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Abstract
Besides the ‘gold standard’ pure‐tone audiometry, it is highly relevant to
assess a person’s supra‐threshold speech perception skills, especially in
background noise, as it approaches our functional hearing ability in a daily
communicative environment. In case of a sensorineural hearing loss, an
impairment leading to both the attenuation and distortion of incoming
sounds, speech perception problems are highly likely to arise.
A relationship thus exists between the speech reception threshold (SRT) in
noise and the pure‐tone thresholds (PTT), although not perfect. The main
influencing factors are (1) individual differences in (peripheral or central)
supra‐threshold versus threshold auditory processing, (2) cognitive and
linguistic skills, (3) the redundancy in speech samples, and (4) the
measurement error on both behavioral measures. In this PhD project, it was
investigated how different types of speech and noise material may
influence the SRT‐PTT relationship and may lead to new possibilities, new
applications of a speech‐in‐noise test for efficient and sensitive hearing
assessment.
In the first part of this PhD thesis, including the first three studies, the
efficiency and sensitivity for screening purposes was investigated. Both for
detecting age‐related hearing loss, which is slowly progressing and often
undiagnosed, and for noise‐induced hearing loss, where periodic screening
in high‐risk populations may prevent further damage, there is a need for a
robust, simple, fast, and sensitive hearing screening technique. When
conducting a supra‐threshold speech‐in‐noise test, neither a sound‐proof
booth nor a high‐quality, well‐calibrated audiometer are requisite, and it
can be implemented as a quick, automated self‐test. This makes a speech‐
in‐noise test highly suitable for screening purposes. Smits et al (2004) were
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the first to develop their Dutch “Digit Triplet” speech‐in‐noise self‐screening
test through home telephone.
In the first study, a Digit Triplet test was developed in French, for both
telephone and broadband headphone presentation. Due to the separate
optimization of the speech material based on the intelligibility of the
individual digits, a steep psychometric curve (17 and 27%/dB, respectively)
and a low measurement error on the SRT (0.7 and 0.6 dB, respectively)
were achieved for both versions. Furthermore, the telephone version was
validated in hearing‐impaired listeners and yielded a strong correlation of
0.77 with the pure‐tone average at 0.5, 1, 2, and 4 kHz (PTA0.5,1,2,4). With
20 000 calls within one month after the nationwide release in France, the
test also proves to fulfill the need for an easily accessible hearing screening
test.
In the second study, the sensitivity of the broadband Digit Triplet test for
detecting (early‐stage) high‐frequency hearing loss was investigated in a
group of 118 noise‐exposed workers. The 84 Dutch‐speaking participants
showed a very strong linear relation between the SRT and PTA2,3,4,6
(R=0.86). The sensitivity and specificity to detect mild high‐frequency
hearing loss were 92% and 89%, respectively. The results of the 34 French‐
speaking participants showed a highly similar trend.
Third, it was explored if a further improvement could be achieved by
changing the speech items of the test (9 consonant‐vowel‐consonant (CVC‐)
words all with the same vowel) and/or by using a low‐pass (LP) filtered
version of the standard speech‐shaped noise. Within the same group of
noise‐exposed listeners, the CVC test showed a higher measurement error
and a lower between‐subject variation than the Digit Triplet test, leading to
a lower sensitivity. The CVC test in LP‐noise, on the other hand, yielded a
sensitivity improvement due to the large increase in between‐subject
spread. However, there was no improvement compared with the original
Digit Triplet test.
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In the second part, three types of speech‐in‐noise tests, all developed with
a different purpose, were compared to each other: a common everyday
sentence test, a closed‐set sentence test (Matrix), and the Digit Triplet test.
Forty‐nine normal‐hearing and 69 mildly‐to‐moderately hearing‐impaired
listeners, recruited from four French‐speaking regions in Belgium and
France, participated. No regional effects on any of the three types were
found. Mutual correlations between the three tests were high (R>0.81). The
Digit Triplet and Matrix test, both with a low contextual redundancy,
showed the highest discriminative power, especially between the normal‐
hearing and mildly hearing‐impaired listeners.
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Acronyms and abbreviations
ANOVA

Analyses of variance

CI

Cochlear implant

CVC

Consonant‐vowel‐consonant

dB FS

dB full scale

FIST

French Intelligibility Sentence Test

FrDigit3

French Digit Triplet test

FrMatrix

French Matrix test

HI

Hearing impaired

HINT

Hearing In Noise Test

ICC

Intraclass correlation coefficient

ICRA

International Collegium of Rehabilitative Audiology

IQR

Interquartile range

IVR

Interactive voice response system

Lex,8h

Exposure level for average 8‐hour working day

LINT

Leuven Intelligibility Number Test

LIST

Leuven Intelligibility Sentence Test

LIST‐f

LIST with female speaker

LIST‐m

LIST with male speaker

LP

Low‐pass

LTASS

Long‐term average speech spectrum
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NH

Normal hearing

NH‐

Sub‐normal hearing

NIHL

Noise‐induced hearing loss

OAE

Otoacoustic emissions

OHC

Outer hair cell

PN

Nth percentile

PTA

Pure‐tone average

PTT

Pure‐tone threshold

RMS

Root mean square

ROC

Receiver operating characteristic

SD

Standard deviation

SE

Standard error

SI

Speech intelligibility

SNR

Signal‐to‐noise ratio

SRT

Speech reception threshold
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Chapter 1 General introduction
1.1 Speech perception
Standard clinical hearing assessment in adults and older children is mainly
based on pure‐tone audiometry, where the detection threshold for simple
tones is determined at several frequencies relevant for human hearing. By
measuring both the air and bone conduction thresholds, the type and the
degree of hearing loss can be determined, and often the underlying cause
as well. Also when rehabilitating a hearing loss by means of a hearing aid,
the audiogram provides direct input for the hearing aid selection and its
first fit. Pure‐tone threshold audiometry thus has a very high clinical value
and is used worldwide as the main clinical hearing test.
More relevant to human hearing in a daily communicative setting, however,
is the ability to perceive and recognize complex speech sounds. Moreover,
this communication most often takes place in difficult listening situations
such as background noise (Woods et al, 2010). Therefore, the
determination of a listener’s speech reception threshold (SRT) for supra‐
threshold speech stimuli presented in noise, is highly valuable in order to
get a broader and more comprehensive picture of a person’s functional
hearing ability. Furthermore, the assessment of the (dis‐)ability to
understand speech in background noise also approaches the main
complaint and the generally experienced handicap of people suffering from
an acquired hearing loss (Kramer et al, 1998; Gatehouse & Noble, 2004).
Sensorineural hearing loss, the most common type of hearing loss among
adults, has a twofold effect on sounds processed by the malfunctioning
cochlea. Besides the attenuation of sounds, which is measured by means of
standard pure‐tone audiometry, there is also a distortion component due to
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a degraded spectral and temporal resolution (Plomp, 1978). As a result,
even when all speech sounds are audible (or made audible by appropriate
amplification), the supra‐threshold SRT in noise will still be affected, leading
to the general complaint: ‘I can hear what people say, but I can’t
understand them’ (Plomp, 1978; Killion, 1997; Lin, 2012).

1.2 The SRTPTT relationship
Since the introduction of the first standardized sentence‐in‐noise tests by
Kalikow et al (1977) and Plomp & Mimpen (1979a), many researchers have
been investigating the relationship between the SRT and the pure‐tone
thresholds (PTT), in a variety of clinical populations, such as elderly or noise‐
exposed persons. In general, correlation coefficients between 0.60 and 0.75
have been reported, depending on the considered PTT frequencies and the
studied population. Two main factors have been described explaining the
remaining variance between the two hearing ability measures (Crandell,
1991).
First, it has been shown that the attenuation and distortion component,
both effects of sensorineural hearing loss, are not necessarily equally
present, so that supra‐threshold auditory processing, and thus the SRT in
noise, can be more or less affected in listeners with similar detection
thresholds. Several studies showed a strong relation between the SRT in
noise and other supra‐threshold measures, whereas the pure‐tone
thresholds could only partly explain the variation in SRT (Glasberg & Moore,
1989; Noordhoek et al, 2001; Ruggles et al, 2011; Shamma, 2011). Examples
of such other supra‐threshold measures are the detection of temporal gaps
in noise, frequency discrimination of pure and complex tones, spectral
resolution (upward and downward spread of masking), temporal resolution
(forward and backward masking), and the detection of frequency
modulation. Furthermore, there are also specific disorders such as auditory
neuropathy spectrum disorder (Giraudet & Avan, 2012), where the strong
disagreement between a patient’s SRT and PTTs due to the impaired timing
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of neural activity, may lead to the diagnosis of that disorder. Also in the
elderly, it is often suggested that a central auditory processing disorder
partly underlies the elevated SRTs, in addition to their peripheral hearing
loss (Stach et al, 1991; Martin & Jerger, 2005; Humes et al, 2012).
A second factor confounding the SRT‐PTT relationship, is the complexity of
the test input signal (and the response task) used for a speech‐in‐noise test,
placing an extra load on a person’s central (non‐auditory) processing
capacity. Many studies have reported the effect of cognitive skills such as
processing speed and working memory on the SRT, typically in an elderly
population (van Rooij & Plomp, 1990a, 1990b; Humes, 2007; George et al,
2007; Akeroyd, 2008; Rudner et al, 2011). Furthermore, limited linguistic
skills (e.g. in young children or non‐native listeners) significantly influence
the recognition of complex speech samples as well (Eisenberg et al, 2000;
Vaillancourt et al, 2008a; van Wijngaarden et al, 2002a).
In addition to these two mainly studied factors, two smaller confounding
effects on the SRT‐PTT relation can be suggested as well. First of all, there is
the high redundancy of the speech items, especially when using meaningful
everyday sentences. This redundancy might explain the unaffected SRT in
listeners with a mild hearing loss, as was seen in Smoorenburg (1992) and
Benichov et al (2012), as these listeners still receive enough information to
understand the complete sentence. Secondly, there is the measurement
error on both behavioral measures influencing their correlation as well. The
measurement error on the SRT depends on the variation in intelligibility for
the different speech items of the test. The smaller the variation, the lower
the measurement error will be (cf. paragraph 1.4.2).
The above‐mentioned influences regarding the correlation between pure‐
tone detection thresholds versus supra‐threshold speech perception in
background noise, are schematically represented in Figure 1.1. The dark
grey rectangle indicates the processing by the peripheral and central
auditory system, which can act differently for the two measured abilities. In
the three light grey rectangles, the cognitive load, the redundancy and the
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inter‐item differences in intelligibility are shown as potential confounding
effects on the SRT. However, the influence of these factors is expected to
depend on the type of speech and noise material. In this PhD project, it will
be investigated how different types of speech and noise may affect the SRT‐
PTT relationship and may lead to new possibilities, new applications of a
speech‐in‐noise test for efficient and sensitive hearing assessment.
Input signal:

Measured
ability:
Detection
thresholds

Pure tones

Complex
speech
signal in
competing
noise

Redundancy

Peripheral
and central
auditory sys‐
tem

Inter‐item
intelligibility
differences

Cognitive
and
linguistic
skills

Supra‐
threshold
discrimina‐
tion and
identification

Figure 1.1 Schematic presentation of the (monaural) auditory processing during PTT (upper
part) and SRT (lower part) measurement, and the potential confounding factors.

1.3 Hearing screening
The main part of this PhD project concerns the fast and simple screening for
acquired hearing loss. Therefore, this paragraph describes why and for
whom hearing screening is important, which screening methods are
currently available, and how a speech‐in‐noise test can have a high added
value for hearing screening.
Most acquired hearing losses are sensorineural, with natural ageing effects
and excessive noise exposure as the most frequent causes. They typically
show a slow, gradual decline over time. Of all people with a moderate or
more severe hearing loss, only a small number wears hearing aids, with an
estimated prevalence of 30% (Popelka et al, 1998). This low number is
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considered to partly result from the high prevalence of undiagnosed
hearing losses (Trumble & Piterman, 1992). Therefore, an easily accessible
hearing screening test, available to anyone doubting on his/her hearing, can
potentially increase the number of diagnosed and treated hearing losses.
Additionally, people at an increased risk of noise‐induced hearing loss
(NIHL), such as employees working daily in noise levels above 80 dB A,
should be offered regular hearing screening to monitor changes in hearing
sensitivity. In most Western countries, employers are also obliged by law to
offer periodic hearing screening to their noise‐exposed employees
(European Directive, 2003; Belgian Royal decree, 2006; OSHA Standard
1910.95).
Questionnaires. Hearing screening through a questionnaire on experienced
hearing disability and/or handicap has the advantage of being inexpensive,
simple, and quick. They could therefore be used at primary health care
services or through the Internet, easily reaching a broad public. However,
questionnaire outcomes generally show a low correlation to actual hearing
loss (e.g. Hallberg (1998), R=0.26), resulting in a low sensitivity and
specificity to detect persons with a specific degree of hearing loss (Nondahl
et al, 1998; Demeester et al, 2012). Furthermore, self‐rated hearing
disability is influenced by age, with a general underestimation of hearing
loss by older adults (Gordon‐Salant et al, 1994).
Pure‐tone audiometry. On the other side of the scale lies the use of pure‐
tone air conduction audiometry to screen for acquired hearing loss. As it is
a diagnostic test, it is expected to yield precise and accurate outcomes.
Screening programs in occupational medicine and school health services are
generally based on pure‐tone audiometry. Nevertheless, the equipment,
the need for a trained test administrator, and the availability of a sound‐
proof room make the test relatively expensive for screening purposes. In
practice, screening audiograms are often measured in unfavorable
circumstances, leading to unreliable outcomes as have been reported in
literature (Dobie, 1983; Halloran et al, 2009; Dejonckere et al, 2010).
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Otoacoustic emissions (OAE). The advantage of the OAE technique is that it
is an objective measure – not requiring cooperation of the tested person –
to evaluate the cochlear functioning of an individual. It is a relatively fast
procedure and can be executed in both ears simultaneously. Together with
auditory brainstem response audiometry, it is a common technique for
neonatal hearing screening. Otoacoustic emissions have often been
suggested to be more sensitive to detect cochlear noise‐induced damage
than pure‐tone threshold audiometry, even having a predictive value for a
person’s susceptibility to NIHL, but several studies contradict these findings
(Lapsley Miller et al, 2004; Korres et al, 2009; Seixas et al, 2012). Besides,
there are some disadvantages of OAE’s when used for screening (detecting)
and monitoring hearing loss. First of all, OAE’s cannot be recorded in
persons with a (mild) conductive hearing loss, but with a normal functioning
cochlea. Second, once a sensorineural hearing loss has exceeded 40 to 50
dB HL, emissions are completely lost so that further monitoring becomes
impossible (Hall & Swanepoel, 2010; Robinette et al, 2007). Third, a
pathology located higher on the auditory pathway, beyond the cochlea,
such as a tumor on the auditory nerve, cannot be detected with OAE’s. And
fourth, due to the equipment and the need for a trained administrator, the
OAE measurement is rather expensive.
Complementary to the methods described above, a supra‐threshold
speech‐in‐noise test combines several technical advantages as well for
screening purposes. As the speech and noise signals are presented at a level
around 65 dB SPL, a first advantage is that no sound‐proof booth is
required. A quiet office‐like room, with ambient noise levels up to 40 dB A,
is sufficient. Second, the absolute presentation level of the test has – within
a certain range – no effect on the speech intelligibility score, as long as the
signal‐to‐noise ratio (SNR) remains unchanged (Plomp & Mimpen, 1979b).
Third, when using a background noise having the same spectrum as the
long‐term average spectrum of the speech, the SRT is less dependent on
the specific frequency response of the transducer. Therefore, the test can
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be performed with standard home audio equipment (Culling et al, 2005).
And fourth, using a closed‐set of speech signals, the test can easily be
implemented as an automatic self‐test. These characteristics allow a
speech‐in‐noise test to be reliably conducted through the Internet, reaching
a broad public in an inexpensive way. As only one broadband, adaptively
measured threshold needs to be determined, the test only takes 3 to 4
minutes per ear. To conclude, a speech‐in‐noise test assesses the whole
auditory pathway and is highly relevant for everyday communication.
A comparison of all the advantages and disadvantages per screening
method, relative to each other, is given in Table 1.1. With regard to the
administration of the test, a questionnaire and a speech‐in‐noise test
clearly surpass the two other tests in ease of use. However a questionnaire
is expected to yield a high number of false positive or false negative
outcomes, and to be influenced by non‐auditory (age) effects, making it
inefficient and unsuitable for screening for hearing impairment. For a
speech‐in‐noise test, the SRT may also be influenced by non‐auditory
factors, but this is expected to depend on the chosen speech and noise
material (cf. paragraph 1.2). The efficiency and sensitivity of speech‐in‐
noise tests for hearing screening will thus be studied in this PhD project.

1.4 Speechinnoise measurement
1.4.1 Psychometric function
The psychometric function serves as a basis for describing the results of a
speech‐in‐noise test. It depicts a listener’s speech intelligibility (SI) score as
a function of the SNR of the presented speech items. In theory, this yields
an s‐shaped curve which can be described by the following logistic function:
γ

1

γ

1
1

· ·

where ‘γ’ represents the chance level, ‘threshold’ indicates the SNR yielding
an SI‐score halfway the s‐curve, and ‘s’ is the slope at this threshold. In case
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of an open‐set response paradigm, the chance level is 0%, and the
parameters ‘threshold’ and ‘s’ are a direct estimate of the SRT (which is
defined as the SNR at which a 50% SI‐score is reached) and the slope at this
SRT. For a closed‐set test, the SRT and slope can be derived from these
parameters.
Table 1.1 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.

Question‐
naire
Administration:
equipment
trained administrator
sound‐proof booth
broadly accessible
duration
type of test
Results:
chance for false pos/neg
limited outcome range
non‐auditory effects

no
no
no
yes
fast
subj.
high
?
yes

PTTs

OAE

high‐quality high‐quality
yes
yes
yes
preferably
no
no
intermediate
fast
behavioral
obj.
low
no
no

intermediate
yes
no

SRT

low‐quality
no
no
yes
fast
behavioral

studied in
this PhD

When estimating a listener’s intelligibility function for a certain speech‐in‐
noise test, (a selection of) the speech items need(s) to be presented at
several SNRs, well chosen along the expected curve. The most precise
estimation of the underlying curve will be reached when intelligibility data
are gathered at many different SNRs, and when these SNRs are chosen
above and about the expected SRT (Wichmann & Hill, 2001a, 2001b). As
one is most often interested in a listener’s SRT only instead of the entire
curve, an adaptive procedure can be used as well. The SNR of each speech
item then changes, depending on the response to the previous item. The
simple 1‐up‐1‐down adaptive procedure, with a step size of 2 dB, is the
most frequently used for speech‐in‐noise testing (Levitt & Rabiner, 1967;
Bode & Carhart, 1973; Plomp & Mimpen, 1979a). With this procedure, the
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presented SNR will fluctuate around the listener’s 50% SI‐score. The SRT is
then simply estimated by averaging the SNR of the last n presented trials.

1.4.2 Test development
During this PhD project, six speech‐in‐noise tests have been developed. For
each new speech material, in each language, three essential steps have
been taken in order to develop a reliable and valid test: (1) the selection,
recording, and preparation of the speech and noise materials, (2) the
perceptual optimization, and (3) the final evaluation.
1.4.2.1 Step 1: Selection, recording, and preparation of the speech and
noise materials
The speech items of a speech‐in‐noise test are generally selected from a
basic vocabulary and show a phonetic distribution representative for that
specific language. For sentence tests, complex syntactical structures should
be avoided. In closed‐set tests it is important that all words have the same
number of syllables, so that stimulus duration cannot be used as a cue for
identification. For the recordings, decisions need to be made about the
speaker (professionalism, dialect, male/female, …), the speech rate (slow,
normal, fast), and the presence or absence of a natural intonation and of
coarticulation between successive words. Based on the recorded speech
material, a stationary speech‐shaped noise can then be generated by
filtering a white noise to get the same spectrum as the long‐term average
spectrum of the speech (Versfeld et al, 2000), or simply by superimposing
the speech items on each other multiple times, until it becomes
unintelligible and quasi stationary (Wagener et al, 2003).
1.4.2.2 Step 2: Perceptual optimization
The precision of a speech‐in‐noise test is reflected in the steepness of the
slope of its psychometric function. On the one hand, this steepness
depends on the redundancy of the speech items (e.g. everyday sentences
contain a high level of contextual redundancy and will show a steeper curve
than e.g. nonsense words). On the other hand, it depends on the
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homogeneity of the item‐specific SRTs (Kollmeier, 1990; Wagener et al,
1999a; Zokoll et al, 2012): speech items with steep slopes, but with a large
variation in SRT will yield a test‐specific psychometric function with a
relative shallow slope. This effect is shown in Figure 1.2.
The perceptual optimization aims to improve the steepness of the
psychometric function, and thus the precision of the test, by reducing the
spread in item‐specific SRTs. Therefore, the speech items need to be
presented to a large group of (preferably normal‐hearing) listeners at a
large range of fixed SNRs, so that psychometric curves can be fitted for each
single speech item. Based on these measurements, the optimization can
take place in two ways: (1) exclusion of items with a deviating SRT (e.g.
more than 1 standard deviation from the mean SRT), or (2) applying level
adjustments to the speech items which correct for their deviation from the
mean SRT. For the latter method, the size of the adjustment (full or partial)
should be weighed against a possible loss in naturalness.

Speech intelligibility score (%)

100
90
80
70
60
50
40
30
20
10
0

per item
total

‐20 ‐18 ‐16 ‐14 ‐12 ‐10 ‐8 ‐6 ‐4 ‐2 0 2 4 6 8 10
SNR (dB)
Figure 1.2 Effect of the spread of item‐specific SRTs on the test‐specific slope of the
psychometric function. By reducing the spread in item‐specific SRTs, the steepness of the
test‐specific psychometric function can be improved.

1.4.2.3 Step 3: Final evaluation
The last step in the development is the evaluation of the optimized speech
material in a large group of normal‐hearing listeners. Based on speech

Chapter 1

31

intelligibility scores at several fixed SNRs, subject‐specific psychometric
curves can be fitted, from which the reference curve can be deduced.
Typically, the speech items of a speech‐in‐noise test are divided over fixed
lists of 10 to 20 items. By estimating the list‐specific curves as well, the list
equivalence can be examined as well.
Based on adaptive measurements, the measurement error (or ‘test‐retest
reliability’ or ‘within‐subject variability’) of the SRT can be determined. This
measurement error is defined as the quadratic mean of the within‐subject
standard deviations across repeatedly measured SRTs (Plomp & Mimpen,
1979a). A reliability of 1 dB then means that in 95% of the cases the
adaptively measured SRT differs less than 2 dB (two standard deviations)
from a listener’s ‘true’ SRT.

1.4.3 Headphone versus freefield presentation
All experiments in this PhD thesis have been conducted with Sennheiser
HDA200 headphones. In order to obtain equivalent free‐field sound
pressure levels, an equalization can be applied according to ISO 389‐8
(2004). Within the frequency range from 125 to 3000 Hz, these corrections
are very flat (within 5 dB), but at the higher frequencies, larger deviations
up to 12.5 dB occur (see Figure 1.3). Therefore, it is recommended to apply
a free‐field equalization when testing speech perception in quiet, so that
results can be generalized to free‐field testing. However, when testing
speech perception in noise, at a supra‐threshold level, these relatively small
differences are not expected to influence the SRT.
In two studies conducted within this PhD project, free‐field equalization
was still applied, as it was agreed on in a multi‐center test protocol. For the
other studies, it was chosen not to apply the correction, because the
speech‐in‐noise tests investigated in those studies are not intended for
free‐field testing.
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Figure 1.3 Difference between the free‐field sensitivity level GF and the coupler sensitivity
level GC of the HDA200 headphones according to ISO 389‐8 (2004).

1.5 Research objectives
The general objective of this PhD thesis was the investigation and
development of precise methods and procedures based on supra‐threshold
speech perception in background noise, for an efficient and sensitive
assessment of hearing loss.
The first main objective comprised the exploration of the efficiency and
sensitivity of a speech‐in‐noise test specifically for screening purposes, with
the Digit Triplet test (Smits et al, 2004) as the starting point. In this test,
random combinations of three simple digits between 0 and 9 are used as
speech material. As the Digit Triplet test is cognitively less demanding and
has a low contextual redundancy, it is considered to give a less confounded
estimation of a listener’s hearing ability, compared to an everyday sentence
test. Furthermore, a low measurement error of only 0.7 dB on the SRT has
been reported (Smits et al, 2004). At the start of this PhD project, the Digit
Triplet test was only available in one language, and only with bandwidth
limited stimuli (300‐3400 Hz) due to the screening through telephone.
Within the framework of HearCom, a multi‐center FP6 EU‐funded project,
the development of Digit Triplet tests in several languages was initiated. In
this thesis, it was investigated whether it was possible to develop a reliable
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and valid Digit Triplet screening test in French, and whether the use of
broadband stimuli, presented through a high‐quality sound card and
headphones, could improve the accuracy of the test compared to the test
through telephone. Furthermore, the SRT‐PTT relationship for the
broadband Digit Triplet test was examined in noise‐exposed listeners,
studying its sensitivity to detect early‐stage high‐frequency (noise‐induced)
hearing loss. By adapting the speech and noise material to focus on those
aspects which are affected most in subjects with NIHL, it was also explored
if this sensitivity could further be improved.
In a second part, the Digit Triplet test was compared to two other types of
speech‐in‐noise tests: a common everyday sentence test and a closed‐set
sentence test ‘Matrix’. The latter exists of syntactically fixed sentences
(name – verb – numeral – adjective – object) built from a closed‐set of 10
words per word class (Hagerman, 1982; Wagener et al, 2003). Similar to the
Digit Triplet test, a Matrix test has no contextual redundancy. The main goal
of this type of test is that it can be used for multiple testing in the same
subject (e.g. in research settings), as there is hardly no memorization due to
the lack of context. This in contrast to everyday sentence tests (Yund &
Woods, 2010), which are more appropriate in clinical settings. On the other
hand, the cognitive demand for a Matrix test is expected to be higher than
for a Digit Triplet test. The objective of the second part of this PhD thesis
was to investigate potential differences between these three types of
speech‐in‐noise tests on the measured SRT.

1.6 Thesis outline
In order to provide answers on the research questions raised in the
previous paragraph, four studies have been carried out. The first three
studies (chapter 2, 3, and 4) will answer the questions regarding the first
objective, the fourth study (chapter 5) regarding the second objective.
In chapter 2, the development of the French Digit Triplet test, both through
telephone and through a broadband transducer, is described. In the first
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part, it was investigated whether a separate optimization for both versions
needed to be applied and whether steep psychometric functions could be
found in normal‐hearing listeners. In the second part, screening results by
home telephone were compared to pure‐tone thresholds in a group of
normal‐hearing and hearing‐impaired listeners. A valid pass/fail cutoff SRT
was then determined. In the last part of this chapter, the accessibility of the
screening test through telephone was studied, one month after its
nationwide release in France. The content of this chapter has been
published in the International journal of audiology (Jansen et al, 2010).
Chapter 3 reports the investigation of the SRT‐PTT relation of the
broadband Digit Triplet test in listeners at risk for NIHL. The test was
presented to a large group of Dutch‐ and French‐speaking noise‐exposed
workers from five major Belgian companies. The sensitivity of the Digit
Triplet test for different degrees of high‐frequency hearing loss and the
comparability across the two language versions of the test were
investigated. The content of this chapter has been accepted for publication
in Ear and hearing (Jansen et al, 2013b).
A further exploration of the sensitivity of a speech test for NIHL is described
in chapter 4, where two adaptations to the speech and noise material had
been applied, aiming to zoom in on some high‐frequency components. The
first adaptation was the use of speech items (consonant‐vowel‐consonant
words) all containing the same vowel. The second adaptation was the low‐
pass filtering of the speech‐shaped noise. Results on the adapted tests were
compared to the Digit Triplet test in the same group of noise‐exposed
listeners described in chapter 3. The content of this chapter has been
accepted for publication in the International journal of audiology (Jansen et
al, 2013c).
In chapter 5, the multi‐center comparison of three types of speech‐in‐noise
tests (everyday sentence test, Matrix test, and Digit Triplet test) is reported.
The three tests have been presented to a large group of normal‐hearing
and hearing‐impaired participants from four different Francophone regions
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(Brussels, Paris, Bordeaux, and Toulouse). The SRTs on the three tests were
compared regarding potential regional effects, the measurement error, and
the discriminative power for different degrees of hearing loss. The material
presented in this chapter has been published in the International journal of
audiology (Jansen et al, 2012).
Chapter 6 reports four smaller, additional studies further investigating the
applicability of the Digit Triplet and Matrix test. The feasibility in children,
the effect of different low‐quality transducers on the SRT, the training
effect for repeated measurements, and the effect of a shortened test track
on the SRT accuracy were further studied.
In chapter 7, the general findings of this PhD project are discussed and
future research directions are presented.
In Appendix A, to conclude, the development and validation of the Leuven
Intelligibility Sentence Test with a male speaker (LIST‐m) is described. This
everyday sentence test is an extension to the original LIST with a female
speaker. Due to the relative low speech rate and the possibility to score at
key word level, both LIST materials are highly suitable for evaluating the
intelligibility performance (in quiet or in noise) of severely hearing impaired
persons or cochlear implant users. The content of this appendix has been
accepted for publication in the International journal of audiology (Jansen et
al, 2013a).
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Chapter 2 The development of the French
Digit Triplet test1
2.1 Abstract
A French speech intelligibility screening test in noise that applies digit
triplets as stimuli has been developed and evaluated for both telephone
and broadband headphone use. After optimizing the speech material based
on the intelligibility of the individual digits, norms for normal‐hearing
subjects were established. Speech reception thresholds (SRTs) of ‐6.4 ±0.4
and ‐10.5 ±0.3 dB SNR and slopes of 17.1 and 27.1 %/dB were obtained for
telephone and broadband headphone presentation, respectively. The
French digit triplet test by telephone was then implemented as an
automatic self‐screening test by home telephone, and further evaluated in
normal‐hearing and hearing‐impaired listeners. A test‐retest variability of
0.7 dB was found and the correlation between SRT and pure‐tone average
(PTA0.5,1,2,4) was 0.77. One month after launching the test, 20 000 calls were
registered. It can be concluded that both versions of the newly developed
test have steep slopes and small SRT differences across normal‐hearing
listeners. The screening test by telephone is highly reliable and proves to
fulfill the need for an easily accessible and objective hearing screening.

1

The content of this chapter has been published as: Jansen S., Luts H., Wagener K.C., Frachet
B. & Wouters J. 2010. The French digit triplet test: a hearing screening tool for speech
intelligibility in noise. International journal of audiology, 49, 378–87.
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2.2 Introduction
The percentage of hearing‐impaired listeners wearing hearing aids is found
to be very low. The study of Popelka et al (1998) showed a prevalence of
only 31.7 % of hearing aid use among a large group of listeners with pure‐
tone averages at 500, 1000, 2000 and 4000 Hz (PTA0.5, 1, 2, 4) above 40 dB HL.
One of the reasons for this under‐treatment is the high prevalence of
undiagnosed hearing losses (Trumble & Piterman, 1992). Therefore, a
reliable and accurate screening test – with the characteristic to be
performed quickly, to be inexpensive, and to have a low (psychological)
barrier – is expected to offer a solution for the under‐diagnosis in the
population of adults who would benefit from amplification.
Subjective screening tests using questionnaires to measure self‐reported
hearing disability or handicap have been shown in literature to have a quite
low accuracy to detect hearing losses. Nondahl et al (1998) found a
sensitivity of only 0.34 for the screening version of the Hearing Handicap
Inventory for the Elderly when hearing loss was defined as a PTA0.5, 1, 2, 4
higher than 25 dB HL. The correlation between ‘perceived disability’
measured by the Swedish translation of the Hearing Disabilities and
Handicaps Scale and PTA3, 4, 6 was only 0.26 (Hallberg, 1998). Using the five
questions of the self‐reported hearing disability questionnaire of the
Longitudinal Aging Study Amsterdam, only 69 % of the participants were
classified correctly compared to the outcome of a diotic speech‐in‐noise
test (Smits et al, 2006a). Furthermore, an elderly population tends to rate
their perceived hearing disability lower than younger subjects with the
same hearing loss (Gordon‐Salant et al, 1994). Since subjective screening
measures seem to result in an underestimation of hearing impairment, the
development and validation of objective screening tests started to gain
more interest.
Difficulties with understanding speech in the presence of competing sounds
are experienced by most people as the greatest handicap related to their
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hearing impairment (Kramer et al, 1998; Gatehouse & Noble, 2004).
Therefore, measuring the ability to understand meaningful everyday
sentences in a background noise has become a commonly used method to
quantify communication performance. The speech reception threshold
(SRT), i.e. the signal‐to‐noise ratio at which an intelligibility score of 50 % is
obtained, is generally used to present this ability and can give additional
information about one’s hearing status compared to pure‐tone thresholds.
Speech‐in‐noise tests are considered to be suitable for screening purposes
because of the following qualities: (1) the presented stimuli are all supra‐
threshold, so the test is less demanding with regard to testing environment.
(2) Since the SRT is not influenced by the absolute presentation level in a
quite large intensity range (Plomp & Mimpen, 1979b), no absolute
calibration is required. (3) In case of a closed set of speech materials, the
test can easily be implemented as a fully automatic test. (4) Using an
adaptive procedure, the SRT can be determined in only a few minutes. Due
to these four factors, speech‐in‐noise tests can easily be implemented as an
objective and easily accessible self‐screening test which can be performed
in a home setting.
Smits et al (2004) were the first to develop such a screening tool for the
Dutch language, based on the intelligibility of digit triplets in noise, and
which could be conducted at home by telephone. The SRTs determined by
this adaptive self‐screening test show a small measurement error (0.8 dB),
and a steep slope of 20 %/dB at the SRT is found for normal‐hearing
listeners. Strong correlations with a standard Dutch sentence‐in‐noise test
(0.87) and with the PTA0.5, 1, 2, 4 (0.77) were obtained. The test also has a
high sensitivity and specificity of 0.91 and 0.93, respectively (Smits et al,
2004). Four months after making the test publically available, more than
65 000 people dialed the test, showing the large interest and need for a
hearing screening test (Smits & Houtgast, 2005). Through an additional
questionnaire, Smits et al (2006b) found that about 50 % of the Dutch
callers, who received an ‘insufficient’ or ‘poor’ result, did follow the
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recommendation to visit a hearing specialist. As a result, an increase in
identification and treatment of hearing impairment can be expected.
Because of the large success of the Dutch automatic speech‐in‐noise
screening test, the test was also realized in several other languages within
the framework of the European HearCom project. The present study, being
part of HearCom, involves the development of a digit triplet test for
Francophone listeners. The first section of this paper deals with the
optimization and evaluation in normal‐hearing listeners of the new French
speech material, for both telephone and broadband headphone
presentation. The reference intelligibility functions were determined and
the equivalence of test lists was verified. In the second section,
implementation of the screening test by telephone, performance of both
normal‐hearing and hearing‐impaired listeners was evaluated using the
final setup of the screening test. Test‐retest variability, training effect and
the correlation between SRT and PTA0.5, 1, 2, 4 were determined and cutoff
values between a ‘good’, ‘insufficient’ and ‘poor’ SRT outcome were
established. Section III treats the application of the screening test by
telephone in France. Calls in the first month after public release were
examined with regard to the gender and age of the callers, and the
distribution of the SRTs.

2.3 Section I: Optimization and evaluation in
normalhearing listeners
2.3.1 Introduction
In the development of this new speech intelligibility test, the recorded
speech materials were first optimized to get a steep slope of the reference
intelligibility function. Since the shape of the intelligibility function of a
speech‐in‐noise test depends on the mean word‐specific slope and the
distribution of the word‐specific SRTs, an optimization procedure in two
steps was applied on the level of the individual digits. The first step was a
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selection of digits with steep slopes and with SRTs near the average SRT, in
the second step the level of the selected digits was adjusted to further
reduce the spread of the SRTs. By selecting digits that needed only small
level adjustments, the second step was expected not to result in
unnaturally sounding intensity changes in the triplets. This final speech
material was than evaluated in normal‐hearing listeners to determine the
reference intelligibility function of the French digit triplet test.
To enable this screening test to be available through several channels, both
a telephone version (with limited bandwidth) and a broadband version
(which can be presented through headphones or speakers, for use in clinics,
through internet, etc.) were developed. Since the optimization procedures
for one version are not expected to be optimal for the other, these
procedures were executed for both versions separately. Norms for normal‐
hearing listeners were also obtained for both presentation modes through
separate evaluation measurements.

2.3.2 Methods
2.3.2.1 Speech and noise material
The monosyllabic digits 1 to 9 combined into triplets were used as speech
material. The triplets, uttered by a French female speaker, started each
time with the announcement words ‘les numéros …’ (meaning ‘the
numbers …’). They were pronounced with a natural intonation, but without
coarticulation from one digit to the next. Recordings were made through an
AKG C100S microphone with a Tascam DA‐P1 DAT recorder. A first level
equalization of the speech material was done based on the average root
mean square (RMS) level of the announcement words, as RMS levels of very
short single digits are too diverse for equalization. The recorded triplets
were then segmented into single digits, omitting the silences in between.
For each digit at each position in the triplet two recordings were available,
resulting in 54 different stimuli. During the speech intelligibility
measurements, the measurement software itself generated new triplets by
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concatenating the announcement words and the three digits with silence
intervals of 200ms in between. Only one recording of the announcement
words was used throughout the measurements.
Five test lists were created for the optimization measurements in order to
determine the intelligibility functions for each single digit at each position in
the triplet. These lists were presented in two variants, each containing one
of the two recordings of a digit. For the evaluation of the French digit triplet
test, ten final lists were generated. All lists consisted of 27 triplets, always
including each of the nine digits at each position exactly three times. Within
a list, triplets were presented in random order.
A quasi stationary noise with the same spectrum as the long‐term spectrum
of the speech material was generated by repeatedly superimposing
sequences of digit repetitions (Wagener et al, 2003). The RMS level of the
noise was chosen to match the average RMS level of the single digits.
2.3.2.2 Test setup
The French digit triplet test was administered with a computer using the
Oldenburg Measurements Applications software (www.hoertech.de). It was
implemented as a closed‐set test; therefore subjects had to enter their
answer on the computer screen by selecting three digits in a response box
with ten digit buttons representing a telephone pad. Subjects could also
enter the digit ‘0’ in their answer, since they were instructed that all digits
were possible.
Participants were seated in a quiet room in front of a computer screen.
When conducting the telephone version of the test, a ‘Telephone Handset
Audio Tap’ (JK Audio) was used to play sounds from the PC over a fixed
phone line (ISDN), so that the subjects heard the stimuli through the
telephone receiver at the other side of the connection. During the
broadband headphone version, the triplets were sent via an RME sound
card and presented monaurally through Sennheiser HDA200 headphones,
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with free‐field equalization. Both test versions were calibrated to dB SPL
with a B&K Sound level meter 2260 and a B&K Artificial ear 4153.
2.3.2.3 Subjects
Twenty Belgian and French Francophone listeners took part in the
optimization measurements. For the evaluation of the French digit triplet
test, 30 Belgian Francophone subjects participated. All participants were
screened for normal hearing: thresholds of all octave frequencies from 250
to 8000 Hz were below or equal to 20 dB HL. Subjects had a mean age of 29
years, ranging between 16 and 49 years. There were 23 male and 27 female
participants.
2.3.2.4 Procedures
2.3.2.4.1

Optimization

To determine the intelligibility function for each single digit, subjects
performed the test at 7 fixed signal‐to‐noise ratios (SNRs), chosen around
the expected SRT given by pilot experiments. Measurements by telephone
were performed at ‐13.7, ‐11.7, ‐9.7, ‐7.7, ‐5.7, ‐3.7, and ‐1.7 dB SNR,
broadband headphone measurements at ‐17.9, ‐15.9, ‐13.9, ‐11.9, ‐9.9,
‐7.9, and ‐5.9 dB SNR (decimals result from a posterior rescaling of the
speech versus the noise). Ten subjects did the telephone version, the other
ten the broadband headphone version. The noise presentation level was
fixed at 65 dB SPL. The noise started 500 ms before and ended 500 ms after
each triplet presentation, and was thus interrupted in between the test
stimuli. The onset and the offset of the noise stimulus were ramped with a
50 ms Hanning window. All participants performed 14 test lists (each SNR
twice), so that each digit was presented 210 times in total (30 times per
SNR). Since only 5 different lists were used in this phase, lists were reused
during one session. Subjects performed the test in one session of about two
hours. Although a triplet scoring method will be used in the final test,
responses during the optimization measurements were scored per digit. For
each of the 54 digits and for both versions (telephone and broadband
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headphone) separately, intelligibility scores per SNR were obtained by
pooling data of all subjects and test lists. Then, a non‐linear regression fit
was performed, using the logistic function
1

(Equation 2.1)

where SI = speech intelligibility, γ = guess level (in this case γ=0.1), and s =
slope at the SRT.
The optimization was first done by selecting the best of the two recordings
of each digit according to the following three criteria: (1) steepest slope of
the intelligibility function, (2) individual SRT closest to the mean SRT across
digits (resulting in the smallest level adjustment in the next step), and (3)
RMS after level adjustment closest to the mean RMS across digits. The
second and third criterion both aim to prevent the final triplets from
sounding unnatural due to large intensity changes between successive
digits. The digit meeting at least 2 of the 3 criteria was selected. In a second
step, level adjustments were applied to the individual digits towards the
mean SRT. The largest adjustments applied were 5.4 and 3.1 dB for the
telephone and broadband headphone version, respectively. Naturalness in
sound melody of the triplets, evaluated by a native listener, was not
affected by these adjustments. It is important to note that selection and
level adjustments were done separately for telephone and broadband
headphone version, resulting in two different speech materials.
2.3.2.4.2

Evaluation

A fixed procedure was used to determine the reference intelligibility
function of the French digit triplet test. Twenty‐four Belgian Francophone
normal‐hearing listeners, divided over the two versions, participated. Lists
were presented at ‐9.2, ‐7.7, ‐6.2, and ‐4.7 dB SNR for the telephone version
and at ‐12.9, ‐11.4, ‐9.9, and ‐8.4 dB SNR when presenting through
headphones (decimals result from a posterior rescaling of the speech versus
the noise). The noise presentation level was fixed at 65 dB SPL, and the
noise was interrupted between triplet presentations like in the optimization
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measurements. Each subject performed 20 lists (5 at each SNR), so all ten
test lists were presented twice to each subject. Participants did the
measurements in one session of about two hours. Since the simple up‐
down adaptive procedure of the final test (described hereafter) requires
triplet scoring, norms for normal‐hearing listeners were established with
this scoring method as well. A triplet was thus judged to be correct only
when all three digits were identified correctly and chance level was now
around zero. SRTs and slopes of each subject individually, with data
averaged across lists, were determined by means of non‐linear regression
fits to the logistic function given by Equation 2.1 (with γ = 0). Intelligibility
functions of each test list separately were determined as well, by pooling all
data of the different subjects. To examine the effect of the optimization
steps, SRTs of the individual digits were also analyzed after recalculating the
scores on a digit level.
The French digit triplet test was also administered using the simple up‐
down adaptive procedure (Plomp & Mimpen, 1979a) of the final setup.
Now the level of each triplet varied depending on the response to the
previous triplet, whereas the level of the noise was held constant. When a
complete triplet was identified correctly, the level of the next triplet was
decreased by 2 dB. If not, the level was increased by this amount. The SRT
was calculated by averaging the SNRs of triplet 7 to 27, plus the SNR of the
imaginary 28th triplet determined from the response on the 27th. In this
phase, six normal‐hearing subjects performed each 10 test lists via
telephone and 10 via headphones (broadband). The level of the first triplet
was set at ‐4 and ‐8 dB SNR for the telephone and broadband headphone
version, respectively. The noise presentation level was again fixed at 65 dB
SPL, and the noise was interrupted between triplet presentations as in the
optimization measurement.
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2.3.3 Results
2.3.3.1 Optimization
For each single digit, SRTs and slopes were obtained as described above.
Averaged across all 54 digits, telephone and broadband headphone SRTs
were ‐8.1 (SD=2.9) and ‐11.8 (SD=1.9) dB SNR, and slopes were 16.2
(SD=4.9) and 20.7 (SD=6.2) %/dB, respectively. To obtain a steep slope of
the final reference intelligibility function for normal‐hearing listeners, it is
necessary to have basic items with steep slopes and to decrease the
variation in intelligibility of these items. For the French digit triplet test, this
was done on the level of the single digits, using the selection and level
adjustment procedures described above. The achieved reduction in SRT
spread is shown in Table 2.1. Both the range between the highest and the
lowest measured SRT and the standard deviation of SRTs across all digits is
given for telephone and broadband headphone version. A first, rather small
reduction in spread could be seen after removing the most deviant digits
with regard to slope, SRT, and RMS. After adopting the level adjustments –
which theoretically reduces the range and standard deviation to zero – and
presenting the test to 24 new subjects (evaluation measurements), SRTs of
the single digits showed indeed to be very concentrated. In general, the
spread in SRT was higher for the telephone version than for broadband
headphone measurements. A steeper slope of the intelligibility function for
the broadband headphone version was thus expected.
Table 2.1 Spread of the fitted SRTs of the individual digits, represented as the range
between the highest and lowest SRT and as the standard deviation (SD) of SRTs across the
digits. Three phases are shown: before any optimization, after the selection of the most
homogenous digits, and after level adjustments towards the mean SRT (final speech
material).

Before optimization
After selection
After adjustment
(evaluation measurements)

Telephone
#
digits Range (dB) SD (dB)
54
11.2
2.9
27
10.1
2.6
27
4.6
0.9

Broadband
Range (dB) SD (dB)
9.5
1.9
5.9
1.5
2.2
0.5
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The spread of the SRTs before optimization is also given in Figure 2.1. For all
54 digits, the telephone SRT is plotted against the broadband headphone
SRT. The larger dispersion of telephone SRTs compared to broadband
headphone SRTs is visible in this scatter plot as well. At first sight, a linear
relation could be seen between the two versions. Nevertheless, six data
points diverged strongly, since relatively, a very high telephone SRT was
found against a rather low broadband headphone SRT. These deviating data
points represented all recordings of the digit ‘six’ (3 positions, 2 different
recordings). This divergence could be explained by the spectral content of
the phonemes of the word ‘six’ (pronounced as /sis/). Most energy of the
consonant /s/ is located in the higher frequencies above 3000 Hz. By
sending the word ‘six’ through a telephone line, which is acting like a band‐
pass filter from 300 to 3400 Hz, speech intelligibility deteriorated seriously,
compared to other speech sounds. The rather low correlation (Pearson,
R=0.59) between telephone and broadband headphone SRT, was a strong
argument to perform a separate optimization for both versions.
‐2

Telephone SRT (dB SNR)

‐4
‐6
‐8
‐10
‐12
‐14
‐16
‐16

‐14

‐12

‐10

‐8

‐6

‐4

‐2

Broadband headphone SRT (dB SNR)
Figure 2.1 Scatter plot of the SRTs of the single digits for telephone (vertical axis) versus
broadband headphone presentation (horizontal axis) before optimization. The six
encircled data points represent the recordings of the digit ‘six’.
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2.3.3.2 Evaluation
SRTs and slopes at 50 % scores were obtained for each individual subject
based on a non‐linear regression fit of the intelligibility function of the fixed
measurements. Table 2.2 gives the arithmetic mean of the SRTs and slopes,
the standard deviation across the normal‐hearing subjects, and the
precision on both parameters, deduced from the quadratically averaged
standard errors of the individual fits. Also given in Table 2.2 is the mean SRT
and standard deviation across subjects measured with the adaptive
measurements. Since triplet scoring was used, the SRTs were shifted, as
expected, to higher values compared to the digit SRTs of the optimization
phase.
Table 2.2 SRTs and slopes of the intelligibility function, averaged across subjects, for fixed
and adaptive measurements. Standard deviations across subjects and precision values
deduced from the quadratically averaged standard errors of the individual fits are given.

Number of subjects
SRT (dB SNR) Mean
SD
Precision
Slope (%/dB) Mean
SD
Precision

Telephone
Fixed Adaptive
12
6
‐6.4
‐6.7
0.4
0.5
0.2
17.1
2.5
2.1

Broadband
Fixed
Adaptive
12
6
‐10.5
‐10.2
0.3
0.5
0.1
27.1
3.0
2.8

A first analysis showed that the SRTs measured in an adaptive way did not
differ significantly from the fitted SRTs of the fixed procedure, neither for
telephone version [t (16) = 1.3, p = 0.23], nor for broadband headphone
version [t (16) = ‐1.5, p = 0.16]. Furthermore, small standard deviations (≤
0.5 dB) across normal‐hearing subjects and high precisions (≤ 0.2 dB) of the
fitted SRTs were found. Intelligibility functions of the French digit triplet test
through telephone and through headphones, using the fixed method are
given in Figure 2.2.
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Speech intelligibility score (%)

100
80
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40
20
Telephone
Broadband
0
‐18

‐16

‐14
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‐6

‐4

‐2

0

2

SNR (dB)
Figure 2.2 Speech intelligibility scores per subject at the 4 measured SNRs for telephone
(▲) and broadband headphone (o) version. Also the reference intelligibility functions
(with SRT and slope calculated as the arithmetic mean of the fitted SRTs and slopes of each
subject individually) are given.

Test lists were constructed to contain all exactly the same digit material,
improving the homogeneity of different lists. However, the combination of
the digits into different triplets might bring along some variation between
test lists. Therefore, the intelligibility of each test list was determined. By
averaging the adaptively measured SRTs of different subjects, the SRT per
list was obtained. Figure 2.3 shows the deviation of each test list from the
overall mean SRT for telephone and broadband headphone version. The
largest deviation was only 0.6 dB for both versions. A repeated measures
ANOVA on the measured SRTs of the adaptive method (2 versions, 10 lists,
6 listeners) also showed no significant main effect of test list [F(1,5) = 2.3, p
= 0.19], nor an interaction effect of list and version [F(1,5) = 0.8, p = 0.42].
Fitted SRTs per list based on a non‐linear regression fit of the fixed method
results, with subject scores pooled together, deviated from the overall
mean by at most 0.3 dB for both versions.
The root mean square of the within‐subject standard deviation of repeated
measurements (Plomp & Mimpen, 1979a) was considered to determine the
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measurement error of the adaptively measured SRTs. This proved to be 0.7
dB for the telephone and 0.6 dB for broadband headphone presentation.
Deviation from
overall mean SRT (dB)

2
1
0
‐1

Deviation from
overall mean SRT (dB)

‐2
1

2

3

4

1

2
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4
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10

5

6

7

8

9

10

2
1
0
‐1
‐2
Test list

Figure 2.3 Deviation of the SRT of an individual test list from the overall mean for
telephone (upper panel) and broadband headphone (lower panel) version. Data are taken
from the adaptive measurements. Error bars show standard deviations across subjects.

2.3.4 Discussion
Both in optimization and evaluation results, a difference in SRT of
approximately 4 dB can be seen between telephone and broadband
headphone version. This corresponds well to the difference found in the
digit triplet test in Dutch (Smits et al, 2004) and in German (Wagener et al,
2006a): Telephone SRTs of ‐7.1 and ‐6.4 dB SNR, and headphone SRTs of
‐11.2 and ‐9.3 dB SNR were obtained for the Dutch and German test,
respectively. In Smits & Houtgast (2006) it was shown that a telephone
network simulation with only signal filtering and signal compression and
decompression, presented under headphones, resulted in comparable SRT
values as for measurements through a real telephone and telephone
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network. The decrease in speech intelligibility for the telephone version can
thus only be attributed to the signal transmission through the telephone
network (limited bandwidth, distortions), and not to the inferior quality of
the telephone transducer.
The broadband headphone SRT of the French digit triplet test is also much
lower compared to an SRT of ‐7.1 dB SNR for the French Intelligibility
Sentence test (FIST, Luts et al, 2008), which is a open‐set sentence‐in‐noise
test for Francophone listeners. This difference in SRT between a digit‐ and a
sentence‐in‐noise test (both administered monaurally through headphones,
with a stationary speech‐weighted noise), could also be seen in other
languages. The Dutch digit triplet SRT equals ‐11.2 dB SNR (Smits et al,
2004), whereas a sentence SRT of ‐4.1 dB SNR is reported by Versfeld et al
(2000). In Germany too, a much lower SRT (‐9.3 dB SNR) is found for the
digit triplet test of Wagener et al (2006a), compared to ‐6.2 dB SNR of the
sentence test of Kollmeier & Wesselkamp (1997). Although triplets are
judged to be correct only when all three digits are identified correctly ‐
decreasing chance level from 10 % to 0.1 % ‐ there is still an advantage of
the closed response format of a digit‐in‐noise test together with a strongly
limited test word material, leading to a lowered SRT.
The fitted slope of the French digit triplet test by telephone (17.1 %/dB) is
steep and corresponds well to the slopes of the German (16.1 %/dB) and
Dutch version (20 %/dB). Presenting the French digit triplet test through
headphones (broadband) resulted in an even steeper slope of 27.1 %/dB.
This was expected since the broadband headphone optimization resulted in
a very small spread of SRTs of the single digits. The Dutch digit triplet test
through headphones reached a much lower slope of 16 %/dB, which might
be explained by the fact that the optimization steps were based only on
telephone measurements. For the French version, a low correlation
between

telephone

and

headphones

SRTs

of

the

optimization

measurements was shown. The application of a separate selection and level
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adjustment procedure finally resulted in the steepest possible slope for
both versions.
Taking into account the number of triplets/sentences used to calculate the
SRT, a measurement error of 0.7 dB (telephone) and 0.6 dB (broadband
headphone) for 22 triplets is comparable to 0.7 dB for 20 triplets of the
Dutch telephone digit triplet test (Smits et al, 2004), and to 1.1 dB for 6
sentences of the FIST (Luts et al, 2008). Compared to the variability of 1.4
dB for 10 digits of the Leuven Intelligibility Number Test (LINT, Van
Wieringen & Wouters, 2008), 1.1 dB for 17 sentences of the Canadian
French HINT (Vaillancourt et al, 2005), and 0.9 dB for 20 triplets of the
Dutch headphone digit triplet test (Smits et al, 2004), the test‐retest
variability of the French digit triplet test is relatively high.
Although the optimization of the French digit triplet test was based on the
intelligibility of single digits, the final test assesses the intelligibility of
complete triplets. Theoretically, to reach the steepest possible slope at the
50%‐point at triplet level, one needs to align the 79%‐points of the single
digits (Smits & Houtgast, 2006). Since the slopes of the single digits of the
French digit triplet test were very similar to each other, aligning the SRTs of
the digits was expected to be as optimal as adjusting the levels of the digits
based on their 79%‐point.

2.4 Section II: Implementation of the French
screening test by telephone: cutoff values, test
retest variability, and SRTPTA correlation
2.4.1 Introduction
Since it has been shown that the French digit triplet test is an accurate
speech‐in‐noise test with a steep slope and a small measurement error, the
telephone version could now be implemented on an interactive voice
response (IVR) system as an automatic self‐screening test by home
telephone. As opposed to the typical binary screening outcome ‘pass/refer’,
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it was chosen to divide the SRT results in three categories of ‘good’,
‘insufficient’, and ‘poor’ hearing. As no gold standard for speech
intelligibility in noise is available in French (the recently developed FIST
(Luts et al, 2008) was only evaluated yet in normal‐hearing listeners), a
proper validation of the newly implemented French digit triplet screening
test by telephone was not possible. Therefore, the cutoff values between
the three outcome categories were determined based on measurements
with a group of normal‐hearing listeners. The final setup was also presented
to hearing‐impaired subjects to verify the correlation between SRTs
obtained with the screening test and PTAs. The test‐retest variability and
the training effect were examined for both groups as well.

2.4.2 Methods
The screening test by telephone was implemented by a French telecom
company. The same adaptive method as described in the evaluation
measurements of section I was adopted. Sound files with pre‐mixed triplets
and noise were used. SNRs ranged from ‐12 to +8 dB SNR, with a step size
of 2 dB. In case subjects gave a correct response on ‐12 dB SNR or an
incorrect response on +8 dB SNR, the next triplet was presented at the
same SNR. The first triplet was presented at an SNR of +2 dB. When
connecting to the test via telephone, a short introduction and instruction
message was presented. People were also asked to give in their age and
gender. Then a test list was randomly selected and the triplets within the
list were presented in randomized order. The listener answered by pressing
the keys on the telephone pad. At the end, the test result (‘good’,
‘insufficient’ or ‘poor’) and an appropriate recommendation were given.
The complete phone call took about 5 minutes, including the measurement
of one ear. Since calls from mobile phones give worse and less reliable
results (Smits & Houtgast, 2005) a method to block calls from mobile
phones was applied.
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Twenty‐four French subjects participated. Most of them were outpatients
of the ENT department of Hôpital Avicenne, Bobigny. The other participants
were employees at the same department. They had a mean age of 45 years,
ranging between 23 and 82 years. There were 3 male and 21 female
participants. Pure‐tone thresholds were measured at both ears for all
octave frequencies between 250 and 8000 Hz.
Sixteen participants did the screening test by telephone with both ears
successively. For the remaining eight only one ear was tested. Subjects
performed the test twice per ear. However, no retest data were available
for eight out of the 40 ears due to time restrictions. Participants who did
the complete test (audiogram, test and retest for both ears) finished the
measurements in one session of about 30 minutes. The test was performed
in a quiet room at the clinic and all participants used the same telephone.

2.4.3 Results
The audiograms of 19 out of the 40 tested ears showed normal hearing
with all measured thresholds below or equal to 20 dB HL. The remaining 21
ears showed an elevated threshold for at least one of the frequencies, and
were thus considered as hearing‐impaired. Some hearing‐impaired
participants got an invalid SRT by giving an incorrect response at +8 dB SNR.
Although the outcome of the test (‘poor hearing’) was still appropriate,
these data were omitted when determining the test‐retest variability, the
training effect, and correlations between SRT and PTA.
The test‐retest variability was determined based on data of test‐retest
scores of 28 ears, by considering the root mean square of the within‐
subject standard deviation of repeated measurements (Plomp & Mimpen,
1979a). For both groups of normal‐hearing and hearing‐impaired ears, the
variability was 0.9 dB. When taking the average of the difference scores, a
significant training effect of 0.8 and 0.9 dB was obtained for normal‐hearing
and hearing‐impaired ears, respectively. Since a training effect influences
the measured variability, the latter was re‐determined using Equation 2.2
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which balances out a possible training effect (Smits & Houtgast, 2005). A
pure test‐retest variability (τ) of 0.7 dB was now found.
∑

√2

(Equation 2.2)

In the following analyses only test results were taken into account, since
retest results showed a decreased SRT due to training effect, and are thus
not representative for people who will do the test only once.
To define the SRT cutoff value between ‘good’ and ‘insufficient’ hearing, the
upper 95 % confidence limit for SRT scores for normal‐hearing listeners was
determined. With an average SRT of ‐5.4 dB SNR and a standard deviation
of 0.7 dB for 19 normal‐hearing ears, this limit was set to ‐4.0 dB SNR. A
second border ‐ between ‘insufficient’ and ‘poor’ hearing ‐ was determined
by adding up once more two standard deviations, resulting in a limit of ‐2.7
dB SNR.
In Figure 2.4 a scatter plot of the SRT scores versus PTA0.5, 1, 2, 4 is shown for
all 40 tested ears. The correlation between both variables was 0.77 and
proved to be significant (p<0.001). When leaving out all data of the normal‐
hearing ears, which were possibly subject to a ceiling effect, the correlation
between SRT and PTA even increased to 0.83. The borders between the
three result categories of the screening test are also shown in Figure 2.4. As
can be seen, several listeners labeled as hearing‐impaired still reach the
outcome of ‘good hearing’. This was not surprising, since most of them still
had a PTA0.5,

1, 2, 4

below 25 dB HL. A decreased performance on speech

intelligibility in noise is thus not expected for those subjects.

2.4.4 Discussion
It is well known that no perfect correlation exists between speech‐
reception thresholds in noise and pure‐tone thresholds. In literature,
correlations of 0.70 to 0.80 are reported between sentence SRTs in noise
and PTAs for normal‐hearing and hearing‐impaired listeners (Bosman &
Smoorenburg, 1995; Smoorenburg, 1992; Smits et al, 2004). The correlation
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of 0.77 in this study is thus relatively high. It has to be noted that since the
age of the subjects was not taken into consideration, the SRT‐PTA relation
might be influenced in a limited way by a possible cognitive factor.
Furthermore, it lies in the nature of a screening test via telephone that
hearing losses at frequencies above the upper telephone band limit could
not be identified.
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Figure 2.4 Scatter plot of the digit triplet SRTs (only test, no retest) versus the average
pure‐tone thresholds at 500, 1000, 2000 and 4000 Hz. Crosses (x) represent normal‐hearing
(NH) ears; circles (o) represent hearing‐impaired (HI) ears. Arrows indicate data points
with invalid SRT due to an incorrect response on the maximal SNR (+8 dB). The horizontal
dashed lines represent the borders between a ‘good’, ‘insufficient’, and ‘poor’ outcome for
the digit triplet screening test by telephone.

A small test‐retest variability was found for the French screening test by
telephone. Both for normal‐hearing and hearing‐impaired listeners the
measurement error was within 1 dB, making the test reliable for screening
purposes.
The average SRT of ‐5.4 dB SNR for the normal‐hearing subjects was
noticeably higher compared to the evaluation results described in the first
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section. Considering the estimated training effect of 0.8 dB from the first to
the second test list, a decrease in SRT of 1.3 dB is not surprising for subjects
performing 10 lists during adaptive evaluation measurements. Also an
increased standard deviation across normal‐hearing subjects was now
found (0.7 dB versus 0.5 dB in adaptive evaluation measurements). This can
also be explained by the fact that, during evaluation, each subject
performed all ten test lists, balancing out the variation between different
lists, and resulting in a lower standard deviation.
The broadband version of the French digit triplet test is expected to show
similar results in a study with hearing‐impaired listeners. However, when
this test will be used for screening through internet, an extra normative
study will be necessary. The advantage of stereo presentation and
disadvantage of mp3‐compressed sound files, lower quality sound cards,
and lower quality transducers, might influence important qualities of the
test. Also, more variation between users is expected since people can
perform the test using headphones, in‐ear phones, external loudspeakers,
or built‐in computer speakers.

2.5 Section III: Application of the French screening
test by telephone
2.5.1 Introduction
In February 2009, the French screening test by telephone was launched
nationwide in France. Television spots were transmitted before and after
favorite programs for the elderly, and articles were published in
newspapers for pensioners. In the first month, about 20 000 people called
the test. Distributions of the SRTs, ages, and genders and possible
interactions are considered in this section.
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2.5.2 Methods
Details on the test setup of the automatic screening test by telephone were
reported in the previous section. As opposed to the controlled setting of
the measurements described in section II, here the people performed the
test at home, used different telephones, and were situated in different
environments. Smits et al (2004) and Wagener et al (2006a) showed that
reference values are not significantly influenced by different (non‐mobile)
telephones or quiet environments. Therefore, the cutoff values determined
above can also be applied to the public test.

2.5.3 Results
In total, 18 123 completed calls were registered in the first month. For
further analyses, two exclusion criteria were applied: calls from subjects
who gave no answer at three or more triplets, and calls with missing or
inappropriate (<18 and >100 years) age information were removed. This
resulted in a data set of 15 391 calls.
Overall, the proportion of female callers (62.3 %) was larger than that of
males (37.7 %). The median age was 58 and 59 years for female and male
callers, respectively. About 60 % of all callers fell within the 50 to 70 years
range. A clear peak in age distribution occurred at the age of 60.
After dividing callers in 10‐year‐wide age groups, box plots of obtained SRTs
were generated (Figure 2.5). Since the age groups 18‐20 and 91‐100
contained less than 50 observations, these groups are not shown and not
further analyzed. Due to a maximal SNR of +8 dB, a ceiling effect can be
seen at positive SRTs. The distribution of the SRTs also proved to be
positively skewed, with all – except one – outliers (deviation of 1.5 to 3
times the interquartile range from the upper or lower edge of the box) and
extreme outliers (deviation of more than 3 times the interquartile range
from the upper or lower edge of the box) located at one side of the
distribution. Also shown is the border between ‘good’ and ‘insufficient’
hearing (‐4.0 dB SNR) and between ‘insufficient’ and ‘poor’ hearing (‐2.7 dB
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SNR). For the age group 61‐70, less than 50 % of callers reached a ‘good’
SRT. For the age groups 71‐80 and 81‐90, this proportion even dropped
below 25 %.
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Figure 2.5 Box plots of SRTs per age group. Boxes represent the median together with the
25th and 75th percentile. Circles and stars indicate outliers and extreme outliers,
respectively. The whiskers show the full range of obtained values, with outliers and
extreme outliers excluded. The horizontal dashed lines represent the borders between
‘good’, ‘insufficient’, and ‘poor’ hearing.

In a first analysis, male results were compared to female results for each
age group separately. Since the SRT data did not have a normal distribution,
the Mann‐Whitney U test was used. When applying a correction for
multiple comparisons (α=0.05/7=0.007), no significant differences were
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found between both sexes. In a second analysis, data of two genders were
taken together, and paired comparisons (Mann‐Whitney U) between one
age group and the subsequent were executed. Six comparisons were made,
so the significance level was set at α=0.008. A small decrease in SRT ranking
occurred between the 21‐30 and 31‐40 group, but this was not significant
(p=0.683). The increases in SRT between the 31‐40, 41‐50, 51‐60, 61‐70, 71‐
80 and 81‐90 age groups, were all significant (p<0.001).
In Figure 2.6, the distribution and cumulative distribution of the SRTs of al
15 391 callers are given. Again, due to the maximal SNR of +8 dB, the right
tail of the distribution curve was suppressed. Forty‐six percent of the callers
obtained a ‘good’ test result, whereas 21 % and 33 % turned out to have
‘insufficient’ and ‘poor’ hearing, respectively.
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Figure 2.6 Distribution and cumulative distribution of obtained SRTs. The vertical dashed
lines indicate the borders between ‘good’, ‘insufficient’ and ‘poor’ hearing.

At last, Figure 2.7 shows the proportion of test outcomes plotted against
age. Ages were grouped per two years. Only test results for the 20‐21 to 86‐
87 years old are shown, to have at least 50 observations per age group. Up
to the age of 50, more than 60 % reached a ‘good’ SRT. This proportion
gradually decreased to about 10 % for the eighty‐year‐old listeners.
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2.5.4 Discussion
The analysis of approximately 15 000 calls in the first month after launching
the screening test by telephone in France, revealed that more women were
reached with the test than men. This was also found for the Dutch
screening test by telephone (Smits et al, 2006b). French callers also showed
a similar age distribution to Dutch callers. The French median age was only
3 to 4 years higher than the Dutch (Smits & Houtgast, 2005). Male and
female callers reached similar SRT results and, as expected, the SRT
increased significantly with age. The percentage of people with a ‘good’ SRT
outcome (46 %) is noticeably lower than in the Netherlands (67 %). This
large difference can only partially be explained by the small difference in
age and by the fact that all calls with an invalid SRT (incorrect response at
+8 dB SNR) were omitted in the Dutch analysis by which the proportion of
‘poor’ outcomes was somewhat reduced. We can conclude that it is more
difficult to reach a ‘good’ outcome with the French than with the Dutch
screening test by telephone, probably resulting in a somewhat larger
proportion of false‐positives (>7 %), but a smaller proportion of false‐
negatives (<9 %) compared to the Dutch test (Smits et al, 2004).
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Figure 2.7 Proportion of different SRT outcomes (‘good’, ‘insufficient’, ‘poor’) versus age.
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2.6 General conclusions
The French digit triplet test is a speech‐in‐noise test that can be used as an
automatic self‐screening test by telephone or internet. After optimizing the
test based on the intelligibility of the single digits, this triplet‐in‐noise test
was evaluated in normal‐hearing subjects in a fixed and adaptive way. For
both the telephone and broadband headphone version, normative data for
the SRT and slope were obtained, and small standard deviations across
subjects were found. The fitted values for both parameters of the
intelligibility function also showed a very high precision. Steep slopes and
small measurement errors were established.
After implementation of the telephone version as an automatic self‐
screening test by home telephone, measurements with both normal‐
hearing and hearing‐impaired listeners revealed a test‐retest variability
below 1 dB. We can thus conclude that the French screening test by
telephone is able to reliably measure one’s speech reception threshold. The
large number of calls proves to fulfill the need for an easily accessible
hearing screening test.
Due to the large amount of people conducting this screening test, we can
expect to have an increased prevalence of hearing‐impaired listeners
assessed by a hearing specialist and diagnosed to have a hearing loss.
Through the help of follow‐up programs where the hearing‐impaired
person is counseled by a professional, more hearing‐impaired listeners will
hopefully benefit from good amplification, and an improved quality of life
can be expected for this large segment of the population.
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Chapter 3 The SRTPTT relation for the Digit
Triplet test in noiseexposed
workers2
3.1 Abstract
Objective: Hearing screening in occupational medicine is generally based on
pure‐tone threshold audiometry. However, reliable and valid thresholds can
only be obtained in a sound‐proof room, using a high‐quality, well‐
calibrated audiometer, and by a well‐trained administrator. Thresholds also
need to be determined for several audiometric frequencies. This makes the
test time‐consuming and expensive, which is not ideal for the screening of
large populations. A speech‐in‐noise test, by contrast, does not have the
above‐mentioned requirements. Because it can be implemented as a quick
automated self‐test, possibly over the Internet, a speech‐in‐noise test is
highly advantageous for screening purposes. However, its sensitivity for
(isolated) high‐frequency hearing loss, as typically seen in noise‐exposed
listeners, was unclear up to present. In this study, the authors investigated
the sensitivity and specificity of the Digit Triplet speech‐in‐noise test for
detecting and monitoring (early‐stage) high‐frequency hearing loss, and its
similarity across two different language versions. Design: 118 noise‐
exposed workers, representing a wide range from no to severe high‐
frequency hearing loss, completed the French or Dutch version of the
broadband Digit Triplet self‐test in an office‐like room. Pure‐tone
thresholds, collected by a professional audiologist in favorable settings,
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served as the reference. Results: The 84 Dutch‐speaking participants
showed a very strong linear relation between the reference and the Digit
Triplet test, with the pure‐tone average at 2, 3, 4, and 6 kHz as a strong
predictor (R=0.86) for the speech reception threshold. The sensitivity and
specificity to detect mild high‐frequency hearing loss were 92% (61/66) and
89% (16/18), respectively. The area under the receiver operating
characteristic (ROC) curve was very high (≥ 0.91) for several degrees of
high‐frequency hearing loss. With a within‐subject standard deviation of
only 0.8 dB, the Digit Triplet test also had a low measurement error. The
results of the 34 French‐speaking subjects showed a highly similar trend.
Conclusions: The Digit Triplet test proves to have a high sensitivity and
specificity for detecting different degrees of high‐frequency hearing loss.
Given its ease of use, this test is very suitable for screening purposes in
occupational medicine, and potentially for the screening of adolescents at
risk of a recreational noise‐induced hearing loss.

3.2 Introduction
A vital part of a hearing conservation program for noise‐exposed workers, is
the early detection of noise‐induced hearing loss and monitoring of further
deterioration by means of periodic hearing screening in all these
employees. Generally, occupational hearing screening is based on classical
pure‐tone threshold audiometry, where threshold shifts in the high
frequencies around 4 and 6 kHz are a sensitive indicator of (early‐stage)
damage due to noise exposure (Dempsey, 1985; Rösler, 1994; Nelson et al,
2005; Seixas et al, 2012; Marlenga et al, 2012). However, threshold
audiometry has some (technical) requirements which can be difficult to
fulfill in a screening setting, such as the availability of a sound‐proof room, a
well‐calibrated audiometer, a qualified test administrator, and a sufficient
amount of time to determine thresholds at several audiometric
frequencies. In case one or more of these requirements cannot be
achieved, there is a high chance of getting unreliable and invalid test
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outcomes, as reported in literature (Dobie, 1983; Halloran et al, 2009;
Dejonckere et al, 2010).
A speech‐in‐noise test, in which supra‐threshold stimuli are presented in a
competing background noise, might provide a solution for the above‐
mentioned problems. First of all, there is no need to conduct the test in a
sound‐proof booth. A quiet office‐like room, where the ambient noise will
have a lower masking effect than the presented background noise, will thus
be sufficient. Secondly, changes of 5 to 10 dB to the absolute presentation
level of the test do not influence a listener’s speech reception threshold
(SRT), which is determined relatively to the noise level, in dB SNR (signal‐to‐
noise ratio) (Plomp & Mimpen, 1979b). Third, the use of domestic audio
equipment (standard computer sound card and headphones) has also been
shown to be adequate for testing speech recognition in noise (Culling et al,
2005). Fourth, the test can easily be implemented as a fully automated PC‐
based self‐test, so that no test administrator is needed (Smits et al, 2004;
Smits & Houtgast, 2005). And fifth, the SRT can adaptively be determined in
3 to 4 minutes. All these technical advantages make a speech‐in‐noise test
very suitable for screening purposes.
The relationship between the SRT and pure‐tone thresholds in noise‐
exposed workers has previously been studied by Smoorenburg and
colleagues (Smoorenburg et al, 1982; Smoorenburg, 1992; Bosman &
Smoorenburg, 1995), who used lists of 13 everyday sentences presented in
stationary speech‐shaped noise, to determine the SRT (Plomp & Mimpen,
1979a). The thresholds at the higher frequencies (2 and 4 kHz) were found
to be the strongest predictors for the SRT. However, they could still only
explain 52% of the variance (R=0.72). Thresholds for all frequencies
together could also only explain 57% (Smoorenburg, 1992). Four possible
reasons for this rather low correlation can be put forward. First, non‐
auditory cognitive aspects, such as working memory or linguistic skills, are
considered to be likely to influence a listener’s SRT, especially when using
more complex sentences (Akeroyd, 2008). A second reason might be the
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measurement error when estimating a listener’s SRT using one list of 13
sentences. This measurement error or ‘test‐retest reliability’, which can be
quantified as the quadratic mean of the within‐subject standard deviations
for repeated measurements, lies in the order of 1.0 to 1.2 dB (Plomp &
Mimpen, 1979a; Nilsson et al, 1994). Considering the small range of test
outcomes (roughly from ‐5 to +15 dB SNR), this measurement error is
relatively high. A third disturbing factor is the non‐linearity of the relation
between the SRT and pure‐tone thresholds within the group of listeners
with a mild hearing loss: Although having a slight pure‐tone detection loss
of 10 to 15 dB HL, these subjects do not yet show any loss in SRT
(Smoorenburg, 1992). The high contextual redundancy in everyday
sentences, enabling top‐down processing, might explain this insensitivity of
the SRT for very small hearing losses. And fourth, the two tests measure
different auditory abilities (detecting pure tones versus discriminating and
identifying complex speech stimuli embedded in competing noise). It can be
assumed that a certain hearing impairment might affect both abilities
differently (Shamma, 2011).
More recently, a different type of speech‐in‐noise test was proposed, based
on simple three‐digit sequences instead of everyday full sentences(Smits et
al, 2004). This “Digit Triplet test" was implemented as an automated self‐
screening test administered by telephone and proved to be applicable for
hearing screening in a general population (Smits et al, 2004; Smits &
Houtgast, 2005; Smits et al, 2006a; Jansen et al, 2010; Vlaming et al, 2011;
Watson et al, 2012). A first advantage of the Digit Triplet test is the low
measurement error that was found in all these studies, with a within‐
subject standard deviation of only 0.7 dB. Furthermore, using this simplified
test, the SRT can be assumed to be less influenced by non‐auditory
cognitive abilities. And third, digit triplets have a lower redundancy
compared to meaningful sentences, and therefore might be more sensitive
to the first signs of hearing loss.

Chapter 3

69

The rationale for this study was to investigate the potential of the Digit
Triplet test for hearing screening in a noise‐exposed population, by studying
its sensitivity for (isolated) high‐frequency hearing loss. It is hypothesized
that, compared to a sentence SRT (Smoorenburg, 1992), the Digit Triplet
SRT will show a stronger linear correlation with the pure‐tone thresholds,
and therefore, will have a high sensitivity and specificity. Furthermore, two
language versions of the Digit Triplet test are compared to examine the
across‐language generalization.

3.3 Materials and methods
3.3.1 Study population and data collection
The participants in this study were recruited from five major industrial
companies across Belgium and had an average 8‐hour working day noise
exposure level (Lex, 8h) of at least 80 dB A. Three candidates were excluded
because of their poor mastery of the Dutch and French language. In total
118 workers participated, of which 116 were male, aged between 22 and 59
years. They varied largely regarding the number of years working in noise,
the type and level of noise to which they were exposed, and the adequacy
of their hearing protection use.
All data were collected at the ENT department of the Federal Institute of
Occupational Diseases. For each participant, pure‐tone thresholds and the
Digit Triplet SRT were measured on the same day, in randomized order. The
pure‐tone thresholds were measured under optimal conditions, i.e. in a
sound‐proof booth, by a professional audiologist. The Digit Triplet test was
carried out in an office‐like room and the participants completed the test
independently, without a test administrator. The Digit Triplet SRT was only
determined for one randomly selected ear.

3.3.2 Measurement of the Digit Triplet SRT
The Digit Triplet test was conducted on a PC, with sound stimuli transmitted
through a 24‐bit sound card to a pair of Sennheiser HDA200 headphones.
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The software APEX (Francart et al, 2008) was used to play back the triplets‐
in‐noise at the desired SNR, and to automatically score the subject’s typed
response. For each SRT measurement, a list of 27 triplets, randomly
selected from 10 available test lists, was presented using a simple up‐down
adaptive procedure with steps of 2 dB. The level of the stationary speech‐
shaped noise was fixed at 65 dB SPL and the first triplet was presented at 0
dB SNR. The noise started 1s before and stopped 500ms after each triplet.
All three digits needed to be identified correctly in order to decrease the
SNR. After the response to the 27th triplet was scored and the SNR of the
(non‐presented) next triplet was determined, the SRT was calculated by
averaging the last 22 SNRs. The mean duration of one test was 4 min 11 s.
From the 118 participants there were 34 French‐speaking persons who
completed the French Digit Triplet test. Details on the development of this
test are described by Jansen et al (2010). The other 84 participants were
speakers of Dutch and completed the Flemish Digit Triplet test. The Flemish
version was developed analogous to the French one, and was based on the
digit recordings of the Leuven Intelligibility Number Test (van Wieringen &
Wouters, 2008). The only difference with the French version is (1) the
omission of the digits 7 and 9, as these are disyllabic words in Dutch, (2) the
absence of the announcement words “the numbers …” preceding each
triplet, and (3) the absence of a triplet intonation. For both languages, the
individual digits had been equated for intelligibility, resulting in a very steep
slope of psychometric function (above 20%/dB) (Jansen et al, 2010).
Evaluation in 12 young adult normal‐hearing listeners revealed a reference
SRT of ‐11.7 dB SNR (SD = 0.6 dB SNR) for the Flemish test. For the French
version, the reference SRT was ‐10.5 dB SNR (SD = 0.3 dB SNR) (Jansen et al,
2010).
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3.4 Results
3.4.1 Distribution of the puretone thresholds
The distribution of the pure‐tone thresholds of the 118 tested ears is shown
in Figure 3.1 and is highly comparable to distributions for similar study
samples reported in the literature (Smoorenburg, 1992; Leensen et al,
2011c). In general, participants had normal or near‐normal thresholds for
the lower frequencies up to 1 kHz, whereas thresholds in the high‐
frequency range were clearly elevated. Besides a natural deterioration of
hearing thresholds due to age which might be present in the older
participants, the damaging effect of noise exposure was clearly visible in the
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Figure 3.1 Distribution of the pure‐tone thresholds for the 118 tested ears. Each line
represents a different percentile (p10, p25, p50, p75, and p90).

Comparing the pure‐tone average (PTA) across all audiometric frequencies
of the tested and non‐tested ears, 30 participants (25%) turned out to have
an asymmetric hearing loss (PTA difference > 5 dB). Due to the random
selection of the test ear, 15 participants had conducted the Digit Triplet test
in their better ear, and 15 subjects in their worse ear showing a PTA
difference of maximally 20 dB.
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3.4.2 Sensitivity of the Flemish Digit Triplet test
First, the results of the larger group of subjects, i.e. the 84 Dutch‐speaking
participants, are described. After correcting for multicollinearity, a stepwise
linear regression analysis with backward elimination was executed to
examine the relation between the SRT and the pure‐tone thresholds at the
different audiometric frequencies. The thresholds at 2, 3, 4, and 6 kHz
contributed significantly to the prediction of the SRT. By taking the pure‐
tone average of these frequencies (PTA2,3,4,6) as a single predictor, a strong
linear correlation of 0.86 was found. Results of one listener had been
excluded, for the regression analysis only, because of outlying results
(absolute value of the studentized deleted residual larger than t[1‐α/2n;n‐
3]=3.574). A scatter plot of the SRT versus the PTA2,3,4,6 is shown in Figure
3.2 (upper panel). As can be seen in this figure, the linear relation does not
seem to level off at the lower end of the range (i.e. for the better listeners).
This is a first indication that the Digit Triplet test might be very sensitive to
detect the slightest high‐frequency hearing losses.
The exact size of the measurement error of the Digit Triplet test was also
determined. This measurement error can be defined as the quadratic mean
of the within‐subject standard deviations of repeated measurements. When
only one SRT measurement is available per listener, one can compare the
average SNR of the first half of the trials to the average of the second half,
calculate the reliability as defined above, and then correct for the decrease
in the number of trials (Smits et al, 2004). For the 84 Dutch‐speaking
listeners, a reliability of 0.8 dB on the Flemish Digit Triplet test was found.
The sensitivity of the Digit Triplet test to detect high‐frequency hearing loss
in a noise‐exposed population could be determined for different degrees of
hearing loss. The choice of a certain pass/fail criterion for the SRT should
depend on the target group of the screening test and on the specific
referral strategy. In this paper two potential referral schemes are discussed
as an example.

Chapter 3

73

6
4

y = 0.116 (± 0.008) x ‐ 11.3
R = 0.86

2

SRT (dB SNR)

0
‐2
‐4
‐6
‐8
‐10
‐12
‐10
6
4

0

10

20

30

40

50

60

70

80

90

30 40 50 60
PTA2,3,4,6 (dB HL)

70

80

90

y = 0.158 (± 0.021) x ‐ 11.1
R = 0.81

2

SRT (dB SNR)

0
‐2
‐4
‐6
‐8
‐10
‐12
‐10

0

10

20

Figure 3.2 Scatter plot of the SRT versus the PTA2,3,4,6. The upper panel shows the results of
the Dutch‐speaking participants (N=84), the lower panel of the French‐speaking subjects
(N=34). The 2 open symbols represent outlying data points which were excluded from the
linear regression model, but included in the sensitivity and specificity estimation.
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A first objective to screen for could be the early warning for the first signs
of high‐frequency hearing loss. Based on the ISO standard on the statistical
distribution of pure‐tone thresholds (ISO 7029:2000), a PTA2,3,4,6 above 10
dB HL can be considered as deviating (below the 10th percentile) for a 20‐
year‐old listener. With a cutoff SRT of ‐10.0 dB SNR, the Digit Triplet test
yields a sensitivity of 92% (61/66) and a specificity of 89% (16/18) to detect
listeners with a PTA2,3,4,6 above 10 dB HL.
The detection of persons who are likely to benefit significantly from
assistive technology such as hearing aids, can be a second screening
objective. For this purpose, it is more difficult to put forward a clear‐cut
PTA2,3,4,6 criterion. In Belgium, a hearing aid is (partially) reimbursed when a
listener’s PTA1,2,4 is 40 dB HL or higher. In the Dutch‐speaking group, six
subjects can in this way be considered hearing aid candidates. These are
also the subjects with the highest PTA2,3,4,6 threshold (> 50 dB HL).
Therefore, a cutoff PTA2,3,4,6 of 50 dB HL is considered first: when applying a
cutoff SRT of ‐5.8 dB SNR, the sensitivity and specificity equal 100% (7/7)
and 92% (71/77), respectively. In addition, for a 40 dB HL criterion, a cutoff
SRT of ‐7.1 dB SNR yields a sensitivity of 88% (15/17) and a specificity of
87% (58/67).
In addition to these sensitivity and specificity estimates, a receiver
operating characteristic (ROC) analysis was executed as well. In Table 3.1,
the ROC area and the asymptotic 95% confidence interval is given for
PTA2,3,4,6 cutoff values of 10, 20, 30, 40, and 50 dB HL. For all these cutoff
values, the ROC area proved to be very high (≥ 0.91). There was also no
significant difference between the different cutoff values (all 95%
confidence intervals overlap).

3.4.3 Acrosslanguage generalization
Compared to the Dutch‐speaking participants, similar results were found
for the group of 34 French‐speaking subjects using the French Digit Triplet
test. First, an identical test‐retest reliability of 0.8 dB on the SRT was found.
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Second, the linear relation between the SRT and the PTA2,3,4,6 was highly
comparable as well (Figure 3.2, lower panel). When excluding the outlying
results of one listener (absolute value of the studentized deleted residual
larger than t[1‐α/2n;n‐3]=3.490), a correlation coefficient of 0.81 was
found.
Overall, the SRTs of the French‐speaking participants tend to be somewhat
higher than the SRTs of the Dutch‐speaking group, corresponding to the 1.2
dB difference in reference SRT of the two language versions (cf. methods).
When shifting the SRTs of the French‐speaking participants by 1.2 dB and
then merging the results of all 118 noise‐exposed workers together, again a
strong linear correlation (R=0.84) and high sensitivity and specificity values
were found. For the 10 dB HL criterion (‐10.0 dB SNR), the sensitivity and
specificity equaled 93% (89/96) and 86% (19/22). The 40 dB HL criterion (‐
7.1 dB SNR) yielded a sensitivity of 86% (30/35) and specificity of 84%
(70/83), and the 50 dB HL criterion (‐5.8 dB SNR) resulted in a sensitivity of
92% (11/12) and specificity of 88% (93/106). Also the areas under the ROC
curves for the different criteria were found to be very large (≥ 0.92) for the
combined results of the Dutch‐ and French‐speaking participants (see Table
3.1).
Table 3.1 ROC analysis for different PTA2,3,4,6 cutoff values.

Dutch speaking only
asymptotic 95% CI
PTA2,3,4,6 area
(dB HL)
lower bound upper bound
10
0.95
0.898
0.996
20
0.91
0.844
0.970
30
0.91
0.850
0.973
40
0.92
0.849
0.997
50
0.99
0.968
1.000
CI = confidence interval

Dutch and French speaking
asymptotic 95% CI
area
lower bound upper bound
0.95
0.905
0.988
0.93
0.889
0.977
0.93
0.884
0.972
0.92
0.868
0.972
0.96
0.921
0.994

76

3.5 Discussion
Supporting the findings of previous studies on the Digit Triplet test (Smits et
al, 2004; Smits & Houtgast, 2005; Jansen et al, 2010; Watson et al, 2012),
these results show that reliable and quick SRTs can be obtained with this
automated self‐test. With a measurement error of only 0.8 dB and a test
duration of approximately 4 minutes per ear, the test is highly suitable for
hearing screening in large populations. Furthermore, current ongoing
experiments prove that the test duration can be reduced to approximately
3 minutes per ear by simply enabling listeners to start giving in their
response during stimulus presentation (instead of after) and by reducing
the software default interval between pressing ‘Enter’ to play the next
triplet and actually playing that triplet.
Specifically for noise‐exposed workers or others at risk of noise‐induced
high‐frequency hearing loss, this study gives new and important insights on
the sensitivity of the Digit Triplet test. As opposed to previous studies using
sentence tests (Smoorenburg et al, 1982; Smoorenburg, 1992), the
correlation between the Flemish Digit Triplet SRT and the PTA2,3,4,6 was very
strong (R=0.86) and did not seem to show a lower asymptote. As
mentioned in the introduction, this stronger correlation might be explained
by the lower measurement error and by a potentially lower influence of
non‐auditory cognitive factors on the SRT when using digit triplets
compared to more complex sentences. The apparent absence of a floor
effect within the group of better listeners might be explained by the
reduced contextual redundancy in the speech items. Notwithstanding the
fundamental difference between both tests (pure‐tone detection versus
supra‐threshold speech identification), cochlear damage due to noise
exposure seems to affect both abilities in a very similar way (Oxenham &
Bacon, 2003). As a result, very high sensitivity and specificity values were
found for the Flemish Digit Triplet test, both for detecting listeners with the
first signs of high‐frequency hearing loss and for detecting hearing aid
candidates.
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The results of the French‐speaking group indicate that this high sensitivity
of the Flemish Digit Triplet test for high‐frequency hearing loss can be
generalized to other languages. Even though French and Dutch are rather
different languages, the linear correlation and sensitivity and specificity
remained very strong when taking together the results of both groups. Only
an overall shift in SRT, based on the difference in reference values for
normal‐hearing listeners, needs to be applied.
Up to now, only one study in the literature reported an investigation on the
sensitivity and specificity of a Digit Triplet test specifically in noise‐exposed
workers. Leensen et al (2011a) reported sensitivity and specificity values of
55% and 94%, respectively, which is much lower than what was found in
this study. Furthermore, these values were calculated based on two
predefined subject groups which did not join together tightly: The ‘normal‐
hearing listeners’ had pure‐tone thresholds below or equal to 15 dB HL,
whereas the ‘noise‐exposed listeners’ had one or more thresholds above 25
dB HL in the higher frequencies, leaving a grey zone in between. The real
sensitivity is thus expected to be even lower. A possible reason for these
rather weak results can be found in the stimuli that were employed:
Leensen and colleagues applied a bandwidth limitation (0.3 to 3.4 kHz) to
the speech and noise stimuli, in order to mimic the original screening test
through telephone. The higher accuracy of a broadband speech‐in‐noise
test compared to a bandwidth limited has also been shown by Smits et al
(2004), who found higher SRT‐PTA correlation coefficients for sentences
and triplets presented through headphones (R around 0.80) than for
sentences and triplets presented through telephone (R around 0.70).
Although the Digit Triplet test by telephone certainly has a high value for
hearing screening in a general population, with fairly good sensitivity and
specificity using PTA0.5,1,2 > 20 dB HL as the criterion measure (Smits et al,
2004; Watson et al, 2012), the use of broadband signals and transducers is
recommended when screening for the first signs of high‐frequency hearing
loss.
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The findings of this study are also considered to be important for the rising
group of adolescents frequently exposed to high sound levels during leisure
activities (Dalton et al, 2001; Schmuziger et al, 2006; Vogel et al, 2007;
Torre, 2008). Recent studies show that they are at risk of a recreational
noise‐induced hearing loss, reporting prevalence values of approximately
15% in children and adolescents up to 19 years old (Niskar et al, 2001;
Shargorodsky et al, 2010; Henderson et al, 2011). Although leisure noise
may involve a more intermittent exposure than occupational noise, a
similar SRT‐PTA relation as described in this paper is assumed. Current
sensitization and awareness campaigns aiming to reduce the prevalence of
noise‐induced hearing loss in adolescents aged 14 and above, are already
incorporating this simple, robust, and sensitive hearing screening test on an
Internet platform. The implementation of the Digit Triplet test as the official
hearing screening procedure in Flemish middle and high schools is also
currently under investigation.

3.6 Conclusions
This study demonstrates that a broadband Digit Triplet test is a valid and
reliable alternative to pure‐tone audiometry for detecting and monitoring
hearing loss in a noise‐exposed population. The test has a sensitivity and
specificity of around 90%, both for the identification of persons with early
signs of high‐frequency hearing loss and for persons who should be
candidates for hearing aids. Given the ease of use of the Digit Triplet test
and its relative high robustness regarding the testing environment, the
audio equipment, and the output calibration, this test opens perspectives
for broadly accessible hearing screening, e.g. over the Internet, for
recreational and occupational hearing loss.
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Chapter 4 Exploring the sensitivity for noise
induced hearing loss for speech
tests with adapted speech and
noise materials3
4.1 Abstract
Objective: Recently, the Digit Triplet test was shown to be a sensitive
speech‐in‐noise test for early high‐frequency hearing loss in noise‐exposed
workers. This study investigates if a further improvement is achieved when
using a closed set of consonant‐vowel‐consonant (CVC) speech items with
the same vowel, and/or a low‐pass (LP) filtered version of the standard
speech‐shaped noise. Design: Speech reception thresholds in noise were
gathered for the Digit Triplet, CVC, and CVC_LP test and compared to the
high‐frequency pure‐tone average (PTA). Study sample: 118 noise‐exposed
workers showing a wide range of high‐frequency hearing losses. Results:
For the 84 Dutch‐speaking participants, the CVC test showed an increased
measurement error and a decreased between‐subject variation, leading to
a weaker correlation with the PTA2,3,4,6 (R=0.64) and thus a lower sensitivity
compared to the Digit Triplet test (R=0.86). However, the use of LP‐filtered
noise resulted in a sensitivity improvement (R=0.79 versus R=0.64) due to
the large increase in between‐subject spread. Similar trends were found for
the 34 French‐speaking workers. Conclusions: Using CVC words with the
same vowel could not increase the sensitivity to detect isolated high‐
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frequency hearing loss. With LP‐filtered noise, test sensitivity improved, but
it did not surpass the original Digit Triplet test.

4.2 Introduction
Extensive exposure to noise – both single exposure to intense sounds as
well as long‐lasting exposure to more intermediate levels – is known to
irreversibly damage the human auditory system. Typically, the outer hair
cells (OHC) in the cochlea are affected first, leading to a more broadly tuned
and linear basilar membrane response. In terms of functionality, OHC
damage leads to (1) an increase in audiometric thresholds, (2) loudness
recruitment, and (3) a reduced spectral and temporal resolution (Oxenham
& Bacon, 2003; Henry & Heinz, 2012).
In noise‐induced hearing loss (NIHL), a shift in audiometric threshold is seen
at the high frequencies, with a notch in the 3 to 6 kHz range. With
increasing hearing loss, a spread towards the lower frequency regions and 8
kHz will be observed as well (Coles et al, 2000; Niskar et al, 2001;
Shargorodsky et al, 2010; Henderson et al, 2011). In this regard, speech
intelligibility in quiet, which is related primarily to pure‐tone thresholds at
0.5, 1, and 2 kHz, will be unaffected in early NIHL (Glasberg & Moore, 1989;
Smoorenburg, 1992; Da Costa, 2001). Complaints about speech
understanding in difficult listening situations such as background noise,
however, typically arise already at earlier stages. This is also reflected in the
rather high correlation (R=0.72) between the speech reception threshold
(SRT) in noise and the pure‐tone average at 2 and 4 kHz (PTA2,4), as was
found by Smoorenburg (1992) in a group of 200 noise‐exposed workers.
Similar findings have been reported by Bosman & Smoorenburg (1995). An
increase in the supra‐threshold SRT in noise and an increase in the pure‐
tone detection thresholds of frequencies around 4 kHz are thus both early
expressions of OHC damage due to noise exposure (Oxenham & Bacon,
2003).
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However, Smoorenburg's study also noted that there remained significant
unexplained variance in the SRTs of noise‐exposed persons based on
predictions from the (high‐frequency) pure‐tone thresholds. This imperfect
relation has also extensively been demonstrated in study samples of
listeners with a general sensorineural hearing loss (van Rooij & Plomp,
1990b; Crandell, 1991; Humes, 2002; Smits et al, 2004; George et al, 2007;
Jansen et al, 2012). A first confounding factor is the influence of non‐
auditory cognitive factors, such as working memory, processing speed, and
language skills. These might facilitate top‐down processes and with that
improve speech comprehension, especially for meaningful everyday
sentences (Akeroyd, 2008; Humes, 2007). Furthermore, the SRT‐PTA
relationship has been shown to be slightly non‐linear, with unaffected SRTs
in listeners with up to 10 to 15 dB high‐frequency hearing loss
(Smoorenburg, 1992). A possible reason for this insensitivity might be the
high redundancy in meaningful speech items.
Recently, however, Jansen et al (2013b) reported a very strong correlation
between the SRT in noise and PTA2,3,4,6 (R=0.86) and a high sensitivity and
specificity (92 and 89% respectively) to detect very mild high‐frequency
hearing loss (PTA2,3,4,6 > 10 dB HL) in a large group of noise‐exposed
workers, by using short speech stimuli taken from our most basic
vocabulary: digits. By presenting these simple digits between 0 and 9 in
random triplet combinations, the cognitive load is considered rather low for
the tested person. Furthermore, the lack of context might explain the high
sensitivity for the first signs of NIHL. This so‐called Digit Triplet test was first
developed by Smits et al (2004) as an automated self‐test delivered via
telephone, and now exists in many languages (Ozimek et al, 2009; Jansen et
al, 2010; Vlaming et al, 2011; Meyer et al, 2011; Zokoll et al, 2012; Watson
et al, 2012). In all these language versions, a very low measurement error (±
0.7 dB) on the adaptively measured SRT was found. Given the general
advantages of a supra‐threshold speech‐in‐noise test over a pure‐tone
threshold measurement for screening purposes, i.e. less affected by
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ambient noise and less dependent on the absolute presentation level and
the transducer frequency response (Plomp & Mimpen, 1979b; Culling et al,
2005), the Digit Triplet test is a highly suitable hearing screening instrument
for NIHL.
Since the sensitivity of a speech‐in‐noise test to detect NIHL proves to be
rather dependent on the chosen speech material, the aim of this study was
to investigate whether a further improvement in sensitivity could be
achieved by adjusting the speech and/or noise material. A first modification
was the use of nine monosyllabic words with a consonant‐vowel‐consonant
(CVC) structure, selected from a basic vocabulary, and, most important, all
with the same vowel. The rationale for selecting words with the same vowel
is that identification of consonants, which typically have their most
important information in rapidly changing cues in the higher frequencies, is
hypothesized to be more disturbed in listeners with high‐frequency hearing
loss than the identification of the more steady‐state and low‐frequency
vowels. In this way the test is expected to enlarge the SRT difference
between normal‐hearing listeners and listeners with mild NIHL.
A second potential adjustment to improve the sensitivity is the use of a low‐
pass (LP) filtered version of the standard stationary speech‐shaped noise, as
was first introduced by Leensen et al (2011b). By attenuating the noise (and
thus increasing the SNR) in the high‐frequency range, a large gain in SRT is
expected for normal‐hearing listeners, whereas listeners with NIHL are
expected to benefit less or even not at all. Leensen et al (2011b) reported
extremely high sensitivity and specificity values of 95 and 98%, respectively,
for the detection of mild NIHL. However, due to the participant selection in
their study yielding two groups with clearly distinct audiogram patterns,
these values are most probably an over‐estimation of the real sensitivity
and specificity of the test. Therefore, it was still unclear what the benefit
would be over the Digit Triplet test in standard speech‐shaped noise.
In summary, the objective of this study was to investigate if the sensitivity
of a speech‐in‐noise test for high‐frequency hearing loss can further be
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improved when adjusting the speech material (CVC‐words with the same
vowel) and/or the noise material (LP‐filtered noise) in comparison to the
original Digit Triplet test in standard speech‐shaped noise. Therefore, these
different speech‐in‐noise tests were presented to a large group of noise‐
exposed workers. Furthermore, both Dutch‐ and French‐speaking workers
were tested, each with speech tests in their own language. In this way, the
generalizability to other languages was studied at the same time.

4.3 Methods
4.3.1 Speech materials
Prior to the evaluation in a noise‐exposed population, new speech tests
were developed and evaluated in normal‐hearing listeners. Details on the
development of the French Digit Triplet test are described in Jansen et al
(2010) and of the Flemish (i.e. Belgian Dutch) Digit Triplet test in Jansen et
al (2013b). For the French and Flemish CVC test, highly similar procedures
were used in this study: First, speech items were carefully selected from
existing recordings and a stationary speech‐shaped noise was generated
according to the method described in Versfeld et al (2000). In a second
step, optimization measurements were carried out in 10 normal‐hearing
listeners, by presenting the speech items at a large range of signal‐to‐noise
ratios (SNRs). Based on the intelligibility scores per speech item, the level of
each word was adjusted to correct for inter‐item SRT differences. This
optimization phase is performed in order to get the steepest possible slope
of the psychometric function, leading to the lowest possible measurement
error for adaptive measurements. In a final step, the adjusted speech
material was evaluated in a new group of 10 normal‐hearing listeners to
establish reference values for the SRT and the slope at the SRT. More
details per speech material are given in Table 4.1 and the reference values
for normal‐hearing listeners are shown in Table 4.2.
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Table 4.1 Details on the selected speech items and presentation format for the Flemish
(i.e. Belgian Dutch) and French Digit Triplet and CVC test. (1 Van Wieringen & Wouters
(2008); 2 Van Wieringen (personal communication); 3 Fournier (1950); n‐AFC = n‐alternative
forced‐choice).

Speech items

Digit Triplet test
Flemish
French
combination of 3
monosyllabic digits:
/en/ ‐ 1
/twe/ ‐ 2
/dri/ ‐ 3
/vi:r/ ‐ 4
/veif/ ‐ 5
/zεs/ ‐ 6

Speaker gender
Recordings from
Triplet intonation
Announcement words
Presentation format
Scoring (optimization)
Scoring (final)

CVC test
Flemish
French
CVC words with the same vowel:

/œ̃ / ‐ 1
/dø/ ‐ 2
/trwα/ ‐ 3
/katr/ ‐ 4
/sɛ̃k/ ‐ 5
/sis/ ‐ 6
/sεt/ ‐ 7
/ɥit/ ‐ 8
/nœf/ ‐ 9
female
(own
recordings)

/bαl/ ‐ ball
/bak/ ‐ bin
/γαt/ ‐ hole
/kan/ ‐ stick
/hαm/ ‐ ham
/∫at/ ‐ cat
/kαr/ ‐ cart
/dal/ ‐ tile
/lαx/ ‐ laugh
/fam/ ‐ woman
/mαn/ ‐ man /mal/ ‐ suitcase
/pαp/ ‐ porridge /nap/ ‐ cloth
/αxt/ ‐ 8
/tαk/ ‐ branch
/va∫/ ‐ cow
/wαη/ ‐ cheek
/vag/ ‐ wave
female
female
male
Listes Mono‐
LINT1
Lilliput2
syllabiques3
no
yes
n.a.
n.a.
/
“les numéros”
/
/
10 AFC (digits 0‐9)
9 AFC
digit
word
triplet
word

In contrast to the French Digit Triplet test (Jansen et al, 2010), for which
both a telephone version (with limited bandwidth) and a broadband version
were developed, the three other tests were optimized and evaluated for
broadband use only. As the target of these tests is screening for early signs
of high‐frequency hearing loss, a higher sensitivity and specificity was
expected with broadband stimuli presented through a broadband
transducer (Smits et al, 2004; Jansen et al, 2013b).
For the CVC test, a LP‐filtered version of the standard speech‐shaped noise
of that test was generated as well. Based on simulations using the speech
intelligibility index (ANSI S3.5, 1997), Leensen et al (2011b) found the
highest discrimination in SRT between different degrees of high‐frequency
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hearing loss when employing a cut‐off frequency of 1.4 kHz and a steep roll‐
off slope of more than 100 dB per octave. Furthermore, a ‘noise floor’ was
added to this LP‐filtered noise (original noise attenuated by 15 dB), in order
to maintain the advantages of testing in background noise in the high
frequencies as much as possible. For our CVC test, the LP‐filtered noises
were generated with the same characteristics. The reference values for
normal‐hearing listeners for the CVC test in LP‐filtered noise (CVC_LP) are
also shown in Table 4.2.
Table 4.2 Overview of reference values (SRT and slope at the SRT) for normal‐hearing
listeners. The Digit Triplet and CVC test were presented at 4 fixed SNRs so that the
complete psychometric curve could be fitted, taking into account a chance level of 11.1%
for the CVC test. The CVC_LP test was presented using the simple up‐down adaptive
procedure whereby no slope estimate is available.

SRT (dB SNR) (±SD) Flemish
French
Slope (%/dB) (±SD) Flemish
French

Digit Triplet
‐11.7 (±0.6)
‐10.5 (±0.3)
20.3 (±3.0)
27.1(±3.0)

CVC
‐12.0 (±0.6)
‐12.1 (±0.7)
12.7 (±2.6)
13.5 (±1.8)

CVC_LP
‐20.6 (±1.7)
‐23.8 (±1.9)
/
/

4.3.2 Participants and test procedure
The same 118 noise‐exposed workers that were described in Jansen et al
(2013b) participated in this study. There were 84 Dutch‐ and 34 French‐
speaking subjects, recruited from five major industrial companies across
Belgium. Two exclusion criteria were a very poor language proficiency both
in Dutch and in French, and external or middle ear abnormalities identified
through otoscopy and tympanometry. The participants varied largely
regarding their age (ranging from 22 to 59), the number of years working in
noise, and the type and level of noise to which they were exposed. This
resulted in a subject sample with a wide spread of hearing thresholds in the
high‐frequency range, but with normal or near‐normal thresholds up to 1
kHz. Although this high‐frequency hearing loss is most probably a mixture
of noise‐induced and age‐related hearing loss in the older participants, the
damaging effect of noise exposure was clearly visible in the audiometric
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notch around 4 kHz. Boxplots of the pure‐tone thresholds per frequency for

Pure‐tone detection threshold (dB HL)

the 118 tested ears are shown in Figure 4.1.
‐20
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Figure 4.1 Boxplots of the pure‐tone thresholds per frequency of the 118 tested ears. The
boxes enclose the interquartile range (IQR), the circles represent outliers falling beyond
the 1.5*IQR distance from the box, and the whiskers show the minimum and maximum
values excluding the outliers.

Each subject completed three SRT measurements in the following test
order: (1) The Digit Triplet test in standard speech‐shaped noise; (2) the
CVC test in standard speech‐shaped noise; and (3) the CVC test in LP‐
filtered noise (CVC_LP). The Dutch‐speaking subjects completed the Flemish
version of each test, and the French‐speaking subjects the French version.
Only one ear was tested and the ear to be tested was chosen randomly,
leading to 66 left and 52 right ears. The participants were seated in front of
a PC and completed the tests independently, without a test administrator.
The signals were sent out via a 24‐bit sound card to one side of Sennheiser
HDA200 headphones. The level of the noise was constant at 65 dB SPL, and
the level of the speech was varied in 2dB steps in a simple up‐down
adaptive procedure. The noise started 1 s before and ended 500 ms after
each trial. For the Digit Triplet test, a list of 27 triplets was presented, and
the SRT was defined as the average of the last 22 SNRs. For the CVC and
CVC_LP test, 36 words were presented, and the last 30 SNRs were taken
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into account for the SRT calculation. The first trial was presented at 0 dB
SNR for the two tests in standard speech‐shaped noise, and at ‐10 dB SNR
for the test in LP‐filtered noise. In this way, most listeners will be able to
reach SNRs near their SRT within the first 6 to 7 trials. The software APEX
(Francart et al, 2008) was used to play back the speech and the noise at the
desired SNR and to automatically score the subjects’ responses.

4.3.3 Data analysis
In order to evaluate the sensitivity of the three speech‐in‐noise tests for
NIHL, three main parameters were determined and compared in this study.
A first factor associated to the general sensitivity of a test is the
measurement error – or within‐subject test‐retest variability. The lower this
error, the closer one single measurement outcome will approach a
listener’s ‘real’ SRT. The second parameter is the spread of the SRTs across
listeners with a wide range of NIHL. In this study, this spread will be
characterized by the steepness of the slope of the linear regression line of
the SRT versus the high‐frequency PTA. As a third parameter, the
correlation coefficient of this linear regression analysis, which is related to
the steepness of the slope and the measurement error, will be used to
quantify the overall sensitivity.

4.4 Results
4.4.1 Measurement error
The smaller the measurement error of a certain test, the more precisely
one can attribute a change (in time) or a difference (between listeners) in
SRT to a real change or difference in hearing performance. This
measurement error on the adaptively measured SRT can be defined as the
quadratic mean of the within‐subject standard deviations of repeated
measurements. In this study, only one measurement was conducted per
test by each person. Therefore, two SRTs were calculated per test, one
based on the first half of the trials that were normally taken into account
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for the SRT calculation, and the other based on the second half. The
measurement error was then determined as described above, and divided
by √2 to correct for the halving of the number of trials used for the
calculation of the two SRTs (Smits et al, 2004; Jansen et al, 2013b).
The lowest measurement error was found for the Digit Triplet test, both in
Flemish and in French (0.8 dB). The CVC test in standard speech‐shaped
noise showed a measurement error of 1.1 dB and 1.0 dB for the Flemish
and French version, respectively. These values are still in the same order of
magnitude as most speech‐in‐noise tests (e.g. Plomp & Mimpen, 1979a;
Nilsson et al, 1994; van Wieringen & Wouters, 2008). However, when
presenting the same test in LP‐filtered noise, an increase in measurement
error was seen, which was more pronounced for the Flemish test (1.6 dB)
than for the French test (1.2 dB). A two‐tailed paired t‐test on the listeners’
within‐subject

standard

deviations

yielded

that

the

increase

in

measurement error for the CVC test compared to the Digit Triplet test was
significant for the Dutch‐speaking listeners (p=0.035) but not for the
French‐speaking participants (p=0.093). Also, the increase in within‐subject
variability from the CVC test to the CVC_LP test was significant for the
Flemish version (p=0.001), but again not for the French version (p=0.476).

4.4.2 The SRTPTA relationship
The main objective of this study was to explore the sensitivity of the three
speech‐in‐noise tests for high‐frequency hearing loss in noise‐exposed
listeners. Therefore, the relationship between the SRT and the PTA2,3,4,6 was
investigated. Thresholds at these four frequencies showed the largest
effects of hearing loss which can most probably be attributed to excessive
noise exposure. Each of these frequencies separately also proved to be a
significant predictor for the Digit Triplet SRT (Jansen et al, 2013b). In Figure
4.2 the scatter plot of the SRT versus the PTA2,3,4,6 is given per speech‐in‐
noise test. To control for the overall difference between the Flemish and
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Figure 4.2 Scatter plot of the SRT (relative to the reference for normal‐hearing listeners) versus the PTA2,3,4,6. Data of the left panel were also shown
in Chapter 3.
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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 PTA2,3,4,6 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‐α/2n;n‐3], with α=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 PTA2,3,4,6 (in dB HL) with outlying data points excluded.

Flemish
French
All

Digit Triplet
R
Slope (±SE)
0.86 0.12 (±0.01)
0.81 0.16 (±0.02)
0.85 0.14 (±0.01)

R
0.64
0.73
0.67

CVC
Slope (±SE)
0.07 (±0.01)
0.12 (±0.02)
0.08 (±0.01)

CVC_LP
R
Slope (±SE)
0.79 0.18 (±0.02)
0.91 0.31 (±0.02)
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 CVC versus 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
PTA2,3,4,6 below 20 dB HL to the participants with a PTA2,3,4,6 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 Z=‐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.
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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 Multicenter comparison of three
types of speechinnoise tests4
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.

4

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 II (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
Speech material:
Semantical context
Representative vocabulary/
phonetic distribution

FrMatrix

FrDigit3

9
9

9

9
Unlimited answer possibilities
9
9
Cognitive demanding
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
SNRs

max. likelihood
fit

mean of last 22
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
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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.

1
2
3
4
5
6
7
8
9
10

Name
Agnès
Charlotte
Emile
Etienne
Eugène
Félix
Jean‐Luc
Julien
Michel
Sophie

Verb
achète
attrape
demande
déplace
dessine
propose
ramasse
ramène
reprend
voudrait

Numeral
deux
trois
cinq
six
sept
huit
neuf
onze
douze
quinze

Object
anneaux
ballons
classeurs
crayons
jetons
livres
pions
piquets
rubans
vélos

Color
blancs
bleus
bruns
gris
jaunes
mauves
noirs
roses
rouges
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.hörtech.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.
FrMatrix

Wioland (1972)

10
9
8
Occurence (%)

7
6
5
4
3
2
1
0
R l s t d p k m n v j ʒ z f b w ʃ g ɥ ɲ a ɛ e i ɘ ã u ɔ̃ y o ɔ ɛ̃ ø œ œ̃ ɑ

Consonants

Vowels

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,

Chapter 5

107

and ‐3.5 dB, since pilot measurements showed that these would yield
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 21st
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 5th and 6th
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.

Speech intelligibility score (%)

100

SRT = ‐6.0 (±0.6) dB SNR
Slope = 14.0 %/dB

80
60
40
20
0
‐16

‐14

‐12

‐10

‐8

‐6

‐4

‐2

0

2

4

SNR (dB)
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 (%)
subject ‐8.0 dB ‐6.5 dB ‐5.0 dB ‐3.5 dB
1
28
45
66
83
2
20
36
61
76
3
26
58
66
82
4
29
54
66
79
5
22
50
70
85
6
31
58
73
84
7
20
33
60
79
8
25
44
66
82
9
24
44
74
78
10
18
34
50
68
11
34
53
73
86
12
21
42
58
78
13
37
58
75
79
14
12
31
63
76
15
16
28
51
71
16
22
37
56
74
17
25
45
65
78
18
19
40
51
70
19
26
51
74
77
20
19
46
58
79
min
12
28
50
68
max
37
58
75
86
average
24
44
64
78
stdev
6
9
8
5

SRT
Slope
(dB SNR) (%/dB)
‐6.2
14.2
‐5.6
14.5
‐6.5
13.4
‐6.5
12.1
‐6.3
16.5
‐6.8
14.0
‐5.6
15.6
‐6.1
14.5
‐6.2
15.2
‐5.0
12.2
‐6.7
14.1
‐5.7
13.7
‐7.0
11.3
‐5.5
18.2
‐5.0
14.7
‐5.5
13.0
‐6.0
13.2
‐5.2
11.7
‐6.4
14.2
‐5.8
14.3
‐7.0
11.3
‐5.0
18.2
‐6.0
14.0
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 II (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

sentence scoring

1
0

SRT (dB SNR)

‐1
‐2
‐3
‐4
‐5
‐6
‐7
1

2

3

4

5

6

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 II (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
(PTA0.5,1,2,4) 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).

N

All
NH (NH‐)
HI
FIST
Stationary LTASS
FrMatrix Stationary LTASS
FrDigit3 Stationary LTASS
FrMatrix ICRA4‐250

Brussels Paris Bordeaux Toulouse
31
20
29
38
13 (0) 7 (1)
8 (2)
16 (2)
18
12
19
20
9
9
9
9
9
9
9
9
9
9
9
9

5.4.1.2 Test setup 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.

Chapter 5

113

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 11th 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 28th 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 PTA0.25,0.5,1. Only
half of this PTA0.25,0.5,1 was added to the 60 dB SPL, in order to avoid an
uncomfortable loudness due to recruitment. With a maximal PTA0.25,0.5,1 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,
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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.

Brussels (N=13)
FIST
(p=0.085)

Paris (N=7)
Bordeaux (N=8)
Toulouse (N=11)

FrMatrix (Stationary)
(p=0.117)

FrDigit3
(p=0.575)

FrMatrix (ICRA4‐250)
(p=0.852)
‐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 PTA0.5,1,2,4 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 Testretest 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 HI
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

20/10 for the FIST and by

20/27 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 HI 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).

N
Standard
All
80
NH/NH‐ 31
HI
49
80
Corrected to All
20 trials
NH/NH‐ 31
HI
49

Stationary LTASS
FIST FrMatrix FrDigit3
1.3
0.9
0.9
1.2
0.4
0.4
1.3
1.1
1.1
0.9
0.9
1.0
0.9
0.4
0.5
0.9
1.1
1.2

FrMatrix
N Stationary ICRA4‐250
69
0.9
1.7
31
0.5
1.4
38
1.1
1.9

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 PTA0.5,1,2,4.
Analyses were executed both on the whole group of subjects and for HI
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).

All listeners:
Test‐retest
FIST
FrMatrix stationary
PTA0.5,1,2,4
HI only:
Test‐retest
FIST
FrMatrix stationary
PTA0.5,1,2,4

Stationary LTASS
N=80
FIST FrMatrix FrDigit3
0.78
0.96
0.94
0.83
0.81
0.89
0.69
0.82
0.84
N=49
FIST FrMatrix FrDigit3
0.78
0.93
0.88
0.79
0.74
0.81
0.53
0.69
0.56

FrMatrix
N=69
Stationary ICRA4‐250
0.96
0.96

0.84

0.94
0.93

N=38
Stationary ICRA4‐250
0.92
0.90

0.61

0.89
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 PTA0.5,1,2,4 (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 PTA0.5,1,2,4 (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.
4

NH/NH‐
HI
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SRT (dB SNR) ‐ FIST
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Figure 5.5 Scatter plot of the FIST results versus the PTA0.5,1,2,4 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
PTA0.5,1,2,4 (Steiger’s Z=3.04, p=0.002 for all listeners and Steiger’s Z=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 Z=2.82, p=0.005 for all listeners and Steiger’s Z=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
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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 HI 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 PTA0.5,1,2.
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In the study of Smoorenburg (1992) a correlation of 0.67 was found
between the SRT in noise and the PTA0.5,1,2,4 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 PTA0.5,1,2,4
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 PTA0.5,1,2,4 were rather high. However, these results
are probably biased by the contrast between the NH and HI subjects.
Analyses based on the HI listeners only, yielded lower correlations between
the SRT and the PTA0.5,1,2,4 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 speechinnoise
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.

N
Study 1 100
114
160
Study 2 10
Study 3 10
Study 4 20

Participants
th

5 graders
7th graders
young adults
young adults
young adults
young adults

Mean age Male/fem‐
Research objective
[range]
ale ratio
10 [9‐12]
55/45
(1) Feasibility in children;
12[10‐14]
57/57
(3) Training effect
22[18‐30]
71/89
21[19‐24]
1/9
(2) Transducer effects
21[18‐28]
5/5
(3) Training effect
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 5th and 7th 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).

1
s1
s2
s3
s4
s5
s6
s7 1
s8
s9 1
s10 1

headphones
2 3 4 5 6
2
2
1
1
1
1
2
(1) 1
1
2
1
1
1
2

in‐ear phones
built‐in speakers
7 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7
1 1
1
1 1 2
1 1
1
1 2 1
1 1 1
1
3
1
1
1 1
3
(1) 1
1
1
3
1
1
1
3
1
1
1
3
1 1
2
3
1 1
1
1
3
1
2
3

external speakers
1 2 3 4 5 6 7 8
2 1
2
1
1
2
1 1
1
1
1
1
1
1
1
1
2
2 1
1 1
1
1 1
1
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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 Internet5, 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’à 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 5th graders,
5

http://hearcom.eu/main/Checkingyourhearing/speechtesttext_fr.html
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0.5 dB for the 7th 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 [χ2(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 5th 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

SD across presented SNRs (dB)

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
5th graders 7th graders

young
adults

5th graders 7th graders

young
adults

Figure 6.1 Boxplots of the within‐subject standard deviations (SD) across presented SNRs,
for the 5th graders (N=100), 7th 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 5th and 7th 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 5th graders need
some more time than the 7th 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 7th 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

Duration (min)

future screening software.
15
14
13
12
11
10
9
8
7
6
5
4
5th graders

7th graders
th

young adults

Figure 6.2 Boxplots of the test duration for the 5 graders (N=100), 7th 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 5th and 7th graders.
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6.3.1.3 Reference SRT for normalhearing 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
5th and 7th 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 1st 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 [χ2(2)=24.012; p<0.001]. Additional Mann‐Whitney
tests (with Bonferroni correction) show that the SRTs of the 5th graders (‐9.5
dB SNR on average) are significantly worse than those of the 7th graders
(‐10.1 dB SNR, p=0.002) and adults (‐10.6 dB SNR, p<0.001). However, the
difference between the 7th 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‐

SRT (dB SNR)

appropriate reference, at least for children up to the age of 10.
‐4
‐5
‐6
‐7
‐8
‐9
‐10
‐11
‐12
‐13
5th graders

7th graders

Study1

adults
Chapter3

Figure 6.3 Boxplots of the SRTs per age group, based on the selection of normal‐hearing
th
th
listeners only (106 ears for the 5 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 yields no significant effect of transducer type on the SRT neither
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including [χ2(3)=7.1; p=0.069] nor excluding the two outlying data points
[χ2(3)=5.4; p=0.145].
‐6

SRT (dB SNR)

‐7
‐8
‐9
‐10
‐11
‐12
in‐ear
built‐in
external
phones
speakers
speakers
Figure 6.4 SRT per transducer type, averaged across the 3 (or 2) repetitions, for each of the
10 normal‐hearing participants.
headphones

6.3.2.2 Testretest 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 7th 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.

5th graders
7th graders
young adults

Difference (dB)
N mean median p‐value
100 0.1
0.2
0.558
114 0.3
0.5
<0.001
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 7th 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 3rd 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.

SRT (dB SNR)
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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 1st to
the 2nd test (0.9 dB on average), and with 1.7 dB of total training from the
1st to the 6th 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 2nd and 3rd 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 4th 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.
Different lists

SRT (dB SNR)

‐2

Same list

‐2

‐3

‐3

‐4

‐4

‐5

‐5

‐6
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‐7

‐7

‐8

Random
Fixed

‐8
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Presentation order
Presentation order
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‐PTA2,3,4,6 correlation coefficients
and Table 6.5 of the ROC areas for different PTA2,3,4,6 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‐PTA2,3,4,6 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).

Dutch‐speaking
French‐speaking
Dutch and French

N
83
33
116

27
0.86
0.81
0.84

Number of triplets
25
23
21
0.85
0.84
0.84
0.80
0.80
0.79
0.83
0.83
0.83

19
0.83
0.79
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 PTA2,3,4,6. 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 PTA2,3,4,6 criteria.

Dutch‐speaking only
(N=84)
asymptotic 95% CI
PTA
# area
(dB HL) trials
lower bound upper bound
10
27 0.95
0.898
0.996
25 0.95
0.902
0.995
23 0.95
0.901
0.993
21 0.95
0.910
0.995
19 0.94
0.890
0.992
20
27 0.91
0.844
0.970
25 0.90
0.840
0.968
23 0.90
0.831
0.966
21 0.90
0.832
0.967
19 0.89
0.821
0.961
30
27 0.91
0.850
0.973
25 0.90
0.836
0.970
23 0.89
0.821
0.964
21 0.89
0.813
0.960
19 0.88
0.808
0.956
40
27 0.92
0.849
0.997
25 0.91
0.829
0.994
23 0.91
0.817
0.994
21 0.90
0.807
0.985
19 0.89
0.796
0.981
50
27 0.99
0.968
1.000
25 0.99
0.965
1.000
23 0.99
0.966
1.000
21 0.98
0.956
1.000
19 0.98
0.952
1.000
CI = confidence interval

Dutch and French together
(N=118)
asymptotic 95% CI
area
lower bound upper bound
0.95
0.905
0.988
0.95
0.908
0.988
0.95
0.909
0.986
0.95
0.913
0.988
0.94
0.896
0.983
0.93
0.889
0.977
0.93
0.886
0.975
0.93
0.877
0.973
0.93
0.884
0.977
0.92
0.876
0.973
0.93
0.884
0.972
0.92
0.873
0.968
0.91
0.864
0.964
0.91
0.863
0.964
0.91
0.859
0.961
0.92
0.868
0.972
0.91
0.855
0.968
0.91
0.850
0.966
0.91
0.850
0.965
0.90
0.839
0.961
0.96
0.921
0.994
0.95
0.913
0.991
0.95
0.904
0.989
0.94
0.899
0.987
0.95
0.903
0.989
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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 7th graders, but
is smaller and insignificant in 5th 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 SRTPTT 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, PTA2,4 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 (PTA2,4,8 – PTA0.25,0.5,1 < 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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Figure 7.1 Scatter plot of the FIST (test and retest averaged), French Matrix (only test), and French Digit Triplet test (only test) versus the PTA2,4
(measurements of Chapter 5). Open circles represent the NH listeners (N=28), the filled circles the NH‐ listeners (N=3), the open triangles the HI
participants (N=41), and the stars the HI participants with a flat audiogram (N=8).
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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 (PTA0.5,1,2,4 > 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 telephone6, 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.

Question‐
naire
Administration:
equipment
trained administrator
sound‐proof booth
broadly accessible
duration
type of test
Results:
chance for false pos/neg
limited outcome range
non‐auditory effects

no
no
no
yes
fast
subj.
high
?
yes

PTTs

OAE

high‐quality high‐quality
yes
yes
yes
preferably
no
no
intermediate
fast
behavioral
obj.
low
no
no

intermediate
yes
no

SRT

low‐quality
no
no
yes
fast
behavioral
low
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 LPfiltered 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 (LISTm)7
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 (CI‐) 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 CI‐users. Measurements were performed both in
quiet and in noise. Study sample: Forty‐four NH subjects and 6 CI‐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 yielded equal scores, and the within‐subject test‐retest
reliability was high (1.7 dB in quiet, 1.1 dB in noise). For the CI‐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 CI‐users, both in quiet and in noise.

7

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 (CI)
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 CI‐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 CI‐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 speechshaped 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 CI‐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 years old. The age of the 20 NH participants in the evaluation
measurements ranged between 18 and 21 years old. The CI‐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, Brüell & Kjær).
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 CI‐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 CI‐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) 11th 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.

160

A.3.4.3 Validation
In a last step, 10 lists of LIST‐m and 10 lists of LIST‐f were presented to 6 CI‐
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.

QUIET

NOISE

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.

NH01
NH02
NH03
NH04
NH05
NH06
NH07
NH08
NH09
NH10
Mean
SD
RMS
NH11
NH12
NH13
NH14
NH15
NH16
NH17
NH18
NH19
NH20
Mean
SD
RMS

ADAPTIVE
sentence scoring
SRT
SD
‐7.6
1.0
‐7.5
1.1
‐7.8
1.4
‐7.8
1.3
‐7.3
1.2
‐7.3
1.1
‐8.0
1.0
‐8.3
1.0
‐8.5
1.1
‐7.6
1.0
‐7.8
0.4
1.1
22.3
1.8
19.1
1.5
20.1
1.4
19.7
1.7
24.6
2.3
19.9
1.5
18.5
1.7
26.0
1.5
19.3
2.0
21.2
1.7
21.1
2.5
1.7

FITTED
sentence scoring
key word scoring
SRT SE Slope SE
SRT SE Slope SE
‐7.6 0.1 19.9% 2.5% ‐8.9 0.1 20.0% 1.8%
‐7.6 0.2 17.2% 2.2% ‐9.5 0.1 15.2% 1.3%
‐7.8 0.2 16.9% 2.2% ‐9.4 0.1 17.9% 1.6%
‐7.8 0.2 17.6% 2.3% ‐9.0 0.1 17.2% 1.7%
‐7.3 0.2 16.3% 2.0% ‐8.9 0.1 16.5% 1.5%
‐7.2 0.2 18.4% 2.3% ‐9.0 0.1 15.4% 1.4%
‐7.9 0.2 19.1% 2.5% ‐9.2 0.1 18.5% 1.7%
‐8.3 0.1 21.2% 2.7% ‐9.4 0.1 18.5% 1.7%
‐8.4 0.2 19.4% 2.5% ‐9.7 0.1 17.2% 1.7%
‐7.6 0.1 21.4% 2.7% ‐9.2 0.1 17.0% 1.4%
‐7.8
18.7%
‐9.2
17.3%
0.4
1.8%
0.3
1.5%
0.2
2.4%
0.1
1.6%
22.1 0.2 11.9% 1.6% 20.8 0.2 12.8% 1.4%
19.2 0.2 15.0% 2.1% 17.6 0.2 13.2% 1.6%
20.1 0.2 15.2% 2.0% 18.6 0.2 13.8% 1.6%
19.6 0.2 13.1% 1.8% 18.2 0.1 17.1% 1.9%
24.7 0.3 8.5% 1.2% 22.6 0.2 10.1% 1.1%
19.8 0.2 14.5% 1.9% 18.4 0.2 14.4% 1.6%
18.5 0.2 11.8% 1.8% 16.6 0.3 9.1% 1.3%
26.0 0.2 11.6% 1.6% 24.4 0.2 13.0% 1.4%
19.4 0.3 9.8% 1.5% 17.1 0.3 9.2% 1.2%
21.1 0.3 11.2% 1.5% 19.2 0.2 11.9% 1.3%
21.1
12.3%
19.3
12.5%
2.5
2.2%
2.5
2.5%
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

Testretest 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 CI‐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 CI‐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 CI‐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 CI‐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 CI‐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 CI‐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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