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SUMMARY

Introduction

This thesis presents theoretical and experimental work on auditory and cognitive mechanisms 
of top-down restoration of degraded speech. In daily life, speech is often interrupted by other 
sounds that draw our attention. The reason why normal-hearing listeners are able to have a 
conversation in background noise is that the perceptual system can rely on multiple high-level 
cognitive mechanisms to restore the degraded auditory input into meaningful speech, in which 
many factors are involved. Having a conversation in these challenging acoustic environments 
is very difficult for hearing-impaired people. They often report that they tend to avoid social 
situations with background noise and prefer face-to-face speech communication. We claim that 
for hearing-impaired listeners the incoming signal is so poor that the compensation mechanisms 
and strategies - from which normal-hearing listeners benefit sufficiently - do not always solve 
the problems they face in everyday speech communication. 

The hope that drives the research presented in this thesis is that hearing-impaired listeners 
could be trained to learn to make better use of cognitive restoration mechanisms to improve 
their understanding of speech in complex acoustic environments. The main aim of the research 
presented in this thesis is to better understand 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. By studying the restoration mechanisms and capacities of the auditory system of normal 
hearing listeners we expected to gain more insight in how auditory perception of interrupted 
speech works in general. We used a well-controlled auditory scene, or rather, a well-controlled 
and well-understood auditory stimulus: periodically interrupted sentences with and without 
filler noise in the silent intervals. The brain is able to fill in for missing parts of speech, forming 
an intelligible percept of the speech stream. This mechanism is called phonemic restoration. 
The specific paradigm phonemic restoration benefit can be demonstrated by filling the silent 
intervals with noise bursts: the intelligibility of periodically interrupted speech increases. While 
this phenomenon has been known since the 1970s, the underlying mechanisms remained 
insufficiently studied until the studies presented in this thesis were performed.

Chapter 1: General introduction

In this chapter earlier research concerning the perception of interrupted speech is reviewed. 
Factors that contribute to the cognitive restoration process are mentioned. Definitions of 
“Phonemic restoration” and “Phonemic restoration benefit” of filler noise are given. The chapter 
is concluded with an outline of the thesis.

Chapter 2: Perceptual learning of interrupted speech

In this chapter, the auditory and cognitive mechanisms involved in the restoration process 
have been evaluated by determining the learning rate in understanding interrupted speech 
with and without filler noise, in order to gain more insight in how phonemic restoration works. 
Based on previous literature, we assumed that different cognitive mechanisms lead to learning 
at different rates, with different effort. We have explored whether the cognitive involvement 
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for understanding interrupted speech differs when filler noise is applied or not. The perceived 
listening effort of the participants was used as an indicator of the cognitive mechanisms involved. 
Another hypothesis was that the benefit of the filler noise would disappear at the end of training, 
if speech with silent intervals was an ecologically invalid speech stream. This could be tested 
using the experimental results of the participants trained with this particular stimulus. We found 
that training increased the overall performance significantly. However, the restoration benefit of 
filler noise did not diminish. This last finding implies that interrupted speech without filler noise 
in the silent intervals is ecologically valid, and the phonemic restoration benefit observed in this 
paradigm is not purely a side effect of the method used. Further, understanding interrupted 
speech can be learned to some extent through explicit training, regardless of additional filler 
noise in the silent intervals. The increase in intelligibility and the decrease in perceived mental 
effort were relatively similar between the groups tested with and without filler noise, suggesting 
similar cognitive mechanisms for the restoration of the two types of interruptions. 

Chapter 3: Individual differences in top-down restoration of interrupted speech: Links to 
linguistic and cognitive abilities

The influence of a person’s linguistic and cognitive skills on the effectiveness of phonemic 
restoration has been a topic of debate. Sentence context, linguistic rules and skills, vocabulary, 
and verbal comprehension were indirectly suggested to be of importance, but the exact 
mechanisms were not known. In this chapter, the nature of the cognitive restoration mechanisms 
is described. Measures of linguistic and cognitive skills have been studied to account for the 
individual differences in the use of top-down restoration mechanisms. The interrupted speech 
was played at normal speed and at slow speed (while preserving pitch). To account for the 
individual differences in the use of top-down restoration mechanisms we claimed that linguistic 
as well as cognitive skills would be important. If, for example, linguistic knowledge matters, 
relevant training methods could be implemented. We have measured receptive vocabulary 
by means of the Peabody Picture Vocabulary Test, representing linguistic skills, and full-scale 
intelligence score by means of the Wechsler Adult Intelligence Scale (a composition of the major 
components of intelligence: verbal comprehension, perceptual reasoning, working memory 
and processing speed), representing cognitive skills. The analysis of the data suggests that the 
restoration mechanisms of interrupted speech do make use of receptive vocabulary and verbal 
intelligence. The results imply the importance of linguistic factors for top-down restoration. 
An alternative explanation for our experimental findings is that a full-scale intelligence 
score is not sufficiently sensitive to capture effects from specific cognitive components on  
restoration mechanisms. To date, for hearing-impaired listeners these standardized and validated 
tests have not been used to study the underlying cognitive mechanisms of the restoration of  
interrupted speech. 

In the second part of this thesis the implications of the perception of interrupted speech for 
cochlear implant users were studied. The ultimate goal was to contribute to training programs 
aiming at improving the speech perception by cochlear-implant users in background noise. The 
studies of the second part of this thesis are follow-up studies of these mentioned above.
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Chapter 4: Perceptual learning of temporally interrupted spectrally degraded speech

This chapter is a follow-up of chapter 2 in terms of studying the phonemic restoration paradigm, 
with the main difference that acoustic simulations of cochlear-implant speech processing were 
used as stimuli. We investigated whether training with interrupted speech could lead to more 
effective use of restoration mechanisms with degraded speech streams. Effects of training 
on improvement in the benefit of filler noise and on improvement in intelligibility scores 
in clinical speech audiometry were investigated. The first hypothesis was that training with 
cochlear-implant simulations of interrupted sentences can induce more effective use of the 
high-level restoration mechanisms. Overall, the intensive training increased the understanding 
of interrupted speech with and without filler noise, implying that indeed listeners made 
better use of the speech cues in the audible speech portions. Secondly we hypothesized that 
the phonemic restoration benefit could be induced with training. As described in chapter 2, 
normal-hearing listeners benefit from filler noise in the silent intervals in case the interrupted 
sentences are not processed as it happens in a cochlear implant. However, the training with 
simulations of cochlear-implant processed speech did not induce the restoration benefit both 
during and after training. This hints that if the combination of degraded speech with filler noise 
creates misleading speech cues, these can perhaps not be overcome with training. A potential 
explanation for this is that the brain erroneously attributes (parts of ) the filler noise to the noise 
like speech segments, as the noise and the speech in the cochlear-implant simulations sound 
qualitatively similar to each other, making a perceptual segregation of the two signals difficult. 
Finally, we argued that perceptual learning of interrupted sentences could be reflected in clinical 
speech audiometry with identification of words if listeners learned to make more effective use of 
cognitive restoration mechanisms during the training. The participants performed better with 
word-in-noise identification with cochlear-implant simulation in more favorable signal-to-noise 
ratios, as was expected. However, the performance in the clinical speech audiometry did not 
increase significantly after the intensive training with the interrupted and spectrally degraded 
sentences. This observation might indicate that linguistic factors beyond the word level may be 
even more relevant for the cognitive restoration mechanisms of speech perception.

Chapter 5: The effect of visual cues on top-down restoration of temporally interrupted 
speech, with and without further degradations

This chapter emphasized the enhancement of the intelligibility, and the restoration benefit of 
the filler noise, when the auditory stimuli are accompanied with visual speech cues. These cues 
are provided in the form of a video of the speaker, accompanying the acoustic speech signal. 
We assumed that these extra cues could enhance both the intelligibility and the phonemic 
restoration benefit of interrupted sentences. While increasing the intelligibility of interrupted 
sentences, visual cues did not increase the phonemic restoration benefit of filler noise per se. 
Finally, the effects of visual speech cues on the perception of simulations of both cochlear-
implant and electric-acoustic stimulation processing were studied. The research questions were 
the same, i.e. whether visual speech cues can enhance the intelligibility, or induce or enhance 
a restoration benefit of filler noise in interrupted sentences that are degraded spectrally in this 
particular way. The results show that visual speech cues improve the intelligibility for both types 
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of simulations. A significant restoration benefit of the filler noise was found for the simulations 
of electric-acoustic stimulation, but with the cochlear-implant simulations the accompanying 
video of the speaker does not provide the speech cues necessary to induce a restoration benefit. 
These results show that if the auditory signal is of insufficient quality, as is the case in cochlear-
implant processed speech, listeners cannot effectively use the cognitive restoration mechanisms 
despite good speech perception results.  

Chapter 6: General conclusions

Finally, at the end of this thesis we present new insights, accumulated in the course of working 
on this thesis. First of all, 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 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, and 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. 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. The phonemic restoration 
benefit can therefore be seen as hardwired in the auditory system. 

Secondly, both the cognitive and auditory 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 cognitive restoration mechanisms are shown to be less 
effective if the bottom-up auditory signal is of insufficient quality (as occurs in cochlear-implant 
speech processing). 

Implications for cochlear implant users 

Our overall results suggest that better perception of interrupted speech can indeed be achieved 
via training, even with spectrotemporal degradations of cochlear-implant speech transmission. 
Since linguistic skills play an important role in the restoration of spectrally degraded interrupted 
speech, cochlear-implant 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, which is often available in daily speech communication, does help in speech 
perception for cochlear-implant users.






