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 4  THE USE OF ACOUSTIC CUES 
 

In this chapter
20

 we will investigate the use of acoustic cues by children with a CI. 

We compare their performance in a speech sound categorization task to that of 

children and adults with normal hearing. As briefly explained in §3.2.1, this task 

makes it possible to determine how effectively specific acoustic cues are used in 

phonetic categorization and whether some cues are more important than others. The 

chapter starts with a brief introduction to acoustic cue weighting and relevant earlier 

studies (§4.1), followed by a discussion of the research methodology (§4.2). The 

results are presented in §4.3 and discussed in §4.4. 

 

4.1  BACKGROUND 
 

As explained in §2.1.2, the speech signal provides acoustic cues that listeners can 

use to discriminate and identify speech sounds, i.e., they are the acoustic correlates 

of phonetic contrasts in a language (Nittrouer, 2002a). Because languages differ in 

which phonetic contrasts are relevant, these acoustic cues are language-specific. For 

instance, vowel length is a relevant acoustic cue to distinguish vowel contrasts such 

as /ɑ/-/a/ in Dutch, but not in English. Children acquiring Dutch or English thus have 

to learn to attend to or ignore, respectively, vowel length when identifying vowels 

(e.g. Dietrich, Swingley, & Werker, 2007). Learning to perceive speech, therefore, 

consists of learning to identify, integrate and weigh the relevant acoustic cues in the 

speech signal according to language-specific patterns, whether in first language 

acquisition (Boersma et al., 2003; Jusczyk, 1993; Nittrouer, 2002a; Werker & 

Curtin, 2005) or second language acquisition (e.g. Escudero & Boersma, 2004; 

Flege, Bohn, & Jang, 1997; Iverson & Evans, 2007). 

Adult-like cue weighting in a first language can take eight years or even longer 

to develop in typically developing children (e.g. Gerrits, 2001; Hazan & Barrett, 

2000; Nittrouer, 2002a) and usually takes longer to develop for consonant than for 

vowel contrasts (Gerrits, 2001). One possible explanation for developmental 

changes in cue weighting are changes in auditory sensitivity, such as changes in the 

spectral distinctiveness needed to perceive phonetic contrasts (e.g. Mayo & Turk, 

2005; but see also Nittrouer & Lowenstein, 2007). An alternative explanation is that 

children initially attend more to dynamic cues such as formant transitions than to 

static cues such as intensity of the noise spectrum in the perception of fricatives, but 

                                                 
20 An adapted version of this chapter appears as Giezen, M.R., Escudero, P., & Baker, A.E. 

(2010). The use of acoustic cues by children with a CI. Journal of Speech, Language and 

Hearing Research, 53, 1440-1457. 
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that throughout development children shift their attention towards static cues (Hicks 

& Ohde, 2005; Nittrouer, 2002b, 2007; Nittrouer & Lowenstein, 2009; Nittrouer & 

Miller, 1997). The observed developmental shift from dynamic to static cues might 

be related to a shift from the syllable to the phoneme as the perceptual unit in speech 

perception (e.g. Hicks & Ohde, 2005; Nittrouer & Miller, 1997). This could be due 

either to the need for more fine-grained lexical and phonological representations in 

the growing mental lexicon (e.g. Jusczyk, 1993; Nittrouer, 1996; Walley & Flege, 

1999) or to attunement of abstract phonological representations with the 

development of phonological awareness (e.g. Mayo, Scobbie, Hewlett, & Waters, 

2003). 

Regardless of which explanation for the observed developmental changes in 

acoustic cue weighting is correct, children with a CI seem to face an extra challenge 

because, as we have seen in §1.2.1, CIs differ from the human ear in the spectral, 

temporal and amplitude information provided (Moore, 2003; Shannon, 2002). 

Spectral information in particular is distorted. Reduced spectral resolution has clear 

adverse effects on speech recognition by children and adults with normal hearing 

(Eisenberg et al., 2000; Schvartz et al., 2008), and even more so on speech 

recognition by adults with sensorineural hearing loss (e.g. Baskent, 2006; Friesen et 

al., 2001; Henry, Turner, & Behrens, 2005). 

Several studies have examined the role of acoustic cues in phoneme perception 

by post-lingually deaf adult CI users and by adults with normal hearing listening to 

CI simulations. For instance, Xu et al. (2005; see also Xu & Zheng, 2007) compared 

the contribution of spectral and temporal cues to phoneme recognition in adults 

listening to implant simulations. They showed that both spectral and temporal cues 

are important for accurate phoneme recognition. In consonant recognition, spectral 

cues were especially important for conveying information about place of 

articulation. A trade-off between spectral and temporal cues was observed for 

consonant recognition, but only minimally for vowel recognition (see Nie et al., 

2006 for similar findings with adult implant users). 

In an early study, Hedrick and Carney (1997) examined the perception and 

integration of relative amplitude and formant transition cues in consonant perception 

in four adult implant users compared to a group of adults with normal hearing. They 

found that the implant users attended more to relative amplitude than to formant 

transition and did not integrate the cues to the same extent as the adults with normal 

hearing. More recently, Rogers et al. (2006) showed that adult implant users were 

less sensitive to intensity and fundamental frequency increments than adults with 

normal hearing, but that both groups integrated the cues to the same extent. Iverson 

(2003) found shifted sensitivity peaks towards longer voice onset times in English 

/t/-/d/ discrimination and speculated on increased inter-individual variability in the 

use of spectral and temporal cues among adult implant users. Iverson et al. (2006) 
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showed similarities between adult implant users and adults listening to implant 

simulations in the use of formant movement and durational cues in vowel 

recognition. Munson and Nelson (2005) compared phonetic identification in quiet 

and in noise by adult implant users and adults with normal hearing listening to 

unfiltered speech and to implant simulations. They found that sound contrasts 

distinguished by rapidly changing spectral patterns were most likely to be 

misperceived by the implant users. Finally, Lane et al. (2007) compared phoneme 

identification and discrimination of one vowel and one sibilant contrast in seven 

adult implant users one-month and one-year post-implant. Phoneme identification 

improved significantly over one year, but discrimination remained relatively poor. 

In one of the few studies available on the use of acoustic cues by children with a 

CI, Summerfield et al. (2002) analysed the use of unambiguous vocalic information 

in the identification of preceding ambiguous fricative sounds by children and adults 

with a CI compared to children and adults with normal hearing. They showed that 

all groups were able to use the vocalic information to disambiguate the fricatives, 

but the implant users did so to a lesser extent than the listeners with normal hearing. 

Furthermore, in an unpublished doctoral dissertation, Bahng (2008) examined 

acoustic cue weighting in consonant perception in eight 5- to 8-year-old children 

with a CI. Similarly to a control group of age-matched children with normal hearing 

and a group of adults with normal hearing, the children with a CI gave more weight 

to the spectral cue than the formant transition cue in a voiceless fricative contrast 

and more weight to the formant transition cue than the release burst in a voiceless 

stop contrast. However, differently from both control groups, the children with a CI 

did not appear to integrate the two cues for either contrast.  

These earlier studies examined the perception of a single contrast (Summerfield 

et al., 2002) or only consonant contrasts (Bahng, 2008). It is important to include 

both consonant and vowel contrasts since studies of phoneme recognition in children 

with a CI have shown an advantage for vowels over consonants, with place of 

articulation contrasts being more difficult than manner of articulation contrasts, as 

well as long-lasting difficulties with perceiving voicing distinctions (Kishon-Rabin 

et al., 2002; Mildner, Sindija, & Zrinski, 2006; Pisoni et al., 1999). Two vowel 

contrasts, the low vowel contrast /ɑ/-/a/ and the high vowel contrast /ɪ/-/i/, as well as 

two consonant contrasts, the voicing contrast /b/-/p/ and the place of articulation 

contrast /f/-/s/, were selected for inclusion in this study. 

In the two vowel contrasts /ɑ/-/a/ and /ɪ/-/i/, formant frequency and vowel 

duration were manipulated. It is known that Dutch-speaking children of four years 

of age and older use both spectral and durational cues to categorize the low vowel 

contrast /ɑ/-/a/, with the spectral cues typically weighted as relatively stronger than 

the durational cues (Gerrits, 2001). However, given that only limited spectral 

information is transmitted by the implant, children with a CI might rely more on 
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durational cues as a compensatory strategy. The smaller spectral and temporal 

difference between the two vowels in the /ɪ/-/i/ contrast relative to the /ɑ/-/a/ contrast 

should make the /ɪ/-/i/ contrast more difficult to discriminate for these children and 

may lead to an even stronger reliance on the durational cues. 

In the voicing contrast /b/-/p/, voice onset time (VOT) was manipulated. The 

presence or absence of prevoicing (a negative VOT) has been found to be a strong 

cue in the perception of the voicing distinction for word-initial labial and alveolar 

plosives in Dutch (Van Alphen & Smits, 2004). In children wearing acoustic hearing 

aids, perception of VOT cues has been found to be normal in English-speaking 

children with mild to moderate hearing impairment, but not in children with severe 

hearing impairment (Jerger, 2007).  

In the place of articulation contrast /f/-/s/, noise frequency and intensity were 

manipulated. Accurate perception of high frequency noise spectra has been found to 

be difficult for young Dutch-speaking children up to the age of nine years (Gerrits, 

2001). A study by Pittman, Stelmachowicz, Lewis and Hoover (2002) showed that 

English-speaking children (5-10 years old) and adults with mild-to-moderate hearing 

impairment wearing acoustic hearing aids attributed similar perceptual weight to 

fricative-vowel formant transitions in the perception of consonant-vowel-consonant 

words as adults and children with normal hearing. 

 

4.2  METHODOLOGY 
 

4.2.1  PARTICIPANTS 

 

Participants in the experiment reported in this chapter were 15 children with a CI 

(mean age: 5;8), 20 children with normal hearing (mean age: 5;11) and, as a control 

for the task, 21 young adults with normal hearing (mean age: 22;3). Background 

characteristics of the participants were provided in §3.1. 

 

4.2.2  STIMULI 

 

Natural speech of a male adult native speaker of Dutch was recorded with a 

Sennheiser
®
 MKH105T microphone on a digital TASCAM

®
 CD-RW900 recorder in 

a sound-attenuated room. The speaker came from the central region of the 

Netherlands and spoke Northern Standard Dutch, as spoken in the provinces North-

Holland, South-Holland and Utrecht in the Netherlands (Adank, Van Hout, & Van 

de Velde, 2007). The adult listeners also spoke Northern Standard Dutch. The 
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children, however, spoke either Northern Standard Dutch or Southern Standard 

Dutch, as spoken in the provinces Antwerp and Flemish-Brabant in Belgium (Adank 

et al., 2007). Regional phonetic variation in production of the four phonetic contrasts 

included here has been reported in the literature (Adank et al., 2007; Van Alphen & 

Smits, 2004; Ziliak & Van de Velde, 2007), but this is not very relevant for our 

study, however, because the focus is on similarities and differences between the 

children with a CI and the children with normal hearing. Given that both groups of 

children included children that spoke Northern Standard Dutch and Southern 

Standard Dutch, any specific property of the stimuli that affects the perception by 

children that speak one or the other variety differentially can be expected to affect 

both groups of children to the same extent. 

In total, four stimuli series were constructed from recordings of monosyllabic 

words: a low vowel contrast (/ɑ/-/a/), a high vowel contrast (/ɪ/-/i/), a voicing contrast 

(/bu/-/pu/) and a place of articulation contrast (/fu/-/su/). Words, instead of single 

segments, were recorded to ensure that the vowels and consonants had natural 

speech-like characteristics. The sampling rate for the recordings was 44100 Hz. 

Recorded sound files were converted to the Wave sound format and later modified 

in Praat
© 

v5.0.23 (Boersma & Weenink, 2008). The range for each acoustic cue in 

the stimuli series was largely representative of that observed in naturally produced 

Dutch tokens (Adank, Van Hout, & Smits, 2004; Kissine, Van de Velde, & Van 

Hout, 2003; Kuijpers, 1996; Pols, Tromp, & Plomp, 1973). 

 

4.2.2.1  VOWEL CONTRASTS 

For the vowel contrasts /ɑ/-/a/ and /ɪ/-/i/, VCV words (/ɑ:pɑ:/, /a:pa/, /ɪ:pɪ/, /i:pi/) were 

recorded. A VCV context was chosen to reduce the influence of consonant context 

on subsequent vowel formant values. A voiceless plosive was chosen for the 

intervocalic consonant in order to ensure that the vowel segment was clearly 

demarcated in the waveform and spectrogram. The production of each initial vowel 

was lengthened to ensure reliable steady-state parts in the vowels. Steady-state parts 

of the initial vowels were extracted at the end of a pitch pulse at a zero crossing. The 

duration of the extracted vowel segments was 210 milliseconds for the /ɑ/-/a/ 
contrast and 100 milliseconds for the /ɪ/-/i/ contrast, which were the maximum 

durations included in the /ɑ/-/a/ and /ɪ/-/i/ stimuli series, respectively. Both vowel 

stimuli series consisted of 12 isolated tokens covering the four edges of a 4x4 

matrix. The stimulus set for the low vowel contrast /ɑ/-/a/ is given as an example in 

Figure 4.1. Given that the participants included young children and that several 

contrasts were tested, a stimulus set covering only the edges of the matrix (i.e., 12 
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stimuli) was preferred to a stimulus set covering the entire matrix (i.e., 16 stimuli) in 

order to limit task duration
21

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Example stimulus set for the low vowel /ɑ/-/a/ contrast. The two cue dimensions 

spectrum (Hz) and duration (msec) are represented on the y-axis and x-axis, respectively. 

 

 

The naturally produced tokens of the vowels /ɑ/ and /a/ were used to create a two-

dimensional series varying in duration and an F1-F2 combination. Duration was 

modified in three equal fractional step sizes between the two endpoints by removing 

increasingly larger segments of the original vowel segments (selected at the end of a 

pitch pulse at a zero crossing). Formant values for F1 and F2 in the extracted vowel 

segments were obtained using the implemented LPC formant analysis in Praat
©
 

(maximum frequency set at 5500 Hz, effective window length set at 0.025 seconds, 

pre-emphasis for an inverted low-pass filter (+6dB/octave) set at 50 Hz). In the 

resulting formant filter, F1 and F2 were modified in three equal fractional step sizes 

between the two endpoints. The required step sizes were determined using the 

auditorily-based mel scale
22

. The resulting formant filters were synthesized with the 

shorter and longer /ɑ/ and /a/ stimuli to create the intermediate stimuli between the 

four corner stimuli in the matrix (see Appendix A). 

                                                 
21 Boersma & Escudero (2005) compared simulated listeners‟ perception of stimuli along the 

edges and stimuli covering the entire 4x4 matrix and found no effect of number of stimuli. 
22 The formula given by Fant (1973) was used to convert values in Hertz to values in Mel: 

M=(1000/log102) x log(1+f/1000). 
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The naturally produced tokens of the vowels /ɪ/ and /i/ were used to create a two-

dimensional stimulus series varying in duration and an F1-F2 combination. Using 

the same procedure as for the /ɑ/-/a/ stimulus series, duration was modified in three 

equal fractional step sizes between the two endpoints. Again using the same 

procedure as for the /ɑ/-/a/ stimulus series, F1 and F2 extracted from the original 

sound were modified in three equal fractional step sizes between the two endpoints 

and the resulting formant filters were synthesized with the shorter and longer /ɪ/ and 

/i/ stimuli to create the intermediate stimuli between the four corner stimuli in the 

stimulus matrix (see Appendix A). 

 

4.2.2.2  CONSONANT CONTRASTS 

For the consonant contrasts /bu/-/pu/ and /fu/-/su/ monosyllabic CVC words (/bub/, 

/pup/, /fuf/, /sus/) were recorded from which the initial consonant and the first 100 

milliseconds of the vowel were extracted and modified for presentation. A CVC 

context was chosen to avoid unnatural production of CV syllables given that 

monosyllabic CV words are highly infrequent in Dutch. The vowel context /u/ was 

chosen because the vowels /ɑ/, /a/, /ɪ/ and /i/ were already included as stimuli in the 

vowel stimuli series and the vowels /o/ and /e/ are slightly diphthongized in the 

central region of the Netherlands. 

The naturally produced syllables /bu/ and /pu/ were used to create a stimulus 

series varying in VOT between a negative VOT (-83 msec) and a positive VOT (20 

msec) in five intermediate steps. Intermediate stimuli were obtained by deleting 

increasingly longer segments of periodic energy from the endpoint /b/ for stimuli 

with negative VOT values and deleting segments of aperiodic energy from the 

endpoint /p/ for positive VOT values (see Appendix A). All segments were deleted 

at the end of a pitch pulse at a zero crossing. The final stimulus set was obtained by 

cross-splicing the consonant and vowel segments resulting in two exemplars for 

each point in the stimulus series with different formant transitions: one exemplar 

spliced with the vowel extracted from the syllable /bu/ and one exemplar spliced 

with the vowel extracted from the syllable /pu/. Both exemplars were included in the 

categorization task. 

The naturally produced tokens of the vowels /fu/ and /su/ were used to create a 

two-dimensional stimulus series varying in intensity and noise spectrum. Intensity 

was modified in three equal fractional step sizes on the decibel scale by scaling the 

average intensity of the /f/ and /s/ segments at different levels. Using the same 

procedure as for the vowel stimuli series, the first four formants extracted from the 

/f/ and /s/ segments were modified in three equal fractional step sizes between the 

two endpoints and the resulting filters were synthesized with the softer and louder /f/ 
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and /s/ stimuli to create the intermediate stimuli between the four corner stimuli in 

the stimulus matrix (see Appendix A). The resulting stimuli were all 150 

milliseconds in duration. Similar to the VOT stimulus set, the final stimulus set was 

obtained by cross-splicing the consonant and vowel segments resulting in two 

exemplars for each point in the stimulus series with different formant transitions: 

one exemplar spliced with the vowel extracted from the syllable /fu/ and one 

exemplar spliced with the vowel extracted from the syllable /su/. Both exemplars 

were included in the categorization task. 

 

4.2.3  TASK 

 

An XAB categorization task was designed using E-Prime
®
 v2.0 software 

(Psychology Software Tools, Pittsburgh PA). In this task, participants have to decide 

whether sound X is more like sound A or sound B, where X is a randomly chosen 

stimulus from a stimulus series and A and B are the two endpoint stimuli of the 

series (see also §3.2.1). The XAB format is considered to be less abstract, and 

therefore more appropriate for children, than the ABX format, which had previously 

been used with children (e.g. Gerrits, 2001). The task was further made as child-

friendly as possible by associating X, A and B with cartoon bird pictures (see Figure 

4.2). The inter-stimulus interval between presentation of X and A was 2000 

milliseconds and between A and B 1000 milliseconds. Inter-stimulus intervals were 

chosen thus to target listener‟s phonetic perception instead of purely auditory 

discrimination (Pisoni, 1973; Van Hessen & Schouten, 1992; Werker & Logan, 

1985) and also to create a clear distinction between the stimulus to be categorized 

(X) and the response categories (A and B). The inter-trial interval was set at 1000 

milliseconds. There was no limit on the response time. Both the order of the stimuli 

assigned to the first bird (X) and the order of the two phoneme endpoints assigned to 

the other two birds (A and B) were randomized. Listeners responded by pressing one 

of two keys on the laptop (labelled with stickers). 

 

 
Figure 4.2. Animation bird pictures associated with presentation of the target stimuli (X) and 

response categories (A and B) in the sound categorization task. 
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For the two vowel contrasts /ɑ/-/a/ and /ɪ/-/i/, participants had to categorize each 

stimulus twice, resulting in a total of 24 trials. For the place of articulation contrast 

/fu/-/su/, participants had to categorize each stimulus twice, once with the formant 

transition appropriate for /fu/ and once with the formant transition appropriate for 

/su/, resulting in a total of 24 trials. Finally, for the voicing contrast /bu/-/pu/, 

participants had to categorize each stimulus twice, once with the formant transition 

appropriate for /bu/ and once with the formant transition appropriate for /pu/, 

resulting in a total of 12 trials.  

Each child completed the task for two contrasts, one vowel and one consonant 

contrast, in order to reduce the length of testing. The adults completed the task for 

all four contrasts. Presentation of contrasts was counterbalanced across listeners. 

Participants were told that two birds would try to imitate the sounds of a third bird 

and that they had to decide which of the two succeeded best. Prior to the test session, 

participants completed a practice session consisting of six trials from one of the two 

vowel contrasts. For the children, this was the vowel contrast they were not tested 

on. Because the adults were tested on both vowel contrasts, their practice session 

consisted by necessity of trials from a contrast they were also tested on. 

Categorization for different contrasts was separated by a brief pause. The task took 

children between 10 and 15 minutes and adults between 15 and 20 minutes. 

 

4.2.4  DEPENDENT VARIABLES 

 

Four dependent variables were analysed in the sound categorization task: phoneme 

endpoint identification, individual cue reliance, cue weighting and classification 

slope. 

 

4.2.4.1  PHONEME ENDPOINT IDENTIFICATION 

As part of the task, information was obtained as to whether listeners were able to 

correctly identify the two phoneme endpoints in the experiment, i.e., the two stimuli 

in the bottom-left corner and the top-right corner in Figure 4.1. If listeners are 

unable to identify the phoneme endpoints correctly, they are either unable to 

discriminate between the two phonemes or they do not pay sufficient attention to the 

task. As a result, identification scores in combination with cut-off values (e.g., 80% 

correct) are often used in cue weighting studies to exclude listeners from a 

subsequent cue-weighting analysis (e.g. Nittrouer & Miller, 1997). Because in our 

study listeners were exposed to each stimulus only twice, the maximum 

identification score that could be obtained for each contrast was 4, complicating the 
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use of any cut-off score. More importantly, given the nature of the population in our 

study, namely hard-of-hearing children, removing children from the analysis that do 

not seem to hear the difference (solely based on their identification scores) would 

leave an unrepresentative sample of only high-performing children with a CI for 

comparison with the other two groups of listeners. For these reasons, phoneme 

endpoint identification was not used as an exclusion criterion, but included as a 

dependent variable. 

 

4.2.4.2  INDIVIDUAL CUE RELIANCE, CUE WEIGHTING AND CLASSIFICATION SLOPE 

As proposed by Morrison (2005, 2007), logistic regression analysis can be used to 

derive several measures of acoustic cue use for one-dimensional and two-

dimensional contrasts. In logistic regression analyses, sigmoidal curves are fitted to 

categorical response data. Logistic regression resembles linear regression (in terms 

of an intercept and regression coefficients), but differs in that it expresses the 

dependent variable in logarithmic values. The regression coefficients are measures 

of individual cue reliance. In order to make the regression coefficients for each cue 

comparable to each other for purposes of measuring cue weighting (see below), each 

stimulus was assigned a number on a scale from 1 to 4 for both cue dimensions and 

this value was entered into the logistic regression analysis (cf. Escudero et al., 

2009)
23

. 

In addition, for those contrasts in which two acoustic cues were manipulated a 

measure of cue weighting was obtained to compare the relative use of acoustic cues 

within or between groups of listeners regardless of overall differences in absolute 

reliance on each cue, as was previously done in Escudero et al. (2009). A cue ratio 

was derived by dividing the regression coefficient of one of the cues by the sum of 

the regression coefficients of both cues. More specifically, the spectral cue 

coefficient was divided by the sum of the spectral cue and the durational or intensity 

coefficients. In the division any negative coefficients were recoded as positive 

coefficients. A cue ratio higher than 0.5 indicated that the spectral cue was weighted 

as relatively stronger, whereas a cue ratio lower than 0.5 indicated that the durational 

or intensity cue was weighted as relatively stronger. A cue ratio of 0.5 exactly 

indicated that both cues were weighted as equally strong.  

Finally, the rate of change from one response category, i.e., each of the two 

phonemes in each of the sound contrasts, to the other was used as a discrimination 

function which is referred to here as classification slope. For two-dimensional 

contrasts, this discrimination function is found by taking the square root of the sum 

of the squares of both contrast coefficients obtained in the logistic regression 

                                                 
23 Logistic regression analysis was performed in Praat© v5.0.23 (Boersma & Weenink, 2008). 
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analysis; for one-dimensional binomial contrasts, the discrimination function is 

equal to one fourth of the value of the contrast coefficient (Morrison, 2007). 

 

4.2.5  STATISTICAL ANALYSIS 

 

Because the sample sizes for this experiment were relatively small and unequal (see 

§4.2.3 and also §4.3), non-parametric statistical tests were performed in the majority 

of the analyses. Specifically, the rank-based Kruskal-Wallis H test for more than two 

independent samples was used to examine main effects and the rank-based Mann-

Whitney U test was used for post hoc comparisons. In all group wise post hoc 

comparisons, a correction was applied to adjust for multiple comparisons where the 

significance cut-off was p=.02 (α/n=.05/3=.02). For the statistical interpretation of 

the Mann-Whitney U test, two-tailed exact significance was adopted to adjust for 

small and unbalanced samples. 

 

4.3  RESULTS 
 

Three out of the 15 children with a CI who participated in this experiment did not 

complete the task for any of the contrasts due to concentration difficulties during the 

task
24

. One of these children (L4, see Table 3.1) was implanted relatively late (3;2) 

and as a result had less “hearing experience” than many of the other children. For 

another child (S6, see Table 3.1), fitting and programming of the device had been 

problematic due to behavioral difficulties. In general, she was considered a low 

performer with the implant and relied to a large extent on sign language in daily 

communication. The third child (J8, see Table 3.1) was implanted early (0;8) and 

fitting and programming of the implant had been unproblematic; however, this child 

was very inattentive on both testing days. Three children with a CI and two children 

with normal hearing completed the task for only one contrast due to concentration 

difficulties. Of the 21 adults who participated in the experiment, 20 completed the 

task for all contrasts and one completed the task for only two contrasts due to an 

experimenter error. In this section phoneme endpoint identification is analyzed first 

(§4.3.1), followed by individual cue reliance (§4.3.2), cue weighting (§4.3.3) and 

classification slope (§4.3.4). Depending on the contrast tested, sample sizes in the 

                                                 
24  Relative high drop-out rates are not uncommon in studies of children with a CI. Of 

particular interest is the study by Summerfield et al. (2002) referred to in §4.1, who studied 

the use of vocalic cues in the identification of fricatives. They recruited 39 4-10-year-old 

children with a CI, of which only ten completed all 48 trials; twelve children were unwilling 

or unable to perform the task. 
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analyses were n=5-6 for the children with a CI, n=8-11 for the children with normal 

hearing and n=20-21 for the adults. Means and medians of the dependent variables 

for all three groups of listeners are provided in Appendix B. Individual results for 

the children with a CI are provided in Appendix C. 

 

4.3.1  PHONEME ENDPOINT IDENTIFICATION 

 

As expected, the adults performed close to ceiling-level (100% correct) on phoneme 

endpoint identification for all four contrasts (see Figure 4.3). The children with 

normal hearing scored around 80% correct, with the place of articulation contrast 

/fu/-/su/ being even higher. The children with a CI scored between 50% (place of 

articulation contrast /fu/-/su/) and 75% (low vowel contrast /ɑ/-/a/) correct. 

 

 

Figure 4.3. Mean phoneme endpoint identification (% correct) for the children with a CI (CI), 

the children with normal hearing (NH) and the adults (A) for each contrast (place of 

art.=place of articulation). 

 

Statistical comparison of the phoneme endpoint identification scores revealed no 

effect of Group for the low vowel contrast /ɑ/-/a/ (χ2
=3.03, p=.22) and as a result, 

post hoc comparisons are not reported. Statistical analysis of the other three 

contrasts did reveal a main effect of Group (/ɪ/-/i/: χ
2
=9.61, p<.01; /bu/-/pu/: 

χ
2
=17.90, p<.01; /fu/-/su/: χ

2
=20.11, p<.01). For the high vowel contrast /ɪ/-/i/, the 
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children with a CI did not differ significantly from the children with normal hearing 

(Z=-1.26, p=.24). They did appear to score lower than the adults, but this effect was 

only marginally significant (Z=-2.71, p=.02). The children with normal hearing did 

not differ significantly from the adults (Z=-2.20, p=.06). For the voicing contrast 

/bu/-/pu/, the children with a CI did not differ significantly from the children with 

normal hearing (Z=-.97, p=.44). Both child groups scored significantly lower than 

the adults (children with a CI: Z=-3.85, p<.01; children with normal hearing: Z=-

3.25, p<.01). Finally, for the place of articulation contrast /fu/-/su/, the children with 

a CI scored significantly lower than the children with normal hearing (Z=-3.60, 

p<.01) and the adults (Z=-3.94, p<.01). The children with normal hearing did not 

differ significantly from the adults (Z=-.95, p=.53). These results show that the 

children with a CI had clear difficulty consistently distinguishing the phoneme 

endpoints in the stimulus series for the place of articulation contrast /fu/-/su/. This 

finding corresponds with studies in other languages that found that children with a 

CI perceived place of articulation contrasts less accurately than, for instance, manner 

of articulation contrasts (Kishon-Rabin et al., 2002; Mildner et al., 2006; Pisoni et 

al., 1999). Furthermore, in comparison with the adults, the children with normal 

hearing showed some difficulty in consistently identifying the phoneme endpoints in 

the stimuli series for the voicing contrast /bu/-/pu/. Kishon-Rabin et al. (2002) 

similarly found showed that the perception of voicing contrasts was difficult for 

Hebrew-speaking children with normal hearing as well as children with a CI. We 

will now turn to the analysis of the use of individual acoustic cues in the 

categorization of the vowel and consonant contrasts. 

 

4.3.2  INDIVIDUAL CUE RELIANCE 

 

To examine the similarities and differences in the reliance on individual acoustic 

cues among the three groups of listeners, statistical group comparisons of the 

logistic regression coefficients for each individual acoustic cue were performed 

within each contrast. For the low vowel contrast /ɑ/-/a/, a significant effect of Group 

was observed for both the spectral cue (χ
2
=6.95, p<.05) and the durational cue 

(χ
2
=18.28, p<.01). The children with a CI did not differ significantly from the 

children with normal hearing in their use of the spectral cue (Z=-.54, p=.22), but 

they used it significantly less than the adults (Z=-2.53, p<.02). The children with 

normal hearing did not differ significantly from the adults in their use of the spectral 

cue (Z=-1.41, p=.17). The children with a CI seemed to use the durational cue less 

than the children with normal hearing, but this effect was only marginally significant 

(Z=-2.10, p=.04). Both child groups used the durational cue significantly less than 
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the adults (children with a CI: Z=-3.21, p<.01; children with normal hearing: Z=-

3.34, p<.01). 

For the high vowel contrast /ɪ/-/i/, a significant effect of Group was observed for 

both the spectral cue (χ
2
=19.99, p<.01) and the durational cue (χ

2
=22.64, p<.01). 

The children with a CI seemed to use the spectral cue less than the children with 

normal hearing, but this effect was only marginally significant (Z=-1.26, p=.03). 

They did use the spectral cue significantly less than the adults (Z=-3.43, p<.01). 

Surprisingly, the children with normal hearing used the spectral cue significantly 

more than the adults (Z=-3.38, p<.01). The children with a CI did not differ 

significantly from the children with normal hearing in their use of the durational cue 

(Z=-1.74, p=.08). Both child groups used the durational cue significantly less than 

the adults (children with a CI: Z=-3.10, p<.01; children with normal hearing: Z=-

4.15, p<.01). 

For the voicing contrast /bu/-/pu/, a significant effect of Group was observed for 

the VOT cue (χ
2
=17.05, p<.01). The children with a CI seemed to use this cue 

significantly less than the children with normal hearing, but this effect was only 

marginally significant (Z=-1.98, p=.05). Both child groups used the VOT cue 

significantly less than the adults (children with a CI: Z=-3.47, p<.01; children with 

normal hearing: Z=-2.79, p<.01). 

Finally, for the place of articulation contrast /fu/-/su/, a significant effect of 

Group was observed for the spectral cue (χ
2
=19.20, p<.01) and the intensity cue 

(χ
2
=7.50, p<.05). The children with a CI used the spectral cue significantly less than 

the children with normal hearing (Z=-3.15, p<.01). Both child groups used the 

spectral cue significantly less than the adults (children with a CI: Z=-3.66, p<.01; 

children with normal hearing: Z=-3.38, p<.01). The children with a CI did not differ 

significantly from the children with normal hearing in their use of the intensity cue 

(Z=-1.30, p=.22), but they did use it significantly less than the adults (Z=-2.56, 

p<.01). The children with normal hearing did not differ significantly from the adults 

in their use of the intensity cue (Z=-1.52, p=.13). 

In sum, the children with a CI clearly used the spectral cue in the place of 

articulation contrast /fu/-/su/ less effectively than the children with normal hearing. 

They also appeared to use the durational cue in the low vowel contrast /ɑ/-/a/ and the 

VOT cue in the voicing contrast /bu/-/pu/ less effectively, but these effects were only 

marginally significant. Both child groups consistently used acoustic cues less 

effectively than the adults. It appears then, that the children with a CI are able to use 

many acoustic cues in the same way as their peers with normal hearing. It is still 

possible, however, that the children differ in the relative use of acoustic cues in 

sound categorization. We will consider this possibility in the next section. 
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4.3.3  CUE WEIGHTING 

 

To examine the relative use of acoustic cues by the three groups of listeners, a cue 

ratio of the spectral cue in relation to the other cues was obtained by dividing the 

contrast coefficient of the spectral cue by the sum of the contrast coefficients of both 

relevant cues, i.e., the spectral cue and the durational or intensity cue (see Figure 

4.4). A measure of cue weighting was not available for the voicing contrast /bu/-/pu/ 

because only one cue was manipulated in this contrast (see §4.2.2.2). 

 

 

Figure 4.4. Mean spectral cue ratios for the children with a CI (CI), the children with normal 

hearing (NH) and the adults (A) for both vowel contrasts and the place of articulation (place 

of art.) contrast. A horizontal reference line is indicated at a cue ratio level of 0.5, the value 

when both acoustic cues are weighted as equally strong. 

 

Statistical comparison of the cue ratios revealed a significant effect of Group for the 

low vowel contrast /ɑ/-/a/ (χ2
=10.03, p<.01). The children with a CI did not differ 

significantly in their cue weighting from the children with normal hearing (Z=-1.19, 

p=.27). However, they did have a significantly lower cue ratio than the adults (Z=-

3.14, p<.01). The children with normal hearing also seemed to have a lower cue 

ratio than the adults, but this effect was only marginally significant (Z=-1.99, p=.05). 

The mean cue ratios show that the children with a CI (.78), the children with normal 

hearing (.68) and the adults (.56) as a group each attributed more weight to the 

spectral cue than to the durational cue for this contrast. This relative preference for 
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the spectral cue was most pronounced in the children with a CI, due to the fact that 

they hardly used the durational cue in the categorization of this contrast, unlike the 

adults, and to a slightly lesser extent, the children with normal hearing, who did use 

this cue. For the high vowel contrast /ɪ/-/i/, no effect of Group was observed (χ
2
=.07, 

p=.96). The mean cue ratios show that the children with a CI (.74), the children with 

normal hearing (.67) and the adults (.72) as a group each attributed more weight to 

the spectral cue than to the durational cue for this contrast. Finally, for the place of 

articulation contrast /fu/-/su/, no effect of Group was observed (χ
2
=5.55, p=.06). The 

mean cue ratios show that the children with a CI (.73), the children with normal 

hearing (.88) and the adults (.78) as a group each attributed more weight to the 

spectral cue than to the intensity cue for this contrast.  

The results from the cue weighting analysis show that all listener groups shared a 

preference for using the spectral cues in sound categorization as opposed to other 

available cues. That is, despite differences in individual cue reliance between the 

children and the adults (§4.3.2), cue weighting patterns were similar. This is a 

particularly unexpected finding for the children with a CI, who have to perceive 

speech by means of a spectrally reduced signal. Possible explanations for this 

finding will be discussed in §4.4.2. 

 

4.3.4  CLASSIFICATION SLOPE 

 

To examine overall discrimination of the contrasts by the three groups of listeners, 

classification slopes were compared for the four contrasts (Figures 4.5-4.8). A 

significant effect of Group was observed for all contrasts: /ɑ/-/a/ (χ2
=15.46, p<.01), 

/ɪ/-/i/ (χ2
=18.41, p<.01), /bu/-/pu/ (χ

2
=16.74, p<.01) and /fu/-/su/ (χ

2
=19.61, p<.01). In 

line with the findings in the analysis of endpoint phoneme identification (§4.3.1) and 

individual cue reliance (§4.3.2), the children with a CI showed significantly 

shallower classification slopes than the children with normal hearing only for the 

place of articulation contrast /fu/-/su/ (Z=-3.04, p<.01). The effects for the other three 

contrasts were only marginally significant but all in the same direction, namely 

shallower slopes for the children with a CI (/ɑ/-/a/: Z=-1.98, p=.05; /ɪ/-/i/: Z=-2.20, 

p=.03; /bu/-/pu/: Z=-1.98, p=.05). Finally, as expected, given less effective use of 

many acoustic cues (§4.3.2), both child groups showed significantly shallower 

classification slopes than the adults for each of the four contrasts: /ɑ/-/a/ (children 

with a CI: Z=-2.30, p<.01; children with normal hearing: Z=-3.00, p<.01), /ɪ/-/i/ 
(children with a CI: Z=-3.23, p<.01; children with normal hearing: Z=-3.29, p<.01), 

/bu/-/pu/ (children with a CI: Z=-3.47, children with normal hearing: Z=-2.79, p<.01) 

and /fu/-/su/ (children with a CI: Z=-3.66, p<.01, children with normal hearing: Z=-

2.78, p<.01). Clearly, children‟s sound categorization was not yet adult-like. 



 

      
 

Figure 4.5. Classification slopes for the high vowel contrast /ɑ/-/a/ for the children with a CI (left panel), the children with normal hearing (middle 

panel) and the adults (right panel). Stimulus number is presented on the horizontal axis; the specific acoustic values for the stimulus numbers can be 

found in Appendix A. % /a/ responses are presented on the vertical axis. The solid line represents the spectral cue and the dashed line the durational 

cue. 



 

       
 

Figure 4.6. Classification slopes for the high vowel contrast /ɪ/-/i/ for the children with a CI (left panel), the children with normal hearing (middle 

panel) and the adults (right panel). Stimulus number is presented on the horizontal axis; the specific acoustic values for the stimulus numbers can be 

found in Appendix A. % /i/ responses are presented on the vertical axis. The solid line represents the spectral cue and the dashed line the durational 

cue. 



 

      
 

Figure 4.7. Classification slopes for the voicing contrast /bu/-/pu/ for the children with a CI (left panel), the children with normal hearing (middle 

panel) and the adults (right panel). % /b/ responses are presented on the vertical axis. Stimulus number is presented on the horizontal axis; the specific 

acoustic values for the stimulus numbers can be found in Appendix A. 

 

 

 

 

 

 



 

     
 

Figure 4.8. Classification slopes for the place of articulation contrast /fu/-/su/ for the children with a CI (top left panel), the children with normal 

hearing (top right panel) and the adults (bottom left panel). Stimulus number is presented on the horizontal axis; the specific acoustic values for the 

stimulus numbers can be found in Appendix A. % /f/ responses are presented on the vertical axis. The solid line represents the noise spectrum cue and 

the dashed line the intensity cue. 
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4.4  DISCUSSION 
 

The discussion of the results from the acoustic cue weighting experiment will first 

address differences between the children with normal hearing and the adults, i.e., 

age effects (§4.4.1). The effects of perceptually degraded auditory input are 

discussed in §4.4.2. 

 

4.4.1  AGE EFFECTS IN ACOUSTIC CUE WEIGHTING 

 

The performance of the children with normal hearing differed in several respects 

from that of the adults. They showed poorer phoneme endpoint identification only 

for the voicing contrast /bu/-/pu/, suggesting that they were able to accurately identify 

the phoneme endpoints in most stimulus series. They consistently used individual 

acoustic cues less effectively than the adults, except for the spectral cue in the low 

vowel contrast /ɑ/-/a/ and the intensity cue in the place of articulation contrast /fu/-

/su/. In addition, their classification slopes were significantly shallower than those of 

the adults for all four contrasts. These findings are not unexpected, given the 

relatively young age of the children in our study (between five and six years old) 

and the observation in the literature that the development of adult-like cue weighting 

takes several years to complete. For instance, Gerrits (2001) examined 4-, 6- and 9-

year old Dutch-speaking children and observed developmental differences in cue 

weighting strategies at all three ages, especially for the perception of consonant 

contrasts. Hazan and Barrett (2000) found that even 12-year old children categorized 

consonant contrasts less consistently than adults. 

Developmental shifts in cue weighting strategies are not the only possible 

explanation for the observed age effects, however. First of all, the inter-stimulus 

interval (ISI) implemented in the speech sound categorization task was relatively 

long (on average 1500 msec). This ISI was chosen to distinguish between auditory 

perception and phonetic perception (Pisoni, 1973; Van Hessen & Schouten, 1992; 

Werker & Logan, 1985). Because our interest was in phonetic sound categorization, 

a long ISI was used. However, using a long ISI could have introduced auditory 

short-term memory-related performance difficulties for the children and perhaps 

even more so for the children with a CI, who have been shown to have a smaller 

phonological short-term memory capacity than age-matched children with normal 

hearing (Pisoni et al., 1999). Phonological short-memory capacity did in fact 

correlate with classification slopes for the children with a CI, but not for the children 

with normal hearing. This relationship will be explored in more detail in §5.3.4 

together with rapid word learning. 
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Secondly, completing a speech discrimination or categorization task typically 

involves listening for a relatively long time to many more or less natural sounding 

speech stimuli, raising the possibility that attention demands might have affected the 

results (cf. Green, 1995). This is of particular concern when children are performing 

the task and when a relatively small number of trials were presented, as was the case 

in our study. Unfortunately, we were not able to explicitly control for attention 

demands. However, listeners‟ accuracy in identifying phoneme endpoints is often 

used as an indirect measure of attention in the task (e.g. Nittrouer & Miller, 1997). A 

significant difference between the children with normal hearing and the adults was 

only found for the voicing contrast /bu/-/pu/, suggesting that attention demands 

cannot account for the observed performance differences. 

Thirdly, the observed age effects might in fact be effects of the regional phonetic 

variation among the listeners. Recall that the children spoke either Northern 

Standard Dutch or Southern Standard Dutch; the adults, on the other hand, all spoke 

Northern Standard Dutch (see §4.2.2). The stimuli in the speech sound 

categorization task were also recorded using a speaker of Northern Standard Dutch. 

The children who spoke Southern Standard Dutch therefore might have had 

difficulty with the task simply because they were unfamiliar with the other variety. 

To determine any effect of regional phonetic variation, phoneme identification 

scores and classification slopes were averaged across all four contrasts and a 2 x 2 

MANOVA was performed with Group (CI vs. normal hearing) and Regional 

phonetic variety (Northern Standard Dutch vs. Southern Standard Dutch) as two-

level independent variables and phoneme endpoint identification and classification 

slope as dependent variables. Use of a parametric statistical test in this particular 

analysis was deemed justified because of the increase in sample size obtained by 

averaging the data and because the ANOVA statistic has been shown to be quite 

robust for violations of normality assumptions. As expected, there was a significant 

main effect of Group (F(1,28)=14.70, p<.01) on phoneme endpoint identification as 

well as on classification slope (F(1,28)=5.32, p<.05). More importantly, however, 

there was no effect of Regional variety (F(1,28)=.92, p=.35 and F(1,28)=.46, p=.50) 

and no interaction (F(1,28)=.35, p=.56 and F(1,28)=.61, p=.44). In effect, it is 

unlikely that the observed age effects in phoneme endpoint identification and 

classification slope are the result of regional phonetic variation between the children 

and the adults
25

.  

                                                 
25  In addition to this overall ANOVA, separate non-parametric Mann-Whitney U tests 

comparing Dutch and Flemish children were performed on each of the four contrasts for all 

available measures (i.e., phoneme endpoint identification, individual cue reliance, cue 

weighting and classification slope). The Flemish children obtained significantly higher 

phoneme endpoint identification scores than the Dutch children on the voicing contrast /bu/-

/pu/ (Z=-2.27, p<.05). Furthermore, the Dutch children appeared to have used the intensity cue 
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Finally, the children might have tried to use other acoustic cues to categorize the 

sound contrasts than those systematically manipulated here. For the vowel contrasts, 

the spectral and the durational cue would seem to be the two most salient acoustic 

cues for children and adults alike (Gerrits, 2001). For the consonant contrasts, 

however, one additional cue was present, namely formant transition. In fact, this cue 

has been found to be considerably used by typically developing children in 

categorization of fricative contrasts (e.g. Gerrits, 2001; Nittrouer, 2002b). Even 

though the use of formant transitions was to some extent controlled for by creating 

stimuli with both correct and incorrect formant transitions for the place of 

articulation contrast /fu/-/su/ and the voicing contrast /bu/-/pu/ (see §4.2.2), it is still 

possible that the children used formant transitions instead of the other cues present 

in the stimuli to categorize one or both contrasts. To account for this possibility, 

performance on both consonant contrasts was reanalyzed substituting formant 

transition as acoustic cue for noise spectrum and intensity or VOT in the logistic 

regression analysis. This reanalysis showed that only one child with a CI and none 

of the adults had used the formant transition consistently for categorization of the 

place of articulation contrast /fu/-/su/. However, three children with normal hearing 

(and two children with a CI), as opposed to none of the adults, had used the formant 

transition consistently for categorization of the voicing contrast /bu/-/pu/. Possibly, 

for these children the VOT cue was not sufficiently salient to use in categorization 

of the contrast and they instead relied on formant transitions. As mentioned in §4.1, 

it has been suggested that throughout development children shift their attention from 

dynamic acoustic cues towards static acoustic cues in sound perception (e.g. Hicks 

& Ohde, 2005; Nittrouer, 2002b, 2007; Nittrouer & Lowenstein, 2009; Nittrouer & 

Miller, 1997). The finding that a few children heavily relied on formant transitions 

in the categorization of the voicing contrast /bu/-/pu/ could therefore indicate that 

their perception was in an earlier developmental stage for this sound contrast. 

 

4.4.2  USE OF ACOUSTIC CUES BY CHILDREN WITH A CI 

 

The results show that of the four contrasts, the place of articulation contrast /fu/-/su/ 

caused most problems for the children with a CI. For this contrast, they had clear 

                                                                                                                   
in the place of articulation contrast /fu/-/su/ more effectively than the Flemish children, 

although this effect did not reach significance (Z=-1.95, p=.05). None of the other 

comparisons approached significance. The difficulty of the Dutch children with the voicing 

contrast may be related to a more general shift in the Netherlands towards the devoicing of 

voiced obstruents (e.g. Van de Velde, Van Hout, & Gerritsen, 1997). However, it should be 

noted that Ziliak and Van de Velde (2007) have recently shown that voiced labials are 

actually more devoiced in Flanders than in the Netherlands.   



82 Chapter 4 

 

 

difficulty consistently distinguishing the phoneme endpoints in the stimulus series. 

In addition, they used available spectral cues in this contrast less effectively than the 

children with normal hearing. In line with the phoneme endpoint identification and 

individual cue reliance findings, their classification slopes for this contrast were 

significantly shallower than those of their peers with normal hearing. Accurate 

perception of high-frequency noise spectra has also been found to be difficult for 

young typically developing children (Gerrits, 2001; Nittrouer, 2002b), which might 

explain the particular difficulties for the children with a CI with this contrast. 

Furthermore, children with a CI have more generally been shown to perceive place 

of articulation contrasts, such as /f/-/s/, less accurately than, for instance, manner of 

articulation contrasts, such as /t/-/s/ (Kishon-Rabin et al., 2002; Mildner et al., 2006; 

Pisoni et al., 1999). 

Results for the other three contrasts were less clear. Effects for the use of the 

durational cue in the low vowel contrast /ɑ/-/a/, the spectral cue in the high vowel 

contrast /ɪ/-/i/ and the VOT cue in the voicing contrast /bu/-/pu/ were only marginally 

significant after adjusting for multiple comparisons, but all in the same direction, 

namely less effective use by the children with a CI. Similarly, classification slopes 

of the children with a CI for these contrasts appeared to be shallower than those of 

their peers with normal hearing, but the effects were again only marginally 

significant after adjusting for multiple comparisons. Most importantly, no 

differences in cue weighting patterns between children with a CI and children with 

normal hearing were observed. For each of the three contrasts that allowed an 

analysis of cue weighting, the cue ratios indicated that both child groups weighted 

the spectral cues as relatively stronger than the other available acoustic cues (i.e., 

duration or intensity).  

 Overall then, the performance of the children with a CI was quite similar to that 

of the children with normal hearing, suggesting that they are able to use many 

acoustic cues effectively in speech perception. This is a remarkable finding given 

their different auditory input and given that they have had less auditory experience 

than the children with normal hearing. The fact that they were implanted relatively 

early might have contributed to this finding. However, we did not find a significant 

correlation between either age at implantation or length of CI use and performance 

in the task. Overall, it should be emphasized that sample sizes in our study were 

small, limiting the statistical power of the analyses. 

We specifically expected that spectral cues might be more difficult for children 

with a CI than temporal or intensity cues, given the relatively poor spectral 

resolution of sound processing with a CI. Thus, one might expect that they would 

weigh temporal and intensity cues as more strongly to compensate for this poor 

spectral resolution. However, such reversals in cue weighting were not observed. In 

fact, although the children with a CI used the spectral cue significantly less 
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effectively than their peers with normal hearing in their categorization of the place 

of articulation contrast /fu/-/su/, only a marginally significant effect in the same 

direction was observed for the high vowel contrast /ɪ/-/i/. Moreover, they did not 

seem to have difficulty with using the spectral cue in categorization of the low 

vowel contrast /ɑ/-/a/. 
Importantly, the difference in formant values between /ɑ/ and /a/ was larger than 

the difference in formant values between /ɪ/ and /i/, which might have made the 

spectral cue in /ɑ/-/a/ more accessible to the children with a CI. Some support for this 

explanation can be found in the data of the children with normal hearing. These 

children did not differ significantly from the adults in their use of the spectral cue in 

categorization of /ɑ/-/a/, whereas they did for /ɪ/-/i/. In addition, the children with a 

CI and the children with normal hearing did not use the durational cue in 

categorization of the /ɪ/-/i/ contrast to the same extent as the adults. One of the 

purposes of including duration as an acoustic cue in the stimulus series for the /ɪ/-/i/ 
contrast was to allow listeners, especially children with a CI, to use this cue, given 

that the spectral cue was not highly informative for this contrast. However, the 

distinction in duration (30 ms) might not have been large enough for them to 

consistently use it. 

The finding that the children with a CI did not show a reversal in cue weighting 

for either vowel contrast or the place of articulation contrast despite the reduced 

spectral resolution of sounds transmitted by the implant is nevertheless surprising. 

However, Iverson et al. (2006) found that adult implant users did not use formant 

movement and duration cues in vowel recognition differently from adults listening 

to CI simulations. In their discussion, they propose one possible explanation 

pertinent to the pediatric population, namely that shifts in perceptual cue-weighting 

for a particular contrast would also affect the production of that contrast and thus its 

intelligibility to listeners. This may prevent large shifts in perceptual cue-weighting. 

Another possible explanation relates to the language-specific reliability of 

acoustic cues in adult speech production and perception. The range for each acoustic 

cue in the stimuli series used in our study was representative of the range observed 

in Dutch tokens that were naturally produced. In other words, for the sound contrasts 

tested, cues other than spectral cues might simply be relatively unreliable cues in 

Dutch. As a result, if a child with a CI would rely too much on durational cues in 

categorizing sound contrasts that are more reliably differentiated by spectral cues, 

word recognition might suffer considerably (cf. Iverson, 2003). One way to examine 

this possibility would be to look at sound contrasts for which both cues are equally 

reliable or to use non-speech stimuli. In addition, step sizes on both cue dimensions 

would ideally represent equal psychophysical differences, something that we did not 

control for. It is possible that when categorizing such stimuli, children with a CI do 
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show different cue weighting than children with normal hearing and, for instance, 

rely more on temporal cues than spectral cues. 

 

In sum, compared to age-matched children with normal hearing, the children with a 

CI appeared to use some acoustic cues less effectively in categorizing vowel and 

consonant contrasts. Overall, however, performance in the two groups was quite 

similar. Most importantly, cue weighting patterns did not differ significantly either. 

Despite relatively poor spectral resolution of sound processing with a CI, children 

with a CI are able to use spectral cues in speech perception, sometimes as effectively 

as their peers with normal hearing. 




