








92

French versions of the tests, the SRTs were plotted relative to the reference

SRT for normal-hearing listeners (cf. Table 4.2).

Per test and per language version, a linear regression analysis was
performed with the PTA,3,¢ as the independent and the SRT as the
dependent variable. Two outliers were identified which had an absolute
studentized deleted residual larger than t[1-a/2n;n-3], with a=0.05, n=84
(Dutch-speaking group), and n=34 (French-speaking group). Both outliers
occurred for the Digit Triplet test, one for the Flemish and one for the
French version. In the left panel of Figure 4.2, these are the two data points
with the highest SRT (15.6 and 15.9 dB SNR relative to the reference). The
correlation coefficients and slopes of the linear regression lines, with the

outliers excluded, are given in Table 4.3.

Table 4.3 Correlation coefficients and slopes (+ standard errors, SE) of the linear regression
of the SRT (in dB SNR) versus the PTA, ;3 4 ¢ (in dB HL) with outlying data points excluded.

Digit Triplet Ccvc CVC_LP
R Slope (+SE) R Slope (£SE) R Slope (+SE)
Flemish  0.86 0.12(+0.01) 0.64 0.07 (x0.01) 0.79 0.18 (+0.02)
French 0.81 0.16 (+0.02) 0.73 0.12 (+0.02) 0.91 0.31(+0.02)
All 0.85 0.14 (+0.01) 0.67 0.08 (+0.01) 0.83 0.22 (+0.01)

Linear regression analyses were also performed on the complete group of
Dutch- and French-speaking subjects together. Only one outlying data point
remained for the Digit Triplet test (the French-speaking listener with the
highest SRT), whereas a new outlier was found for the CVC test. This was
also a French-speaking listener, who had an SRT of 11.6 dB SNR relative to
the reference (highest data point in the middle panel of Figure 4.2). The
correlation coefficients and slopes for the linear regression analyses on all

subjects together are also given in Table 4.3.

In general, the CVC_LP test showed the largest spread of SRTs along the
different listeners, with a range of more than 20 dB, resulting in a steep
slope of the linear regression line (0.18 +0.02 dBSNR/dBHL for the Flemish
and 0.31 +0.02 dBSNR/dBHL for the French version). On the other side of
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the scale, the CVC test in standard speech-shaped noise exhibited a rather
shallow slope (0.07 +0.01 dBSNR/dBHL for the Flemish and 0.12 +0.02
dBSNR/dBHL for the French version). The slope for the Digit Triplet test had
a steepness which was in between the two other tests (0.12 +0.01
dBSNR/dBHL for the Flemish and 0.16 +0.02 dBSNR/dBHL for the French

version).

For the three Flemish tests, the strongest correlation was seen for the Digit
Triplet test (R=0.86), which was followed by the CVC_LP test (R=0.79). For
the French tests, the CVC_LP test showed the highest correlation coefficient
(R=0.91), followed by the Digit Triplet test (R=0.81). For both languages, the
correlation was the weakest for the CVC test, with R=0.64 for the Flemish

and R=0.73 for French version.

4.5 Discussion

In general, the results for the two languages show a very similar trend.
However, the slopes of the linear regression of the three French tests tend
to be steeper than for the Flemish tests. This difference was only
statistically significant for the CVC_LP test, as there was no overlap of the
95% confidence intervals (slope estimate + 2*SE) between the two
language versions. Therefore, the results for the two groups will be
discussed separately. The results of the largest group of Dutch-speaking
participants will be discussed first, each time followed by a (short)

discussion of the French results.

4.5.1 CVCversus Digit Triplet test

For the Flemish tests, the CVC test yielded a significantly shallower slope of
the linear regression line compared to the Digit Triplet test (0.07 versus
0.12 dBSNR/dBHL). Together with the significant increase in measurement
error (1.1 versus 0.8 dB), the CVC test shows a significantly weaker
correlation (R=0.64 versus R=0.86; Steiger’s Z=4.27, p<0.001) and thus turns

out to have a lower sensitivity for high-frequency hearing loss than the Digit
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Triplet test. A possible explanation for the higher measurement error of the
CVC test is the somewhat shallower slope of the reference psychometric
curve of around 13%/dB, whereas the Digit Triplet test has a reference
slope of more than 20%/dB (see Table 4.2). The steeper the psychometric
curve, the more accurately the adaptive procedure will fluctuate around the
listener’s SRT. Although the number of trials within one adaptive track was
higher for the CVC test (36 words versus 27 triplets), this could not

compensate for the decrease in precision.

The lack of improvement in SRT spread between the different listeners
when using CVC words all with the same vowel is in contrast to what was
hypothesized. Possibly, the higher difficulty to identify consonants
compared to vowels holds true for normal-hearing listeners equally well as
for listeners with high-frequency hearing loss. When comparing the
confusion matrices of the Digit Triplet test for the participants with a
PTA, 346 below 20 dB HL to the participants with a PTA, 346 of 20 dB HL or
above, this idea seems to be supported. Of all occasions at which the better
listeners gave an incorrect answer for the digit /en/, the digit /twe/ was
answered 32% of the time, and 36% in the opposite case. Also the digits
/dri/ and /vi:r/ were most often mistaken for each other (30% and 31%,
respectively). In the hearing-impaired listeners these confusions were
somewhat less consistent. Presenting words with the same vowel is thus
expected not to give any advantage for normal-hearing listeners over
listeners with NIHL.

The same trends were seen for the French tests, though somewhat less
strong. The CVC test tended to yield a higher measurements error (1.0
versus 0.8 dB) and a shallower slope of the linear regression line (0.12
versus 0.16 dBSNR/dBHL) and with that a weaker correlation coefficient
(R=0.73 versus R=0.81) compared to the Digit Triplet test. However, these

differences were not statistically significant.
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4.5.2 CVC_LP versus CVC test

Comparing the CVC_LP to the CVC test for the Dutch-speaking listeners, a
significant increase in the steepness of the slope was seen (0.18
dBSNR/dBHL versus 0.07 dBSNR/dBHL). However, at the same time the
measurement error on the SRT proved to be significantly higher as well (1.6
versus 1.1 dB). Still, the CVC_LP test yielded a significantly higher
correlation coefficient (R=0.79 versus R=0.64, Steiger’s 7=-2.62, p=0.009)
and can thus be considered more sensitive than the CVC test in standard
speech-shaped noise. For the French-speaking listeners, no significant
increase in measurement error was found (1.2 versus 1.0 dB), so that a very
clear benefit of the LP-filtered noise was seen (R=0.91 versus R=0.73,
Steiger’s Z=-3.45, p<0.001).

The reason for the increase in measurement error is most probably an
increase in inter-item SRT differences when the words are presented in LP-
filtered noise. Therefore, the intelligibility scores, averaged over all listeners
and all presented SNRs, were determined for each of the 9 CVC words (see
Figure 4.3). In theory, the average score should lie slightly above 50% — the
test starts at a relative easy SNR and then converges towards the listeners’
SRT — with a small variation across the different words. In Figure 4.3, this
variation is visualized. When comparing the standard deviation across the
words when presenting the test in standard speech shaped noise versus LP-
filtered noise, a large increase from 7 to 23% was seen for the Flemish test,
whereas the French version yielded a much smaller increase from 13 to
16%. Although it is not clear why this effect was larger for the Flemish than
for the French version, the increase in measurement error might have been
prevented by including a separate optimization phase for the CVC words in

LP-filtered noise.
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Figure 4.3 Intelligibility scores per CVC word in the standard speech-shaped noise (filled
diamonds) and in LP-filtered noise (stars), averaged across all participants and all
presented SNRs. Upper panel: Flemish test; Lower panel: French test.

4.5.3 CVC_LP versus Digit Triplet test

Although there was a clear benefit of using a LP-filtered noise for both
language versions of the CVC test, no improvement in sensitivity was seen
compared to the original Digit Triplet test in standard speech-shaped noise
for the Dutch-speaking participants. The correlation coefficient of the
CVC_LP test was even significantly weaker than for the Digit Triplet test
(Steiger’s Z=1.97, p=0.049). This was caused by the loss in sensitivity by
using CVC words as speech material. In this regard, the use of digit triplets
presented in LP-filtered noise will potentially yield a further increase in

sensitivity, and should further be investigated.



Chapter 4 97

To conclude, it needs to be noted that it is questionable whether much
higher correlation coefficients between the SRT and the PTA may be
achieved. First of all, both psychophysical (behavioral) tests will always yield
a certain measurement error. Secondly, it is likely that the supra-threshold
identification ability in some listeners will be affected differently (more or
less) than their pure-tone detection ability. However, this should be seen as
a strength of the SRT, since it measures an ability which is highly relevant
for human communication (Shamma, 2011; Ruggles et al, 2011). Persons
failing on a speech-in-noise test although passing a pure-tone detection
test, might also benefit from an appropriate follow-up so that further
hearing loss can be prevented as much as possible and/or an appropriate

rehabilitation can be started.

4.6 Conclusions

In this study, the sensitivity of a speech-in-noise test to detect and monitor
high-frequency hearing loss in noise-exposed workers, was evaluated with
different types of speech and noise materials. Compared to the original
Digit Triplet test in stationary speech-shaped noise, it was investigated
whether the use of a closed set of CVC words all with the same vowel,
and/or the use of a LP-filtered version of the standard noise could improve
the sensitivity. Against expectations, the CVC test yielded a lower sensitivity
than the Digit Triplet test. This decrease in sensitivity was only significant
for the Flemish version of the test, but the French version showed the same
tendency. The use of a LP-filtered noise, however, did improve the

sensitivity, but it did not surpass the original Digit Triplet test.
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Chapter 5 Multi-center comparison of three

types of speech-in-noise tests*

5.1 Abstract

Objective: To compare results on the everyday sentence test ‘FIST’, the new
closed-set sentence test ‘FrMatrix’, and the digit triplet screening test
‘FrDigit3’. Design: First, the FrMatrix was developed and normative values
were obtained. Subsequently, speech reception thresholds (SRTs) for the
three types of tests were gathered at four study centers representing
different geographic regions in Belgium and France. Study Sample: Fifty-
seven normal hearing listeners took part in the normative study of the
FrMatrix and 118 subjects, with a wide range of hearing thresholds,
participated in the comparative study. Results: Homogenizing the individual
words of the FrMatrix with regard to their intelligibility resulted in a
reference SRT of -6.0 (+0.6) dB SNR and slope at the SRT of 14.0 %/dB. The
within-subject variability was only 0.4 dB. Comparison of the three tests
showed high correlations between the SRTs mutually (>0.81). The FrMatrix
had the highest discriminative power, both in stationary and in fluctuating
noise. For all three tests, differences across the participating study centers
were small and not significant. Conclusions: The FIST, the FrMatrix, and the
FrDigit3 provide similar results and reliably evaluate speech recognition
performance in noise both in normal hearing and hearing impaired

listeners.

* The content of this chapter has been published as: Jansen S., Luts H., Wagener K.C.,
Kollmeier B., Del Rio M., et al 2012. Comparison of three types of French speech-in-noise
tests: a multi-center study. International journal of audiology, 51, 164-73.
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5.2 Introduction

For many years it has been known that testing a listener’s speech
recognition in background noise yields important information in addition to
the pure-tone audiogram. Since the introduction of the first sentence-in-
noise tests by Kalikow et al (1977) and (Plomp & Mimpen, 1979a), many
similar sentence tests have been developed in different languages, but with
lots of variations in the style and the content of the sentences, speaker
selection, type of noise, presentation method, response scoring, et cetera.
A very extensive and recent overview of these variables is given by
Theunissen et al (2009). One important similarity is that most of these tests
contain everyday sentences, presented in an open-set paradigm. In 1982,
Hagerman introduced a new type of speech-in-noise test in Swedish with
syntactically fixed sentences (name-verb-numeral-adjective-object), based
on a closed-set of 5 x 10 words. These sentences are semantically
unpredictable, thus being less redundant than the everyday sentences. This
type of test was adopted and further improved by Wagener et al (1999c,
1999a, 1999b) for the development of the German OLSA, and later for the
Danish Dantale Il (Wagener et al, 2003). Within the European HearCom
project, this so-called matrix test has been developed for many other
languages (e.g. the Polish Sentence Matrix Test by Ozimek et al, 2010). The
major advantage of a matrix test over an everyday sentence test is primarily
that it can be used for multiple testing in the same subject, since the
sentences are less liable to be memorized. This is especially valuable in
research settings (e.g. for evaluation of new hearing instrument algorithms)
or in rehabilitation (e.g. comparison of different hearing aid settings),

where subjects are typically tested in a series of different conditions.

However, one already known disadvantage of matrix tests is the training
effect in inexperienced and even experienced listeners (Hagerman, 1982;
Wagener et al, 1999b, 2003; Hernvig & Olsen, 2005). This effect can be
reduced by starting each test session with a training phase. Furthermore,

when analyzing results on the level of a whole group of subjects, the
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training effect can be outbalanced by testing different conditions (e.g.
different hearing aid algorithms) in a different order for each subject.
Matrix tests are thus less suitable for routine clinical testing, where testing

time restrictions prohibit sufficient training.

A frequently used measure for speech-in-noise tests is the speech reception
threshold (SRT), which is the stimulus presentation level (relative to the
noise level) yielding a 50 % recognition score. For everyday sentence tests,
the simple up-down adaptive procedure of (Plomp & Mimpen, 1979a) is
generally used to estimate the SRT on the basis of only one list of 10 to 20
sentences. In this procedure, sentence scoring is applied (all words or all
key words within the sentence need to be correctly repeated), and a fixed
2-dB step size is employed. The SRT is simply calculated as the average
signal-to-noise ratio (SNR) of the last N sentences in the list (with N
depending on the used speech material). As matrix tests contain sentences
with equal numbers of words, Hagerman & Kinnefors (1995) proposed a
new adaptive procedure where the step size depends on the number of
correctly understood words. When repeating correctly 0, 1, 2, 3, 4, or 5
words out of 5, the SNR of the next sentence is changed by +2, +1, 0, -1, -2,
or -3 dB respectively, thus converging to a 40% correct score. This
procedure was further improved by Brand & Kollmeier (2002), with a
convergence to a 50% correct score and a reduction of the step size per
reversal within a list. Furthermore, a maximum likelihood fit was applied to
estimate the SRT. An important measure to evaluate a used measurement
procedure and a speech material itself is the test-retest reliability (or
within-subject variability). Reliability is typically calculated as the root mean
square of the within-subject standard deviations of repeatedly measured
adaptive SRTs. In this way, a reliability of 1 dB means that in 95 % of cases
the adaptively measured SRT differs less than 2 dB (2 standard deviations)
from a listener’s ‘true’ SRT (Plomp & Mimpen, 1979a). With their new word
scoring procedure and with lists of 20 sentences of the German OLSA,
Brand & Kollmeier (2002) showed that the SRT estimate proved to be highly
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reliable, with an average within-subject standard deviation of less than 1
dB.

Considering the high reliability and the complementary applicability a
matrix test can have for testing speech recognition in noise, the current
study involves the development of the French Matrix test (‘FrMatrix’). To
this day, three standardized speech-in-noise tests have been available for
Francophone listeners: (1) the Canadian French Hearing In Noise Test
(Vaillancourt et al, 2005, 2008b) and its adapted version for children
(Laroche et al, 2006), (2) the French Intelligibility Sentence Test (‘FIST’) for
European Francophone listeners (Luts et al, 2008), and (3) the French Digit
Triplet test (‘FrDigit3’, Jansen et al, 2010). The first two tests are everyday
sentence tests, with the largest difference being the vocabulary and
pronunciation of the sentences. The FrDigit3 is an automatic self-screening
test, with lists of 27 triplets of the digits 1 to 9 presented in a stationary
speech-weighted noise. The recordings of both the FIST and the FrDigit3

were made with speakers from Paris.

In the first part of this paper, the development of the FrMatrix is described.
In a first phase, the 50 words of the matrix were selected. Recordings were
optimized by improving the homogeneity of the words with regard to their
intelligibility by normal hearing (NH) listeners. The recordings and
optimization were done in exactly the same way as for the development of
the Danish test (Wagener et al, 2003), and is highly similar to the German
(Wagener et al, 1999c, 1999a, 1999b) and the Polish test (Ozimek et al,
2010). The optimized FrMatrix test was then finally evaluated in a large
group of NH listeners: the reference curve of the psychometric function was
established, and the list equivalency, the extent of the training effect, and

the reliability of two different adaptive procedures were studied.

The second part of this study concerns the comparison of the FIST, the
FrMatrix, and the FrDigit3 in a large group of NH and hearing impaired (HI)
listeners across Belgium and France. The main aim of this second study is to

determine to what extent these three different types of speech-in-noise
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tests yield similar SRTs in similar noises. There might be substantial
differences with regard to linguistic and general cognitive demand,
influencing the outcome of the speech-in-noise tests in different ways. For
example, subjects might experience more difficulty repeating the words of
the matrix sentences, which do not have any context, than repeating the
more redundant sentences of the FIST. Table 5.1 summarizes the main
differences between the three tests with regard to the characteristics of the
speech material and of the test procedure generally used with that test.
The comparison of the three tests in this study involves: (1) the effect of
test site on the SRT, (2) the test-retest reliability, and (3) correlation and
linear regression analyses for the three different tests and their
discriminative power. In addition, results of the FrMatrix in both stationary
and fluctuating background noise will be compared as well, since the latter
is expected to differentiate better between listeners (Festen & Plomp,
1990; Wagener et al, 2006b).

Table 5.1 Characteristics of the speech material and test procedure of the FIST, the
FrMatrix, and the FrDigit3.

FIST FrMatrix FrDigit3

Speech material:
Semantical context 4
Representative vocabulary/ v v
phonetic distribution
Unlimited answer possibilities 4
Cognitive demanding v v
Speech rate (syllables/sec) 3.6 4.2 1.9
Speaker male female female
Test procedure:
# trials in one list 10 20 27
Scoring level complete sentence word complete triplet
Adaptive procedure Plomp & Mimpen Brand & Plomp & Mimpen

(1979a) Kollmeier (2002) (1979a)
SRT calculation mean of last 6 max. likelihood  mean of last 22

SNRs fit SNRs
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5.3 Part 1: Development of the FrMatrix

5.3.1 Methods

5.3.1.1 Speech and noise material

Ten names, 10 verbs, 10 numerals, 10 objects, and 10 colors were chosen
to build up the FrMatrix (Table 5.2). Within a column, the 10 words all have
the same number of syllables. These 50 words were selected based on their
phonetic content, to represent the mean phonetic distribution of the
French spoken language (Wioland, 1972, Figure 5.1). The recording of the
speech material was consistent with the procedure described by Wagener
et al (2003). In short: 100 different sentences were recorded so that for
each word 10 different versions were available, always with the
coarticulation to another adjacent word. The sentences were uttered by a
French female speaker from Paris. After equalizing the level of the 100
sentences (based on the average root-mean-square of a complete
sentence, with silence parts included), they were cut into single words,
preserving the coarticulation to the next word. Fifty lists of 10 sentences
were now generated, by recombining the 500 single words into new
sentences. Each of these lists contained all 50 words of the matrix, and was
thus phonetically balanced. A final set of 28 lists was obtained after the
exclusion of lists containing one or more unnaturally sounding sentences.
The stationary long-term average speech spectrum (LTASS) noise was
generated by superimposing the 280 sentences several times (Wagener et
al, 2003).

5.3.1.2 Subjects

For the development of the FrMatrix, 57 NH listeners (17 males, 40
females) were tested. Each participant had pure-tone thresholds below or
equal to 20 dB HL for the octave frequencies between 250 and 8000 Hz. For
the optimization, 27 listeners participated. They had a mean age of 26

years, ranging between 20 and 54 years. The 30 participants of the



Chapter 5 105

evaluation measurements had a mean age of 22, with a range from 20 to 29

years old. They were all from Belgium and were native French-speaking.

Table 5.2 The closed set of 50 words of the FrMatrix.

Name Verb Numeral Object Color
1 Agnes achete deux anneaux blancs
2 Charlotte attrape trois ballons bleus
3 Emile demande cing classeurs bruns
4 Etienne déplace six crayons gris
5 Eugéne dessine sept jetons jaunes
6 Félix propose huit livres mauves
7 Jean-Luc ramasse neuf pions noirs
8 Julien ramene onze piquets roses
9 Michel reprend douze rubans rouges
10  Sophie voudrait quinze vélos verts

5.3.1.3 Test setup

All measurements across all clinics were carried out using a PC running the
Oldenburg Measurement Applications software (www.hortech.de), a high
quality 24-bits sound card (with a dynamic range of 144 dB), and Sennheiser
HDA200 headphones. The speech and noise were always presented
monaurally to the subject’s best ear. The setup was calibrated with a B&K
sound level meter 2260 and a B&K artificial ear 4153. The noise started 500
ms before and ended 500 ms after each sentence, and was a randomly
selected segment from the noise file. The subjects used a response box to

answer (as in Table 5.2).

5.3.1.4 Optimization procedure

In order to reach the steepest possible slope at the SRT of the final
reference psychometric curve, the speech material of the FrMatrix was
further optimized according to the procedure described by Wagener et al
(2003). First, all 280 sentences were presented to the NH listeners at a large
range of fixed SNRs (-18 to +6 dB SNR, steps of 2 dB) at a noise level of 65
dB SPL. The SRT of each of the 500 single words was then determined by

applying a logistic regression fit to the data of all listeners together. To
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improve the homogeneity of the words with regard to their intelligibility,
the level of each word was now adjusted towards the mean SRT (e.g. a
word with an SRT that is 2.3 dB better than the mean SRT was attenuated
by 2.3 dB). To avoid unnatural loudness fluctuations within a sentence, the
level of the individual words was adjusted by maximally 4 dB. The 280
sentences were then regenerated and recombined into the original 28 lists

of 10 sentences.
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Figure 5.1 Phonetic distribution of the FrMatrix (open triangles), compared to the mean
phonetic distribution of spoken French (Wioland, 1972; filled diamonds).

5.3.1.5 Evaluation procedure

Two groups of subjects were tested to establish norms for NH listeners for
the final speech material of the FrMatrix. In group 1, 20 participants were
tested using the standard word scoring procedure. First, six double lists (i.e.
combination of two original lists of 10 sentences into one list of 20
sentences) were presented using the adaptive procedure of Brand &
Kollmeier (2002): This allowed the evaluation of training effects and test-
retest reliability. Thereafter, the participants listened to all 28 lists at one of

four fixed SNRs (7 lists per SNR). The presented SNRs were -8.0, -6.5, -5.0,
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and -3.5 dB, since pilot measurements showed that these would vyield
intelligibility scores below and above 50 % for normal hearing listeners. By
applying logistic regression fits to the data of each subject, the reference

psychometric curve for NH listeners was determined.

In the second group, 10 other subjects listened to six double lists with the
simple up-down 2dB-step adaptive procedure (Plomp & Mimpen, 1979a), in
which sentence scoring was applied. The SRT was calculated by averaging
the SNRs of the last 16 sentences, including the SNR of the imaginary 21
sentence. Again, training effects and test-retest reliability could be
estimated this way. During all evaluation measurements, the level of the
noise was fixed at 65 dB SPL.

5.3.2 Results

Based on the evaluation measurements with fixed SNRs (word scoring
procedure only), the psychometric curve for each subject could be precisely
determined for the final speech material. This yielded an average SRT of
-6.0 dB SNR (with a standard deviation of 0.6 dB SNR across listeners), and
an average slope at the SRT of 14.0 %/dB. Results per subject and the
reference psychometric curve are shown in Figure 5.2 and Table 5.3. Before
the optimization, the average subject-specific slope was only 7.8 %/dB,
indicating that the homogenization of the individual words resulted in a
significant improvement in the steepness of the psychometric function. List-
specific SRTs were determined as well by pooling data of all subjects and
applying a logistic regression fit per test list. The standard deviation of the
SRTs across all 28 lists was only 0.1 dB, with a maximal deviation of an

individual list from the overall mean SRT of only 0.4 dB.

The training effect of the FrMatrix was studied based on the adaptive
evaluation measurements. Figure 5.3 shows the improvement in SRT with
increasing number of presented lists, for both word scoring and sentence
scoring procedure. As expected, the largest improvement was found from

the first to the second list (1.2 dB for word scoring, and 1.0 dB for sentence
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scoring). Repeated-measures analyses of variance (ANOVA) proved that
there was a significant effect of training for both word scoring
[F(5,95)=42.0, p<0.001] and sentence scoring [F(5,45)=4.9, p=0.002].
Pairwise comparisons (with Bonferroni correction) for word scoring results
demonstrated that the first list differed significantly from all the following
lists (p<0.001). The second list also differed significantly from the 5™ and 6™
list (p<0.05). For the sentence scoring results, pairwise comparisons only
showed a significant difference between the first and the sixth list
(p=0.016).

The test-retest reliability, defined as the root mean square of the within-
subject standard deviations of repeatedly measured adaptive SRTs, was
determined for both procedures as well. When taking into account only the
SRTs from the third to the sixth list to exclude training effects, a within-
subject variability of 0.4 dB was found with the word scoring procedure. For

the sentence scoring procedure, the variability increased to 1.1 dB.
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Figure 5.2 Reference psychometric function for NH listeners for the FrMatrix using word
scoring. Circles represent subject scores per SNR.
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Table 5.3 Speech recognition scores per SNR and estimated SRT and slope for 20 NH
listeners for the FrMatrix using word scoring.

Speech recognition score (%)

SRT

Slope

subject -8.0dB -6.5dB -5.0dB -3.5dB (dBSNR) (%/dB)
1 28 45 66 83 -6.2 14.2
2 20 36 61 76 -5.6 14.5
3 26 58 66 82 -6.5 134
4 29 54 66 79 -6.5 121
5 22 50 70 85 -6.3 16.5
6 31 58 73 84 -6.8 14.0
7 20 33 60 79 -5.6 15.6
8 25 44 66 82 -6.1 14.5
9 24 44 74 78 -6.2 15.2
10 18 34 50 68 -5.0 12.2
11 34 53 73 86 -6.7 14.1
12 21 42 58 78 -5.7 13.7
13 37 58 75 79 -7.0 11.3
14 12 31 63 76 -5.5 18.2
15 16 28 51 71 -5.0 14.7
16 22 37 56 74 -5.5 13.0
17 25 45 65 78 -6.0 13.2
18 19 40 51 70 -5.2 11.7
19 26 51 74 77 -6.4 14.2
20 19 46 58 79 -5.8 14.3
min 12 28 50 68 -7.0 11.3
max 37 58 75 86 -5.0 18.2
average 24 44 64 78 -6.0 14.0
stdev 6 9 8 5 0.6 1.6

5.3.3 Discussion

The evaluation of the FrMatrix in a large group of NH listeners shows that

the newly developed test is accurate and reliable, especially when using the

standard word scoring procedure. The reference psychometric function has
a slope at SRT of 14.0 %/dB. This is somewhat shallower than that found for
the OLSA (Wagener et al, 1999b) and the Polish Sentence Matrix Test
(Ozimek et al, 2010), with both tests having a slope of 17.1 %/dB. However,
it is steeper than the slope of Dantale Il (12.6 %/dB, Wagener et al, 2003).
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Redundancy is lower in matrix tests than in everyday sentence tests,
therefore a shallower slope is expected compared to the open-set FIST
(20.2 %/dB, Luts et al, 2008). Since the slope of the FrMatrix lies in between
the above reported slopes for other matrix tests, it can thus be considered

adequate.

List-specific SRTs were highly homogeneous as well. The fitted SRTs of the
28 lists of 10 sentences were situated closely to the mean SRT, with a
maximal discrepancy of only 0.4 dB. For everyday sentence tests, this
maximal deviation is typically much higher: for the FIST (Luts et al, 2008),
the LIST (van Wieringen & Wouters, 2008), and the HINT (Nilsson et al,
1994) this was around 1dB. The high homogeneity in intelligibility of the
test lists of the FrMatrix can be explained by the word content which is
exactly the same in each list. Lists of OLSA (Wagener et al, 1999b) and the
Polish Sentence Matrix Test (Ozimek et al, 2010) also showed high

homogeneity, with maximal deviations of only 0.4 and 0.3 dB, respectively.

—&— word scoring - =A - sentence scoring

'
w
I

4

SRT (dB SNR)

Presentation order

Figure 5.3 Training effect of the FrMatrix for two different procedures. For each
measurement, one double list (20 sentences) was used.
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Results of the adaptive measurements show that the training effect for the
FrMatrix, with an average improvement of 1.8 dB over six lists of 20
sentences, is comparable to other matrix tests. Wagener et al (1999b)
found a training effect of about 2 dB SNR when presenting six lists of 20
sentences of OLSA. For Dantale Il (Wagener et al, 2003) this effect was 2.2
dB for eight lists, and about 1.9 dB for the first six. For both tests and for
the FrMatrix, the highest improvement was always found from the first to
the second list (1 dB), and from the second to the third (+0.4 dB). We
therefore recommend for future speech recognition measurements with

the FrMatrix to start with a training phase of two double lists.

When comparing the within-subject variability of the FrMatrix for two
different scoring procedures, the word scoring procedure of Brand &
Kollmeier (2002) proves to be the most reliable to determine the SRT. The
within-subject variability was only 0.4 dB, whereas the simple up-down
sentence-scoring procedure of Plomp & Mimpen (1979a) resulted in a
higher variability of 1.1 dB. This increase in variability can be explained by
the decrease in sample size of the scored items (n=100 for word scoring
versus n=20 for sentence scoring). Compared to the test-retest reliability
found for the FIST (1.1 dB for lists of 10 sentences; Luts et al, 2008), the
Plomp & Mimpen sentences (0.9 dB for lists of 13 sentences; Plomp &
Mimpen, 1979a), the VU-sentences (1.1 dB for lists of 13 sentences;
Versfeld et al, 2000), the LIST sentences (1.2 dB for lists of 10 sentences;
Van Wieringen & Wouters, 2008) and the FrDigit3 (0.7 dB for lists of 27
triplets; Jansen et al, 2010), the FrMatrix thus yields the most accurate SRTs
of these speech recognition tests, when the word scoring procedure is
applied. This is probably also a result of the very high list equivalency of the

FrMatrix as described above.
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5.4 Part 2: Comparison of the FIST, the FrMatrix,
and the FrDigit3

5.4.1 Methods

5.4.1.1 Subjects

Two groups of subjects, 118 in total, participated in this study. The first
group consisted of 49 NH listeners. Forty-four met the audiometric criterion
as described above. The remaining five showed an elevated threshold (up
to 35 dB HL) at one or two tested frequencies, and will further be referred
to as sub-normal hearing (NH-) listeners. The second group comprised 69
mildly-to-moderately HI participants, both hearing aid users and non-users.
They had a maximum pure-tone average at 500, 1000, 2000, and 4000 Hz
(PTAo5,1,2,4) of 76 dB HL, and had no known middle-ear problems. The age
range of all 118 listeners varied widely from 18 up to 87 years, with an
average of 51. The male/female ratio was 0.87. Participants were recruited
in four different regions in Belgium and France: Brussels, Paris, Bordeaux,
and Toulouse (see Table 5.4).

Table 5.4 Number of tested subjects and speech-noise combinations per test site. (‘NH-*

designates listeners with sub-normal hearing with elevated thresholds up to 35 dB HL at
only one or two frequencies).

Brussels Paris Bordeaux Toulouse

N All 31 20 29 38
NH (NH-) 13000 7(1) 8(2) 16 (2)
HI 18 12 19 20

FIST Stationary LTASS v v v

FrMatrix Stationary LTASS 4 4 4 4

FrDigit3 Stationary LTASS v v 4

FrMatrix 1CRA4-250 4 4

5.4.1.2 Testsetup and procedure
Exactly the same test setup was used as described for the development of
the FrMatrix (see above). All setups were controlled and calibrated by the

first author, on-site, to guarantee comparability.
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For the FIST (Luts et al, 2008), lists of 10 everyday sentences were
presented with a simple up-down adaptive procedure. Sentence scoring
and a 2-dB step size were applied, and the first sentence was repeated with
+2dB-steps until this sentence was understood correctly. The SRT was
calculated by averaging the SNRs of the last 6 sentences, including the SNR
of the imaginary 11™ sentence. The FrMatrix on the other hand, was
presented in lists of 20 sentences. Since each word was scored separately,
the adaptive procedure and SRT estimation of Brand & Kollmeier (2002)
was used. For the FrDigit3 (Jansen et al, 2010), lists of 27 triplets were used.
Again the simple up-down 2dB-step adaptive procedure was used, but
without repetition of the first triplet. If one or more digits in a triplet were
misunderstood, the complete triplet was scored as incorrect. The SRT was
calculated by averaging the SNRs of the last 22 triplets, including the SNR of
the imaginary 28" triplet.

The three tests were each presented in their own stationary LTASS noise.
For the FrMatrix also the fluctuating ICRA4-250 noise was used. This noise
has the temporal envelope of a single talker, but is unintelligible. Dreschler
et al 52001) created the ICRA4 by sending an English speech sample of a
single talker through a three-channel filter bank to remove the temporal
fine structure, and filtering it with a gender filter to resemble the overall
spectral shape of female speech. Later on, silence gaps within this signal
were limited to 250 ms. The spectrum of the noise is thus not identical to
the LTASS of the FrMatrix.

At the start of a test session, pure-tone audiometry was conducted. After
that, two lists of the FrMatrix were presented for training. Thereafter a test
and retest of the four speech-noise combinations took place. Not all four
combinations were carried out at each of the four test sites. The division of
the speech-noise combinations and the number of subjects per site are
given in Table 5.4. The order in which the tests were presented was

randomized (separately for test and retest). The lists were also distributed
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at random over the subjects, taking into account that a specific list was only

presented once to a subject.

During these adaptive tests, the level of the speech was kept at a constant
subject-dependent level. For the NH listeners, the speech level was fixed at
60 dB SPL. This level was raised for each HI participant individually
according to his/her pure-tone thresholds, to (partially) compensate for
audibility. Since the highest energy of the three speech materials lies within
the 250-1000 Hz range, the overall gain was based on their PTAg 5051 Only
half of this PTAg505: was added to the 60 dB SPL, in order to avoid an
uncomfortable loudness due to recruitment. With a maximal PTAg 55,1 of
52 dB HL within the participant group, the highest speech presentation level
was thus 86 dB SPL.

For all three types of tests, subjects just had to repeat what they had heard.
However, to maintain the closed-set character of the FrMatrix and the

FrDigit3, the subjects received a sheet with the possible words.

5.4.2 Results

For all 118 tested subjects of the multi-center study, the following data
were available: group (NH, NH-, or HI), test site, audiometric thresholds at
octave frequencies from 250 to 8000 Hz, and test and retest SRTs for the
four speech-noise combinations. The results of the two training lists of the
FrMatrix were not taken into consideration. Since not all four speech-noise
combinations were carried out at all sites (see Table 5.4), only results from
Brussels, Paris, and Bordeaux (N=80) are available for the analyses in which
the three tests in stationary noise are compared. Similarly, for the
comparison between the FrMatrix in stationary noise versus fluctuating
ICRA4-250 noise, only results from Brussels and Toulouse are considered
(N=69).

5.4.2.1 Effect of test site
In a first analysis, results from the NH subjects of the four different test

sites were compared to examine a possible region effect. Five subjects,



Chapter 5 115

tested in Toulouse, were excluded since they originally came from another
region in France. Figure 5.4 shows the average SRTs per test site and
speech-noise combination. In general, differences between test sites were
small (< 1 dB). For each of the four speech-noise combinations separately, a
univariate ANOVA did not reveal a significant difference across test sites. P-
values were 0.085, 0.117, 0.575, and 0.852 for FIST, FrMatrix in stationary
LTASS noise, FrDigit3, and FrMatrix in ICRA4-250 noise respectively.

OBrussels (N=13) —f=
O Paris (N=7)
@ Bordeaux (N=8) |

W Toulouse (N=11)
FrMatrix (Stationary)
(p=0.117)

FIST
(p=0.085)

FrDigit3
(p=0.575)

——

FrMatrix (ICRA4-250)

—— N (»<0.552)

20 -18 -16 -14 -12 -10 -8 6 -4 -2 0
SRT (dB SNR)

Figure 5.4 Average SRT per test site and per speech-noise combination for the NH subjects.
Error bars represent the standard deviation on the average.

The same analyses were also executed on the complete group of subjects.
Since the four test sites were not matched for PTAgs1,4 and audiometric
slope, these two factors were added as covariates. The test site effect was
not significant in this large population as well (p=0.443, 0.589, 0.221, and
0.864 for FIST, FrMatrix in stationary LTASS noise, FrDigit3, and FrMatrix in
ICRA4-250 noise respectively).

5.4.2.2 Test-retest reliability
The test-retest reliability of the different speech-noise combinations is

given in Table 5.5, for all listeners, for NH/NH- listeners, and for HI listeners.
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In general, reliability was worse (higher values) for the HI group, especially
for the FrMatrix and the FrDigit3 (0.4 versus 1.1 dB for NH versus Hl
listeners respectively). The FIST gave also less reliable SRTs than the
FrMatrix and the FrDigit3 (1.3 versus 0.9 dB). Nevertheless, if we account

for the number of trials within a list (which was done by dividing the

reliability by \/T/l() for the FIST and by \/T/27 for the FrDigit3),
reliabilities are much more similar for the three tests in stationary LTASS
noise. This implies that similar reliability can be obtained if the FIST uses
double lists of 20 sentences. When using a fluctuating noise, the reliability
of the FrMatrix deteriorated from 0.5 to 1.4 dB and from 1.1 to 1.9 dB, for
NH/NH- and Hl listeners, respectively.

Table 5.5 Test-retest reliability (dB) of the FIST, the FrMatrix, and the FrDigit3 in stationary

LTASS noise (results from Belgium, Paris, and Bordeaux) and of the FrMatrix in stationary
LTASS and ICRA4-250 noise (results from Belgium and Toulouse).

Stationary LTASS FrMatrix
N FIST FrMatrix FrDigit3 N Stationary ICRA4-250

Standard All 80 1.3 0.9 0.9 69 0.9 1.7

NH/NH- 31 1.2 0.4 0.4 31 0.5 14

HI 49 1.3 11 1.1 38 11 1.9
Corrected to  All 80 0.9 0.9 1.0
20 trials NH/NH- 31 0.9 0.4 0.5

HI 49 0.9 1.1 1.2

5.4.2.3 Correlation and regression

In order to obtain a better insight on how the four speech-noise
combinations correspond to each other, correlation coefficients were
calculated between the SRTs of the different tests and the PTAgs124.
Analyses were executed both on the whole group of subjects and for Hl

listeners only (see Table 5.6).

First, test and retest scores were correlated for each test, with the lowest
correlation found for FIST (0.78) and the highest correlation for FrMatrix
both in stationary and in fluctuating noise (>0.90). For the next analyses,

test and retest scores were averaged.
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Table 5.6 Pearson correlations for the FIST, the FrMatrix, and the FrDigit3 in stationary
LTASS noise (results from Belgium, Paris, and Bordeaux) and for the FrMatrix in stationary
LTASS and ICRA4-250 noise (results from Belgium and Toulouse). All correlations are
significantly different from 0 (p<0.01).

Stationary LTASS FrMatrix

All listeners: N=80 N=69

FIST FrMatrix FrDigit3  Stationary ICRA4-250
Test-retest 0.78 0.96 0.94 0.96 0.96
FIST 0.83 0.81
FrMatrix stationary 0.89 0.94
PTAgs,12.4 0.69 0.82 0.84 0.84 0.93
Hi only: N=49 N=38

FIST FrMatrix FrDigit3  Stationary ICRA4-250
Test-retest 0.78 0.93 0.88 0.92 0.90
FIST 0.79 0.74
FrMatrix stationary 0.81 0.89
PTAgs,124 0.53 0.69 0.56 0.61 0.76

The open-set everyday sentence test FIST, which can be considered as the
standard type of speech-in-noise test, showed a rather low correlation with
the PTAgs,1,2.4 (0.69 for all listeners and 0.53 for the HI group). Figure 5.5
also shows this low correspondence: listeners with similar PTAs (e.g. around
40 dB HL) had widely different SRTs, going from -8 to +3 dB SNR. This low
correlation was not unexpected, since pure-tone audiometry and speech-in-
noise tests measure a different aspect of hearing (Glasberg & Moore, 1989).

Therefore, further analyses only include comparisons across SRTs in noise.

The FrMatrix, developed as an alternative speech-in-noise test for multiple
testing within the same listener, correlated well with the FIST (0.83 for all
listeners and 0.79 for the HI group). This correlation between the FIST and
the FrMatrix was significantly higher than the correlation between the FIST
and the PTAgs1,4 (Steiger's Z=3.49, p<0.001 for all listeners and Steiger’s
Z=3.19, p=0.001 for the HI group). The scatter plot of the FrMatrix versus
the FIST is given in Figure 5.6. Besides the high correlation, this figure also
shows a steep slope of the linear regression (1.4, SE=0.1). Small differences

in SRT for the FIST thus correspond with larger differences for the FrMatrix.
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Given the equal measurement precision (cf. test-retest reliability) for the
two tests when using the same number of trials, a slope above 1 indicates
that the FrMatrix had a higher discriminative power than the FIST. This
discriminative power was also determined for the FrMatrix in ICRA4-250
noise. Since a direct comparison to the FIST is only possible in a small group
of listeners (13 NH and 18 HI listeners), it was only compared to results of
the FrMatrix in stationary noise. As expected, the correlation between the
two types of noise was very high (0.94). And, as shown in Figure 5.7, the
slope of the linear regression line was very steep (2.2, SE=0.1). Even taking
into account the poorer reliability of the FrMatrix in ICRA4-250 (1.7 dB),
which was a factor 1.9 greater than the reliability in stationary noise (0.9
dB), the discriminative power in ICRA4-250 remained higher than in

stationary noise.
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Figure 5.5 Scatter plot of the FIST results versus the PTAys,,, for all subjects from
Brussels, Paris, and Bordeaux (N=80). Open and filled circles represent NH/NH- and HI
listeners, respectively.

The third type of speech-in-noise test, the FrDigit3, deviates from the other

two types mainly in its limited and unrepresentative vocabulary and
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phonetic distribution. Still, the results of this screening test correlated
highly with the two sentence tests. The correlation between the FrDigit3
and the FIST (0.81 for all listeners and 0.74 for the HI group) was high and
significantly stronger than the correlation between the FIST and the
PTAgs,124 (Steiger’'s Z=3.04, p=0.002 for all listeners and Steiger’s 72=2.15,
p=0.031 for the HI group). The correlation between the FrDigit3 and the
FrMatrix (0.89 for all listeners and 0.81 for the HI group) tended to be even
higher (Steiger’s 7=2.82, p=0.005 for all listeners and Steiger’s 7=1.30,
p=0.193 for the HI group). The slope of the linear regression of the FrDigit3
versus the FIST was 1.1 (SE=0.1) and the FrDigit3 versus the FrMatrix was
0.8 (SE<0.1). With a reliability of 0.9 dB when using 27 triplets in a test, the
discriminative power of the FrDigit3 lies in between that of the FIST and the
FrMatrix.

5.4.3 Discussion

The results of 49 normal hearing participants and 69 mildly-to-moderately
hearing impaired listeners, tested at four test sites across Belgium and
France, made it possible to thoroughly compare three types of speech-in-
noise tests. First, the effect of test site was studied. Since the recordings of
all three speech-in-noise tests were made with speakers from Paris, it was
presumed that the listeners from Belgium (Brussels) or from the south of
France (Bordeaux and Toulouse) might have slightly higher (worse) SRTs
than listeners from the region of Paris, due to the somewhat less familiar
accent (van Wijngaarden et al, 2002b). Furthermore, the everyday
sentences of the FIST possibly contain a more typically French vocabulary,
which might deteriorate further the recognition performance of the Belgian
subjects. Our results show indeed a tendency for this region effect, but only
for the FIST scores. However, the differences are small (< 1 dB) and not
significant. All three tests are thus employable both in Belgium and in all
regions in France, and the same normative values can be used as a

reference.
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Figure 5.6 Scatter plot of the FrMatrix versus the FIST for all subjects from Brussels, Paris,
and Bordeaux (N=80). Open and filled circles represent NH/NH- and HI listeners,
respectively. The linear regression line, its slope, and the correlation coefficient is given for
all listeners.

The test-retest reliability for the group of NH/NH- listeners corresponds
perfectly to the values found during the development of each test. Luts et
al (2008) reported a reliability of 1.0 and 1.1 dB for the FIST for French and
Belgian NH listeners respectively, where we found a reliability of 1.2 dB.
The FrMatrix reached a reliability of 0.4 dB, which is exactly the same as
what has been found during development (described above). Also for the
FrDigit3, similar reliabilities were found: 0.4 dB for the current study and

0.6 dB reported by Jansen et al (2010). It should be noted that the reliability



Chapter 5 121

of the FrMatrix was determined for measurements which were always
preceded by two training lists. Since the extent or lack of training might
affect reliability, the reported value is thus only valid when this condition
has been met. The poorer reliability of the FIST compared to the FrMatrix
and the FrDigit3 disappears completely when correcting for the number of
trials within a test list. The use of double lists would thus be worthwhile for
future application of the FIST. All other differences in the characteristics of
the speech material and the used test procedure for the three tests, as
summarized in Table 5.1, thus do not seem to affect the test-retest
reliability. In spite of the general increase in within-subject variability in the
group of HI listeners compared to the NH listeners, a reliability of up to 1.2

dB (FrDigit3) can still be considered to be sufficient.

The deterioration in test-retest reliability when presenting the FrMatrix in
the fluctuating ICRA4-250 noise instead of the stationary LTASS noise (from
0.9 to 1.7 dB), was not unexpected. (Wagener et al, 2006b) presented the
OLSA to 10 HlI listeners using a stationary speech-weighted noise (ICRA1)
and the highly fluctuating ICRA5-250 noise, and found intra-individual
standard deviations of 0.8 and 1.5 dB respectively. Also for three different
everyday sentence tests, Francart et al, (2011) showed an increase of
around 0.8 dB in mean absolute test-retest difference for ICRA5-250
compared to the stationary LTASS noise. Nevertheless, the increase in test-
retest variability for fluctuating noise was more than compensated by the
increase in between-subjects variability (the slope of the linear regression
was 2.2), resulting in an increased discriminative power compared to that

for stationary noise.
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Figure 5.7 Scatter plot of the FrMatrix in ICRA4-250 versus the FrMatrix in stationary noise
for all subjects from Brussels and Toulouse (N=69). Open and filled circles represent
NH/NH- and HI listeners, respectively. The linear regression line, its slope, and the
correlation coefficient is given for all listeners.

SRTs in noise are known to be related more to supra-threshold
discrimination abilities rather than absolute detection thresholds (Glasberg
& Moore, 1989; Noordhoek et al, 2001). Glasberg & Moore (1989) reported
correlation coefficients of 0.62 (both normal and impaired ears) and 0.56

(impaired ears only) between the SRT in 75 dB SPL noise and the PTAgs 1.
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In the study of Smoorenburg (1992) a correlation of 0.67 was found
between the SRT in noise and the PTAgs 1,4 for noise-exposed workers both
with and without hearing loss. The used speech materials in these studies
were everyday sentences, presented in an open-set paradigm. A correlation
of 0.69 (all listeners) and 0.53 (HI only) between the FIST and the PTAps514
is thus in line with the previous studies, endorsing that a speech-in-noise
test measures a partly different aspect of hearing than pure-tone
audiometry does. The correlation coefficients of the FrMatrix (0.82) and the
FrDigit3 (0.84) with the PTAgs 1,4 were rather high. However, these results
are probably biased by the contrast between the NH and HI subjects.
Analyses based on the Hl listeners only, yielded lower correlations between
the SRT and the PTAgs1,4 for FrMatrix (0.69) and FrDigit3 (0.56). These

were more in line with the above results.

More important than the relation between the SRT and the PTA, was — in
this study — the correlation between the different types of speech-in-noise
tests. Since all three tests aim to measure the same performance of a
listener, these correlations should be very high. Taking into account the
measurement error in psychophysical tests, both visible in the within-
subject variability values (Table 5.5) and in the test-retest correlation
coefficients (Table 5.6), correlations of 0.83 (FrMatrix vs. FIST), 0.81
(FrDigit3 vs. FIST), and 0.89 (FrDigit3 vs. FrMatrix) were considered

adequate.

The relatively high discriminative power found for the FrMatrix, both in
stationary and even more in ICRA4-250 noise, is advantageous for
identifying subtle performance differences. When studying the potential
benefit of e.g. a new speech enhancement algorithm, using a test with a
higher discriminative power might imply that a smaller number of repeated
measurements per condition, or even a smaller number of subjects, would

be sufficient to find significant improvements.

Since currently there is no specific framework for the application of the

FrDigit3 as a screening test, determination of sensitivity and specificity was
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beyond the scope of this study: both the choice for the reference test and
for the cutoff point between a ‘positive’ and ‘negative’ outcome would
have been arbitrary. However, notwithstanding its limited vocabulary (only
the digits 1 to 9), results for the FrDigit3 were in general not inferior to the
results for the two sentence tests: the differences between the test sites
were smallest for the FrDigit3 (only 0.2 dB), the test-retest reliability was as
high as for the FrMatrix (0.4 dB and 1.1 dB for NH and HI listeners
respectively, when using 27 triplets), and the correlation with the FIST
(0.81) and the FrMatrix (0.89) was strong. Therefore, this easy and
accessible test is expected to have a high sensitivity and specificity when it

will be used for screening of large populations.

5.5 Conclusions

The results of the current study show that the FIST, the FrMatrix, and the
FrDigit3 provide similar results and reliably evaluate speech recognition
performance in noise both in normal hearing and hearing impaired

listeners.

The newly developed FrMatrix showed a steep slope (14.0 %/dB) of the
reference psychometric curve. The list equivalency of the 28 lists of 10
sentences was also very high. When measuring the SRT adaptively with the
procedure of Brand & Kollmeier (2002), using lists of 20 sentences and
applying a word scoring, a very high reliability (0.4 dB) was obtained for NH
subjects. Since SRTs of listeners typically improve significantly during the
first lists, it is required to start each test session with a short training phase

of two lists.

The comparison of the FIST, the FrMatrix, and the FrDigit3 showed in
general a high correspondence in test outcome. For all three tests, the
differences across the participating study centers were very small and not
significant. The measured reliability values were all below 1 dB for the NH
listeners and around 1 dB for the HI listeners, when using double lists for

the FIST and applying a short training phase for the FrMatrix. Strong
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correlations were found between the SRTs of the different tests: 0.83
(FrMatrix vs. FIST), 0.81 (FrDigit3 vs. FIST), and 0.89 (FrDigit3 vs. FrMatrix).
The FrMatrix had the highest discriminative power, both in stationary LTASS

and even more in fluctuating ICRA4-250 noise.
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Chapter 6 Further investigations on the
applicability of speech-in-noise
tests

6.1 Introduction

In this chapter, four additional research questions regarding the
applicability of the Digit Triplet and Matrix test are addressed. The first
research question is driven by the high prevalence of (recreational) noise-
induced hearing loss in children and adolescents (Niskar et al, 2001;
Shargorodsky et al, 2010; Henderson et al, 2011). Periodic screening for
acquired hearing loss would thus be valuable in school-aged children as
well. Therefore, the feasibility of applying the Digit Triplet test as an
automatic self-test in children from the age of 10 is investigated. The
measurement error, test duration, and reference SRT for normal-hearing
listeners are compared for three age groups (6.3.1 Feasibility in children).
The second objective concerns the application of the Digit Triplet test over
the Internet for hearing screening at home. The test-retest reliability and
the potential effect on the SRT are studied for four different transducer
types: headphones, in-ear phones, built-in laptop speakers, and external
speakers (6.3.2 Transducer effects). The third objective is to examine
possible training effects on the SRT for repeated measurements. This was
studied both for the Digit Triplet test, where unilateral screening per ear
involves at least two successive measurements, and for the Matrix test,
which is intended for multiple testing, e.g. in research settings. For the
Matrix test, the training effect for six successive measurements with
different test lists was already described in Chapter 5. In the current

chapter, the additional memorization effect of presenting six times exactly
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the same test list is examined (6.3.3 Training effect). The fourth and last
objective of this chapter is the investigation of the accuracy of the Digit
Triplet test when reducing the number of trials within one test track. The
faster a screening test can be conducted, the lower the economic cost will

be and the more people will be reached (6.3.4 Shortening of test track).

6.2 Methods

For the first three research questions, four additional studies were
executed. Details on the participants per study are given in Table 6.1. The
fourth research question regarding the testing accuracy with a shortened
test track, will be discussed based on the results obtained for the study of

Chapter 3.

Table 6.1 Overview of the number, age, and male/female ratio of the participants of the
four additional studies.

Mean age Male/fem-
[range] ale ratio
Studyl 100 5"graders 10[9-12]  55/45
114 % graders 12[10-14] 57/57
160 youngadults 22[18-30] 71/89

N  Participants Research objective

(1) Feasibility in children;
(3) Training effect

Study2 10 vyoungadults 21[19-24] 1/9 (2) Transducer effects
Study3 10 vyoungadults 21[18-28] 5/5 (3) Training effect
Study4 20 vyoungadults 22 [18-30] 8/12 (3) Training effect

6.2.1 Test protocol and inclusion criteria

The participants in study 1 conducted the Flemish Digit Triplet test twice,
once with each ear sequentially. Besides their grade or age, there were no
specific inclusion criteria. The 5" and 7 graders were recruited through
two local pupil counseling centers in Flanders and were tested at the center
during a class health visit. Test instructions were shown on-screen, and they
completed the test independently. Only the correct headphone placement
was controlled by a supervisor. Pure-tone audiograms were determined in a
second session within 2 months, by a trained audiologist, for a selection of

the participants (cf. results). The young adults were recruited on their way
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to the first summer festival and were tested in a mobile test lab. In study 2,
each listener performed the Digit Triplet test 12 times, three times per
transducer type, all in random order. The distribution of all different
transducers that were used throughout the study across the participants is
shown in Table 6.2. As the stimuli were presented in stereo, bilateral
normal hearing (all thresholds at the octave frequencies between 250 and
8000 Hz below or equal to 20 dB HL) was required to participate. In study 3,
eight repeated measurements with the Digit Triplet test were executed,
with the left and right ear alternated, to study training effects. Besides
bilateral normal hearing, symmetric hearing was required as well, with a
maximum left-right difference of 10 dB per individual frequency and of 5 dB
on the average hearing threshold. To the participants of study 4, one and
the same (randomly selected) list of the Matrix test was presented six times
successively. The sentence order within the list was randomized for half of
the subjects, and fixed for the others. The participants had pure-tone
thresholds below or equal to 25 dB HL in their tested ear. The participants
of study 2, 3 and 4 were all native French speakers from Belgium or France
and conducted the French version of the speech-in-noise test.

Table 6.2 Study 2: Number of tests per subject (s1 to s10) conducted with each of the 32

used transducers. The two values in brackets indicate measurements with an outlying test
outcome (cf. 6.3.2).

headphones in-ear phones built-in speakers external speakers
1 23456 7 123456789101234567123456738
sl 2 11 1 112 21
s2 2 11 1 1 21 2 1
s3 1 1111 1 3 1 2
s4 1 11 1 11 3 11 1
s5 2 (1)1 1 1 31 1 1
6 (1)1 1 1 1 1 3 1 1
s7 1 2 1 1 1 1
s8 1 1 11 1
s9 1 1 11 11 1

s10 1 2 1 2 3 11
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6.2.2 Test setup and procedures

For the measurements of the Digit Triplet test in study 1 and 3 exactly the
same test setup and test procedures as described in Chapter 3 were
employed, with the only difference being the possibility to give in the
answer already during the stimulus playback (cf. discussion of Chapter 3).
The measurements of study 2 occurred over the Internet’, in uncontrolled
home-like circumstances: (1) They conducted the test in varying ‘quiet’
rooms; (2) At the start of each test, a triplet example at 0 dB SNR was
repeatedly presented and the participants had to adjust the volume to a
comfortable level (“Ajustez le volume de votre ordinateur jusqu’a une
hauteur agréable”); (3) All used transducers had been provided by the
participants themselves, so a realistic variation in transducer quality can be
expected. For the measurements with the Matrix test in study 4, the test
setup and procedures were the same as in Chapter 5, applying a word
scoring procedure in combination with the adaptive procedure of Brand &
Kollmeier (2002).

6.3 Results and discussion

6.3.1 Feasibility in children
In this paragraph, the potential age effect on the measurement error, test

duration, and the reference SRT for normal-hearing listeners for the Digit
Triplet test are investigated based on the results of the 374 children and
young adults of study 1 (cf. Table 6.1).

6.3.1.1 Measurement error

As each participant conducted the Digit Triplet test only once per ear, the
measurement error was determined within one measurement by
comparing the first half of the trials to the second half (cf. chapter 3 and 4).
The root mean square of the within-subject standard deviations, corrected

for the halving of the number of trials, equaled 0.7 dB for the 5" graders,

> http://hearcom.eu/main/Checkingyourhearing/speechtesttext_fr.html
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0.5 dB for the 7% graders, and 0.6 dB for the young adults. A Kruskal-Wallis
test shows that there is no significant difference between any of the three
age groups [x°(2)=4.640; p=0.098].

Secondly, the within-subject standard deviations across the 22 SNRs used
for the SRT estimation were examined as well, indicating the overall
stability of each measurement. Boxplots of these standard deviations per
ear and per age group are shown in Figure 6.1. First of all, measurements
with the left and right ear were equally stable (Wilcoxon signed-rank test
per age group and on the total group: p>0.05). Further, differences
between age groups were only found for the right ear measurements, with
a slightly but significantly lower stability for the 5" graders compared to the
young adults (Mann-Whitney test: p=0.007). As the right ear was always
tested secondly, this might have been caused by some decrease in
attention in the youngest age group. However, differences are very small
and the measurement error of all age groups lies well within clinically

relevant limits.

Left ears Right ears
5.0 %
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Figure 6.1 Boxplots of the within-subject standard deviations (SD) across presented SNRs,
for the 5™ graders (N=100), 7™ graders (N=114), and the young adults (N=160). The boxes
enclose the interquartile range (IQR), the crosses the average, the whiskers indicate the
minimum and maximum with the outliers excluded, and the circles and stars represent
outliers and extreme outliers falling beyond 1.5 and 3 times the IQR from the box.
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6.3.1.2 Test duration

The duration to perform the test with both ears subsequently was analyzed
as well across ages. However, the 5" and 7% graders did the test on an
Internet platform (though with calibrated stimuli and lab equipment),
whereas the young adults were tested with the APEX software (Francart et
al, 2008). Therefore, only the 2 youngest groups can be compared to each
other. As can be seen in the boxplots in Figure 6.2, the 5" graders need
some more time than the 7" graders to complete the whole test (7min 23
sec versus 6min 7sec on average). This difference is significant (Mann-
Whitney test: p<0.001).

The significantly longer test duration for the young adults (6min 33sec)
compared to the 7" graders can most probably be explained by the
difference in test platform, with APEX introducing some delay in between
successive trials. Such delays, although small, should thus be avoided in

future screening software.
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Figure 6.2 Boxplots of the test duration for the 5t graders (N=100), 7" graders (N=114),
and the young adults (N=160). The boxes enclose the interquartile range (IQR), the crosses
the average, the whiskers indicate the minimum and maximum with the outliers excluded,
and the circles and stars represent outliers and extreme outliers falling beyond 1.5 and 3
times the IQR from the box. Remark: the young adults were tested on another test
platform than the 5" and 7% graders.
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6.3.1.3 Reference SRT for normal-hearing listeners

In the study of Vaillancourt et al (2008a), where a speech-in-noise test with
everyday sentences was presented to 6-, 8-, 10-, and 12-year-old children,
significantly higher (worse) SRTs were found in the three youngest age
groups compared to adults. The authors considered the age effect to be
caused by poorer linguistic skills and/or poorer supra-threshold auditory
processing abilities. In this paragraph, the potential age effect is studied for

the Digit Triplet test, where linguistic skills are (almost) not involved.

Before comparing the SRTs per age group, a selection was made of all the
listeners with normal pure-tone thresholds (all thresholds at the octave
frequencies between 250 and 8000 Hz below or equal to 20 dB HL). For the
5" and 7" graders, the audiogram was only known for 64 and 62 children,
respectively. Per age group 106 ears turned out to have normal thresholds.
For the young adults, there was no audiogram information. Therefore,
results from the normative measurements of the development of the Digit
Triplet test (12 young adults, results on 1* adaptive test), as well as the
results of 13 noise-exposed workers with normal thresholds and who were
younger than 40 years old (also from the study described in Chapter 3),
were taken into account as the adult reference. Boxplots per age group are

shown in Figure 6.3.

A Kruskal-Wallis test shows that there is a significant difference between
the three age groups [x°(2)=24.012; p<0.001]. Additional Mann-Whitney
tests (with Bonferroni correction) show that the SRTs of the 5™ graders (-9.5
dB SNR on average) are significantly worse than those of the 7" graders
(-10.1 dB SNR, p=0.002) and adults (-10.6 dB SNR, p<0.001). However, the
difference between the 7" graders and the adults is not significant
(p=0.100). These results are thus in line with those of Vaillancourt et al
(2008a). Because linguistic skills can be cancelled out as an influencing
factor on the Digit Triplet SRT, a continuing maturation in auditory
processing ability and/or a shorter sustained attention are considered the

main reasons for the slightly higher SRTs in 10-year-old children. To
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conclude, if the Digit Triplet test will be applied for hearing screening in
school-aged children, the SRT will need to be compared to an age-

appropriate reference, at least for children up to the age of 10.

[
o
!

i
o
!

SRT (dB SNR)

=

5th graders 7th graders ‘ adults

o
=
N
| —

'
[N
w

Study1 ‘ Chapter3

Figure 6.3 Boxplots of the SRTs per age group, based on the selection of normal-hearing
listeners only (106 ears for the 5t graders, 106 ears for the 7" graders, and 25 adult ears).
The boxes enclose the interquartile range (IQR), the crosses the average, the whiskers
indicate the minimum and maximum with the outliers excluded, and the circles and stars
represent outliers and extreme outliers falling beyond 1.5 and 3 times the IQR from the
box.

6.3.2 Transducer effects
The results discussed in this paragraph are based on the measurements of

study 2. Of all 120 measured SRTs (10 subjects, 4 transducer types, 3 tests),
two data points were excluded because of outlying values (SRT deviating
from the third quartile by more than 3 times the interquartile range). These
were measurements of two different participants and with two different
transducers (cf. Table 6.2). The exact cause is not known, but possible

explanations are an Internet failure or a too low presentation level.

6.3.2.1 Effect of transducer on the SRT

Figure 6.4 shows the average SRT per transducer type for each of the 10
normal-hearing participants. On average, the SRTs lie very close to each
other, ranging from -9.1 dB SNR for tests with built-in laptop speakers to
-9.8 dB SNR for tests with in-ear phones. A Friedman non-parametric test

also vyields no significant effect of transducer type on the SRT neither
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including [x*(3)=7.1; p=0.069] nor excluding the two outlying data points
[x%(3)=5.4; p=0.145].
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Figure 6.4 SRT per transducer type, averaged across the 3 (or 2) repetitions, for each of the
10 normal-hearing participants.

6.3.2.2 Test-retest reliability

The root mean square of the within-subject standard deviations across the
3 (or 2) tests per transducer equaled 1.7, 0.9, 0.7, and 0.9 dB for
headphones, in-ear phones, built-in speakers, and external speakers,
respectively. Whereas the three repetitions with the built-in speakers were
most often done with the same laptop per participant, at least two
different transducers were used for the other three types (cf. Table 6.2).
This can explain why the test-retest variability for measurements with built-
in speakers is as low as in a controlled lab setting. Nevertheless, the
variability for in-ear phones and external speaker measurements is also
very low (below 1 dB), in spite of the highly realistic, uncontrolled, and

varying test circumstances.

The higher within-subject variation for measurements with headphones is
more difficult to explain. Seven different headphones had been used
throughout the study, but the variability seems not to be due to the
performance of one single device. Differences in headphone quality (e.g.
frequency response or distortions) can thus not explain the higher test-

retest variability. Remaining causes are variations in headphone placement,
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influencing the frequency response at the eardrum, or more variation in
volume setting. However, only in more extreme cases (e.g. limited
bandwidth for the telephone test) this is expected to affect the SRT in

noise.

6.3.3 Training effect

6.3.3.1 Digit Triplet test

In study 1, all participants conducted the Digit Triplet test first with their
left ear, followed by the right ear. A possible training effect can thus be
studied. However, note that there is no guarantee that all subject have
symmetric hearing. In Table 6.3, the mean and median SRT difference
between the firstly and secondly tested ear is given per age group.
Although the training effects are small (below 0.5 dB), they are significant
for the 7™ graders and young adults (Wilcoxon signed-rank test, p<0.001).
For the youngest age group, the difference between the first and second
test is even smaller (0.2 dB) and not significant.

Table 6.3 Difference between the first test (left ear) and the second test (right ear) per age

group. Both the mean and median difference is given, as well as the p-value of the
Wilcoxon signed-rank test.

Difference (dB)
N mean median p-value
5th graders 100 0.1 0.2 0.558
7th graders 114 0.3 0.5 <0.001
young adults 160 0.7 0.5 <0.001

The measurements of study 3 were carried out to examine the further
course of the training when more than two tests are conducted. Figure 6.5
shows the SRT for eight repetitions with the left and right ear alternated.
Similar to the 7" graders and young adults of study 1, a significant
improvement of 0.5 dB is seen between the first and second test (Wilcoxon
signed-rank test, p=0.020). From the second test on, the results are stable.
Only for the last presentation, the SRT seems to improve again, but this is

only significant compared to the 3™ test (p=0.028). However, this late
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‘training’ effect, for which there is no obvious explanation, is not

considered relevant for screening purposes.
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Figure 6.5 Training effect for 8 successive tests with left (L) and right (R) ear alternated.
Error bars represent the standard deviation across the 10 participants.

6.3.3.2 Matrix test

In this paragraph, training effects for six successive measurements of the
Matrix test are compared for three conditions: using six different test lists
(as shown and discussed in Chapter 5), using six times the same test list
with a random trial order, and using six times the same test list with a fixed
trial order. The latter two were based on the results of study 4. The results
for the three conditions are shown in Figure 6.6. In general, a similar
training pattern is seen, with most of the training occurring from the 1* to
the 2™ test (0.9 dB on average), and with 1.7 dB of total training from the
1% to the 6™ measurement. For the two conditions with the same test list,
the SRTs on the first test seem to be slightly lower (better) than for the
measurements with different lists. This is most probably because the
subjects of study 4 already had participated in some pilot measurements
for the Digit Triplet and CVC test before, so that they were already

familiarized with speech-in-noise testing.

A repeated measures ANOVA proves that there is no interaction between
the three measurement conditions and the training course over the six
measured SRTs [F(10,185)=1.041; p=0.411]. There was also no main effect
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of condition on the SRT [F(2,37)=2.414; p=0.103]. As expected, the training
effect itself was significant [F(5,185)=72.492; p<0.001]. Pairwise
comparisons (with Bonferroni correction) demonstrate that the SRT for the
first test is significantly worse than for all the following tests (p<0.001), that
the 2" and 3™ test yield a significantly worse SRT than the following tests
(p<0.05) but do not differ from each other, and that there is no further
improvement from the 4™ test onwards. In case of multiple testing in e.g.
research settings and when running out of lists, the same test lists can thus

be reused without introducing an additional training effect.
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Figure 6.6 Training effect for the Matrix test when presenting six different lists (left panel;
N=20; also shown in Chapter 5) and when presenting six times the same list (right panel;
with random (N=10) and fixed (N=10) trial order).

6.3.4 Shortening of test track
Based on the measurements described in Chapter 3, linear regression and

ROC analyses were re-executed with SRT estimations based on different
track lengths. In the original test, 27 triplets are presented and the SRT is
defined as the average of the last 22 SNRs (triplet 7 to 28). The SRT was
now recalculated as if only 25, 23, 21, or 19 triplets had been presented,
thus taking into account the SNRs of triplets 7 to 26, 7 to 24, 7 to 22, or 7 to
20. Table 6.4 gives an overview of the SRT-PTA, 34 correlation coefficients
and Table 6.5 of the ROC areas for different PTA; 3 4¢ criteria. As in Chapter
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3, the SRTs of the French-speaking subjects had been shifted by 1.2 dB to

correct for the difference in reference SRT of the two language versions.

Table 6.4 Overview of the SRT-PTA,;,¢ correlation coefficients with recalculated SRTs
based on different track lengths, for the Dutch- and French-speaking participants
separately and together. For both language groups, the data point of one outlier was
excluded (cf. Chapter 3).

Number of triplets
N 27 25 23 21 19
Dutch-speaking 83 0.86 0.85 0.84 0.84 0.83
French-speaking 33 0.81 0.80 0.80 0.79 0.79
Dutch and French 116  0.84 0.83 0.83 0.83 0.82

The results in Table 6.4 show that, when the SRT is estimated based on a
shorter test track, the Digit Triplet test still yields a very strong correlation
with the PTA, 3 ,6. Compared to the original test with 27 triplets, there is no
significant deterioration in correlation strength (Steiger’s Z-test, p>0.05)
when using 25, 23, or 21 triplets. Only for 19 triplets, the correlation for the
Dutch-speaking participants and for the total group becomes weaker
(Steiger’s Z-test, p<0.05). With an average test duration of 4min 11 seconds
for the standard test with 27 triplets, the test duration will, in theory, be

reduced to 3min 15 seconds by presenting only 21 triplets.

Also the area under the ROC curve did not reduce significantly (overlap
between 95% confidence intervals). Nevertheless, when applied on a very
large scale, these differences might become significant and might lead to a
slightly higher risk for false-positive or false-negative screening outcomes.
Therefore, depending on the goal of the screening test (e.g. part of the
official hearing screening/monitoring program for noise-exposed workers
versus part of a sensitization program for a broad public), one needs to
carefully consider a trade-off between the highest possible test accuracy

and a shorter test duration.
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Table 6.5 Overview of the ROC analysis with recalculated SRTs based on different track
lengths, for different PTA,; 3 4 ¢ criteria.

Dutch-speaking only Dutch and French together
(N=84) (N=118)

PTA # area asymptotic 95% Cl area asymptotic 95% ClI
(dB HL) trials lower bound upper bound lower bound upper bound
10 27 0.95 0.898 0.996 0.95 0.905 0.988

25 0.95 0.902 0.995 0.95 0.908 0.988
23 0.95 0.901 0.993 0.95 0.909 0.986
21 0.95 0.910 0.995 0.95 0.913 0.988
19 0.94 0.890 0.992 0.94 0.896 0.983
20 27 0.91 0.844 0.970 0.93 0.889 0.977
25 0.90 0.840 0.968 0.93 0.886 0.975
23 0.90 0.831 0.966 0.93 0.877 0.973
21 0.90 0.832 0.967 0.93 0.884 0.977
19 0.89 0.821 0.961 0.92 0.876 0.973
30 27 091 0.850 0.973 0.93 0.884 0.972
25 0.90 0.836 0.970 0.92 0.873 0.968
23 0.89 0.821 0.964 0.91 0.864 0.964
21 0.89 0.813 0.960 0.91 0.863 0.964
19 0.88 0.808 0.956 0.91 0.859 0.961
40 27 0.92 0.849 0.997 0.92 0.868 0.972
25 0.91 0.829 0.994 0.91 0.855 0.968
23 0.91 0.817 0.994 0.91 0.850 0.966
21 0.90 0.807 0.985 0.91 0.850 0.965
19 0.89 0.796 0.981 0.90 0.839 0.961
50 27 0.99 0.968 1.000 0.96 0.921 0.994
25 0.99 0.965 1.000 0.95 0.913 0.991
23 0.99 0.966 1.000 0.95 0.904 0.989
21 0.98 0.956 1.000 0.94 0.899 0.987
19 0.98 0.952 1.000 0.95 0.903 0.989

Cl = confidence interval
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6.4 Conclusions

The main conclusions of this Chapter are:

The Digit Triplet test can reliably be used for self-screening via the
Internet in children of 10 years or older. However, age-specific
references need to be applied to be able to correctly interpret the
screening outcome.

There is no effect of different transducer types on the SRT
measured in uncontrolled, home-like situations. The most reliable
results are obtained using in-ear phones, built-in laptop speakers,
and external speakers. The very precise results with in-ear phones
also suggest a high potential for the application of the Digit Triplet
test on a smart phone.

All training for the Digit Triplet test takes place between the first
and the second measurement. The size of the effect is small (0.5
dB) but significant. The effect exists in adults and in 7" graders, but
is smaller and insignificant in 5" graders.

The general training effect seen for the first two to three
measurements with the Matrix test, remains unchanged when
using each time the same test list compared to employing different
test lists.

For specific screening purposes, it can be considered to apply a
shortened version of the Digit Triplet test with 21 instead of 27

triplets, without affecting the test accuracy significantly.
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Chapter 7 General discussion and conclusions

7.1 General discussion of research findings

7.1.1 SRT-PTT relationship
A general goal of this thesis was to investigate how different types of

speech and noise material influence the SRT-PTT relationship. In the study
described in Chapter 3, a very strong correlation of 0.86 was found when
presenting the Flemish Digit Triplet test to a noise-exposed population. This
is much stronger than the SRT-PTT correlations for sentence-in-noise tests
reported in the literature (around 0.70). The low cognitive load, the low
contextual redundancy, and the lower measurement error of the Digit
Triplet test compared to a test with complex everyday sentences, most

likely explain this high correlation.

As correlation coefficients can be influenced by the actual study sample
(spread/range of outcomes, outliers, etc.), the comparison of SRT-PTT
correlations across different types of speech-in-noise tests is fairer when
determined in the same group of listeners. Therefore, SRT-PTT scatter plots
for the FIST, French Matrix, and French Digit Triplet test, measured in the
broad, general population described in Chapter 5, are shown in Figure 7.1.
As this was not a noise-exposed population, the thresholds at 3 and 6 kHz
had not been determined. Therefore, PTA,, is plotted as the reference. To
reduce the difference in the number of trials within each speech-in-noise
test, and thus reducing the measurement error (see Table 5.5), the shown
FIST results are the average of the test and the retest, whereas only the test
results (and no retest) are shown for the Matrix and Digit Triplet test.

Furthermore, eight hearing-impaired participants showing a rather flat
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audiogram (PTA; 48 — PTAp 25051 < 15 dB) were indicated separately, as they

were considered highly likely to have a conductive or mixed hearing loss.

As can be seen in Figure 7.1, there is a larger spread in SRT within the group
of normal-hearing listeners for the FIST (SD = 1.0 dB) compared to the
Matrix (SD = 0.7 dB) and the Digit Triplet test (SD = 0.5 dB). This can be
attributed to the higher influence of cognitive abilities (processing speed,
working memory, linguistic skills), combined with the still larger
measurement error for the FIST compared to the Matrix and Digit Triplet
test. The minor difference between the Matrix and the Digit Triplet test can

be due to a small difference in cognitive load.

Secondly, visual inspection of the overlap between normal-hearing and
hearing-impaired listeners (the participants with a flat audiogram
excluded), reveals a considerable overlap for the FIST, whereas almost no
overlap for the Matrix and Digit Triplet test. This is explained by the high
contextual redundancy in the everyday sentences of the FIST, so that
hearing-impaired listeners can use the context and their knowledge to
(partly) fill the gaps in incoming acoustic information. Results on a FIST-like
speech-in-noise test are thus highly representative for everyday
communication abilities, but do not discriminate between normal-hearing
listeners and persons with a mild (high-frequency) hearing loss. These
results are in line with those of Smoorenburg et al (1982), Smoorenburg
(1992), and Bosman & Smoorenburg (1995).

Overall, the strongest SRT-PTA correlation coefficient (with the participants
with a flat audiogram excluded) was obtained for the Digit Triplet test
(0.88) and Matrix test (0.84). For the FIST, the correlation coefficient was
0.77. In conclusion, when cognitive factors, contextual redundancy, and
measurement error are ruled out as much as possible, the attenuation and
distortion component of the sensorineural hearing loss seem to be very
similarly affected (R=0.88). This makes the supra-threshold SRT determined
with the Digit Triplet test a good estimator of a person’s cochlear status, as

was concluded in Chapter 3.
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7.1.2 Comparability across languages

When developing a specific type of speech-in-noise test in different
languages, several factors can introduce a difference in supra-threshold
SRT. First of all, different speakers with different speech characteristics are
employed. Although spectral differences are compensated for by using a
speech-shaped noise for each speaker, other characteristics such as the
speech rate might affect the SRT. Secondly, as the speech items are not the
same, differences in phonetic or semantic content will exist as well. Third,
room acoustics and microphone characteristics during the recordings will
affect the speech intelligibility as well. And fourth, there can be differences
in the way the RMS level of the speech is calculated (silence parts in- or

excluded, frame length), hereby influencing the SNR.

Still, when comparing the reference SRTs for normal-hearing listeners
across languages (or dialects) for similarly developed speech-in-noise tests,
the differences are small. For the Digit Triplet test through telephone,
reference SRTs of -7.1 dB SNR (Smits et al, 2004), -6.4 dB SNR (Chapter 2),
and -6.4 dB SNR (Zokoll et al, 2012) have been reported. For the broadband
Digit Triplet test, the reference SRTs were -9.4 dB SNR (Ozimek et al, 2009),
-10.5 dB SNR (Chapter 2), -9.3 dB SNR (Zokoll et al, 2012), and -11.7 dB SNR
(Chapter 3). And for the CVC test, the reference SRTs for normal-hearing
listeners were -9.4 dB SNR (Leensen et al, 2011b); and -12.0 dB SNR and
-12.1 dB SNR (Chapter 4). Moreover, the results in Chapter 3 and Chapter 4
clearly show that by simply applying an overall SRT shift to correct for the
difference in reference SRT, highly comparable results across languages are

found in hearing-impaired listeners as well.

Since the termination of the HearCom project, the further development of
internationally comparable Digit Triplet tests in many other languages has
been continued within the HurDig project, led by the University of
Oldenburg. Additionally, the International Collegium of Rehabilitative

Audiology (ICRA) working group on multilingual speech materials has set up
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detailed recommendations for the development of a Digit Triplet test,
aiming to reach the highest possible across-language comparability
(Kollmeier et al, 2013).

7.1.3 Broadband versus telephone presentation
For the French Digit Triplet test, both a telephone and a broadband

headphone version had been optimized and evaluated in normal-hearing
(Chapter 2) and hearing-impaired (Chapter 2 and 3) listeners. In the group
of normal-hearing listeners, the reference curve was found to be steeper
for the broadband headphone version (27 %/dB) than for the telephone
version (17 %/dB). Nevertheless, adaptive measurements in six normal-
hearing participants showed a very low measurement error for both
versions (0.6 and 0.7 dB for broadband and telephone presentation,

respectively).

Regarding the sensitivity of the Digit Triplet test for detecting early-stage
high-frequency hearing loss in noise-exposed listeners, the study described
in Chapter 3 proves very good outcomes for the broadband version of the
test. This is in contrast to the low sensitivity reported by Leensen et al
(2011a), presumably as a result of telephone-filtered speech and noise
stimuli. Therefore, the use of the broadband Digit Triplet test is considered
indispensable for efficient and sensitive hearing assessment in listeners at

risk of noise-induced hearing loss.

Nevertheless, hearing screening through telephone is still considered to be
of great value, as it is sensitive for mild sensorineural hearing losses in the
mid-range frequencies (PTAgs124 > 25 dB HL) (Smits et al, 2004; Jansen et
al, 2010; Watson et al, 2012) and is expected to be most suitable to reach
certain populations, such as elderly people. Therefore, the Digit Triplet test
through telephone can play an important role in programs aiming to reduce
the high number of undiagnosed and untreated hearing losses, with the
ultimate goal of improving the quality of life of many (older) people

suffering from a slowly progressing age-related hearing loss.
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Two specific hearing screening and awareness implementations based on
the Digit Triplet test already arose from this PhD project, one based on the
telephone version, the other one on the broadband version. The ‘Hein?
test’ by telephone®, launched by the organization France Presbyacousie for
hearing screening for age-related hearing loss (cf. Chapter 2), already
received 68 886 calls since its release in France in February 2009. More
recently, in October 2012, there was a television program on the Belgian
national TV about noise-induced hearing loss in adolescents, discussing two
actions using the broadband Digit Triplet test: (1) 200 young adults had
been screened in a mobile test lab on their way to the first summer festival;
and (2) within a period of one month and a half, 59 915 persons of different
ages had completed the online Digit Triplet test on PC or tablet.

7.1.4 Digit Triplet or CVC_LP test?
In Chapter 4 it was shown that the (already high) sensitivity of the Digit

Triplet test for high-frequency hearing loss could not be improved by using
CVC words with the same vowel. It even deteriorated slightly. Employing
the CVC test in a LP-filtered noise, however, increased the sensitivity back
to the level of the Digit Triplet test. The question therefore remains which
of both tests is the preferred one for efficient hearing screening, e.g. in

occupational medicine.

Although the speech items of both the Digit Triplet and the CVC_LP test
were taken from a very basic vocabulary in order to exclude non-auditory
effects on the SRT as much as possible, it is expected that linguistic
competences in e.g. non-native listeners will have a higher influence on the
CVC_LP than on the Digit Triplet test (Kaandorp et al, personal
communication). This hypothesis is supported by the study of Ramkissoon
et al (2002) who showed a higher accuracy for SRT testing in non-native
English listeners when presenting digit pairs compared to spondee words

which were considered familiar for native American English speakers.

6 http://www.hein-test.fr/
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Furthermore, when a speech-in-noise test is used for home-screening
through the Internet, there is a second disadvantage of the CVC_LP test.
With this LP-filtered noise, where SNRs down to approximately -25 dB SNR
need to be reached in order to pass the test, the uncontrolled absolute
presentation level, frequency characteristic of the used transducer, and the
ambient noise might affect the screening outcome more than when the

standard speech-shaped noise is used.

To conclude, based on the body of data presented in this work, the Digit
Triplet test in standard speech-shaped noise is considered the more
suitable speech-in-noise test compared to the CVC_LP test, in case the
target population is likely to include non-native listeners as well, and when
screening occurs in uncontrolled circumstances, e.g. at home over the

Internet.

7.1.5 Comparison to other screening methods
As discussed in the general introduction (Chapter 1), there are several

advantages of a supra-threshold speech-in-noise test for hearing screening
purposes with regard to the administration of the test, especially compared
to pure-tone threshold audiometry and otoacoustic emissions.
Furthermore, it was hypothesized that a speech-in-noise test is able to yield
reliable results, strongly correlated with the ‘gold standard’ pure-tone

audiometry, when the speech and noise materials are carefully selected.

The results of this PhD project indeed prove that the broadband Digit
Triplet test has a high sensitivity and specificity for different degrees of
(noise-induced) high-frequency hearing loss. Furthermore, there is no
plateau at neither side of the outcome range. And, to conclude, additional
effects of non-auditory factors on the SRT, such as working memory or
linguistic capacity, seemed to be very small. Table 7.1 resumes the overview
of the advantages and disadvantages of the different screening methods, as
was shown in Chapter 1, now including the answers on the research

questions studied in this PhD project. In conclusion, the Digit Triplet test is
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the most suitable hearing test for screening purposes, as it is easily
accessible by a broad population, and has a high sensitivity for a wide range

of sensorineural hearing loss.

Table 7.1 Advantages and disadvantages of four screening methods, relative to each other,
for detecting and monitoring acquired sensorineural hearing loss in adults. Advantages are
underlined. The abbreviations ‘subj.” and ‘obj.” stand for subjective and objective,
respectively.

Q“::itr':n' PTTs OAE SRT
Administration:
equipment no high-quality high-quality low-quality
trained administrator no yes yes no
sound-proof booth no yes preferably no
broadly accessible yes no no es
duration fast intermediate fast fast
type of test subj. behavioral obj. behavioral
Results:
chance for false pos/neg high low intermediate low
limited outcome range ? no yes no
non-auditory effects yes no no no
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7.2 Future research directions

7.2.1 Screening through Internet: Subjective calibration
Although the absolute presentation level of a supra-threshold speech-in-

noise test does not influence a listener’s speech intelligibility over a certain
intensity range (Plomp & Mimpen, 1979b), the speech level should be high
enough to ensure audibility at least for listeners with normal hearing or
mild-to-moderate hearing loss. If not, there will be an increased risk for
false-positive outcomes. The given instructions and audio example to set
the volume at the start of the test should thus be chosen carefully in order

to maintain the highest possible specificity of the test.

Currently used online hearing screening tests show a variety of instructions,
such as “Adjust the volume on your computer to a comfortable level”
(www.hearcom.eu), “Adjust the volume so that you can clearly understand
the digits” (www.hoortest.nl), or “Put the volume that loud so that you can
hear it well” (www.oorcheck.nl). Moreover, some tests play the audio
example in quiet, whereas others in noise (most at 0 dB SNR). Besides the
instructions and sound example at the start of the test, the adaptive
procedure employed during the test (generally a constant noise level and
varying speech level is used) might be reconsidered as well when screening
over the Internet. In order to avoid speech sounds becoming too soft when
presenting a trial at -10 dB SNR, it might be better to employ a constant
speech level and varying noise level. However, there will then be a chance
for sounds becoming uncomfortably loud. A possible solution might be to
determine both an upper and lower limit for the presentation level at the
start of the test, and then determine the best fit of the speech and noise
signals within this range to reach the desired SNR. To conclude, a further
research question thus is which instructions and audio examples, in
combination with which adaptive procedure, would yield the most optimal
overall levels throughout the complete test to achieve a reliable and

accurate SRT estimate.
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7.2.2 Digit Triplet test in LP-filtered noise
Given the high sensitivity and specificity of the Digit Triplet test in standard

speech-shaped noise (Chapter 3) and given the improvement in sensitivity
and specificity of the CVC test when employing a LP-filtered noise
compared to the standard speech-shaped noise (Chapter 4), it can be
expected that the Digit Triplet test in LP-filtered noise might also yield an
improved sensitivity and specificity. In order to evaluate this potential

benefit, two successive studies are proposed.

First, an additional optimization of the speech items in LP-filtered noise
should be executed, in order to maintain the low measurement error of the
original test as much as possible. This optimization should take place in
three steps: (1) measurements at several fixed SNRs in normal-hearing
listeners, to get precise SRT estimates for each speech item in LP-filtered
noise; (2) level adjustments to correct for SRT differences; and (3) adaptive
measurements in normal-hearing listeners, to have a first indication on the

measurement error.

Second, the evaluation in a noise-exposed population should take place,
using a similar test protocol as in Chapter 4. By presenting both the original
Digit Triplet test in standard speech-shaped noise, the Digit Triplet test in
LP-filtered noise with the original speech items, and the Digit Triplet test in
LP-filtered noise with additionally optimized speech items to the same
group of listeners with a wide range of (high-frequency) hearing losses, the

potential improvement in sensitivity can be examined.

7.2.3 Temporary threshold shift (TTS)
It is known that pure-tone thresholds are temporarily shifted in the minutes

and hours immediately after exposure to noise, but (partially or completely)
recover after some resting period (Quaranta et al, 1998). Since the
underlying cause of TTS is the temporary dysfunction or inactivity of the

outer hair cells (Patuzzi, 2002), the supra-threshold SRT is expected to be
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shifted as well during this period. However, it is unknown what the amount

of the SRT shift is and how fast the recovery will progress.

When screening for noise-induced hearing loss, the aim is to detect persons
with a permanent hearing impairment. Therefore, screening should take
place at a moment where any temporary shift is expected to have (mostly)
vanished. Further research is thus necessary in order to determine the
exact size of the temporary SRT shift and its evolution in time. This should
be measured for varying exposure levels and exposure durations
representative for the occupational and/or recreational noise people can be

exposed to in daily life.

In occupational medicine, where the TTS considerably reduces the available
moments at which noise-exposed workers can reliably be screened, self-
screening over the Internet gives the additional advantage that all (or most)

employees can be tested at the same moment.
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Appendix A Development and validation of
the Leuven Intelligibility
Sentence Test with a male
speaker (LIST-m)?

A.1 Abstract

Objective: In addition to the LIST with a female speaker (van Wieringen &
Wouters, 2008), a new speech perception test with a male voice was
developed and validated, for evaluating the intelligibility performance of
cochlear implant (Cl-) users or severely hearing impaired persons. Design:
Three experimental steps were carried out: (1) a perceptual optimization of
the recorded materials, (2) an evaluation in normal hearing (NH) listeners,
and (3) a validation in Cl-users. Measurements were performed both in
quiet and in noise. Study sample: Forty-four NH subjects and 6 Cl-users
participated. Results: After selecting the sentences with a similar
intelligibility, the reference psychometric curve for NH listeners was
determined, showing steep slopes for measurements in quiet (12.3%/dB)
and in noise (18.7%/dB), similar to the LIST with female voice. The 38 lists of
10 sentences vyielded equal scores, and the within-subject test-retest
reliability was high (1.7 dB in quiet, 1.1 dB in noise). For the Cl-users,
parallel psychometric curves were found between the LIST with male and
female voice. Conclusions: The LIST-m is a reliable and valid speech

intelligibility test that can be used for Cl-users, both in quiet and in noise.

” The content of this chapter has been accepted for publication as: Jansen S., Koning R.,
Wouters J. & Van Wieringen A. 2013. Development and validation of the Leuven Intelligibility
Sentence Test with a male speaker (LIST-m). International journal of audiology, accepted.
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A.2 Introduction

Speech intelligibility tests based on everyday sentences presented in quiet
or noise have proven their great value in audiological research (e.g.
evaluation of speech enhancement algorithms in cochlear implant (Cl)
processors) as well as in clinical audiology (e.g. quantification of hearing aid
benefit). Due to the fact that complex speech stimuli representative for
real-world communication are used, there is a need for speech tests in
many different languages. Furthermore, for experiments on informational
masking or stream segregation, the availability of a large set of sentences

for different speakers of a different gender is required.

For the Dutch language, the Leuven Intelligibility Sentence Test (LIST, van
Wieringen & Wouters, 2008) was developed complementary to the already
existing tests of Plomp & Mimpen (1979a) and Versfeld et al (2000). Special
for the LIST is the lower speech rate at which the sentences are being
uttered (2.5 syllables per second versus 4.7 for the Versfeld sentences (van
Wieringen & Wouters, 2008)), and the possibility to determine key word
scores. Only in this way, it is possible to test most Cl-users or persons with a
severe hearing loss for whom standard speech tests are often too difficult.
In addition to the LIST with a female voice, there is a need for a similar

speech material with a male voice: LIST-m.

This article describes the development and validation of the LIST-m which
was carried out in three steps. The first step concerns the optimization in
which the speech reception threshold (SRT, i.e. the level at which an
intelligibility score of 50% is obtained) is determined for each recorded
sentence, so that a subset of sentences with a similar SRT can be selected
and divided in lists of 10. In the second step, the evaluation, the list
equivalency, the reference psychometric curve, and the test-retest
reliability is determined in normal hearing (NH) listeners, so that it can be
compared to the normative values reported for the original LIST with

female speaker (LIST-f). Finally, in the validation, results for both the LIST-m
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and LIST-f are compared in Cl-users. All the applied procedures as described
in this article, are in accordance with the procedures that have been used

for the development of LIST-f.

A.3 Material and Methods

A.3.1 Preparation of speech and noise material

A.3.1.1 Recording of sentences

As described in detail in van Wieringen and Wouters (2008), a large set of
730 everyday sentences had been selected for the LIST. In each sentence,
the key words were determined. In general, these are all words except
prepositions, articles, pronouns, conjunctions, and some of the auxiliary
verbs. The number of key words per sentence ranged from 2 to 7, with an
average and median of 3. All sentences were formerly recorded by four
professional speakers in an anechoic room. The recordings of one of the
two male speakers are used in this study. Further details on the recording

conditions are given in van Wieringen & Wouters (2008).

For each sentence, the average root mean square (RMS) level was
calculated using frames of 50 ms. Frames with an RMS level below 0.001
(-60 dB FS) were not taken into account, so that the RMS of a sentence was
not influenced by silence parts in between words. The average RMS across
all 730 sentences equaled 0.0403 (-27.9 dB FS).

A.3.1.2 Generation of stationary speech-shaped noise

The long-term average speech spectrum (LTASS) of the 730 sentences was
determined as follows: For each sentence, silence parts were removed
(frames of 20 ms with RMS < 0.001) and the spectrum was calculated with a
4096-points fast Fourier transform using a rectangular window and without
overlap. These spectra were then averaged, applying a weight according to
the length of each sentence. For this LTASS, a 2048-taps finite impulse
response filter was generated and applied on an 11 seconds long white

noise. Transients at the start and the end of the speech-shaped noise were
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removed to allow looping of the noise without any clicks. The average RMS
level of the noise was 0.0442 (-27.1 dB FS). The 0.8 dB difference with the
average speech level (-27.9 dB FS) is automatically compensated for in the

testing software (cf. below).

A.3.2 Subjects

In total, 44 NH subjects and 6 Cl-users participated in this study. All NH
listeners had pure-tone thresholds below or equal to 15 dB HL for all octave
frequencies between 250 and 8000 Hz. The 24 NH subjects in the
optimization measurements had an average age of 22, ranging from 18 to
48 vyears old. The age of the 20 NH participants in the evaluation
measurements ranged between 18 and 21 years old. The Cl-subjects, all
with the same type of implant by Cochlear Ltd, were between 19 and 69
years old and were all experienced users (> 5 years). One of them was
prelingually deaf and received his implant at the age of 2 years. This study
was approved by the Medical Ethics Committee of the University of Leuven
(KU Leuven) and University Hospitals Leuven, and written informed consent

was obtained from all participants.

A.3.3 Test setup

The APEX 3 software (Francart et al, 2008) was used to present the stimuli,
automatically mixing the speech and the noise to the desired signal-to-
noise ratio (SNR), and to store the results for each trial. When testing the
NH subjects, the signals were sent out through a 24-bit sound card
(LynxOne, Lynx Studio Technology) and a headphone buffer (HB-7, Tucker-
Davis Technologies) to a pair of headphones (HDA200, Sennheiser). The
stationary speech-shaped noise was used to calibrate the setup at 80 dB
SPL, measured through an artificial ear (type 4153, Briell & Kjeer).
Participants of the optimization measurements were tested in a sound-
proof booth or quiet room. For the evaluation measurements, all tests were
conducted in a double-walled sound-proof booth. For the Cl-users, an

experimental L34 processor, provided by Cochlear Ltd, was used for direct
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transmission of the stimuli to the subject’s implant. The Cl-measurements

were conducted in a quiet room.

A.3.4 Procedures

A.3.4.1 Optimization

Twenty-four NH subjects listened to all 730 sentences at -10, -8, -6, or -4 dB
SNR, so that each sentence was presented to 6 listeners per SNR. The
signals were presented monaurally to the subject’s best ear. The level of
the noise was held constant at 65 dB SPL. The noise started and stopped
500 ms before and after each sentence. The listeners were instructed to
repeat the sentences as accurately and as completely as possible. A
sentence score based on key words was determined. This means that a
score of 1 is given when all key words in a sentence are understood
correctly, otherwise the score is set to 0. The order of the sentences and

SNRs was randomized.

A.3.4.2 Evaluation

Based on the optimization results, a subset of sentences was selected and
divided in 39 lists of 10. These lists were then all presented to 20 NH
participants using the 1-up 1-down adaptive procedure with a fixed step
size of 2 dB. The first sentence in a list was repeated with increasing speech
level until it was understood correctly. After scoring the last sentence in a
list, the SNR of the (imaginary) 11" sentence was determined. The SRT was
then estimated by averaging the last 6 SNRs. Again, sentence scoring based

on key words was applied.

Half of the subjects conducted all test lists in noise, which was presented at
a constant level of 65 dB SPL. The first sentence in a list started at -12 dB
SNR. Here as well, the noise started and ended 500 ms before and after a
sentence. The other 10 NH subjects were tested in quiet. Now, the first
sentence in a list was presented at 18 dB SPL. In both conditions, the signals
were presented monaurally to the subject’s best ear. The presentation

order of the lists was randomized.
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A.3.4.3 Validation

In a last step, 10 lists of LIST-m and 10 lists of LIST-f were presented to 6 Cl-
users. Intelligibility scores for both speakers were determined in 5
conditions (quiet, +10, +6, +2, and -2 dB SNR) in a test-retest design. The
presentation order of the conditions was always from high to low SNR, the
speaker order within a condition was randomized. Test lists were chosen
randomly, but care was taken that an individual sentence was never
presented twice to the same listener. Both sentence scores based on key
words and key word scores were determined. In all 5 conditions, the speech
level was fixed at 65 dB SPL. Before the start of the test, each listener

performed one training list of LIST-f in quiet.

A.4 Results

A.4.1 Optimization

For each of the 730 recorded sentences, the SRT was estimated by means
of a logistic regression on the intelligibility scores at the four presented
SNRs. In order to select a set of sentences with a similar intelligibility, the
following exclusion procedure was followed. First, 135 sentences with an
SRT below -10 or above -4 dB SNR were excluded. Given the range of
presented SNRs, the error on the SRT estimation was also rather high for
most of these sentences. In a second step, sentences with an SRT deviating
by more than 1 standard deviation from the mean SRT were excluded (the
mean SRT across the 595 sentences remaining after step 1 equaled -7.5 dB
SNR with a standard deviation of 1.5 dB). In this way, a set of 395

homogeneous sentences was obtained.

Similar to the LIST-f, lists of 10 sentences were constructed with an equal
number of syllables (89 to 90) and key words (32 to 33). In this regard, the 5
sentences with a very low number of syllables (less than 4) or a very high
number of syllables (more than 16) were further removed. Of the 390

finally selected sentences of LIST-m there were 193 sentences which do not
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occur in the final speech material of LIST-f. For practical reasons, 190 of

these ‘unique’ sentences were put together and form the first 19 test lists.

A.4.2 Evaluation

A.4.2.1 List equivalency

In order to examine the list equivalency, a repeated-measures analysis of
variance (ANOVA) was conducted. A significant effect of test list on the SRT
was found, both for measurements in noise [F(7.2,65.2)=2.565; p=0.020]
and in quiet [F(6.9,61.8)=3.149; p=0.007] (Greenhouse-Geisser correction).
Pairwise comparisons (with Bonferroni correction) revealed that one list
yielded significantly lower (better) SRTs in quiet than two other lists did.
Therefore, it was decided to remove this list from the final test material.
The final version of the LIST with male voice thus consists of 38 test lists, of
which 19 are unique lists. The maximal deviation of a list-specific SRT from

the overall mean is 1.2 dB in noise and 1.7 dB in quiet.

A.4.2.2 Norm values and reference psychometric function

Subject-specific SRTs were obtained by averaging the SRTs of the 38 final
test lists. Based on the mean and the standard deviation across the 10
participants per condition, the reference SRT for NH listeners can be
determined. In noise, the reference SRT was -7.8 (+ 0.4) dB SNR. In quiet, it
was 21.1 (+ 2.5) dB SPL. A detailed overview of the subject-specific results is

given in Table A.1.

Besides the adaptively determined SRT, the complete psychometric
function was estimated for each subject as well. For each sentence
presented to a listener, the score (0 or 1) and the corresponding SNR were
available. In case the first sentence within a list was presented more than
once, only the first presentation was taken into account. Based on these
380 combinations of SNR and score, a logistic regression fit could be applied
on the data of each listener. Table A.1 summarizes the subject-specific SRT
and slope estimates and their standard error. Besides the reference SRT,

which corresponds exactly to the adaptively determined reference SRT, the



162

reference slope can be determined as well: 18.7 (+1.8) %/dB in noise and
12.3 (£2.2) %/dB in quiet.
Table A.1 Evaluation results in NH listeners: overview of the subject-specific results in

noise and in quiet (SD = standard deviation; SE = standard error on the parameter
estimate). SRTs in noise are expressed in dB SNR, SRTs in quiet in dB SPL.

ADAPTIVE FITTED
sentence scoring sentence scoring key word scoring
SRT SD SRT SE Slope SE SRT SE Slope SE
NHO1 -7.6 1.0 -7.6 0.1 19.9% 2.5% -89 0.1 20.0% 1.8%
NHO02 -7.5 1.1 -7.6 0.2 17.2% 2.2% -9.5 0.1 15.2% 1.3%
NHO3 -7.8 1.4 -7.8 0.2 16.9% 2.2% -9.4 0.1 17.9% 1.6%
NHO4 -7.8 1.3 -7.8 0.2 17.6% 2.3% -9.0 0.1 17.2% 1.7%
NHO5 -7.3 1.2 -7.3 0.2 16.3% 2.0% -89 0.1 16.5% 1.5%
w NHO6 -7.3 1.1 -7.2 0.2 18.4% 2.3% -9.0 0.1 15.4% 1.4%
8 NHO7 -8.0 1.0 -79 0.2 19.1% 2.5% -9.2 0.1 185% 1.7%
< NHo8 -8.3 1.0 -8.3 0.1 21.2% 2.7% -9.4 0.1 18.5% 1.7%
NHO09 -8.5 1.1 -84 0.2 19.4% 2.5% -9.7 0.1 17.2% 1.7%
NH10 -7.6 1.0 -7.6 0.1 21.4% 2.7% -9.2 0.1 17.0% 1.4%
Mean -7.8 -7.8 18.7% -9.2 17.3%
SD 0.4 0.4 1.8% 0.3 1.5%
RMS 1.1 0.2 2.4% 0.1 1.6%
NH11 22.3 1.8 221 0.2 11.9% 1.6% 20.8 0.2 12.8% 1.4%
NH12 19.1 1.5 19.2 0.2 15.0% 2.1% 17.6 0.2 13.2% 1.6%
NH13 20.1 1.4 20.1 0.2 15.2% 2.0% 18.6 0.2 13.8% 1.6%
NH14 19.7 1.7 19.6 0.2 13.1% 1.8% 18.2 0.1 17.1% 1.9%
NH15 24.6 2.3 247 03 85% 1.2% 226 0.2 10.1% 1.1%
— NH16 19.9 15 19.8 0.2 145% 19% 18.4 0.2 14.4% 1.6%
% NH17 18.5 1.7 185 0.2 11.8% 1.8% 16.6 0.3 9.1% 1.3%
© NH18 26.0 1.5 26.0 0.2 11.6% 1.6% 24.4 0.2 13.0% 1.4%
NH19 19.3 2.0 194 03 9.8% 15% 17.1 0.3 9.2% 1.2%
NH20 21.2 1.7 211 0.3 11.2% 1.5% 19.2 0.2 11.9% 1.3%
Mean 211 21.1 12.3% 19.3 12.5%
SD 2,5 2.5 2.2% 2.5 2.5%
RMS 1.7 0.2 1.7% 0.2 1.5%

Although the simple up-down adaptive procedure requires sentence

scoring, key word scores were stored as well. Similarly to the above

described fitting procedure, SRT and slope estimates were thus determined
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using key word scores as well (see Table A.1): the reference SRT is -9.2 (+
0.3) dB SNR for noise and 19.3 (£2.5) dB SPL in quiet, and reference slope is
17.3 (£1.5) %/dB in noise and 12.5 (+2.5) %/dB in quiet.

A.4.2.3 Test-retest reliability

The test-retest reliability can be defined as the quadratic mean of the
within-subject standard deviations of repeatedly measured adaptive SRTs.
Based on the 38 lists presented to each subject, the reliability of LIST-m is
estimated at 1.1 dB in noise and 1.7 dB in quiet (see Table A.1). It needs to
be noted that this reliability is of course interrelated to the list equivalency

reported above.

A.4.3 Validation

For the 6 Cl-users, test and retest intelligibility scores were determined in 5
conditions for both LIST-m and LIST-f. Figure A.1 shows both the key word
(KW) and sentence (S) scores, averaged over test and retest. Parallel curves
could be drawn for the two different speakers. A repeated-measures
ANOVA on the RAU transformed scores (Rationalized Arcsine Units;
Studebaker, 1985) revealed that there were no interaction effects between
any of the three factors ‘test-retest’, ‘speaker’, and ‘condition’ (p>0.05).
There was also no main effect of ‘test-retest’ [F(1,5)=0.051; p=0.831], nor
for ‘speaker’ [F(1,5)=0.649; p=0.457]. The only significant effect was the
main effect of ‘condition’ [F(4,20)=71.459; p<0.001], where higher SNRs
yielded higher speech intelligibility scores.

As a measure of test-retest reliability, Intraclass correlation coefficients
(ICC) were determined on the test and retest intelligibility scores of the six
subjects in the five conditions (two-way random model, absolute
agreement, single measures). For both speakers, a strong agreement was
found for key word scoring (0.92 for female and 0.91 for male speaker), and
for sentence scoring (0.85 for female and 0.92 for male speaker). This

strong agreement is also shown in the test-retest scatter plots of Figure A.2.
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Figure A.1 Validation results in Cl-users: Intelligibility scores at 5 conditions (quiet, +10, +6,
+2, and -2 dB SNR) for LIST-m (squares) and LIST-f (triangles), applying key word scores
(KW, filled symbols) and sentence scores (S, open symbols). Each panel shows the scores of
one Cl-subject.
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Figure A.2 Scatter plots of the test versus retest scores for the female speaker (LIST-f, left
panels) and male speaker (LIST-m, right panels), and for key word scores (KW, upper
panels) and sentence scores (S, lower panels). Symbols represent the scores for the six
subjects in the five test conditions. The grey line is the identity line (y=x). Intraclass
correlation coefficients (ICC) are given per panel.

A.5 Discussion

Compared to the results of LIST-f, the new speech material with male
speaker yields highly similar results. For the measurements in noise, the
test-retest reliability of 1.1 dB, the reference SRT of -7.8 dB SNR, and the
reference slope of 18.7 %/dB are very close to the values for LIST-f (1.17 dB,
-8.0 dB SNR, and 17.8%/dB, respectively), as reported by van Wieringen and
Wouters (2008). A sentence-in-noise test with a reliability around 1 dB and
a slope above 15 %/dB is generally considered an accurate test (Plomp &
Mimpen, 1979a; Nilsson et al, 1994; Versfeld et al, 2000), suitable both in a

clinical setting as well as for research. Furthermore, although the sentences
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were not optimized for key word scoring, nor for testing in quiet, a steep

psychometric curve could yet be found in these conditions as well.

Only one difference occurred between the results of the two speakers of
the LIST: the reference SRT in quiet for LIST-m lies significantly lower than
the norm values reported for LIST-f (21.1 versus 27.1 dB SPL). Therefore, 4
of our 10 NH listeners tested in quiet, additionally listened to two lists of
the female speaker. Even within the same subjects, using the same test
setup and calibration method, this difference remained. It can be concluded
that this is a pure effect of certain speaker characteristics, which disappears
when both speech materials are presented in their own speech-shaped

noise.

Also for Cl-users the LIST-m proves to yield reliable and valid results. Test
and retest scores showed a low variability and intelligibility scores were
highly similar to the LIST-f. Due to the low speech rate of 2.3 syllables per
second (similar to the 2.5 syllables per second of LIST-f) and the possibility
to determine key word scores, the LIST-m is, as the LIST-f, expected to be
suitable for most Cl-users or severely hearing impaired listeners who are

not able to reach meaningful results on standard sentence-in-noise tests.

A.6 Conclusions

This study shows that the LIST-m is a reliable and valid speech intelligibility
test that can be used for Cl-users, both in quiet and in noise. Additionally to
the 35 test lists of the original LIST with female speaker, 38 equivalent test

lists are now available with a male speaker.
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