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  CHAPTER 6

GENERAL DISCUSSION AND CONCLUSION

Jeanne CLARKE
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Chapter 6

Preface

The main goal of this dissertation was to investigate the interaction between indexical 

(related to the voice characteristics of the speaker) and linguistic cues in top-down 

repair mechanisms of speech. I focused on voice pitch, as it is a predominant indexical 

cue for simultaneous grouping and sequential stream segregation processes. These 

processes are also involved in top-down repair of speech. First, I propose a model 

of top-down repair of interrupted speech. Then, the discussion is organized in two 

sections, the first section focuses on voice characteristics (fundamental frequency—

F0, and apparent vocal tract length—VTL) manipulations with full spectral resolution 

speech in normal-hearing (NH) listeners (chapters 2, 3, and corresponding condition 

of Chapter 4), while the second section concentrates on access to voice pitch in 

vocoded speech (Chapter 4) and actual CI users (Chapter 5). Each study focuses on 

one “aspect” of F0 and/or VTL for top-down restoration, namely: (i) the mean F0 value 

and the apparent VTL (Chapter 2), (ii) the F0 contours (Chapter 3), (iii) the presence/

absence of F0 in spectrotemporally degraded speech (Chapter 4), and (iv) supportive 

F0 cues from low-frequency residual hearing for restoration of spectrotemporally 

degraded speech in bimodal cochlear implant (CI) users (Chapter  5). The main 

results are that NH listeners seem to compensate for disrupted (Chapter  2) or 

misleading (Chapter  3) voice cues using linguistic knowledge and context to still 

perform phonemic restoration (PR), even when overall intelligibility was impaired. 

But when spectrotemporal degradations via vocoding are added to the temporal 

interruptions, access to pitch can be crucial for triggering the top-down mechanisms 

for speech restoration (Chapter 4). Although these results with acoustic simulations 

of CIs were somewhat promising for the CI population, they were not confirmed at 

the group level with actual bimodal CI users with low-frequency (LF) residual hearing 

in the contralateral ear that could provide access to voice pitch (Chapter 5).

In this last chapter of the dissertation, I will discuss the interaction between bottom-

up speech cues and top-down mechanisms separately for the two parts of this 

dissertation, that is the role of voice characteristics in full spectral resolution speech 

and access to pitch with spectrally degraded speech. Then, I will project my findings 

to perception of speech in noise in general. Lastly, I will share my personal ideas to 

overcome the limitations observed from my studies and broaden the scope for future 

investigations, and conclude with an overview of this dissertation.
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6.1. Model for top-down repair of interrupted speech

The model of interrupted speech perception and phonemic restoration proposed 

here (see Figure 6.1) is based on the data presented in this dissertation and other 

data from our lab (such as Bhargava, 2016).

The model reads from the bottom, where the acoustic input is, to the top, where 

the output performance is. This way, bottom-up and top-down mechanisms are 

represented in this reading direction. In between, each process is represented by a 

box and linked with arrows to other processes. Perceptual organization processes 

are represented by grey boxes, while linguistic processes are represented by white 

boxes. The red lightning arrows point to a process affected by disruptions on the 

input sentence. Top-down repair mechanisms are represented in green, and 

continuity illusion in blue. If a process fails, the effect on the output performance is 

presented in Table 6.1. The errors generated by a process failure are transmitted to 

the following higher-level processes of the model.

The first step of the model, in accordance with the paradigm of periodically 

interrupted speech used in the aforementioned studies, is an interrupted sentence. 

To explain each process step by step, I will use the following sentence as example: 

“The manager isn’t an ostrich”. The interruption parameters of the acoustic input, 

i.e. the duty cycle (DC) and interruption rate (IR), are represented with the input, as 

well as the filler noise that fills in the silent gaps. The input can be either a sentence 

interrupted with silence, or when the interruptions are filled with noise bursts. When 

interrupted with silent gaps, the example sentence becomes: “The man__isn’t__

rich”, whereas when the interruptions are filled with noise, the example sentence 

becomes: “The man󠄀󠄀isn’t󠄀󠄀rich”. I will first describe the model when the input is an 

interrupted sentence with silence, and then explain the differences in the processes 

when the silent gaps are filled with noise. The benefit in intelligibility performance 

when the interruptions are filled with noise compared to silent interruptions is the 

phonemic restoration (PR) benefit.

The first process the acoustic input goes through is the segregation of speech from 

noise. In this low-level perceptual organization process, the speech is discriminated 

from noise when noise is present. With silent interruptions, the interrupted sentence 
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always goes through this process successfully on to the next process, i.e. phoneme 

extraction. Phonemes are described by voicing, place and manner of articulation. 

Different frequencies are amplified for different phonemes. Simultaneous grouping 

across-frequency allows phoneme identification. If this linguistic process fails, wrong 

phonemes may be identified, and errors might pass on to the next processes and thus 

very low intelligibility performance may be achieved. More phoneme identification 

errors are expected if the speech is spectro-temporally degraded, such as vocoded 

speech (Chapter 4) or speech transmitted through a CI (Chapter 5), because reduced 

spectral resolution and weak pitch representation might impair across-frequency 

grouping. Next, because time is not represented in this model, the three following 

processes have been grouped together inside an ellipse to show that they interact 

together at the same level. As phonemes begin to be extracted, word candidates 

are activated in the lexicon (lexical activation). With the example sentence, when 

‘man’ is extracted, different word candidates containing ‘man’ are activated, such 

as ‘manual’, ‘manage’, ‘maniac’, ‘manor’, ‘manner’, ‘almanac’, and ‘human’. At the 

same time, segmentation and grouping successive speech segments take place. 

The process labeled ‘segmentation’ refers to word boundaries detection, as well 

as suprasegmental cues (word accents...), that both influence lexical selection. 

With the example sentence, the listener hears a word boundary between ‘the’ and 

‘man__’, thus only nouns beginning with ‘man’ are still activated in their lexicon. In 

parallel, grouping the successive speech segments from an interrupted sentence to 

build up a single coherent speech stream is facilitated by the indexical cues from the 

speaker. This grouping also contributes to the continuity percept, although the silent 

interruptions break the continuity percept. Moreover, in the case of interrupted 

speech, the silent gaps might introduce spurious cues (such as stop consonants, 

word boundaries, artificial silences...), affecting phoneme extraction, segmentation, 

and even lexical activation, resulting in a decrease in intelligibility performance. 

In my example, the sudden stop after ‘man__’ may be misinterpreted as a word 

ending, thus influencing the listener to wrongfully select ‘man’ from the activated 

word candidates. Finally, the last process is the building up of the sentence with 

help of linguistic context at the sentential level. In the example, the interruptions 

are placed on purpose to elicit another sentence (‘The man is rich’) with silent gaps. 

Although the interrupted sentence the listener might report is grammatically and 

semantically correct, it does not correspond to the initial sentence. However, in this 

case, the listener might be convinced to have understood properly, and thus not 
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fill in the silent gaps. The message is not transmitted, thus communication failed. 

Nevertheless, interruptions in everyday listening situations do not usually elicit 

another sentence, and listeners generally notice that something is missing in the 

silent gaps, as measured with perceived continuity. However, listeners intuitively 

pay attention to the meaning of speech and perceived continuity judgment is a 

subjective task. Thus, perceived continuity scores also depend on the ability of the 

listeners to ignore the meaning of the sentence and to solely focus on whether some 

part of speech is missing on the basis of the physical attributes of the signal. If the 

interrupted sentence elicits a new sentence, listeners will understand the shorter 

sentence and intuitively report that the sentence was not interrupted.

The other input of the model is when the silent gaps of the interrupted sentence 

are filled with noise. In this case, the first step is to segregate the speech from 

the noise. With the filler noise, alternating speech segments and noise bursts are 

discriminated from each other if the noise is perceptually different from the speech. 

In case of spectro-temporally degraded speech, this segregation process might fail 

due to poor pitch representation and reduced spectral resolution of speech that 

makes speech more perceptually similar to noise, thus less easily discriminable. If 

segregation fails, the filler noise might not mask the spurious cues introduced by 

the silent gaps (Warren and Obusek, 1971), becoming a spurious cue itself, thus 

hindering intelligibility performance as much as with silent interruptions. If this 

perceptual organization process fails, then no benefit from adding the noise in the 

silent gap, i.e. no phonemic restoration, can be observed. The following linguistic 

process of phoneme extraction is influenced at the transition between speech and 

noise by the filler noise that may mask the spurious cues introduced by the silent 

gaps. Thus, coarticulation at the interruptions is less impaired with the presence of 

filler noise. Next, for the three interacting processes, the addition of filler noise in the 

silent gaps facilitates the lexical activation of the right words because spurious word 

boundaries may not be perceived anymore. The filler noise introduces an ambiguity 

that increases the number of word candidates that can fit the interrupted signal. Thus 

the possibility to select the correct lexical candidate is increased. From the example 

sentence, the filler noise after ‘man’ may indicate to the listener that something is 

missing, and the listener might not be convinced to report the correct answer when 

reporting only ‘man’. This uncertainty triggers or reinforces top-down restoration. 

Additionally, with the filler noise masking the sudden stops introduced by silent gaps, 
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segmentation is less impaired and helps lexical selection. Moreover, the filler noise 

also helps grouping the speech segments into a more continuous percept, probably 

via sequential grouping of successive speech segments (similar to the picket fence 

effect observed by Miller and Licklider, 1950). If this perceptual organization process 

fails, the continuity illusion will also fail. Furthermore, if the noise acts as a potential 

masker of the removed speech segments, the listener is more likely to try to extract 

speech cues from “behind the noise”, which is facilitated by sentential context. As 

a result, intelligibility performance with filler noise improves compared to silent 

interruptions, i.e. a phonemic restoration benefit is observed.

Table 6.1. Effects on output performance for each process in case of failure. Processes are presented 

in the same order as in the model displayed in Figure 6.1, that is low-level processes at the bottom and 

higher-level processes on top.

Process E�ect on output performance 
if the process fails

 

sentential context intelligibility errors and uncertainty 

grouping successive speech segments intelligibility errors and no continuity 

segmentation intelligibility errors and uncertainty 

lexical activation intelligibility errors 

phoneme extraction very low intelligibility 

segregation of speech and noise no PR 
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Figure 6.1. Model of top-down repair of interrupted speech. Linguistic (white) and perceptual organization 

(grey) processes are represented in boxes from the acoustic input of interrupted sentence (bottom) to the 

output intelligibility performance (top). Top-down restoration is represented with green arrows, while 

perceived continuity is represented in blue. Disruption of the speech input are represented by a red 

lightning arrow pointing to the process affected.
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6.2. Role of voice characteristics in normal hearing for top-
down repair of interrupted speech

The first part of the present dissertation (Chapters 2 and 3, and the full spectral 

resolution condition of Chapter  4) involved acoustic modifications of the speech 

signal, specifically to alter the vocal characteristics of the speaker. In these chapters, 

I showed that modifications of the two main vocal characteristics, i.e. F0 and/or 

VTL, did not affect top-down repair of speech, although the underlying mechanisms 

involved (simultaneous grouping and sequential stream segregation) depend on 

pitch and timbre perception (Bregman, 1990). The acoustic modifications of voice 

pitch are presented from the most to the less drastic: first, the total removal of F0 

cues (Chapter 4), then the F0 alternations (Chapter 2), and then the manipulated 

F0 contours (Chapter 3). Finally, the acoustic manipulations of apparent VTL are 

presented (VTL alternations, Chapter 2). These modifications are represented in 

Figure 6.1 by the red lightning arrow labelled ‘indexical cues’, and are discussed in 

the framework of the model presented previously in section 6.1. The limitations of 

these studies are also discussed.

The more drastic pitch manipulation of the three was to completely remove F0 (Chapter 

4 full spectral resolution condition). To account for the effect of the presence or 

absence of F0 on intelligibility and top-down repair of interrupted speech, voiced and 

unvoiced speech were compared. At full spectral resolution, a significant phonemic 

restoration benefit was observed for both voiced and unvoiced speech. This suggests 

that segregating speech from noise was successful even with unvoiced speech. This 

indicates that speech without any F0 cues was perceptually different from noise. 

In this case, segregation was probably based on the spectral details of speech at 

full resolution. Moreover, a decrease of interrupted speech intelligibility with silent 

gaps and with filler noise was observed when F0 was completely removed (unvoiced 

speech). A possible explanation for this decrease is that phoneme extraction may be 

impaired due to errors in simultaneous grouping across-frequency, as suggested by 

the fact that pitch is a primary grouping cue (Bregman 1990). However, sequentially 

grouping speech segments over interruptions might not be affected by the lack of F0 

cues, as suggested by the top-down restoration benefit not hindered by the absence 

of F0. It is possible that instead of tracking F0 to group successive speech segments 

together, listeners took advantage of speech redundancy and used the available 

Livre 1.indb   148 18/12/2016   10:19:44



149

GENERAL DISCUSSION

6

spectral cues (in the full resolution condition).

The second modification, that was less drastic, was introducing fundamental 

frequency shifts (of one octave) at the interruptions. In Chapter 2, the alternation 

of mean F0 value across successive speech segments were still judged to plausibly 

be from the same talker. Indeed, it is physiologically relatively easy for a speaker to 

change their F0 (even by one octave), which may explain why the F0 changes on their 

own are not sufficient to lead listeners to attribute the two F0s to different talkers. 

This result is in line with gender categorization data from Fuller et al. (2014) that 

showed that such pitch change did not shift the percept all the way to the opposite 

gender. In Fuller and colleagues’ study, a female voice was resynthesized into a 

male voice by intermediate steps for F0 and apparent VTL. For the one octave F0 

shift downward (from female to male) less than 10 % of the trials were categorized 

as male voices, thus of a different talker. Moreover, in Chapter  2, participants 

achieved similar level of intelligibility whether the mean F0 was manipulated or not, 

indicating that attributing the alternating voices to the same talker did not imply a 

reset of talker normalization for each successive speech segment, thus not affecting 

phoneme identification. Furthermore, we expected the alternation of mean F0 

value across successive speech segments to impair grouping the successive speech 

segments together, and thus fail to build up speech into a single stream properly. 

But, overcoming the fundamental frequency shifts at the interruptions, participants 

still manage to perform top-down repair of speech. The unexpected lack of effect of 

manipulating this bottom-up cue, i.e. mean F0, on the top-down repair of interrupted 

speech suggests that linguistic knowledge and context may compensate for the 

manipulated indexical cues. This compensation, reinforced by the highly predictable 

(high context) sentences, casts a shadow on how much hindrance is introduced by 

the indexical manipulations. To disentangle the effects of linguistic context and 

indexical manipulations on top-down repair of speech, varying degrees of linguistic 

context could be used. Thus, the effect of manipulated indexical cues on restoration 

mechanisms could be further investigated using other stimuli such as low context 

sentences (not predictable but with correct syntax) or lists of words (not predictable 

and without correct syntax) as done in (Bashford and Warren, 1987b; Kidd et al., 

2014, 2008; Kidd and Humes, 2012). 

The third modification on voice pitch was on the pitch dynamic pattern, i.e. F0 contours. 
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The effect of the magnitude (flat, normal, and exaggerated contours) and the direction 

(inverted contours) of F0 on intelligibility and top-down repair of interrupted speech 

were investigated (Chapter 3). First, overall intelligibility suffered only from inverting 

the F0 contours, suggesting that simultaneous grouping across-frequency might 

have been affected. With inverted contours, the smooth F0 transitions remained but 

did not go in the same direction as the frequency peaks (i.e. formants for vowels), 

impairing phoneme identification (as suggested by Darwin and Bethell-Fox, 1977). 

Moreover, F0 contours can affect other processes, i.e. segmentation and grouping 

successive speech segments. First, in interrupted speech, word segmentation is 

impaired by the sudden silent gaps that introduce wrong speech cues and thus 

reduce intelligibility. Combining periodic silent interruptions with manipulations of 

F0 contours, that also affect segmentation (Spitzer et al., 2007), would further hinder 

interrupted speech intelligibility. However, when the interruptions are filled with 

noise, word segmentation is less affected, thus F0 contour manipulations should 

not hinder intelligibility as much in this case. One could thus expect that it would 

result in bigger PR effect for atypical F0 contours (flat and even more so inverted 

F0 contours). Adversely, atypical F0 fluctuations (inverted F0 contours) may play 

against sequential stream segregation to build up a coherent speech stream, as this 

dynamic information might be used to guide the listener across time (and across 

interruptions) to group successive segments of speech. However, no effect of F0 

contour manipulation on PR was observed. It is possible that both segmentation and 

grouping were affected and that both effect compensated for each other. Another 

possibility is that linguistic knowledge and sentence context may compensate for 

the manipulated bottom-up cues.

The other important vocal characteristic, namely the apparent VTL, was manipulated 

in Chapter 2. The apparent VTL alternating between values typical of male and female 

voices across successive speech segments were attributed to different talkers. In 

contrast to F0, it is physiologically harder for a speaker to change their apparent 

VTL, thus perceived VTL changes, out of the range talkers can do themselves, 

were considered from different talkers. Moreover, overall speech intelligibility 

decreased when apparent VTL was manipulated alone and along F0 (contrary to F0 

manipulation alone). A possible explanation for the overall decrease in intelligibility 

is that intelligibility of individual successive speech segments is hindered by 

apparent VTL manipulations. This might happen if the alternating speech segments 
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are attributed to different talkers and that talker normalization is reset at each 

speech segment. Adapting to the alternating voices at each speech segment might 

increase the listeners’ cognitive load. On the other hand, in case of normalization 

failure, it is possible that the speaker’s model does not fit the manipulated voice, 

supposedly resulting in simultaneous grouping across-frequency impairment by the 

VTL manipulations, thus failing proper phonetic processing. Indeed, to manipulate 

the apparent VTL from a male voice to a female voice, the spectral envelope was 

expanded toward the high frequencies, resulting in an upward shift of the frequency 

peaks. Furthermore, we expected the alternation of apparent VTL across successive 

speech segments to impair grouping successive speech segments together, and 

thus fail to build up speech into a single stream properly. However, top-down repair 

mechanisms were not impaired (or were, again, compensated for), as was the case 

for mean F0 manipulations. This suggests that voice continuity (i.e. voice attributed 

to the same talker) is not a prerequisite to perform PR. Successive segments of 

voices from different talkers can still be linked together to serve intelligibility, and 

thus, it seems to be what is said that is important, and not how it has been said. 

This dominance of linguistic content over indexical cues can serve intelligibility for 

speech in the presence of background noise. However, it is difficult to predict how 

these results generalize. It could be that the relative weight of indexical vs. linguistic 

cues for top-down restoration varies depending on the exact task and material. For 

instance, it might not be the case for speech with background talkers, as the use 

of the indexical cues might become primordial to isolate one target talker. In the 

case of speech on speech, the segregation process between one target talker and 

the other masking talkers might rely more on the indexical cues of the target talker. 

Thus manipulations of the voice characteristics of the target talker might have bigger 

effects on the output performance.

Overall, these results are in line with the literature that showed the strong interaction 

between bottom-up speech cues and top-down processes for interrupted speech 

perception (Başkent, 2012; Saija et al., 2014). However, we showed the unexpectedly 

little effect of F0 manipulations. This result is not limited to the language investigated 

here, Dutch. Manipulations on F0 contours did not have more detrimental effect on 

speech intelligibility even for tonal languages where F0 variations also have lexical 

content (Wang et al., 2013). Contextual information helps the restoration of the 

proper F0 variations to select the accurate lexical candidate. The stronger effect of 
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VTL suggests that it is an important vocal characteristic, although, further research 

would contribute to better understand its potential role in speech in noise perception 

(further discussed in section 6.5). Lastly, I also confirmed that PR does not depend 

on the level of intelligibility of the interrupted speech, since PR was still observed in 

conditions where overall intelligibility decreased (although this does not hold when 

intelligibility is at floor and ceiling, as shown in section 6.3).

6.3. Access to pitch with degraded speech

The second part of the present dissertation dealt with access to pitch cues with 

spectrotemporally degraded speech, with vocoded speech at different spectral 

resolution (Chapter 4), and with actual CI users (Chapter 5). Pitch, a primary cue for 

perceptual organization, is degraded when speech is transmitted through a CI device 

or processed by a vocoder that acoustically simulates CIs (Qin and Oxenham, 2006; 

Zeng et al., 2014, and see section 1.6 of the introduction for more details). This might 

negatively affect CI users’ speech in noise perception and partly explain why CI users 

benefit differently from top-down repair of speech than NH listeners (Bhargava et 

al., 2014; Fu and Nogaki, 2005; Nelson et al., 2003). Spectral degradation in electric 

hearing also leads to weaker pitch percept. This combination of degraded cues 

cannot be teased apart in CIs. However, the vocoding proposed in Chapter 4 allows 

systematic comparison of the effects of spectral resolution and access to pitch on 

intelligibility and top-down repair of interrupted speech. Investigating access to 

pitch with degraded speech was then translated to actual CI users with contralateral 

residual hearing, i.e. bimodal users (CI+HA) wearing a CI and a hearing aid (HA) on 

the opposite ear. The effects of degraded speech and access to pitch are discussed in 

the framework of the model proposed in section 6.1. Limitations from these studies 

are also discussed.

For vocoded speech without F0, the lower the spectral resolution, the less detailed 

speech information is carried and the more perceptually similar speech and noise 

are. Thus, segregating speech from noise is expected to becomes more difficult 

as the spectral resolution decreased. Moreover, the degraded spectral details due 

to reduced resolution deprives simultaneous grouping across-frequency, thus 

impairing phoneme identification. This largely affects intelligibility of interrupted 

speech that considerably decreased with reduced spectral resolution (Chapter 4). 
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Moreover, simultaneous grouping across-frequency is also deprived by the lack of 

F0. For other processes, segmentation and grouping of successive speech segments 

cannot rely on temporally tracking F0 when F0 is completely removed. However, 

top-down restoration benefits were observed for high spectral resolution, indicating 

that the bottom-up speech features available with high spectral resolution could 

trigger top-down repair mechanisms. Furthermore, the addition of pitch to vocoded 

speech at low spectral resolution is expected to improve segregation of speech 

and noise, as the discrimination between degraded speech and noise is based on 

dissimilarity of spectral information. Moreover, the addition of F0 delivers better 

speech features to improve phoneme identification, as shown by the improvement 

in overall intelligibility of interrupted speech (in line with Başkent and Chatterjee, 

2010). Furthermore, the addition of F0 to degraded speech is expected to improve 

grouping of successive speech segments. This was the case at the spectral resolution 

corresponding to actual CI users, as the top-down repair mechanisms were triggered 

with the addition of F0, emphasizing the interaction between the bottom-up and 

top-down processes involved in interrupted speech perception. This indicates that 

fusing complementary bottom-up cues (degraded spectral envelope and pitch) 

can help top-down restoration of speech for NH individuals listening to vocoded 

speech (Chapter 4). Finally, it seems that this fusion happens before the process of 

segregation between speech and noise takes place, as additional pitch cues seem to 

help segregation. 

Contrary to vocoded speech (Chapter 4), improving degraded bottom-up quality by 

adding F0 cue did not trigger PR with bimodal CI users, where pitch can be conveyed 

via their contralateral HA (Chapter 5). The lack of PR effect on the group-averaged 

results could be due to large differences across participants possibly introduced 

by many individual factors (duration of deafness, amount of residual hearing, age-

related factors, etc.) that could not be overcome with the relatively small sample of 

12 participants. It is possible that some bimodal users were more distracted by the 

noise bursts that were as much a spurious cue as silent gaps. However, the addition 

of the HA seemed to help these bimodal users to better discard the noise as a masker 

and be less distracted by the noise bursts and thus perform better. Nevertheless, 

other participants benefited from the addition of their HA to trigger or improve PR. 

Moreover, the lack of bimodal benefit at the group level might be due to problems to 

access pitch for some bimodal CI users. It is possible that the participants showing 
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no bimodal benefit either had too little residual hearing and did not get enough 

pitch information to trigger restoration benefit, or fusion of the complementary 

information failed (this particular point is further discussed in section 6.5). It would 

be expected that this fusion happens before the process of segregation between 

speech and noise. However, temporal asynchrony between the two devices (CI and 

HA) could prevent proper fusion. The addition of the HA presumably delivers pitch 

cues to support the different processes involved in top-down repair of interrupted 

speech, such as segregation of speech from noise, phoneme identification, and 

grouping of successive speech segments. Furthermore, the quality of bottom-up 

cues was also improved by reducing the duration of the gaps. It was shown that 

giving more bottom-up cues in time (with a greater duty cycle, i.e. ON/OFF ratio 

of speech duration) could trigger PR in CI users (Bhargava et al., 2014). However, 

although no restoration benefit was observed at the group level even with greater 

DC, more bimodal users benefited from the addition of the HA for PR as the gaps 

became shorter (i.e. longer speech segments), regardless of their residual hearing. 

This suggests that the “right amount” (in time and in quality) of bottom-up cues 

provides better contextual information, that help improving intelligibility of 

interrupted speech and might trigger top-down repair mechanisms.

The discrepancies in results between vocoded speech and data from actual CI users 

must be taken with caution as NH individuals listening to CI simulation is not an 

exact replicate of actual CI users. Indeed, vocoded speech has a fixed degree of 

spectrotemporal degradation, and individual differences inherent to the hearing loss 

of the CI users are not captured. Moreover, Bhargava and colleagues (2016) showed 

that, besides age-matching the actual CI users and the NH individuals listening to 

vocoded speech, data from CI simulations better correspond to that of actual CI users 

if baseline performance  are matched. This matching prevents underestimating CI 

performance of interrupted speech. In the present dissertation, no such matching 

was done across the studies in chapters 4 and 5, as the vocoder developed in Chapter 

4 was initially intended as a tool to manipulate systematically pitch and spectral 

resolution but was not really intended as a CI simulation per se. For example, our 

vocoder did not simulate channel interactions that are present in actual CIs and 

usually implemented in common noise-band vocoders (Shannon et al., 1995). 

However, by testing total removal of F0 and original F0 with degraded speech, we 

cover the whole range of available pitch cues at different spectral resolution. With 
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results from these extreme conditions, we know that actual CI users’ results lie in 

between. 

Baseline performance (of uninterrupted speech in quiet) plays a role in PR benefit 

of the CI users (Bhargava et al., 2014, and Chapter 5). However, piloting data from 

Bhargava and colleagues showed that most CI users with poor baseline scores 

performed at floor, and only star performers seem to manage the experiment with 

our specific parameters. Thus, careful piloting was done to select parameters for 

the PR paradigm, as the restoration effect cannot be accurately measured if overall 

intelligibility is at floor or at ceiling (Chapter 4 and 5). However, no correlation 

was observed between NVA scores (i.e. monosyllabic word recognition in quiet, 

one of the inclusion criteria) and PR benefit for the participants tested in Chapter 

5. This clinical score of isolated word recognition in quiet might not reflect how a 

patient understands speech or how well difficult tasks, such as speech in noise, 

can be managed. Indeed, isolated monosyllabic words do not carry any linguistic 

and semantic contextual information. Thus, NVA scores mostly reflect the listener’s 

ability to process bottom-up cues (i.e. recognizing a syllable). The only “higher-level” 

linguistic knowledge required is phonotactics (syllable structure) as coarticulation 

is involved in monosyllabic words. Hence, NVA scores are not good predictors for 

top-down restoration, and thus I would recommend to use sentence recognition 

performance in quiet as a more relevant inclusion criterion rather than this clinical 

score.    

6.4. Global discussion

This section brings the results from all four present studies together for a discussion 

on different points of interest, such as the importance of pitch in speech in noise 

perception in general, and the practical implications for CI users and bimodal users.

Is pitch important for speech in noise perception in general?

This is the theoretical main question behind this dissertation. All four studies were 

designed to answer a specific question, as discussed above with each study focusing 

on one aspect of pitch, but taken together, all studies point toward a single take 

home message. That is, redundancy in speech signals makes them robust to pitch 

manipulations (as done in Chapters 2, 3, and the full spectral resolution condition 
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in Chapter 4). Indeed, these manipulations did not affect top-down restoration and 

moderately affected intelligibility of interrupted speech. However, with vocoded 

speech (degraded spectral resolution conditions in Chapter 4), the importance 

of pitch arises because redundancy is already reduced by the spectro-temporal 

degradations introduced by the vocoding. Additional access to pitch then improves 

global intelligibility and can even trigger top-down repair mechanisms (at 8-band 

spectral resolution). In this case, additional pitch cues help segregate the target 

speech from the noise masker. Furthermore, as explained in the introduction of the 

present dissertation, redundancy happens between different levels (lexical, discourse, 

semantic, syntactic, morphological, phonological, phonotactical, acoustical). This 

redundancy of speech covering several levels feeds top-down repair mechanisms, 

as illustrated by the reduction of the redundancy at the acoustic level (when the 

bottom-up speech cues are spectro-temporally degraded) that is compensated 

for by redundancy at higher levels (lexical and semantic). The fact that linguistic 

knowledge prevails against the degraded bottom-up cues is good news for CI users, 

as lexical knowledge may not be degraded by acquired hearing loss. The linguistic 

knowledge can even improve with age to compensate for the top-down processes 

that are hindered by cognitive slow-down (Pichora-Fuller, 2008; Saija et al., 2014). 

This strong interaction between bottom-up and top-down mechanisms is in line 

with the feedback processes thought to be involved in speech perception (Sohoglu 

et al., 2012). Indeed, our results suggest that NH listeners could “re-evaluate” the 

manipulated acoustic bottom-up cues to match the best word candidate activated 

in their lexicon, as shown by the good intelligibility performance and restoration 

benefit when bottom-up cues were manipulated. However, without opposition to 

feedback processes, our results are also in line with a predictive coding model, 

where top-down predictions are compared with sensory input (see Figure 6.1). The 

lexical activation of the different word candidates is initiated by the integration 

of the accumulated bottom-up cues, but the selection of the best word candidate 

is determined with the help of higher-level linguistic knowledge. For CI users, the 

interaction between bottom-up and top-down mechanisms might be affected by the 

inherently degraded bottom-up cues. The nerve-electrode interface of the implant 

reduces redundancy in the bottom-up cues, which might result in too few or wrong 

word candidates activated from which to select. And thus, it is possible that the 

help of linguistic knowledge is not sufficient to select the best word candidate, 

resulting in failure of top-down restoration. Furthermore, with actual bimodal CI 
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users, additional bottom-up cues could trigger top-down restoration. However, no 

benefit of adding the HA was observed at the group level (Chapter 5) although some 

participants individually showed some benefit. For the participants not benefiting 

from the addition of their HA and failing top-down restoration, the most plausible 

reason is that their poor residual threshold did not provide access to pitch sufficient 

to trigger PR or show a bimodal benefit.

Is PR ecologically valid? And, can we use PR as a clinical tool? 

First, I argue that the PR paradigm is ecologically valid. Indeed, speech interrupted 

by noise occurs quite often in natural listening situations (e.g. speech masked by 

background noise). Speech interrupted by silence, although less common in natural 

situations, occurs more often in situations involving modern communication 

technology. For instance, silent interruptions present themselves when signal drops 

intermittently while using mobile phones in areas with weak signal reception (e.g. 

“I can’t hear you, I’m under a tunnel”) or when a curse word is blanked out (or 

muted) due to censorship in videos or music. This blanking-out is actually making 

the process of restoration more difficult than bleeping out of the words with 1000 

Hz tone as was popularly done previously. In the PR paradigm, the interruptions are 

periodic. Although not often naturally occurring, the periodic interruptions allow for 

parametric testing of interrupted speech. For example, with periodic interruptions, 

the length (in time) of the segments of speech replaced and the location of these 

segments are controlled by the duration and/or the rate of the interruptions. In 

contrast with single interruptions that are fixed at a predefined location, what will 

be replaced with periodic interruptions is not chosen beforehand, but depends on 

the interruption parameters. This kind of parametric testing is very important in 

the laboratory setting as different conditions can be used to investigate different 

aspects of PR. Thus, in my opinion, generalizing results from PR benefit to speech in 

noise perception is reasonable.

Second, about the efficacy and usability of PR as a diagnostic and training tool, I 

argue that it would be difficult to use PR cannot be used for these purposes in its 

present form. Speech perception requires the recruitment of top-down mechanisms 

to process the bottom-up cues. However, the interaction of bottom-up and top-down 

mechanisms involved in speech in noise perception is not assessed in traditional 

audiological testing (as shown by the lack of correlation between single-word 
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NVA clinical scores and PR). The PR paradigm would assess such interaction, but 

the restoration benefit being subject to variability within subjects, the test-retest 

reliability required for a rapid diagnostic tool in a clinical setting is not met. 

However, the PR benefit partly depends on baseline performance of uninterrupted 

speech in quiet (Bhargava et al., 2014, and Chapter 5).  Thus, for now, sentences 

in quiet could be used as a clinical tool to capture a better picture of real-life 

communication abilities of the patients as it requires context-activated knowledge. 

Moreover, PR results indicate the need to adapt the test for each group (star and 

non-star subjects). However, PR is not predicted by the overall intelligibility scores of 

interrupted speech (Başkent, 2010, and Chapter 2), that is if intelligibility scores are 

not at floor or at ceiling (Chapter 4 and 5). This was also shown with clinical training, 

where PR was not affected by the amount of training, although overall intelligibly of 

interrupted speech improved with the training sessions (Benard and Başkent, 2013). 

Thus it seems that PR, in its present form, is not adapted for clinical training. On the 

other hand, the robustness of phonemic restoration at the group level might qualify 

the paradigm for CI device development. However, small improvements in the device 

are done for development and they might go unnoticed as top-down repair benefit is 

a noisy measure. Thus, a meticulous parametric testing and standardization should 

be the next step in the evolution of this technique as a research and clinical tool.

Bhargava (2016) argued that interrupted speech perception is a tool that is sensitive 

enough to top-down and bottom-up cues and can be used to test speech perception 

with CI users by providing a comprehensive picture of their abilities and failures for 

speech perception. One implication of this is that interrupted-speech perception 

has the potential to expand the utility of currently used clinical tests. However, 

interrupted speech intelligibility, unlike PR, has been shown to be sensitive to age 

differences (e.g. Saija et al., 2014). Thus, more research is needed to standardize 

interrupted-speech perception test before it can be translated into a clinical setting. 

Testing interrupted speech perception instead of PR would cut the testing time in 

two. Having such a technique would improve patients’ speech perception evaluation. 

What do the present results mean for the general population of CI 
and bimodal users? 

With vocoded speech we can control what information is sent to the healthy cochlea 

of NH listeners whereas actual implantees may have other effects of hearing loss, 
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such as cochlear damage for example, that are not simulated in the vocoded 

speech. That, and maybe other implantation factors, could explain the differences in 

performances between actual and simulated CIs. It also shows the limitations of CI 

simulations in that results should be interpreted with care, especially for generalizing 

to the CI population. Indeed, I showed in Chapters 4 and 5 that translating results 

from vocoded speech to general CI users is not direct. Supporting this, it was 

suggested that CI users rely on different bottom-up cues and/or weight bottom-

up cues differently than NH listening to vocoded speech (Bhargava, 2016; Peng et 

al., 2012; Winn et al., 2012). Even if achieving good speech in quiet performance, 

CI users may encounter difficulties with speech in noise. This might be due to their 

inability to adapt to difficult listening situations because of the lack of redundancy 

in CIs. Indeed, CI users have access to degraded bottom-up speech cues that might 

not be sufficient to activate higher level processes involved in lexical activation and 

selection. CI users do not have the luxury NH listeners have to pick different cues to 

overcome disruptions in speech such as background noise.

6.5. Looking forward

In this section, I provide a list of ideas for future research in different directions.

As VTL seems an important indexical cue (Chapter 2), more research is being done in 

the lab presently to try to understand how it influences speech perception in adverse 

listening situations and how CI users perceive and use it (as it is not yet clear: Başkent 

and Gaudrain, 2016; Fuller et al., 2014; Gaudrain and Başkent, 2015).

In several manipulated speech conditions, I observed no intelligibility loss and 

speculated that listening effort to reach similar level of performance might be more 

important for the manipulated conditions. Estimation of the cognitive load in parallel 

with intelligibility tasks could corroborate (or invalidate) this speculation. Pals and 

colleagues (2013) used a dual task paradigm to measure intelligibility and listening 

effort in CI simulations with different spectral resolution and showed a decrease 

of listening effort at similar intelligibility performance for increasing number of 

channels (from 6 to 8). An assessment of listening effort combined with a measure of 

top-down repair of speech would provide further insight on the interaction between 

auditory and cognitive processing. 
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One conclusion of this dissertation is that perceived continuity is not a prerequisite for 

PR, a result found both for NH listeners and CI users (chapters 2 and 5, and Bhargava 

et al., 2014). This finding is in line with the possibility of independence of the two 

mechanisms suggested by Shahin et al. (2009). However, it is not yet fully understood 

how top-down restoration and continuity illusion interact with each other, and further 

research should be undertaken for this purpose. Regarding this, I recommend due 

discretion in choosing the continuity task, as the success of the perceived continuity 

task is highly dependent on the participant ignoring the meaning of the sentence 

and judging the continuity only on the basis of the physical attributes of the signal. 

Because of human’s intuitive attention to the meaning in spoken sentences and 

because of the subjective nature of this task, results from perceived continuity tasks 

with meaningful sentences should be interpreted cautiously. Thus I would strongly 

advice future research on this subject to use other speech material and/or task. For 

instance, different speech material could be nonsense speech, a different language 

(unknown to the participant), or few closed-set meaningful sentences (so that 

the participants know the sentences and thus pay less attention to the meaning). 

A different task could be locating the missing speech sound in a known sentence 

(Warren and Obusek, 1971).

As previously suggested as a conclusion of Chapter 5, the lack of bimodal benefit 

might come from failure to fuse electric and acoustic information coming from the 

CI and the HA respectively. I will examine this particular point in my post-doctoral 

research. Especially, the contributions of pitch cues on fusion in bimodal patients 

will be investigated. For this purpose, intelligibility scores of CI users with residual 

hearing will be measured with and without their hearing aid, in quiet or with a noise 

background. In order to eliminate the effect of processing time differences between 

the hearing aid and the implant device, the electric information will be presented 

via direct stimulation of the electrode array. Such an experiment will allow us to 

gain more insight on bimodal fusion (between electric and acoustic information) 

and its potential effect on the underlying mechanisms involved in speech in noise 

perception, such as simultaneous grouping across frequencies. If the different input 

stimuli are perceived as a new sound, we can conclude that fusion between electric 

and acoustic information occurs. Moreover, these results could enrich the model 

proposed in section 6.1 with bimodal fusion and expand it to speech in noise in 

general. To investigate the effect of pitch cues on fusion, CI users with residual hearing 
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will also perform a dichotic listening task. That is, the acoustic information received 

via their residual hearing will be different from the electric information transmitted 

via their implant. The stimuli will differ in F0. Sentences will be resynthesized with F0 

cues either within or well above the residual hearing range. We expect to observe a 

benefit due to access to pitch (when F0 cues fall within the residual hearing range) for 

all bimodal patients. Moreover, we expect the residual hearing benefit to be better in 

noise than in quiet, also due to access to pitch. However, in the dichotic presentation, 

if we observe a decrease of intelligibility, it could be interpreted as reduced fusion 

because of mismatching bimodal cues. Inversely, if we do not observe a decrease of 

intelligibility, it could suggest that even mismatched bimodal cues improve speech 

intelligibility. This later possibility would support the efforts in shifting the F0 cues 

downward within the residual hearing range of the contralateral aided ear (Brown et 

al., 2010; Brown and Bacon, 2010). The broad aim of this project is to better ascertain 

the role of pitch for the benefit from residual hearing with a view to improving speech 

perception and quality of life of bimodal CI users.

The present dissertation focused on auditory speech cues, but face-to-face 

communication also involves visual cues, such as lip movements, facial expressions, 

and gestures. A strong visual cue that normal hearing — but even more so hearing 

impaired listeners — rely on is lip-reading. Benard and Başkent (2015) showed that 

additional visual cues (video of the talker) improved intelligibility of interrupted 

speech but not top-down restoration for NH listeners listening to normal speech, to CI 

simulations and to EAS simulations. However, with the degraded speech simulations, 

the increase in intelligibility was greater than with normal speech, suggesting that 

additional visual cues compensated more for the degraded auditory cues. It is thus 

possible that actual CI users would show greater benefit from visual cues as they have 

more lip-reading experience than NH listeners. It may be interesting to replicate such 

experiment with actual CI users, which could also contribute to the model proposed 

in section 6.1 with the inclusion visual cues input and its effect on the processes 

involved in top-down repair of interrupted speech.

Better fundamental knowledge on voice characteristic perception (F0 and apparent 

VTL) can also benefit research on automatic speaker recognition, that can find 

applications in security or forensic sciences for example.
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6.6. Conclusion 

The long-term goal of the present dissertation is to contribute to current research 

dedicated to improve speech perception in CI users, specifically via better pitch 

representation to help speech in noise perception. The experiments I conducted 

focused on identifying the speech cues that are significantly important for speech 

in noise perception for CI users, with special focus on pitch. I have shown that NH 

listeners manage top-down repair of interrupted speech regardless of manipulations 

of the pitch cues, but that absence of pitch impedes global intelligibility of interrupted 

speech. Addition of pitch to vocoded speech at different spectral resolutions is a 

technique developed in this dissertation as a new tool to systematically study the 

contributing cues to top-down repair of speech. Findings confirm the importance 

of pitch in top-down repair of degraded speech for spectral resolution in the range 

of actual CI users. However, translating these promising results from CI simulations 

to actual CI users unexpectedly failed to capture such improvement at the group 

level. Indeed, some bimodal CI users did not benefit from access to pitch cues via 

residual hearing for interrupted speech perception. This might be due to insufficient 

pitch cues provided by the residual hearing, or to the inability to fuse the acoustic 

pitch cues together with electric cues from the CI. Fortunately, important research 

is being undertaken in this direction to eventually solve these problems. Identifying 

speech cues contributing to speech in noise perception by triggering top-down 

repair of speech would be helpful in developing CI technology geared towards 

preserving these cues and improve speech perception in CI users. Such progress in 

CI technology is an important next step to better the quality of life of CI users that 

strive to communicate more easily within our oral society.
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