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2  SPEECH AND SIGN PERCEPTION IN CHILDREN WITH 

COCHLEAR IMPLANTS: THE PRESENT STUDY 
 

This chapter presents the specific research questions of this thesis, together with the 

theoretical and empirical background for the experiments discussed in Chapters 4 to 

7. In §2.1 the processes of how typically developing children learn to perceive 

sounds and words are explained in relation to how children with a CI might differ. In 

§2.2 similarities and differences between speech and sign perception are described 

and previous research on the relationship between the two language modalities in 

children with a CI is briefly discussed.  

 

2.1  THE PERCEPTION OF SOUNDS AND WORDS BY CHILDREN WITH A CI 
 

2.1.1  BACKGROUND 

 

„Speech perception‟ is a rather broad term that encompasses the perception of 

speech sounds, words and sentences and for which the terms „speech recognition‟, 

„speech comprehension‟ or „speech processing‟ are sometimes used without clear 

distinctions in meaning. Speech perception can be defined as “the set of operations 

that transform an auditory signal into mental representations of a type that can make 

contact with internally stored information (i.e., words).” (Poeppel & Monahan, 

2008, p.80). Physically, speech consists of a continuously varying waveform, which 

is converted into mechanical vibration in the middle ear before it is converted into 

fluid vibration in the inner ear. In the inner ear, movement of the basilar membrane 

in the fluid causes movement of hair cells that excite adjacent neurons of the hearing 

nerve. Our brain then performs a rapid temporal and spectral analysis on the 

electrophysiological signal transmitted by the hearing nerve, resulting in a 

presumably abstract pre-lexical representation of speech sounds and words in the 

auditory cortex (Obleser & Eisner, 2009; Poeppel & Monahan, 2008). These pre-

lexical representations are then mapped onto lexical-conceptual representations and 

possibly also to articulatory-motor representations in different parts of the brain 

(Hickok & Poeppel, 2007). It should be emphasized, however, that the exact nature 

of the processes and representations involved in speech perception are not yet fully 

understood. 

Regardless of its exact nature, human speech perception has at least two 

remarkable features. Firstly, it is incredibly adaptive and therefore robust. That is, 

adult listeners can adapt quickly to variation in the speech signal, such as changes in 

speaker, dialect, speaking rate and physical degradation of the speech signal (Pisoni, 
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1997). Precisely the physical variability in the speech signal combined with 

listener‟s apparent ease in coping with this variability has led researchers to posit 

speech perception models that include abstract units of representation. 

Secondly, young children appear to learn to perceive speech rather effortlessly 

(Houston, 2005; Kuhl, 2004). By their first birthday, their perception of speech 

sounds is adapted to the language surrounding them, they are sensitive to transitional 

probabilities and prosodic regularities for segmenting words, and show signs of 

perceptual robustness in response to talker variability. Importantly, recent studies 

have shown that these early speech perception abilities correlate with later language 

development (e.g. Bernhardt, Kemp, & Werker, 2007; Kuhl et al., 2005; Marchman 

& Fernald, 2008; Newman, Bernstein Ratner, Jusczyk, Jusczyk, & Ayala Dow, 

2006).  

These two characteristics of human speech perception raise important questions 

about speech perception in pre-lingually deaf children with a CI. On the one hand, 

not having access to auditory input during a period of rapid neural and cognitive 

growth can be expected to have severe consequences for the development of early 

speech perception abilities and, by extension, for early language development. 

Moreover, because a CI provides perceptually degraded auditory input, children 

with sensorineural hearing loss are also at a disadvantage after hearing is partially 

restored with a CI. On the other hand, at least as far as speech perception in adults 

with normal hearing is concerned, human speech perception is adaptive and robust 

and might to some extent be able to adapt to the perceptual degradation that is 

introduced by CI processing (see also §1.2.1). 

As mentioned in §1.1, speech perception in children with a CI has already 

received much attention in the literature. The results of many of these studies are 

difficult to interpret, however, because the variables studied do not reflect a single 

process. For instance, a common procedure is the use of standardized open-set or 

closed-set spoken word recognition tests (Pisoni, 2005). The ability to point to the 

correct picture in response to an auditory input (i.e., closed-set) or to correctly repeat 

spoken words (i.e., open-set) is the outcome of several preceding processes 

including auditory detection, acoustic-phonetic analysis, short-term memory and 

lexical access and retrieval. In order to understand exactly which aspects of the 

speech perception process present a continuing challenge to children with a CI, it is 

essential to examine each of these underlying processes in depth (cf. Pisoni, 2000). 

In this thesis, we address this matter by examining the use of acoustic cues in speech 

sound perception and the relationship between sound perception and word learning. 
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2.1.2  LEARNING TO PERCEIVE SPEECH SOUNDS: ACOUSTIC CUE WEIGHTING 

 

Physically, speech sounds can be described as specific combinations of rapidly 

changing acoustic characteristics such as formant frequencies (bands of energy 

corresponding to the resonating frequencies of the vocal tract), duration and 

intensity (amount of energy produced by the vocal tract). The acoustic 

characteristics of speech sounds provide cues that listeners can use to discriminate 

and identify speech sounds in the speech signal. Different languages show different 

distributions of speech sounds and thus acoustic characteristics. As a result, listeners 

discriminate and identify speech sounds on the basis of language-specific 

combinations of acoustic cues. Learning to perceive speech, therefore, consists not 

only of learning to identify the relevant acoustic cues in the speech signal, but also 

of learning to combine and weigh them appropriately (Boersma, Escudero, & Hayes, 

2003; Jusczyk, 1993; Nittrouer, 2002a; Werker & Curtin, 2005). 

In fact, one of the first steps in learning to perceive speech sounds for infants is 

adapting their perception to the language surrounding them. Initially, infants are able 

to acoustically discriminate all contrasts that occur in natural languages. However, 

in their first year of life infants maintain only the ability to discriminate phonetic 

contrasts that occur in the language(s) surrounding them. This perceptual attunement 

to the native language occurs slightly earlier for vowel contrasts than for consonant 

contrasts (Polka & Werker, 1994; Werker & Tees, 1983). The exact mechanisms 

underlying these developmental changes are unknown, but there is some evidence 

that suggests an important role for distributional learning (Maye, Weiss, & Aslin, 

2008; Maye, Werker, & Gerken, 2002). Because different languages use different 

distributions of speech sounds and thus acoustic characteristics, the input to the 

infant will show specific distributional patterns in acoustic characteristics that match 

the phonetic contrasts used in that language: frequently occurring (combinations of) 

acoustic features in the input tend to match phonetic categories in the language and 

infrequently occurring (combinations of) acoustic features tend to match the 

boundaries between phonetic categories in the language. 

Notwithstanding these early accomplishments of infants in learning to perceive 

speech, it can take eight years or longer before adult-like cue weighting is attained 

by typically developing children, especially for consonant contrasts (e.g. Gerrits, 

2001; Hazan & Barrett, 2000; Nittrouer, 2002b). Children with a CI seem to face an 

extra challenge in this process because, even if the implant provides sufficient 

acoustic information to support spoken language development, it does not restore 

normal hearing. More specifically, as we have seen in §1.2.1, sound processing with 

a CI is characterized by poor spectrotemporal resolution. Spectral and temporal cues 

are important for phoneme recognition, with spectral cues being especially 

important for vowel recognition and temporal cues for consonant recognition 
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(Dorman et al., 2002; Xu & Pfingst, 2008). However, it should be noted that spectral 

and temporal cues are often integrated, for instance in rapidly changing spectral 

patterns such as formant transitions, and that they can sometimes be used in a trade-

off relationship (Xu & Pfingst, 2008). 

The reduced spectrotemporal resolution of sound processing with a CI thus raises 

the question as to whether children with a CI use acoustic cues in speech perception 

differently from children with normal hearing. Several studies have investigated the 

use of acoustic cues by post-lingually deaf adult implant users and adults with 

normal hearing listening to implant simulations (e.g. Hedrick & Carney, 1997; 

Iverson, 2003; Iverson, Smith, & Evans, 2006; Munson & Nelson, 2005; Nie, Barco, 

& Zeng, 2006; Rogers, Healy, & Montgomery, 2006; Xu, Thompson, & Pfingst, 

2005; Xu & Zheng, 2007). However, findings obtained with post-lingually deaf 

adult CI users cannot be generalized to deaf children for whom the onset of deafness 

occurred before they had acquired a spoken language and who were implanted at a 

much younger age. Furthermore, Eisenberg et al. (2000) found that young children 

with normal hearing (5-7 years of age) needed more spectral resolution to obtain the 

same levels of recognition as older children (10-12 years of age) and adults. These 

findings suggest developmental changes in the ability to adapt to spectrally reduced 

speech
6
. To our knowledge, only two studies have examined the use of acoustic cues 

by younger CI users (Bahng, 2008; Summerfield et al., 2002) and neither of these 

studies included vowel contrasts
7
. Including both consonant and vowel contrasts is 

important because vowel perception might be more difficult for them. As mentioned 

in §1.2.1, spectral information, which is especially important in vowel recognition, 

is distorted relatively more by a CI than temporal and amplitude information. The 

latter are more important for consonant recognition. Alternatively, consonant 

contrasts might be more difficult given that in typically developing children adult-

like cue weighting usually takes longer to develop for consonant contrasts (Gerrits, 

2001). Moreover, there is some evidence that vowels are perceived more accurately 

than consonants by young typically developing children as well as children with a 

CI (e.g. Kishon-Rabin et al., 2002). 

 

                                                 
6  Schvartz, Chatterjee & Gordon-Salant (2008) investigated the perception of spectrally 

degraded phonemes in younger, middle-aged and older listeners with normal hearing and 

found the opposite effect, namely that with increasing age the ability to recognize spectrally 

degraded speech became worse. Besides age, verbal memory and speed of processing abilities 

contributed to the observed performance differences. 
7  In addition, a few studies are available on acoustic cue weighting in hearing-impaired 

children wearing acoustic hearing aids (Jerger, 2007). However, sound processing with an 

acoustic hearing aid is radically different from sound processing with a CI (and probably 

more similar to normal hearing). Findings from these studies therefore cannot be generalized 

to children with a CI. 
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The first research question in this thesis is therefore: do children with a CI use 

acoustic cues differently in consonant and vowel perception than children with 

normal hearing of the same age? More specifically, do they use the same cues and if 

so, do they use such cues as effectively? 

 

2.1.2  THE INTERRELATION BETWEEN SOUNDS AND WORDS 

 

Extracting speech sounds or phonemes from the continuous speech signal is just a 

first step in speech perception. Usually, the next step is to recognize words. Because 

there are no reliable word boundaries in continuous speech, listeners have to start 

with the process of word recognition as soon as input is perceived. As a result, 

spoken word recognition is a dynamic process that includes activation and 

competition of candidates as the input unfolds (see e.g. McMurray, Samuelson, Lee, 

& Tomblin, 2010). 

Besides these core properties, different perspectives have been adopted with 

respect to the nature of pre-lexical processes and representations (Cutler, 2008; 

Gaskell, Quinlan, Tamminen, & Cleland, 2008; McMurray, Tanenhaus, & Aslin, 

2009) as well as to the availability of feedback from the lexical to the phonological 

level during speech perception (McClelland, Mirman, & Holt, 2006; Norris, 

McQueen, & Cutler, 2000). Nevertheless, all models of spoken word recognition 

assume a strong relationship between the perception of speech sounds and the 

recognition of words. 

Surprisingly, however, studies on adult sound perception and word recognition 

have mainly progressed independently of one another, which has resulted in theories 

of speech perception that account for one of these aspects but rarely both (Cutler, 

2008). Similar to adult speech perception, the relationship between sounds and 

words has only recently started to be addressed in developmental studies (Stoel-

Gammon, 2011; Storkel & Morrisette, 2002). Studies of sound perception and word 

recognition are gradually moving closer together, however, and the resulting fruitful 

exchanges have made it clear that the mapping from sounds onto words is not 

always straightforward. For instance, Weber and Cutler (2004) found that adult 

Dutch second language learners of English had stored the distinction between the 

initial syllables /pɛn/ and /pæn/ in the words pencil and panda, although they were 

unable to reliably hear the difference between the vowels /ɛ/ and /æ/ (cf. Escudero, 

Hayes-Harb, & Mitterer, 2008). In contrast, Norris, McQueen and Cutler (2003) 

provide a rather extreme example of continuity between sound perception and word 

recognition. In that study, adult listeners first completed a lexical decision task in 

which in some words the final /f/ or /s/ was replaced by an ambiguous sound in 

between these two sounds. They then completed a task in which they had to 



36 Chapter 2 

 

categorize ambiguous sounds on an /f/-/s/ continuum as /f/ or /s/. Listeners who had 

heard the ambiguous sound in /f/-final words were more likely to categorize 

ambiguous sounds as /f/ than those who had heard the ambiguous sounds in /s/-final 

words. Apparently, listeners use lexical information to rapidly adjust their phonetic 

boundaries when presented with distorted speech. Crucially, phonetic boundaries 

were not shifted if the ambiguous phonemes were embedded in non-words in the 

lexical decision task, which prevented mapping of the ambiguous phoneme onto its 

unambiguous counterpart in the mental lexicon. 

One of the few linguistic models that attempts to explicitly capture both pre-

lexical and lexical perception and representation is the Linguistic Perception model 

(Boersma, 1998; Escudero, 2005). This model distinguishes three levels of 

representation and two levels of processing in spoken word recognition. The three 

levels of representation are auditory form, phonological form and lexical form
8
. The 

two levels of processing are perception and recognition. The auditory form is the 

result of the analysis of the acoustic signal by the ears and the brain. The 

phonological form is a pre-lexical representation of a word in phonemes. This pre-

lexical phonological representation is the outcome of a perception grammar that 

categorizes auditory forms in phonemes by integrating and weighting acoustic cues. 

The recognition of a word is established by means of a recognition grammar that 

maps a pre-lexical representation of a word onto a representation in the mental 

lexicon. 

Boersma et al. (2003) have proposed a developmental account of the Linguistic 

Perception model. In their view, the auditory form is the result of perceptual 

warping of the acoustic input the child receives, a form of distributional learning 

(see §2.1.2). The resulting categories are initially based on single acoustic cues. That 

is, different acoustic cues are not yet integrated in perception. Only when infants 

reach the age of nine months will they start integrating acoustic cues and multi-

dimensional categories will be the result
9
. Once a lexicon is further developed, the 

child will reorganize its perception grammar until “optimal listening” is established. 

This occurs by means of trial-and-error learning on the basis of feedback from the 

lexicon: if the child constructs an incorrect pre-lexical phonological representation, 

the mental lexicon will provide the correct representation according to the semantic-

pragmatic context in which the word was uttered. In response to this feedback, the 

perception grammar is reorganized. This developmental account of infant speech 

processing resembles the one proposed in PRIMIR (Werker & Curtin, 2005), a more 

extensive developmental model that assumes multidimensional layers of information 

                                                 
8 Apoussidou (2006) added another level of representation to the model, namely meaning. 
9 The shift from one-dimensional to multi-dimensional categories is estimated to be around 

nine months of age because similar shifts in speech segmentation and object categorization 

have been observed around that age (Boersma et al., 2003). 
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in the speech input available to the child and developmentally changing filters 

imposed on the input by the child (see Escudero & Benders, 2010 for discussion of 

the differences between the two models). Both models share some characteristics 

with WRAPSA (Jusczyk, 1993, 1997), an early developmental model of speech 

perception and word recognition. 

Importantly, many of the processes underlying word recognition in young 

children also underlie word learning. That is, when children are unable to match a 

word in the input to a representation in the mental lexicon, they will assume that it is 

a novel word and will form a new lexical representation (Gupta & MacWhinney, 

1997). In a sense then, word learning is a consequence of failed word recognition. In 

recent years a rapidly growing body of literature has emerged on infant word 

learning (see e.g. Hall & Waxman, 2004). Many studies have been stimulated by the 

findings of Stager and Werker (1997), who showed that 14-month old infants could 

not learn the novel minimal pair /bi/-/di/, while they could clearly discriminate 

between /b/-/d/ in a discrimination task (cf. Werker, Cohen, Lloyd, Casasola, & 

Stager, 1998)
10

. Apparently, infants are not always sensitive to the same amount of 

phonetic detail at the word level as they are at the sound level. Infants‟ ability to 

learn novel minimal pairs has been found to be related to their concurrent expressive 

vocabulary size (Werker, Fennell, Corcoran, & Stager, 2002), suggesting that the 

ability to encode phonetic detail in novel words is mediated by a growing mental 

lexicon (cf. Beckman & Edwards, 2000; Swingley & Aslin, 2007). 

This latter idea strongly resembles the 'lexical restructuring model', proposed for 

older children (Metsala & Walley, 1998; Walley, 1993; Walley, Metsala, & Garlock, 

2003). According to this model, the emergence of phonemes as units in perceptual 

processing is associated with vocabulary growth, more specifically with changing 

familiarity and similarity relations between words in the developing lexicon. 

Initially, words are represented holistically in the mental lexicon, but representations 

gradually become more fine-grained when more words are acquired resulting in a 

need for more phonetic detail. An important notion in this model is therefore 

„phonological neighborhood density‟, the number of words that differ from each 

other in a single phonological segment either by substitution, addition or deletion 

(Vitevitch & Luce, 1998, 1999). For example, the word mouth has five neighbors 

and can be considered of low-density, whereas the word tooth has 14 neighbors and 

may be considered of high-density
11

. Phonological neighborhood density has been 

                                                 
10 It should be noted that the nature of the stimuli, the task and the referential context can 

affect the ability of 14-month old infants to learn minimal pairs (e.g. Fennell & Waxman, 

2010; Werker & Fennell, 2004; Yoshida, Fennell, Swingley, & Werker, 2009). 
11  Adult neighborhood density for these two words were calculated using the online 

neighborhood density calculator developed at the Washington University in St. Louis, 

available at http://128.252.27.56/Neighborhood/Home.asp. The examples are taken from 

http://128.252.27.56/Neighborhood/Home.asp
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found to affect spoken word production, recognition and learning in children as well 

as adults (Storkel, Armbruster, & Hogan, 2006). For instance, children and adults 

repeat words from high-density neighborhoods better than words from low-density 

neighborhoods, but recognize words from high-density neighborhoods more slowly 

than words from low-density neighborhoods
12

. Importantly, neighborhood density 

effects may be mediated by the presence or absence of language impairment 

(Rispens, Baker, & Duinmeijer, in preparation, for Dutch children; Storkel & 

Hoover, 2010b). 

Corpus studies have shown that children tend to acquire words from high-density 

neighborhoods before words from low-density neighborhoods (Storkel, 2004, 2009). 

Presumably, this is because dense neighborhoods are already restructured and novel 

words in these neighborhoods can thus be represented with more phonetic detail. It 

should be noted, however, that recent experimental word learning studies with 

children and adults have shown that phonological neighborhood density effects in 

word learning are dynamic and dependent on the time course of word learning 

(Hoover, Storkel, & Hogan, 2010; Leach & Samuel, 2007; Storkel et al., 2006). For 

instance, initially, a low neighborhood density appears to help learners to correctly 

detect the novelty status of words they have not heard before. However, once the 

novelty status of the word is detected, words from high-density neighborhoods are 

represented more robustly in phonological short-term memory because they activate 

more lexical and phonological representations in the mental lexicon (Storkel et al., 

2006).  

The processes involved in word recognition and word learning suggest that early 

speech perception abilities are important abilities when acquiring a language. 

Indeed, several recent studies have shown that early speech perception abilities 

correlate with later language development. For instance, Kuhl et al. (2005) found a 

strong positive correlation between the ability to discriminate native speech sound 

contrasts at seven months of age and word production and sentence complexity at 24 

months of age (as measured by the MacArthur-Bates Communicative 

Developmental Inventory (Fenson et al., 1993; Fenson et al., 1994)). Newman et al. 

(2006) showed that speech segmentation abilities, but not language discrimination 

abilities, before 12 months of age predicted expressive vocabulary at 24 months of 

age. Bernhardt et al. (2007) showed that the ability to learn novel minimal pairs at 

17 and 20 months of age was related to language comprehension and production up 

to two and a half years later. Finally, Marchman and Fernald (2008) showed that 

                                                                                                                   
Storkel and Hoover (2010a) on the development of an online neighborhood density calculator 

based on child corpora (resulting in five neighbors for mouth and ten for tooth). 
12 However, in a recent study using eye-tracking, Magnuson, Dixon, Tanenhaus and Aslin  

(2007) found early facilitory but late inhibitory effects of phonological neighborhood during 

spoken word recognition in adults. 
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speed of spoken word recognition and expressive vocabulary knowledge at 25 

months of age were related to language and cognitive abilities at eight years of age.  

The strong, yet complex, relation between sound perception and word 

recognition, and even more importantly, the relation between early speech 

perception abilities and later language development raise important questions for 

children with a CI. Few studies have been done on their early speech perception 

abilities. Horn et al. (2007b) found that 17-month old infants with a CI can 

discriminate between the non-words boodup and seepug three months post-

implantation. Furthermore, Grieco-Calub, Saffran and Litovsky (2009) showed that 

spoken word recognition in two-year old toddlers with a CI was less accurate and 

slower compared to their peers with normal hearing. Studies with older children 

have revealed large inter-individual variation in speech perception outcomes (for a 

review, see Pisoni, 2005), with some high-performers showing near-typical speech 

perception in quiet listening conditions and some low-performers benefiting only 

minimally from the CI (e.g. Pisoni et al., 1999; Tyler et al., 1997; Wang et al., 

2008). Child, family, implant and educational factors account for some, but not all, 

of this inter-individual variation (e.g. Geers et al., 2003a; Sarant et al., 2001; Wie et 

al., 2007). 

Given the reduced spectrotemporal resolution of sound processing with a CI and 

observed inter-individual variation in speech perception abilities of children with a 

CI, their lexical development may also differ from that of children with normal 

hearing. Indeed, several studies have shown that many children with a CI have 

smaller expressive and/or receptive vocabularies than their peers with normal 

hearing (e.g. Duchesne, Sutton, & Bergeron, 2009; Geers, 2004; Geers et al., 2009; 

Schorr et al., 2008; Svirsky et al., 2000). Of course, they have had less spoken 

language experience because of their auditory deprivation and therefore delays in 

vocabulary development are not unexpected. Studies looking at growth rates in 

expressive and receptive vocabulary development are more informative in that 

respect. These have reported rates lower than, equal to or even higher than 1.0 (the 

norm for children with normal hearing of the same age), suggesting that even if 

some children with a CI are catching up with their hearing peers, many others are 

not (e.g. Bollard, Chute, Popp, & Parisier, 1999; Connor, Craig, Raudenbush, 

Heavner, & Zwolan, 2006; El-Hakim et al., 2001; Kirk et al., 2003). 

An alternative to looking at growth rates is to experimentally investigate word 

learning abilities in novel word learning tasks. A few studies have investigated rapid 

word learning, the ability to learn words after only a few exposures to the word and 

referent, in children with a CI (range 2-11 years old), who had more difficulties than 

children with normal hearing (Houston et al., 2005; Tomblin et al., 2007; Willstedt-

Svensson, Lofqvist, Almqvist, & Sahlen, 2004). In this thesis we examine the 

relation between sound perception and rapid word learning in children with a CI, 

which to our knowledge has not yet been systematically investigated. 
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More specifically, in this thesis children were taught novel minimal word pairs in 

two different rapid word learning tasks. We were interested in whether the children 

with a CI were able to learn minimal pairs given their different auditory input and 

how their performance in the word learning tasks related to their performance in a 

sound perception task. Crucially, the same consonant and vowel contrasts included 

in the sound perception task distinguished the novel words in the rapid word 

learning tasks to allow a more specific assessment of the relation between sound 

perception and rapid word learning. We also included a measure of phonological 

short-term memory, the capacity to temporarily store sequences of phonemes for 

further processing. This  capacity has been associated with word learning abilities in 

typically and atypically developing populations as well as adults (Baddeley, 2003; 

Gathercole, 1999, 2006; Gupta, 2003; Gupta & MacWhinney, 1997). Furthermore, 

children with a CI have been shown to score lower on phonological short-term 

memory measures than age-matched children with normal hearing, and their 

phonological short-term memory capacity has been found to correlate with spoken 

language outcomes (Burkholder-Juhasz et al., 2007; Dawson et al., 2002; Pisoni et 

al., 1999; Willstedt-Svensson et al., 2004). 

 

Therefore, the second research question in this thesis is: a) are children with a CI 

able to learn novel minimal word pairs after a limited amount of exposure to the 

novel words and their referents, and b) how do sound perception and phonological 

short-term memory relate to their rapid word learning? 

 

2.2  RELATIONSHIP AND INTERACTION  BETWEEN SIGN AND SPEECH 

PERCEPTION IN CHILDREN WITH A CI 
 

2.2.1  BACKGROUND 

 

Sign languages are natural languages in the visual-spatial modality. Signs consist of 

a hand configuration with a specific selection of fingers and orientation of the hand, 

a location where the sign is articulated, and a path or hand-internal movement. In 

addition, many signs are accompanied by a non-manual component such as a 

particular facial expression or mouthing. These internal components of signs are 

similar to consonants and vowels because they are the building blocks of lexical 

forms and are for that reason also called phonemes (e.g. Brentari, 1990, 1998; 

Corina & Sandler, 1993; Sandler, 1989). Signs can be one-handed and two-handed; 

in the latter, the configuration, location and movement of both hands are 

symmetrical or the non-dominant hand is passive and acts as a ground for the 
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dominant hand (Battison, 1978). Sign languages make use of space to express 

grammatical relations between signs and therefore may be said to have a spatial 

(morpho)syntax (e.g. Klima & Bellugi, 1979; Liddell, 1980, 1990; Padden, 1990). 

Even if at first sight they appear to be radically different from spoken languages, 

research since the second half of the twentieth century has revealed striking 

similarities in structure at the phonological, morphological and syntactic level 

(Baker, Van den Bogaerde, Pfau, & Schermer, in preparation; Meier, Cormier, & 

Quinto-Pozos, 2002; Sandler & Lillo-Martin, 2006). 

Parallels have also been found in signed and spoken language processing 

(Emmorey, 2007). For instance, it has been shown that speakers and signers use 

similar segmentation strategies (Orfanidou, Adam, Morgan, & McQueen, 2010), that 

signs are incrementally recognized (Emmorey & Corina, 1990) and that sign 

production is affected by phonological and semantic priming (e.g. Baus, Gutierrez-

Sigut, Quer, & Carreiras, 2008; Corina & Hildebrandt, 2002). Furthermore, signers 

sometimes produce slips of the hands and experience “tip of the fingers” phenomena 

(Hohenberger, Happ, & Leuniger, 2002; Newkirk, Klima, Pedersen, & Bellugi, 

1980; Thompson, Emmorey, & Gollan, 2005). Of particular relevance to this thesis 

are findings that just as speakers become auditorily tuned to perceive the sound 

contrasts of their spoken language, signers become visually tuned to perceive sign 

contrasts in their sign language (Baker, Isardi, Golinkoff, & Petitto, 2005b; Best, 

Mathur, Miranda, & Lillo-Martin, 2010; Emmorey, McCullough, & Brentari, 2003; 

Morford, Grieve-Smith, MacFarlane, Staley, & Waters, 2008). Furthermore, as in 

spoken language processing, sign recognition is characterized by competitive 

activation of sign candidates (Carreiras, Gutierrez-Sigut, Baquero, & Corina, 2008) 

and phonological information in signs is temporarily stored and rehearsed for further 

processing (Wilson & Emmorey, 1997, 1998, 2003). 

Part of the evidence for similarities between signed and spoken language 

processing comes from neuro-imaging and lesion studies. Early studies showed that 

right-handed deaf native signers with damage to the perisylvean regions in the left 

hemisphere suffered from language production and/or comprehension problems in 

their sign language similar to those described for speakers suffering from damage to 

the same regions (i.e., sign language aphasias, Poizner, Klima, & Bellugi, 1987). 

This overlap in neural organization between spoken and signed language processing 

has also been shown in neuro-imaging studies with healthy signers (Campbell, 

MacSweeney, & Waters, 2008; MacSweeney, Capek, Campbell, & Woll, 2008)
13

. 

                                                 
13 Sign language comprehension does seem to be more bilaterally organized in the brain than 

spoken language comprehension, however, presumably due to the fact that sign language 

comprehension relies strongly on spatial processing, which is considered to be right 

hemisphere dominant (Hickok, Bellugi, & Klima, 1998). In addition, parts of the parietal 

cortex appear to play a special role in sign language processing, possibly due to 
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For instance, Capek et al. (2009) found typical N400 effects in response to semantic 

violations in signed sentences and typical Left Anterior Negativity and P600 effects 

in response to syntactic violations in an EEG (electroencephalography) study with 

deaf native signers
14

. In addition, in a recent fMRI (functional Magnetic Resonance 

Imaging) study, Capek et al. (2010) compared deaf native signers that were also 

proficient speech readers and hearing non-signers and showed that activation in the 

posterior superior temporal cortex was modulated by language proficiency, 

irrespective of the language modality. 

Sign language acquisition studies have indicated similarities in the stages of 

acquisition that deaf children acquiring a sign language and hearing children 

acquiring a spoken language go through, such as babbling, phonological 

simplification of early signs or words, increases in utterance length and complexity, 

overgeneralization of words or signs and overregularization of rules, as well as 

similarities in the timing of these stages (Emmorey, 2002; Schick, Marschark, & 

Spencer, 2005). This is not surprising, given the similarities in language structure 

and processing in the two modalities. It should be noted, however, that most of what 

we know about sign language development comes from studies of acquisition in 

deaf children of deaf, signing parents. This context resembles most closely the 

context in which hearing children with hearing parents acquire a spoken language, 

but it is not the context experienced by the majority of deaf children (Marschark, 

Schick, & Spencer, 2005). As already mentioned in §1.4.2, over 90% of the deaf 

children are born to hearing parents who have very little knowledge of a sign 

language. Even if their parents are also deaf, this does not guarantee native-like sign 

language input, given that many deaf adults were raised and educated orally and 

only learned to sign at a later age. By far the majority of deaf children thus have to 

acquire a sign language from non-native input. 

The context in which children with a CI acquire a sign language is different 

again. As we have seen in §1.4.2, children with severe-to-profound sensorineural 

hearing loss are often exposed to some form of signed input before implantation. In 

addition, in many countries these children are exposed to both speech and signs at 

home and school in the first year(s) following implantation. However, the extent and 

kind of their signed input is extremely variable both between children and within the 

same children over time. Unfortunately, whereas much information has been 

gathered about spoken language development in deaf children with a CI, fairly little 

is known about their sign language development. Because many studies have 

suggested that exposing children with a CI to signed input negatively affects their 

                                                                                                                   
proprioceptive monitoring during sign production and activation of an action observation-

execution network (Knapp & Corina, 2010; MacSweeney et al., 2008). 
14 These effects refer to specific negative (N) or positive (P) peaks in the EEG signal time-

locked to the stimulus onset. 
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spoken language development (see §1.4.2), the topic seems to receive less attention. 

However, if we want to determine whether signed input to children with a CI 

hampers their spoken language development, it is necessary that both language 

modalities are assessed in the same children. This is in fact the second goal of this 

thesis. More specifically, we will examine the relationship between sign and speech 

perception abilities (§2.2.2), as well as the interaction between both language 

modalities during lexical processing (§2.2.3). 

 

2.2.2  THE RELATIONSHIP BETWEEN SIGN AND SPEECH PERCEPTION 

 

Only a handful of studies have looked at both spoken and signed language abilities 

in children with a CI. The majority of these studies were case studies, varying from 

one to three children (Cassandro et al., 2003; Coerts et al., 1994; Klatter-Folmer, 

Van Hout, Kolen, & Verhoeven, 2006; Nordqvist & Nelfelt, 2004; Yoshinaga-Itano, 

2006). De Raeve et al. (2009) reported the results from a longitudinal study of two 

groups of children with a CI, one group educated in sign-supported speech plus a 

sign language, the other in sign-supported speech only. The children were followed 

from pre-implantation until three years post-implantation. Sign language 

development was assessed in all children educated in sign-supported speech plus a 

sign language and a subset of the children educated in sign-supported speech only. 

However, development in both language modalities was only directly compared in 

the former. Results showed that the number of words and utterances increased 

slightly faster in the spoken than in the signed modality. An advantage in mean 

length of utterance for the signed modality was found at the start of the study, but 

for the spoken modality at the end of the study. 

In this thesis we hope to obtain further insight into the relationship between 

spoken and signed language abilities in children with a CI by examining their sign 

perception as well as their speech perception. In order to facilitate the comparison 

between the two modalities, we have tried to keep the sign perception tasks as 

similar as possible to the speech perception tasks. More specifically, we examined 

the use of visual cues in the categorization of hand configuration and locations of 

signs and the ability to learn novel minimal sign pairs after a limited amount of 

exposure to the novel signs and their referents. In addition, we assessed 

phonological short-term memory for signs. 

As already mentioned at the beginning of this section, signs consist of phonemic 

elements similar to the consonants and vowels in words. These are hand 

configuration, location and movement. Similarly to listeners using acoustic cues to 

identify consonants and vowels, signers have to use specific visual cues to identify 

the sign, such as extension of the fingers and changes in location and spatial 

orientation of the hands. With respect to pre-lexical perception, Emmorey et al. 
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(2003) found that deaf signers perceived hand configurations in American Sign 

Language (ASL) categorically. That is, hand configurations that crossed a phoneme 

boundary in ASL were discriminated better than hand configurations that did not 

cross a phoneme boundary in ASL (cf. Baker et al., 2005b; Best et al., 2010; 

Morford et al., 2008). Location of signs was not perceived categorically. Location 

might be a more variable phonemic category in sign languages than hand 

configuration and thus have less stable category boundaries (Emmorey et al., 2003). 

Similarly, categorical perception effects in spoken languages are typically weaker 

for vowels than for consonants, presumably because of their more continuous 

articulation. Recently, McCullough and Emmorey (2009) also showed categorical 

perception of linguistic facial expressions in deaf signers. 

A few studies have examined the nature and time course of sign recognition and 

shown that phonological parameters of signs contribute differentially to sign 

recognition. For instance, Emmorey and Corina (1990) reported that the location and 

hand configuration of the sign were recognized first by ASL signers, followed by the 

movement. Carreiras et al. (2008) examined effects of familiarity and phonological 

neighborhood density on lexical processing in Catalan Sign Language. Amongst 

other things, they found that recognition of low-familiarity signs was slowed down 

for locations with high neighborhood density, but facilitated for hand configurations 

with high neighborhood density. Finally, Orfanidou, Adam, McQueen and Morgan 

(2009), in a study of British Sign Language, found that signers misperceived hand 

configuration and movement more often than location in a sign spotting task (cf. 

Hildebrandt & Corina, 2002 for ASL). 

Turning to phonological short-term memory, it is important to note that, despite 

similarities in the architecture of phonological short-term memory for both language 

modalities (Wilson & Emmorey, 1997, 1998, 2003), several studies have found a 

smaller phonological short-term memory capacity in deaf signers compared to 

hearing speakers (e.g. Boutla, Supalla, Newport, & Bavelier, 2004; Wilson, Bettger, 

Niculae, & Klima, 1997). The exact nature and underlying cause of the observed 

difference in phonological short-term memory capacity is debated, however 

(Bavelier, Newport, Hall, Supalla, & Boutla, 2006; Boutla et al., 2004; Emmorey & 

Wilson, 2005; Wilson & Emmorey, 2006). Recently, it has been suggested that 

speakers and signers only perform differently on tasks that require recall in a fixed 

order, as opposed to, for instance, free recall (Bavelier, Newport, Hall, Supalla, & 

Boutla, 2008). 

With respect to sign language processing in children, Ormel et al. (2009) found 

inhibitory effects of phonological similarity and facilitative effects of iconicity on 

sign recognition by 8- to 12-year-old deaf signing children. Of special relevance to 

this thesis, Lederberg and colleagues (Lederberg & Spencer, 2009; Lederberg, 

Spencer, & Prezbindowski, 2000) examined rapid word and sign learning abilities in 

2- to 6-year-old deaf and hard-of-hearing children (wearing an acoustic hearing aid 
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or a CI) and argued for similar developmental trajectories in both modalities (cf. 

Brackenbury, Ryan, & Messenheimer, 2006). However, they did not explicitly 

distinguish between both language modalities in their studies. 

 

In the light of the relationships between the modalities, the third research question in 

this thesis is therefore: how do sign perception abilities relate to speech perception 

abilities in the same children with a CI? 

 

2.2.3  THE INTERACTION BETWEEN SIGN AND SPEECH PERCEPTION 

 

Examining speech and sign perception abilities independently (§2.2.2) allows us to 

compare performance in both language modalities and to relate this comparison to 

demographic variables such as age at implantation and length of CI use. However, 

many children with a CI are exposed to simultaneously produced combinations of 

speech and signs at home and school, i.e., sign-supported speech. In order to fully 

understand the effects of signed input on spoken language abilities it is therefore of 

crucial importance to also investigate the interaction between the two modalities 

during language processing. Therefore our fourth, final research question relates to 

the effects of bimodal (i.e., simultaneously spoken and signed) input on speech 

perception in children with a CI. 

Perceiving sign-supported speech represents a specific case of processing more 

than one modality and language at the same time. Multimodal perception and its role 

in development and learning have been studied quite extensively in the nonverbal 

domain, often showing advantages of inter-sensory redundancy in sensory 

processing and learning (for reviews, see e.g. Bahrick, Lickliter, & Flom, 2004; De 

Gelder & Bertelson, 2003; Shams & Seitz, 2008). In the verbal domain, the majority 

of the available research on multimodal integration has focused on audiovisual 

integration in language processing (for reviews, see e.g. Rosenblum, 2005, 2008; 

Woodhouse, Hickson, & Dodd, 2009). More recently, however, the integration of 

gestures and speech has also received attention from researchers. In particular, it has 

been shown that gestures play an important role in language development and 

learning more generally (for recent reviews, see e.g. Gullberg, De Bot, & Volterra, 

2008; Kelly, Manning, & Rodak, 2008). Importantly, part of this research concerns 

the role of gestures in facilitating communication with language-impaired children 

(Capone & McGregor, 2004). 

Crucially, however, very little is known about multimodal processing and 

learning by children or adults with a CI and most of what we do know concerns 

audiovisual integration (Mitchell & Maslin, 2007; Strelnikov, Rouger, Barone, & 

Deguine, 2009). Two recent studies investigated the relationship between 

audiovisual integration and spoken language outcomes in children with a CI. Kirk et 



46 Chapter 2 

 

al. (2007) found that auditory-only as well as audiovisual word and sentence 

recognition scores correlated with receptive vocabulary knowledge. Furthermore, 

Bergeson et al. (2005), in a longitudinal study, found that auditory-only and 

audiovisual sentence recognition scores correlated with a multitude of spoken 

language outcomes measures, including speech perception, speech production, 

receptive vocabulary and expressive and receptive language. 

Bergeson et al. also found that in the early test intervals children in Oral 

Communication settings outperformed children in Total Communication settings in 

all conditions, even the speech reading condition. They suggested that the latter 

might have to distribute their attention over two visual sources of information (i.e., 

manual-visual and audiovisual). This could create competition for limited processing 

resources, which could negatively affect spoken language outcomes. However, this 

possibility has not yet been tested. Moreover, recent findings by Mollink, Hermans 

and Knoors (2008) suggest that sign-supported speech can in fact enhance spoken 

language processing. They showed that using signs in vocabulary training with hard-

of-hearing children had a positive effect on their learning of new spoken vocabulary. 

However, these children had only mild-to-moderate hearing impairment and used 

acoustic hearing aids, not CIs. 

 

The fourth, final research question in this thesis is therefore: does bimodal input 

hamper or facilitate speech perception in children with a CI? 




