerman, slightly fluctuating noise: 014 2 0.8, Gipter = 2; fully
fluctuating noise: Gia = 1.9, Tipter = 3. icral: Opgra = 0.8, Ointer ~ 1.6; icrad:

Ointra = 187 Ointer = 5.3.

Experiments I-111

Regarding the mean SRT and slope values there was no influence of the noise presen-
tation levels either for normal-hearing or for hearing—impaired subjects. This means
that the intelligibility in stationary noise was mainly determined by the signal-to-noise
ratio if the noise exceeded hearing threshold. This is consistent with Plomp (1978),
Duquesnoy (1983b), and Smoorenburg (1992).

The stationary noises olnoise and icral did not show any differences in SRTs and
slopes for both normal-hearing and hearing-impaired subjects. The normal-hearing
subjects showed a much lower SRT using fluctuating noise. The hearing—impaired

subjects appeared to form two groups when using the fluctuating interfering noises:
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there were several subjects who benefited from the modulations, and there were some

subjects who showed similar SRT values as for stationary noise. These benefits were

higher compared to data in literature: [Festen and Plomp (1990): 4-6 dB, Peters et al.

(1998): 6 dB normal-hearing, 1dB hearing—impaired. The benefit strongly depends on

the fraction and duration of sub—threshold amplitudes in the noise waveform. As the
icrad also simulates speech pauses, it includes silence intervals of up to 2s duration.
The icra7 does not include such pauses, its benefit is therefore comparable to the cited

data (3.7dB for normal-hearing, 1.2dB for hearing—impaired subjects).

The stationary noises generated the largest slope for both normal-hearing and hearing—
impaired subjects. These slopes were significantly higher than the slope using the icra7
noise, which was significantly higher than the slope using the icra5 noise (normal-

hearing and hearing—impaired subjects).

Using continuous noise, the mean normal-hearing SRT was significantly lower than
using synchronous noise. The data of the hearing—impaired showed the same trend, but
was not statistically significant. The difference was not due to an additional masking
by the onset of the noise in the synchronous presentation. It seems that the human ear
performs a kind of noise reduction mechanism, which performs the best in continuous

noise.

5.8 CONCLUSIONS

In order to obtain comparable results for different speech intelligibility tests in noise,

the following points should be considered:

1.) While using speech intelligibility tests with unpredictable sentences, but a limited
word material, it is necessary to perform appropriate training prior the measurements.

After this training, these speech materials can be repeated arbitrarily without any

further training effect. For this reason, such speech tests (Hagerman, 1982; Wagener

et al., 19990‘; ‘Wagener et al., 2003) are recommended for extensive studies. It éhould be

investigated in the future, if it will be possible to compensate for training by adequately

analyzing the measurement.

2.) In general, there is no difference in adaptive SRT and slope estimates if using
different noise presentation levels up to 85dB SPL. It is only necessary that the noise
is audible at most frequencies to hearing—impaired subjects. Using presentation levels
above 85 dB SPL would result in different values according to Studebaker et al. (1999),
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Pickett and Pollack (1958), Pollack and Pickett (1958). However, these high noise

levels may not be suitable in diagnosis or rehabilitation of hearing impairment.

3.) No differences were found in adaptive SRT and slope estimates between the two

stationary, speech—shaped noises (olnoise, icral) as interfering noise. As the speech

spectra of different languages are rather similar (Byrne et al., 1994), the use of stan-

dardized noises like the icral noise that represents the LTASS—spectrum, seems to be
adequate even for different speech materials and possibly for different languages. This
indicates that it is not necessary to generate a particular interfering noise for a given

speech intelligibility test.

4.) The highly fluctuating icra—noise differentiates best between subjects with different
degrees of hearing impairment. Unfortunately, it contains sub—threshold intervals of
rather long durations up to 2s. These long pauses may coincide with major parts of
speech (like whole sentences), thus yielding high intra—individual variability both for
SRT and slope values. Modified highly fluctuating noises with briefer pauses should

be considered in the future.

5.) No differences were found between an adaptive procedure with fixed noise level and
a similar adaptive procedure with fixed speech level. This indicates that experimenters
are free to choose the procedure that fits best to their demands, because the results of

both procedures seem to be perfectly comparable.

6.) Continuous interfering noise yielded slightly lower SRTs than noise interrupted be-
tween the test sentences. However, this effect is not statistically significant for hearing—
impaired subjects. This indicates that studies using continuous and gated noise can

only be compared with care.
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Chapter 6

Factors influencing Sentence
Intelligibility for Hearing—impaired

Subjects in Fluctuating Noise

ABSTRACT

Fluctuating interfering noises seem to be highly suitable for speech audiometry, be-

cause they provide a larger inter-individual variability in intelligibility results across

subjects compared to stationary noises [Versfeld and Dreschler (2002) and Chapter 5).

However, the underlying mechanisms of this phenomenon and its consequences for
speech audiology is not yet completely clear. Therefore, this study explores some of
the mechanisms underlying sentence intelligibility in fluctuating noise. Among other
factors that describe the individual hearing ability, the influence of speech intelligibility
in quiet and in stationary noise on intelligibility in fluctuating noise with different max-
imum pause durations was investigated in this study. For this purpose, three versions
of speech simulating fluctuating interfering noises based on the icra noises [Interna-
tional Collegium of Rehabilitative Audiology, (Dreschler et al., 2001)] were used: The

original icrad noise which simulates one interfering speaker and contains pause dura-

tions up to 2s as well as two modified versions with pause durations limited to 250 ms
and 62.5 ms, respectively (icra5-250 and icra5-62.5). Additionally, a speech—spectrum
matched stationary noise (icral) was used. The main measurement properties, such
as test-retest reliability as well as SRT and speech intelligibility function slope were

determined for all interfering noises with 10 hearing—impaired subjects. The low—

73
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predictable Oldenburg sentence test (Wagener et al., 1999¢c; Wagener et al., 1999a;
‘Wagener et al., 1999b) was used. All three highly fluctuating noises (icrad, icra5-250,

icra5—62.5) differentiate very well between subjects. Partial rank correlation analysis

showed that SRT for fluctuating noise with longest maximum pause durations (icrad)
mostly depended on SRT in quiet, while SRT for the other fluctuating noises with
smaller maximum pause durations (icra5-250, icra5-62.5) correlated both with SRT

in quiet and in stationary noise.

6.1 INTRODUCTION

Speech intelligibility measurements using highly fluctuating noise [Versfeld and
Dreschler (2002) and Chapter[5] showed, that the benefit over stationary interfering

noise by exploiting the passages containing soft noise levels or even pauses of the noise

varies a lot across hearing—impaired subjects. The subjects in Chapterl5, for exam-
ple, could be divided into one group who did benefit from the modulation valleys of
the noise, i.e., their speech reception threshold (SRT, i.e. signal-to-noise ratio SNR,
that yields 50% intelligibility) was lower compared to stationary noise with the same
long—term spectrum (about 10 dB difference). The other group, however, did not ben-
efit from the modulations, since they showed equal SRTs for both fluctuating and

stationary noise. The benefit a subject may obtain from fluctuating noise strongly

depends on the fraction and duration of soft intervals in the noise (Nelson et al., 2003;
Dubno et al., 2002; Eisenberg et al., 1995; Duquesnoy, 1983a; |Carhart et al., 1969).

The strongly fluctuating noise used in Chapter5, referred to as icrad, simulates the

long—term spectrum and the modulation properties of one male speaker. However, this
noise includes silent intervals of up to 2s duration. This means, that the short sen-
tences most often used in sentence intelligibility tests could fall completely into such a
pause. The SRT differences of the hearing-impaired subjects could be due to a poorer

audibility of speech in the noise pauses.

The current chapter evaluates the influence of these pause durations on speech in-
telligibility for hearing—impaired subjects. Therefore, the test-retest reliability, SRT
and intelligibility function slope results, and correlations with SRT in quiet and sta-
tionary noise as well as with other factors that describe the individual hearing ability
were compared between fluctuating noises with different maximum pause durations.
Mostly, the benefit from the modulations is expected to depend on hearing ability in
the modulation valleys (Dubno et al., 2002; Eisenberg et al., 1995; Duquesnoy, 1983a;
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Carhart et al., 1969). Therefore, individual speech intelligibility in quiet seems to be
important for the modulation benefit. The noises with different pause durations were
applied in the speech intelligibility measurements in order to investigate if the differ-
ences in modulation benefit across hearing—impaired subjects disappear if the silent
interval duration is limited. If so, it can be concluded that the modulation benefit is

mainly caused by audibility in quiet.

6.2 METHODS

6.2.1 Fluctuating noise with limited pause durations

Two modified versions of the original icrab noise were generated. The modification
denotes a limitation of the maximum silence interval duration. The version with a
maximum pause length of 250 ms is referred to as icra5-250. Only 2-3 phonemes could
fall into the silent intervals of this noise. The version with a maximum pause length of
62.5 ms is referred to as icrab5-62.5. Only parts of a phoneme could fall into the silent
intervals of this noise. The icra5-250 noise sounds like simulating continuous speech
without any speech pauses. The icra5-62.5 noise sounds like ‘breathless continuous
speech’. Fig.[6.1 shows the respective modulation spectra of the original icrad noise

and the modified noises (left panels). The modulation spectra were calculated within

octave frequency bands similar to (Dreschler et al., 2001).& The level histograms of

the noises are also given in Fig. [6.1 (right panels). The RMS levels were calculated
with a time resolution of 1024 samples (approx. 23ms) and a level resolution of 1dB.
As can be seen in the modulation spectra, a maximum pause length of 250 ms lowers
the occurrence of modulation frequencies below 2Hz considerably, and changes the
occurrence of speech like modulations of about 3-4 Hz barely. A maximum pause length

of 62.5ms lowers the occurrence of modulation frequencies up to 4 Hz considerably.

!The Hilbert envelopes of the noise signals (2-min tracks) were calculated, exempted from the dc
component, and normalized. The envelopes were down—sampled to 100 Hz, a spectrum was calculated
by using the FFT. The values were summed within octaves (range from 0.5 to 32 Hz). The modulation

indices were calculated by determining the octave band RMS level.
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Figure 6.1:  Modulation spectra (left panels) and affiliated level histograms (right
panels) of the original icra5 (upper panel), the icra5-250 (medium panel), and the
icra5-62.5 noise (lower panel). The modulation indices were calculated within octave
frequency bands. The RMS levels were calculated with a time resolution of approx.

23 ms and a level resolution of 1dB.

6.2.2 Measurements

SRT and slope of the intelligibility function were determined with both modified
icrad noises and in quiet using the same procedures and subjects as described in
Chapter5 [Oldenburg sentence test (Wagener et al., 1999c; [Wagener et al., 1999a;
‘Wagener et al., 1999b) with 30 test sentences per measurement, adaptive procedure
(Brand and Kollmeier, 2002a)].

SRT and slope values were determined as test and retest measurements on two dif-
ferent days (with an interception of about a week). Although the same subjects as

in Chapter/5 were used to obtain high comparability of the data, some training was
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performed, because about nine months passed between both studies. On the first day,
each subject performed two practice lists with 30 sentences; on the second day, only

one practice list with 30 sentences was performed.

All measurements were performed in random order, except for the adaptive measure-
ment of SRT in quiet that was performed first on the first session. Both (test and
retest) sessions started with determining the individual hearing threshold for the speech

shaped stationary noise olnoise 2 two times prior the practice measurements.

The pause-limited fluctuating noises were analyzed with respect to test—retest relia-
bility: The comparison of inter— and intra-individual standard deviations quantifies
the possibility to differentiate between the subjects. Thus, a small intra and a large

inter—individual standard deviation indicate good differentiation.

The SRT and intelligibility function slope results in the pause-limited fluctuating noises
were compared with the results in the original fluctuating icrad noise and in stationary

speech—shaped icral noise that were determined with the same subjects in Chapter 5.

In order to investigate the relation between sentence intelligibility in fluctuating inter-
fering noise and sentence intelligibility in quiet or other factors describing the individual
hearing loss, a rank correlation according to Spearman was calculated. The individual
SRT and slope data of the noises icral, icrad, icra7, icrab5-250, and icrab5-62.5 were
correlated with the individual SRT and slope in quiet and ¢cral, medium-loudness
level (level that corresponds to loudness ‘medium’ in a loudness scaling measurement)

of speech—shaped stationary olnoise, lower slope of the loudness function determined

with olnoise as stimuli that describes recruitment (Brand and Hohmann, 2002)%, hear-

ing threshold of olnoise, age, hearing loss for pure tones at 500 Hz, and hearing loss for
pure tones at 4000 Hz. All values reported here were determined either in this study

or were taken from Chapter|5.

2 olnoise denotes the speech-shaped noise that was generated by randomly superimposing the speech
material of the Oldenburg sentence test. Therefore, the long—term spectrum of this noise is similar to

the mean long—term spectrum of the speech material.
3All subjects performed a categorical loudness scaling measurement with the olnoise prior the

speech intelligibility measurements in Chapter[5. The individual loudness growth function was de-
scribed by two straight lines that were connected at the medium—loudness level and smoothed in the
transition area. The lower slope of the loudness function, i.e. the slope below the medium-loudness
level, characterizes recruitment. Loudness functions that represent recruitment show a higher slope

than those without recruitment.
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6.2.3 Apparatus

The same apparatus and test setup was used for the adaptive speech tests as described

in Chapter[5.

A different apparatus (in the same sound insulated booth) was used for determining the
individual hearing threshold for the olnoise. The same freefield—equalized Sennheiser
HDA 200 headphones, connected to a Tucker—-Davis system 2 headphone-attenuator,
were used to present the olnoise played back by a Kenwood DP-5090 compact disc
player. The attenuator was controlled manually in order to determine the hearing

threshold similar to a pure-tone audiometer.

Both apparatus were calibrated to dBSPL with a B&K artificial ear 4153, a B&K
0.5 inch microphone 4143, a B&K preamplifier 2669, and a B&K measuring amplifier
2610.

6.2.4 Subjects

The same ten sensorineural hearing—impaired subjects (three females, seven males; aged
59-79 years; median age: 70) as in Chapter/5 participated in the measurements. They
showed different types and degrees of sensorineural hearing loss with no conductive
hearing loss. Pure-tone hearing thresholds ranged from 10dBHL up to more than
100dB HL. The types of hearing loss were: three broadband hearing losses, two pure
high—frequency hearing losses, one combined low— and high—frequency hearing loss,
and four sloping hearing losses. The audiogram data of each ear that was tested in
this study are shown in Figure6.2. All subjects were paid for their participation on an

hourly basis.

6.3 RESULTS

6.3.1 Test-retest reliability

In order to investigate the suitability of the modified fluctuating noises icra5-250 and
icrab—62.5 for sentence intelligibility tests, the test-retest differences for each condition
as well as the inter—individual and intra—individual standard deviations of SRT and

slope were determined for each test condition employed here.
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Figure 6.2: Audiogram data of the respective tested ear of each hearing—impaired
subject (broadband hearing loss: black solid line; pure high—frequency hearing loss:
gray solid line; combined low— and high—frequency hearing loss: dashed gray line;

sloping hearing loss: black dashed line).

Table[6.1 shows the median SRT test-retest differences as well as the inter— and intra—
individual standard deviations of SRT and intelligibility function slope for each test
condition of all hearing—impaired subjects. The slope standard deviations are given
relatively to the respective slope. For this purpose, the particular mean slope data of

all subjects were used for each condition.

The median test-retest differences of the icral, the icrad and the icra5-250 noise were
smaller than the test-retest differences of the icra5-62.5 noise or the quiet condition.
While 60 % of the differences using icrad or icrab—250 were negative, 80 % were positive
in icra5-62.5 or quiet (70 % in icral). Some of the individual test and retest differences
amounted to 3—4 dB.

The intra—individual SRT standard deviations were similar in all three conditions. The
inter—individual SRT standard deviations were at least three times the intra—individual
values for the respective conditions. The inter-individual SRT standard deviation

in quiet exceeded three times the largest inter-individual SRT standard deviation in
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Table 6.1: Median test-retest differences between SRT values (A SRT) as well as the
intra— (0inirq ) and inter—individual standard deviations (0, ) of SRT and intelligibility
function slope for each test condition of all hearing—impaired subjects. 'The slope

standard deviations are given relatively to the respective mean slope.

quiet icrab icrab—250 icrab—62.5 icral

A SRT [dB] 1.4 -0.6 -0.5 1.3 0.4
Ointra, SRT [dB] 1.3 1.8 1.5 1.3 0.8
Ointers SRT [dB]  17.0 5.3 4.9 5.4 1.6
Ointra, Slope 0.5 0.3 0.2 0.2 0.2
Ointer, Slope 0.5 0.4 0.2 0.3 0.2

fluctuating noise. This confirms that the differences between different degrees of hearing
impairment are larger in quiet than in fluctuating noise. The 2o0—criterion was fulfilled
in all conditions: The inter-individual standard deviation should exceed twice the
intra—individual standard deviation in order to discriminate significantly between the

subjects.

6.3.2 SRT and Intelligibility Function Slopes

The SRT and slope results for the pause-limited icra5-250 and icrad—62.5 noise were
compared to results with the original fluctuating icrab and the stationary icral noise,
obtained in Chapter/5, nine months before with the same subjects. Fig.[6.3 shows the
individual SRT data for all different types of noise. The individual test and retest data
are connected by a line. The noises on the x—axis are ordered from long to short (none)

maximum pause durations.

The benefit of using those fluctuating noise instead of stationary was different between
subjects. There was a division of the subjects in those who benefited from the modu-
lations and those who did not benefit at all (Chapter/5). These division could also be
observed in the pause-limited fluctuating noises icra5-250, icra5-62.5 of this study.
The subjects with the lowest SRT values for the icrad noise showed a slightly higher
SRT if the pauses were limited to 250 or 62.5ms. The SRTs of the subjects without

any benefit were not influenced by the pause limitations.

The Bartlett test (a prerequisite for the ANOVA) showed normality of distribution
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Figure 6.3: Individual SRTs for different types of noises. The test and retest mea-
surements of each subject are indicated by a particular symbol, they are connected by
a line. The same symbols and line styles are used for the particular subjects as in the

audiogram data (Fig. 6.2).

and equality of group variances for all SRTs and slopes in fluctuating noise obtained
in Chapter/5 and this study, respectively. On this basis, the data of all subjects were
pooled and further analyzed with a one way ANOVA. No significant dependency of
SRT or slope on the factor ‘type of fluctuating noise’ could be found with an error
probability of 1%. This indicates that limiting the maximum pause duration of the
fluctuating noises did not significantly affect the SRT and slope results determined in

these noises.

The intelligibility functions slope results in quiet of this study (mean slope: 12.3 %/dB)
was comparable to the reference value of the Oldenburg sentence test (11.3%/dB,
compare Chapter4). This indicates, that the slope results of hearing—impaired subjects

in quiet are similar to those of normal-hearing subjects.
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6.3.3 Factors influencing sentence intelligibility in fluctuating

noise

Table 6.2 gives the rank correlation coefficients between SRT and slope data in fluctu-
ating / stationary noise on one hand and SRT and slope in quiet and stationary noise,
medium—loudness level, lower slope of loudness function, hearing threshold of olnoise,
age, hearing loss for pure tones at 500 Hz and at 4000 Hz on the other hand. Only sig-
nificant correlations (error probability of 5% or less) are given. Correlation coefficients
with an error probability of less than 1% are marked by an asterisk.

Table 6.2: Significant rank correlation coefficients (error probability of 5% or less).
SRT and slope data for the noises icrab, icrab—250, icrab—62.5, and icral were correlated
with the individual SRT and slope in quiet, SRT and slope in icral, medium—Iloudness
level of speech simulating stationary olnoise (L), lower slope of the olnoise loudness
function (Brand and Hohmann, 2002) (Siy,), hearing threshold of olnoise (ht,), age,
hearing loss for pure tones at 500 Hz (hlso ), and hearing loss for pure tones at 4000 Hz

(hlso00). Significant coefficients on the basis of an error probability of 1% are annotated
by an asterisk.

icrad icrab—250 icrab—62.5 icral
SRT slope SRT slope SRT slope SRT slope
SRT quier 0.9 0.7 0.8 0.8
SlopCquiet
SRTicra1 0.7 0.8 0.8 /.
slopeicrat : / .
Leut
Slow 0.7 0.8 0.8
ht 0.9 07 08 07 08"
Age 0.7 0.7
hlsgg 0.9* 0.7 0.7
hly000 0.7

Often, several significant correlations could be found, because only one factor deter-

mined all correlations. The subject’s age could be such a factor (Dubno et al., 2002).

In order to separate the influence of the subject’s age, the partial rank correlation of
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the same data was calculated. The partial rank coefficients are given in Table 6.3.
Similar to Table 6.2, only significant correlations (error probability of 5% or less) are
given. Correlation coefficients with an error probability of less than 1% are marked by

an asterisk.

Table 6.3: Significant partial rank correlation coefficients (the influence of age was
neutralized, error probability of 5% or less). SRT and slope data for the noises icra,
icra5-250, icrab-62.5, and icral were correlated with the same values as in Table 6.2.

Significant coefficients on the basis of an error probability of 1% are annotated by an

asterisk.
icrab icrab—250 icrab—62.5 icral
SRT slope SRT slope SRT slope SRT slope
SRT quiet ~ 0.97 0.8 0.8*
slopequiet 0.7
SRTcra1 0.7 0.7 /.
slopeicra : / .
Leut
Slow 0.7 0.7
ht; 0.9* 0.8 0.7 0.8*
hlsg9 0.9* 0.7 0.8*
hls000

Only few correlations disappear when partializing out the influence of age (i.6. SRT
of icrab with lower slope of loudness function, SRT of icrad with SRT of icral, slope
of icrad with hearing threshold of olnoise, and slope of icra5-250 with hearing loss
at 4000 Hz). All other correlations were only minimally affected by partializing out
the factor age, indicating that these correlations are not due to a common factor with
subject’s age. The SRTs in all types of fluctuating noise were significantly correlated
with SRT in quiet. The SRTs in pause-limited fluctuating noises were also significantly
correlated with SRT in stationary icral noise. SRTs in all fluctuating noises were
significantly correlated with hearing threshold of speech—shaped stationary noise and
pure-tone threshold at 500 Hz. The SRT's of the pause-limited noises used in this study
(icra5-250 and icra5-62.5) also correlated with the individual recruitment, given by
the lower slope of the loudness function with speech—shaped stationary noise as stimuli.

SRTSs in stationary icral noise were not significantly correlated with any other factor
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investigated in this study.

6.4 DISCUSSION

In this study, the influence of the maximum pause length in fluctuating noises on
speech intelligibility was investigated. Before exploring the detailed results of the
pause-limited fluctuating noises it was necessary to investigate the test accuracy when
using those noises. The training effect, i.e. the difference in SRT between test and
retest, was similar to that reported in Chapter5 even though the subjects were trained
9 months before data collection on a different task. This indicates that a break of
about nine months neutralizes the previous training with the same test. It was shown
that the test-retest reliability of all fluctuating noises were similar. The individual
test—retest variability was much smaller than the inter—subject variability. Thus, the
measurement accuracy and the potential to differentiate between the subjects was not
influenced by the maximum length of silence intervals in the noises used in this study.

This advantage of the icrad noise is not lost by limiting the maximum pause durations.

No significant differences between the mean SRT data could be found for different
fluctuating icra noises. The separation into two groups of subjects that received benefit
from fluctuating noise versus who did not was found in the pause-limited noises icra5-
250, icra5-62.5 as well as in the original icrad. Only a few subjects who showed a large
benefit in the icrad noise, showed a slightly smaller benefit in the pause-limited noises.
Those subjects without any benefit did not show any difference if the pause duration
was limited. This indicates that the benefit from the modulations is determined by
the length of the silence intervals only if a substantial benefit exists for the respective
subject. A silence interval length of 62.5 ms is long enough to produce significant benefit
compared to stationary interfering noise. Therefore, these pause-limited noises are
suitable and should be recommended as interfering noise in speech audiometry in order
to preserve the advantages of the speech simulating fluctuating noise icra5 (simulation
of a competitive speaker, high differentiation) while eliminating the disadvantage of

that noise (i.e. a coincidental presentation of entire sentences in quiet).

All SRT results in the different fluctuating noises correlated significantly with the SRT
in quiet, the hearing threshold of speech shaped stationary noise, and the hearing loss
at 500 Hz. All three factors were linked, as the SRT in quiet depends on the hearing

threshold of the sentence material (that was simulated by the stationary noise) and
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SRT in quiet directly correlates with hearing loss at low frequencies around 500 Hz
(Peters et al., 1998; Smoorenburg, 1992). As a striking fact, the SRT in stationary

noise did not significantly correlate with those factors. Therefore, speech audiometry

with interfering noise provides additional information to that already given by speech

intelligibility in quiet and pure-tone thresholds.

Similar to Versfeld and Dreschler (2002), speech intelligibility measurements with fluc-
tuating interfering noises provided a different information than that obtained from
stationary interfering noise, since subjects showed small differences in stationary but
large differences in fluctuating noise. The pause-limited fluctuating noises icra5-250
and icra5-62.5 correlated significantly with both SRT in quiet and SRT in stationary
noise. Different to this, the SRT for the original fluctuating noise icrab only corre-
lated significantly with SRT in quiet. This indicates that the intelligibility in icrad
noise was mostly determined by speech intelligibility in quiet. The SRTs of the other
fluctuating noises were influenced both by speech intelligibility in quiet as well as in
noise. This finding is consistent with the shape of the level distributions, as relatively
more silence intervals occur in the icrad noise compared to icrad-250 or icra5-62.5
(Figure6.1). Thus, the pause-limited fluctuating noises preserve the advantage of the
icrab noise (good differentiation between subjects) without showing the disadvantage

of extraordinary long pauses.

6.5 CONCLUSIONS

Limiting the maximal duration of sub—threshold intervals in the highly fluctuating icrad
noise only minimally affects test—retest reliability and the potential of the intelligibility
test to differentiate across subjects. The icra5-250 noise is recommended as interfering
noise for future investigation in order to simulate an every—day conversation situation
and to achieve good differentiation between subjects. This noise includes the mean
modulation frequencies of speech at 3-4 Hz, but does not contain lower frequencies due
to longer speech pauses. Sentence intelligibility in fluctuating noise with maximum
pause durations up to 250 ms was significantly correlated to both intelligibility in quiet

and in stationary noise.

Modeling the individual SRT results in fluctuating noise in more detail is necessary.
Thus, it should be further investigated if speech intelligibility in fluctuating noise can

be predicted by individual intelligibility in quiet and in stationary noise. This should
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be investigated on the basis of a large database with different normal-hearing and

hearing—impaired subjects.
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Chapter 7

Prediction of Sentence

Intelligibility in Fluctuating Noise

ABSTRACT

Speech intelligibility measurements using fluctuating interfering noise simulate every-
day situations more appropriate than measurements in stationary noises and yield

much better differentiation between hearing—impaired subjects with different degrees

of hearing loss compared to stationary noises [Versfeld and Dreschler (2002) and

Chapter(5]. However, the prediction of speech intelligibility in fluctuating interfer-
ing noise is still an unsolved problem: Speech intelligibility predictions using the
pure tone audiogram-based Speech Intelligibility Index (SII) or Articulation Index
(AI) approach could only partly predict observed data with fluctuating interfering
noises (Brand and Kollmeier, 2002b; Dubno et al., 2002; Versfeld and Dreschler, 2002;
Peters et al., 1998). Since speech intelligibility in fluctuating noise is highly correlated

with both speech intelligibility in quiet and in noise, this study describes two ap-
proaches, how the short—time level distribution of the interfering fluctuating noise can
be used to predict speech reception threshold (SRT) data in such noises by combining
stationary short—time speech intelligibilities. The first approach (one-stage approach)
uses the level histogram of the fluctuating noise as description of the interferer and
averages across short—time SRTs. The second approach (two—stage model) uses the
complete level sequence of the fluctuating noise. Within this approach, sentence in-
telligibility in fluctuating noise is simulated as a two—stage process. In the first stage,

the intelligibility of a particular word is simulated by combining the intelligibilities of

87
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sub—word units. The second stage calculates the intelligibility of the entire sentence

as average across word intelligibilities. A context concept similar to the k factor ap-

proach by Boothroyd and Nittrouer (1988) is integrated in the first step. In this study,
the particular stationary short—time speech intelligibilities were calculated using two
different methods: first using the Plomp model about the effect of hearing loss on
speech perception (Plomp, 1978) and second using the pure-tone audiogram based SII
(ANSI S3.5, 1997). In the Plomp model, the individual SRT in quiet and in stationary

noise were used as input to predict the individual SRT at different noise presentation

levels. All predictions were compared with speech intelligibility data from 131 ears,
including various types of hearing loss. Good predictions with the one-stage approach
were obtained when applying an additional linear transformation to the predictions.
Using the two-stage approach yields more precise predictions. Compared to the SII
predictions with the one-stage approach, a higher prediction accuracy was obtained

using the Plomp—based prediction approaches.

7.1 INTRODUCTION

The determination of the individual patients speech intelligibility in noise is relevant
for the diagnosis of hearing impairment and the evaluation of rehabilitation with hear-
ing aids. Using fluctuating interfering noises in speech audiometry provides several
advantages: Fluctuating noises simulate everyday situations more appropriately than
stationary noises because most environmental noises are fluctuating. Furthermore,
stationary interfering noises have the disadvantage that the intelligibility differences
between different hearing impaired subjects are only small. To overcome this dis-
advantage, one could perform speech intelligibility measurements in quiet, since the
speech reception threshold in quiet (SRT, level that yields 50% speech intelligibility)
differentiates very well between different hearing impairments. On the other hand, per-
forming speech intelligibility measurements in quiet gives no additional information,
since speech intelligibility can already be very precisely predicted for all listeners with

different types of hearing disorders by using input parameters like the individual pure

tone audiogram data (Brand and Kollmeier, 2002b). Fluctuating noises yield a better

differentiation between hearing—impaired subjects with different degrees of hearing loss

compared to stationary noises [Versfeld and Dreschler (2002) and Chapter 5] and can

not easily be predicted by audiogram—based approaches like the SII.

Nevertheless, it is worth to investigate more appropriate prediction models for fluctu-
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ating interfering noises, since a prediction model is beneficial not only to quantify and
test our current understanding of the effects of hearing loss on speech intelligibility,
but also to quantify the influence of additional factors that are not included in the
model. Such additional factors seem to play a role, if the model fails to predict indi-
vidual results even though average speech intelligibility data can be reproduced quite
well. This study can be regarded as feasibility study of SRT prediction in fluctuating
noise. Different approaches to realize such predictions will be presented that vary in

complexity of the underlying theory.

A typical situation where audiogram—based models of speech perception like the SII
fail is the prediction of speech intelligibility of hearing—impaired listeners in station-

ary noise: Even though average data can be predicted quite accurately (Brand and

Kollmeier, 2002b‘; Dubno et al., 2002), certain differences between predictions and ac-

tual performance still remain. They can most probably be attributed to suprathresh-
old processing deficits and to an increased ‘internal’ noise of the individual hearing—

impaired listener.

The prediction of speech intelligibility in fluctuating noise is even more complicated
since this listening situation includes both speech perception in quiet and in noisy parts
of the interferer and the appropriate combination of both situations. Hence, the predic-
tion can be separated in predicting individual performance in quiet and in stationary
noise (so—called stationary predictions) and — in a second step — in the prediction of the
combined performance in fluctuating noise based on the correct individual performance
in quiet and in noise (so—called fluctuating predictions). For the stationary predictions
two standard methods are used. That is the Plomp model about speech hearing loss in
quiet and stationary noise (Plomp, 1978) and the SII. The validity of Plomp’s model
for the sentence material used here was evaluated in this study. The validity of the SII
was evaluated by Brand and Kollmeier (2002b).

For the fluctuating predictions two approaches were used: a one—stage and a two—stage
approach. Both approaches are motivated by the fact that SRTs in fluctuating noises
correlate both with SRTs in quiet and in stationary speech shaped noise (Chapter(6).
Both approaches have in common that the interfering fluctuating noise was assumed
as being stationary within short—time intervals. For each of these short—time levels of
the noise an individual short—time intelligibility was calculated. These intelligibilities
were combined to obtain the individual effective SRT result for the entire noise. The
difference between one-stage and two—stage approach concerns the combination of the

short-time SRT results. The one-stage approach simply averages the short-time SRT's
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that correspond to the respective short—time levels of the fluctuating noise to obtain
the effective SRT result for the entire fluctuating noise. The second-stage approach
tries to simulate a possible sentence perception process in fluctuating noise: In the first
stage, the speech intelligibility functions of particular sub—word units are statistically
combined to obtain the intelligibility function of one word. In the second stage, the
word-based intelligibility functions are averaged to obtain the effective SRT for the

entire fluctuating noise.

The respective predictions are compared with observations and SII predictions (com-
pare Appendix/A) using a large database of speech intelligibility measurements with
the Oldenburg sentence test (Brand and Kollmeier, 2002b).

7.2 STATIONARY PREDICTIONS

In order to compute the short-time speech intelligibilities the respective short—time
sequence of the fluctuating noise is assumed as being stationary. This means that
speech intelligibility has to be predicted in stationary quiet or noisy conditions. First,
Plomp’s model of speech hearing loss is presented and evaluated. Second, an SII

approach is presented.

7.2.1 Plomp’s model of speech hearing loss

Plomp’s model is based on the fact, that the SRT in noise of normal-hearing listeners

depends mostly upon the signal-to—noise ratio SNR (Hawkins and Stevens, 1950). This

behavior can be described by Equation 7.1.
SRT = 10 log [10F/104B 4 1((En=ALsn)/10dB) 4y, 4B (7.1)

Ly denotes the SRT in quiet [dB(A)], L,, denotes the sound pressure level of interfering
noise [dB(A)SPL], and ALgy denotes the SRT relative to L, [dB(A)] (=SNR at
threshold with opposite sign).

The first term describes the effect of the ear’s internal noise (i.e. hearing threshold),
the second term the effect of the external noise. A hearing impairment was separated
by Plomp into an attenuation (denoted by ‘class A’) and a distortion part (denoted by
‘class D’). The attenuation part affects only speech intelligibility in quiet, therefore it
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changes only the first term of Equation7.1. The distortion part affects speech intelli-
gibility in quiet as well as in noise, therefore it changes both terms. The resulting SRT

of hearing—impaired listeners was given by Plomp as described by Equation 7.2.
SRT =10 log [10Lo+A+D)/10dB | 1((Ln=ALsn+D)/10dB] 4y 4B (7.2)

A+ D denotes the individual speech hearing loss in quiet [dB] and D denotes the

individual speech hearing loss in noise [dB].

Equation7.2 indicates, that SRT values are constant for lower noise levels and de-
pend on the SNR for higher noise levels. Figure7.1 illustrates the dependency of
SRT from the interfering noise level. The reference normal-hearing SRT in quiet for
the Oldenburg sentence test (Lo = 20dB SPL, determined in Chapter4) and in noise
[ALsy = 7.1dBSNR, determined in (Wagener et al., 1999b)] were used to derive the

figure. In addition to the normal-hearing behavior of SRT, the influence of a pure

attenuation speech hearing loss A =30dB, the influence of a pure distortion speech
hearing loss D =10dB, and the influence of the combination of both is illustrated.
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Figure 7.1: Speech reception thresholds (SRT) as a function of interfering noise level.

The solid line illustrates normal-hearing behavior, given by Equation|7.1. The dashed

line illustrates a theoretical class A speech hearing loss, the dotted line a class D speech

hearmg loss, and the dash dotted line a combination of both. Adopted from P]omp
(1 978) using the reference data of the Oldenburg sentence test.

Plomp’s model denotes that the speech hearing loss can be determined by measur-

ing two speech reception thresholds, namely the SRTs in quiet and at a noise level
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sufficiently higher than hearing threshold. This approach was verified by Duquesnoy

(1983a) using the Plomp and Mimpen sentences (1979). Plomp’s model gave an ac-

curate description of any hearing loss for speech used in \Duquesnoy (1983a). In those
data for elderly listeners, every 7dB hearing loss in quiet (A + D) was accompanied
by 1dB hearing loss in noise (D). Plomp estimated the ratio of D ~ (A + D) by
analyzing different SRT data of single words as well as sentences (Plomp, 1978).

Note, however, that Plomp’s A—component does not take any frequency—dependence of
the audibility into account, but attributes any frequency shaping to the D—component.
Hence, this ‘Distortion’-component includes both the individual frequency shape of the
audiogram and any suprathreshold processing deficits. This makes a straight—forward
interpretation of the model difficult and is a main reason why the model has not yet

been widely accepted in clinical audiology.

7.2.2 Evaluation of Plomp’s model with the Oldenburg sen-

tence test

In order to test the applicability of Plomp’s model for word-scored sentence tests as

the Oldenburg sentence test, the data of Chapter5 and 6 were analyzed according

to Duquesnoy (1983a). Duquesnoy verified Plomp’s model experimentally, measuring

SRT with the Plomp and Mimpen sentence test based on sentence—scoring (Plomp and
[

Mimpen, 1979) monaurally over headphones in quiet and at four noise levels (28, 43,

58, and 73 dBA) using normal-hearing and hearing—impaired subjects.

In Chapter 5, the SRT data of 10 hearing—impaired subjects at different noise presenta-
tion levels were presented for stationary noise. In Chapter 6, the SRT data in quiet were

presented for the same listeners. The reference SRT data for normal-hearing subjects

using the Oldenburg sentence test in quiet and in noise [Chapter/4 and Wagener et al.
(1999b)] were used as reference data for Ly = 20dBSPL and ALgy = 7.1dBSNR.
The validity of Plomp’s model was tested using these subjects with different hearing

losses (Figure7.2).

According to Duquesnoy, Equation|7.2 was fitted to these experimental data indi-
vidually for each subject. As error criterion the sum of the quadratic differences
was used. The initial values of A and D were chosen similarly to Duquesnoy as
Ao+ Dy = SRTy — Lo and Dy = 0.3+ (SRTy — L), with SRTj: individual threshold

in quiet. The iteration process was stopped when the changes of both A and D were
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Figure 7.2: Audiogram data of the respective ear of each hearing—impaired subject
(broadband hearing loss: black solid line, pure high—frequency hearing loss: gray solid
line, combined low— and high—frequency hearing loss: dashed gray line, sloping hearing
loss: black dashed line) used for the validation of Plomp’s model.

smaller than 0.002 dB. Differently to Duquesnoy, who used the steepest descent method
as minimizing procedure, the simplex method (performed by the function ‘fmins’ of
MATLAB R11) was used in this study.

The mean standard deviations of all data points from the fitted curve were determined

individually as a measure of goodness of fit.

Figure 7.3 shows the fitted model functions as well the experimental data for each

subject.

The median of the standard deviations across subjects equaled 0.47 dB. This was even

smaller than the median standard deviation of the normal-hearing group (0.84 dB) in

Duquesnoy (1983a).

Duquesnoy stated that the individual hearing loss for speech can be specified by mea-
suring only two thresholds, SRT in quiet and SRT at a high noise level (> 50dBA). As
an additional validation test the model function was fitted to the experimental data
using only the data in quiet and at a noise presentation level of 85dB. The median
difference across subjects of the model parameters A (-0.20dB) and D (-0.24 dB) be-
tween the two—points fit and the fit to the complete experimental data set were smaller

than the measurement accuracy. These absolute difference values were comparable to

those given in Duquesnoy (1983a), although with opposite sign.
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The small standard deviation and difference between multi-data based model param-
eters and parameters based on two measurement results extends Plomp’s model to the
word-score based Oldenburg sentence test. The model obviously gives a very accurate
description of the hearing loss for speech as a function of noise level, using a vari-
ety of different hearing losses. The average ratio between A+ D and D of 7:1 found
by Duquesnoy could not be confirmed, as the average ratio amounts 8:1 with a high

standard deviation of 6.6 between all 10 listeners.

7.2.3 Speech Intelligibility Index SII

The audiogram—based SII could predict SRTs in quiet very accurately, whereas the pre-

dictions of SRTSs in stationary interfering noise are less accurate (Brand and Kollmeier,
[ |

2002b). The SII considers the individual hearing threshold in the particular signal-to—

noise ratio calculation of the respective frequency band (details see Appendix A). The

individual hearing threshold is interpreted as internal masking noise. There are differ-
ent ways to combine the internal masking noise and the interfering noise of the speech
test. Different to a maximum norm that is included in the standard [paragraph 4.5.,
(ANSIT S3.5, 1997)], in this study the amplitudes of both noises were added, assuming
that both noises were correlated. This should model that speech perception is most
difficult near threshold.

7.3 PREDICTING SENTENCE INTELLIGIBIL-
ITY IN FLUCTUATING NOISE

Fluctuating noise can be considered as a sequence of small time intervals of stationary
noise with a fixed level that varies across the particular time intervals. Therefore it
should be possible to predict the individual SRT in fluctuating noise by calculating
a combined speech reception threshold based on the individual stationary short—time
intelligibilities in these time intervals. Two different approaches to calculate this ‘ef-
fective’” SRT are presented in the following. One approach considers context effects
between the time intervals, the other does not consider any context effects. The pre-
dictions were compared to a database of SRT measurements with fluctuating interfering

noise.
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7.3.1 Measurement database

In order to verify the validity of speech intelligibility predictions with the SII, a large
database from audiological measurement results was constructed in cooperation with
the center of excellence ‘HorTech’ (Brand and Kollmeier, 2002b). The database in-

cludes data of 131 different ears, including normal-hearing subjects as well as subjects

with various types and degrees of hearing loss. All subjects performed the following

measurements monaurally via headphones: pure-tone audiogram, categorical loudness

scaling with speech-shaped noise (Brand and Hohmann, 2002), adaptive SRT and

speech intelligibility function’s slope determination (Brand and Kollmeier, 2002a) in

quiet as well as in noise employing stationary speech—shaped noise icra1 [Dreschler et al.

(2001) and Chapter(5] and fluctuating noise that simulates one mterfermg speaker with
a maximum silence interval length of 250 ms, referred to as icra5-250 (Chapter/6). The
speech intelligibility measurements in noise were performed with a fixed noise presenta-
tion level that corresponded to the individual loudness perception category ‘medium’ of
the speech—shaped noise. The individual data in quiet and in ¢cral noise were used to
determine two components A and D of the individual hearing loss for speech according
to Plomp that are fitted to the individual relation of SRT and noise level (Equation 7.2
and Figure7.1). These data were used to calculate the short—time intelligibilities in the
fluctuating icra5-250 noise. The effective predictions of the entire noise were compared

with the individual measurement results using icra5-250 noise as interfering noise.

7.3.2 Intelligibility prediction by a one—stage model (weighted

sum)

Figure 7.4 shows the level histogram of the fluctuating icra5-250 noise used in the
measurements. The noise was analyzed within time intervals of 11ms (512 samples).
Within each interval, the digital root-mean—square (RMS) level was determined in
1-dB-steps. Level resolutions from 0.2dB to 6dB, and time resolutions from 128 to
4096 samples were also tested, but did not yield largely deviating results.

The noise presentation level in the speech intelligibility measurements was calibrated
to the overall RMS level of the fluctuating noise. The level histogram was used to
calculate the individual short—time presentation levels of the noise. The individual
short—time SRT for each particular short—time noise presentation level was calculated
both by using the relation of SRT and noise level by Plomp’s model (Equation7.2)
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based on the individually fitted A and D values and by the SII . As a first approach,
these individual short-time SRT values were averaged across levels in order to obtain an
‘effective’ SRT for the entire fluctuating icra5-250 noise. This averaging was realized
by calculating the weighted sum across the individual short—time SRT values. The
weighting was given by the relative occurrence of the particular short time noise levels
in the level histogram. This one—stage approach is a very basic and technical approach

without any consideration of a possible speech perception process.

7.3.3 Intelligibility prediction by a two—stage speech percep-

tion model

The second prediction approach tries to model a possible speech perception process by
using the knowledge about speech perception in stationary noise and quiet concerning
context effects and statistics. The perception process is assumed as a two—stage model.
The first stage describes the perception of a single word by combining the information of
sub—word units. Context effects can be modeled by the assumption that it is sufficient
to perceive only a certain fraction of sub—word intervals in order to perceive an entire
word. This means that the probability p of correctly perceiving an entire word can be

modeled by Equation7.3.

l—p= H(l — i) (7.3)

p; denotes the particular probability of correctly perceiving the sub—word unit. This is

a generalization of the k factor concept of Boothroyd and Nittrouer (1988).

The second stage describes the overall intelligibility of a sentence. As word—scoring
was used in the measurements, this overall intelligibility was modeled by averaging the

intelligibilities across all words.

In order to calculate the probabilities of correctly perceiving the sub—word units p;, the
level sequence of the icra5-250 noise was calculated by determining the short—time pre-
sentation levels of the noise in time steps according to the length of the sub—word units.
For each short—time noise presentation level, the probability p; of correctly perceiving a

sub-word unit at a given SN R can be derived from the measured intelligibility results

'For each short—time noise level an individual short-time SII was calculated. These short-time
SIIs were averaged across noise level to obtain the effective individual SIT for the entire fluctuating
noise. In order to compare the predictions with measured data, the resulting individual SIIs were

transformed to SRT values.
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of entire words p using Equation 7.4.

1
Kl

1—pi=(1-p) (7.4)

with k’ denoting the number of sub—word units per word. In this backwards calculation
from p to p; it is assumed for simplicity that all p; have the same intelligibility function.
When combining the short-time intelligibilities of the particular sub-word units to
compute the word intelligibility, different intelligibility functions were applied for the
respective unit, depending on the short-time noise presentation level. The speech
intelligibility p of the entire words is given by the logistic model function Equation(7.5.

1

p (SNR,SRT,s) = 1 + e4s(SRT—SNR)

(7.5)

As a first attempt the SRT in Equation 7.5 was individually calculated with the fit-
ted A and D values from Plomp’s model and the short—time noise presentation level.
The slope s of the intelligibility functions was set to s = 12.3%/dB for intelligibil-
ity in quiet (mean value for hearing—impaired subjects, determined in Chapter 6), and
s = 16 %/dB for intelligibility in stationary noise (mean value for hearing—impaired
subjects, determined in Chapter5). The slope for noise was used if the current SRT
exceeded the individual SRT in quiet by more than 5dB. Otherwise, the slope for quiet

was used.

k’ and effective word length

The £’ for the words used in this study is an unknown parameter of the model. Prelim-
inary, it was assumed that it is sufficient to correctly perceive two phonemes out of the
particular word (that contains on average 6 phonemes) in order to correctly perceive
the entire word. This implies a high context between the sub—word units, given by
an assumed k' values of three. The relatively large number of phonemes per word is
due to the fact that not the real number of words per sentences (five) has to be used

here, but the number of statistically independent words per sentence. This number

is expressed by the j factor according to \Boothroyd and Nittrouer (1988). The mean

number of statistically independent perceived parts per sentence j in the Oldenburg

test sentences is j = 3to4 depending on the SNR (Wagener et al., 1999b). j also deter-

mines the effective word length wherein the sub—word units were combined. The mean
word duration of the Oldenburg sentence test is 400 ms. This indicates a mean length

of the statistically independent perceived parts of approximately 600 ms (correspond to
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a j of 3.3). Therefore, approximately 6 phonemes are included in one ‘effective’ word
and the error probabilities for the sub—word units were multiplied within time intervals
of 600 ms in order to calculate the intelligibility for the particular words. In order to
model the word—scoring data analysis, the intelligibilities of these 600 ms intervals were

averaged to calculate the ‘effective’ SRT for the entire fluctuating noise.

7.4 RESULTS

All SRT predictions were compared with the respective observed SRT data for the

fluctuating interfering noise.

As a baseline, the one—stage approach of averaging the predicted short—time SRTs was
applied to the audiogram—based SII concept. Figure[7.5 shows the prediction results of
the one-stage SII approach. 63 % of the predictions with fluctuating noise fell within
the estimated 95 %—confidence interval of the observed data, the correlation coefficient

equaled r=0.78, the slope of the regression line equaled 2.5.

Figure 7.6 shows the predictions of the one-stage approach of averaging the predicted
short-time SRT's based on Plomp’s model across short-time noise levels compared to
the observed data. 31 % of the prediction data fell within the estimated 95 %—confidence
interval, the correlation equaled r=0.87. It can be seen in Figure7.6, that the slope
of the data distribution is too high (2.2) since an ‘ideal’ prediction of the data would
result in a regression line with slope=1. A linear transformation of the predicted data

was applied in order to obtain a lower slope (Equation/7.6).

SRTpransy = 2.5+ SRTpyeq + 20 (7.6)

Figure 7.7 shows the comparison of the linear transformed predictions and the observed
data. The transformation function was fitted by eye, in order to result in smallest
deviations for both normal-hearing and hearing—impaired subjects. 75 % of the trans-
formed prediction data fell within the estimated 95 %—confidence interval, the correla-
tion equaled r=0.87, slope=0.9. The linear relation within the prediction data and
therefore the correlation did not change, because a linear transformation was used. The
transformation yielded better prediction of the data than predictions with the simple
one-stage approach (based on Plomp’s model or SII). As only a linear transformation
was applied, and therefore no additional information was included in the predictions,

it seems that sufficient information for good predictions was included in the input data
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used for the predictions. Apparently, this information was not adequately utilized in
the simple one—stage approach using the weighted sum to adequately predict the ‘ef-
fective’ SRT in fluctuating noise. As the transformation includes both a shift and a
factor, the predictions with the simple one-stage approach includes both a bias and a

compression compared with the data.

The results of the two-stage model with &’ = 3 is shown in Figure[7.8. Only 15% of
the prediction data fell into the 95 %—confidence interval (namely the normal-hearing

data), the correlation equaled r=0.86. The slope of the regression line equaled 2.4.

The two—stage model was then modified to include different context values for normal-
hearing and hearing-impaired subjects. It was assumed that hearing-impaired listeners
need to perceive all sub—word units in order to perceive the entire word. This implied
a k' of 1. In order to simulate the gradual ‘context loss’ between normal-hearing and
hearing—impaired listeners, a k' of 2 was applied at the limits between normal and
impaired hearing. The individual SRT in quiet was used to define the limits. The
most accurate predictions were obtained when using k& = 3 if the individual SRT in
quiet was less than 20dBSPL; k£ = 2 if the individual SRT in quiet was less than
30dBSPL; and k£ = 1 if the individual STR in quiet exceeded 30dB SPL. Figure[7.9
shows the predictions of the two-stage model with different context values. 80 % of
these predictions fell within the estimated 95 %-—confidence interval of the observed

data, the correlation equaled r=0.89, the slope of the regression line equaled 1.0.

The parameters describing the goodness of the predictions for each approach are given
in Table[7.1. This includes the percentage of predictions that fell within the estimated
95 %—confidence interval of the observed data (this interval was given by =+ twice the
mean estimated intra-individual standard deviation of the data = +4dB a) The
correlation coefficient between predictions and observed data as well as the slope of the

regression line are given in Table [7.1.

7.5 DISCUSSION

Plomp’s model about hearing loss for speech (Plomp, 1978) is valid for speech intelligi-
bility determined with the word—scoring Oldenburg sentence test. It is sufficient to use

2The mean intra-individual standard deviation of the SRT data was conservatively estimated
by 2dB. This value exceeded the mean intra-individual SRT standard deviation of 1.5dB that was

determined with a smaller subject collective that included less severe hearing impairments (Chapter(6).
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Table 7.1: Comparison of SRT predictions with observed SRT data in fluctuating in-
terfering noise. Percentage of predictions Nos that fell within the estimated 95 %—
confidence interval of the observed data, correlation coefficient r between predictions
and observed data, and slope of the regression line s,.q are given. Results for the one-
stage approach based on SII (denoted as ‘1 stage, SII’); based on Plomp’s model (denoted
as ‘1 stage, Plomp’); the linear transformed one—stage approach based on Plomp’s model
(denoted as ‘1 stage, Plomp, linear transformed’); the two—stage model with k' = 3 (de-
noted as ‘2stage, k' = 3°); and the two—stage model with three different k' (denoted as
‘2stage, k' =1 —3’) are shown.

Nos 1 Sreg
1stage, SII 63% 0.78 2.5
1stage, Plomp 31% 0.87 2.2
1stage, Plomp, linear transformed 75% 0.87 0.9
2 stage, k' = 5% 0.86 24
2stage, k' =1—3 80% 0.89 1.0

only one individual SRT measurement in quiet and one in stationary noise to deter-
mine the SRT relation to noise level with a high accuracy. It is possible to determine
the sum of the individual A— and D—component (A+D) of Plomp’s model with a high
accuracy when using the individual audiogram data in an SII prediction, because A4+D
simply describes the SRT difference in quiet between the individual subject and the

normal-hearing reference value. According to Brand and Kollmeier (2002b), individual

SRTs in quiet can be predicted very accurately with the SII. Since it is not possible
to predict SRTs in stationary noise with sufficient accuracy using the SII, it is not
possible to determine the individual D—component of Plomp’s model based only on the
audiogram data and SII calculation. This shows that the D—component includes both
the individual audiogram and a suprathreshold processing deficit that is not modeled

by the SII.

The basic approach of averaging the short-time SRTs in order to predict the effective
SRT in fluctuating noise (one-stage approach based on Plomp’s model) gave unsat-
isfying results. However, it was possible to improve the predictions considerably by
applying a linear transformation to the predictions. This clearly shows that the de-
sired information is somehow included in the predictions. However, the need of the

linear transformation shows that the model is not yet adequate. It was not possible to
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find such a common linear transformation for the one-stage approach based on the SII
that improved those predictions, since there was no linear relationship within the SII

predictions.

In order to model the speech perception process in fluctuating noise by a two-stage
approach, a context concept was integrated in the first stage. The concept was formu-
lated following the k factor approach of ‘Boothroyd and Nittrouer (1988). However, the
meaning of &’ that was used in the present study is different to the k factor: Boothroyd

and Nittrouer (1988) defines k as the amount of context calculated between a word

without context and a word with context. The k&’ used here can be regarded as context
within a word caused by the fluctuations of the interferer. This is connected to the
benefit in speech intelligibility between stationary and fluctuating interfering noise. A
high benefit means high context. This can motivate the necessity of using a k&’ which
depends on the hearing impairment: Normal-hearing listeners show a larger benefit
than hearing—impaired listeners when using fluctuating interfering noise instead of sta-
tionary noise. This means that normal-hearing listeners can correctly guess missing
sub—word units of a word when just one or two sub—word units per word were cor-
rectly perceived, since they are able to listen into the noise level valleys. Therefore,
the context between the sub—word units is high for normal-hearing listeners and it
is only necessary to correctly perceive some parts of a word (for the speech material
of this study equivalent to 2 phonemes: k' = 3). In hearing—impaired listeners, the
context effect is small: the subjects takes less advantage of the ‘listening into the gaps’
of the noise because these gaps are masked by an internal noise (i. e. the raised hearing
threshold level). Because of the decreased probability of perceiving sub—word units,
the probability of guessing not perceived sub-word units decreases as well. Conse-
quently, hearing—impaired listeners show less context and have to perceive the entire

word correctly (k= 1).

Although the underlying context concept is different, the differences between the k' = 3

for fluctuating noise and the k = 1.3 for stationary noise (Boothroyd and Nittrouer,

[ |
1988) using single words in normal-hearing listeners possibly imply that the context
within words is higher in fluctuating noise than in stationary noise. However, this effect
is overlapping with other factors that influence the context within words. Boothroyd

and Nittrouer (1988) used one—syllable words. 70 % of the word material in this study

consists of two—syllable words. In addition, the context of the Oldenburg word material

is very high because of the limited word material: the chance of correctly guessing a

sub—word unit is higher when only 50 different words are used.
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The main disadvantage of the model in its current form is that the very rapid decrease
of k (from 3 to 1) for SRT values in quiet of approximately 10dB above normal can
hardly be motivated. Therefore, these context effects should be further investigated re-

garding more elaborate context models. An advanced context model was developed by

Bronkhorst et al. (1993). That model was successfully applied to sentence intelligibil-
ity data determined with the Oldenburg sentence test (Bronkhorst et al., 2002). In the
future this model should be applied to the present two—stage model of speech percep-

tion in fluctuating noise. It is very likely that a complete model of speech intelligibility
in fluctuating noise (if it exists at all) has to include not only a very elaborate context
model but also the effects of time resolution and forward— and backward—masking.

Such a model would be beyond the scope of this thesis.

It is difficult to compare the predictions with other SII data in literature, because
mostly speech intelligibility predictions were used in order to quantify the hearing
deficits that were due to masking in noise and to separate these deficits from other
factors of hearing loss (Peters et al., 1998). Peters et al. (1998) applied the Articu-
lation Index AI without integrating the interfering noise in the calculation of Al In

another study, the absolute values of the SII predictions were accounted to be irrel-
evant, therefore only the relative relationship between measured SRT and predicted
SIT was confirmed (Versfeld and Dreschler, 2002). In that particular study, the SII

was calculated assuming the fluctuating noise was stationary. Dubno et al. (2002)

directly compared two types of Al predictions with observed data in fluctuating inter-
fering noise. The first approach used the corrections described in Sec. 5.1.2 (Masking
by Non-Steady—State Noise) of the Al standard (ANSI S3.5, 1969). These predictions
gave nearly always substantially higher scores than observed. According to Dubno

et al. (2002), the best results were obtained with the second approach described by

Houtgast et al. (1992). This approach was similar to the one-stage approach based

on short—time SIIs in the present study as the AI was calculated by averaging the
noise level over time. As the calculations included in the AI are linear within a 30 dB

range, this should result in similar results as calculating short—time SIIs and averaging

these values over time (one-stage, SII). Dubno et al. (2002) could predict the ob-

served data of younger subjects quiet well [nearly 70 % of the predictions fell into the

estimated 95 %—confidence interval of the measurements, compare Figure8 in Dubno

et al. (2002)]. The results of nearly all older subjects were poorer than predicted [only

approx. 13% of the predictions fell into the estimated 95 %—confidence interval of the

measurements, compare Figure8 in Dubno et al. (2002)]. The SII predictions of the
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present study were comparable to the Al predictions of Dubno et al. (2002), Houtgast

approach, with younger subjects.

The two—stage speech perception model with integrated context concept introduced in
the present study could predict the speech intelligibility results in fluctuating interfering
noise more precisely than the one-stage model based on SII and SII / Al predictions
in the literature. It seems that the two—stage approach reflects the ‘effective’ behavior
of the sentence perception process in fluctuating noise in a more appropriate way.
However, the necessity to use different &’ values for different hearing losses can be
motivated but can not yet be confirmed by literature data. Therefore, it should be
further investigated whether such an context loss in hearing—impaired subjects can

also be described by stronger forward masking compared to normal-hearing subjects

(Nelson and Freyman, 1987;|Glasberg et al., 1987). Such an approach would use an

‘effective’ level course of the noise, considering forward masking of soft noise intervals

by previous loud intervals when determining the short—time noise levels.

7.6 CONCLUSIONS

1) Plomp’s model about hearing loss for speech (Plomp, 1978) is valid for speech

intelligibility determined with the word-scoring Oldenburg sentence test.

2) It is possible to predict speech intelligibility in fluctuating noise of normal-hearing
and hearing-impaired subjects by using individual SRTs in quiet and in stationary

noise as input parameters.

3) The perception of sentences in fluctuating noise can be described by a two-stage
process that integrates a context concept. The perception of sub—word units considering
the respective context yields the intelligibility of the particular words. Word-scoring
implies that the intelligibility of the particular words are averaged to obtain the total

intelligibility in fluctuating noise.

4) Assuming different context effects for different degrees of hearing loss yields very

accurate predictions by the two—stage speech perception model.

5) It should be further investigated whether the different characteristics of normal—
hearing and hearing—impaired subjects can also be modeled by considering forward

masking in the two—stage speech perception model.

6) The two—stage speech perception model with integrated context concept should be
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adapted to the SII concept.

7) A measure of suprathreshold processing deficits should be included in the SII concept

for fluctuating noise.
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Figure 7.3:  Plomp’s model function (Equation7.2) fitted to the Oldenburg sentence

test results of 10 hearing—impaired subjects with different types of hearing loss.
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Figure 7.4: Level histogram of fluctuating noise icra5-250. The noise was analyzed
within time intervals of 11 ms. Within each interval, the digital root—-mean—square
(RMS) level was determined in 1-dB-steps.
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Figure 7.5: Predictions of SRT in icra5-250 noise with the one-stage approach based
on SII compared to observed data determined with the Oldenburg sentence test. The

dotted lines indicate the estimated 95 % confidence interval of the measurement results.
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Figure 7.6: Intelligibility predictions for icra5-250 noise by the one-stage approach
based on Plomp’s model. FEach circle indicates one pair of observed/predicted SRT.

The dashed lines indicate the estimated 95 % confidence interval of the observed data.
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109

Intelligibility predictions for icra5-250 noise by the one-stage approach

based on Plomp’s model and linear transformation. FEach circle indicates one pair
of observed/predicted SRT. The dashed lines indicate the estimated 95 %-confidence

interval of the observed data.
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Figure 7.8: Intelligibility predictions for icra5-250 noise by two-stage speech percep-

tion model, k' = 3. FEach circle indicates one pair of observed/predicted SRT. The

dashed lines indicate the estimated 95 %—confidence interval of the observed data.
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Figure 7.9: Intelligibility predictions for icra5-250 noise by two-stage speech percep-
tion model with integrated context concept and three different k' values. FEach circle
indicates one pair of observed/predicted SRT. The dashed lines indicate the estimated

95 %-confidence interval of the observed data.
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Chapter 8
Summary and Conclusion

The aim of this thesis was to evaluate and model speech intelligibility with regard
to comparability of sentence tests both within one language and across languages.
Comparability was explored with one particular test type (syntactically fixed, but se-
mantically unpredictable sentences). In addition to comparability across languages,
comparability of test lists both in noise and in quiet was investigated and comparabil-
ity of measurement procedures (different presentation levels, noises, and presentation
types) was explored. Using fluctuating interfering noises gave the largest diagnosti-
cal benefit. Therefore, speech intelligibility in fluctuating noise was explored in more
detail.

The second chapter presented the Danish version of a sentence test with syntactically

fixed, but semantically unpredictable sentences. This test was developed similar to

the German Oldenburg sentence test (Wagener et al., 1999c; Wagener et al., 1999a;

‘Wagener et al., 1999b) that was adopted from the Swedish Hagerman sentences

(Hagerman, 1982). The design, the optimization, and the evaluation of the Danish

test were presented.

From the speech audiometric point of view, these tests are characterized by their ref-
erence intelligibility functions determined with normal-hearing subjects (sometimes
denoted as performance-intensity functions). To compare sentence intelligibility tests
across different languages, these intelligibility functions were compared across Swedish,
German, and Danish (third chapter). A logistic model function with two parameters
was applied to describe the dependency of speech intelligibility and signal-to-—noise
ratio. The parameters were speech reception threshold SRT (signal-to—noise ratio that
yields 50 % intelligibility) and slope of the intelligibility function at SRT. The main dif-

113
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ference between the Swedish, German, and Danish test apart from language and speaker
(Swedish and Danish: female speaker, German: male speaker) was the consideration of
coarticulation effects. In the Swedish test, no coarticulation was preserved between the
particular words of the test sentences leading to an unnatural speech flow at very high
signal-to-noise ratios. The German and Danish tests preserved the natural coarticu-
lation between words. The comparability of the Swedish and German test is high both
with respect to the SRT and slope values (Hagerman sentences: SRT =-8.1dBSNR,
slope =16 %/dB; Oldenburg sentence test: SRT =-7.1dB SNR, slope=17.1%/dB). Al-
though the Danish test was realized very similar to the German test, the different lan-
guage and speaker resulted in lower comparability of both tests (SRT =-8.4dBSNR,
slope =13.2 %dB). The lower slope of the Danish test is due to a lower slope of the mean
word-specific intelligibility function [16.1 %/dB versus 20 %/dB (Oldenburg sentence
test) and 23.5%/dB (Hagerman sentences)]. This shows that there are some diffi-
culties in establishing comparable speech tests across different languages even though
most parameters have been set to be the same. In comparison with the sentence

tests considered so far, however, the reference intelligibility functions of sentence tests

with everyday sentences vary more: The slopes of these tests (Kalikow et al., 1977,
Plomp and M1mpen 1979; [Nilsson et al., 1995; Smoorenburg, 1992; Kollmeier and
Wesselkamp, 1997 Versfeld et al., 2000) cover a range from 9%/dB (Nllsson et al.,
1995) to 19.2%/dB (Kollmeier and Wesselkamp, 1997).

Speech tests were often optimized with respect to test list homogeneity in inter-

fering noise (Kalikow et al., 1977; Plomp and Mimpen, 1979; Hagerman, 1982;

Nilsson et al., 1994; Kollmeier and Wesselkamp, 1997; Wagener et al., 1999a; Wagener
[ |

et al., 2003). It was questionable whether the so achieved homogeneity also holds for

intelligibility in quiet. Therefore, it was investigated in chapter four, whether sentence
tests that were optimized for performing speech tests in noise are also suitable for

speech tests in quiet. The German Gottingen [meaningful sentences, (Kollmeier and

Wesselkamp, 19975] and the Oldenburg sentence test [syntactically ﬁxéd7 but seman-

tically unpredictable sentences, (Wagener et al., 1999¢)] were evaluated with normal-

hearing subjects. It was confirmed that test list homogeneity in noise (i.e., small
standard deviations of SRT and intelligibility functions slope values across test lists)
is also valid in quiet. It can be assumed that this holds also for other tests in different

languages that were optimized in an similar way.

In the fifth chapter, comparability within one language was explored by investigating

the influence of the factors presentation level, type of interfering noise, and presentation
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mode on sentence intelligibility with normal-hearing and hearing—impaired subjects.
Critical factors that influence the comparability of speech test results should be sepa-
rated from non—critical factors that can be chosen arbitrary. The presentation level of
the interfering noise was found to be non—critical within the range that is mostly used
in diagnostics and rehabilitation (up to 85dBSPL) as long as the noise presentation
level exceeds the individual hearing threshold. SRT results were only depending on the
signal-to—noise ratio and not on the presentation level within this range as long as the
noise presentation level exceeded hearing threshold. Therefore, it is recommended to
use a presentation level of 65dB SPL for normal-hearing and 80dB SPL for hearing—
impaired subjects. When using this recommendation, however, it has to be assured
that the hearing—impaired subjects perceive the noise, otherwise the level has to be
increased. Furthermore, the presentation level should not approximate the individual
uncomfortable level. It is also non—critical whether the noise level or the speech level
is held constant in an adaptive procedure for determining SRT. Using continuous noise
instead of noise that is interrupted between the particular test sentences yielded a
slightly lower SRT. This was only statistically significant for normal-hearing subjects.
This indicates that the healthy human auditory system may adapt to a noise with a
certain time constant that yields a certain noise reduction in continuous noise (simi-
lar to some hearing aids with noise suppression algorithms). Since hearing—impaired
subjects may also show an impairment of this mechanism, the difference between con-
tinuous and synchronous noise presentation may be less prominent for these subjects.
In addition, no difference was found when using the stationary speech—shaped icral
noise or the olnoise. Therefore, it is recommended to use the stationary icral noise

as interfering noise in speech tests when the respective language shows a long—term

spectrum similar to the LTASS—spectrum (Byrne et al., 1994).

Using fluctuating noises gives a better differentiation between subjects with different
degrees of hearing loss. Therefore, these noises are highly recommended for speech
audiometry. The highly fluctuating icrad noise has the disadvantage that silent inter-
vals with durations of up to 2s are included. As entire sentences could fall into such
silence intervals, the original icrad noise was modified by limiting the maximum silence
interval duration of the original icrad noise to 250 ms (icra5-250) and 62.5ms (icras-
62.5). Chapter six explores speech intelligibility in fluctuating noise depending on the
maximum pause duration. By comparing the speech intelligibility results of the pause
limited noises to the icras data (determined with the same hearing—impaired subjects)

it was shown that the advantage of fluctuating noises (good differentiation between
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subjects) was preserved. The relation of speech intelligibility in fluctuating noise with
other factors that describe the hearing ability was investigated. Speech intelligibil-
ity in the original icrad noise was correlated to speech intelligibility in quiet, but not
to speech intelligibility in noise. Speech intelligibility in the pause limited fluctuating
noises was highly correlated to both intelligibility in quiet and in stationary noise. This
is consistent with the idea that the benefit in fluctuating noise over stationary noise is
due to the ability to ‘listen in the valleys’ (Dubno et al., 2002; Eisenberg et al., 1995;
Duquesnoy, 1983a; Carhart et al., 1969). As the rhythm perception and modulation

content of the icra5-250 noise resembles a simulated interfering speaker more than the
icrab—62.5 noise, the icra5-250 noise is recommended for speech tests in fluctuating

noise.

In chapter seven, a feasibility study of predicting speech intelligibility in fluctuating
noise was presented. All presented approaches were motivated by the fact that speech
intelligibility in fluctuating noise highly correlates with both speech intelligibility in
quiet and in stationary noise. The fluctuating noise was subdivided into short—time
intervals wherein the noise presentation level was assumed to be stationary. Within
these intervals, the intelligibility was predicted using two different SRT prediction con-
cepts for stationary conditions. The Plomp model describes the relationship between
SRT and noise presentation level relationship using both one SRT measurement in
quiet and one SRT measurement in stationary noise as individual input data. The SII
approach predicts the intelligibility function based on the individual pure-tone audio-
gram. These predicted stationary short—time intelligibilities were used to compute the
SRT prediction for the entire fluctuating noise. Different approaches of combining the
short—time values were presented that vary in complexity of the underlying theory. A
simple one-stage approach of averaging the SRT values that correspond to the par-
ticular noise levels together with a linear transformation gave fairly good predictions.
A more sophisticated approach simulated the perception process in more detail. This
so—called two—stage speech perception model describes the perception of a test sentence
by combining independent sub—word intervals in order to understand a word within the
first stage. The word intelligibilities were averaged to compute the total intelligibility
within the second stage in order to simulate word—scoring. The intelligibility functions
of the sub—word intervals were derived from the intelligibility functions of the complete

sentences using a context concept similar to the k factor proposed by Boothroyd and

Nittrouer (19885. The two-stage model with integrated context concept predicts the

SRTSs in fluctuating interfering noise very accurately. However, this agreement between
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predictions and measurements could so far only be achieved by assuming a strong de-
pendency of context values (k') and the degree of hearing impairment. The high £’
values of 3 in normal-hearing subjects can be motivated by a large context effect due to
the modulation valleys of the noise level and the limited set size of the word material.
The rapid decrease of k' (from 3 to 1) for SRT values in quiet of approximately 10dB
above normal, however, is hard to motivate. Therefore, further research is needed to

investigate these context effects in more detail.

Conclusions

Using syntactically fixed, but semantically unpredictable sentences for speech tests in
noise allows to perform extensive measurements with the same subjects, because the
test lists can be used several times with the same subject. The comparison of all three
existing speech tests with syntactically fixed, but semantically unpredictable sentences
showed that there are still differences between these tests due to the different languages
and speakers. These differences are small compared to the differences across speech
tests with everyday sentences in different languages. Therefore, using syntactically
fixed, but semantically unpredictable sentences is recommended in order to establish

comparable speech tests across different languages.

It was shown that test lists that were originally optimized with respect to homogeneity
in noise are also perceptually homogeneous in quiet conditions. This holds for both

syntactically fixed, but semantically unpredictable sentences and everyday sentences.

The comparability of speech test results within one language and one sentence test
was explored by separating measurement parameters that influence the results from
those that can be arbitrarily chosen. As standard parameter setting for determining
SRT adaptively, the stationary icral noise should be used with a presentation level of
65dB SPL (normal-hearing) and 80 dB SPL (hearing—impaired subjects). It should be
documented, whether continuous or interrupted noise was used. In order to investigate
the SRT benefit in fluctuating noise, the speech simulating modified icra5-250 noise
should be used that was generated by limiting the maximum silence interval durations

of the original icrab noise to 250 ms.

In order to improve understanding of speech perception in fluctuating noise, SRT pre-
dictions were performed. Intelligibility in fluctuating noise can be fairly well predicted

by a two—stage speech perception model that includes a context concept with different
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amount of context for normal-hearing and hearing—impaired listeners.

In summary, the methods and recommendations given by this thesis appear to yield

high comparability of speech intelligibility measures both within and across languages.



Appendix A

Speech Intelligibility Index for

fluctuating noise

The Speech Intelligibility Index (SIT) (ANSI S3.5, 1997) is a common method to predict

speech intelligibility. It was developed for predictions in stationary noise. The basis of

this measure is that both signal and noise properties are known separately. The SII is
defined as the weighted sum of signal-to—noise ratios measured in different frequency
bands [Equation A.1, paragraph 4.7.1 in ANSI S3.5 (1997)].

1
SIT = o ‘Z wi(SNR; + 15) (A1)
i=1...N
SNR; € [—15;15]

SNR; in Eq. A.1 denotes the signal-to-noise ratio SNR in frequency band i between
speech signal and noise signal. In this study, the real long—term spectrum of the sen-
tence material was used. The calculated SN R; considers effects of upward—/downward—
and self-masking. The weighting factors w; for each frequency band 7 are given for dif-
ferent types of speech material and characterize the importance of the particular fre-
quency bands for understanding the respective speech material. In this study, N =18
frequency bands and the weighting factors for ’short passages of easy reading material’
were used [Tab. B.2., ANSI S3.5 (1997)]. These factors show a maximum at 500 and
4000 Hz. The SII computed in this way takes values between 0 and 1. In order to

transform the SII to speech intelligibility S, the transformation function for sentence
intelligibility of Fig. 7/ Tab. III, curve I (Flechter and Galt, 1950) was used.

In order to determine SRT values (speech reception threshold, i.e. signal-to—noise
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ratio that yields 50 % intelligibility), the intelligibilities S were calculated within a 1—
dB level grid. The SRT was calculated by linearly interpolating between two adjacent
level values that yield intelligibilities below and above 50 %, respectively.
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