
Benefit from amplification of high 
frequencies in hearing impaired: aspects of 

cochlear dead regions and auditory 
acclimatization 

 

Martin D. Vestergaard 

 

Lyngby 2004 

  

 
 
 
 
 
 
 
 
 
 
 
 

Ørsted.DTU Acoustic Technology 
 DK-2800 Lyngby 

Denmark 



 
 

Cover design by Susanne Stech  

This thesis was submitted in partial fulfilment of the requirements for obtaining the 
degree of Doctor of Philosophy (Ph.D.) in Electronics and Communications at the 
Technical University of Denmark (DTU). 

The work was done from October 2000 to September 2003 at the Acoustic Technology 
(AT) section, DTU and at Research Centre Eriksholm under the shared supervision of 
Torben Poulsen (AT) and Graham Naylor (Eriksholm). 

The public defence was held on 22 January 2004 in Auditorium 22 at DTU. 

Printed in Denmark by DTU-tryk, Technical University of Denmark, DK-2800 Lyngby 
Acoustic Technology report no 83 
ISBN 87-91184-32-0 

Copyright © 2004 by M. D. Vestergaard 



 

Abstract 
The present thesis deals with the benefit that hearing-impaired people receive from 
amplification of high frequencies. Sounds brought back to audibility by hearing aids are 
expected to provide usefulness for users of hearing aids in terms of better auditory 
function, in particular better speech identification ability. While the rationales underlying 
provision of amplification to hearing-impaired patients are well-known, sometimes it 
happens that audibility does not provide the expected benefit for the patient. In this thesis, 
two theories are suggested for explaining why audibility may fail to provide functional 
benefit to the users of hearing aids: (1) cochlear dead regions and (2) auditory 
acclimatization. Two studies have been carried out to assess the feasibility of the two 
concepts. A study on cochlear dead-regions investigated the viability of a recent tool for 
diagnosing dead regions and looked at the possible implications of dead-region candidacy 
on speech-recognition ability in hearing-aid users accustomed to high-frequency 
amplification. A second study on auditory acclimatization in first-time hearing-aid users 
focused on longitudinal effects in objective and subjective hearing-aid outcome for 
patients with precipitous hearing loss. 

The results show that the two theories possess leverage to explain failure to benefit 
from increased audibility. Patients with cochlear dead regions may not receive increased 
benefit from increased audibility to the same extent as patients without dead regions. 
However, dead-region patients show a more efficient use of audibility leaving the reduced 
benefit from increased audibility less salient in practice. Patients fitted with hearing aids 
that provide a substantial amount of audibility, are able to improve auditory performance 
over time. The strongest effect is seen in patients who initially do not perform as well as 
expected. However, some severely impaired patients developed a better-than-expected 
ability to interpret low-frequency speech cues. Age, severity of the hearing loss and 
cognitive skills can predict to some extent if a patient is likely to improve auditory 
performance over time compared to the level of performance, which is observed 
immediately post-fitting. In the subjective-benefit domain, it is observed that outcome 
dimensions addressed in various scales are not operational for hearing-aid users right from 
the time of initial fitting. It can take up to 3 months before a meaningful outcome space 
has been formed, and during that time, the relative importance of different outcome scales 
migrates. The clinical ramification of the results from the two studies is threefold. First, 
initial objective hearing-aid benefit may not reflect the level of auditory performance that 
can be achieved after acclimatization to the amplification. Second, early subjective 
outcome-assessment may not reflect the true subjective benefit that the hearing-aid users 
experience. Third, possible dead regions in the cochlea of patients may blur the situation 
in that severely impaired patients may perform better than expected initially. 
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Chapter 1 

1 General introduction 

The most common hearing problem is reduced sensitivity to soft sounds. Reduced 
sensitivity can occur as a result of a whole range of different reasons, but in audiological 
terminology there are essentially two types of hearing loss, namely conductive and 
sensorineural loss (Schuknecht, 1993). Conductive hearing loss occurs because of reduced 
transduction capability of the middle ear’s ossicular bones, and in this type of hearing 
loss, cochlea and the auditory nerve function normally. Conductive hearing loss can 
happen because of middle ear conditions such as otitis media, otosclerosis or malleus 
fixation, etc. (Ginsberg & White, 1978), and it can often be treated with surgery and/or 
medication. By contrast, the sensorineural hearing loss is caused by abnormalities in the 
cochlea and/or the auditory pathway to the brain. This type of hearing loss includes 
presbycusis, noise-induced and congenital hearing losses, and they cannot be treated with 
medication. Sensorineural hearing loss can also be attributable to conditions, such as 
acoustic neuroma, Menière’s disease or ototoxic medications that often require surgery 
and/or other medication. Nevertheless, the sensorineural hearing loss is permanent, and 
the most common way of alleviating it is provision of amplification with hearing aids. 
Sensorineural damage is the most common form of hearing loss. Hearing losses can also 
be of mixed type with both conductive and sensorineural components, but because of the 
fundamentally different nature of the two types of hearing loss, this thesis only deals with 
the sensorineural hearing loss. Even though some of the results might be of general 
validity, it will not be investigated to what extent that might be the case. For more on 
different types of hearing loss, see Friedman (1997) or Schuknecht (1993). 

Reduced hearing sensitivity causes lack of audibility for sounds that occur in the daily 
life of the hearing impaired. Since speech is very important for obtaining normal 
communication, reduced audibility for speech means problems for the hearing impaired to 
interface with other people. With the provision of hearing aids, sounds are brought back to 
audibility by means of amplification. The appropriate amount of amplification is usually 
chosen according to a fitting rule that prescribes the amount of gain as a function of 
severity of hearing loss in different frequency regions. Many different fitting rules have 
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been devised for calculating the adequate amount of amplification (e.g. half-gain rule, 
POGO-II, NAL-R, Fig6, DSL-IO, NAL-NL, etc). For a general review on fitting rules, see 
Dillon (2001) or Traynor (1997). Quantitative differences aside, the rationales underlying 
most fitting rules include the idea of finding the right amount of gain to the hearing-
impaired patient, either generally or—in few cases—for a certain type of hearing loss 
only. With the right amount of gain, the patient is expected to function optimally. While it 
is recognized that there are many more problems related to having a hearing loss, the 
present thesis concentrates on describing hearing problems that can be alleviated via re-
establishment of audibility for sounds such as speech. 

Unfortunately, sometimes it happens that audibility does not provide the expected 
benefit for the patient. Hearing-aid benefit is often considered the improvement in 
auditory performance achieved by the user when wearing a hearing aid compared to 
unaided listening. The auditory performance measure used to quantify hearing-aid benefit 
can be defined in many ways that will not be discussed in detail here. It will be taken up 
later in Chapter 2. Nevertheless, several studies (Ching, Dillon & Byrne, 1998; Hogan & 
Turner, 1998; Turner & Cummings, 1999) have reported to various degrees that benefit is 
reduced, unexpectedly low, insufficiently additive or straight-out negative, for 
amplification of high frequencies in a variety of patient groups. It must be true to say that 
the divergence between expected and observed auditory performance in these studies 
challenges the validity of the fitting rules used in the studies. Following, it is here argued 
that the differences in individual performance between patients, who are otherwise 
expected to perform the same, are too large to keep defending the idea of fitting-rules of 
universal validity. This notion has inspired to the main question addressed in the thesis: 
Why is it that some patients do not benefit as much as expected when provided with 
hearing aids? 

The rest of this chapter is organized as follows. First, two possible explanations are 
presented to suggest why increased audibility is not always beneficial for hearing-
impaired people. They are each presented in a subsection below in which introductions to 
the experiments, which have been carried out within the frame of the project, are given. 
The two theories that can be used to explain why audibility fails to provide benefit to 
some hearing-impaired people are (1) the possibility of cochlear dead regions and (2) the 
potential need for auditory acclimatization. Section 1.1 below introduces the concepts 
underlying cochlear dead regions, and section 1.2 introduces auditory acclimatization. The 
contents of chapters 2 – 6 are outlined in sections 1.1 and 1.2, and Chapter 7 concludes the 
thesis with a discussion of the general applicability of the results obtained in the 
experiments. 
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1.1 Cochlear dead regions 
The concept of dead regions in the cochlea is not new (Schuknecht, 1964). It can be 
understood with a certain comprehension of another psychoacoustic concept, namely that 
of off-frequency listening. When a sound generates basilar membrane (BM) vibration, 
excitation is spread over a portion of the membrane of non-zero width (Pickles, 1988; 
Yates, 1995). While it is well-known that the width and shape of BM excitation are 
closely related to many psychoacoustic concepts, such as auditory filters, spread of 
frequency-domain masking and loudness perception etc. (Moore, 2003), the most 
important feature regarding off-frequency listening is the position of maximum BM 
vibration. Near hearing threshold, the probability for detecting a sound increases with the 
amount of BM vibration generated by the sound. When detecting a soft tone, we usually 
expect the frequency of the probe tone to correspond to the characteristic frequency (CF) 
of the maximum excitation point on the BM, because that is the point with the greatest 
probability for causing detection. However, if that point has none or only little 
transduction capacity because of missing or non-functioning inner-hair cells (IHC), 
neurones tuned to other frequencies might cause detection. If this happens, off-frequency 
listening is said to take place. Because the width of excitation patterns increases with 
level, the condition for off-frequency listening can be established by increasing the level 
of the probe tone, if the tone happens to fall in a BM region with no transduction capacity. 
BM regions with no or very few IHCs are called dead regions (Moore, 2001). The concept 
is illustrated in Figure 1.1 for the hypothetical case of a high-frequency dead region. 
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Figure 1.1. Envelope of basilar-membrane excitation pattern for a hypothetical ear with a 
40-dB hearing loss at low frequencies, and a dead region extending from 1.1 kHz upwards 
(indicated by the shaded area). The curve represents the excitation pattern for a 1.5-kHz 
tone. The level at the peak of the excitation pattern is 68 dB, but detection of the tone 
occurs because of downward spread of excitation to below the edge frequency of the dead 
region (Figure adopted from Moore, 2004, with permission). 
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If we recall the probabilistic nature of psychoacoustic detection, it can be seen that 
off-frequency listening can generally occur whenever the probability of detection at any 
off-frequency BM point is greater than that at the on-frequency point. Since off-frequency 
listening can happen during conventional audiometry, a measured hearing threshold level 
(HTL) does not always reflect frequency-specific sensitivity of the cochlea if the probe 
frequency is in a dead region. For a review on cochlear dead regions, see Moore (2004). 

A concept such as cochlear dead-regions seems to be a reasonable contender for 
explaining failure by amplification to provide benefit for patients with certain pathologies. 
It is assumed that amplification calculated on the basis of the HTL in dead-regions might 
not provide benefit as expected. It is therefore of particular clinical relevance to be able to 
diagnose cochlear dead regions. Recently, a new procedure for diagnosing dead-regions 
has been presented (Moore, Huss, Vickers, Glasberg & Alcántara, 2000). Moore et al. use 
threshold-equalizing noise (TEN) to prevent off-frequency detection of probe tones. The 
TEN is spectrally shaped so that for normal-hearing subjects the masking is the same for 
all pure tones in the frequency range 250 Hz to 10 kHz. In hearing-impaired subjects, the 
masked threshold is somewhat higher than normal because of the broadening of auditory 
filters associated with cochlear hearing loss (Glasberg & Moore, 1986), but this effect is 
partly offset by at least two possible factors. First, auditory filter bandwidths in hearing-
impaired subjects may be up to 5 times wider than normal for soft sounds, but at higher 
levels, auditory filter bandwidths are more normal. Because TEN is typically used at high 
levels, hearing-impaired subjects may not obtain the full disadvantage of broader filters. 
Second, it could be argued that the inherent variability of the noise at the output of the 
auditory filter is reduced with broader filter bandwidth (Moore, 2001, 2004) and that that 
reduces the effect of broader auditory filters in hearing impaired. Overall, masked 
thresholds in the TEN for hearing-impaired listeners are rarely more than 2–3 dB larger 
than normal in practice (Moore et al., 2000). 

To investigate the feasibility of the concept of dead regions and the viability of the 
TEN test, I did two experiments. The first experiment tested the new procedure for 
diagnosing cochlear dead regions, and the second experiment looked at possible 
implications for speech intelligibility. The results from the dead-region experiments are 
reported in Chapter 6 of the thesis and in Vestergaard (2003). Other authors (Baer, Moore 
& Kluk, 2002; Müsch, Dyrlund & Olson, 2001; Summers et al., 2003; Trine, 2003; 
Vickers, Baer & Moore, 2001; Vickers, Moore & Baer, 2001) have reported from similar 
experiments, and the general agreement with the conclusions from these experiments is 
discussed in Chapter 7. 
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1.2 Auditory acclimatization 
It has been suggested that initial auditory performance by hearing-aid users might not 
reflect the long-term performance that can be achieved after habituation to the 
amplification provided by the hearing aids (Cox & Alexander, 1992; Cox, Alexander, 
Taylor & Gray, 1996; Gatehouse, 1989; 1992; 1993; Horwitz & Turner, 1997). In other 
words, hearing-aid users might improve aided performance over time post-fitting. Such 
improvement in auditory performance over time is known as auditory acclimatization 
(Arlinger et al., 1996). However, there is an equally sizable body of studies that have 
failed to demonstrate auditory acclimatization (Bentler, Niebuhr, Getta & Anderson, 
1993; Humes & Wilson, 2003; Mulrow, Tuley & Aguilar, 1992; Saunders & Cienkowski, 
1997; Surr, Cord & Walden, 1998; Taylor, 1993). Some authors renounce the idea 
completely claiming that the effects are minuscule if not non-existent (Turner & Bentler, 
1998). The concept of auditory acclimatization initially stems from Watson and Knudsen 
(1940) who reported that one of their participants improved articulation over time. Other 
studies providing evidence in favour of auditory acclimatization include the works by 
Munro and Lutman (2003) and Kuk et al. (2003). 

In 1995, a group of researchers met at research centre Eriksholm to discuss aspects of 
auditory acclimatization in an attempt to resolve the apparently conflicting findings in the 
literature. The outcome of this workshop is reported in Gatehouse (1996), and reviews on 
acclimatization studies can be found in Turner et al. (1996) and Palmer et al. (1998). One 
of the concrete upshots from the workshop was a definition of auditory acclimatization; a 
definition that has later been used in several studies searching for auditory acclimatization 
effects. According to Arlinger et al. (1996), auditory acclimatization is ‘a systematic 
improvement in auditory performance over time, following a change in the acoustic 
information available to the listener. It involves an improvement in performance that 
cannot be attributed to task, procedural or training effects.’ 

The possibility of auditory acclimatization is relevant to studies where amplification 
fails to provide usefulness to the hearing impaired (Ching et al., 1998; Hogan & Turner, 
1998; Turner & Cummings, 1999). Ching et al. (1998) reported that audibility could not 
adequately explain speech recognition performance and suggested that people with severe 
high-frequency hearing losses should receive only low or zero sensation level in this 
frequency region. Similar conclusions were reached in the works of Turner and 
colleagues, who found upper frequency limits for the usefulness of high-frequency 
audibility in the range 3 – 4 kHz. This notion concurs with the studies on cochlear dead-
regions mentioned above, where several authors have reported reduced or unpredictable 
benefit from increased audibility in what are believed to be regions with non-functioning 
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inner hair cells (Baer et al., 2002; Moore et al., 2000; Vestergaard, 2003; Vickers, Baer et 
al., 2001; Vickers, Moore et al., 2001). 

In colloquial terms, the concept of auditory acclimatization is appealing because it 
ties in with the counselling practice by clinicians endorsing that patients need some time 
to ‘become accustomed’ to new hearing aids. While it is undoubtedly true that hearing-aid 
users need a certain amount of time to get used to wearing hearing aids, the question 
remains how better performance over time can be achieved. It has been suggested that 
auditory acclimatization occurs because of the ability of the auditory cortex to remap its 
neural connections (Willott, 1996). This ability to reorganize central resources is called 
plasticity. The remapping is expected to take place in response to the change at the 
periphery produced by the amplification. Known as cortical reorganization, the effect has 
been demonstrated in many sensory modalities. In the auditory frequency domain, a 
histological study by Robertson and Irvine (1989) showed that if the auditory cortex was 
deprived of certain frequencies, neurones tuned to neighbouring frequencies hooked up to 
the vacant cortical area. While this implies reorganization in the auditory frequency 
domain, most acclimatization studies have focused on the role of presentation level 
(Gatehouse, 1989; Kuk et al., 2003; Munro & Lutman, 2003). It is well-known that the 
primary auditory cortex is organized both tonotopically and ampliotopically (Ehret, 1997), 
so perhaps both domains, frequency and level, have a role in explaining the mixed finding 
in acclimatization studies. 

In humans, recent studies have sought to provide evidence for auditory plasticity by 
means of non-invasive tests. McDermott (1998) reported from a group of subjects with 
precipitous hearing loss that while difference limens for frequency (DLF) were generally 
poorer than for normal-hearing subjects, DLFs showed a local reduction near the edge 
frequency of the hearing loss. Other studies that showed improved DLFs supportive of 
cortical reorganization include the works by Thai-Van et al. (2003; 2002). In the level 
domain, the studies by Robinson and Gatehouse (1995) and Philibert et al. (2002) reported 
better than expected difference limens for intensity (DLI), suggesting reorganization of 
the cortical ampliotopy. If the auditory cortex has reorganized around the edge frequency 
in steeply sloping hearing losses because of reduced or absent activity in neurones tuned 
to frequencies above the edge frequency, then it would be fair to require cortical retro-
organization before high-frequency amplification provides full benefit to the patient. In 
other words, the reorganized cortex needs to revert to its original organization (retro-
organization). It may also be that only some hearing-aid users are able to improve 
auditory performance over time while others are not, and that this explains the divergent 
conclusions regarding the existence of auditory acclimatization. If this were the case, it 
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would be relevant to investigate the properties of the subjects who can in fact improve 
performance over time. 

In this thesis, I report from an acclimatization study that comprised three experiments 
all done with the same subject group. This group of subjects was different from the one 
used in the dead-region experiments mentioned above. Since the study was inspired by 
observations suggesting that an improvement in auditory performance with time is linked 
to the possible ability of the auditory cortex to retro-organize, new subjects were needed 
in whom the preconditions for injury-induced cortical reorganization in the frequency 
domain were likely to obtain. Therefore, patients with precipitous (ski-slope) hearing loss 
were required. Following the works by McDermott (1998) and Thai-Van et al. (2003; 
2002), these patients might have reorganized auditory cortices that require training (retro-
organization) before audibility will provide full benefit. Consequently, patients with ski-
slope hearing losses might be preconditioned for improving auditory performance over 
time. 

In the study, both objective and subjective hearing-aid benefit are considered 
indicators for auditory performance. Furthermore, the gap-release-of-masking (GRM) 
paradigm, proposed by Larsby and Arlinger (1999), was used to measure temporal and 
spectral resolution of hearing. The paradigm measures the ability to discriminate subtle 
sound differences in the temporal and spectral domain, and the GRM measure was chosen 
because it was believed to be closer related to hearing-aid benefit than for example DLF 
and DLI. Hence, the three experiments done with the new subject group measured, 
• Objective benefit 
• Subjective benefit 
• Temporal and spectral resolution 

The participants visited the clinic at least 5 times. At the first session, audiometry and 
ear-impression taking took place. At the second session, hearing aids were fitted and 
additional audiometric testing was done. In case a need showed for remake of ear mould 
or in-the-ear shell, an extra session was inserted between session 2 and session 3, and 
session 3 was appropriately postponed. At sessions 3, 4 and 5 the evaluations took place 1, 
4 and 13 weeks post-fitting, respectively. In this way, concurrent measures became 
available on objective and subjective hearing-aid benefit as well as temporal and spectral 
resolution. The time course of the experiments is shown in Figure 1.2. 

Towards the end of the study, one subject had not completed the final session. In the 
subsequent analyses of the data from the three experiments, this subject was excluded or 
his missing data were replaced with means, as appropriate for the various statistical 
models. 
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The following chapters report the results from the experiments mentioned above with 
particular focus on longitudinal effects. Chapter 2 is about the objective benefit provided 
by the hearing aids, and Chapter 3 reports the result from the subjective-benefit measures 
in the same experiment. Chapter 4 reports from the gap-release-of-masking experiment 
that was conducted within the same time frame as the benefit experiments. Furthermore, 
Chapter 5 sums up from the three former chapters and looks at predictors of auditory 
performance.
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Figure 1.2. Time course of the acclimatization experiments. Before the experiments, 
audiometry was done and earmoulds (or in-the-ear shells) were made. The measurements 
were carried out at three sessions separated by acclimatization periods of 3 and 9 weeks, 
respectively. 



 

Chapter 2 

2 Objective benefit from audibility of high 
frequencies for first-time hearing-aid users: 
longitudinal effects in speech intelligibility 

Abstract 
Objective hearing-aid benefit is usually understood to cover an increase in speech 
intelligibility for listeners wearing hearing aids compared to unaided listening. One way 
of quantifying speech intelligibility is in terms of the speech reception threshold, which is 
the signal-to-noise ratio necessary to reach a criterion performance (e.g. 50% speech 
recognition). The optimal choice of speech test varies with the purpose of the experiment. 
When frequency-specific features of hearing are measured, nonsense syllables or single 
words may be more appropriate than whole sentences that on the other hand bear more 
face validity for representing everyday auditory environments. The purpose of the present 
experiment was to assess to what extent—if any—first-time hearing-aid users improve 
objective benefit over time after provision of hearing aids. All test subjects had 
precipitous hearing loss with normal or near-normal hearing at low frequencies through 
to the corner frequency of the audiogram. Speech identification ability was measured with 
an adaptive Hagerman sentence test that has recently been made available in the Danish 
language [Wagener, K. et al. (2003). Int. J. Audiol., 42(1), 10-17]. Data were collected 
for each individual ear of 25 subjects aided and unaided, and auditory performance was 
quantified in terms of the speech reception threshold and slope of the psychometric 
function by means of maximum likelihood estimation. The results showed that hearing-aid 
users improve auditory performance over time both aided and unaided. The improvement 
in performance was found for first-time users as well as for users with previous hearing-
aid experience. Larger improvement was found for unaided listening than for aided 
listening. The strongest predictor of the improvement was severity of hearing loss in that 
the largest improvements were found for subjects who performed the poorest initially. 
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2.1 Introduction 
According to Arlinger et al. (1996), auditory acclimatization is ‘a systematic improvement 
in auditory performance over time, following a change in the acoustic information 
available to the listener. It involves an improvement in performance that cannot be 
attributed to task, procedural or training effects.’ Same place, auditory deprivation is 
defined as ‘a systematic decrease over time in auditory performance associated with the 
reduced availability of acoustic information’ [that follows from having impaired hearing]. 
The idea should be clear: Hearing-aid users might attain better performance over time, and 
if it happens in response to experience with listening through hearing aids and not just in 
response to repeated exposure to the test, then the effect is designated acclimatization. It is 
obvious that the term auditory performance must have something to do with hearing-aid 
benefit, for instance speech intelligibility. Hearing-aid benefit could then be quantified as 
the difference between aided and unaided performance. Hearing-aid benefit may be either 
objective benefit or subjective benefit. While the present chapter concentrates on objective 
benefit, subjective benefit is treated in Chapter 3. 

As mentioned in the General Introduction, there are conflicting findings in the 
literature regarding the existence of auditory acclimatization. Some studies find evidence 
of auditory acclimatization (Cox & Alexander, 1992; Cox et al., 1996; Gatehouse, 1989; 
1992; 1993; Horwitz & Turner, 1997) while other studies do not (Bentler et al., 1993; 
Humes & Wilson, 2003; Mulrow et al., 1992; Saunders & Cienkowski, 1997; Surr et al., 
1998; Taylor, 1993). A short review of these studies has already been given in the General 
Introduction 

The aim of the present study was to investigate the hypothesis that first-time hearing-
aid users with precipitous hearing loss improve high-frequency auditory performance over 
time when provided with hearing aids. This was tested by measuring aided and unaided 
speech reception threshold (SRT) in first-time and experienced hearing-aid users 
repeatedly over 3 months post-fitting. The participants were all patients with precipitous 
(ski-slope) hearing loss; thus, they probably had few distinct types of cochlear lesion. 

2.2 Experiment design 
The experiment entailed monitoring hearing-aid performance over time in test subjects 
with ski-slope hearing loss and comparing auditory performance with severity of hearing 
loss. The patients were fitted with hearing aids that provided a large amount of HF 
audibility (see section 2.2.4 below for details). Severity of hearing loss was quantified in 
terms of the corner frequency (fc) of the audiogram and the average high-frequency 
hearing loss above fc . Hence, a procedure, which precisely established fc , was needed as 



Chapter 2: Objective benefit from audibility 
 
14 

well as a hearing-aid benefit measure. Thus, audiometry and speech recognition tests were 
done as described below. 

2.2.1 Choice of speech material 
Objective speech intelligibility can be assessed with a multitude of different speech tests. 
The present section discusses only a few features of various types of speech test with 
focus on the speech material used in different speech tests. Some speech tests use 
nonsense syllables (Levitt & Resnick, 1978), single words (Elberling, Ludvigsen & 
Lyregaard, 1989), or closed-sets of words like the four alternative auditory feature 
(FAAF) test (Foster & Haggard, 1987). Another approach is to use whole sentences 
(Hagerman, 1982; Wagener, Brand & Kollmeier, 1999; Wagener, Josvassen & 
Ardenkjaer, 2003). In the following is a brief introduction to context effects in sentence 
recognition followed by an account of the choice of speech material used in the present 
experiment. For a more general overview on speech audiometry, see Martin (1997). 

Sentences always contain contextual information (redundancy) that helps listeners to 
decode the message conveyed even if a sentence is partly inaudible. By contrast, speech 
material consisting of single words or nonsense syllables is low-redundant. While 
sentences clearly have more face validity for representing real-life speech than do single 
words or nonsense syllables, context effects in sentences can decrease the sensitivity to 
audibility of a speech test. A given word in a sentence can be correctly identified by a test 
subject, either if the word is understood because it was audible or if the meaning of 
neighbouring words narrows down the likely alternatives so that it becomes easy to guess 
a word that was otherwise not heard. Therefore, sensitivity to audibility for a speech test 
can be improved by using speech material of low redundancy.  

In sentences, contextual information can roughly be itemized as syntactic, semantic or 
coarticulatory. While semantic information is related to the meaning of a sentence, 
syntactic and coarticulatory information have to do with (grammatical) structure and 
utterance, respectively. Boothroyd and Nittrouer (1988) gave examples of sentences with 
varying amount of context: (A) ‘Tough guys sound mean’, (B) ‘Thin books look bright’, 
(C) ‘Sing his get throw’ (all from appendix A in Boothroyd & Nittrouer, 1988). In (A), the 
sentence contains high predictability; if only /i:n/ is heard for ‘mean’, the semantic context 
helps the listener to guess ‘mean’ rather than for instance ‘lean’. In (B) only the syntactic 
context is available; if ‘look’ is not heard, the listener will probably guess a verb rather 
than for instance a noun. By contrast, in (C) no such help is available. However, 
complete-nonsense sentences such as in (C) do not have more face validity for 
representing everyday speech than do single words. 
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Contextual information can also exist between phonemes in single words. Whether 
between words in a sentence or phonemes in a word, context effects describe the 
relationship between the probabilities of identifying wholes (pw) and parts (pp): pw = pp

j, 
where j is the context quantifier (Boothroyd & Nittrouer, 1988). If N is the number of 
parts in the whole, then 1 ≤ j ≤ N. For no context, j = N, and with increasing amount of 
context j decreases. In this manner, j represents the number of independent parts (words or 
phonemes) in a whole (sentence or word). 

Single-word or nonsense-syllable tests may be rid of semantic redundancy, but they 
take much longer to carry out because the larger number of items required for obtaining 
statistically reliable results, requires subjects participating in tedious trials with the 
additional risk of losing concentration. The problem may be more obvious if the task is ill-
accepted by the subject, which might be the case for the repeating of nonsense syllables. 
This line of thinking leads to a need for low-context sentences such as (B) above. 

Hagerman (1982) proposed five-word sentences with no semantic constraints but with 
a preset grammatical structure. The Hagerman syntax imposes sentences composed by 
Name, verb, number, adjective, noun, e.g. “Michael borrows six beautiful cupboards”. 
Although it is syntactically rigid, this arrangement has been shown to be relatively low-
redundant ( j = 3.96 according to Brand & Kollmeier, 2002). Hagerman sentences thus 
feature a good compromise between low-context speech and everyday speech. Therefore, 
in the present study speech identification ability was measured with a Hagerman-speech 
test that has recently been made available in the Danish language (Wagener et al., 2003). 
The exact nature of the procedure employed in the present experiment is explained in 
section 2.2.5 below. 

2.2.2 Audiometry 
Hearing threshold level (HTL) was measured using an Interacoustics AC-40 audiometer. 
Air conduction (AC) thresholds were measured with Etymotic Research ER-3A 
earphones, and bone conduction (BC) thresholds were measured, occluded, with a 
Radioear B-71 bone conductor. Air–bone gap, quantified as the AC–BC difference minus 
the occluded ear advantage (Hodgson & Tillman, 1966), was used to exclude subjects 
having a significant conductive component to their hearing loss. The audiograms were 
measured according to ISO 8253-1 (1989) at standard audiometric frequencies. While this 
procedure enabled estimation of the approximate corner frequency of the ski-slope 
audiogram, fc , a more rigorous protocol was needed to establish fc  with greater accuracy. 
Therefore, in a 3-alternative-forced-choice (3AFC) adaptive set-up, HTL was measured at 
frequencies spaced 6th-octaves around the fc  estimate as well as at standard audiometric 
frequencies. The adaptation was controlled by a 1-up 2-down algorithm (Levitt, 1971) 
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with a step size initially of 6 dB that was reduced to 2 dB after the second reversal point. 
Tracking continued through six reversals and the threshold was calculated as the average 
of the last four reversal points. By visual inspection, the most salient audiogram corner 
frequency was then identified. The severity of high-frequency hearing loss, HLHF, was 
then quantified as the average HTL, one and two octaves above fc . 

2.2.3 Subjects 
Twenty first-time hearing-aid users and five experienced users participated in the 
experiment. The subjects had steeply-sloping hearing losses with an average (and standard 
deviation) audiogram slope of 55dB/oct (s.d. 17 dB/oct) and average fc  of 1255 Hz (s.d. 
595 Hz). Three women and 22 men with an average age of 60.4 years (s.d. 10.8 yrs) took 
part. At the corner frequency of the audiogram, the average hearing threshold level was 14 
dB HL (s.d. 10 dB HL). The participants were recruited from an audiological clinic at a 
local hospital. Figure 2.1 shows the range of HTL values for the participants along with a 
crude but typical audiogram composed by connecting average HTL values at 250 Hz and 
8 kHz through the average corner frequency and one octave of average slope. In the 
figure, the bars indicate plus/minus one standard deviation of the average values. 

Table 2.1 shows an overview of the subjects’ case histories. The experienced users 
had on average 12.8 years (s.d. 6.1 yrs) of HA experience and an average age of 62.8 
years (s.d. 7.4 yrs). The average age of the first-time users was 59.8 years (s.d. 11.6 yrs). 
The table further shows the hearing-aid style chosen for the new hearing instruments (see 
section 2.2.4 below for details). 
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Figure 2.1. Range of hearing threshold levels for the participating subjects and key 
audiometric values with standard deviation bars (± s.d.). See text for details. 
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The most common aetiologies in the subject group are hereditary and noise-induced 
hearing loss, probably due to the inclusion criteria of patients having ski-slope hearing 
loss. Severity of hearing loss was, however, not the same in the two subject groups. The 
average audiogram corner frequencies in the first-time and experienced user groups were 
1352 Hz and 883 Hz, respectively. This discrepancy between experienced and first-time 
users may invalidate comparisons of speech intelligibility between the two groups. To 
control for this difference, a measure of residual hearing was needed for each individual 
ear. The articulation index (Fletcher, 1953) serves this purpose well, and the latest 
modification, the speech intelligibility index (SII) (ANSI, 1997), was used in the study. 
The exact ways in which SII were used in the analyses are explained in section 2.2.6 

Table 2.1. Case history and style of new HAs for the participants. CIC: completely-in-
canal, BTE: behind-the-ear, ITE(T): in-the-ear (telecoil). 

Subject Age Aetiology HA experience Style 
AG 56 DLA hereditaria non cong. nil CIC  
AJ 62 DLA hereditaria non cong. nil BTE 
AS 60 DLA hereditaria non cong. 21 yrs ITET 
BD 58 DLA typus incertus Tinitus dxt. et sin. nil ITE  
BR 32 DLA prof. DLA typus incertus in prim sin. nil ITC 
DM 61 DLA prof. DLA typus incertus nil ITC 
EE 56 DLA hereditaria non cong. Tinitus sin. nil BTE 
EP 69 DLA hereditaria non cong. nil MIC 
JB 41 DLA hereditaria non cong. Tinitus dxt. nil CIC 
JC1 57 DLA hereditaria non cong. nil CIC 
JF 66 DLA typus incertus in prim. nil ITE 
JG 62 DLA hereditaria non cong. Tinnitus dxt. nil ITC 
JJ 66 DLA traumatica non prof. 10 yrs BTE 
JO 55 DLA typus incertus. DLA hered. non cong. DLA prof. 6 yrs ITET 
JP 76 DLA senilis DLA hereditaria non cong. nil ITE 
KM 61 DLA typus incertus nil ITE 
KS 74 DLA professionalis. Tinitus 10 yrs ITET 
KW 63 DLA typus incertus Tinitus nil CIC 
PJ 41 DLA hereditaria non cong. obs. pro. nil ITC  
PL 71 DLA hereditaria non cong. DLA typus incertus nil ITE 
RG 77 DLA typus incertus nil ITE 
RS 56 DLA typus incertus DLA professionalis nil ITE  
RU 73 DLA senilis nil CIC 
SA 59 DLA hereditaria non cong. Tinitus sin. 17 yrs ITET 
TK 58 DLA typus incertus DLA professionalis nil BTE  
1 Subject JC did not complete the final session of the experiments. 
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below. Subject JC, who did not complete the final session of the experiments, was 
excluded from the analyses. Thus, the subject group consisted of 24 patients, five of 
whom with previous hearing-aid experience and 19 first-time users. 

Unfortunately, there was a predicament with the experienced-user group. They were 
originally intended as control subjects for the first-time hearing-aid users, but that turned 
out unfeasible. The experienced hearing-aid users were referred on to the experiment 
along with the first-time users from an audiological clinic that they had consulted because 
of hearing problems. Consequently, the experienced users all needed new hearing aids as 
they entered the experiment, and often they did not have their old aids anymore. In any 
event, the old hearing aids of the experienced users were unavailable in the experiment. 
This means that all users were fitted according to the fitting rule explained in the 
following section. While this fitting rule was designed to ensure that a significant amount 
of high-frequency audibility was re-established in the first-time users, it would be fair to 
expect that a new hearing-aid fitting also increased audibility in the experienced users 
compared to their old hearing instruments. If this were the case in some of the experienced 
users, then the precondition for auditory acclimatization would also obtain for those 
experienced users. As mentioned earlier, one of the preconditions for auditory 
acclimatization is an alteration of the acoustic information available to the hearing-aid 
user. While this was certainly true for the first-time hearing-aid users, it may also have 
been the case for the experienced users in this experiment. As things turned out, the 
experienced hearing-aid users cannot be considered control group in the study. Still 
previous hearing-aid experience was included as a factor in the statistical analyses 
explained in section 2.2.6 in order to test whether the experienced hearing-aid users are 
susceptible to auditory acclimatization when provided with new hearing aids. 

2.2.4 Hearing aids 
The subjects were bilaterally fitted with hearing aids at no cost for the subjects. Shell style 
was chosen according to normal audiological practice, in which cosmetic preferences and 
gain requirements are considered in conjunction. The hearing instruments were Adapto 
hearing aids from the manufacturer Oticon. It is a programmable automatic multi-channel 
instrument with no volume control. The hearing aids were programmed to a modified 
version of the fitting rationale proposed by the manufacturer such that in practice linear 
half gain was prescribed. This modification, which involved extra gain at high 
frequencies, was included to secure that a significant increase in high-frequency audibility 
was established compared to unaided listening. If the prescribed amplification made the 
instruments howl when worn by the users then gain was reduced in one or more 1-kHz 
wide high frequency bands as necessary to eliminate feedback. The adaptive feedback 
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cancellation system of the instrument was made active, whereas the adaptive gain 
reduction scheme, which is intended to increase comfort in noisy situations, was not made 
available. 

The subjects were not offered fine-tuning during the course of the study unless they 
explicitly asked for it. The purpose of not allowing fine-tuning was to keep constant the 
amount of audibility provided by the hearing aids. If a subject expressed a determined 
need for changed amplification, only fine-tuning of gain was offered. In this way, thirteen 
subjects got fine-tuning of high-frequency gain amounting to -1.3 dB on average, see 
Figure 2.2. 

It is recognized that fine-tuning might change the amount of audibility made available 
to the users compared to what was desired from a study-design point of view. However, it 
would be impractical to compel participants to wear hearing instruments set 
uncomfortably loud or unacceptably soft. The predicament of fine-tuning could have been 
avoided by allowing the subjects time to accept the amount of amplification provided by 
the hearing aids before the evaluations started. However, since auditory acclimatization 
occurs in response to the change in acoustic information induced by the hearing aids, it 
was believed to be more prudent if the assessments started as soon as possible after the 
provision of hearing aids in order for the study to capture to the highest possible extent 
any longitudinal effects. In any event, fine-tuning as carried out in the present study 
cannot contribute to auditory acclimatization, because it on average decreased audibility.  

2.2.5 Protocol 
The assessments took place over 3 months. Specifically, speech intelligibility was 
measured 1 week, 4 weeks and 13 weeks post-fitting. At each session, aided and unaided 
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Figure 2.2. Distribution of the amount of high-frequency fine-tuning of gain. 
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speech recognition was measured for one ear at a time while the subjects wore a 
contralateral circumaural ear protector. The measurements were done in an audiometric 
booth suitable for sound-field audiometry. Sentences and noise were reproduced via a 
Genelec 1031A loudspeaker positioned one meter in front of the subjects who were 
instructed to remain facing the loudspeaker during the monaural tests. At each session, a 
pre-experiment trial consisting of 20 sentences was run in order for the subjects to become 
familiar with the procedure and thus to reduce within-session training-effects that 
ultimately might have accounted partly for differences between the four runs (right/left, 
unaided/aided) of the actual test. In each run, 30 sentences were used (per ear and 
condition). The speech was presented at a level between 60 and 70 dB SPL in competing 
noise. The spectrum of the noise was equal to the average speech spectrum. The starting 
point was 0 dB signal-to-noise ratio (SNR) and 65 dB SPL speech level, but the protocol 
allowed for a 5-dB increase or decrease of the speech level in case a subject showed 
extreme unaided recognition during the pre-experiment run. This was done to reduce the 
risk of ceiling and floor effects. The subjects were instructed to repeat what they heard of 
each sentence, and the experimenter noted the number of correctly identified words and 
operated a computer interface designed for controlling the equipment that adaptively 
adjusted the noise level. Rather than following the DANTALE-2 procedure (Wagener et 
al., 2003), a procedure validated by Brand and Kollmeier (2002) was used. As opposed to 
DANTALE-2, this procedure enabled estimation of the steepness of the psychometric 
function, as well as the threshold for speech reception (see next section). The procedure 
entailed two interleaved adaptive tracks aiming at 20% and 80% recognition with an 
exponentially decreasing step size for changing the noise level according to how much the 
response was off-target. The step size was calculated as, 

 ( )
se

ifTRdL )(−
=  2.1 

where R and T are response and target ratios, respectively, se is a slope estimate for the 
psychometric function and ( ) ibAif −⋅=  is an exponentially decreasing sequence in which 
i is presentation number, and A and b are constants. A computer program controlled the 
SNR by adjusting every next noise level according to Equation 2.1 with 5.1=A , 2=b , 

-1dB2.0=se and ( ) 0.1≥if , as suggested by Brand and Kollmeier (2002). 
The subjects were tested in the order unaided (right, left), aided (right, left). While 

this might have introduced an order-effect, the set sequence made it possible to test for 
within-session learning effects as explained below in section 2.2.6.1. 
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2.2.6 Analytic approach 
With the availability of data as described above, at least two alternatives exist for 
extracting relevant numbers for quantifying the speech reception threshold (SRT). Since 
each run consisted of two tracks aiming at 20% and 80% recognition, the convergence 
values might themselves have been used to represent SRT and psychometric steepness. 
However, the validity of the optimization by Brand and Kollmeier (2002), which led to 
the parameter values above, is not conditioned by convergence of the presentation levels. 
Thus, more prudent is to use a maximum likelihood (ML) model to estimate the 
psychometric function. As generator function for the ML optimization (and thus as model 
for the psychometric function) was used the logistic discrimination function known from 
signal detection theory (Green & Swets, 1966),  

( ))(4exp1
1

5050 SNRSRTs
p

−+
=  (2.2)

In Equation 2.2, p is the cumulative probability for word recognition as a function of 
signal-to-noise ratio (SNR). SRT50  is the SNR at which 50% of the speech is understood, 
and s50 represents the slope of the psychometric function in the 50%-point. The underlying 
distribution may be approximated Normal with an expectation value of SRT50  and a 
standard deviation ( ) 1

50 2 −= πσ s . The size of the 95% confidence interval for SRT50  
may then be estimated as ( ) 5.096.1 −Mjσ , where M is the number of sentences in a run, 
and j is the context quantifier (see 2.2.1). For more details on the ML concept, consult 
literature on signal detection theory (e.g. Green & Swets, 1988). 

While SRT50  represents the absolute level of speech recognition ability, s50 is the 
relative change in speech recognition with varying SNR. 

2.2.6.1 Longitudinal effects 
Assessment of longitudinal effects is feasible in two ways. Within cases, the 
abovementioned confidence intervals were used to evaluate the statistical significance of 
possible changes over time. Between cases, repeated-measures analysis of variance 
(ANOVA) was used to identify the reliability of observed average effects of condition and 
time. In this ANOVA, time and hearing aid (aided or unaided) were within-case factors 
while between-case factors were ear (left or right) and hearing-aid experience, with ear 
nested in hearing-aid experience. 
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2.2.6.2 Speech intelligibility index, SII 
SII was used in two different ways to demonstrate the effect of severity of hearing loss 
and to try to control for such effects, respectively, as explained in the following. 

First, the proficiency of the listeners to understand speech can be quantified in terms 
of SII. While the individual SRT50  shows how good a SNR is needed for understanding 
50% of the speech, SII calculated for that SNR reveals how much audibility was available 
to the listener when the criterion performance (50%) was achieved. The conditions for the 
SII calculation were unaided listening (using the attenuation induced by the individual 
HTL), average speech (using the data from Figure 4 in Wagener et al., 2003) at a level 
similar to what was used in the speech tests, and speech-shaped noise (using the data from 
Figure 4 in Wagener et al., 2003) at a SNR equal to SRT50 . An importance function for 
average speech was used according to ANSI (1997) that does not specify a specific 
importance function for low-redundancy speech. SII used in this way thus models the 
‘audibility need’ for each ear to achieve 50% speech recognition and it was thus denoted 
SII50 . Compared to considering SRT50 , the SII50  takes into account the individual hearing 
loss. Thus, an SII for aided listening was not considered necessary. 

Second, for each ear severity of hearing loss was quantified by calculating another 
SII. The conditions for the other SII calculation were the same as above except no noise. 
This use of SII, which essentially is just a sophisticated way of quantifying residual 
hearing, is referred to as SIIunaided , and it was used as continuous predictor of performance 
in the ANOVAs. 

2.2.6.3 K-means clustering 
While the ANOVA assesses effects ad-hoc, an indirect method was also used. K-means 
clustering (Jain & Dubes, 1988; MacQueen, 1967) was employed to separate subjects who 
showed improved performance with time from those who performed stably. K-means 
clustering works by minimizing within-cluster variability while maximizing between-
cluster variability thereby generating clusters of greatest possible distinction (with regard 
to SRT50  improvement over time in this case). Improvement was quantified as the increase 
in SRT50  from week 1 to week 13 post-fitting, calculated individually for all four listening 
conditions (right/left, unaided/aided). It was calculated in such a way that a positive 
number reflected an improvement (even though improvement means a lower SRT50 ). The 
two clusters were then compared with regard to the following variables, SRT50 , audibility 
need SII50 , residual hearing SIIunaided , corner frequency fc , high-frequency hearing loss 
HLHF, self-reported daily hearing-aid use and subject age. 
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2.2.6.4 Learning effects 
In order to be able to assess whether any improvement, which may be observed, was due 
to learning of the test material, the extent of learning effect for the speech material is 
important. Hagerman (1982) initially reported a learning effect of 1.7 dB after repetition 
of 26 lists. He argued that the effect might well be attributed to subjects learning that the 
test comprised a closed set of words, which they eventually learned. This would increase 
the probability of correctly guessing words that were not perceived. In a later study, 
Hagerman (1984) found that the average learning effect between two consecutive tests 
using 2 – 3 lists in each was -0.1 dB (s.d. 1.0 dB) in subjects who performed SRT50  < 0 dB 
after one training list. Hagerman and Kinnefors (1995) investigated the phenomena further 
in a study where they looked at adaptive procedures similar to the one used in the present 
study. They found a learning effect of 0.07 dB per list after use of one training list. This 
result was corroborated by Wagener et al. (2003) who found for the Danish sentences that 
the total residual learning effects after use of two training lists was less than 1 dB and 
non-significant at that. Altogether, the results suggest a completely negligible learning 
effect for hearing-impaired listeners with SRT50  < 0 dB. In the present study, two training 
lists were used at every session and each session involved 12 lists for assessing aided and 
unaided performance in left and right ear, thus limiting residual learning effects to less 
than 1 dB 

2.3 Results 

2.3.1 Average performance 
Figure 2.3 shows the average speech identification performance, SRT50 . It is noteworthy 
that both aided and unaided performance improved with time in both experienced and 
first-time users with no large differences between the groups with regard to improvement. 
While aided performance in the two groups achieves comparable magnitude, the 
experienced users performed markedly worse than the first-time users in the unaided 
condition. 

Table 2.2 shows the result of the repeated-measures ANOVA. Significant main 
effects were found for residual hearing, time and aidedness indicating that the observed 
improvements with time (in Figure 2.3) are reliable as well as the average difference 
between aided and unaided performance. There was neither an effect of user group nor 
any ear effect. Furthermore, significant interactions between time and aidedness, 
aidedness and residual hearing as well as a 3-way interaction by time were found. These 
results indicate that the effect of aidedness (which may be called hearing-aid benefit) 
interacts with the amount of residual hearing and time, and that these effects interact. The 
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interaction has the direction that those with the poorest hearing (least residual) show the 
biggest effect of aidedness (benefit) and the largest improvement in unaided performance 
over time. These effects are consistent with what one would expect based on severity of 
hearing loss, and as such the result is neither original nor particularly noteworthy. The 
absence of a concurrent effect aided, however, means that the effect of aidedness (benefit) 
decreases over time in particular in the subjects with least residual hearing. 

The results of another ANOVA, the same design as above but this time for the 
steepness of the psychometric function for speech reception, s50 , are shown in Figure 2.4 
and Table 2.3. The most pronounced effect is a main effect of residual hearing. 
Furthermore, there is a significant main effect of aidedness and significant interaction 
between aidedness and residual hearing. The main effects have the direction that steeper 
slope is achieved by those with more residual hearing and in the aided condition more 
than in the unaided condition. The interaction has the direction that the effect of aidedness 
is greater with increasing hearing loss. 

Contrast analyses revealed that only in first-time users and only aided is there a 
significant increase in slope over time (F2,42=5.25, p=0.0092). For experienced users 
aided and for all subjects unaided, the slope of the psychometric function did not change 
significantly over time. 

1 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 13
Weeks

Exp. users

1 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 13
Weeks

4

2

0

-2

-4

-6

S
R

T 
(d

B
)

First-timers

 

Figure 2.3. Speech reception threshold for first-timers (left panel) and experienced 
hearing-aid users (right panel). The solid lines show average aided performance and the 
dashed lines show unaided performance. The vertical bars indicate 95% confidence 
intervals. 
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Table 2.2. ANOVA result overview for SRT50 . SIIunaided  
(residual hearing) is continuous predictor. The factors 
are designated as follows: User (first-time or 
experienced), Ear (left or right), Time (1, 4 or 13 weeks 
post-fitting), HA (aided or unaided). 

 DF F p 
Intercept 1,43 26.02 <0.001 
SIIunaided  1,43 50.32 <0.001 
User 1,43 0.07 0.797 
Ear(User) 2,43 0.55 0.580 
Time 2,86 11.20 <0.001 
Time * SIIunaided  2,86 2.80 0.067 
Time * User 2,86 0.78 0.462 
Time * Ear(User) 4,86 1.78 0.141 
HA 1,43 92.96 <0.001 
HA * SIIunaided  1,43 40.76 <0.001 
HA * User 1,43 2.50 0.121 
HA * Ear(User) 2,43 0.05 0.953 
Time * HA 2,86 6.43 0.002 
Time * HA * SIIunaided  2,86 3.98 0.022 
Time * HA * User 2,86 0.81 0.448 
Time * HA * Ear(User) 4,86 0.72 0.580

1 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 13
Weeks

Exp. users

1 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 131 4 13
Weeks

0

5

10

15

20

sl
op

e 
(%

/d
B

)

First-timers

 

Figure 2.4. Slope of the psychometric function for aided and unaided speech reception; 
symbols as in Figure 2.3. 
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The pattern of effects for slope is consistent with the pattern of effects for SRT50  (save 

effects of time). Furthermore, significant Pearson correlation was found between s50  and 
SRT50  (ρ=-0.68, p<0.001). With regard to the amount of audibility needed (SII50 ) by the 
subjects to achieve 50% speech recognition, no effect of ear was observed (F1,45 =1.004, 
p=0.322), suggesting that there was no significant within-session learning after the 2 
training lists. 

2.3.2 Individual performance 
Considering both aided and unaided performance, K-means clustering was used to divide 
cases into two groups of improving and stably performing, respectively. Ten cases were 
identified improvers and 38 cases stable performers. Figure 2.5 shows speech 
performance relative to individual average over time in the two clusters, in such a way 
that increasing relative performance is indicative of improving speech recognition. It can 
be noted that improvement is more pronounced for the unaided condition than for the 
aided condition. Table 2.4 shows various characteristics for the two clusters. As in the 
ANOVA, no relationship with prior hearing-aid experience was found. The average 
unaided-performance increase in the improvers was 4.8 dB compared to 0.7 dB in the 

Table 2.3. As Table 2.2 for the slope, s50 . 

 DF F p 
Intercept 1,43 13.86 0.001 
SIIunaided  1,43 59.02 <0.001 
User 1,43 0.00 0.957 
Ear(User) 2,43 2.08 0.137 
Time 2,86 0.28 0.758 
Time * SIIunaided  2,86 2.05 0.134 
Time * User 2,86 1.29 0.282 
Time * Ear(User) 4,86 1.72 0.153 
HA 1,43 21.42 <0.001 
HA * SIIunaided  1,43 6.87 0.012 
HA * User 1,43 0.47 0.498 
HA * Ear(User) 2,43 0.18 0.837 
Time * HA 2,86 0.55 0.580 
Time * HA * SIIunaided  2,86 1.36 0.262 
Time * HA * User 2,86 0.32 0.727 
Time * HA * Ear(User) 4,86 1.65 0.169 
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non-improvers. Aided, the average increase was 2.2 dB and 0.7 dB in the two clusters, 
respectively. The table further shows that the strongest predictor of improvement in 
performance over time was severity of hearing loss quantified in terms of residual hearing 
SIIunaided , or audiogram corner frequency fc . No differences in daily hearing-aid use or age 
were observed. Note furthermore that average high-frequency hearing loss was the same 
in the two clusters as also the audibility need SII50 . 

 

Table 2.4. Average and standard deviation of auditory-performance values and 
characteristics for the two clusters. 

 Cluster-1 Cluster-2  sign. 
 Average (s.d.) Average (s.d.)  F1,46 p 
Improvement in SRT50  unaided 4.8 (2.1) 0.7 (1.1) dB 71.9 <0.001 
Improvement in SRT50  aided 2.2 (4.2) 0.7 (1.3) dB 3.5 0.067 
SRT50  unaided 2.6 (5.8) -2.3 (3.5) dB 11.7 0.001 
SRT50  aided -1.6 (2.8) -3.9 (2.0) dB 9.2 0.004 
Audibility need, SII50  0.20 (0.06) 0.21 (0.04) SII 0.9 0.350 
Residual hearing, SIIunaided  0.37 (0.18) 0.54 (0.15) SII 9.0 0.004 
Corner frequency, fc  813 (329) 1390 (535) kHz 10.5 0.002 
High-frequency loss, HTLHF 69 (13) 70 (13) dB HL 0.1 0.815 
Daily HA use (from SADL) 87 (20) 84 (18) % 0.1 0.715 
Age 64.3 (9.3) 59.6 (11.2) years 1.5 0.223 
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Figure 2.5. Speech recognition relative to individual average over time in the subject 
groups identified by cluster analysis. The solid lines indicate subjects who improved 
performance over time (cluster 1), and the broken lines show the behaviour by those who 
did not improve (cluster 2). 
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Performance was also assessed according to individual confidence intervals as 
explained in section 2.2.6. In this way, it was possible to classify the individual cases 
according to whether observed improvement represented a statistically significant increase 
in performance. In 22 ears unaided and in 16 ears aided, performance increased 
significantly with time. Improvement in the aided condition was usually accompanied by 
improvement in the unaided condition. However, no predictive leverage was found for 
any of the factors tested in Table 2.4 with regard to either unaided or aided improvement. 

2.4 Discussion 
The present study showed an increase in auditory performance over time in subjects with 
ski-slope audiograms after provision of hearing aids. However, the increase in 
performance was not confined to users with no previous hearing-aid experience. This 
suggests that although already used to hearing-aid amplification, an experienced user can 
still improve performance over time when provided with new hearing aids, in particular 
when the new aids establish more audibility than the old aids. The effect of prior hearing-
aids experience came in an indirect way in the present experiment. Compared to the first-
time hearing-aid users, experienced subjects showed, 
• larger difference between aided and unaided performance 
• worse performance unaided generally 
• worse performance aided after 4 weeks 
• shallower slope of psychometric function in the aided condition after 13 weeks 
• shallower slope of psychometric function in the unaided condition generally 

Overall, the strongest predictor of improvement in auditory performance over time 
was severity of hearing loss, such that those with more hearing loss showed greater 
improvement with time. A possible interpretation of this result is that those with poor 
hearing generally perform badly thereby leaving more room for improvement. 

Another question is why the improvement is more pronounced in the unaided 
condition than in the aided condition. It has been suggested that auditory acclimatization 
occurs in the range of levels to which the auditory system is usually exposed (Gatehouse, 
1989). Since the change in levels following provision of hearing aids involved more loud-
level sounds, the greatest increase could have been expected in the aided condition. Such 
speculation is not supported by the present experiment. A possible explanation could 
involve certain features of the subjects used in the present study. They all have ski-slope 
hearing losses and as such did they perform extraordinary well in the speech test. The 
average aided performance approached that of normal-hearing subjects, and there were 
certainly single subjects who performed outstandingly when tested aided. This introduces 
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a ceiling effect for aided performance that is not prominent in the unaided condition 
(despite the fact that the participants did quite well in that situation also). Alternatively, it 
could be argued that the hearing aids change all levels and that the unaided condition 
merely reflects perception at low levels. Following this concept, the present study 
supports the results by Kuk et al. (2003) who found the strongest acclimatization effect for 
low levels, but it contradicts the findings by Gatehouse (1989) and Munro (2003) who 
found the strongest effect at high levels. Even if in the study by Kuk et al. (2003), the 
effect might have been explained in terms of audibility because they used compression 
hearing aids, the present study shows a similar role of presentation levels. 

It is noticeable that most of the improvement was achieved 4 weeks after provision of 
the hearing aids even if it did not necessarily become statistically significant until after 13 
weeks in the individual. Kuk et al. (2003) found that performance increase evened out 
after 1 month, whereas Gatehouse (1992) suggested that it might take up to 18 weeks 
before hearing-aid users were fully acclimatized. There was no correlation between 
improvement and self-reported hearing-aid use. 

Strong correlation between psychometric slope and speech reception threshold was 
observed. Usually, normal hearing is associated with a steep slope, and decreasing hearing 
is associated with shallowing of the slope of the psychometric function. Thus, a 
steepening of the slope over time could be considered an improvement as long as the 
slope increase is not accompanied by an increase in speech reception threshold. A 
significant increase in slope for aided performance with time was observed in the first-
time users only. Though weak, this result could be interpreted as evidence for auditory 
acclimatization as defined in section 2.1. However, the possibility should be entertained 
that if the slope of the psychometric function steepens over time and the speech 
recognition threshold does not decrease sufficiently at the same time, then this may cause 
better performance at high levels (or good SNRs) but worse performance at low levels (or 
bad SNRs). While it was not the case in the present study—evidenced by the high 
correlation between slope and speech recognition threshold—it should be mentioned that 
for a slope increase to be considered an improvement it must be accompanied by a certain 
decrease in SRT50 . 

In this paper, aided and unaided performance has been reported separately and not a 
lot of attention has been given to quantifying benefit measures. Traditionally, hearing-aid 
benefit is defined as the difference between aided and unaided performance. Gatehouse et 
al. (2003) reported from a speech intelligibility study and advocated that unaided 
performance and the difference between aided and unaided performance fully described 
the subjects’ aptitude for speech recognition since this representation takes into account 
the individual’s offset (unaided performance) while providing full leverage for additional 
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performance in terms of hearing-aid benefit (aided minus unaided performance). When, as 
in this study, unaided performance improves at a greater rate than aided performance, it 
means that benefit, defined as aided minus unaided performance, deteriorates over time. 
This benefit definition is then particularly inept when in fact, as in the present study, both 
aided and unaided performance improves over time. It is therefore suggested that hearing-
aid benefit quantified in terms of aided minus unaided performance, is useful mostly to 
assess the outcome at a given time and not as a measure whereby benefit might be 
monitored in a longitudinal context. 

In summary, the present experiment confirms that auditory acclimatization can occur 
in people with ski-slope hearing impairment when they are fitted with new nearing aids. 
Both first-time users and experienced users can improve performance in the objective 
hearing-aid benefit domain to an extent beyond what can be explained in terms of learning 
of the speech material. However, auditory acclimatization does not occur in all subjects. 
The present study cannot confirm that acclimatization occurs in first-time users more than 
in experienced users, and thus it cannot be concluded whether hearing-aid users can 
achieve a state of complete acclimatization. It rather appears that hearing-aid users 
generally need some time before optimal performance is achieved regardless of possible 
experience with hearing aids or not. However, given the small size of the group of 
experienced users in the present study and the limited quality of the experienced-user 
group as control subjects, additional experiments are needed before it can be demonstrated 
to what extent hearing-aid users with previous hearing-aid experience can improve 
auditory performance compared to first-time users. The strongest predictor of 
improvement in auditory performance in the objective-benefit domain was severity of 
hearing loss, quantified either in terms of speech intelligibility index unaided or in terms 
of corner frequency of the ski-slope audiogram.  
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Chapter 3 

3 Self-report outcome in first-time hearing-
aid users: relationships between measures 
from the GHABP, IOI-HA, HAPQ and 
SADL protocols 

Abstract 
Subjective benefit in hearing-aid users can be assessed with many different protocols. 
Some assess hearing-aid function in general while others probe into specific listening 
situations. Some inventories are short and self-explanatory while others require a 
considerable amount of introduction. It is obvious that the optimal choice of outcome 
measure generally depends on whether assessment takes place in a clinical or in a 
research context, and it is also recognized by most researchers that the characteristics of 
the optimal outcome measure vary with the purpose of the experiment in which the 
assessment takes place. The present experiments focussed on subjective outcome from 
amplification of high frequencies for a group of first-time hearing-aid users in Denmark. 
The data analyses concentrated on development over time and relationship between 
different measures of self-reported benefit. Four Danish questionnaires of various 
characteristics were administered in a longitudinal context where data were collected 1, 4 
and 13 weeks after hearing-aid fitting. Factor analysis was used to investigate reliability 
of the different scales and subscales. The results showed that for the most part the 
translated items were used in the same way as the original English items. Thus, subscales 
already validated for the four questionnaires in other studies appear to be valid also for 
the Danish questionnaires. First-time users, who used their hearing aids more than 4 
hours per day, showed an increase over time in self-reported outcome in some scales but 
not in all scales. Furthermore, the results showed that the way the subjects used the 
outcome space at hand changed over time in that identified subscales bore much less face 
validity initially than ultimately. The practical consequence of this result is that early 
outcome assessment may be fallacious. 
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3.1 Introduction 
The aim of self-report outcome assessment is to evaluate the degree to which the process 
of hearing-aid intervention overcomes the hearing difficulties experienced by the 
individual patient. Where objective outcome measures, such as speech recognition scores, 
quantify hearing-aid performance often with regard to benefit provided by audibility, self-
reporting is a useful tool to evaluate the entire programme of hearing-aid intervention. 
Objective hearing-aid benefit is dealt with in Chapter 2 of the thesis. 

Subjective benefit includes elements such as counselling and fine-tuning and takes 
into account individual expectations. Since the objective of hearing-aid intervention is to 
overcome the deficits that occur in the life of the hearing-impaired patient and not just to 
establish audibility from a technical-audiology point of view, self-reporting schemes are 
known to address domains among pre-intervention disability, health-related quality of life, 
hearing handicap, perceived benefit, residual disability, satisfaction and daily use of 
hearing aids. As obvious as they are, much effort has previously gone in compiling 
questionnaires that are in fact sensitive in the domains of self-experienced outcome. In 
1999, participants at the second audiological workshop at Eriksholm discussed issues 
concerning measuring outcome in audiological rehabilitation (Cox, 2000), and they 
concluded among many other things that relationships among functional outcomes and 
satisfaction needed to be further explored. Furthermore, a short inventory was proposed as 
a supplement to existing outcome schemes (Cox et al., 2000). 

The present study sought to investigate inter-item and inter-subscale reliability and 
relationship between measures in four questionnaires for subjective evaluation of hearing-
aid intervention. Questions of verbal and intellectual sophistication of the items in the four 
questionnaires are discussed with regard to the Danish translations that were administered 
in this study as compared to the English equivalents. Furthermore, the derived subscales 
were used to evaluate the degree to which hearing-aid users change their opinion of the 
hearing aids during the first three months post-fitting, with due focus on the possible 
differences between first-time users and users with previous hearing-aid experience. 
While the latter purpose ties in with one of the general questions of the present thesis, the 
former concerns the viability of the four specific outcome-assessment schemes as such. 
The relations between objective and subjective outcome are investigated in Chapter 5. 

3.2 Experiment design 
The four questionnaires chosen for inclusion in the present study were the Glasgow 
Hearing Aid Benefit Profile (GHABP), the International Outcome Inventory for Hearing 
Aids (IOI-HA), the Hearing Aid Performance Questionnaire (HAPQ) and Satisfaction 
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with Amplification in Daily Life (SADL). Brief introductions to the questionnaires are 
provided in the following subsections. However, several other questionnaires might have 
been promoted for inclusion in the study. They include the Abbreviated Profile of Hearing 
Aid Benefit (APHAB) (Cox & Alexander, 1995), the Hearing Handicap Inventory for the 
Elderly (HHIE) (Ventry & Weinstein, 1982; Weinstein, Spitzer & Ventry, 1986) and the 
Client Oriented Scale of Improvement (COSI) (Dillon, Birtles & Lovegrove, 1999; Dillon, 
James & Ginis, 1997). Nonetheless, the present four were chosen to be appropriate 
candidates that all met conditions of the larger-scale study, in the frame of which the 
evaluations took place, while being well-established schemes. For a general overview on 
self-reporting outcome measures, see Cox (2000) or Gatehouse (2001). 

3.2.1 Questionnaires 
GHABP uses predefined subscales of initial disability, handicap, hearing-aid benefit, 
residual disability and satisfaction in four predefined and four optional user-nominated 
listening situations. Not intended to be orthogonal, the predefined subscales have been 
validated by using a paradigm where sensitivity to alteration in audibility was the main 
determinant for the selection of predefined listening situations (Gatehouse, 1999b). 

IOI-HA is a short seven-item inventory for outcome assessment not intended by the 
authors to substitute but rather to supplement other outcome schemes (Cox et al., 2000). 
IOI-HA has been validated in the original English version by Cox and Alexander (2002) 
for a group of subjects in the USA, in a Dutch translation by Kramer et al. (2002), and by 
Stephens (2002) who administered the English version to a group of English-speaking 
patients in Wales. The authors identified two orthogonal subscales that will hence be 
designated Introspection and Interaction as suggested by Cox and Alexander (2002). 

HAPQ is a visual analogue scale of 18 items addressing hearing-aid performance in 
various situations. Previous work with this questionnaire at Eriksholm has suggested that 
between one and three orthogonal subscales can be derived from the responses to the 
eighteen questions. 

SADL consists of 15 items on hearing-aid performance and four additional questions 
concerning hearing-aid experience and use. Cox & Alexander (1999) found that SADL 
comprised four subscales, which they labelled Positive Effect, Service & Cost, Negative 
Features and Personal Image (Cox & Alexander, 2001). The SADL subscales are largely 
orthogonal, as is also the case for the IOI-HA subscales arguably due to the extraction 
method that in all cases was based on independent component analysis (Cox & Alexander, 
2002; Kramer et al., 2002; Stephens, 2002). 

In the present study, Danish translations of the questionnaires were used. GHABP 
exists in an official Danish version, which is distributed via the website of the Institute of 
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Hearing Research (www.ihr.gla.ac.uk). IOI-HA has also been presented in an official 
Danish translation (Cox, Stephens & Kramer, 2002); however neither GHABP nor IOI-
HA has yet been validated in the Danish versions. HAPQ exists in Danish, and it has been 
used in many studies at Eriksholm. Only SADL was not available in Danish previous to 
the experiment. SADL was translated into Danish by the author of the present paper and 
translated back by a native English speaker who had no a priori expertise in SADL, so as 
to validate the Danish translation as suggested by Arlinger (2000). The Danish wordings 
are given in appendix A, and appendix B contains the English versions for the sake of 
comparison. 

3.2.2 Subjects 
Twenty first-time hearing-aid users and five experienced users participated in the 
experiment (the same subjects as used in the experiments reported in Chapter 2). They had 
ski-slope hearing loss with an average corner frequency of 1255 Hz and an average 
audiogram slope of 55 dB/oct. Three women and 22 men with an average age of 60 years 
took part. For further details about the participants, see Chapter 2. 

3.2.3 Protocol 
A week before the assessments started, the subjects were bilaterally fitted with new 
hearing aids at no cost for the subjects. After hearing-aid fitting, the subjects were 
introduced to the four questionnaires. The subjects took home copies of the questionnaires 
that were subsequently administered repeatedly over a period of 3 months. Specifically, 
the subjects filled in the questionnaires three times, 1 week, 4 weeks and 13 weeks post-
fitting. The subjects were instructed to fill in the questionnaires the day before they met 
for a session (1 week, 4 weeks and 13 weeks post-fitting, respectively). At each session, 
the experimenter was available to assist the subjects in answering the questions in case of 
any doubts regarding the meaning of the items. 

For GHABP, items concerning initial disability and handicap were filled in during the 
introduction to the questionnaire. In subsequent copies of the questionnaire, the answers 
were carried forward to give the subjects the possibility to recall their initial references. 
Note that the GHABP—and not the equivalent difference protocol, GHADP—was 
administered also to the experienced hearing-aid users. This was done in order to enable 
direct comparison between experienced users and first-time users. For SADL, items 14 
and 15 were not administered because they address cost and reliability of the hearing 
instruments, issues that were believed to be irrelevant when evaluating a new hearing 
instrument provided at no cost. 
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3.3 Analytic method 
The answers were linearly transformed to numbers, normalized and where necessary 
reversed. In this way, responses ranging from nought to one always represented the 
response categories from most poor to best, respectively. Note that this procedure involves 
that measures on disability and handicap were reversed too so that large values came to 
mean little disability and handicap. In the analyses, only GHABP listening situations 
answered and nominated at all three sessions were included. 

3.3.1 Identifying subscales 
The data from each outcome questionnaire was subjected to factor analysis using principal 
component extraction and varimax rotation (Kaiser, 1958), and the number of factors to 
consider was chosen according to the Kaiser criterion (Kaiser, 1960). Missing data were 
replaced by means in order for the missing-data points to contribute minimally to the 
variance in the analyses. The purpose of the factor analyses was partly to find out whether 
Danish subjects made use of the items in manners comparable to what have been reported 
for the English-worded items and thus to investigate whether previously identified 
subscales were valid also for the Danish items, and partly to examine the extent to which 
hearing-aid users changed reference over time when repeatedly asked to evaluate the 
performance of new hearing aids during the first three months of use. While the former 
was achieved by identifying the main items loading on identified factors, the latter was 
possible by looking at the amount of variance explained by the various factors. 

Since the questionnaires were filled in three times as explained earlier, two ways for 
analysing the data were feasible. First, each dataset (N = 25) was analysed independently 
and second an amalgamated dataset (N = 75) was subjected to the same analysis. It is 
well-known that the maximum number of factors that can reasonably be extracted from a 
given data set should relate to the sample size of the data set at 1:10. While factors from 
separate analyses may identify how outcome dimensions possibly changed over time, 
amalgamated data enabled an overall assessment of main factors that additionally carries 
stronger validity because of the larger sample size. Still, some caution must be shown 
before making conclusions based on data amalgamated like this, because the 
amalgamation essentially assumes the within-subject variable sample-time to be a 
disregarded between-subject factor. 

3.3.2 Reliability of subscales 
The reliability of the subscales was assessed by looking at item-total correlation for the 
contributing items and Cronbach’s alpha and average inter-item correlation. Cronbach’s 
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alpha is a coefficient that is used to assess the extent to which a set of items measures a 
single one-dimensional latent construct (Cronbach, 1951). 

3.3.3 Relationships between subscales  
Between-subscales relationships were assessed by running a number of Spearman rank 
order correlation matrices. In the present study, GHABP used predefined subscales 
labelled Benefit, Residual Disability and Satisfaction (GHABP-B, GHABP-R, GHABP-
S). Another meaningful subscale was daily hearing-aid use defined as the average value of 
the normalized items, GHABP item 3, IOI-HA item 1 and SADL additional item 3, which 
all address hearing-aid use and hence per se should be expected to make a valid subscale 
for quantifying hearing-aid use (per day). Factor analyses of the scores from the identified 
and predefined subscales were used to examine whether the outcome trends could be 
captured by a smaller number of meta-scales. 

3.3.4 Longitudinal effects 
Longitudinal effects were identified in two ways. First, the factors derived from the 
repeated factor analyses might reveal possible changes over time in the ways, in which the 
subjects used the subscales. Second, between-session effects were assessed by repeated-
measures analysis of variance (ANOVA). In this ANOVA, time and subscale were within-
case factors while hearing-aid experience was a between-case factor. 

3.4 Results 
Of the 141 items/subject (47 items, 3 times) on average 1.25 item/subject was 
unanswered. That corresponds to a response ratio of more than 0.99, and no single item 
sticks out with regard to frequency of no-response. Nevertheless, the HAPQ items 3 and 
14 and the SADL items 7 and 9 were left unanswered more than once. However, a vast 
proportion of the missing answers were placed by one subject who accounted for 12 of the 
missing answers (40%). 

Below are the results from the factor analyses and reliability tests. For the factor 
analyses, only loadings greater than 0.6 are tabulated in general. However, for clarity 
additional to loadings greater than 0.6, smaller values are included if an item did not 
contribute to any factor by at least 0.6, in which case the strongest loading from the item 
is tabulated also. While it is recognized that this criterion is rather arbitrary, the chosen 
format is intended to allow a ready appreciation of the loading of different items by 
identification of non-empty cells. 
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3.4.1 GHABP 
Table 3.1 shows the Pearson correlation, ρ , between the GHABP subscales. Initial 
Disability (D) is seen to correlate strongly with Handicap (H), ρ=0.80, p<0.001. The 
three performance-subscales, Benefit (B), Residual Disability (R) and Satisfaction (S), are 
all seen to correlate strongly with one another, 0.60 ≤ ρ ≤ 0.90, p<0.01, the strongest 
correlation observed between Satisfaction and Benefit. Note that the correlations are all 
positive because the answers to Residual Disability were reversed. Even though the 
GHABP subscales have never been claimed orthogonal, the strong between-subscales 
correlation could question the necessity for all three performance subscales. This is further 
discussed later. 

 

Table 3.1. Pearson correlation, ρ , between the GHABP subscales.  

 GHABP-H GHABP-U GHABP-B GHABP-R GHABP-S 
Session 1      

GHABP-D 0.80 *** -0.28 -0.06  0.06  -0.10   
GHABP-H    -0.29  -0.04   0.02   -0.16   
GHABP-U     0.33   0.16   0.22   
GHABP-B       0.71 *** 0.90 *** 
GHABP-R        0.77 *** 

Session 2    
GHABP-D 0.80 *** -0.19   0.03   0.42 * 0.20   
GHABP-H    -0.18   0.00   0.21   0.03   
GHABP-U      0.48 * 0.01   0.43 * 
GHABP-B       0.60 ** 0.84 *** 
GHABP-R         0.84 *** 

Session 3      
GHABP-D 0.80 *** 0.04   0.34   0.50 * 0.33   
GHABP-H    0.10   0.25   0.30   0.20   
GHABP-U      0.50 * 0.00   0.15   
GHABP-B       0.62 ** 0.75 *** 
GHABP-R         0.85 *** 

Amalgam.      
GHABP-D 0.81 *** -0.09  0.08  0.28 * 0.16   
GHABP-H   -0.06   0.05   0.13   0.05   
GHABP-U    0.40 *** 0.01   0.30 * 
GHABP-B    0.65 *** 0.79 *** 
GHABP-R      0.76 *** 

* p<0.05; ** p<0.01; *** p<0.001 
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3.4.2 IOI-HA 
Table 3.2 shows the reliability for IOI-HA. Cronbach’s alpha is between 0.60 and 0.70, 
which in spite of the small number of items is not sufficient to suggest that the seven 
items measure the same underlying attribute. 

Noteworthy observations are that deletion of item 5 makes reliability increase to 
0.81≤ α ≤ 0.84 and that the item-total correlation for item 5 is negative. Since the items are 
equally oriented, negative item-total correlation should not occur. The results indicate that 
the subjects in this study use item 5 differently than intended and that the seven items do 
not measure the same underlying attribute. Cox and Alexander (2002) likewise observed 
an inconsistency with item 5. Combined with the present results this may raise doubt 
about the viability of this particular item. The general application of this concern is 
discussed in section 3.5. 

Table 3.3 shows the results from the factor analyses. For items normalized as 
described earlier, the sign of the factor loadings should be the same within-factors in order 
for the items to contribute to the factor in a meaningful manner. Again, item 5 stands out. 
For sessions 1 and 2 and for the amalgamated responses, the two factors were comparable 
to those identified by Cox and Alexander (2002), Kramer (2002) and Stephens (2002), 
except from item 5. For session 3, the items seemed to be used in a slightly different way 

Table 3.2. Summary of reliability for IOI-HA for each session and for data amalgamated 
across sessions: Item-total correlation and Cronbach’s alpha for the scale and for residual 
scale if item deleted. 

Session 1  Session 2 Session 3 Amalgamated data 

IOI-HA 
Item-total 

correlation 
alpha if 
deleted  

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation 

alpha if 
deleted 

Item 1 0.53 0.564 0.38 0.533 0.26 0.702 0.39 0.629 
Item 2 0.56 0.547 0.78 0.369 0.66 0.595 0.67 0.543 
Item 3 0.47 0.566 0.59 0.474 0.55 0.624 0.53 0.582 
Item 4 0.58 0.541 0.65 0.425 0.68 0.613 0.64 0.559 
Item 5 -0.33 0.811 -0.45 0.837 -0.07 0.807 -0.26 0.825 
Item 6 0.58 0.535 0.32 0.559 0.32 0.689 0.45 0.616 
Item 7 0.45 0.580 0.56 0.462 0.74 0.569 0.59 0.569 

Cronbach’s 
alpha  0.644  0.595  0.700  0.667 
Av. inter-
item correl. 0.26  0.27  0.30  0.29  
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than during sessions 1 and 2. Between 65% and 69% of the response variance can be 
explained by the two factors. 

The results suggest that the subscales Introspection (items 1, 2, 4, 7) and Interaction 
(items 3, 5, 7), reported by Cox and Alexander (2002) are valid orthogonal dimensions 
also in this study. Table 3.4 shows the reliability for the two subscales. The results for 

Table 3.3. IOI-HA factor loadings. 

Session 1 Session 2 Session 3 Amalgamated data 
IOI-HA F1 F2 F1 F2 F1 F2 F1 F2 

Item 1 0.59 0.425 0.65 0.005 0.406 -0.74 0.64 0.150 
Item 2 0.68 0.401 0.69 0.521 0.82 -0.312 0.68 0.496 
Item 3 0.098 0.79 0.342 0.82 0.71 0.102 0.225 0.78 
Item 4 0.76 0.324 0.85 0.276 0.87 -0.063 0.76 0.402 
Item 5 -0.79 0.324 -0.63 -0.082 -0.009 0.62 -0.69 0.335 
Item 6 0.142 0.84 -0.007 0.88 0.56 0.61 0.078 0.80 
Item 7 0.94 0.155 0.89 0.241 0.86 -0.101 0.83 0.319 

Explained variance 2.94 1.91 2.91 1.86 3.15 1.42 2.68 1.90 
Proportion total 0.42 0.27 0.42 0.27 0.45 0.20 0.38 0.27 

Table 3.4. As Table 3.2 for the IOI-HA subscales. 

Session 1  Session 2 Session 3 Amalgamated data 

IOI-HA 
Item-total 

correlation 
alpha if 
deleted  

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation 

alpha if 
deleted 

Introspection 
Item 1 0.57 0.858 0.47 0.896 0.46 0.863 0.50 0.877 
Item 2 0.64 0.831 0.74 0.789 0.75 0.731 0.72 0.789 
Item 4 0.75 0.785 0.79 0.765 0.70 0.772 0.75 0.776 
Item 7 0.82 0.753 0.78 0.770 0.74 0.737 0.78 0.759 

Cronbach’s 
alpha  0.851  0.851  0.826  0.846 
Av. inter-item 
correlation 0.60  0.61  0.57  0.59  
Interaction         

Item 3 0.33 0.119 0.05 0.000 0.22 0.128 0.24 0.007 
Item 5 0.05 0.657 -0.26 0.707 0.08 0.477 -0.02 0.637 
Item 6 0.39 0.053 0.15 0.000 0.27 0.108 0.32 0.000 

Cronbach’s 
alpha  0.407  -0.14  0.31  0.282 
Av. inter-item 
correlation 0.21  0.05  0.16  0.16  
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Introspection show high Cronbach alpha values between 0.83 and 0.85 suggesting high 
subscale reliability. By contrast, for the subscale Interaction Cronbach alpha was 
mediocre and deletion of item 5, which in the former paragraph was identified as a 
potential problem, increased the reliability to between 0.48 and 0.71. The results 
furthermore corroborates the results from the factor analyses in that deletion of items 1 
and 5 increases the reliability of the subscales Introspection and Interaction, respectively. 

3.4.3 HAPQ 
Table 3.5 shows the reliability for HAPQ. Reliability is very high (0.93 ≤ α ≤ 0.96) and no 
single item stands out to consistently increase reliability upon deletion. However, high 
Cronbach reliability is an intrinsic consequence of a large number of items. 

The results of the factor analyses are given in Table 3.6. No clear picture occurred 
with regard to which underlying attributes HAPQ addresses. A weak tendency appears to 

Table 3.5. As Table 3.2 for the HAPQ scale. 

Session 1  Session 2 Session 3 Amalgamated data 

HAPQ 
Item-total 

correlation 
alpha if 
deleted  

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation 

alpha if 
deleted 

Item 1 0.63 0.922 0.65 0.963 0.64 0.934 0.64 0.944 
Item 2 0.60 0.923 0.68 0.963 0.75 0.932 0.67 0.944 
Item 3 0.50 0.925 0.84 0.960 0.78 0.931 0.72 0.943 
Item 4 0.67 0.921 0.87 0.960 0.69 0.934 0.76 0.943 
Item 5 0.79 0.918 0.82 0.961 0.72 0.933 0.79 0.942 
Item 6 0.50 0.925 0.84 0.960 0.52 0.936 0.67 0.944 
Item 7 0.66 0.921 0.83 0.961 0.64 0.934 0.73 0.943 
Item 8 0.71 0.922 0.81 0.961 0.70 0.933 0.74 0.943 
Item 9 0.59 0.923 0.61 0.964 0.66 0.934 0.63 0.945 
Item 10 0.68 0.921 0.60 0.964 0.72 0.932 0.65 0.944 
Item 11 0.65 0.922 0.74 0.962 0.65 0.934 0.68 0.944 
Item 12 0.68 0.921 0.88 0.960 0.81 0.931 0.79 0.942 
Item 13 0.84 0.916 0.79 0.961 0.59 0.935 0.76 0.942 
Item 14 0.69 0.921 0.73 0.962 0.56 0.936 0.67 0.944 
Item 15 0.67 0.921 0.86 0.960 0.70 0.933 0.77 0.942 
Item 16 0.54 0.924 0.82 0.961 0.62 0.934 0.65 0.944 
Item 17 0.23 0.931 0.70 0.963 0.69 0.933 0.54 0.946 
Item 18 0.51 0.925 0.62 0.964 0.42 0.938 0.53 0.946 

Cronbach’s 
alpha   0.927   0.964   0.937   0.947 
Av. inter-item 
correlation 0.44  0.62  0.48  0.51  
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be that items 1 – 3 loaded on the same factor, as did items 10 – 11 and items 16 – 18. It is 
noteworthy that the amount of variance, which items 10 and 11 can explain, changed over 
time. Items 10 and 11 both address the sound quality of own voice. At session 2, these 
items load heavily on a factor that explains 22% of the variance while 9 weeks later at 
session 3, a comparable factor only accounts for 10% of the variance. Since no clear 
picture was obtained based on the present analyses, no meaningful HAPQ subscales 
seemed feasible. However, other factor-extraction or rotation methods might have 
provided another picture. Alternatively, a context-based set of predefined subscales could 
have been derived as in Gatehouse et al. (2000). 

3.4.4 SADL 
Table 3.7 and Table 3.8 show reliability and factors for SADL. Cronbach’s alpha is 
between 0.63 and 0.69, and more items appear to measure attributes other than the main 
trait suggesting that SADL formed an output space of more than one dimension. 

Table 3.6. HAPQ factor loadings. 

Session 1     Session 2   Session 3   Amalgamated data 
HAPQ F1 F2 F3   F1 F2 F3 F1 F2 F3 F4 F5 F1 F2 F3 F4 

Item 1 0.77     0.89 0.89 0.82    
Item 2 0.70     0.80 0.75 0.77    
Item 3 0.80     0.55 0.74 0.69    
Item 4 0.16 0.75   0.71 0.70 0.63    
Item 5 0.62     0.55 0.79 0.51    
Item 6 0.80     0.64 0.81 0.78 0.07 0.40 
Item 7 0.87     0.69 0.83 0.74 0.28 0.43 
Item 8 0.24 0.71   0.57 0.45 0.30 0.66 0.14 0.30 0.65 0.25 
Item 9 0.82    0.12 0.75 0.83 0.12 0.73 0.25 0.30 
Item 10 0.78    0.15 0.90 0.13 0.72  0.14 0.85 
Item 11 0.79    0.28 0.87 0.25 0.82  0.17 0.86 
Item 12 0.17 0.87   0.79 0.41 0.61 0.64  0.69  
Item 13 0.72 0.21    0.70 0.21 0.18 0.91 0.73   
Item 14 0.58 0.49 0.20    0.73 0.20 0.18 0.90 0.72   
Item 15 0.52 0.59 0.12    0.75 0.58 0.44 0.67   
Item 16  0.58    0.72 0.81  0.68  
Item 17  0.74   0.63 0.50 0.74  0.79  
Item 18  0.80   0.47 0.63 0.78  0.79  

Explained 
variance 3.35 5.10 4.33   4.79 3.90 5.25 4.46 2.90 3.60 2.19 1.84 3.57 3.99 3.67 2.42 
Proportion 
total 0.19 0.28 0.24   0.27 0.22 0.29 0.25 0.16 0.20 0.12 0.10 0.20 0.22 0.20 0.13 
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Table 3.7. As Table 3.2 for SADL scale. 

Session 1 Session 2 Session 3 Amalgamated data 

SADL 
Item-total 

correlation 
alpha if 
deleted 

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation 

alpha if 
deleted 

Item 1 0.57 0.568 0.71 0.609 0.58 0.575 0.63 0.600 
Item 2 0.02 0.668 -0.24 0.747 -0.15 0.699 -0.10 0.716 
Item 3 0.36 0.606 0.55 0.636 0.42 0.589 0.45 0.628 
Item 4 0.20 0.639 0.19 0.691 0.33 0.599 0.23 0.667 
Item 5 -0.06 0.686 -0.03 0.721 -0.10 0.691 -0.04 0.710 
Item 6 0.63 0.557 0.69 0.610 0.52 0.589 0.63 0.602 
Item 7 0.04 0.658 0.29 0.676 0.27 0.609 0.19 0.668 
Item 8 0.29 0.618 0.21 0.683 0.57 0.563 0.34 0.647 
Item 9 0.57 0.552 0.50 0.635 0.46 0.565 0.53 0.602 
Item 10 0.39 0.600 0.48 0.648 0.34 0.597 0.42 0.631 
Item 11 0.17 0.637 0.30 0.676 0.27 0.612 0.26 0.659 
Item 12 0.56 0.604 0.42 0.672 0.32 0.604 0.43 0.645 
Item 13 0.23 0.627 0.38 0.665 0.33 0.604 0.32 0.649 

Cronbach’s 
alpha   0.639   0.688   0.629   0.669 
Av. inter-item 
correlation 0.15   0.18   0.17   0.17   

Table 3.8. SADL factor loadings. Item 11 was omitted from the factor analysis because of 
insufficient amount of data. 

Session 1 Session 2 Session 3 Amalgamated data 
SADL F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3 

Item 1 0.60 0.18 0.42 0.88 0.19 0.11 0.67 0.26 0.39 0.82 0.05 0.15 
Item 2 0.05 0.59 -0.36 -0.23 0.04 -0.54 -0.56 0.19 0.05 -0.25 0.42 0 
Item 3 0.42 -0.09 0.63 0.89 -0.07 0.07 0.78 0.17 0 0.81 -0.1 -0.15 
Item 4 0.12 0.75 -0.03 -0.1 0.81 -0.05 0.12 0.58 0.13 0.07 0.73 0.18 
Item 5 -0.17 -0.18 0.50 -0.07 0.06 -0.43 0.34 -0.38 -0.08 0.18 -0.09 -0.56 
Item 6 0.55 -0.03 0.75 0.85 0.34 -0.13 0.58 0.64 -0.02 0.88 0.16 -0.11 
Item 7 -0.11 0.17 0.45 0.1 0.40 0.15 -0.08 -0.02 0.66 0.23 0.1 0.05 
Item 8 0.75 -0.11 -0.26 -0.06 0.39 0.82 0.33 0.18 0.81 0.27 -0.06 0.79 
Item 9 0.79 0.16 0.03 0.74 0.1 0.3 0.72 0.09 0.43 0.66 -0.01 0.4 
Item 10 0.74 -0.19 0.13 0.68 -0.02 0.45 0.06 0.09 0.78 0.61 -0.21 0.41 
Item 12 0.70 0.43 -0.1 0.22 0.56 0.4 0 0.75 0.16 0.33 0.44 0.50 
Item 13 -0.11 0.76 0.31 0.24 0.79 -0.32 0.01 0.84 -0.08 0.25 0.82 -0.14 

Explained variance 3.14 1.84 1.91 3.48 2.08 1.77 2.45 2.34 2.08 3.29 1.68 1.63 
Proportion total 0.26 0.15 0.16 0.29 0.17 0.15 0.20 0.19 0.17 0.27 0.14 0.14 
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This notion is supported by the factor analyses in Table 3.8. Three factors were 
identified and particularly for the amalgamated data, the factors bore resemblance to three 
of the four subscales previously reported for SADL (Cox & Alexander, 2001). Since items 
14 and 15 were not used, the subscale Service & Cost (items 12, 14, 15) is represented by 
only one item in the present study, and therefore it will not be investigated further. 

Table 3.9 shows the reliability for the subscales Positive Effect (items 1, 3, 5, 6, 9, 
10), Negative Features (item 2, 7, 11) and Personal Image (items 4, 8, 13). For Positive 
Effect, reliability was high (0.62 ≤ α ≤ 0.78), however not as high as found by Cox and 
Alexander (2001) who reported α=0.88. This might be due to the small sample size in the 

Table 3.9. As Table 3.2 for the SADL subscales. 

Session 1 Session 2 Session 3 Amalgamated data 

SADL 
Item-total 

correlation 
alpha if 
deleted

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation

alpha if 
deleted

Item-total 
correlation 

alpha if 
deleted 

Positive Effects             
Item 1 0.45 0.666 0.79 0.674 0.68 0.495 0.64 0.645 
Item 3 0.52 0.647 0.78 0.679 0.51 0.531 0.63 0.650 
Item 5 0.06 0.794 -0.14 0.879 0.09 0.714 0.01 0.825 
Item 6 0.81 0.557 0.73 0.689 0.43 0.572 0.70 0.632 
Item 9 0.50 0.651 0.58 0.731 0.53 0.489 0.54 0.671 
Item 10 0.48 0.659 0.62 0.721 0.25 0.613 0.49 0.686 

Cronbach’s 
alpha  0.708  0.774  0.619  0.729 
Av. inter-item 
correl. 0.33  0.43  0.30  0.37  
Negative Features         

Item 2 0.05 0.000 -0.07 0.000 0.10 0.332 0.01 0.002 
Item 7 -0.07 0.037 0.02 0.000 0.14 0.165 0.03 0.000 
Item 11 -0.21 0.058 -0.14 0.043 0.21 0.102 -0.03 0.057 

Cronbach’s 
alpha  -0.086  -0.110  0.249  0.008 
Av. Inter-item 
correl. -0.11  -0.07  0.13  -0.01  
Personal Image         

Item 4 0.35 0.000 0.52 0.000 0.54 0.160 0.46 0.000 
Item 8 -0.07 0.509 0.11 0.678 0.28 0.575 0.09 0.578 
Item 13 0.19 0.096 0.44 0.261 0.41 0.446 0.32 0.267 

Cronbach’s 
alpha  0.263  0.580  0.563  0.436 
Av. inter-item 
correl. 0.07  0.26  0.31  0.19  
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present experiment. However, the subscales Negative Features and Personal Image did not 
perform very convincingly. For Negative Features there were general problems with the 
three contributing items whereas for Personal Image the predicament seemed confined to 
item 8. 

3.4.5 Between-subscales results 
The results so far suggest the following subscales as reasonable candidates for further 
analysis: the predefined GHABP performance scales, Benefit (B), Residual Disability (R) 
and Satisfaction (S), disregarding item 5, the IOI-HA subscales, Introspection (IS) and 
Interaction (IA), the SADL subscales Personal Image (PI) and Positive Effect (PE), 
HAPQ average and hearing-aid use. In the following, an abbreviated notation will be used 
to designate the subscales as shown in Table 3.10. 

Table 3.11 shows the Spearman correlation between the nine subscales. Overall, 
significant and high correlation is found between the GHABP subscales as mentioned 
earlier, between SADL-PE and IOI-IS, and between IOI-IS and HA-use. The strongest 
between-scale correlation was found between the subscales SADL-PE and IOI-IS. 

The eigenvalues from a factor analysis driven by all the items, which contributed to 
the subscales identified above, are given in Table 3.12 (only eigenvalues >1 are shown). It 

Table 3.10. Identified and predefined subscales with abbreviated 
notation and contributing items. 

Subscale Abbreviated notation Contributing items 
GHABP    

Benefit GHABP-B Benefit1 
Residual Disability GHABP-R Residual Disability1 
Satisfaction GHABP-S Satisfaction1 

IOI-HA   
Introspection IOI-IS 1, 2, 4, 7 
Interaction IOI-IA 3, 6 

HAPQ   
Average HAPQ av. 1 – 18 

SADL   
Personal Image SADL-PI 4, 8, 13 
Positive Effect SADL-PE 1, 3, 5, 6, 9, 10 
  GHABP item 3 
Hearing-aid use HA-use IOI-HA item 1 
  SADL additional item 3 

 1 For the GHABP subscales, only answers to listening situations nominated and 
answered at all three sessions were included in calculating the subscale score. 
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can be seen that the first eigenvalue amounted to 15.4 out of the 40 contributing items. 
That means that one z-score could capture 38% of the response variance. 

According to the Kaiser criterion eight eigenvalues greater than one means that 8 is 
the appropriate number of factors for representing the dataset. However, according to the 
scree test (Cattell, 1966) one factor should suffice. To get a clearer view of the 
dimensionality of the outcome space in the present study, factor analyses of the subscale 
scores pooled across protocols were done. The results are shown in Table 3.13. It can be 
noted that a sizeable degree of between-session agreement was found with regard to the 
ability of the subscales to form a 3-dimensional orthogonal space of subjective hearing-aid 
outcome. Note that subscales between which there is a high correlation in Table 3.11 load 
upon the same factor in Table 3.13. 

3.4.6 Longitudinal effects and interactions 
The result of the repeated-measures ANOVA is given in Table 3.14. Significant effect of 
subscale is observed but there were no significant interactions with time or hearing-aid 
experience. Since no main effects were found with regard to time or hearing-aid 

Table 3.11. Spearman rank order correlations, R, between subscales. 

 GHABP-R GHABP-S IOI-IS IOI-IA HAPQ av. SADL-PE SADL-PI HA-use 
GHABP-B 0.70*** 0.82*** 0.51*** 0.55*** 0.57*** 0.55*** 0.25* 0.27* 
GHABP-R  0.76*** 0.24* 0.60*** 0.57*** 0.23* 0.28* 0.05 
GHABP-S   0.50*** 0.61*** 0.67*** 0.60*** 0.32** 0.25* 
IOI-IS    0.52*** 0.62*** 0.76*** 0.39*** 0.74*** 
IOI-IA     0.55*** 0.45*** 0.43*** 0.29* 
HAPQ av.      0.64*** 0.33** 0.35** 
SADL-PE       0.35** 0.43*** 
SADL-PI        0.38*** 
* p<0.05; ** p<0.01; *** p<0.001 

Table 3.12. Eigenvalues >1 for all items. 

 Eigenvalue Explained variance (%)
1 15.4 38.4 
2 3.2 8.0 
3 2.8 7.0 
4 2.1 5.2 
5 1.8 4.4 
6 1.5 3.8 
7 1.2 3.1 
8 1.1 2.8 
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experience, this result suggests that the subscales are longitudinally stable regarding 
sample time and previous hearing-aid experience. However, this notion needs further 
discussion because of the observations in section 3.4.3 that suggested that the outcome 
space did change over time. 

Figure 3.1 shows the increase from week 1 to week 13 for the main scales of the four 
questionnaires for experienced and first-time users, respectively. IOI-HA shows the 
largest difference between first-time users and experienced users, and also in the other 
scales, it can be noticed that the increase in score for first-time users is above that of the 
experienced users. However, the difference was not significant (F3,69 = 0.53, p = 0.666). 

Since one of the preconditions for auditory acclimatization is a change in the 
acoustical information available to the user, a certain amount of daily hearing-aid use 
must be expected before acclimatization can occur. Daily self-reported hearing-aid use 
(according to SADL) was generally a good predictor of increase in main-scale scores 

Table 3.13. Factor loadings for the global analysis. See text for details 

Session 1 Session 2 Session 3 Amalgamated data 
 F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3 
GHABP-B 0.87 0.19 0.06 0.79 0.41 -0.22 0.80 0.45 0.13 0.83 0.31 -0.08 
GHABP-R 0.91 -0.11 0.18 0.93 -0.05 0.20 0.93 -0.11 0.06 0.91 -0.12 0.18 
GHABP-S 0.83 0.38 0.01 0.88 0.37 0.16 0.93 0.05 0.10 0.89 0.26 0.06 
IOI-IS 0.29 0.90 0.10 0.29 0.91 0.08 0.19 0.86 0.39 0.28 0.90 0.13 
IOI-IA 0.69 0.28 0.34 0.80 0.18 0.37 0.51 0.15 0.50 0.67 0.23 0.38 
HAPQ average 0.61 0.46 -0.23 0.65 0.57 0.26 0.61 0.29 0.53 0.64 0.49 0.15 
SADL-PE 0.30 0.79 -0.02 0.43 0.85 -0.04 0.22 0.54 0.54 0.37 0.79 0.00 
SADL-PI 0.16 0.15 0.90 0.21 0.13 0.93 0.01 0.06 0.89 0.14 0.16 0.94 
HA-use -0.06 0.83 0.35 -0.03 0.89 0.17 -0.03 0.91 -0.03 -0.05 0.85 0.18 
Explained variance 3.30 2.63 1.16 3.64 3.02 1.23 3.08 2.19 1.79 3.39 2.67 1.14 
Proportion total 0.37 0.29 0.13 0.40 0.34 0.14 0.34 0.24 0.20 0.38 0.30 0.13 

Table 3.14. Repeated-measures ANOVA of subscales. 

 DF F p 
Intercept 1,22 488.26 <0.001 
User 1,22 0.23 0.633 
Time 2,44 0.68 0.510 
Time * User 2,44 0.88 0.421 
Subscale 8,176 13.53 <0.001 
Subscale * User 8,176 0.83 0.579 
Time * Subscale 16,352 0.63 0.858 
Time * Subscale * User 16,352 0.50 0.946 
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(F1,22 = 5.25, p = 0.032). This effect had the direction that those with more daily hearing-
aid use showed the greater improvement over time. It should be recognized that the result 
does not explain causality; that is we do not know whether the subjects reported increased 
outcome in response to a sufficient amount of hearing-aid use or whether they did not 
wear the hearing aids because of disappointing hearing-aid benefit. Nevertheless, a post-
hoc criterion for daily hearing-aid use was tested. If only first-time users who used their 
hearing aids more than 4 hours per day were included as true candidates for auditory 
acclimatization, then some of the differences in Figure 3.1 reached a level of significance 
as follows. There was significant interaction between time and scale (F3,69 = 3.13, 
p = 0.031), and contrast analyses revealed that effects of scale were confined to GHABP 
(F1,23 = 5.95, p = 0.023) and IOI-HA (F1,23 = 5.13, p = 0.033). There was no effect for 
HAPQ (F1,23 = 0.54, p = 0.472) or SADL (F1,23 = 3.86, p = 0.062). The result of the post-
hoc analysis is shown in Figure 3.2. The result should be compared with the results from 
the factor analyses that showed that the subjects changed the way they used HAPQ, 
whereas IOI-HA and SADL subscales were stable over time. The general application of 
this observation is discussed in section 3.5.  

Because the factor analyses showed that some outcome dimensions changed over 
time, it was further investigated if this effect was governed by the first-time users. 
Therefore, all the analyses reported in tables 3.1 – 3.12 were repeated including only the 
responses from the first-time users. One subject did not meet for the final session, and this 
subject was also discarded from the repeated analyses. In this way, the data comprised 19 
first-time hearing-aid users. However, the results showed no noteworthy differences 
compared to the analyses for the full dataset. The ANOVA also showed almost the same 

GHABP IOIHA HAPQ SADLGHABP IOIHA HAPQ SADLGHABP IOIHA HAPQ SADL
-40

-20

0

20

40

In
cr

ea
se

 o
f s

co
re

 (%
 p

oi
nt

 )

First-timers
Exp. users

 

Figure 3.1. Increase from session 1 to session 3 of the main scales, GHABP Benefit, IOI-
HA Global Score, HAPQ average and SADL Global Score. The vertical bars denote 95% 
confidence intervals. 
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level of effects; only the factor sample time almost reached significance (F2,36 = 2.7, 
p = 0.084) compared to the full dataset (F2,36 = 0.7, p = 0.510, in Table 3.14). The results 
are summarized in Table 3.15. 

In Chapter 2, it was suggested that the experienced users in the present study for 
various reasons might exhibit first-time-user behaviour. The results of the present 
experiment seem to corroborate that notion with regard to the way they used the 
questionnaires (as witnessed by the repeated factor analyses) but not regarding the actual 
scores (as seen in Figure 3.1 and Figure 3.2). 

3.5 Discussion 
The fact that some items performed inconsistently suggests that either the wording not is 
good or the items address attributes that the hearing-aid users are not able to appreciate. 
Arlinger (2000) discussed how differences in populations with varying communication 
patterns, public activities and environment affect the international equivalence of a given 
outcome scheme. In the present study, IOI-HA item 5 was found to contribute 
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Figure 3.2. As Figure 3.1 for the first-time users who reported a significant amount of 
daily hearing-aid use. 

Table 3.15. Repeated-measures ANOVA of subscales 
for the first-time hearing-aid users. 

 DF F p 
Intercept 1,18 563.6 <0.001 
Time 2,36 2.7 0.084 
Subscale 8,144 15.6 <0.001 
Time * Subscale 16,288 1.2 0.291 
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inconsistently to the subscale IOI-IA. The item asks the hearing-aid users to quantify the 
degree to which they feel restricted by their hearing loss not just in terms of 
communication but social participation as such. The attribute addressed in this question 
belongs in the category residual disability, as is also the case for GHABP-R, in which the 
hearing-impaired patients are expected to quantify remaining disability when wearing 
hearing aids compared to not having hearing difficulties. It is here argued that this may 
not be a viable task. While the reference for quantifying initial disability (as in GHABP-
H) is impaired hearing as experienced by the patient without hearing aids, the reference 
for residual disability is normal hearing. This baseline may not be immediately available 
to the patient if the hearing loss has progressed over a substantial number of years, which 
is often the case in presbyacusic patients seeking hearing-aid intervention for the first 
time. While this problem concerns the viability of the attribute in question, another 
problem with IOI-HA item 5 concerns the level of literary complexity exercised in the 
wording, in particular in the Danish translation. Even though the item does ask to the 
degree to which hearing difficulties affect the things the hearing-aid user can do, in the 
same sentence is a reference to the present hearing aids (see Appendix B.2). This might 
cause some respondents to accidentally switch the semantic subject of the question. Thus, 
there is a risk that the item is misunderstood such as asking to the degree to which the 
hearing aids affect the things the user can do. If this happens, the scale orientation is 
reversed. The hazard is probably greater in the Danish translation than in the English 
wording because of the grammatical construction in Danish where the words “over the 
past two weeks with your present hearing aids” is a subordinate clause that separates 
semantic subject from object in the main clause. 

A similar ambiguity is found in the English wording of SADL item 15, where the 
response scale might be reversed if the user focuses on the parenthesized remark, ‘how 
often it needs repairs’, instead of the main clause. Compared to IOI-HA, it is more serious 
in SADL because the direction of the response-scale is not the same for all items 
(sometimes A means best, sometimes G is best). Thus, accidental scale-orientation 
reversal may not be immediately noticeable for the attentive respondent. In the Danish 
translation, this potential hazard was avoided by ascertaining that the parenthesized 
remark does not inspire to a particular direction of response scale by phrasing it 
(equivalently to) ‘with regard to repairs’. However, as this item was not part of the present 
study, the degree to which this will rid the potential problem is indeterminate. 

Further inconsistencies were observed with one or more of the SADL items 2, 7, 8 
and 11. While there is no obvious reason why item 2 could be misunderstood, item 7 was 
certainly not well understood by most respondents. SADL item 7 addresses the 
compromise between avoiding whistling and obtaining adequate gain. All audiologists 
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know that this compromise might be pertinent for some users. However, from the user’s 
point of view, it appears to be most relevant if the instruments have a volume control. In 
order for the item to be sensitive to the perceived amount of bother caused by feedback, 
the user must know of the compromise between gain and whistling. If the hearing aids are 
well fitted and/or if the ear-mould acoustics do not cause problems with feedback, then 
obviously the user is not bothered by feedback. However, that also means that the user 
does not necessarily know of the compromise between gain and feedback. As such, the 
issue addressed is a fine-tuning matter, not necessarily well understood by the average 
user of an automatic hearing aid. The problem with SADL item 7 illustrates the difficulty 
of compiling questions of universal applicability. If the question was simply ‘are you 
bothered by feedback?’, then some users might answer ‘no’ [‘but I have to turn the 
volume down so I can’t hear’]. In that case, we do not capture the amount of bother 
caused by potential feedback. When the question is refined to avoid that situation, it 
becomes so complex that the users do not understand what it is about. 

SADL item 8 addresses contentment with hearing-aid appearance. It may be, in the 
present study, which for the most part involved first-time users, that the issue of cosmetics 
is not honestly admitted to the same degree as in experienced users. Finally, it should be 
mentioned that item 11 might carry an exceptionally reduced amount of information in the 
present experiment because all the subjects had typical ski-slope hearing losses. This 
involved that unaided conversation on the telephone was often possible, and therefore 
item 11 was often technically unanswered (when the box was ticked in item 11, no 
response value A – G was available). Overall, there seem to be good explanations for the 
observed inconsistencies that must be expected to go away in surveys of larger sample-
size, with the exception of item 7. 

3.5.1 Relationships between measures 
While the factors identified as primary components in IOI-HA and SADL made 
orthogonal and longitudinally stable subscales, HAPQ and GHABP did not carry that trait. 
Even though it could arguably be noted that there is no obvious reason why hearing-aid 
benefit subscales should be orthogonal, it is certainly true that if significant and strong 
correlation exists between any couple of subscales then there is no need for keeping both 
because they convey the same information. This is not to say, however, that outcome 
scales should be rid of between-item correlation. If the number of items is reduced, so as 
to handle a given attribute through fewer questions, the risk is often an increase of verbal 
sophistication in the remaining items that may in turn decrease the sensitivity to the 
attribute in question, as illustrated above for SADL item 7. For HAPQ the problem was 
however twofold. To start with, the identified factors did not all bear enough contextual 
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integrity to qualify defining subscales based on the factor analyses. Before a subscale can 
be defined—let alone labelled—the contributing items must address issues that have 
something in common. Since that seemed not possible for HAPQ, predefined subscales 
might be more feasible. Secondly, the principal component analysis showed that the 
subjects changed priorities over time. As mentioned earlier, the amount of variance 
explained by the own-voice factor decreases during the first 3 months post-fitting. This is 
in fact in accordance with clinical experience. While first-time users may initially find it 
particularly troublesome that the hearing aids change the sound of their own voice (e.g. 
echo, occlusion effect, loudness or pitch changes, etc.), after acclimatization it becomes 
less of an issue when the benefits of using the hearing aid have been experienced. Still at 
the first session, 1 week post-fitting, the own-voice factor is not yet there, and the 
ambiguity regarding the meaning behind the factors is conspicuous. By contrast, 12 weeks 
later at session 3 the five factors bear high face validity. Thus, the session-3 factors could 
reasonably be labelled Speech and Music (items 1, 2, 3, 4, 5, 12, 15), Noise (items 6, 7, 9, 
15), Soft Sounds (items 8, 12, 16, 17, 18), Driving Car (items 13, 14) and Own Voice 
(items 10, 11). While the subscales for soft sounds and own voice exist in sessions 1 and 
2, there is no general agreement between session-1, session-2 and session-3 factors. At 
session 1, hearing-aid performance regarding the sound of own voice is evaluated along 
with noisy situations. Other factors bear virtually no face validity at sessions 1 and 2. This 
result suggests not only that the users become better at assessing their hearing aids in 
meaningful dimensions, but it also suggests that early outcome assessment might be 
largely bogus, simply because patients have not initially build up an appropriate outcome 
space. The issue was considered by Kuk et al. (2003), who left out initial subjective-
outcome assessment in their acclimatization study and later discussed the need for studies 
that address the issue of initial subjective outcome. The results of the present study 
support the idea that predefined outcome subscales should carry high face validity and not 
address attributes that the users cannot be expected to handle.  

While between-subscales correlation was surprisingly high in GHABP, it is 
noteworthy that it changed with time. Thus, between benefit and HA-use and between 
residual disability and satisfaction, the correlations went up, while between benefit and 
residual disability and between benefit and satisfaction, the correlations went down during 
the first three months. That result also supports the idea that patients become better over 
time at using the outcome space at hand, albeit not orthogonally in the case of GHABP. 

In conclusion, IOI-HA and SADL consisted of orthogonal subscales whereas GHABP 
did not. Orthogonal subscales per se have the advantage of compacting the main scale, 
which is desirable from a clinical-practice point of view. It is suggested to change the 
wording of IOI-HA items 5 and 6 to contain two sentences as in items 1 – 3 so as to offer 
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easier access for the respondent to the addressed attributes. Where this is mostly required 
in the Danish wording, it may also be helpful in the English version. A study of larger 
sample-size is needed, however, to assess the improving nature of these suggestions. 
Furthermore, SADL item 7 should be omitted for users with hearing aids without volume 
control. 

3.5.2 Auditory acclimatization 
The present experiment showed an increase in self-reported outcome over time in first-
time hearing-aid users compared to experienced hearing-aid users. The difference in self-
reported outcome was only significant for first-time users who used their hearing aids a 
significant proportion of the day. The increase in self-reported outcome was found for the 
outcome scales, GHABP and IOI-HA but not for HAPQ and SADL (though almost for 
SADL). Auditory acclimatization as defined by Arlinger et al. (1996) involves an 
improvement in hearing-aid performance over time. Thus, in the performance domain 
Subjective Benefit, the present experiment confirms that the existence of auditory 
acclimatization is conditioned by a certain amount of daily hearing-aid use. 

However, there was another longitudinal effect in the present experiment. Factor 
analyses showed that the subjects became better over time at using the outcome space that 
was made available through the questionnaires. The result was evidenced by factors 
reaching higher face validity over time in HAPQ and by inter-subscale correlation 
decreasing over time in GHABP. This means that some outcome measures might be less 
suitable for initial outcome assessment than others, because the subjects need some time 
to learn to utilize the outcome space. There is probably more than one explanation for this. 
One explanation could be that the subjects need to get around in all the different listening 
situations addressed in the questionnaires before they can evaluate the hearing aids’ 
performance in those environments. Where HAPQ and GHABP address performance in 
different listening environments, SADL and IOI-HA address performance at a more 
general level. Thus, a differentiated assessment of hearing-aid performance in different 
listening environments is not feasible from the first day post-fitting. By contrast, subscales 
addressing general aspects of hearing-aid performance, as in the IOI-HA or SADL 
subscales, are more stable over time, and they can reliably be used immediately post-
fitting.  
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Chapter 4 

4 Temporal and spectral resolution of 
hearing: gap release of masking (GRM) 

Abstract 
Auditory performance in hearing-aids user is most often understood to be about speech 
intelligibility. However, many non-speech auditory abilities can be promoted as relevant 
measures in the auditory-performance domain. The idea of using non-speech measures is 
motivated by the notion that hearing-aid performance can be narrowed down to 
psychoacoustic abilities such as frequency selectivity or temporal processing in hearing. 
To understand why a certain level of speech identification ability is achieved, we 
sometimes look in more pedestrian psychoacoustic concepts. The idea involves the desire 
to explain the relationship between psychoacoustic properties of hearing and audiological 
measures such as speech recognition. Speech recognition involves discriminating between 
sound subtleties in the spectral and temporal domain. Thus, temporal and spectral 
resolution of hearing may explain some of the variance in the ability of listeners to 
recognize speech. The purpose of the present experiment was to measure temporal acuity 
and frequency selectivity of hearing in first-time hearing-aid users over a period of time 
post-fitting and to demonstrate the extent to which performance changes over time. For 
one-octave wide maskers with and without spectral and temporal gaps, masking was 
measured at low frequency and at the corner frequency of the audiogram in hearing-
impaired listeners with precipitous hearing loss fitted with new hearing aids. Data were 
collected 1, 4, and 13 weeks post-fitting, and GRM was quantified as the release from 
masking under the gap conditions. The results showed that while GRM did increase over 
time, the more interesting observation was that even though the subjects had normal 
hearing-threshold levels at low frequency, they performed as hearing impaired for the 
spectral-gap condition. For the temporal-gap condition, they performed as normally 
hearing at both low and high frequency. The results suggest that patients with precipitous 
hearing loss do not maintain normal spectral resolution through the low-frequency 
region, in which the hearing threshold is otherwise normal. 



Chapter 4: Temporal and spectral resolution of hearing 
 
54 

4.1 Introduction 
The present chapter concerns non-speech auditory abilities and possible changes over time 
caused by long-term listening experience in people with precipitous hearing loss. A 
change over time in auditory performance is often referred to as auditory acclimatization 
(Arlinger et al., 1996). In that sense, the term auditory performance is often understood to 
cover auditory abilities that are relevant for hearing-aid benefit and satisfaction. As such, 
the most obvious auditory abilities include speech intelligibility under various conditions. 
However, there is an extensive literature on non-speech auditory abilities dealing with 
performance changes in response to reduced audibility (e.g. Florentine, 1976; Hall & 
Grose, 1993; Hall, Grose & Mendoza, 1995; Magliulo, Gagliardi, Muscatello & Natale, 
1990; Robinson & Gatehouse, 1995; Wilmington, Gray & Jahrsdoerfer, 1994). Regarding 
hearing-aid benefit and satisfaction, auditory acclimatization is dealt with elsewhere in the 
thesis. 

Longitudinal effects can probably be observed in most auditory ability tasks. It is for 
instance well-known that test subjects can improve frequency discrimination with 
repeated testing (Demany, 1985). While improvement in frequency discrimination is 
expected to occur in response to the repeated exposure to the specific probe frequencies, 
the theme of the present chapter is improvements over time caused by general listening 
experience. 

One of the most cited studies on changes in non-speech auditory abilities is by 
Robinson and Gatehouse (1995), who measured difference limens for intensity (DLI) in 
experienced unilaterally fitted hearing-aid users on both ears. They found that while at 
low frequencies DLIs were normal and no different for the two ears, at higher frequencies 
DLIs were smaller for the aided ear than for the unaided ear at high levels. By contrast, at 
low levels DLIs were smaller for the unaided ear than for the aided ear. Smaller DLI 
means better intensity discrimination. Thus, the subjects showed the best intensity 
discrimination for the levels to which the ears were usually exposed (low levels for the 
unaided ear and high levels for the aided ear.) The result suggested that intensity coding 
had adapted over time to the intensity range most commonly available at the periphery. 

The release from binaural masking that occurs when the phase of the masker in one 
ear is shifted 180 degrees compared to the two maskers having equal phase is called the 
(binaural) masking level difference (MLD). Several studies have reported that MLDs were 
reduced in patients with unilateral conductive hearing loss compared to normal hearing 
(Hall & Grose, 1993; Hall et al., 1995; Magliulo et al., 1990). Furthermore, after 
corrective surgery the MLD remained reduced. However, Hall (1993) found that six out of 
eight patients obtained normal MLD one year post-surgery. The fact that normal MLD is 
not immediately attained post-surgery suggests that a certain amount of exposure to 
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binaural cues is needed before binaural abilities are regained. This notion is in accordance 
with the concept of auditory acclimatization. Similarly, it concurs with the idea of auditory 
deprivation that a period of exposure to abnormal binaural auditory input (as occurs pre-
surgery) can blunt the sensitivity to binaural cues and therefore causes reduced MLD. 

Auditory deprivation has also been reported for localization (Magliulo et al., 1990) 
and interaural temporal difference limens (ITDL) (Wilmington et al., 1994). Florentine 
(1976) studied interaural intensity difference limens for lateralization in normal and 
unilaterally impaired hearing. She found that median-plane lateralization was attained by 
hearing-impaired subjects when the stimulus intensity in the impaired ear was larger than 
in the better ear, but not large enough to generate equal loudness. Normal-hearing test 
subjects wearing unilateral earplugs did not show this effect. After a few days of 
constantly wearing the earplug, however, the normal-hearing subjects attained 
lateralization at lower interaural intensity difference just like the hearing-impaired 
subjects. Furthermore, after removal of the earplug, it took up to two weeks for the 
normal-hearing subjects to regain normal lateralization. This result corroborates the notion 
that hearing-impaired people can learn to lateralize with softer sound levels in the unaided 
worse ear. 

In the above studies, the observed effects are believed to be caused by experience 
with listening under changed conditions. The change in auditory condition is either 
provision or deprivation of audibility. The loci of such effects will not be discussed in 
detail here except to say that they often are believed to be retro-cochlear (Willott, 1996). 
Nevertheless, it is questionable whether DLI, MLD or ITDL has direct relevance to 
hearing-aid benefit (although they may well be correlates). Hearing-aid benefit is often 
considered the improvement in speech recognition obtained by hearing-aids users when 
wearing hearing aids compared to unaided listening. Speech recognition involves 
discriminating between subtle differences in the spectral domain as well as in the temporal 
domain. However, patients, who are otherwise expected to perform the same, sometimes 
differ in their ability to recognize amplified speech especially when listening in noise 
(Cox & Alexander, 1991). In other words, audibility does not always predict performance 
adequately. It has been suggested that between-subject differences in hearing-aid benefit 
may be related to differences in the spectral and temporal resolution of the impaired 
hearing (Glasberg & Moore, 1989). Temporal and spectral resolution of hearing can be 
measured in many ways. Cox and Alexander (1993) suggested a protocol for testing 
temporal and spectral resolution based on methods previously described by Zwicker 
(1980) and Patterson et al. (1982). Larsby and Arlinger (1998; 1999) proposed a new 
method for combined measurement of spectral and temporal resolution. The latter method 
is based on the idea that the temporal acuity and frequency selectivity of the auditory 
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system can be quantified by the release of masking from temporal and spectral gaps, 
respectively. Larsby and Arlinger (1999) measured the release from masking caused by 
temporal and spectral gaps in isolation and in combination. They reported high test-retest 
reliability for the paradigm; both short-term (10 minutes) and long-term (up to 3 weeks) as 
well as no unidirectional change over time. 

It was suggested earlier that patients with ski-slope hearing loss might have 
reorganized the auditory cortex in response to being deprived of peripheral activity at high 
frequencies (see Chapter 2). If this is true, then the efficiency of maskers might be 
affected. Hence, it could be hypothesized that increased efficiency for maskers causes  
reduced ability to exploit spectral gaps, and that lower release from masking therefore 
might be observed. Following long-term experience with amplified sounds, the test 
subjects might learn to exploit the gaps resulting in increased gap release from masking 
over time post-fitting. Since gap release from masking (GRM) has been shown to be a 
reliable measure over time, it appeared to be suitable for testing possible changes in 
resolution of hearing following provision of hearing aids. To investigate whether the 
temporal and spectral resolution of hearing might be affected by long-term listening 
experience with hearing aids, GRM was measured following a protocol similar to the one 
in Larsby and Arlinger (1999). The participants were all patients with ski-slope hearing 
loss fitted with new hearing aids, and the measurements continued over three months post-
fitting, as already explained in preceding chapters. Compared to the studies by Larsby and 
Arlinger, the present study included a longitudinal element. 

4.2 Experiment design 
The purpose of the experiment was to measure resolution of hearing over time for patients 
with ski-slope hearing loss using the paradigm proposed by Larsby and Arlinger (1999). 
GRM was measured at low frequency (LF) and at the individual corner frequency, fc . At 
these frequencies, the participants had normal or near normal hearing threshold. Thus, 
temporal and spectral resolution was measured at frequencies where the hearing threshold 
level was normal or near normal, in subjects who were, however, hearing-aid users. 

4.2.1 Subjects 
Twenty-five subjects participated in the experiment (the same subjects as used in the 
experiments reported in chapters 2 and 3). They had ski-slope hearing loss with an 
average corner frequency, fc , of 1255 Hz. The average hearing threshold (HTL) at low 
frequency (LF) was 11 dB HL, and at fc  the average HTL was 14 dB HL. The average 
audiogram slope was 55 dB/oct. Five subjects had previous hearing-aid experience and 20 
subjects were first-time users. For further details on the participants, see Chapter 2. 
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4.2.2 Stimuli 
The masking noise was generated of sine-complexes with random phase, an approach that 
yields infinitely steep flanks for narrow-band noise. The noise signals were one-octave 
wide, and the spectral density was 2 Hz. Spectral gaps, geometrically centred and half-
octave wide, was inserted by omitting the sines in question during synthesis. The temporal 
gaps were 50-ms long with 5-ms raised-cosine ramps. The noise types are sketched in 
Figure 4.1. 

In this manner, eight types of masking noise were tailored to each subject, four at LF 
and four at fc . The four noise types are designated as specified in Table 4.1. The probe 
signals were pure tones. 
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Figure 4.1. 1-octave masking noise without spectral gap (a), and with spectral gap (b). 
Time signal without temporal gap (c), and with 50-ms gap (d). 

Table 4.1. Noise types 

Masker Gap 
FLAT None 
SPEC Spectral 
TEMP Temporal 
TESP Temporal and spectral 
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FLAT and SPEC noises were synthesized off-line. Gross signals of 5-second duration 
and 22-kHz sampling frequency were generated before the experiment. During the 
measurements, randomly chosen sequences were selected from the gross noise signals. In 
this way, phase relations between probe signal and masking noise were randomized 
between presentations of noise with the same centre frequency. The 50-ms temporal gaps 
were inserted during playback by means of a weight function as explained in section 
4.2.3.2 below. The noise signals were equal in level to a tone of 40 dB SL, attenuated 
according to the HTL of the individuals. This entailed that the SPEC and TESP maskers 
were attenuated 3 dB less than the FLAT and TEMP maskers. 

4.2.3 Procedure 
GRM was measured in the longitudinal context explained in Chapter 1. The experiment 
started with measuring HTL and the exact corner frequency of the audiogram as explained 
in Chapter 2. Later followed 3 sessions that took place 1, 4 and 13 weeks post-fitting, 
respectively. 

4.2.3.1 Equipment 
The signals were controlled by a computer with an AP-2 signal-processing card from 
Tucker-Davis-Technologies (TDT). The signals were digitally fed via an optical cable to 
the TDT rack that included the following System-2 modules: DD1 stereo analogue 
interface, PA4 attenuators, SM3 passive mixer, HB6 headphone amplifier and PI2 parallel 
interface. The signals were presented via Sennheiser HDA200 headphones driven by the 
HB6 headphone amplifier. A response box was connected to the PI2 interface. The box 
had three push buttons and three lamps vertically aligned two-by-two in such a way that 
each lamp visually paired with a button. A computer program controlled the equipment as 
well as the individual attenuation necessary to get 40-dB SL masking in unaided state. 

4.2.3.2 Method 
At each session, thresholds were measured for the eight maskers on each ear. The 
thresholds were measured with a 1-up 2-down adaptive method (Levitt, 1971) with 
interleaved sub-trials. Only noise maskers with the same centre frequency, same temporal 
weight function and for same ear were interleaved. This way, the thresholds were 
measured pairwise interleaved in four sub-trials for each ear as follows, 
• FLAT and SPEC at LF 
• TEMP and TESP at LF 
• FLAT and SPEC at fc  
• TEMP and TESP at fc  
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The order of the four sub-trials was chosen at random. The signals were presented in 
3-alternative-forced-choice (3AFC) sequences in which the test subject should identify 
which of the three alternatives sounded differently. Each alternative was presented in 250-
ms intervals paused by 300 ms. Each interval was visually indicated by a lamp. When 
present, the probe was played during the whole interval gated with 10-ms raised-cosine 
ramps. The noise was presented continuously through the three intervals preceding with a 
1200-ms signal onset and following a 100-ms signal close. The total noise signal was 
gated with 20-ms raised-cosine ramps. While the signal onset served to prepare the 
subjects for the three intervals both mentally and regarding the loudness of the masker, the 
signal close served to prevent subjects from identifying third-interval probes during the 
final ramp of the masker. The subjects were instructed to indicate their answer 
immediately after the noise sequence stopped. The temporal gaps, when present, were 
centred in each interval, and additional gaps preceded the three intervals so as to keep 
constant the modulation throughout each presentation. This arrangement is shown in 
Figure 4.2. The peak of the sidelobes resulting from the temporal gaps was 60 dB below 
the masker; hence there were no audible spectral cues from the modulation. Thus, GRM 
from the temporal gap can confidently be considered a measure of temporal acuity. 
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Figure 4.2. Example of a 3AFC playback sequence with temporal gaps: Weight function 
and intervals (a), total noise signal (b), and probe tone (c). In the example, the probe tone 
is played in interval 2. In (a), i1, i2, i3, p1, p2, and c, refer to interval number, pause 
number and signal close, respectively. 
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The adaptation algorithm had a step size initially of 6 dB that was reduced to 2 dB 
after the second reversal. For each masker type, tracking continued through six reversals 
and the threshold was calculated as the average of the last four reversal points. First was 
measured on right ear then on left ear. The sub-trials were run continuously but between 
measurements on right and left ear was a short intermission. 

4.2.4 Reaction time 
It was expected that some subjects were better than others are at utilizing gaps, causing 
divergent GRM between subjects. However, high ability to utilize gaps (i.e. large GRM) 
might be accompanied by an increased cognitive load because of the increased complexity 
of the task of detecting a probe signal in a gap compared to no gap. If some subjects are 
better able to utilize the gaps, it might be because they are able (or willing) to make a 
better effort at solving the task. Thus, one can imagine that release from masking occurs at 
the expense of increased cognitive load. Response time (RT) is assumed to parallel the 
cognitive load of a task. To assess the cognitive load of probe detection for different types 
of maskers, RT was logged for all presentations. For RT to reflect the cognitive load of 
the task, only correct responses were considered (when incorrect, it is not to know what 
cognitive process the subject was occupied with up to the response). The RT was defined 
as the duration from finish of the noise until the subject pressed a response button. 
However, decision to respond to interval one or two could have been made before start of 
the third interval. This means that only in case of third-interval probes did RT parallel the 
cognitive load of the detection. Therefore, only responses to probe tones in the third 
interval were included in the calculation of average RT for a given masker. In this 
manner, cognitive load was quantified as average RT to correctly identified third-interval 
presentations. The subjects were instructed to answer as correct and as fast as possible 
without any knowledge of the criteria for logging RT. 

4.2.5 Analytic approach 
The results were analyzed with repeated-measures analyses of variance (ANOVA). In the 
ANOVAs, time, noise type (see Table 4.1) and frequency type (LF or fc) were within-case 
factors while between-case factors were ear (left or right) and hearing-aid experience, 
with ear nested in hearing-aid experience. Main effects exposed in this way are related to 
the relative level (dB SL) of the masker and frequency type (LF of fc). Since the actual 
frequency (in Hz) differed with fc  and the sound pressure level (dB SPL) was a function of 
HTL, effects of frequency and HTL were investigated by looking at the correlation 
between GRM and frequency and HTL, respectively. Correlation between GRM and RT 
was also calculated. 
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4.3 Results 
The average (and standard deviation) fc  was 1255 Hz (s.d. 595 Hz), and LF was always 
250 Hz except in one subject it was 125 Hz. The average noise-masker levels measured in 
a 711-coupler (IEC 711, 1981) were 60 dB SPL (s.d. 11 dB SPL) at fc  and 70 dB SPL 
(s.d. 8 dB SPL) at LF.  

4.3.1 Main effects 
Main results are given in Table 4.2. The table shows the effects of time, masker type and 
frequency type. Significant main effects were found for time, masker type, and frequency 

Table 4.2. ANOVA result overview. Factors are designated as follows: 
Ear (left or right), User (first-time or experienced), Time (1, 4 or 13 
weeks post-fitting), Masker (masker type) and Frequency (LF or fc ). 

 DF F p 
Intercept 1,40 1743.9 <0.001 
Ear(User) 2,40 0.2 0.807 
User 1,40 2.4 0.129 
Time 2,80 10.3 <0.001 
Time * Ear(User) 4,80 0.8 0.511 
Time * User 2,80 1.9 0.160 
Masker 3,120 429.7 <0.001 
Masker * Ear(User) 6,120 0.4 0.902 
Masker * User 3,120 0.9 0.426 
Frequency 1,40 110.5 <0.001 
Frequency * Ear(User) 2,40 0.1 0.866 
Frequency * User 1,40 0.2 0.622 
Time * Masker 6,240 3.3 0.004 
Time * Masker * Ear(User) 12,240 0.9 0.594 
Time * Masker * User 6,240 0.7 0.611 
Time * Frequency 2,80 1.8 0.177 
Time * Frequency * Ear(User) 4,80 2.1 0.088 
Time * Frequency * User 2,80 0.9 0.394 
Masker * Frequency 3,120 29.2 <0.001 
Masker * Frequency * Ear(User) 6,120 0.7 0.643 
Masker * Frequency * User 3,120 3.0 0.035 
Time * Masker * Frequency 6,240 0.6 0.767 
Time * Masker * Frequency * Ear(User) 12,240 0.6 0.806 
Time * Masker * Frequency * User 6,240 0.5 0.779 
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type. The effect of masker type was found to interact with time and frequency type. The 
direction of these effects can be seen in Figure 4.3. 

It can be noted that the TESP masker generally gave the lowest threshold. This should 
be expected, as it contained both gaps and therefore provided the best conditions for 
detection of the probe. While at LF, the TEMP masker produced a lower threshold than 
the SPEC masker, at fc  it was the other way around: the TEMP masker was more efficient 
than the SPEC. This result was supported in the ANOVA above by the interaction 
between masker type and frequency type. The ANOVA also showed a significant effect of 
time that interacted with masker type. Contrast analyses revealed, what is also visible in 
Figure 4.3, that effects of time were confined to the TEMP and TESP maskers on average 
(i.e. across users and frequency types). 
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Figure 4.3. Masking at the audiogram’s corner frequency (top panel) and at low-
frequency (bottom panel), as a function of post-fitting time. The left-most panels show the 
threshold for FLAT masker. Then follow SPEC, TEMP and TESP. The vertical bars 
indicate 95% confidence intervals. 
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Another way of plotting the results is shown in Figure 4.4. In the figure, time is 
disregarded, and the focus is on the 3-way interaction by masker type, frequency type and 
hearing-aid experience. The graph shows that the tendency to perceive the least masking 
by the SPEC masker compared to the TEMP masker at fc was greater in the first-time 
users than in the experienced users. 

4.3.2 Effects of response time 
An ANOVA, the same design as the one above, was carried out for RT. The average RT 
for each of the four masker types was between 423 and 444 ms, the TEMP masker 
showing the fastest responses and the SPEC masker the slowest responses. However, this 
difference was not significant (F3,42 = 0.44, 73.0=p ). Indeed, the only significant result of 
this ANOVA was an interaction between time and masker type (F6,84 = 2.47, 030.0=p ). 
However, the interaction was not ordinal (i.e. no RT difference was associated with any 
unidirectional change of the interacting factors). Nevertheless, there was a significant 
negative correlation between average RT across sessions and average masking for the 
TEMP masker at fc , as shown in Table 4.3. Note that, while confined to the masking for 
the TEMP masker at fc, correlation was found with RTs for all types of maskers. 

Earlier it was hypothesized that the ability to utilize the gaps might be accompanied 
by an expense in terms of increased cognitive load. Increased cognitive load might then 
result in a RT increase. To investigate to what extent release from masking was associated 
with an increase in response time, GRM and RT increase (∆RT) were calculated and 
analyzed as follows. GRM is the difference between the masking by the FLAT masker 
and the respective gap maskers (SPEC, TEMP or TESP). Similarly, ∆RT was calculated 
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Figure 4.4. Masking at LF and fc  as a function of masker type for the two groups of 
subjects, first-time users (a) and experienced users (b). 
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as the increase in RT for the respective gap maskers with the RT for FLAT masker as 
reference. Then, the release from masking by different types of gaps was compared to the 
accompanying increase in RT. Table 4.4 shows the correlation between GRM and ∆RT. 

It should be noted that significant correlation exists between GRM and ∆RT for the 
SPEC masker at fc ( 63.0=ρ ). Furthermore, there is significant correlation between GRM 
for the TESP masker and ∆RT for all masker types at fc ( 61.057.0 ≤≤ ρ ). There is no 
correlation between GRM and ∆RT at LF. However there is a consistent negative 
correlation between GRM for the SPEC and TESP maskers at fc and ∆RT at LF, even 
though the correlation only reaches significance in the case of the TESP masker. In other 
words, where GRM at fc is achieved at the expense of a longer RT, this behaviour is 

Table 4.3. Pearson correlation, ρ, between response time, RT, and masking for the eight 
different masking conditions. 

 Masking 

RT FLAT-LF FLAT-fc SPEC-LF SPEC-fc TEMP-LF TEMP-fc TESP-LF TESP-fc

FLAT-LF -0.20 -0.48* 0.04 -0.30 -0.03 -0.67** -0.17 -0.42  
FLAT-fc 0.42 -0.08 0.23 0.25 0.40 -0.43 0.17 0.22  

SPEC-LF 0.27 -0.26 0.04 -0.08 0.16 -0.54* -0.03 -0.10  
SPEC-fc 0.10 -0.38 0.41 -0.17 0.45 -0.67*** 0.25 -0.19  

TEMP-LF 0.27 -0.09 0.09 0.03 0.17 -0.45 0.00 -0.02  
TEMP-fc 0.09 -0.32 0.48 -0.16 0.43 -0.65** 0.26 -0.20  

TESP-LF 0.36 -0.24 0.01 0.06 0.19 -0.46 -0.05 0.06  
TESP-fc 0.11 -0.43 0.02 -0.13 0.09 -0.63** -0.06 -0.25  

* p<0.05; ** p<0.01; *** p<0.001 

Table 4.4. Pearson correlation, ρ between ∆RT and GRM for the six 
different gap conditions. 

 GRM 

∆RT SPEC-LF SPEC-fc  TEMP-LF TEMP-fc  TESP-LF TESP-fc  

SPEC-LF 0.19 -0.18 -0.10 0.08 -0.01 -0.29  
SPEC-fc  -0.35 0.63** -0.04 -0.02 -0.18 0.61 ** 
TEMP-LF 0.14 -0.30 -0.12 0.04 -0.06 -0.37  
TEMP-fc  -0.38 0.57* 0.02 -0.05 -0.16 0.59 *** 
TESP-LF 0.27 -0.37 -0.11 -0.02 0.05 -0.50 * 
TESP-fc  0.12 0.46 0.39 -0.12 0.20 0.57 * 

* p<0.05; ** p<0.01; *** p<0.001 
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associated with negative ∆RT at LF. Correlation between GRM for the TEMP masker is 
generally low and insignificant. Overall, GRM for maskers involving a spectral gap (i.e. 
SPEC and TESP maskers) is accompanied by an increase in RT. 

4.3.3 Effects of HTL 
In this study, all maskers were presented at a level corresponding to 40 dB SL for the 
individual. This means that there was a deterministic relationship between the masker 
levels and the participants’ HTLs. Consequently, effects of masker level recede into 
effects of HTL. Table 4.5 shows the correlation between GRM and HTL at fc  and LF for 
the three gap conditions. 

It is noteworthy that only GRM from gap conditions involving the spectral gap showed 
significant correlation with HTL at fc . At LF, there was significant correlation between all 
gap conditions and HTL. The direction of the correlation is shown in Figure 4.5. In 
general, higher HTL is associated with lower GRM. 
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Figure 4.5. GRM as a function of HTL at LF (a) and at the audiogram’s corner frequency 
(b). The filled symbols show linear trends for the respective masker types. 

Table 4.5. Pearson correlation, ρ , between 
HTL and GRM for the different gap conditions. 

Gap HTL-LF HTL-fc  

SPEC -0.34*** -0.49*** 
TEMP -0.24** 0.01 
TESP -0.27** -0.37*** 
* p<0.05; ** p<0.01; *** p<0.001 
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4.3.4 Effects of frequency 
Effects of frequency are not directly influenced by severity of hearing loss such as the 
effects of presentation level mentioned above. The masker frequency type was either LF 
or fc . Even though it is certainly true that lower fc  means worse hearing, there is not 
necessarily a relationship between fc  and HTL at fc  (per definition, the HTL at fc is near-
normal in ski-slope hearing losses). Table 4.6 shows the correlation between frequency 
and GRM at fc  for the three masking-conditions. Again, the strongest correlation was 
found with masking conditions that involved the spectral gap. 

The direction of the correlation is shown in Figure 4.6 along with the average GRM at LF 
(250 Hz) for comparison. It leaps to the eye that the trend function for GRM for the SPEC 
masker at fc  does not intercept a level as low as the average GRM for the SPEC masker at 
LF. Further analyses, in which masker frequency (in Hz) was included as a covariate, 
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Figure 4.6. GRM at LF (a) and as a function of audiogram’s corner frequency (b). Symbol 
use as in Figure 4.5. 

Table 4.6. Pearson correlation, 
ρ, between fc  and GRM for the 
different gap conditions. 

Gap fc  

SPEC 0.32*** 
TEMP -0.08 
TESP 0.26** 
* p<0.05; ** p<0.01; *** p<0.001 
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showed that the effect of frequency type (LF or fc) was highly significant (F2,572 = 81.77, 
p = 0.0001) even after control for frequency. In other words, the effect of frequency for 
the maskers at fc  cannot explain the GRM at LF. Contrast analyses showed that this goes 
for the SPEC and TESP maskers but not for the TEMP masker. 

4.4 Discussion 
The present experiment measured GRM in patients with steeply sloping sensorineural 
hearing loss. The method used in the study has been validated by Larsby and Arlinger 
(1999) who measured GRM in normal-hearing and hearing-impaired subjects. Compared 
to the study by Larsby and Arlinger, the present study differed in that only hearing 
impaired subjects participated. Furthermore, the subjects in the present study had normal 
or near-normal HTL at the frequencies where GRM was measured, a characteristic of the 
ski-slope hearing loss. By contrast, Larsby and Arlinger used hearing-impaired subjects 
with an average hearing loss around 35 dB HL. Thus, care should be shown when 
comparing the results from the present study with those by Larsby and Arlinger. 

GRM was largest for the maskers involving both spectral and temporal gaps. That 
was also expected because the presence of both spectral and temporal gaps in theory 
provides the best conditions for detecting the probe signal. However, the relative 
efficiency of the temporal and spectral gaps was not the same at high and low frequencies. 
While the more efficient gap at high frequencies was the spectral gap, at low frequencies 
the temporal gap was more efficient. This result is in accordance with the concept of 
auditory filters being relatively wider at low frequencies than at high frequencies (Moore, 
2003). That explains why spectral gaps half-octave wide are more efficient with 
increasing frequency.  

The average GRM for the spectral masker at fc  was between 15 dB and 23 dB across 
frequency (see Figure 4.6). At LF, the average GRM for the spectral masker was 9 dB. It 
was found that the effect of frequency (in Hz), which was highly significant (ρ = 0.32, 
p = 0.001), could not explain GRM at LF. The two frequency types were of fundamentally 
different nature. LF was 125 Hz or 250 Hz, and HTL at LF was 11 dB HL on average. 
The average level of the LF masker was 70 dB SPL. Larsby and Arlinger (1999) reported 
that for hearing impaired subjects the highest spectral gap release of masking was 
obtained for maskers at 70 dB SPL. They also reported the lowest GRM for low 
frequencies. In spite of the fact that the subjects in the present study had near-normal 
hearing at LF, there is agreement between Larsby and Arlinger (1999) and the present 
study for the spectral gap as far as the subjects are considered hearing impaired. At fc , the 
average HTL was 14 dB HL, and the average masker level was 60 dB SPL. Above fc  the 
hearing loss deteriorated 55 dB/oct on average. The average spectral gap release of 
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masking at fc  was 18 dB which is much higher than what Larsby and Arlinger reported for 
hearing-impaired subjects. They found that the spectral GRM at 60 dB SPL was around 
10 dB in hearing impaired and around 20 dB in normal-hearing subjects (see Figure 5A in 
Larsby & Arlinger, 1999). That means that the result from the present study concurs with 
their findings for normally hearing subjects. Overall, it appears that in ski-slope hearing 
loss the spectral resolution of hearing at fc  is normal, whereas at low frequencies they 
perform as hearing impaired subjects. This finding is surprising because patients with ski-
slope hearing loss per definition have normal or near-normal hearing threshold all the way 
from low frequencies up to fc . The locus of the effect is unknown. Hypotheses involving 
injury-induced reorganization of the cortical tonotopy fail to explain the divergent 
efficiency for spectral gaps in the patients in the present study, because an increase of 
neural connections in a given frequency region should not increase the efficiency of 
spectral gaps but rather increase the efficiency of maskers in that frequency region.  

The average GRM for the temporal masker was 12 dB at fc and 13 dB at LF. There 
was a significant effect of HTL at fc  but not at LF. Furthermore, there was no significant 
effect of frequency for the temporal masker. As above, the result was only partly in 
agreement with Larsby and Arlinger. They found for hearing-impaired people that 
temporal GRM was around 4 dB with no interaction with level. By contrast, they reported 
temporal GRM of between 12 dB and 18 dB with a strong effect of level for normal-
hearing subjects. Again, the result of the present study suggest that while patients with 
ski-slope hearing loss on average show temporal GRM comparable to normal-hearing 
subjects, this behaviour is accompanied by abnormal interaction with level. The normal 
amount of GRM is in accordance with the normal HTL in the present subject group, but 
there is no obvious explanation for the lacking interaction with presentation level, except 
that the participants had hearing losses (only not at the tested frequencies!). 

While the two types of gaps generally each provide better conditions for detecting the 
probe signal compared to the no-gap condition, the specific GRMs were not additive. In 
other words, the combination of a spectral and a temporal gap did not cause a total GRM 
amounting to the sum of the two specific GRMs. However, there was a synergistic 
interaction between the temporal and spectral gaps. At LF, the combination of both types 
of gaps generally gave more release from masking compared to either a temporal or a 
spectral gap. At LF, the spectral gap was the less efficient decreasing with increasing 
HTL. However, the decreasing effect of the spectral gap did not affect the additional 
release of masking when both gaps are present. At fc , the temporal GRM was unaffected 
by HTL, and spectral GRM decreased with increasing HTL. However, the total GRM 
when both gaps were present was still higher than the most effective gap (i.e. the spectral 
gap). Overall, the effect of having both gaps was an additional GRM of around 4 – 5 dB 
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compared to the most efficient gap regardless of HTL and frequency (see Figure 4.5 and 
Figure 4.6). 

The subjects in the present study improved performance over time. The experiment 
lasted three months during which the hearing-aid users were exposed to louder sounds in 
daily life compared to pre-fitting. There was no effect of time for the maskers with no gap 
or for maskers with only a spectral gap. By contrast, masking conditions involving the 
temporal gap provided increased GRM with time in particular in the first-time users. It is 
not trivial to localize the specificity of the longitudinal effects in the present study. 
Theories involving reorganization of the cortical tonotopy or ampliotopy are not suitable 
for explaining why the temporal acuity of the auditory system recuperate following 
provision of audibility. Still, the effect might be one of perceptual learning driven by an 
increased amount of exposure (established by the hearing aids) to environmental sounds 
that entail temporal processing. 

Other studies have found unexpected psychoacoustic behaviour in patients with ski-
slope hearing loss. McDermott (1998) reported from a group of subjects with ski-slope 
hearing loss that difference limens for frequency (DLF) showed a local reduction near the 
edge frequency of the hearing loss. Thai-Van et al. (2003; 2002) also found improved 
DLFs near the edge frequency and speculated in terms of cortical reorganization. 
However—and as mentioned above—it is here rather speculated that the effects in the 
present study are of higher origin than the primary auditory cortex. 

In summary, the present experiment showed that HTL could not explain the temporal 
and spectral resolution of hearing in ski-slope hearing loss. At low frequencies, patients 
with ski-slope hearing loss have normal or near-normal hearing, but they still performed 
as hearing impaired for the spectral gap, yet, as normally hearing for the temporal gap. At 
the corner frequency of the audiogram, they also have normal or near-normal hearing, and 
in that frequency region, they performed at least as good as normal-hearing subjects. 
Thus, the loss of temporal acuity in hearing-impaired subject in Larsby and Arlinger 
(1999) was not observed in the present study. Only at LF and only for maskers involving a 
spectral gap did the subjects in the present study show reduced GRM compared to the 
normally hearing subjects in the study by Larsby and Arlinger. Changes over time were 
confined to the temporal domain suggesting that the temporal acuity of the auditory 
system might be susceptible to auditory acclimatization and deprivation whereas spectral 
resolution might not be so. 

 
 



 

Chapter 5 

5 Predictors of auditory performance in 
hearing-aid users: the role of cognitive 
function and auditory lifestyle 

Abstract 
Within clinical audiology, it is often observed that the auditory performance of different 
patients, who are expected to perform the same, differs in unpredictable ways. For 
instance, it is sometimes seen that hearing-aid users are dissatisfied with their instruments 
all the while they perform satisfactorily in objective tests. It can also happen that a patient 
is happy with his or her hearing instruments while no objective benefit can be measured 
in terms of better speech identification ability aided than unaided. It has been suggested 
that cognitive function and auditory lifestyle might have a role in explaining the divergent 
findings regarding agreement between various hearing-aid outcome components. In the 
present study, objective and subjective hearing-aid outcome were measured in 25 
hearing-aid users. Cognitive skills and auditory lifestyle were measured before and after 
the experiments. The purpose of the experiments was to assess the predictive power of the 
non-auditory measures while looking at the relationships between measures from various 
auditory-performance domains. A second goal was to assess the extent to which 
improvement in auditory performance could be predicted either by the non-auditory 
measures or by performance itself in one or more of the auditory-performance domains. 
The results showed that only moderate correlation exists between objective and subjective 
hearing-aid outcome. Different subjective-outcome scales showed different amount of 
correlation with objective performance. Cognitive skills were found to play a role in 
explaining speech performance and spectral and temporal abilities. Furthermore, 
auditory lifestyle was found to explain some of the variance in subjective outcome. 
However, overall the predictive leverage by the various measures was moderate, with 
single predictors explaining only up to 19% of the variance in the auditory-performance 
measures. 
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5.1 Introduction 
Auditory performance in hearing-aid users can be measured in many different ways. 
Among the psychoacoustic domains could be mentioned frequency selectivity, temporal 
processing, loudness perception, binaural abilities, temporal and spectral masking as well 
as others as defined and investigated in the literature (e.g. Moore, 2003). In the hearing-
aid domain, the most obvious performance measures are objective and subjective hearing-
aid benefit. Objective and subjective hearing-aid benefit are dealt with in Chapter 2 and 
Chapter 3 of the present thesis that also introduces a psychoacoustic auditory-performance 
measure, namely gap release of masking (GRM) in Chapter 4. While the background for 
considering the different measures of auditory performance in the various domains can be 
found in the respective chapters, the present chapter concentrates on introducing 
additional measures that are relevant for modelling and predicting auditory performance 
in hearing-aid users. The overall purpose of the present chapter is to assess the 
relationships between measures from different auditory-performance domains and to 
demonstrate the leverage of non-auditory predictors of auditory performance with regard 
to the results reported in chapters 2 – 4. 

It has been suggested that cognitive function might have a role in explaining auditory 
performance by hearing-aid users (Gatehouse, 2003; Lunner, 2003a). The idea is that 
patients with high cognitive skills might be better at utilizing some specific types of 
hearing-aid processing than patients with low cognitive skills. Similarly, patients with low 
cognitive skills might be better conditioned for other types of hearing-aid processing than 
those with high cognitive skills. Lunner (2003a) reported from a study, where the 
cognitive ability of the participants was measured in terms of working memory (Baddeley, 
1986). Furthermore, his experiments involved assessment of speech identification ability 
for two types of hearing-aid processing by means of a Hagerman sentence test (Hagerman 
& Kinnefors, 1995) comparable the one used in Chapter 2, and subjective benefit with a 
visual-analogue self-reporting scale like one of the scales used in Chapter 3 (see Appendix 
B.3). Lunner found high correlation between speech-test performance and cognitive skills. 
He also reported that subjects with high cognitive skills were better than subjects with low 
cognitive skills at subjectively identifying the difference in processing between the two 
experimental hearing-aid settings. Gatehouse (2003) reported on the role of cognitive 
function from a larger-scale study (Gatehouse et al., 2000) on candidature for non-linear 
processing in hearing aids. He found that while audibility was a main predictor of 
disability and benefit, cognitive ability exerted predictive power on speech intelligibility 
in temporally fluctuating noise. He concluded that hearing-aid users with high cognitive 
skills were better at deriving benefit from non-linear processing with short time constants 
in terms of listening in the gaps of the fluctuating noise. 
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Inspired by the above results and because it is often difficult to explain why hearing-
aid users, who are otherwise expected to perform the same, differ in auditory 
performance, the results from chapters 2 – 4 were tested for correlation with the cognitive 
skills of the participants. Furthermore, since the experiments involved assessment of 
auditory performance in a longitudinal context, it was considered relevant to investigate to 
what extent—if any—cognitive skill had predictive leverage on improvement in auditory 
performance over time.  

In the present study, objective and subjective outcome were considered indicators of 
auditory performance with regard to auditory acclimatization. As such, the relationships 
between subjective and objective outcomes are investigated. However, different listeners 
have different priorities regarding their auditory environment. Patients with a high 
demand for auditory function in their profession may to a larger extent than for example 
retired people be prepared to accept the listening discomfort that might accompany 
hearing aids adjusted to provide maximum audibility. Gatehouse (1999a) designated the 
complex of listener-related and environmental aspects of hearing ‘auditory ecology’. 
Following, the demand to hearing aids may vary with the different auditory ecology of 
individual patients. To investigate to what extent auditory ecology can explain auditory 
performance in the present experiments, a questionnaire, which was intended to quantify 
the auditory lifestyle of individual patients, was administered before the experiments 
started. Additionally, cognitive skills were measured before the experiments and both 
measures, auditory lifestyle and cognitive skills, were repeated at the end of experiments. 
This chapter reports on the test-retest reliability of these measures as well as their ability 
as predictors of auditory performance and of improvement in auditory performance for the 
patients used in the experiments from chapters 2 – 4. 

5.2 Study design 
The overall study design is outlined in Chapter 1, and details on the patient group are 
given in Table 2.1 in Chapter 2. The following sections only provide brief summaries of 
the experiment designs from chapters 2 – 4. Measures of cognitive function and auditory 
lifestyle are introduced below. 

5.2.1 Cognitive function 
Cognitive function was measured with two dual-task tests. In both cognitive tests, the 
subjects observed a stream of items presented on a computer screen, and while observing 
the items, the subjects should perform a semantic task and a memory task. The two tests, 
which are explained in detail below, were administered at the first session before hearing-
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aid fitting and repeated 3 months later at the end of the experiments in order to assess test-
retest reliability. 

5.2.1.1 Vigilance performance 
Vigilance performance (VP) was measured with a letter-monitoring test—a variant of the 
visual digit-monitoring test (Knutson et al., 1991), which has been shown to exert 
predictive leverage on cochlear implant outcome (Gantz, Woodworth, Knutson, Abbas & 
Tyler, 1993). This type of test assesses the ability to rapidly detect and respond to features 
embedded in sequentially arrayed items. In the letter-monitoring test, a stream of single 
letters was presented sequentially on a screen. The letters were arranged alternately 
vowels (V) and consonants (C), and the subjects’ task was to identify CVC sequences that 
formed a word in the Danish language. The subjects were instructed to press a button 
when they identified a word before the next vowel appeared on the screen. Thus, the 
semantic task was to find the words, and the memory task was to constantly keep track of 
previous letters as necessary to decide whether a CVC sequence formed a Danish word or 
not. The letters were presented in two runs with inter-stimulus intervals of 1 and 2 
seconds, respectively. Two different lists, each with 140 letters and 20 words, were used 
in the two runs. VP was characterized by the measure, d-prime, calculated for the 
composite response array for the two runs. D-prime is a measure of the average intensity 
difference perceived by an observer between sequences including a stimulus and 
sequences not including a stimulus. The d-prime takes into account the proportions of 
correct-negative and false-positive responses, and it is therefore expected to be relatively 
robust and insensitive to subject bias. For details on d-prime, consult literature on signal 
detection theory (e.g. Green & Swets, 1966). 

5.2.1.2 Reading span 
The reading-span (RS) test is a word-monitoring test that measures working memory 
capacity (Baddeley, Logie, Nimmo-Smith & Brereton, 1985; Daneman & Carpenter, 
1980). In this test, single words were presented sequentially on a screen in three-word 
sentences. While the subjects were reading aloud, the semantic task was to decide whether 
the sentences made sense or not and to answer verbally by saying ‘Yes’ or ‘No’ (in 
Danish). For example, the sentence ‘The train sang a song’ makes no sense whereas the 
sentence ‘The girl brushed her teeth’ does. A trial consisted of between 3 and 6 sentences. 
After each trial, the subjects were asked to repeat either the first or the last words from the 
sentences presented in the trial. An experimenter recorded the answers manually. Hence, 
the two tasks were to decide on sense or not and to remember the first and last words of 
each sentence. In four runs, each of three trials involved 3, 4, 5 and 6 sentences, 
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respectively. Before each run, the subjects were told how many sentences the trials 
involved. This way, the test involved 54 sentences in total [ ]( )65433 +++× , and the test 
score was the number of words correctly recalled (0 – 54).  

5.2.2 Auditory lifestyle 
Auditory Lifestyle and Demand (ALD) was measured with a questionnaire devised by 
Gatehouse (1999a). The questionnaire is intended to measure the richness of individual 
auditory lifestyle and environments, in which different people are required to function. 
The questionnaire consisted of 25 listening situations, and to each situation the subject 
was asked to indicate how often the situation occurred and how important it was to the 
subject. The answers were quantified by values from 0 – 100 arbitrary units, and the score 
for a particular listening situation was the frequency score weighted by the importance 
score. The total ALD score was the average weighted frequency scores across all 25 
listening situations. In this manner, larger values represent a richer auditory lifestyle. The 
25 listening situations and the categorical response options are given in Appendix A.5 
(Danish) and B.5 (English). It should be mentioned that while the version in Appendix 
B.5 is the questionnaire originally devised by Gatehouse, he left out item 9 in his later 
studies (Gatehouse, 1999a; Gatehouse et al., 2000). Gatehouse found high correlation 
between ALD scores and the variability of sound levels encountered during the day by 
listeners wearing a dosimeter (i.e. a sound-level logging device). 

In the present study, the subjects filled in the ALD questionnaire at the first session 
before hearing-aid fitting and again 3 months later at the end of the experiments. 
However, unlike cognitive skills above, there could be reasons why the ALD score might 
change over time. If the patients perceived an increase in subjective auditory competence 
following the provision of hearing aids, some listening situations might in turn have 
become more important and others less important post-fitting. If this was the case, the 
item scores would change over time, and the average ALD score might therefore not be 
the same post-fitting as pre-fitting.  

5.2.3 Objective-benefit domain 
Speech identification ability was measured with a Hagerman speech test (Brand & 
Kollmeier, 2002; Wagener et al., 2003), and auditory performance was characterized in 
terms of the speech reception threshold, SRT50  and the slope of the psychometric function 
at the steepest point, s50 . Data were gathered for each ear aided and unaided, 1, 4 and 13 
weeks post-fitting. The results from the objective-benefit domain were given in Chapter 2. 
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5.2.4 Subjective-benefit domain 
Self-report benefit was measured with four widely used protocols, namely the Glasgow 
Hearing Aid Benefit Profile (GHABP) (Gatehouse, 1999b), the International Outcome 
Inventory for Hearing Aids (IOI-HA) (Cox et al., 2000), the Hearing Aid Performance 
Questionnaire (HAPQ) and Satisfaction with Amplification in Daily Life (SADL) (Cox & 
Alexander, 1999). Items and response scales are given in appendices A.1 – A.4 (Danish) 
and B.1 – B.4 (English). Reliability tests revealed nine valid subscales as reasonable 
indicators for auditory performance. Data were gathered 1, 4 and 13 weeks post-fitting. 
The results from the subjective-benefit domain were given in Chapter 3 

5.2.5 Psychoacoustic domain 
Temporal and spectral resolution was measured in terms of gap release of masking 
(GRM) (Larsby & Arlinger, 1999). The temporal acuity and frequency selectivity of the 
auditory system was quantified by the release of masking from temporal and spectral 
gaps, respectively. The spectral gaps were 1/2 octave wide, and the temporal gaps were 50 
ms long. GRM for the combined condition, temporal and spectral gap, was also measured. 
The following short notation was introduced in Table 4.1 to characterize the different 
masker and gap conditions, 
• FLAT No gap 
• SPEC  Spectral gap 
• TEMP  Temporal gap 
• TESP  Temporal and spectral gaps 

Masking was measured at the corner frequency, fc , of the individual audiogram and at 
a low-frequency (LF) point that was usually 250 Hz. The maskers were played at a level 
corresponding to 40 dB SL. Data were gathered for unaided listening for each individual 
ear, 1, 4 and 13 weeks post-fitting. The results from the psychoacoustic domain were 
given in Chapter 4. 

5.3 Analytic approach 
The relationships between measures and prediction trends for various predictors were 
assessed by running a number of correlation matrices as explained below. The statistical 
significance for the correlation coefficients was calculated according to the Chi-square 
distribution. However, when many tests are run as in the following, the assessment of the 
statistical significance needs to be done with due respect for the general nature of 
statistical significance. By definition, correlation significant at an alpha level of p = 0.05 
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level will occur by chance once in every 20 coefficients. Since several hundred correlation 
coefficients were calculated in these analyses, many coefficients will appear statistically 
significant even if they do not represent a true effect. Unfortunately, there is no easy way 
around this problem. Therefore, non-planned correlations will not be discussed in detail 
unless they appear with a certain consistency or at a level of significance higher than 
p < 0.01. While it is recognized that this approach might lead to the disregarding of 
effects that are in fact relevant, it would appear careless to accept every correlation 
coefficient significant at an alpha level of p = 0.05. 

Correlations between measures in the auditory-performance domains were calculated 
for all possible combinations of measures. However, for the sake of clarity and to avoid 
huge correlation matrices, the analyses were performed pairwise for the different 
performance domains as explained in the sections below. In the non-auditory domains, 
predictive power was assessed by looking at Pearson correlation between the auditory-
performance measures and cognitive skill and auditory lifestyle, respectively. However, 
other non-auditory measures might have been included in the analysis. They include daily 
hearing-aid use, previous hearing-aid experience, gender and age. The effect of daily 
hearing-aid use on subjective outcome was investigated in Chapter 3. It is important to 
remember that any correlation between measures does not explain causality. That is, 
correlation between daily hearing-aid use and other outcome measures does not directly 
imply that the given outcome is achieved because of a certain pattern of hearing-aid use; it 
might as well be that hearing-aid use is conditioned by a certain level of hearing-aid 
outcome. As such, daily hearing-aid use is considered an outcome rather than a predictor 
in the present analyses. The effect of previous hearing-aid experience was already 
included in the ANOVAs in chapters 2 – 4, and therefore it will not be part of the present 
analyses. The possible effect of gender might have been included were it not for the fact 
that the subject group was rather imbalanced with regard to gender. Since only three of the 
participating 25 subjects were female, it was not considered reasonable to test for gender 
effect, and therefore gender was not included as predictor. Thus, between-domain 
relationships and prediction trends for non-auditory predictors were analyzed as follows. 

5.3.1 Objective versus subjective benefit 
Pearson correlation between objective and subjective hearing-aid benefit was calculated. 
Additionally, correlation between improvement in auditory performance measures as well 
as absolute performance was calculated. These analyses were intended to reveal to what 
extent there is agreement between subjective and objective hearing-aid benefit, and to 
what extent improvement in one domain was associated with high or low absolute 
performance in the other domain. 
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5.3.2 Objective benefit versus gap release of masking 
Pearson correlation between objective hearing-aid benefit and temporal and spectral 
resolution of hearing was calculated. Additionally, correlation between improvement in 
auditory-performance measures as well as absolute performance was calculated. These 
analyses were intended to reveal to what extent objective hearing-aid benefit can be 
predicted by the temporal or spectral resolution of hearing, and to what extent 
improvement in one domain was associated with high or low absolute performance in the 
other domain. 

5.3.3 Non-auditory predictors of performance 
Test-retest reliability for the ALD scores and for the cognitive measures, RS and VP, were 
assessed in two ways. First, Pearson correlations between measures from the two samples 
were calculated. Second, linear orthogonal regression (Press, Teukolsky, Vetterling & 
Flannery, 1992) was used to assess the test-retest trends. Compared to conventional linear 
regression, in which one of the sample sets is assumed independent, orthogonal regression 
minimizes errors in both sample sets orthogonally to the regression line. Furthermore, 
correlations between cognitive skills, auditory lifestyle and age were calculated. This 
analysis evaluates the sphericity of the prediction model in terms of the predictors being 
independent. To investigate up front whether prediction trends for the non-auditory 
predictors were indirect effects of severity of hearing loss, two measures introduced in 
Chapter 2 were included in the sphericity test. The measures were residual hearing as 
characterized by SIIunaided  and audibility need SII50 . SII50  characterizes the audibility 
needed for obtaining 50% speech intelligibility. Hence, smaller values for SIIunaided  
indicated more severe hearing loss, whereas smaller values for SII50  indicated more 
efficient utilization of audibility. 

The predictive leverage of the non-auditory measures was assessed by calculating 
Pearson correlations between the predictors and objective and subjective outcome as well 
as temporal and spectral resolution of hearing. Similarly, correlations between predictors 
and the improvement in auditory performance in the three domains were calculated. These 
analyses were intended to assess the extent to which the non-auditory measures could 
predict the level of auditory performance and the improvement in auditory performance in 
the three domains. 
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5.4 Results 

5.4.1 Objective benefit versus subjective benefit 
As mentioned in Chapter 3, the subjective-outcome subscales were calculated so as to 
obtain scale directions where a higher score implies better performance. This involved that 
disability and handicap scales were reversed. Table 5.1 shows the Pearson correlation 
between the speech performance measures, SRT and slope, and the nine subjective-benefit 
subscales (see Table 3.10 on page 4 for the abbreviated notation) for amalgamated data. 
Also included in the table is GHABP Disability. Correlation between GHABP Disability 
and speech reception threshold was found. The correlation has the direction that those 
with lower self-reported disability showed the better speech reception both aided and 
unaided. Further correlation was found between SADL and speech performance. This 
correlation has the direction that those with higher SADL scores showed lower speech 
reception threshold and steeper slope for the psychometric function both aided and 
unaided. 

There was no correlation between improvement over time in speech scores and 
improvement over time in subjective benefit scores, apart from a small correlation 
between improvement in IOI-HA Introspection and improvement in s50  for unaided 
listening (ρ = 0.29, p = 0.042). However, further analyses showed that improvement in 
aided SRT correlated significantly with the average amount of hearing-aid use in the 

Table 5.1. Pearson correlation, ρ , between speech performance 
measures and subjective benefit; amalgamated data. 

 Unaided Aided  
 SRT50 s50   SRT50  s50   SII50  
GHABP-D -0.27*** 0.12 -0.22** 0.14 0.16
GHABP-B 0.13 -0.05 0.12 -0.01 -0.07 
GHABP-R -0.14 0.18* -0.17* 0.23** -0.02
GHABP-S -0.10 0.20* -0.09 0.20* -0.03 
IOI- IS 0.10 -0.05 0.07 -0.07 0.10 
IOI- IA -0.09 0.05 -0.17* 0.19* 0.09 
HAPQ-av. 0.04 0.00 -0.06 0.07 0.12 
SADL-PE 0.21** -0.12 0.18* -0.12 0.03 
SADL-PI -0.36*** 0.28*** -0.22*** 0.18* 0.45*** 
HA-use  0.03 -0.04 0.02 -0.06 0.11 
* p<0.05; ** p<0.01; *** p<0.001 
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listening situations for GHABP (ρ = 0.30, p = 0.036), in particular initially between 
session 1 and session 2 (ρ = 0.36, p = 0.012). At session 2, significant correlation with 
improvement in aided SRT was also found for IOI-HA global score (ρ = 0.29, p < 0.001) 
and Introspection (ρ = 0.29, p = 0.048). 

5.4.2 Objective benefit versus temporal and spectral resolution 
Temporal and spectral resolution of hearing was measured in terms of gap release of 
masking (GRM). Table 5.2 shows the Pearson correlation between speech performance 
and GRM. Significant correlations were found between SRT50  and GRM at low frequency 
and at the corner frequency of the audiogram and between s50  and GRM at the corner 
frequency. These effects had the direction that those with good speech perception also 
show the higher GRM. 

There was no pronounced correlation between improvement in speech performance 
and improvement in GRM over time. However, improvement in unaided s50  correlated 
with the average GRM for the SPEC condition at fc  (ρ = -0.39, p = 0.005). This means 
that the improvement in unaided performance was associated with low release of masking 
for the spectral gap at fc. This result could be interpreted so that those with poor spectral 
resolution of hearing do not achieve the better speech performance right away. 

5.4.3 Non-auditory predictors and auditory lifestyle 

5.4.3.1 Test-retest reliability 
The test-retest results for the cognitive measures are shown in Figure 5.1. The regression 
line and confidence interval for the regression line were estimated on the basis of 

Table 5.2. Pearson correlation, ρ , between speech performance 
(SRT and slope) and GRM. 

  Unaided Aided  
Frq Gap SRT50  s50   SRT50  s50   SII50  
LF SPEC -0.25 ** 0.09  -0.29 *** 0.03  -0.10  
 TEMP -0.31 *** 0.13  -0.28 *** 0.10  0.02  
 TESP -0.42 *** 0.15  -0.41 *** 0.16 * 0.03  
fc  SPEC -0.33 *** 0.27 *** -0.32 *** 0.17 * 0.26 ** 
 TEMP 0.01  -0.10  0.05  0.08  0.17 * 
 TESP  -0.29 *** 0.22 ** -0.23 ** 0.16  0.27 *** 
* p<0.05; ** p<0.01; *** p<0.001 
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orthogonal regression as explained in section 5.3.3. The test-retest correlation was very 
high for both measures, RS (ρ = 0.80, p < 0.001) and VP (ρ = 0.71, p < 0.001). However 
for RS, the subjects showed a non-negligible improvement in RS score at the second test, 
in particular for those who initially scored low. For VP no improvement was observed 
with repeated testing. 

The average (and standard deviation) score for RS was 22.5 (s.d. 5.0) and for VP 1.80 
(s.d 0.70). The test-retest result for ALD is shown in Figure 5.2. The test-retest correlation 
was ρ = 0.61 (p < 0.001) and there was no systematic change in scores between the two 
samples. The average ALD score was 49.5 (s.d. 13.4). 

In the following, average scores of cognitive measures and ALD for the two samples 
will be used as predictors of auditory performance. 
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Figure 5.1. Test-retest for the cognitive measures, Reading Span (RS) and Vigilance 
Performance (VP). 
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Figure 5.2. Test-retest for Auditory Lifestyle and Demand (ALD). 
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5.4.3.2 Prediction of speech performance 
Table 5.3 shows the Pearson correlation between the non-auditory predictors and ALD for 
the average scores. Also included in the table are SII50  and SIIunaided . Significant 
correlation was found between RS and VP, between RS and ALD and between RS and 
SII50 . The correlations have the direction that higher RS was associated with higher VP 
but lower ALD. Furthermore, those who scored high on RS showed a lower SII50 . The 
general application of these results is discussed in section 5.5.2. None of the non-auditory 
predictors correlated with SIIunaided . This means that prediction trends for the non-auditory 
measures reported in the following sections cannot be interpreted as indirect effects of 
hearing loss. However, more SIIunaided  was associated with larger SII50 . No correlation was 
found between age and any of the other measures. 

Table 5.4 shows the correlation between the speech performance measures (SRT and 
slope) and the non-auditory predictors and ALD. Significant correlations were observed 
between RS and aided speech performance and between VP and both aided and unaided 
speech performance. These effects had the direction that those with higher cognitive skills 
achieved the better speech performance; see Figure 5.3. Furthermore, correlation between 
age and speech performance was found such that older subjects performed worse than did 
younger subjects. Note that this effect cannot be attributed to indirect effects of cognitive 
function or severity of hearing loss, because no correlation was found between age and 
other predictors in Table 5.3. ALD showed no correlation with speech performance. 

Regarding improvement in speech performance, correlation between age and increase 
of the slope of the psychometric function for unaided listening was found (ρ = 0.37, 
p = 0.008). This effect was found to arise from a decreasing correlation over time between 
age and slope. At session 1, there were significant correlations between age and slope and 
between age and SRT, but the correlations went away over time. This result suggests that 

Table 5.3. Pearson correlation, ρ , between cognitive 
function (RS and VP), auditory lifestyle (ALD), age, 
audibility need (SII50) and residual hearing (SIIunaided). 

 VP  ALD  Age  SII50  SIIunaided

RS 0.40** -0.43 ** 0.16  -0.41*** -0.02
VP  -0.21  0.01  -0.02 0.19  
ALD   -0.07  0.09 0.01  
Age    -0.09 -0.24  
SII50      0.60 ***
* p<0.05; ** p<0.01; *** p<0.001 
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older subjects were initially disadvantaged in terms poorer speech performance, but this 
disadvantage went away over time. 

A similar pattern of effects was found for cognitive skills. For RS, the correlation 
with SRT for aided listening increased over time. The correlation had the direction that 
those with high RS scores ultimately showed better speech performance but this 
correlation was not present initially. For VP it was more the other way around. The 
correlation between aided speech performance and VP got slightly weaker over time, and 
the better performance associated with high VP scores was achieved initially. Table 5.5 
summarizes the results on improvement in speech performance over time. 
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Figure 5.3. SRT as a function of vigilance performance (a) and reading span score (b) for 
aided and unaided listening. 

Table 5.4. Pearson correlation, ρ , between 
speech performance measures (SRT and slope) 
and non-auditory predictors. 

 Unaided Aided 
 SRT50  s50   SRT50  s50  
RS -0.19* 0.16 -0.26*** 0.22**
VP -0.27*** 0.18* -0.38*** 0.26**
Age 0.19*** -0.24** 0.23** -0.11 
ALD -0.03 -0.07 0.05 -0.02 
* p<0.05; ** p<0.01; *** p<0.001 
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5.4.3.3 Prediction of self-reported benefit 
Table 5.6 shows the correlation between the nine subjective-outcome subscales and the 
non-auditory predictors and ALD. Additionally shown in the table is GHABP Disability. 
RS was found to correlate with the GHABP outcome subscales and IOI-HA Interaction. 
Similarly, VP was found to correlate with several subscales. The general direction of these 
results was that those with higher cognitive skills derived the higher subjective outcome. 
However, negative correlation was found between RS and HA-use. While this result 
implies that those with high RS score use their hearing aids less than those with poor RS 
scores, it should be noticed that the correlation is neither very high nor strong (ρ2 = 0.04, 
p > 0.01). Furthermore, correlation was found between age and GHABP Disability 
(remember that the disability scales were reversed). This means that older age was 
associated with less self-reported disability. Several subscale-measures correlated with 
ALD in such a way that a higher ALD score generally was associated with lower 
subjective benefit. The latter result may reflect some aspects of individual expectations 
and needs that will be discussed further in section 5.5.2. 

Regarding improvement in self-report outcome, the strongest correlation was found 
between age and improvement in IOI-HA Introspection (ρ = 0.42, p = 0.002). This result, 
which means that the older subjects reported larger improvement than did the younger 
subjects, is in agreement with the correlation between age and improvement in s50  for 
unaided listening (in section 5.4.3.2) and the correlation between improvement in IOI-HA 
Introspection and improvement in s50  for unaided listening (in section 5.4.1). 

Table 5.5. Pearson correlation, ρ , between speech performance 
measures (SRT and slope) and non-auditory predictors. 

Session Measure Condition RS VP Age ALD  
1 SRT50  Unaided -0.15 -0.27 0.21 -0.02
  Aided -0.18 -0.39** 0.29* 0.09 
 s50  Unaided 0.13 0.21 -0.37** -0.04 
  Aided 0.30* 0.34* 0.01 -0.09 
2 SRT50  Unaided -0.25 -0.28 0.17 -0.01
  Aided -0.30* -0.43** 0.26 0.05 
 s50  Unaided 0.23 0.19 -0.20 -0.23 
  Aided 0.27 0.32* -0.26 -0.08 
3 SRT50  Unaided -0.22 -0.29* 0.21 -0.05
  Aided -0.36* -0.36* 0.16 0.02 
 s50  Unaided 0.16 0.13 -0.13 0.07 
  Aided 0.11 0.16 -0.06 0.08 

* p<0.05; ** p<0.01; *** p<0.001 
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5.4.3.4 Prediction of the gap release from masking 
Table 5.7 shows the correlations between the masking from the eight different masking 
conditions in the GRM experiment and the non-auditory predictors and ALD. VP was 
found to correlate with all maskers at LF and all except the TEMP masker at fc. The 
correlation had the direction that those with high VP scores showed lower masking than 
those with low VP scores. The trends are shown in Figure 5.4. No effect was found for RS 
or for any other predictors.  

Table 5.8 shows the correlation between the response time (RT) from the eight 
different masking conditions in the GRM experiment and the non-auditory predictors and 

Table 5.6. Pearson correlation, ρ, between subjective 
outcome and non-auditory predictors. 

 RS VP Age ALD  
GHABP-D 0.10 -0.05 0.34*** -0.01
GHABP-B 0.38*** 0.02 0.06 -0.26** 
GHABP-R 0.42*** 0.31*** 0.10 -0.35***
GHABP-S 0.40*** 0.19* 0.06 -0.38***
IOI- IS -0.04 -0.01 -0.03 -0.08
IOI- IA 0.22** 0.25** 0.21** -0.23** 
HAPQ-av. 0.13 0.19*** -0.05 -0.33***
SADL-PE -0.01 0.00 0.07 -0.24** 
SADL-PI -0.01 0.11 0.16 -0.21** 
HA-use  -0.19* -0.02 -0.10 -0.06 
* p<0.05; ** p<0.01; *** p<0.001 

Table 5.7. Pearson correlation, ρ, between masking and 
non-auditory predictors. 

Frq Masking RS VP Age ALD  
LF FLAT 0.05 -0.26** -0.08 0.01
 SPEC -0.14 -0.32*** -0.14 -0.02 
 TEMP -0.12 -0.30*** -0.07 0.06 
 TESP -0.16 -0.30*** 0.02 0.03 
fc  FLAT -0.10 -0.23** -0.01 -0.05 
 SPEC 0.00 -0.32*** 0.16* 0.06 
 TEMP 0.14 -0.12 -0.13 -0.15 
 TESP  0.06 -0.29*** 0.06 -0.05 
* p<0.05; ** p<0.01; *** p<0.001 
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ALD. VP was found to correlate with RT for the FLAT and SPEC maskers at LF and at fc . 
For RS, correlation was found with RT for the FLAT masker at LF and for the SPEC 
masker at fc . The correlations had the direction that those with higher cognitive skills 
showed the faster RT. 

Regarding changes over time, the correlation between VP and masking was found to 
decrease from session 1 to sessions 2 and 3. This suggests that the advantage for those 
who score high in the VP test, decreases over time. No such result was found for RT 
suggesting that the advantage in terms of faster RT for those who score high in the 
cognitive tests does not change over time. 

Table 5.8. Pearson correlation, ρ , between RT and non-
auditory predictors. 

Frq RT RS VP Age ALD
LF FLAT -0.23** -0.21** 0.12 -0.08
 SPEC -0.10 -0.18* 0.16 -0.09 
 TEMP -0.08 -0.08 0.05 -0.13
 TESP -0.14 -0.13 0.03 -0.17* 
fc  FLAT -0.04 -0.25** 0.11 -0.05 
 SPEC -0.34*** -0.23** 0.00 -0.02 
 TEMP -0.10 -0.18* -0.06 -0.25**
 TESP  -0.07 -0.07 -0.04 -0.23* 
* p<0.05; ** p<0.01; *** p<0.001 
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Figure 5.4. GRM as a function of vigilance performance at low frequency (a) and at fc  (b) 
for the three different gap conditions. 
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5.5 Discussion 
The present analyses showed a vast number of correlations between different auditory-
performance measures and between non-auditory predictors and auditory measures. 
However, none of these correlations were so strong that the variance in one measure was 
primarily predictable by another measure. The largest amount of common variance in the 
study was 19% found between VP and aided SRT. The general application of this result is 
that although some outcome results can be predicted by non-auditory measures or by 
measures from other outcome schemes, there is still a large amount of variance 
unaccounted for. The following sections discuss the observations from the analyses, first 
by looking at the relationships between measures from the different auditory domains, and 
second by evaluating the prediction trends of the various predictors. 

5.5.1 Relationships between auditory-performance measures 
The correlation between objective and subjective hearing-aid outcome was not very 
prominent. SADL showed the largest correlation with speech performance in the subscale 
Personal Image. A likely interpretation of this result is that auditory competence in terms 
of better speech intelligibility means less stigma in hearing-aid users. Furthermore, 
correlation was found between speech performance and self-reported disability, such that 
large self-reported disability was accompanied by poor speech performance. However, 
after control for audibility the only residual effect was that of Personal Image. This 
suggests that, while audibility is a main determinant for speech performance, after control 
for audibility, individual differences in speech performance are reflected in the subjective 
self-reported image/stigma domain. That is, those who are good at utilizing audibility feel 
more confident and less stigmatized. In the same category of subjective-outcome domains, 
it was found that high introspection scores (IOI-HA) were associated with improvement in 
aided speech performance over time. The interpretation of this result is that those who 
generally state satisfaction and benefit in the IOI-HA scale are the ones who also improve 
performance objectively. However, since these results were not consistent across many 
subjective-benefit subscales, it is not clear whether they reflect properties of the individual 
subscales or if they might be spurious correlations. Nonetheless, the general picture is that 
a given level of performance in the one domain not necessarily accompanies a certain 
level of performance in another domain. 

There were high correlations between speech performance measures and temporal 
and spectral resolution of hearing at low frequencies as well as at the corner frequency of 
the audiogram. After controlling for audibility however, the effect disappeared at low 
frequencies but remained at the audiogram corner frequency. Generally those with high 
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resolution of hearing also performed superiorly in the speech test. At low frequencies this 
behaviour is accounted for by audibility. By contrast, it appears that those who are good at 
efficiently utilizing audibility are those with high resolution of hearing at the audiogram 
corner frequency. 

5.5.2 Predictors of auditory performance 
There was some correlation between the different predictors in the present study. There 
was a significant but moderate correlation between reading span scores and vigilance 
performance. The amount of common variance was 16%. This result suggests that though 
related the two cognitive tests measure different cognitive attributes. One of the 
differences between the two tests is the memory load. In the vigilance test, the load on 
memory function is continuous only interrupted by the semantic task every second letter. 
After the semantic task is solved the test subject can clear the memory and proceed. By 
contrast, in the reading span test there is a continuous load on semantic function while 
load on memory function is second. Memory and semantic processing are different brain 
functions, so without going into details on cognitive neuroscience, it appears reasonable 
that the predictive abilities of the two measures, RS and VP, may differ. For more 
background on the rationale behind the two cognitive tests and cognitive function, see 
Baddeley et al. (1985), Daneman and Carpenter (1980) and Knutson et al. (1991) or 
special literature on cognitive neuroscience such as found in Kandel et al. (2000). 

Negative correlation was found between auditory lifestyle and reading span scores. 
The result means that those who score poorer in the reading span test express a richer 
auditory lifestyle. Poor reading-span score was associated with poor speech perception. 
Thus, subjects who score low in the cognitive test perhaps feel a need to express a strong 
need for auditory function when the evaluation takes place in context with hearing-aid 
intervention. If this were the case, the effect is truly an indirect effect of poor speech 
perception. Nevertheless, the result is unexpected because Lunner (2003b) found positive 
correlation between RS and ALD indicating richer auditory lifestyle with higher cognitive 
function. While he used experienced hearing-aid users in his studies, it should be noted 
that the present experiments primarily involved first-time users. 

No correlation was found between any of the non-auditory predictors and age. 
Traditionally, cognitive function is expected to decrease with aging (after a certain age 
until which cognitive abilities are steady). When no such relationship was found in the 
present experiments, it may have something to do with a few of the younger subjects 
showing unexpectedly low scores in the cognitive tests along with a fairly small range of 
age in the remaining subjects. 
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The test-retest correlation between the repeated measures of the non-auditory 
predictors was pretty good. However, reading span scores were found to be susceptible to 
learning effects in that poorly scoring subjects improved their second score significantly. 
It is highly unlikely that this improvement over time originates in subjects learning the 
words from the first test and remembering them three months later at the second test. 
Whether the subjects acquire a more efficient coping strategy with the demand of the test 
or whether they actually improve working memory capacity cannot be concluded from 
these experiments. Vigilance score and auditory lifestyle did not change over time 
suggesting that the vigilance test and the ALD protocols provide stable measures for 
cognitive function and auditory lifestyle, respectively. 

The amount of variance accounted for by independent factors is additive. That means 
that the prediction by one non-auditory predictor can be appended to that of another 
predictor as long as the predictors are not correlated. This general principle of sphericity 
for linear prediction models should be borne in mind when contemplating the potential 
additivity of the various prediction trends below. 

5.5.2.1 Objective benefit 
High correlation was found between cognitive function and speech performance. Both 
vigilance performance and reading span score as well as age showed predictive leverage 
on speech reception thresholds. While the predictions by age and vigilance performance 
were accounted for by audibility, the correlation with reading span score remained after 
control for audibility (as seen in Table 5.3). However there was no correlation between 
age and cognitive function or between vigilance performance and audibility need. Where 
the effect of age might have been an indirect effect of severity of hearing loss, there is no 
obvious reason why the effect of vigilance performance goes away after control for 
audibility. Nonetheless, it would appear reasonable to contend that apart from audibility 
speech perception ability has auxiliary components of cognitive skills and age. While the 
disadvantage by age was found to go away over time, the correlation between reading 
span and speech performance got stronger over time. The correlation between vigilance 
performance and speech performance got weaker over time. It would appear that a high 
reading span score predicts good ultimate speech performance whereas a high vigilance 
score predicts good initial speech performance. This would be in line with the notion that 
the potential advantage by those who score high in the vigilance test is achieved right 
away whereas the advantage by those who score high in the reading span test is only 
achieved over time. Indeed this result highlights the fundamentally different nature of the 
two cognitive measures as predictors of auditory performance. 
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Another observation from the present experiments is that the ability to utilize 
audibility increases with increasing amount of hearing loss. This was reflected by the 
positive correlation between residual hearing and the amount of audibility required by the 
listeners to achieve 50% speech intelligibility. Since people with more severe hearing loss 
presumably are more used to speech of marginal audibility, one could speculate that the 
more efficient use of audibility is acquired by these people because of more training with 
listening in scarcely audible situations. 

High correlation was found between GRM and speech performance except for the 
temporal gap at the corner frequency. The relation was found for both aided and unaided 
listening. However, since a similar effect was seen between GRM and HTL in Chapter 4 
(see Table 4.5 on page 4), the result just confirms poorer speech performance with 
increasing hearing loss. 

5.5.2.2 Subjective benefit 
Consistent correlation was found between auditory lifestyle and subjective outcome in 
such a way that a higher ALD score generally was associated with low subjective benefit. 
The relationship between auditory lifestyle and subjective outcome can be interpreted in 
that subjects, who express the strongest need for auditory function, also assess hearing-aid 
outcome most critically. It might be that this effect is related to another result, discussed 
above, indicating poorer cognitive function in subjects reporting richer auditory lifestyle. 
The correlation between cognitive function and subjective outcome supports this notion. 
There was a consistent tendency that better cognitive function was associated with higher 
subjective outcome scores. However, reading span and vigilance performance scores were 
not associated with the same subjective outcome scales. While reading-span score 
primarily correlated with the GHABP performance subscales, vigilance performance score 
correlated with residual disability and HAPQ scores. Furthermore, they both correlated 
with the IOI-HA Interaction subscale. This finding supports the idea that the two cognitive 
measures have different predictive qualities. While, as mentioned above, the strongest 
correlation between objective and subjective outcome was found for SADL, there was no 
correlation between SADL and cognitive skills. This finding supports the notion that 
objective and subjective outcome are rather different concepts to the hearing-aid user. It 
appears that the influence of personal expectations and needs on subjective outcome is so 
strong that it largely compromises the ability of objective outcome to become externalized 
in subjective-outcome scores. The ALD scale appears to measure the individual patient’s 
expectations and needs. Perhaps a question like “how much aid do you feel you need 
[when you are not wearing hearing instruments]” would be a useful supplement in some 
existing outcome inventories. 
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With regard to improvement in subjective benefit scores, correlation was found 
between age and increase in IOI-HA Introspection scores. This subscale includes the 
dimensions, daily hearing-aid use, satisfaction, benefit and quality of life. In older users 
these measures increase more than in younger users, presumably because the full outcome 
is achieved earlier than in the older users. This notion is supported by a similar result for 
objective outcome, mentioned above. 

5.5.2.3 Temporal and spectral resolution 
The present experiments showed consistent correlation between vigilance performance 
and GRM. Furthermore, listeners with higher resolution of hearing both at low 
frequencies and at the audiogram corner frequency showed better speech performance. 
However, the correlation was found to fade over time. Just like with the relationship 
between speech reception and vigilance performance discussed above, it appears that the 
advantage for listeners with high vigilance scores in terms of utilizing spectral and 
temporal gaps goes away over time, and it may well be the same effect (given the strong 
but fading relationship between vigilance and speech performance discussed earlier). 
There was no relationship between GRM and reading-span score, a fact that again 
highlights the different nature of the two cognitive measures. 

In the present experiments, vigilance performance correlated with GRM under all gap 
conditions except the temporal gap at the corner frequency. Furthermore, there was a 
consistent correlation between the cognitive measures and response time in the GRM 
experiment. However, this relationship was primarily found for maskers without temporal 
gaps. Since temporal and spectral coding in hearing are very different functions, this result 
is not surprising. Still, the result discloses some qualities of the vigilance performance 
measure. In the vigilance test, the subjects must rapidly detect words embedded in the 
stream of letters presented on the screen. The time resolution of this task is in the order of 
seconds. In the temporal GRM task, the subject must be able to utilize a 50-ms gap in 
order to obtain a lower threshold. Where, the coding of sound changes in the order of 
milliseconds is a property of basilar membrane mechanics and/or the auditory nerve 
function (Eddins & Green, 1995), the vigilance test taxes much higher cognitive 
processes. Therefore, there is no physiological relationship between the temporal tasks in 
GRM and VP. It could rather be speculated that the ability to resolve temporal and 
spectral coding, if distorted in the auditory pathway, correlates with higher cognitive 
functions such as vigilance. In other words, if the coding from the periphery is not intact, 
then higher order functions correlate with the facility for extracting meaningful properties 
from the coded signal (such as detecting a probe signal). If the coding is intact, then 
higher cognitive functions need not facilitate the detection. This notion would be in 
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accordance with another conclusion from the GRM experiment, namely that the subjects 
exhibited normal GRM for the temporal gap condition at both low and high frequency. 

5.5.2.4 Concluding remarks 
In summary, the non-auditory measures showed predictive leverage on several measures 
of auditory performance. The correlation between reading span and vigilance scores is 
moderate but significant, but it is also clear that the two cognitive measures have different 
predictive qualities. RS can predict subjective outcome in the GHABP, aided and unaided 
speech performance as well as spectral resolution of hearing at the corner frequency of the 
audiogram. Vigilance performance predicts subjective outcome in the HAPQ and residual 
disability in the GHABP, aided and unaided speech performance and most convincingly 
spectral and temporal resolution of hearing. While VP showed the stronger predictive 
leverage on speech performance, after control for audibility only correlation with RS 
remained. Furthermore, it was found that a high vigilance score predicts good initial 
speech performance whereas a high reading span score predicts good ultimate speech 
performance. Auditory lifestyle was found to be a good indicator for the needs and 
expectations of the individual hearing-aid user. The predictions had the direction of lower 
subjective outcome with richer auditory lifestyle. 

The best predictor of objective auditory performance (next to audibility) was reading 
span. In terms of absolute performance, higher vigilance score predicts better speech 
performance, whereas in terms of improvement in speech performance over time low 
vigilance scores were associated with low initial speech performance leaving open a 
potential for improvement. Listeners with high vigilance performance obtain the 
advantage right away. However, overall the predictive leverage was moderate, single 
predictors explaining only up to 19% of the variance. Therefore, there appears to be 
considerable room for improvement of models that attempt to predict auditory 
performance in hearing-aid users, e.g. by use of multivariate correlation and regression. 
 



 

Chapter 6 

6 Dead regions in the cochlea: implications 
for speech recognition and applicability of 
articulation index theory† 

Abstract 
Dead regions in the cochlea have been suggested to be responsible for failure by hearing-
aid users to benefit from apparently increased audibility in terms of speech intelligibility. 
As an alternative to the more cumbersome psychoacoustic tuning curve measurement, 
threshold-equalizing noise (TEN) has been reported to enable diagnosis of dead regions. 
The purpose of the present study was first to assess the feasibility of the TEN-test 
protocol, and second, to assess the ability of the procedure to reveal related functional 
impairment. The latter was done by a test for the recognition of low-pass-filtered speech 
items. Data were collected from 22 hearing-impaired subjects with moderate-to-profound 
sensorineural hearing losses. The results showed that 11 subjects exhibited abnormal 
psychoacoustic behaviour in the TEN test, indicative of a possible dead region. Estimates 
of audibility were used to assess the possible connection between dead-region candidacy 
and ability to recognize low-pass-filtered speech. Large variability was observed with 
regard to the ability of audibility to predict recognition scores for both dead-region and 
no-dead-region subjects. Furthermore, the results indicate that dead-region subjects 
might be better than no-dead-region subjects at recognizing speech of marginal audibility. 

                                                        
† Previously published [Vestergaard, M. D. (2003). Int. J. Audiol., 42(5), 249-261] 
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6.1 Introduction 
As the cochlea is tonotopically organized, we usually expect to be able to localize reduced 
hair-cell activity along the basilar membrane (BM) by means of conventional audiometry. 
In other words, we expect probe frequencies to be characteristic for the localization of 
excitation along the BM. If inner hair cells (IHCs) in the cochlea are non-functioning, no 
sound transduction can take place at the characteristic frequencies (CFs) of those IHCs. 
Such a non-responsive cochlear region is referred to as a ‘dead region’. The extent of a 
dead region can be defined as the range in which IHCs are non-responsive, and usually the 
frequency range of the dead region will nominally correspond to the CFs of the inactive 
cochlear neurones. This definition has been adopted in several contemporary dead-region 
studies (Moore et al., 2000; Müsch et al., 2001; Vickers, Baer et al., 2001). It assumes that 
the tonotopic mapping of the BM is deterministic and constant, and that the best 
frequency of a cochlear neurone is equal to the stimulus frequency that elicits the 
strongest BM displacement at the position of the neurone along the BM. This is not 
always the case. Johnstone et al. (1986) showed that an active cochlea causes a basal shift 
of the maximum BM displacement point of half an octave for high sound pressure levels. 
This inconsistency in normal BM tuning is usually explained by cochlear compression, a 
mechanism relating to outer hair cells (OHCs). In impaired hearing, IHC damage is 
almost always associated with OHC damage, but not at any predictable ratio. Therefore, 
the impaired cochlea may show an unpredictable variability in BM tuning, which in turn 
makes it difficult to define the precise cochleotopic boundaries of a dead region based on 
a hearing test. In this paper, a dead region is defined as a non-responsive zone along the 
BM, i.e. an anatomically distinct area. The borders of a dead region, however, are thought 
of as the functional boundaries of the IHC non-responsiveness, and a dead region can 
therefore be represented by a frequency range that refers to functional impairment. 
Furthermore, throughout this paper, the wording ‘possible dead region’ is used to point to 
the fact that the underlying pathology of the subjects in this study is in fact unknown. 

A pure tone generates BM displacement, not just at the CF of the tone, but also along 
a wider cochleotopic region. This means that, in detecting a pure-tone probe, the 
probability of detection includes off-frequency components, i.e. contributions from IHCs 
with CFs different from the probe frequency. When the off-frequency contributions to the 
probability of detection become more decisive than the on-frequency contribution, ‘off-
frequency listening’ is said to take place. Off-frequency listening implies that if a probe 
frequency happens to fall in a dead region, the measured hearing threshold does not reflect 
hearing sensitivity in the given cochlear region. 

Since off-frequency detection is possible for probe tones in a dead region, it is not 
apparent from the audiogram whether a patient has a dead region. Psychoacoustic tuning 
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curves (PTCs), however, will usually reveal possible dead regions, as demonstrated by 
Moore et al. (2000). If a probe tone is detected via off-frequency listening, the tip of the 
PTC may be shifted away from the frequency of the probe. Likewise, the measured 
threshold may be elevated by a masker spectrally distant from the probe frequency. In the 
case of sloping hearing loss, this can be accomplished by means of a uniform-exciting 
noise (UEN) (Zwicker & Fastl, 1990) presented at a level below the hearing threshold at 
the probe tone’s frequency but audible in other frequency regions. Like Zwicker’s UEN, 
the threshold-equalizing noise (TEN) is designed to produce uniform masking between 
125 Hz and 15 kHz. The most salient difference is the use of the ERB scale (Glasberg & 
Moore, 1990) rather than critical band ratio as psychoacoustic density function. With the 
measurement of hearing thresholds (dB SPL) in quiet and at different levels of masking 
(dB SPL/ERB), the SPL audiograms may reveal elevated thresholds at frequencies where 
the TEN level/ERB is below the hearing threshold in quiet. Such elevation of threshold 
happens because the threshold in quiet has been determined under conditions of off-
frequency listening. This is the rationale behind the dead-region test proposed by Moore et 
al. (2000). In the following, this procedure is referred to as the TEN test. Notice that the 
specific masker level, expressed in dB SPL/ERB, is used when referring to the masker 
level, whereas the broadband level is less relevant here. 

In patients with cochlear dead regions, increased amplification may not lead to the 
expected increase in effective audibility. Hence, patients with a high-frequency (HF) dead 
region may not benefit as much from HF amplification as patients without dead regions. 
Previous studies (Moore, 2001; Vickers, Moore et al., 2001) have shown, however, that 
some subjects do benefit from amplification extending up to 1 octave into a dead region. 
As detection of pure-tone probes is possible under conditions of off-frequency listening, 
so in principle is perception of speech sounds. There is no direct evidence as to the degree 
to which information made available via off-frequency listening can contribute to speech 
intelligibility as opposed to the detection of pure tones. Synergistic interaction between 
auditory bands is known to play an important role in the perception of speech (Fletcher & 
Galt, 1950); however, this is not to say that off-frequency information alone can be 
expected to straightforwardly contribute to speech intelligibility. Nevertheless, there is 
still reason to believe that there is great individual variation in the extent to which subjects 
can benefit from amplification in a dead region. We would expect that subjects who can 
benefit from amplification in a dead region must be used to amplification. By contrast, 
subjects who have previously stated a preference for reduced amplification bandwidth 
may not be the ones who can benefit from amplification in a dead region; at least not from 
one day to the next. In the latter subjects, attempts made to produce audibility in a dead 
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region only cause discomfort, which in turn makes some people recommend a reduced 
bandwidth. 

To avoid jumping to the hasty conclusion that it is generally helpful to reduce the 
upper frequency of hearing-aid (HA) gain, this study sought to investigate the possible 
connection between dead-region candidacy and abnormal articulation additivity (Fletcher, 
1929). Dead-region candidacy was determined by means of the TEN test, and articulation 
additivity was tested by measuring the recognition of band-limited speech and calculating 
an articulation index (AI) for the given listening conditions. Thereby, the ability of the 
TEN test to reveal functional impairment was also assessed. In the present article, the 
results of an experiment on recognition of low-pass (LP)-filtered speech items are 
presented. Both subjects who tested positive and subjects who did not test positive in the 
TEN test participated, and possible abnormal articulation additivity was assessed by an 
AI-based method. It must be expected that if subjects fully accustomed to HA 
amplification are able to exploit speech input via off-frequency listening, then articulation 
additivity will be as prominent in those dead-region candidates as in other hearing-
impaired subjects. 

6.2 Experiment I 
In the first experiment, 22 hearing-impaired subjects between 29 and 73 years of age with 
various degrees of sloping and flat hearing losses were tested for possible dead regions 
with the TEN test (Moore et al., 2000). Thirteen men and nine women with an average 
age of 60 years participated. The underlying principle behind the TEN test is that if a 
probe is detected solely via spread of excitation, then the threshold can be elevated by a 
spectrally distant masker. This is particularly pertinent when the masker level at the probe 
frequency is substantially below the level of the probe tone. 

6.2.1 Procedure 
Subjects were selected to have a hearing threshold level (HTL) of more than 60 dB at 
some frequencies, as dead regions are not expected to be prevalent in subjects with mild 
hearing losses. Furthermore, it was required that they used hearing instruments with a 
substantial amount of amplification (i.e. subjects already accustomed to amplification), 
thus disqualifying users who wear HAs fitted with a particular focus on comfort. Figure 
6.1 shows the mean and range of air conduction (AC) hearing thresholds for the 
population of subjects. In addition, subjects with a conductive component to their hearing 
loss were not included. This requirement was verified at the initial session by ensuring 
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that the air–bone gap was smaller than 15 dB. Table 6.1 shows case records of all patients. 
All subjects except two were tested on both ears. 

Normal audiometry was carried out using an Interacoustics AC-40 audiometer. AC 
thresholds were measured with Etymotic Research ER-3A earphones, and bone 
conduction (BC) thresholds were measured, occluded, with a Radioear B-71 bone 
conductor. The air–bone gap was quantified as the AC–BC difference minus the occluded 
ear advantage (Hodgson & Tillman, 1966). 

In the TEN test, thresholds in quiet were measured first. Then, depending on the 
audiometric profile and endurance of the subject, between one and three sets of 
ipsilaterally masked thresholds were measured following the protocol in Moore et al. 
(2000). All thresholds were measured in accordance with ISO 8253-1 (1989) on the 
Interacoustics AC-40 audiometer. The probe tones were played back through the 
audiometer’s free-field output connected to Etymotic Research ER-2 insert earphones. In 
this setup, the ER-2 earphones provided a flat frequency response and a maximum output 
of 115 dB SPL between 125 Hz and 8000 Hz calibrated in a 711-coupler (IEC 711, 1981). 
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Figure 6.1. Average hearing threshold level (HTL) for the subjects in experiment I. The 
shaded area indicates the range between minimum and maximum HTL values. 
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6.2.2 Results 
Eleven subjects showed normal or near-normal psychoacoustic behaviour in both ears in 
experiment I. In these cases, masked thresholds followed the masker level in frequency 
regions where the masker level (dB SPL/ERB) was above the hearing threshold in quiet 
(dB SPL), and followed the threshold in quiet in frequency regions where the masker level 
was below the hearing threshold in quiet. If this holds for all audiometric frequencies, 
subjects are said to show normal psychoacoustic behaviour in the TEN test. Thus, 
departure from the above is referred to as abnormal psychoacoustic behaviour, and the 
size of such departure in decibels may be considered the nominal amount of 
psychoacoustic abnormality. Examples of normal and near-normal psychoacoustic 
behaviour are given in Figure 6.2. 

Table 6.1. Records of the subjects used in the experiments 

Subject Age Aetiology Hearing instrument(s) 
AE 73 Unknown Oticon DigiFocus II CIC 
AM 70 Congenital Oticon DigiFocus II Power 
AN 58 Otosclerosis + stapedectomia facta Oticon MultiFocus ITE 
BE 66 Post-infection Bernafon AF 100 AU 
BL 68 Otosclerosis + stapedectomia facta Oticon DigiFocus BTE 
BP 50 Congenital Oticon Personic 425 
BS 72 Noise-induced Oticon DigiFocus II Power 
CS 71 Hereditary Oticon Personic 420 
HU 64 Noise trauma + hereditary Oticon DigiFocus II CIC 
JH 53 Post-infection + ototoxic Danavox Danalogic 163D 
JM 69 Sudden deafness + noise-induced Oticon DigiFocus II BTE 
JS 68 Congenital Phonak PicoForte PP-C/SuperFront PP-C-L-4+ 
KK 29 Congenital anoxia Oticon DigiFocus II CIC 
KP 41 Hereditary Oticon PrimoFocus CIC 
MB 71 Hereditary Danavox Danasound ITE 
MK 57 Ototoxic Phonak PowerZoom P4 AZ 
MM 57 Sudden deafness + otitis operatio facta Oticon Personic 420 
NN 59 Otosclerosis + hereditary Phonak Claro 211 dAZ 
OC 64 Noise trauma + Menière Siemens Signia BTE 
PC 65 Noise-induced Oticon DigiFocus II CIC 
RH 46 Hereditary Oticon MultiFocus BTE 
SS 45 Congenital Phonak Classica PP-C-P 
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Two types of abnormal psychoacoustic behaviour have been observed. As illustrated 
earlier, thresholds that are determined under conditions of off-frequency listening can be 
elevated by a masker with a level below the threshold. When this happens, a threshold 
shift is said to take place. In order for a subject to be considered a candidate for dead 
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Figure 6.2. Normal and near-normal psychoacoustic behaviour in six ears from 
experiment I. The graphs show hearing threshold in quiet (filled squares) and masked 
threshold (open diamonds and circles) at various individual masker levels. Where a 
threshold value could not be measured because it was out-of-range, the symbol is plotted 
above the data limit with an up-arrow and no connecting line. The bottom-right labels in 
each panel refer to subject identifier and ear (left or right). 
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regions, a consistent threshold shift of at least 10 dB must occur in a frequency region 
where the level of the masker is below the threshold in quiet. The nominal value of this 
criterion is derived from the observation that 95% confidence intervals for the masking of 
TEN are within 7 dB of the TEN level/ERB for frequencies up to 6000 Hz (Moore et al., 
2000). Another abnormality is manifested by a tendency shown by several subjects to 
experience excess masking. While the TEN generally seems to produce masked 
thresholds, as reported by Moore et al. (2000), some subjects seem to be particularly 
disturbed by the presence of the masker. Often, excess masking occurred at an 
audiometric frequency where the level of the masker was roughly equal to the threshold in 
quiet. In sloping hearing losses, excess masking occurred particularly where the expected-
masking curve joins the HTL-in-quiet curve. As mentioned earlier, the rationale behind 
the TEN test is that of threshold shifts, whereas excess masking probably has something 
to do with deformation of auditory filters in impaired hearing. Excess masking in itself is 
not, therefore, expected to be symptomatic of dead regions, and is thus not indicative of 
dead-region candidacy. However, it will soon become clear that the distinct effects of the 
two mechanisms are difficult to separate. 

The main results from experiment I are shown in Table 6.2 and Table 6.3. These 
tables summarize the nominal amount of psychoacoustic abnormality in a more compact 
way than in Figure 6.2. Notwithstanding the condensed quality of this arrangement, the 
tables are intended to produce an overview whereby readers can recognize the distinction 
between the no-dead-region subjects (Table 6.2) and the dead-region candidates (Table 
6.3). The underlying selection procedure is explained in the following section. 
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Table 6.2. Normal and near-normal psychoacoustic behaviour in experiment I. 

                                                                 Frequency (kHz)                                              Masker level 
Subject    0.25      0.5          1       1.5         2          3          4         5         6          8 (dB SPL/ERB) 
AE right 0 0 5 5 0 0 0 0 0 5* 50, 70 
AE left 0 0 5 5 0 0 -5 0 0 10 50, 70 
BL left 0 -5 0 5 5 0 5 0 0 0 90 
BP right 5 10 0 0 0 0 0 0 0 0 95 
BP left 5 0 0 5 0 0 0 0 0 0 90 
JS right 0 -5 5 5 10 5 5 5 10 0 85 
JS left 0 0 0 -10 0 0 0 0 5 5 95 
KK right -5 -5 0 5 5 5 0 5 5 0 70 
KK left -5 -5 0 0 0 -5 -5 0 0 5 70 
MK right 0 0 10 5 0 0 0 0 0 0 95 
MK left 5 5 10 0 0 0 0 0 0 0 95 
MM right 0 0 0 0 0 0 5 5 10 0 90 
MM left 0 5 5 5 5 0 0 5 0 0 90 
NN right 0 0 0 0 5 0 0 0 0 0 70, 90 
NN left 0 -5 0 0 0 0 0 0 5 0 70, 90 
PC right 0 0 0 5 0 0 5 5 5 0 80 
PC left 5 5 5 5 0 5 5 5 10* 5 70, 90 
RH right 0 0 5 5 5 10 0 5 5 0 85 
RH left 0 0 0 0 0 0 0 0 0 0 90 
SS right 0 5 5 5 5 5 5 5 0 0 85 
SS left 5 5 5 0 0 5 5 0 -5 0 75 

The amount of psychoacoustic abnormality is represented by the maximum deviation (dB) from expected 
performance at every audiometric frequency (kHz). For masker levels above threshold in quiet, the expected 
threshold is equal to the specific masker level (dB SPL/ERB). In frequency regions where the masker level is 
below threshold in quiet, the hearing threshold is expected to be unaffected by the presence of the masker. With 
regard to the former, excess masking is indicated in italic and normal typeface indicates a threshold elevation. 
Boldface entries indicate the given value as a minimum for situations where the audiometer’s maximum output 
level limited further threshold search. For values >5 dB and boldface entries, it is further indicated at which 
masker levels the deviation occurred when more than one masker level was tested. An asterisk indicates that the 
deviation occurred for the loudest masker, and a dagger indicates that the deviation occurred for the second 
loudest masker. No sign means that the deviation occurred for all masker levels. 
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6.3 Experiment II 
In experiment II, recognition of LP-filtered speech in quiet was tested for those subjects 
who exhibited either a consistent threshold shift of 10 dB or more, or more than one 
occurrence of 10-dB excess masking in the first experiment in at least one ear (see Table 
6.3). This subgroup was selected for practical reasons. The purpose of this experiment was 
to assess the functional impairment caused by the possible dead regions observed in 
experiment I. The idea was that if a subject has a cochlear dead region, he or she might 
show reduced benefit from apparently increased audibility produced by increased 
amplification bandwidth. 

Based on the nominal amount of abnormality as expressed in Table 6.2 and Table 6.3, 
11 subjects were chosen to participate in experiment II. In this study, there was no strict 
nominal definition of dead-region candidacy, based on the TEN test results. The 

Table 6.3. As Table 6.2 for the subjects who showed pronounced abnormal psychoacoustic 
behaviour in experiment II. 

                                                                 Frequency (kHz)                                              Masker level 
Subject    0.25      0.5          1       1.5         2          3          4         5         6          8  (dB SPL/ERB) 
AM left 0 0 10† 10† 10† 5 10† 5† 5 5 70, 90 
AM right 0 10† 10† 0 5 15 15 10 15 10  70, 90 
AN left 0 0 5 5 10† 5 10† 10† 5 5 70, 90 
AN right 0 0 5 5 0 10 0 5 5 10 80 
BE left 0 0 5 5 5 0 15 5 0 0  85 
BE right 0 0 5 5 5 10 0 0 0 0  85 
BS left 5 5 0 5 5 10† 5 15† 15† 0  70, 90 
BS right 5 0 5 0 5 0 -5 0 5 -5 90 
CS left 0 5 10 5 5 0 0 0 0 0  90 
CS right 0 5 5 10 15† 0 5 0 0 0  70, 90 
HU left 5 5 5 0 5 5 5 5 5 0 60, 80 
HU right 10† 5 5 5 0 5 0 0 0 0  70, 90 
JH left 0 5 10† 10† 15† 10*† 10† 5 0 0  50, 70, 90 
JM left 5 5 0 5 0 0 5 0 0 -5 85 
JM right 0 0 0 10* 10* 0 5 0 5 0 60, 80 
KP left 0 5 5 5 5 5 5 10† 0 5†  70, 90 
KP right 0 0 5 5 5 5 5 5 10† 10† 70, 90 
MB left -5 0 5 5 10 5 5 0 0 0 75 
MB right 0 5 5 5 10 0 5 5 0 0 75 
OC left 0 0 5 0 10 0 5 0 0 0  90 
OC right 10 5 5 10 5 5 0 0 0 0  95 
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difference between the subjects in Table 6.2 and Table 6.3 is consequently reflected by the 
amount of threshold shifts as such, along with the consistency with which the threshold 
shifts appeared to happen. As indicated above, one occurrence of 10-dB excess masking at 
the masker-HTL borderline was not regarded as indicative for dead-region candidacy. On 
the other hand, subject MK, for instance, almost certainly has a HF dead region. However, 
her hearing loss was so severe that, with the protocol for this experiment (see below), it 
was not expected that she would be able to provide further insight regarding the functional 
impairment of her possible dead region. One subject was unavailable on the day of the 
experiment; so 10 subjects completed this experiment (17 ears in total, 10 dead-region 
candidates, 7 no-dead-region ears). 

6.3.1 Procedure 
Speech recognition was tested under four individually chosen LP-filtering conditions and 
one broadband condition, which in this case had an upper frequency limit of 7500 Hz. 
Subjects were tested with their own HAs in an audiometric booth, where the speech items 
were presented via a loudspeaker. If the subject’s hearing aid had a volume control (VC), 
the subject was allowed to choose his or her own preferred VC setting; this was, however, 
irrevocably fixed before commencement of the recognition test. The subjects were tested 
monaurally while wearing a contralaterally placed ear protector. In addition, the real-ear 
insertion gain (REIG) of the worn instruments was measured. 

LP-filtered word lists from the DANTALE speech material (Elberling et al., 1989) 
were tailored to each subject’s ear, so as to cover a frequency range around the estimated 
edge frequency, fe , of the possible dead region. Word lists were constructed to comprise—
for each ear tested—a set of one broadband version and four LP-filtered lists. The LP 
filtering was done by 6th-order filters with 80-dB stop-band attenuation, 0.5-dB pass-band 
ripple, linear pass-band phase, 80 dB/octave slopes, and cutoff frequencies of 0.8fe , 1fe , 
1.4fe, and 2fe. Hence, the purpose of nominally defining fe  as a reference was to enable the 
calculation of LP-filter cutoff frequencies for the following speech recognition test. Thus, 
it was more important to place the reference frequency in such a way that the LP scheme 
would be expected to vary the speech scores, and less important that the reference 
frequency corresponded exactly to the edge frequency of the possible dead region. 

The TEN test results were used to estimate the edge frequency, fe , as reference 
frequency. This is different from what has been reported by previous authors, who mostly 
rely on the availability of supportive PTC measurements to locate the dead-region edge. 
Several features were incorporated in this experiment in order to find the most appropriate 
reference frequency. First, the lowest-frequency occurrence of a 10-dB threshold shift was 
identified for each ear, and it was examined whether the audiometric frequency one step 
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below appeared to be a suitable reference frequency for the LP scheme. In some 
situations, however, this frequency was not appropriate. An edge frequency estimate of 
more than 2000 Hz makes little sense, since speech items will be LP filtered at cutoff 
frequencies up to 2fe . As hardly any speech cues are left above 4 kHz, LP filtering above 
that will not change the audibility of the speech items, because no speech cues are 
attenuated by the filter. This consideration led to a lowering of the reference frequency in 
some situations. In subject AM, there was another consideration. This subject almost 
certainly has a HF dead region, revealed in the TEN test as a sudden 15-dB threshold 
elevation above 2 kHz for the right ear. For the 70-dB masker to produce 15 dB or more 
of masking, it was speculated that the dead region might already set in below 1000 Hz. 
Therefore, 750 Hz was used as reference. Whether this line of reasoning can be expected 
to be psychoacoustically valid is further discussed below. Ears that did not exhibit 
consistent threshold shift at any frequency were assigned the nominal reference 1000 Hz.  

A pre-experiment trial served to familiarize the subjects with the procedure. The 
presentation level of the broadband speech items was between 60 and 70 dB SPL, 
measured at the listening position. The starting point was 65 dB SPL, but if a subject 
showed extreme recognition scores (RSs) during the pre-experiment trial, the test protocol 
allowed for a 5-dB increase or decrease of the presentation level. This was done to reduce 
the risk of ceiling and floor effects when the RSs for the LP-filtered speech items were to 
be measured. 

The word lists were phonetically balanced (PB), and comprised 25 monosyllabic 
words with 80 phonemes in total. Subjects were instructed to repeat the presented words, 
and the experimenter recorded the phoneme scores (Keidser, 1993). REIG was measured 
by recording the aided and unaided real-ear spectra of a speech-shaped noise (Elberling et 
al., 1989) with a B&K 2032 analyser, picked up with a Knowles EM-3046 microphone 
through a 0.2-mm probe. This noise was presented at the same broadband level as the 
speech items, in order for non-linear HAs to be driven into a representative amplification 
mode. Some might argue that broadband gain cannot be representative of the listening 
conditions in non-linear HAs. In a broadband-compression HA with compression ratio 
2:1, an input-level decrease of, say, 3 dB caused by filtering out half of the speech energy 
will change the HA gain by only 1.5 dB. If the HA has sub-band compression, gain 
variations will be even smaller. Gain variation of the order of 1 dB corresponds to a 
change of 0.03 in speech intelligibility (ANSI, 1997), which is expected to be acceptable 
for the present application. Hence, the broadband REIG is assumed to be representative 
for the listening conditions in experiment II. 
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6.3.2 Results 
Phoneme scores are plotted as percentage correct answers and are denoted ‘RS’; the 
statistical reliability is assessed in relation to binomial properties (Lyregaard, 1973; 
Thornton & Raffin, 1978). For an in-depth discussion of certain reservations regarding 
this method, see Lyregaard (1997). Nevertheless, the binomial model is commonly used in 
speech audiometry statistics, and thus 95% confidence intervals illustrate whether an 
observed RS difference can in fact be expected to reflect a real performance increase or 
decrease. 

In Figure 6.3, the results for subject BS are plotted. This subject shows abnormal 
psychoacoustic behaviour in the left ear, but demonstrates normal performance in the right 
ear (bottom panels of Figure 6.3). Above 4000 Hz, a consistent threshold shift is observed 
in the left ear at a masker level below HTL. The maximum RS (92%) is achieved for a 
cutoff frequency of 3000 Hz. This maximum value is significantly different from the RS 
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Figure 6.3. TEN test result (bottom panels, symbol usage as in Figure 6.1) and 
recognition scores (top panels) for subject BS, left and right ears. The vertical bars 
indicate 95% confidence intervals estimated according to the binomial model (see text for 
details). 
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obtained at 2000 Hz and at 1500 Hz, but not significantly different from the scores at 
4000 Hz and 7500 Hz. For the right ear, maximum recognition is clearly obtained in the 
broadband condition. 

Two more examples are depicted in Figure 6.4. Subject MB (left ear) showed near-
normal function in the TEN test, with a tendency to excess masking. In experiment II, her 
speech recognition performance improved vastly with increasing cutoff frequency, in 
accordance with her normal TEN-test performance, which indicated no dead region. In 
contrast, subject AM (right ear) tested positive for dead-region candidacy in the TEN test, 
with a deviation from expected masking above 2 kHz of at least 10 – 15 dB. As mentioned 
elsewhere, it was speculated that the onset of the dead region for this subject was at 
750 Hz. Although the RSs appear to vary somewhat, the only significant result is that, in 
the broadband condition, the RS is significantly higher than that at 1.5 kHz and at 600 Hz. 
No significant differences are observed between the RSs at 600, 750, 1000 and 1500 Hz. 

20

40

60

80

100

R
ec

og
ni

tio
n 

sc
or

e 
(%

)

MB-L AM-R

20

40

60

80

100

120

Th
re

sh
ol

d 
(d

B
 S

P
L)

75 dB/ERB
HTL

MB-L

90 dB/ERB
70 dB/ERB
HTL

AM-R

0.2 0.5 1 2 3 5 8
Frequency (kHz)

0.2 0.5 1 2 3 5 8
Frequency (kHz)  

Figure 6.4. As Figure 6.3 for subjects MB-L (left panels) and AM-R (right panels). While 
MB-L shows normal TEN test performance and benefit from audibility, AM-R shows 
unexpected recognition scores based upon the TEN test performance. 
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In contrast, the recognition loss upon increased HF audibility is noticeable and statistically 
significant in subject CS (Figure 6.5). 

Table 6.4 summarizes the results from experiment II. 

6.4 Modelling the results 
In order to get a clearer view of the general agreement between the TEN-test results and 
the RSs, a global analysis was done. The idea is that SII can be used to predict the 
performance in speech recognition, which is expected to depend upon dead-region 
candidacy. Ears are classified as dead-region candidates and no-dead-region candidates, 
and the differences in prediction of RS for the two groups of ears are analysed for 
statistical significance. 
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Figure 6.5. As Figure 6.3 for subject CS. Although this subject tested positive in the TEN 
test only in the right ear, the profoundness of hearing loss gives reason to expect that he 
has HF dead regions in both ears. 
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6.4.1 Statistics of recognition scores 
One hazard regarding analysis of speech recognition data is the two-fold influence of 
ceiling and floor effects caused by the fact that %1000 ≤≤ RS . This means that the 
variance in the data is not constant, and that speech recognition data therefore cannot be 
normally distributed. This fact was previously illustrated as varying and asymmetric 
confidence intervals in the result charts from experiment II (see, for example, Figure 6.1, 
top left panel). The skewness of speech scores is particularly inconvenient if one wishes to 
compare scores. The arcsine transform is known to remove this difficulty (Thornton & 
Raffin, 1978), so rationalized arcsine units (rau) (Studebaker, McDaniel & Sherbecoe, 
1995) are used to evaluate recognition performance under different conditions. 
Consequently, rau differences are used to compare the RS variation observed in 
experiment II. 

Throughout this section, statistical significance is assessed according to an alpha level 
of 0.05. When testing in the t-distribution and in the F-distribution, test quantities are 
referred along with the actual probability. 

Table 6.4. Summary of recognition scores, RS (%) from experiment II. 

                        LP cutoff frequency (kHz/fref)     Broadband (kHz) 
Subject     0.8         1         1.4         2 7.5 fref 
AM left 50 64 52 71 62 1000 Hz 
AM right 49 62 54 47 70 750 Hz 
AN left 74 91 80 81 82 1500 Hz 
AN right 74 81 90 86 91 1500 Hz 
BE left 77 84 79 76 84 1500 Hz 
BE right 79 67 75 75 82 1000 Hz 
BS left 71 73 92 85 84 2000 Hz 
BS right 21 26 31 65 97 1000 Hz 
CS left 34 46 40 50 26 1000 Hz 
CS right 44 62 42 36 42 1000 Hz 
HU left 67 80 65 72 95 1000 Hz 
HU right 66 67 75 76 75 1000 Hz 
JH left 87 85 86 81 89 1000 Hz 
KP right 37 35 34 54 85 1000 Hz 
MB left 21 31 36 50 97 1000 Hz 
MB right 32 44 27 45 87 1000 Hz 
OC left 61 62 67 82 77 1000 Hz 
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6.4.2 Speech intelligibility index 
As mentioned earlier, SII was used to enable an objective comparison of the observed 
recognition performance and audibility, inasmuch as SII represents the amount of 
audibility under the given conditions. However, ANSI S3.5 (1997) notes that the 
procedure is inappropriate for non-linear transmission channels. This issue was addressed 
by measuring the REIG at the same broadband level as that at which the speech items 
were played back. For a slowly reacting compression system this is sufficient, but for a 
fast-acting wide-dynamic-range compression HA, short-term gain fluctuations certainly 
mean that more audibility will be provided by the hearing instrument than calculated by 
SII. This violation of ANSI S3.5 (1997), which may lead to an underestimation of 
audibility, is irrespective of the dead-region candidacy of subjects. Thus, SII data are as 
valid for dead-region candidates as for no-dead-region subjects, with regard to accounting 
for the listening conditions. Furthermore, when evaluating the SII data in this section, it 
should be borne in mind that the nominal effect of a 1-dB broadband gain change is just 
0.03 SII. There exist alternative acoustical indices (ANSI, 1969; Fletcher, 1952; Fletcher 
& Galt, 1950; French & Steinberg, 1947) along with various modifications (Humes, 
Dirks, Bell, Ahlstrom & Kincaid, 1986; Kryter, 1962; Ludvigsen, 1993; Mueller & 
Killion, 1990; Müsch & Buus, 2001). None, however, successfully eliminates the 
fundamental requirement for linear transmission. The speech transmission index (STI) has 
been suggested to predict the intelligibility of non-linearly distorted and reverberated 
speech (Steeneken & Houtgast, 1980), and the problem of quantifying aided audibility has 
also been discussed by Stelmachowicz et al. (1995) who proposed an aided audibility 
index (AAI). However, the authors concluded that the interaction between signal 
processing and speech is so complex that a more direct method is necessary to predict 
aided speech recognition successfully. For the sake of simplicity and to enable easier 
comparison with other studies (Pavlovic, 1987), it was thus decided to employ a 
standardized audibility measure in this study. Hence, ANSI S3.5 (1997) appears to be the 
reasonable choice, as it contains the latest modifications based upon the most recent body 
of data. 

The use of an audibility index to predict speech intelligibility in practice is a two-step 
process (Fletcher, 1953). The first step is the calculation of the index, and the second is 
the interpretation in terms of speech intelligibility performance. The transformation from 
index into actual performance is a monotonically increasing function, whereby an increase 
of audibility leads to an increase of predicted intelligibility. Fletcher and Galt (1950) 
proposed, NQIS ]101[ /−−= , where S is the observed intelligibility, I is the articulation 
index, and Q and N are fitting constants. However, Sherbecoe and Studebaker (1990) 
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reported that Equation 6.1 (below) is more accurate, and therefore it was decided to use 
Equation 6.1 as generator function in the optimization problem, described below. 

 ( ) 2])101(/[ daS cbI −+= −  (6.1) 

The fitting of the constants a , b , c , and d  to the RS/SII data is done using a 
constrained non-linear Levenberg–Marquardt algorithm (Moré, 1977) with a conventional 
two-norm cost function. Once the constants a , b , c , and d  are established for any given 
sets of data, possible divergence between prediction trends for different data sets can be 
assessed in the rau domain. 

The global analysis can now be carried out in two steps. The first is the construction 
of a reference transfer function and calculation of the corresponding rau values. The 
second is the conversion of the measured RSs to raus. The difference between measured 
and predicted raus is the prediction mismatch. Since it is known that values in the rau 
domain are normally distributed, the prediction mismatch for recognition data sets can be 
investigated by use of conventional parametric statistics. 

If RS/SII data subsets are believed to originate from distinct subgroups, then this 
hypothesis may be tested by assuming that they are not different. If this were the case, 
then data from one subgroup could be predicted with a transfer function fitted to the other 
subgroup data, and vice versa. In the following, two transfer functions are built, and the 
prediction accuracy is assessed by statistically analysing the departure of the subset data 
from the two possible reference functions. 

6.4.3 Results 
By selecting RS/SII data that do not originate from dead-region candidates, a transfer 
function for this particular group of ears was fitted according to Equation 6.1. Similarly, a 
transfer function for the remainder was fitted. In this way, the dead-region and the no-
dead-region transfer functions are based upon 50 and 35 pairs of RSs and SIIs, 
respectively. Figure 6.6 shows the articulation match between SII and RS for the two 
groups of subjects. In Table 6.5, the fitting constants for the two psychometric functions 

Table 6.5. Fitting constants to Equation 6.1 for the two groups 
of ears in experiment II and from PB words (Sherbecoe & 
Studebaker, 1990) for comparison. 

 Data a b c d 
1. Dead-region candidates 2.3348 2.7430 - 0.1353 0.9880 
2. No-dead-region ears 0.9859 5.2429 1.3471 0.9439 
3. PB words  1.1472 7.8232 0.4591 0.9996 
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are given (entries 1 and 2), along with those provided by Sherbecoe and Studebaker 
(1990) for PB words based on 32 test items, for the sake of comparison (entry 3). 

It should be noted that the two fitted transfer functions appear markedly different. 
While at first it may be difficult to say much about the spread around the fits, the dead-
region candidates certainly show a shallower growth of recognition ability (RS) as a 
function of audibility (SII). This could indicate that dead-region patients do not benefit 
from increased audibility as much as patients without dead regions. Surprisingly, 
nevertheless, the dead-region candidates, on average, score relatively better, particularly 
for situations with poor audibility. This would indicate dead-region patients to be better at 
interpreting scarcely audible speech. One might expect certain severely hearing-impaired 
subjects to be accustomed to perception of LP-filtered speech, because their hearing is 
already LP-like. Patients with no dead regions, on the other hand, would then suffer more 
from the removal of HF audibility. This speculation is further discussed below. 

Another observation that one might make is that the spread around the psychometric 
fits is substantial. This result indicates that, although audibility can explain average 
behaviour in the two subgroups, patients are likely to deviate considerably on a case-by-
case basis. 
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Figure 6.6. Relationship between the observed recognition scores and the calculated 
speech intelligibility indices. Also shown are the curve fits obtained by classifying the 
points as possible-dead-region points and no-dead-region points. DR, dead region. 
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Figure 6.7 shows, in the rau domain, the distributions of differences between 
predicted and observed RS, when row 2 in Table 6.5 is used as reference function. In this 
way, it is tested whether the dead-region candidates’ RSs can be predicted by the no-dead-
region transfer function. The mean departures, M, from the predicted scores are found to 
be significantly different ( 474.t = , 0010.p ≤ ), whereas the standard deviations, SD, are 
not significantly different ( 341.F = , 170.p = ). Using entry 1 in Table 6.5 as reference 
yields significant differences in both domains, means ( 144.t = , 0010.p ≤ ) and standard 
deviations ( 692.F = , 0010. p ≤ ). Thus, neither transfer function can be used to predict 
the performance of the opposite subgroup, and so the two transfer functions can be 
considered distinct for each subgroup. As to the ability of each of these transfer functions 
to predict the speech scores of their respective subgroup, it can be seen that the SD for the 
dead-region candidates (SD = 9.9) is significantly (F = 2.17, p = 0.006) smaller than that 
for the no-dead-region candidates (SD = 14.5). 

To summarize, the result indicates that the two transfer functions in Figure 6.6 are 
applicable average predictors for the recognition of speech in the two groups of ears. 
Furthermore, the dead-region candidates appear to perform better than no-dead-region 
subjects for scarcely audible speech, specifically when the reduced audibility is produced 
by removal of HF speech cues. 
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Figure 6.7. Accuracy of the prediction of recognition scores (RS) when the no-dead-
region transfer function (entry 2, Table 6.5) is used as predictor. The graph shows the 
distribution of observed minus predicted RSs in rationalized arcsine units (rau) for the two 
groups of ears, dead-region (M = 14.5 rau, SD = 12.6 rau) and no-dead-region 
(M = 1.0 rau, SD = 14.5 rau). 
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6.5 Discussion 
The complete suite of results from Experiment I shows that threshold shifts or excess 
masking of at least 10 dB occurred in 18 of the 22 subjects (26 of 42 ears; see Table 6.2 
and Table 6.3). A common situation is that excess masking happens at frequencies where 
the masker level/ERB is equal to the hearing threshold in quiet. In this study, such cases 
were not considered candidates for dead regions. Eleven subjects exhibited behaviour 
indicative of a cochlear dead region in at least one ear, insofar as they showed at least a 
10-dB threshold shift at frequencies where the masker level was below hearing threshold 
in quiet. Four of these 11 subjects showed at least a 15-dB threshold shift. 

It is unproven whether dead regions in the cochlea can be detected by functional 
listening experiments. However, even if one might not be convinced by the underlying 
concept of the TEN test, some subjects certainly show abnormal behaviour in masking 
experiments that might be explained by cochlear dead regions. In the present study, two 
types of abnormal psychoacoustic behaviour have been observed, i.e. those of threshold 
shift and excess masking. Though excess masking has not yet been reported in connection 
with the TEN test, it is not a novel observation. Gagné (1988) reported that the maximum 
amount of excess masking in patients with sensorineural hearing losses occurred at the 
frequency where the average masked thresholds of a group of normal-hearing subjects 
were equal to the threshold in quiet of the hearing-impaired individual. As noted earlier, 
excess masking was not considered indicative of dead-region candidacy in this study. The 
occurrence of excess masking does not in itself dramatically affect the feasibility of the 
TEN procedure, as it is easily distinguishable from threshold shifts. However, other 
experiments are still needed before we know whether excess masking can compromise the 
viability of the TEN procedure for correctly diagnosing cochlear dead regions. 

As mentioned earlier, one could hypothesize that dead-region subjects are 
accustomed to perception of LP-filtered speech because their hearing is already LP-like, 
and thus that subjects without dead regions suffer more from the removal of HF audibility. 
Notwithstanding the appeal of this hypothesis, it does not explain how the better 
recognition is achieved by the dead-region subjects. A supplementary hypothesis, 
therefore, could be that the impairment of BM mechanics is more localized in the dead-
region subjects, leaving the rest of the cochlea with better function. In order to further 
investigate these hypotheses, additional experiments, e.g. on suprathreshold BM tuning, 
would be needed. However, an alternative hypothesis could involve certain features of AI 
theory. It is well known that SII underestimates speech intelligibility when the speech is 
presented in non-neighbouring frequency bands. Hence, one could argue that an AI model 
that accounts for synergistic band interaction is needed for modelling certain dead-region 
pathologies, e.g. notches. In the present study, the extent of frequencies for all the possible 
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dead regions was unbroken, and the implication for speech recognition was investigated 
by removing speech information with a simple LP filter. It is not likely, therefore, that 
synergistic effects, however strong they may be, play an important role in causing the 
observed difference between dead-region candidates and no-dead-region candidates. 

The two groups of subjects show markedly different variance of RSs with regard to 
the predicted values. In particular, the SII/RS plot for no-dead-region subjects shows 
substantial individual departures from average performance, which is reflected in the 
spread of points around the fitted transformation curve in Figure 6.1. It should be 
recognized that AI is to be considered a probabilistic rather than a deterministic measure. 
Thus, individual predictions are likely to be unreliable, whereas group predictions should 
be expected to be reliable, so long as audibility is the prime determinant of speech 
recognition. Nevertheless, one might have expected dead-region subjects to show larger 
individual variations from group mean predictions, as they could be thought to have very 
individual cochleotopic sources of error regarding SII prediction of RS. Such speculation 
is not supported, however, by the results of these experiments. Alternatively, it could be 
argued that dead-region subjects should exhibit the smaller variance, because any deficit 
in effective audibility is attributable to one distinct type of cochlear lesion. 

In some subjects, there is an inconsistent relationship between the benefit from LP 
speech and the spectral location of a possible dead region. The edge frequency was 
estimated by searching for the frequency region where off-frequency listening took place 
in the TEN test. In the right ear of subject AM (Figure 6.4), all masked thresholds beyond 
2 kHz are shifted out of range, which in turn implies at least a 15-dB threshold shift. The 
TEN cannot be expected, however, to produce 15-dB masking anywhere above 750 Hz. 
When subject AM still appears to benefit from broadband speech, it may have something 
to do with the appropriateness of the 750-Hz reference frequency. It has been 
demonstrated that some subjects benefit from amplification up to 1 octave into a dead 
region (Vickers, Moore et al., 2001). Based on the present experiments, the conclusion is 
that PTCs may be more appropriate than the TEN test for accurately estimating the 
boundaries of a cochlear dead region. 

Another question raised by the performance of subject AM is why threshold shifts 
take place at all. In the right ear of subject AM, the observed threshold elevation was at 
least 15 dB. Only below 1000 Hz did the masker exceed threshold in quiet by more than 
15 dB, and it was assumed, therefore, that a possible HF dead region might begin at 
750 Hz. However, experiment II (Figure 6.4, upper right panel) is not supportive of a 750-
Hz edge frequency, as the broadband condition provided the best recognition. If the 
amount of masking at the off-frequency required to produce the observed threshold shift is 
smaller than the observed threshold shift, then steepening of the excitation pattern at 
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increased excitation levels is implied. This runs counter to the traditional understanding of 
suprathreshold psychoacoustic tuning. Whether the TEN, in fact, does not provide equal 
masking in certain dead-region subjects cannot be clearly concluded from these 
experiments. However, it is known that auditory filters are widened in the damaged 
cochlea. In turn, it could be speculated that both excess masking and threshold shifts are 
influenced by the expected wider than normal auditory filters in the subjects in these 
experiments. 

To summarize, the present experiments showed that dead-region subjects exhibited 
smaller individual variation from group recognition prediction performance, and, more 
interestingly, that the dead-region subjects showed superior speech recognition abilities 
under conditions of poor audibility, compared to the no-dead-region subjects. 
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Chapter 7 

7 General discussion 

The present thesis concerned the benefit that hearing-impaired people receive from 
amplification of high frequencies. The main question addressed in the thesis was why 
some hearing-impaired people do not benefit as much as one might expect when they are 
provided with hearing aids. This was investigated by looking into two theories that have 
been suggested as possible explanations for failure by hearing-impaired people to perceive 
functional benefit from amplification. The two theories were (1) auditory acclimatization 
and deprivation and (2) cochlear dead regions. 

The present chapter discusses the general application of the results found in two 
studies on acclimatization and dead regions, respectively. The study on auditory 
acclimatization was reported in chapters 2 – 5, and the study on dead regions was reported 
in Chapter 6. The studies showed, to some extent, that the two theories are competent for 
explaining individual differences in auditory performance that are often observed within 
clinical practice and research. 

The rest of this chapter is organized as follows. In separate sections below, the two 
theories are discussed starting from the experiments that were carried out within the frame 
of the present project. In the discussions are included additional aspects of auditory 
perception and psychology that may be relevant for understanding the general application 
of the results found in the experiments. Two concepts that have not received much 
attention in the thesis thus far are brought up, and their relationship to the two studies is 
included in the discussion. They are (1) perceptual learning for explaining auditory 
acclimatization and (2) modelling articulation additivity in cochlear dead regions. 

7.1 Auditory acclimatization and deprivation 
According to Arlinger et al. (1996), auditory acclimatization is ‘a systematic improvement 
in auditory performance over time, following a change in the acoustic information 
available to the listener. It involves an improvement in performance that cannot be 
attributed to task, procedural or training effects.’ Auditory deprivation is defined as ‘a 
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systematic decrease over time in auditory performance associated with the reduced 
availability of acoustic information’. 

In order for the definitions to become operational, it is important to understand the 
exact nature of the various concepts in the definitions. In the present thesis, the definitions 
have been interpreted so that hearing-aid users might attain better performance over time, 
and if it happens in response to experience with listening through hearing aids, and not 
just in response to repeated exposure to a test, then the effect is designated 
acclimatization. This interpretation undoubtedly goes along with the original intention by 
Arlinger et al. as well as the common understanding of the matter within clinical 
audiology. However, the disclaimer regarding procedural learning may confound some 
researchers in experimental psychology, within which the term has a special meaning. 

The term ‘procedural learning’ is traditionally dissociated from ‘declarative learning’ 
(Cohen, Eichenbaum, Deacedo & Corkin, 1985). While procedural learning is reflected by 
decreased error ratio or increased speed of skills, declarative learning concerns memory 
for facts or events. Thus, in a psychological narrative, auditory performance with hearing 
aids is likely based on procedural learning more than on declarative learning. In fact, if 
auditory learning over time were declarative then audiologists probably would not 
designate it auditory acclimatization. 

However, Arlinger et al. probably did not mean to include the procedural-declarative 
dichotomy in their conception of auditory acclimatization. Co-authors to Arlinger et al. 
(1996), Robinson and Summerfield (1996) suggested that the traditional psychological 
term ‘conceptual learning’ be replaced with the term ‘procedural learning’. In other 
words, when Arlinger et al. talk about procedural learning, they mean conceptual learning. 
Conceptual learning refers to learning surrounding the specific requirements of the task of 
an experimental setting. It is this kind of learning that we want to control for in auditory 
acclimatization experiments. 

Similarly, with the introduction of the term ‘stimulus learning’ Robinson and 
Summerfield adopted a narrow interpretation of the term ‘perceptual learning’. As an 
example of stimulus learning they mention a study (Recanzone, Schreiner & Merzenich, 
1993) in which the authors showed an increase in the cortical representation of a restricted 
frequency range in the primary auditory cortex of adult owl monkeys that correlated with 
the animal's performance in a frequency discrimination task. Recanzone et al. designated 
the effect perceptual learning. While stimulus learning certainly can be considered a sort 
of perceptual learning, it does not appear to fully cover the term. Robinson and 
Summerfield (1996) argue that auditory acclimatization is an example of stimulus 
learning. I shall attempt to extent the argument with the notion that auditory 
acclimatization has a foundation in perceptual learning in a broader sense. 
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In passing, it is here argued that redefining learning-theory terms might not 
necessarily contribute to increasing our understanding of the concepts underlying auditory 
acclimatization. In conclusion, task-related (conceptual) learning should not be considered 
auditory acclimatization as opposed to perceptual learning. 

Nevertheless, for psychoacousticians the disclaimer in the definition of auditory 
acclimatization is clear. It is well-accepted that many psychoacoustic tests require a 
considerable amount of training before the tests can be expected to deliver reliable results 
on the auditory attributes that the tests entail. It is therefore common practice to run pre-
experimental trials, in which test subjects become familiar with a test. Such pre-
experimental trials also serve a learning purpose, and the type of learning is often 
designated task-related. Similarly, when a series of tests are run, in order for instance to 
measure under different conditions, the test subjects might become better at the task 
simply because of the reiteration of the test. Such effects are designated training effects. It 
is often possible to reduce both task-related and training effects in the main experiment 
with pre-experimental preparation. It is for instance well-documented that training effects 
with the Hagerman-sentence test primarily occur during the first two lists (Wagener et al., 
2003). By using 20 sentences for pre-experimental training, residual training is 
minimized. 

A related question is then how better performance over time can be achieved at all. 
Some studies have focused on the possibility of reorganization of the primary auditory 
cortex (Robinson & Gatehouse, 1996). This notion, which involves plasticity of the 
auditory cortex (Willott, 1996), entails that changes in the auditory sensory map cause 
functional changes of hearing in terms of improvement or deterioration of auditory 
function. However, it is not obvious why reorganization of the primary auditory cortex 
should cause improved functional benefit from hearing aids. Instead, it is here suggested 
that auditory acclimatization occurs because of perceptual learning. Many researchers 
argue that perceptual learning is highly task-specific, and that transfer between for 
instance everyday-speech perception and closed-set speech identification (as measured 
with a speech test) therefore will not occur. However, others argue that perceptual 
learning can occur without attention, without awareness and without task relevance 
(Watanabe, Nanez & Sasaki, 2001). This notion involves that the mere exposure to certain 
signals increases the salience of the features embedded in the signals even though the 
signals are not part of a central task when presented. In a discrimination test, the important 
features are those different between candidate signals. For auditory perception, it means 
that exposure to sounds establishes an enhanced role for signal differences even if the 
sounds are not part of a discrimination task. For instance, overhearing a conversation 
between other people represents such a situation, in which the mere exposure to speech 
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contributes to the learning of important features in speech that can then be utilized by the 
eavesdropper in other situations where listening is accompanied by a more direct demand 
for speech recognition. Thus, auditory acclimatization would appear to tie in very well 
with a concept such as perceptual learning, in the sense that increased exposure to audible 
speech enhances performance in closed-set speech tests.  

The above notion sets an important precondition for auditory acclimatization. While 
the increase in auditory performance is conditioned by a change in the acoustic 
information available to the listeners (i.e. that provided by the re-established audibility), it 
also follows that perceptual learning will only occur if a certain amount of exposure to 
new audible sounds is experienced by the hearing-aid user. This leads to a requirement of 
a certain amount of daily hearing-aid use, which in this thesis was arbitrarily set to >4 
hours. This criterion was also used by Gatehouse (1992) and Horwitz (1997). In Bentler et 
al. (1993), no acclimatization was found, but 20% of their subjects reported that they used 
their hearing aids less than 4 hours per day. 

A second issue regards the definition for auditory deprivation. It would appear that 
auditory deprivation is a precondition for acclimatization in the sense that improvement in 
auditory performance only occurs because of an initial disadvantage by hearing-aid users 
to utilize audibility. This disadvantage is expected to be present because of lack of 
training with audibility in hearing-impaired people. As such, auditory deprivation is a loss 
of auditory abilities. However, there are a number of auditory abilities associated with 
having hearing loss that do not directly imply loss of abilities. For instance, the ability to 
lateralize or localize unaided in asymmetrical hearing losses rather implies that hearing-
impaired people become habituated to abnormal listening. As described in Chapter 4, such 
abilities are not present initially in normal-hearing people with mechanically attenuated 
hearing. The fact that hearing-impaired patients can acquire an ability to lateralize and 
localize unaided, implies that they become conditioned to marginal audibility in response 
to having a hearing loss. 

7.1.1 Observations in the present experiments 
In the present experiments, speech identification ability, subjective outcome and 
resolution of hearing were measured 1, 4 and 13 weeks following hearing-aid fitting in 25 
subjects with ski-slope hearing loss. All subjects were bilaterally fitted with new hearing 
aids using a fitting rule that provided a large amount of audibility. For the objective 
measures, speech identification and resolution of hearing, data were collected for each ear 
individually. The results showed a different pattern for the three domains of auditory-
performance measures. Speech identification ability improved in both experienced and 
first-time users. The effects were not found to arise from learning of the test material, but 
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they were believed to reflect an increased ability to utilize the audibility provided by the 
hearing aids. Although the effects were numerically small, they may represent a 
significant increase in functional benefit to the users. The best predictor of performance 
was severity of hearing loss in that larger hearing deficits meant poorer initial 
performance and more improvement over time. Another result was that subjects with 
more severe hearing loss exhibited more efficient use of audibility (quantified as a low 
amount of audibility required to obtain 50% speech recognition, SII50 ). 

It was found that the strongest predictor of auditory performance was audibility, but it 
was also evident that there was plenty of variance unaccounted for. This might lead to 
asking whether for example frequency selectivity might have a role in explaining auditory 
performance. There is considerable evidence that the correlation between hearing 
threshold and frequency resolution is weak. This is because threshold elevation can 
happen due to both conductive and sensorineural damage, and in the sensorineural case, it 
depends on damage to both inner and outer hair cells. By contrast, reduced frequency 
selectivity depends primarily on damage to the outer hair cells (Moore, 2003). In the 
present experiments, the participants all had sensorineural hearing loss; still it is not easy 
to determine the ratio of the hearing loss due to outer hair-cell damage compared to inner 
hair-cell damage. Moore, Glasberg & Vickers (1999) have presented a loudness model in 
which outer hair-cell loss results in a steeper growth of specific loudness with increasing 
excitation level. Thus by measuring loudness growth it may be possible to get an idea of 
the extent of outer-hair cell damage. A related issue is complete loss of inner hair cells 
(dead regions), which must be expected to occur in ski-slope hearing loss above the edge 
frequency. However, since neither dead-regions testing nor loudness matching was part of 
the acclimatization experiments, the potential predictive leverage of dead-regions 
candidacy and IHC/OHC loss ratio remains unknown. 

A larger improvement over time was found for unaided listening than for aided 
listening. It could be argued that this challenges the validity of the results in terms of 
being evidence in favour of auditory acclimatization as defined earlier. However, if 
auditory acclimatization is a result of perceptual learning as mentioned above then the 
effect might transfer well to unaided listening. It is here speculated that the increased 
exposure to sounds (such as established by the hearing aids post-fitting) enhances the 
sensitivity of the auditory system to salient features of speech that can then be utilized in 
the unaided as well as the aided situation. It is therefore not surprising that the participants 
improve performance in both domains. When improvement in aided speech recognition is 
less than in the unaided situation, it may reflect a ceiling effect of the particular speech 
test, in which SNR was manipulated to obtain criterion performance of 50% recognition. 
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Thus, it may have been more prudent to use a fixed SNR and score performance in terms 
of per cent correctly recognized speech items. 

In the subjective-outcome domain, some improvement over time was found. Post-hoc 
it was found that those who used the hearing aids more than 4 hours per day also were the 
ones who reported the largest increase in subjective outcome. However, causality could 
not be shown. A more interesting result was the observation that the outcome space 
changed over time. Not until 13 weeks post-fitting did independent component analysis 
result in subscales with high face validity. This result may explain the divergent findings 
regarding the existence of auditory acclimatization in the subjective-outcome domain in 
other studies. The fact that the subjective-outcome space changes over time makes it very 
difficult to show auditory acclimatization in the subjective domain. 

One can imagine that the data from a subscale can contain so much experimental 
noise because the underlying outcome dimension is not built in the subject’s outcome 
space initially, that the subscale cannot capture any longitudinal trends for the outcome 
dimension in question. Such subscales may thus be insensitive to auditory acclimatization. 
By contrast, other subscales might be established earlier and therefore they might be more 
sensitive to auditory acclimatization. Thus, the combination of possibly changing and 
floating outcome dimensions may compromise the validity of evidence against auditory 
acclimatization in the subjective-outcome domain. Similarly, in studies where auditory 
acclimatization have been observed in subjective outcome, the result might have been 
accompanied by a decrease in one or more other outcome dimensions had they been part 
of the protocol. 

An alternative way to model the subjective-outcome data is to separate the items into 
device-oriented and wearer-oriented questions. In the questionnaires used in the present 
study, GHABP and HAPQ mostly orient towards the user (wearer-oriented), whereas IOI-
HA and SADL address both user and hearing instrument (device-oriented). There appears 
to be a remarkable relation between the extent to which a subscale addresses either the 
wearer or the device and the orthogonalization of the subscales by the factor analysis 
shown in Table 3.13. Hence, factor 1 is all wearer-oriented, factor 2 is device-oriented and 
factor 3 contains both wearer and device-oriented items. This again highlights the 
different qualities of the various questionnaires used in the present study, and stresses the 
importance of carefully considering the specific purpose of doing subjective-outcome 
assessments in connection with hearing-aid evaluation. 

The results from the gap-release-of-masking experiments showed an increase in 
temporal and spectral resolution of hearing over time. While the masking by one-octave 
wide maskers without gaps was constant over time, the gap release from masking was 
found to increase over time especially for maskers involving a temporal gap. The 
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strongest effect was found for first-time hearing-aid users at low frequency for the 
masking condition involving both spectral and temporal gaps. While it is not evident 
whether such an improvement might reflect increased hearing-aid benefit, it should be 
mentioned that some participants in the present study had developed supranormal abilities 
to interpret low-frequency speech cues. This notion was evidenced by the observation that 
listeners with more severe hearing loss utilize audibility more efficiently. 

It could be argued that the results from the gap-release-of-masking experiments might 
not be valid for people with cochlear dead regions. While it is certainly true that patients 
with dead regions must be expected to perform highly abnormal when tested inside a dead 
region, there is probably not much of an effect of possible dead regions in the present 
experiment because the subjects were tested at frequencies below and up to but not above 
the corner frequency of the audiogram. Since GRM is an on-frequency paradigm, it is 
difficult to imagine that a dead region at higher frequencies should have an effect on the 
results in the present experiments. 

An important question concerns why large individual differences were found. In 
attempting to model hearing-aid outcome, a number of predictors were tested. If auditory 
acclimatization is a result of perceptual learning, such modelling essentially addresses the 
so-called ‘modulators of learning’ as termed and reviewed by Robinson and Summerfield 
(1996). In the present thesis, severity of hearing loss was the overall most effective 
predictor of improvement over time. Other researchers have looked at the amount of high-
frequency gain (Cox et al., 1996). They only found a non-significant trend in the direction 
of more gain leading to more improvement over time. Still, it is obvious that a more 
severe hearing loss leading to poorer initial performance leaves the severely hearing-
impaired with more room for improvement, as also shown in the present experiments. 

Another predictor was cognitive function. Cognitive tests have been shown to 
contribute to predictions of cochlear-implant outcome (Gantz et al., 1993). Since 
perceptual learning may involve attention and short-term memory, it would be reasonable 
to assume that cognitive measures show some predictive leverage on auditory 
acclimatization effects. Reading span and vigilance performance correlated with speech 
performance for aided listening. However, while the correlation between vigilance scores 
and aided speech performance decreased slightly over time, the correlation between 
speech performance and reading span got stronger over time. In other words, it was found 
that a high vigilance score predicts good initial speech performance whereas a high 
reading span score predicts good ultimate performance. This means that the potential 
advantage for those who score high in the vigilance test is achieved right away whereas 
the advantage for those who score high in the reading span test is only achieved over time. 
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7.1.2 Other acclimatization studies 
It remains somewhat unresolved why some studies (see section 1.2) appear to show 
evidence in favour of auditory acclimatization while others fail to. Apart from the obvious 
precondition for a certain daily hearing-aid use, two aspects can be mentioned. 

Some studies on auditory acclimatization have focused specifically on the role of 
listening level (Gatehouse, 1989; Kuk et al., 2003; Munro & Lutman, 2003). The authors 
found that acclimatization may occur at some levels but not at others. However, if subjects 
perform better at some levels than at other levels, the total functional effect is not 
necessarily an improvement. In the present thesis, this predicament was highlighted in 
Chapter 2 where speech reception threshold and slope of the psychometric function were 
measured. Audibility was manipulated by varying SNR rather than varying presentation 
level. Even though high correlation was found between speech reception threshold and 
slope, it should be noted that the correlation (ρ = -0.61) only accounts for 37% of 
common variance. Thus, the possibility remains that an increase in slope over time is not 
associated with sufficient decrease in speech reception threshold. If that happens, then 
over time the patient performs better under favourable listening conditions but worse 
under more deleterious listening conditions. 

Some studies have used one ear of the subjects as experimental ear with the other ear 
as control ear. These studies suffer from the bias induced by the laterality of the fitting. It 
is well-known that unilaterally fitted hearing-impaired people use their unfitted ear less 
effectively than their aided ear compared to unfitted or binaurally fitted people when 
tested unaided (Florentine, 1976; Hood, 1984). Even though this effect may be related to 
the learning that takes place in auditory acclimatization, it is here argued that future 
acclimatization studies should rather use control groups of patients previously fitted with a 
hearing aid and a fitting rule similar to that used for the experimental group that 
furthermore should consist of binaurally fitted patients. 

Auditory acclimatization and deprivation in unilaterally fitted patients raise another 
concern with regard to the clinical application of the results. It stems from the observation 
mentioned above, and not directly present in the present experiments, that while hearing-
aid users can improve auditory performance aided, sometimes the effect is restricted to a 
certain range of levels (Gatehouse, 1989; Munro & Lutman, 2003). This means that it 
cannot be ruled out that optimal performance might be achieved with unilateral fittings 
where the aided ear becomes tuned to higher levels while the unaided ear remains tuned to 
lower levels. While such a speculation challenges the appropriateness of binaural fittings, 
it was not supported by the present experiments, in which improvement in auditory 
performance was found for both aided and unaided listening. 
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7.2 Dead regions in the cochlea 
Dead regions in the cochlea have been suggested to explain failure by hearing-impaired 
listeners to benefit from amplification of high frequencies. The idea entails that 
amplification in dead regions may not provide enhanced speech performance because it 
does not generate audibility specific to the frequency region in which the amplification is 
applied (i.e. the dead region). The TEN test (Moore et al., 2000) is a protocol for 
diagnosing dead regions in the cochlea. In the present thesis, the TEN test was tried and 
relationship between dead-region candidacy and speech identification for low-pass filtered 
speech was modelled with an articulation-index based method. Data were collected in 22 
experienced hearing-impaired listeners who all used hearing aids with substantial high-
frequency amplification. The hearing loss exceeded 60 dB HL in all subjects. The results 
showed that dead-region candidates did not on average show lack of speech identification 
ability compared to no-dead-region subjects. By contrast, the dead-region candidates were 
found to exhibit a more efficient use of audibility in listening situations with marginal 
audibility. This surprising result suggests that people with cochlear dead regions are more 
efficient at interpreting low-frequency speech cues than people without dead regions. In 
the present thesis, a similar effect was found in the acclimatization experiments discussed 
above. In these experiments, it was found that more severe ski-slope hearing loss was 
associated with more efficient use of audibility. In the dead-region experiments, speech 
identification was measured with single-word lists, and audibility was varied by low-pass 
filtering the stimuli. In the acclimatization experiments, a sentence test was used, and 
audibility was manipulated by a varying the amount of competing noise. Thus, very 
different speech identification regimes lead to the same conclusion that hearing-impaired 
people are able to develop abilities better than normal to interpret scarcely available 
speech cues. 

Some researchers do not believe in the viability of the TEN test for diagnosing 
cochlear dead regions (Summers et al., 2003; Trine, 2003). The authors typically argue 
that the TEN test is not accurate enough. Summers et al. (2003) found that in 8 of 18 ears 
the result from the TEN test disagreed with the results from measurements of 
psychoacoustic tuning curves (PTC). Trine (2003) contended that the TEN test is not 
sensitive enough. Altogether they suggested that the TEN test does not add diagnostic 
value above considerations based on audibility alone, and that the clinical ramification of 
the test therefore is limited. By contrast, it is here argued that even though the TEN test 
has some limitations (as discussed in Chapter 6), it still provides useful information on the 
psychoacoustic function in hearing-impaired listeners. 

Other researchers (Baer et al., 2002; Vickers, Moore et al., 2001) have done dead-
region studies with a purpose similar to the one in Chapter 6. In these studies, speech 
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identification ability was measured with vowel-consonant-vowel nonsense syllables. 
Vickers et al. used stimuli in quiet, whereas Baer et al. used speech presented in 
competing noise. As opposed to the dead-region experiments in the present thesis, they 
used the TEN test as well as PTCs to diagnose their subjects. In both studies the results 
indicated that the dead-region candidates extracted little information from frequencies that 
were more than an octave inside the dead regions. Subjects without dead regions scored 
highest when listening to broadband stimuli. These results are more clear-cut than the 
results in Chapter 6, likely owing to the fact that PTCs were available to estimate the edge 
of the dead region. 

Moore (2004) re-analyzed the data presented in Chapter 6 (Vestergaard, 2003) by 
looking at speech identification score as a function of low-pass cutoff frequency. He 
compared the extent to which dead-region candidates showed an increase in speech 
performance with rising low-pass cutoff frequency compared to no-dead-region cases. In 
the analysis, Moore included five ears showing dead regions above 0.75 – 1.5 kHz (AM 
left and right, CS left and right, JH left) and six ears with no dead regions or dead regions 
above 3 kHz (BE, BS and HU, all left and right, and KP right) and presented the result as 
in Figure 7.1. 

The analysis was intended to show that listeners with dead regions at high frequencies 
starting at relatively low frequencies do not make as effective use of amplification of high 
frequencies as subjects without such dead regions. While the figure clearly demonstrates 
such an effect, the chosen form does not consider the extent to which an increase in cutoff 
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Figure 7.1. Speech recognition score as a function of low-pass filter cutoff frequency for 
subjects with high-frequency dead regions starting at frequencies in the range 0.75 to 1.5 
kHz (dashed lines) and subjects with no dead regions or dead regions starting above 3 
kHz (solid lines). Thin lines show individual data, and thick lines show average data 
(Figure adopted from Moore, 2004, with permission). 
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frequency led to an increase in audibility. That explains why the data in Figure 7.1 have 
such large variance. In Chapter 6, the results were modelled using articulation index (AI) 
and rationalized arcsine units (rau). Even though this approach also has some 
limitations—for example, it does not differentiate between dead-region candidacy for 
each pair of speech-recognition and articulation-index point but rather for each ear—it is 
probably more prudent to model the data from that study as in Chapter 6. 

7.3 Conclusions 
The present thesis demonstrated that two concepts, cochlear dead regions and auditory 
acclimatization, possess power to explain failure by hearing-impaired listeners to benefit 
from high-frequency amplification. People with dead regions may not benefit as much as 
expected when provided with amplification well inside the dead region. The TEN test 
provides additional useful information regarding the possibility of dead regions in 
patients, but is does not enable a very accurate estimation of the edge frequency.  

Improvement in speech identification ability over time happens in first-time hearing-
aid users as well as experienced users when they are provided with new hearing aids. Both 
aided and unaided auditory performance improves. While there was a great deal of 
individual difference between the subjects’ performance, some of the variance could be 
explained. Subjects with severe hearing loss generally perform poorly initially leaving 
room for improvement in auditory performance over time. Non-auditory predictors of 
improvement are age and cognitive skills that were not correlated in this study (but which 
might have been expected to be). High vigilance performance predicts high initial 
performance, thus not much room for improvement, whereas low vigilance performance 
predicts poor initial performance and therefore room for improvement. By contrast, high 
working-memory capacity does not predict the level of initial performance but rather high 
ultimate performance. However altogether, the effects were small as might probably be 
the clinical ramification of the results. 

Subjective-outcome dimensions are not available to hearing-aid users right from the 
time of fitting. It can take up to 3 months before a meaningful outcome space has been 
formed, and during that time the salience of subjective-outcome dimensions changes. 

People with dead regions and people with severe ski-slope hearing loss show better 
than expected speech identification abilities in listening situations where only few speech 
cues are available and when the speech cues are primarily of low frequencies. Thus, it 
appears that the listeners in the present studies have developed supranormal abilities to 
interpret low-frequency speech cues most likely in response to the reduced availability of 
high-frequency acoustic information that follows from being hearing impaired. 



 

Appendix A 

A Danish questionnaires 

A.1 Glasgow Hearing Aid Benefit Profile 
Predefined listening situations 

1. At høre fjernsyn med familie eller venner, hvor lyden er indstillet, så den passer til de 
andre 

2. At føre en samtale med en person, når der ikke er støj i baggrunden 
3. At føre en samtale på en travl gade eller i en travl butik 
4. At føre en samtale med flere mennesker i en gruppe 

Table A.1. Response format for GHABP listening situations. 

Forekommer denne situation i dit liv?       0__Nej    1__Ja   

Hvor store 
vanskeligheder 
har du i denne 
situation? 

Hvor meget 
bekymrer, 
irriterer eller 
forstyrrer 
vanskeligheder 
dig i denne 
situation? 

Hvor meget 
bruger du dit 
høreapparat i 
denne 
situation? 

Hvor meget 
hjælper 
høreapparatet 
dig 
i denne 
situation? 

Hvor store 
vanskeligheder 
har du i denne 
situation, når du 
bruger dit 
høreapparat? 

Hvor tilfreds er du 
med dit 
høreapparat i 
denne situation? 

0__ikke relevant 
1__ingen van-

skeligheder 
2__kun lette van-

skeligheder 
3__middel van-

skeligheder 
4__store van-

skeligheder 
5__kan slet ikke 

klare 
situationen 

0__ikke 
relevant 

1__slet ikke 
2__kun lidt 
3__middel 
4__en del 
5__rigtig 

meget 
 

0__ikke 
relevant 

1__aldrig/slet 
ikke 

2__omkring ¼ 
af tiden 

3__omkring ½ 
af tiden 

4__omkring ¾ 
af tiden 

5__hele tiden 

0__ikke relevant 
1__hjælper slet 

ikke 
2__hjælper lidt 
3__hjælper 

noget 
4__hjælper 

meget 
5__hører perfekt 

med høre-
apparatet 

0__ikke relevant 
1__ingen van-

skeligheder 
2__kun lette van-

skeligheder 
3__middel van-

skeligheder 
4__store van-

skeligheder 
5__kan slet ikke 

klare 
situationen 

0__ikke relevant 
1__slet ikke 

tilfreds 
2__lidt tilfreds 
3__rimelig tilfreds 
4__meget tilfreds 
5__lykkelig for 

høreapparatet 
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A.2 International Outcome Inventory for Hearing Aids 

Table A.2. Response format of the IOI-HA. 

1. Tænk på hvor meget du har brugt dit nuværende høreapparat i de seneste to uger. Hvor mange 
timer brugte du dit høreapparat på en gennemsnitlig dag? 

ingen mindre end 1 
time om dagen 

1 – 4 
timer om dagen 

4 – 8 
timer om dagen 

mere end 8 
timer om dagen 

❏ ❏ ❏ ❏ ❏ 

2. Forestil dig den situation, hvor du først og fremmest ønskede at høre bedre, før du fik dit nuvæ-
rende høreapparat. Hvor meget har dit høreapparat hjulpet dig i den situation i de seneste to uger? 

slet ikke 
hjulpet 

hjulpet 
lidt 

hjulpet 
moderat 

hjulpet 
en hel del 

hjulpet 
betydeligt 

❏ ❏ ❏ ❏ ❏ 

3. Forestil dig igen den situation, hvor du først og fremmest ønskede at høre bedre. Hvor meget 
besvær har du STADIG i den situation, når du bruger dit nuværende høreapparat? 

betydeligt 
besvær 

en hel del 
besvær 

moderat 
besvær 

lidt 
besvær 

intet 
besvær 

❏ ❏ ❏ ❏ ❏ 

4. Synes du alt taget i betragtning, at dit nuværende høreapparat er besværet værd? 

slet ikke 
besværet værd 

i mindre grad 
besværet værd 

i moderat grad 
besværet værd 

i overvejende grad
besværet værd 

i betydelig grad 
besværet værd 

❏ ❏ ❏ ❏ ❏ 

5. Hvor meget har dine høreproblemer med dit nuværende høreapparat i de seneste to uger haft 
indflydelse på de ting, du kan gøre? 

betydelig 
indflydelse 

en hel del 
indflydelse 

moderat 
indflydelse 

lidt 
indflydelse 

slet ingen 
indflydelse 

❏ ❏ ❏ ❏ ❏ 

6. Hvor meget tror du, andre mennesker har været besværet af dine høreproblemer i de seneste to 
uger med dit nuværende høreapparat? 

betydeligt 
besværet 

en hel del 
besværet 

moderat 
besværet 

lidt 
besværet 

slet ikke 
besværet 

❏ ❏ ❏ ❏ ❏ 

7. Hvor meget har dit nuværende høreapparat alt taget i betragtning ændret din livsglæde? 

til det værre ingen 
ændring 

lidt 
til det bedre 

en hel del 
til det bedre 

betydeligt 
til det bedre 

❏ ❏ ❏ ❏ ❏ 
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A.3 Hearing Aid Performance Questionnaire 
Hvor gode eller dårlige er dine høreapparater til: 

1. At gengive kraftig tale 
2. At gengive musik ved moderat lydstyrke 
3. At gengive kraftig musik  
4. At gøre tale så forståelig som mulig 
5. At gøre tale så behagelig som mulig 
6. At sikre at kortvarige voldsomme lyde (f.eks. dørsmæk) ikke er ubehageligt kraftige 
7. At sikre at vedvarende kraftige lyde (f.eks. på en trafikeret gade) ikke generer eller 

stresser dig 
8. At sikre at du kan opfatte lyde, der skifter i styrke 
9. At udelukke baggrunds-støj 
10. At give din egen stemme en naturlig klang 
11. At gengive din egen stemme rigtigt, når du råber eller synger 
12. At hjælpe dig til at opfange og forstå begyndelsen af en sætning 
13. At gøre tale behagelig at lytte til (f.eks. fra dine medpassagerer eller fra radioen), når 

du kører bil 
14. At hjælpe dig til at forstå hvad der bliver sagt, når du kører bil 
15. At sikre at du kan følge med i en samtale, når du befinder dig i trafikstøj på gaden 
16. At gøre signallyde såsom dør- eller telefonklokker hørbare 
17. At gøre svage lyde hørbare 
18. At hjælpe dig til at kunne høre hvad folk siger på afstand 

 

Table A.3. Response format and layout of visual analogue scale. 

Meget 
Dårlig Dårlig Acceptabel God 

Meget 
God 

  
0 1 2 3 4 5 6 7 8 9 10 

Min          Max 
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A.4 Satisfaction with Amplification in Daily Life 

INSTRUKTION 
Nedenfor finder du en række spørgsmål om dine høreapparater. 
Spørgsmålene skal besvares ved at du markerer det bogstav 
som bedst passer med en cirkel. Ordlisten her til højre angiver 
meningen af hvert bogstav. Husk at din besvarelse skal afspejle 
din generelle mening om de høreapparater som du bruger i dag 
eller har brugt i den seneste tid! 

A Slet ikke 
B Lidt 
C Delvist 
D Middel 
E Betragteligt 
F Meget 
G Ekstraordinært 

 
1. Sammenlignet med slet ikke at bruge høreapparater, hjælper dine høreapparater dig så 

med at forstå de mennesker, som du oftest taler med? 
2. Bliver du frustreret, når dine høreapparater opfanger lyde, som forhindrer dig i at høre 

det, som du gerne vil høre? 
3. Er du overbevist om, at det var til dit eget bedste at få høreapparater? 
4. Tror du, at folk lægger mere mærke til dit høretab, når du har høreapparaterne på? 
5. Sker det sjældnere, at du må bede folk om at gentage, når du har høreapparaterne på? 
6. Synes du, at høreapparaterne er umagen værd? 
7. Er du generet af en manglende mulighed for at opnå tilstrækkelig lydstyrke fra 

høreapparaterne uden at de begynder at hyle? 
8. Hvor tilfreds er du med høreapparaternes udseende? 
9. Har du mere selvtillid, når du har høreapparaterne på? 
10. Hvor naturlig er lyden fra dine høreapparater? 
11. Hvor nyttige er dine høreapparater i de fleste telefoner uden ekstra forstærker eller 

højttaler? (Kryds af her, hvis du godt kan høre i telefonen uden høreapparat ٱ) 
12. Hvor kompetent var den person, som tilpassede høreapparaterne til dig? 
13. Tror du, at du opfattes som værende i stand til mindre, fordi du bruger høreapparater? 
14. Er høreapparaternes pris rimelig for dig? 
15. Hvor tilfreds er du med dine høreapparaters pålidelighed (mht. reparationer) 
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A.5 Auditory Lifestyle and Demand 
Listening situations 

1. Aflytning i baggrundsstøj 
2. Aflytning af lyde som er svage og vanskelige at høre 
3. Aflytning af vedvarende kraftige lyde 
4. Aflytning af lyde tæt på 
5. Aflytning af lyde langt væk 
6. Aflytning hvor der er mange ekkoer 
7. Aflytning når to eller flere personer taler samtidigt 
8. Aflytning af lyde som varierer meget i styrke 
9. Aflytning af lyde som varierer hurtigt i styrke 
10. Samtale i telefon 
11. Aflytning af musik i dit hjem 
12. Aflytning af musik ved en koncert 
13. Aflytning af radioen 
14. Aflytning af fjernsynet 
15. Aflytning af lyde eller stemmer som bevæger sig rundt 
16. Aflytning af tale når du ikke har kontrol over eller indflydelse på taleren 
17. Aflytning hvor det kunne være pinligt hvis du ikke forstod hvad der blev sagt 
18. Aflytning hvor misforståelser kunne forårsage en ulykke 
19. Aflytning hvor misforståelser kunne koste dig penge 
20. Aflytning af en taler som befinder i et andet lokale 
21. Aflytning af en taler hvis stemme du ikke kender 
22. Aflytning af naturens lyde 
23. Situationer hvor du er nødt til at forstå hvad der foregår omkring dig 
24. Aflytning af talere med fremmed accent eller dialekt 
25. Situationer hvor du faktisk ikke ønsker at høre hvad der foregår 

 

Table A.4. Response format for ALD questions. 

Hvor ofte kommer du i denne situation?  Hvor vigtigt er det i din hverdag? 

1__aldrig 
2__en gang imellem 
3__tit 

1__slet ikke 
2__af nogen betydning 
3__meget vigtigt 



 

Appendix B 

B English questionnaires 

B.1 Glasgow Hearing Aid Benefit Profile 
Predefined listening situations 

1. Listening to the television with other family or friends when the volume is adjusted to 
suit other people 

2. Having a conversation with one other person when there is no background noise 
3. Carrying on a conversation in a busy street or shop 
4. Having a conversation with several people in a group 
 

Table B.1. Response format for GHABP listening situations. 

Does this situation happen in your life?       0__No    1__Yes   

How much 
difficulty do you 
have in this 
situation? 

How much 
does any 
difficulty in 
this situation 
worry, annoy 
or upset you? 

In this 
situation, what 
proportion of 
the time do you 
wear your 
hearing aid? 

In this situation, 
how much does 
your hearing aid 
help you? 

In this situation, 
with your hearing 
aid, how much 
difficulty do you 
now have? 

For this 
situation, how 
satisfied are you 
with your 
hearing aid? 

0__N/A 
1__No difficulty 
2__Only slight 

difficulty 
3__Moderate 

difficulty 
4__Great 

difficulty 
5__Cannot 

manage at all 

0__N/A 
1__Not at all 
2__Only a little 
3__A moderate 

amount 
4__Quite a lot 
5__Very much 

indeed 

0__N/A 
1__Never/Not 

at all 
2__About ¼ of 

the time 
3__About ½ of 

the time 
4__About ¾ of 

the time 
5__All the time

0__N/A 
1__Hearing aid 

no use at all 
2__Hearing aid is 

some help 
3__Hearing aid is 

quite helpful 
4__Hearing aid is 

a great help 
5__Hearing is 

perfect with 
aid 

0__N/A 
1__No difficulty 
2__Only slight 

difficulty 
3__Moderate 

difficulty 
4__Great 

difficulty 
5__Cannot 

manage at all 

0__N/A 
1__Not satisfied 

at all 
2__A little 

satisfied 
3__Reasonably 

satisfied 
4__Very 

satisfied 
5__Delighted 

with aid 



Appendix B: English questionnaires 
 

132

B.2 International Outcome Inventory for Hearing Aids 

Table B.2. Response format of the IOI-HA. 

1. Think about how much you used your present hearing aid(s) over the past two weeks. On an 
average day, how many hours did you use the hearing aid(s)? 

none less than 1 
hour a day 

1 – 4 
hours a day 

4 – 8 
hours a day 

more than 8 
hours a day 

❏ ❏ ❏ ❏ ❏ 

2. Think about the situation where you most wanted to hear better, before you got your present 
hearing aid(s). Over the past two weeks, how much has the hearing aid helped in that situation? 

helped 
not at all 

helped 
slightly 

helped 
moderately 

helped 
quite a lot 

helped 
very much 

❏ ❏ ❏ ❏ ❏ 

3. Think again about the situation where you most wanted to hear better. When you use your present 
hearing aid(s), how much difficulty do you STILL have in that situation? 

very much 
difficulty 

quite a lot of 
difficulty 

moderate 
difficulty 

slight 
difficulty 

no 
difficulty 

❏ ❏ ❏ ❏ ❏ 

4. Considering everything, do you think your present hearing aid(s) is worth the trouble? 

not at all  
worth it 

slightly 
worth it 

moderately 
worth it 

quite a lot 
worth it 

very much 
worth it 

❏ ❏ ❏ ❏ ❏ 

5. Over the past two weeks, with your present hearing aid(s), how much have your hearing 
difficulties affected the things you can do? 

affected 
very much 

affected 
quite a lot 

affected 
moderately 

affected 
slightly 

affected 
not at all 

❏ ❏ ❏ ❏ ❏ 

6. Over the past two weeks, with your present hearing aid(s), how much do you think other people 
were bothered by your hearing difficulties? 

bothered 
very much  

bothered 
quite a lot 

bothered 
moderately 

bothered 
slightly 

bothered 
not at all 

❏ ❏ ❏ ❏ ❏ 

7. Considering everything, how much has your present hearing aid(s) changed your enjoyment of 
life? 

worse no change slightly 
better 

quite a lot 
better 

very much 
better 

❏ ❏ ❏ ❏ ❏ 
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B.3 Hearing Aid Performance Questionnaire 
How good or bad are your hearing aids at dealing with the following circumstances?: 

1. When listening to loud voices 
2. Listening to music 
3. Listening when the volume of music is turned up high 
4. Making speech as understandable as possible 
5. Making speech as comfortable as possible 
6. Making sure that short but loud sounds (such as a door slamming) are not 

uncomfortably loud 
7. Making sure that continuous loud sounds are not distressing 
8. Allowing you to detect sounds that change in level 
9. Keeping background noise to a minimum 
10. Allowing your own voice to sound natural 
11. Allowing your own voice to sound natural when you shout or sing. 
12. Helping you to catch the beginnings of sentences 
13. Allowing comfortable listening when in a motor car 
14. Helping you to understand speech when in a motor car 
15. Allowing you to follow a conversation when you are in the street surrounded by 

traffic noise 
16. Allowing you to hear alerting sounds such as door or telephone bells 
17. Making quiet sounds loud enough so that you can hear them 
18. Allowing you to hear what people are saying when they are far away 

 

Table B.3. Response format and layout of visual analogue scale. 

Very 
Poor Poor Acceptable Good

Very 
Good 

  
0 1 2 3 4 5 6 7 8 9 10 

Min          Max 
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B.4 Satisfaction with Amplification in Daily Life 

INSTRUCTION 
Listed below are questions about your hearing aids. For each 
question, please circle the letter that is the best answer for you. 
The list of words on the right gives the meaning for each letter. 
Keep in mind that your answers should show your general 
opinions about the hearing aids that you are wearing now or 
have most recently worn. 

A Not at All 
B A little 
C Somewhat 
D Medium 
E Considerably 
F Greatly 
G Tremendously 

 
1. Compared to using no hearing aid at all, do your hearing aids help you understand the 

people you speak with most frequently? 
2. Are you frustrated when your hearing aids pick up sounds that keep you from hearing 

what you want to hear? 
3. Are you convinced that getting your hearing aids was in your best interests? 
4. Do you think people notice your hearing loss more when you wear your hearing aids? 
5. Do your hearing aids reduce the number of times you have to ask people to repeat? 
6. Do you think your hearing aids are worth the trouble? 
7. Are you bothered by an inability to get enough loudness from your hearing aids 

without feedback (whistling)? 
8. How content are you with the appearance of your hearing aids? 
9. Does wearing your hearing aids improve your self-confidence? 
10. How natural is the sound from your hearing aids? 
11. How helpful are your hearing aids on MOST telephones with NO amplifier or 

loudspeaker? (If you hear well on the telephone without hearing aids, check here ٱ) 
12. How competent was the person who provided you with your hearing aids? 
13. Do you think wearing your hearing aids makes you seem less capable? 
14. Does the cost of your hearing aids seem reasonable to you? 
15. How pleased are you with the dependability (how often it needs repairs) of your 

hearing aids? 
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B.5 Auditory Lifestyle and Demand 
Listening situations 

1. Listening in a background of noise 
2. Listening to sounds that are quiet and difficult to hear 
3. Listening to sounds that are consistently loud 
4. Listening to things that are close by you 
5. Listening to things that are far away 
6. Listening when there are lots of echoes 
7. Listening when two or more people are talking at once 
8. Having to listen to sounds that vary a lot in loudness 
9. Having to listen to sounds that vary quickly in loudness 
10. Talking on the telephone 
11. Listening to music at home 
12. Listening to music at a concert 
13. Listening to the radio 
14. Listening to the television 
15. Listening to sounds or voices that are moving around 
16. Listening when you have no control or influence over the speaker 
17. Listening when not being able to understand could be embarrassing 
18. Listening when misunderstanding could cause an accident 
19. Listening when misunderstanding could cause you to lose money 
20. Listening to a speaker who is in another room 
21. Listening to a speaker whose voice is not familiar to you 
22. Listening to the sounds of nature 
23. Having to understand what is happening around you 
24. Listening to people with unfamiliar accents or dialects 
25. Being in a situation where you actually do not want to hear what is happening 

Table B.4. Response format for ALD questions. 

How often do you find yourself in this 
situation? 

How important a factor is this in 
your everyday life? 

1__very rarely 
2__sometimes 
3__often 

1__very little 
2__some importance 
3__very important 
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