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Figure 1. Colour spectrograms of the synthetic voiced plosive stimuli (1 – 9) varying in formant transitions.

INTRODUCTION
Whilst children with profound hearing loss demonstrate marked improvements in their speech perception following cochlear 
implantation, the children vary extensively in terms of the level of speech perception attained and in the rate of change. Compared 
to the numerous speech perception outcome studies, limited research has investigated the children’s changing speech feature 
perception.  Prior to cochlear implantation, children with profound hearing impairment have limited speech feature perception. The 
cochlear implant speech processor presents these children with substantially more speech features than that available from 
hearing aids, however, the signal remains degraded compared to that available to a normal auditory system. This means that 
children must ‘learn to hear’ with a cochlear implant. The changing perceptual skills of paediatric cochlear implant users provides a 
unique opportunity to examine the process and development of speech feature perception in an altered auditory system.  The 
current study documented the children’s changing speech feature perception over a two-year period.  Synthetic speech stimuli 
were created to investigate the children’s perceptions of voiced plosives, and in particular, formant transitions varying along a /ba-
da-ga/ continuum.   

All individuals use visual speech information to guide auditory perception, (Green & Kuhl, 1989; McGurk & MacDonald, 1976), in 
particular when listening monaurally or to a degraded speech signal (Arnsten, 1998; Erber, 1969; Grant, Ardell, et al., 1985; 
Pichora-Fuller, 1996; Sumby & Pollack, 1954). Children with severe or greater degrees of hearing impairment require visual speech 
information to supplement their limited auditory perception.  It is unclear the extent to which children with a cochlear implant utilise 
visual speech information to guide auditory perceptions, nor how this changes as the children gain auditory experience. 
Comparison between responses made to auditory-alone and audiovisual stimuli may reveal the conditions under which children 
using a cochlear implant utilise visual speech information.  This study presented the children with the speech stimuli in an auditory-
alone condition and in synchrony with visual articulations of /ba/ and /ga/.  Children’s responses to the auditory-alone and 
audiovisual presentation of auditory stimuli were compared over two test periods.    

The comprehension of a degraded auditory signal increases the processing load on working memory (Pichora-Fuller, 1996; 
Pichora-Fuller, Schneider, & Daneman, 1995; Rabbitt, 1991).  Compared to their peers with normal hearing, when required to 
process an auditory or audiovisual speech signal, children using a cochlear implant may demonstrate a different reliance on 
working memory.  The present study investigated whether working memory related to auditory-alone and audiovisual speech 
feature perception and whether these relationships changed with increased auditory experience.  A matched pairs design was 
adopted to investigate the extent to which children using a cochlear implant differ from their age-, gender, and Performance IQ 
matched peers with normal hearing.  

Auditory-Alone versus Auditory + Visual Ba
Under this condition, the Control Group responded that they perceived /ba/ significantly more often to stimuli 4 – 9, /da/ less 
frequently for stimuli 3 – 7 and /ga/ less often for stimuli 3, 8 and 9 (Figure 2c).  The Cochlear Implant Group were influenced greatly 
by the Visual Ba stimuli (Figure 2i). When paired with Visual Ba, the Cochlear Implant Group demonstrated a significant increase in 
/ba/ percepts for stimuli 2 – 9, with a decrease in /ga/ responses to the same stimuli. 

Relationship between speech feature perception and working-memory
Overall, irrespective of hearing, children who demonstrated better working memory skills were also less likely to select a response 
that differed from the auditory stimulus, irrespective of the test condition or stimuli assessed.

Time 2
Statistical comparisons were conducted for the 9 children with a cochlear implant and 4 children with normal hearing who 
participated at Time 1 and Time 2.  Note that the Time 1 figures present group average results for 16 children and not the group
average Time 1 results for children participating in both assessments.  Only some statistical comparisons are reported below.   

Time 1 versus Time 2 responses to Auditory-Alone stimuli
Compared to their Time 1 responses, both groups demonstrated more consistent and categorical responses to the Auditory-Alone 
stimuli at Time 2. However, few statistical differences were identified.  Compared to their first assessment, at Time 2 the Control 
Group responded /da/ more often to stimuli 3 and 4 (Figure 2d). For the Cochlear Implant Group, comparison between Time 1 and 
2 Auditory-Alone scores revealed significantly fewer /ba/ and /ga/ responses and more /da/ responses to stimulus 4 and fewer /ga/ 
responses to stimulus 3 (Figure 2j).  

Time 1 versus Time 2 responses to Auditory + Visual Ga stimuli
Compared to their Auditory + Visual Ga responses at Time 1, the Control Group responded /ga/ less frequently to stimulus 4 at Time 
2 (Figure 2e).  The Cochlear Implant Group continued to make few /ba/ responses to the auditory stimuli paired with Visual Ga, with 
significantly fewer /ba/ responses to stimulus 4 at Time 2 (Figure 2k) and more /da/ responses to stimuli 1-4.       

Time 1 versus Time 2 responses to Auditory + Visual Ba stimuli
For the 4 Control Group participants, Time 2 (Figure 2f) responses to Auditory + Visual Ba stimuli were more consistent and 
categorical in shape than their Time 1 results, however, the only significant difference was an increase in /da/ responses to stimulus 
7 at Time 2.  Compared to Time 1 responses, the Cochlear Implant Group responded /ba/ more frequently to stimulus 1 at Time 2 
and responded /ga/ less frequently to stimulus 5 (Figure 2l).   

DISCUSSION
Compared to their hearing peers, children using a cochlear implant with 4-7 years device experience have limited speech feature 
perception. The Cochlear Implant Group utilised formant transitions in Auditory-Alone stimuli 1 and 2 to perceive /ba/, although they 
responded more variably and less categorically than their hearing peers.  At Time 1, implanted children were unable to differentiate 
the /da/ and /ga/ Auditory-Alone stimuli. With increased age and device experience, the Cochlear Implant Group responded more 
consistently to /da/ and /ga/, however, their level of /da/ and /ga/ responses remained below that of the Control Group. These 
findings indicate that the speech processor may not encode and present the synthetic stimuli to the auditory nerve with sufficient 
features to create a /da/ and /ga/ percept. 

Whilst both groups appeared to respond more consistently and categorically to the stimuli at Time 2, few statistical differences were 
identified between Time 1 and 2 Auditory-Alone responses.  As power was affected by the small sample size at Time 2 it cannot be 
determined that no differences exist between Time 1 and 2 scores. 

The auditory perceptions of all children were affected by the congruent and incongruent visual speech stimuli. When stimuli 1-3 
were presented in synchrony with Visual Ga, both groups demonstrated McGurk responses.  The number of McGurk responses 
increased for the Cochlear Implant Group at Time 2.  McGurk or ‘fusion’ responses indicate that the auditory and visual speech 
information are processed in synchrony and at some point integrated to produce a percept.  

Limited visual speech information is provided by silent articulations of /ga/.  Presented with the auditory stimuli in synchrony with 
Visual Ga the Cochlear Implant Group perceived /ga/ more consistently at Time 1, and demonstrated more McGurk responses at 
Time 2.  This suggested that the Cochlear Implant Group made use of the available visual speech information to aid auditory 
perception.  Few differences were found between the children’s Time 1 and Time 2 responses to the Auditory + Visual Ga stimuli.  

All children were influenced by the presentation of Visual Ba in synchrony with the auditory stimuli.  Presented with the Auditory + 
Visual Ba stimuli, the Control Group perceived /ba/ more frequently and as a result, demonstrated a decrease in /da/ and /ga/ 
responses.  The Cochlear Implant Group’s auditory perceptions were influenced greatly by the Visual Ba stimuli, with a marked 
increase in /ba/ responses to most auditory stimuli at Time 1 and 2. Whilst the Control Group’s responses appeared more 
categorical at Time 2, few differences were identified between Time 1 and 2 scores.  Similarly, few differences were found between 
the Cochlear Implant Groups’ responses to the Auditory + Visual Ba stimuli at Time 1 and 2. 

These findings suggest that strong visual articulations such as /ba/ assist children to perceive speech sounds, in particular when 
those sounds are ambiguous.  Children using a cochlear implant also benefited from less-informative visual cues such as visual 
articulations of /ga/.  In the current study, ambiguity was introduced by creating synthetic stimuli containing transition cues. In 
everyday listening situations, ambiguity is added to the auditory signal when listening to a degraded signal, when listening to 
speech presented in noise, or when listening monaurally.  In such situations, all children, in particular those using a cochlear
implant, are likely to benefit from seeing the talker’s articulations.  Consistent with audiovisual research, seeing the speaker’s 
mouth helps children using a cochlear implant to hear.  

Children with greater working memory scores were less likely to be influenced by incongruent audiovisual information and more 
likely to perceive the stimuli in a categorical manner.  Working memory was of more importance to auditory-alone and audiovisual 
perceptions for the Cochlear Implant Group than the Control Group.  The presentation of a clear auditory speech signal and visual 
speech cues may reduce the processing load on working memory. 

METHOD
Participants
Time 1
The Cochlear Implant Group consisted of 16 children who acquired a profound hearing loss prior to the age of 3 and received a 
Nucleus cochlear implant at a mean age of 4 years, 4 months (SD = 2 years, 4 months) .  At the time of testing, children in the
Cochlear Implant Group attended mainstream education facilities, communicated in an Oral/Aural manner and had on average 4 
years, 8 months (SD = 2 years, 4 months) device experience.  The Control Group consisted of 16 children with a mean PTA < 
20dB HL  who matched the Cochlear Implant Group for age, gender, and WISC-III Performance IQ (Wechsler, 1991).  The mean 
sample age was 8 years, 10 months (SD = 1 year, 6 months), and the mean WISC-III Performance IQ was 114 (SD = 10). 

Time 2
9 children from the Cochlear Implant Group and 4 children from the Control Group participated in a second assessment (Time 2), 
on average 2 years, 2 months (SD = 1 month) after the first test (Time 1).  The mean age of the Cochlear Implant Group at Time 2 
was 11 years, 2 months (SD = 1 year, 6 months) and  the Control Group had a mean age of 10 years (SD = 1 year).  All children 
in the Control Group continued to demonstrate normal auditory thresholds.  The Cochlear Implant Group had on average 7 years, 
2 months (SD = 1 year, 11 months) device experience at Time 2. 

Stimuli
The same stimuli were used at Time 1 and 2.

Auditory stimuli
Natural recordings of a native Australian female articulating /ba/, /da/ and /ga/ were used to guide the development of synthetic 
speech stimuli. Shown in Figure 1, 9 synthetic stimuli were created using Matlab and a Klatt synthesiser to vary in formant 
transitions along a /ba-da-ga/ continuum. All syllables were 650ms in duration. The fundamental frequency began at 204Hz and 
decreased linearly to 156Hz across the syllable. For the consonant portion of the stimuli the first formant onset was at 300Hz and 
voice onset time was set at 0ms.  The second and third formant values were altered across the continuum.  The second formant 
began at 1.2kHz for stimulus 1, increasing in 250Hz steps to stimulus 5 then increased in 100Hz steps to stimulus 9.  The third 
formant began at 2.7kHz for the first stimulus, increasing in 75Hz steps to 3kHz for stimulus 5, then decreased in 75Hz steps to
2.7kHz for stimulus 9.  The values for /a/ were kept constant across the continuum.  The first formant for /a/ was set at 1kHz, the 
second formant at 1.5kHz, and the third formant equalled 2.7kHz. The fourth formant was kept constant across the entire syllable 
at 4kHz.  The stimuli were rms normalised.  Stimulus 1 and 9 contained spectral values that were not directly drawn from the 
natural recordings.  Therefore, stimulus 2, 5 and 8 contained values most similar to the natural recordings, representing /ba/, /da/ 
and /ga/ respectively.  A pilot study revealed that the 9 stimuli could be perceived as either /ba/, /da/ or /ga/ by a group of adults 
with normal hearing.

Audio-Visual stimuli
Silent digital recordings were made of a female articulating /ga/ and /ba/.  Consistent with audiovisual research, the female’s 
mouth was illuminated with a light and the face was shown to just below eye level.  The nine auditory stimuli were paired with the 
visual /ga/ and visual /ba/ articulations creating Auditory + Visual Ga and Auditory + Visual Ba stimuli.

Working memory subtests
Four subtests were selected from the Cambridge Neuropsychological Test Automated Battery (CANTAB; Owen et al., 1990; 
Sahakian & Owen, 1992; Robbins et al, 1994) to assess working memory.  The Pattern Recognition, Spatial Recognition, Delayed 
Matching to Sample and Paired Associative Learning subtests consisted of non-verbal patterned and/or spatial stimuli.   

Procedure
The same test protocol was used at Time 1 and 2.  Individual test sessions were conducted within a quiet room in the child’s home or school. All activities 
were presented on a touchscreen monitor and were controlled by a computer program. All participants were given stickers for their participation.

Speech Feature testing
A Wharfedale speaker was placed at head height, one metre in front of the child’s implanted ear or either ear for the Control Group. Practice trials were 
given prior to the Auditory-Alone (AA) task and Auditory + Visual Ga and Ba (AV) tests.  In each test, the participant listened to the auditory stimuli and 
indicated on the touchscreen monitor whether they perceived /ba/, /da/, or /ga/.  The AA task included 108 trials and the AV task included two test blocks of 
90 audiovisual stimuli.  An additional response option was given during the AV testing to allow for alternate responses; the children could respond /ba/, /da/, 
/ga/ or /other/. No feedback was given during testing. 

Working-Memory testing
The CANTAB subtests were presented and completed using a touchscreen monitor.  Instructions were given using basic gesture and minimal verbal 
instructions.  The CANTAB computer program provided some feedback to the children regarding their performance.    

RESULTS
Time 1
Paired samples t-tests and Wilcoxon signed ranks tests were used to compare the Control and Cochlear Implant Groups’ responses to the Auditory-Alone 
tasks (Figures 2a and 2g) with their Time 1 and 2 responses to the Auditory-Alone + Visual Ga (Figures 2b and 2h) and Auditory-Alone + Visual Ba stimuli 
(Figures 2c and 2i).

Auditory-Alone stimuli
The groups differed in the proportion of /ba/, /da/ and /ga/ responses made under each test condition.  The Control Group perceived auditory stimuli 1 and 2 
as /ba/, stimuli 4 – 6 as /da/ and 8-9 as /ga/ (see Figure 2a).  The Cochlear Implant Group perceived auditory stimuli 1 and 2 as /ba/, however, responses to 
the remaining 7 stimuli were variable, with no clear distinction between /da/ and /ga/ auditory stimuli (Figure 2g). 

Auditory-Alone versus Auditory + Visual Ga
Comparisons were made between the groups’ responses to the Auditory-Alone and Auditory + Visual Ga stimuli.  When the Visual Ga stimulus was paired 
with auditory stimuli 1-3, both groups responded /da/ more often; indicative of McGurk responses.  The Control Group demonstrated an increase in /ga/ 
responses to stimuli 2, while /da/ responses to stimuli 5 and 6 decreased as did /ga/ responses to stimuli 9 (Figure 2b).  Under the Auditory + Visual Ga 
condition, the Cochlear Implant Group made fewer /ba/ responses to stimuli 1-5 and 8, and /ga/ responses increased for stimuli 1, 2 and 8 (Figure 2h).  

Figure 2. Participants’ Time 1 and 2 responses to the synthetic stimuli presented Auditory-Alone or in 
synchrony with Visual Ga or Ba.
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