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INTRODUCTION

In total one-hundred-and-two participants were trained and tested to answer our research 
questions and to explore our hypotheses. This research was carried out to investigate how 
cognitive restoration mechanisms are involved in the perception of degraded speech and what 
the implications are for improving speech perception of CI users. As defined in the introduction, 
the hope that drives the research presented in this thesis is that hearing-impaired listeners 
could learn with training to better apply cognitive restoration mechanisms to better understand 
speech in complex acoustic environments. To achieve this hope, the main aim of the research 
presented in this thesis was to understand more of the cognitive factors that influence, or are 
involved in restoring degraded speech in such a way that the brain can form it into an intelligible 
speech stream. The four studies presented in this thesis have several factors and observations in 
common which I would like to discuss.

PERCEPTUAL LEARNING OF INTERRUPTED SPEECH

First of all, the overall results showed that understanding interrupted speech can be learned. 
Especially chapters 2 and 4 are dedicated to this observation. Learning was observed even 
when further spectral degradations, by means of a noise band vocoder, were applied to 
interrupted speech. In chapter 2 the interest in learning to better understand interrupted 
speech stems from the hypothesis that if two different cognitive mechanisms were involved 
in the restoration of interrupted speech with and without filler noise, this would lead to 
different trends in learning curves. Training the participants with these kinds of stimuli led to 
the observation that even after intensive training phonemic restoration benefit of filler noise 
does not disappear. The learning curves follow a similar trend for interrupted speech with and 
without filler noise; there is a stabilization of the intelligibility after roughly the third training 
session. The similarity in learning trends indicates that similar cognitive restoration mechanisms 
are active in the restoration of interrupted speech, with or without the filler noise. In chapter 4 
spectrotemporally degraded speech is used as stimulus, with and without spectrally degraded 
filler noise in the silent intervals. Here, the hypothesis was that training with CI simulations of 
interrupted sentences might teach listeners to use the high-level restoration mechanisms more 
effectively with less speech information available. This study shows similar learning curves for 
both spectrally degraded stimuli, from which it can be concluded that understanding spectrally 
degraded speech can be learned as well as understanding interrupted speech without spectral 
degradation. However, due to the unfamiliarity of the NH participants with spectrally degraded 
speech, there is a steeper learning curve, compared to learning without spectral degradation. 
Training with combined written and auditory feedback adds to the perceptual learning of 
participants to understand spectrotemporally-degraded speech. Perceptual learning to 
understand interrupted speech was not a main topic of research in chapters 3 and 5 per se. 
However, it was demonstrated that understanding slow speed interrupted speech could be 
learned, as can understanding simulations of Electric Acoustic Stimulation, respectively. In 
conclusion, understanding interrupted speech can be learned to some extent regardless of 
additional spectral degradations, manipulation of the speed of the sentences, or addition of filler 
noise in the silent intervals. The trends of the learning curves do not depend on the addition of 
filler noise. Providing feedback seems to lead to effective training with interrupted speech. 
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ECOLOGICAL VALIDITY

The basic functioning of the peripheral auditory system is commonly tested by using simple 
sounds that are often not ecologically valid. For example, pure tones are – except from electric 
equipment – not commonly present in the natural environments of humans. Testing hearing 
thresholds or measuring acoustic reflexes can be performed under the right conditions with 
pure tones, as these tones are easy to control for in terms of their acoustic properties. However, 
to gain more insight into cognitive auditory processing, ecologically valid stimuli should be used 
since top-down features are often involved in real-life listening. For example, auditory attention 
and cognitive and linguistic skills play an important role in speech perception in general, as well 
as in the restoration of degraded speech in particular. I argue that speech streams interrupted by 
(periodic) noise are ecologically valid since similar interruptions occur in daily life as well. Closing 
doors, moving chairs and other non-speech signals frequently interrupt everyday conversations. 
However, in contrast with interruptions by these auditory streams, the silent intervals do not 
form a correlated auditory stream. It has been suggested that interrupted speech with silent 
intervals has no ecological validity, and that phonemic restoration was simply a consequence 
of this. More specifically, the benefit of filler noise in the silent intervals was suggested not be 
due to the additive nature of filler noise, but that it is rather the unfamiliarity with interrupted 
speech with silent intervals that results in poor performance. Chapter 2 provides the evidence 
contrary to this suggestion. Participants were trained intensively with interrupted speech with 
silent intervals and the intelligibility increased. After reaching maximum performance the 
addition of filler noise still improved the performance as much as before training. Furthermore, 
the trends of the learning curves are similar for both forms of interruptions and do not depend 
on the addition of filler noise or on additional spectral degradations, as described in chapter 4 
with CI simulations of interrupted speech with and without filler noise. In conclusion, the benefit 
of the filler noise does not seem to be a side effect of participants being tested with the less 
ecologically valid interrupted speech with silent intervals. 

PERSISTENCY OF THE BENEFIT OF FILLER NOISE

In the studies presented in this thesis the benefit of filler noise is shown to be persistent. 
Chapter 2 shows that the addition of filler noise improves intelligibility not only before, but also 
during and after intensive training. Results from follow-up measurements from (on average) 3 
months after the last test session show that this benefit is persistent. Chapter 3 shows that the 
benefit of the filler noise depends on the baseline scores. It has been observed that in situations 
with low intelligibility scores of interrupted speech without filler noise there is more benefit 
when the filler noise is added, but this is not very surprising by itself as there is more room 
for improvement. Slowing down the speed of the sentences with conserved pitch does not 
diminish the benefit of the filler noise. Chapter 5 shows that adding an accompanying video of 
the speaker does not suppress a restoration benefit of the filler noise. In conclusion, the benefit 
of filler noise is persistent: long-term training, playback-rate manipulation and the addition of an 
accompanying video of the speaker does not influence the benefit of filler noise in interrupted 
speech, in the lack of any further spectral degradations. The phonemic restoration benefit can 
therefore be seen as hardwired in the auditory system. 
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However, different behavior of intelligibility scores is observed when these speech materials are 
spectrotemporally degraded as can happen in CI speech processing. Chapter 4 shows the results 
of intensive training of the participants with CI simulations by means of noiseband vocoding. No 
benefit of the filler noise is observed before training, and it also did not appear during and after 
intensive training with active feedback. Indeed using acoustic simulations of CIs, Başkent (2012) 
suggested that the speech signal transmitted to the auditory nerve via electric stimulation 
might not contain the necessary speech cues to induce top-down restoration mechanisms. In 
Chapter 5, this finding is confirmed. The addition of the video of the speaker did increase the 
intelligibility scores to the level at which a benefit of the filler noise is normally observed in 
interrupted speech without spectral degradations. Even with such high intelligibility scores a 
restoration benefit of the filler noise in CI simulations was not observed. An improved speech 
perception and restoration benefit was observed with simulations of EAS, where the additional 
acoustic low-frequency speech cues seemed to help in the restoration of interrupted speech. 
This benefit of the filler noise is observed with and without additional visual cues. In conclusion, 
if a restoration benefit of the filler noise is not present in spectrotemporally degraded speech, 
a restoration benefit cannot be induced with training or with additional speech cues such as 
a video of the speaker. However, the overall perception of degraded speech, even in multiple 
degradations of temporal interruptions and spectrotemporal degradation of CI simulation, 
seems to be improvable with training.

TRAINING PROGRAMS WITH INTERRUPTED SPEECH

The main question of this thesis was: what happens in the process of restoring interrupted 
speech? In other words, what are the mechanisms behind phonemic restoration? The ultimate 
aim of performing the present studies is to produce knowledge that can eventually contribute 
to increasing speech intelligibility performance of CI users and this thesis contains a few ‘good 
news’ massages for CI users. While speech perception in quiet is usually good, understanding 
speech obliterated by noise or in competing background sounds is still challenging for CI users. 
From the signal processing point of view, significant effort has been put into research to improve 
the intelligibility of speech in complex listening situations by improving the sound processors, 
the electrode design, and the surgical techniques of CIs. From the user point of view, there is still 
a need for effective training programs to increase the perception of speech in these situations, 
ideally towards the level of normal-hearing listeners. As described in Chapter 4, there are few 
studies on training CI users with speech in noise. Chapter 3 discusses the significant correlations 
between receptive vocabulary and verbal intelligence on one side and the perception of 
interrupted speech on the other side. This finding implies an important involvement of linguistic 
skills in top-down restoration mechanisms, more so than the involvement of cognitive skills. 
This is good news for the development of future training paradigms since linguistic training 
methods might be easier to implement compared to cognitive training methods; these can 
perhaps even be achieved with self-teaching, for example, by reading many books to increase 
one’s lexicon. Chapter 4 describes that the feedback used for training with the CI simulations was 
more efficient than presenting intact auditory feedback alone. The feedback used contained the 
playback of the degraded signal accompanied with the written sentence on monitor. The good 
news of this method of providing feedback is that it applies well to CI users since there is no 
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possibility to present them with spectrally intact auditory feedback. Maybe future gadgets such 
as Google Glass can make it possible to present the spoken sentence to CI users visually, giving 
even more meaning to the feedback and training methods presented in this thesis. Chapter 
5 shows that participants benefit from additional visual speech cues even for the interrupted 
sentences that are also spectrally degraded. This is good news for CI users, since visual cues are 
often available in daily speech communication in the form of lip-reading.

CONCLUSION: MECHANISMS OF TOP-DOWN RESTORATION OF DEGRADED 
SPEECH

All results combined, I conclude that both top-down and bottom-up processes play an important 
role in the restoration of interrupted speech. Especially high-level linguistic mechanisms seem 
to have a large influence on the restoration of interrupted speech. Receptive vocabulary and 
verbal intelligence are shown to be significant predictors of successful restoration of interrupted 
sentences without spectral degradations. These top-down restoration mechanisms are shown 
to be less effective if the bottom-up auditory signal is of insufficient quality (as occurs in CI  
speech processing). 

Implications for CI users 

Our overall results suggest that better perception of interrupted speech can indeed be 
achieved via training, even with spectrotemporal degradations of CI speech transmission. Since 
linguistic skills play an important role in the restoration of spectrally degraded interrupted 
speech, CI users can possibly be trained to improve their linguistic skills by reading books 
or solving crossword puzzles. Furthermore, providing relatively simple feedback, even the 
text of the sentence, seems to be an effective feedback to lead to successful learning. Finally,  
lip-reading aids in speech perception of interrupted speech and is often available in daily speech  
communication for CI users. 




