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Abstract 
 

The reading skills of normal-hearing (NH) children have been found to be closely related 
to the development and use of phonological processing. In particular, children who have poor 
phonological awareness, i.e., who have difficulty understanding the concept that spoken words 
can be analyzed and decomposed into a sequence of smaller abstract units such as syllables or 
phonemes, often have difficulty learning to read as well. 

 
Many deaf children and adults do not reach reading levels above the 4th-grade level. In 

the present investigation, we examined the cognitive and linguistic skills that underlie reading in 
deaf children who use cochlear implants. We recruited 27 children ages six to 14 who had several 
years’ experience with a cochlear implant and used oral communication. On standardized 
phonological awareness, reading and vocabulary tests, approximately half of the children 
performed below the average level of their NH peers, and approximately half of the children 
performed at or above the average level of their NH peers. The children performed most poorly 
relative to their NH peers on the vocabulary test. Overall, more older children performed in the 
bottom half of their NH peer groups. 

 
Although the children’s performance on the standardized tests relative to their NH peers 

was encouraging in general, the deaf children examined in this investigation did not display 
sensitivity to differences in phonotactic frequency on a nonword repetition task. This finding 
suggests that these children have not had sufficient phonological experience to make broad 
phonological generalizations across the lexicon about the phonotactics of English. It is possible 
that if these children were asked to complete a processing task that did not require speech 
production, they would display evidence of phonotactic knowledge. 

 
The children’s phonological awareness skills were found to be strongly correlated with 

their reading skills. This relationship was mediated by the children’s vocabulary size and not their 
demographic characteristics, speech perception skills, or phonological working memory skills. 
This new finding in deaf children with cochlear implants indicates that, as reported for NH 
children, the development of robust phonological and lexical representations also underlies the 
development of reading skills in this clinical population. 
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CHAPTER I: INTRODUCTION 
 
The education of deaf children has improved dramatically over the last century (e.g., 

Fischer, 1983). However, it is still widely reported that most deaf children and adults do not 
achieve reading levels above the 4th-grade level (Conrad, 1979; Karchmer, Milone, & Wolk, 
1979; Moog & Geers, 1985; Paul, 2003). Research has established that, as in the normal-hearing 
population, the lower average reading abilities of deaf children and adults are not due to lower 
intelligence levels (Paul, 2003). Furthermore, the fact that some deaf individuals develop college-
level reading skills (Hanson, 1991 cites Reynolds, 1975) indicates that deafness itself does not 
prevent the acquisition of advanced reading skills. Thus, the underlying nature of reading 
difficulties of children who are deaf is an important research problem that deserves attention. 

 
In normal-hearing children, extensive research has revealed several well-established 

findings. Phonological processing skills, which include phonological awareness, phonological 
working memory skills, and lexical retrieval, have all been found to be related to reading 
development (Brady, 1991). Phonological awareness is the explicit knowledge that spoken 
language, while being a continuous acoustic stream, consists of sequences of smaller abstract 
units (e.g., syllables, onset-rimes, phonemes). Phonological working memory skills include 
working memory capacity (often indexed with digit span tasks) and verbal rehearsal speed (often 
indexed by speaking rate). Lexical retrieval is the ability to access and retrieve representations in 
the mental lexicon and can be indexed using speeded naming tasks or vocabulary tasks. In 
general, the type of phonological processing skills most closely associated with reading are tasks 
that assess phonological awareness skills. 

 
Reading difficulties have been found to be associated with poor phonological awareness 

skills (e.g., Gillon, 2004). That is, children who have difficulty understanding the concept that a 
word can be decomposed into smaller abstract units (such as syllables or phonemes) often have 
difficulty learning to read as well. It is hypothesized that as children learn words in their 
language, the increased density of the lexical items encourages them to abstract smaller units 
(e.g., syllables, then phonemes) for which they develop representations in the mental lexicon 
(Juszcyk, Lube, & Charles-Luce, 1994). Their phonemic representations become stronger or more 
robust as their lexical representations increase and improve, that is, as they learn more words and 
gain more experience with language (Studdert-Kennedy, 2002). As their phonemic 
representations become more robust, the children in turn learn new words more easily, and also 
become more skilled at completing phonological awareness tasks that require the parsing of 
continuous speech into smaller linguistic units. In particular, the ability to parse speech into 
phonemic units is necessary in order for a child to be able to grasp the alphabetic principle: letters 
correspond to individual speech sounds (see Shankweiler, 1991). An understanding of the 
alphabetic principle is important for children when they are learning to read (Shankweiler, 1991). 
Thus, the correlation between phonological awareness and reading skills is hypothesized to be a 
reflection of the fact that more robust phonological representations in the mental lexicon underlie 
both sets of skills (e.g., Studdert-Kennedy, 2002). 
 

The mental lexicons of adults and children also encode word frequency and phonotactic 
frequency. Previous research has shown that a word’s frequency of occurrence, as well as the 
frequency of occurrence of the phonemic sequences (phonotactics) contained within a word or 
nonword, affect adults’ and children’s performance on a wide range of processing tasks such as 
lexical decision, lexical retrieval and nonword repetition (e.g., Edwards, Beckman, & Munson, 
2004; Eukel, 1980; Newman & German, 2002; Vitevitch & Luce, 1998). In addition, the extent to 
which children’s performance on nonword repetition reflects phonotactic knowledge has been 
shown to be related to their vocabulary knowledge (e.g., Munson, Edwards, & Beckman, 2005). 
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The present study was carried out on the premise that new insights into the skills that 

underlie reading abilities in deaf children with cochlear implants may be obtained through 
investigation of the same reading-related skills that have been examined in NH children. Chapter 
2 summarizes the results of a preliminary study that was designed to test the feasibility of this 
hypothesis. We used existing data from 76 children with cochlear implants to investigate the 
relationship between reading skills and nonword repetition performance. We found that several 
different measures of reading were correlated with nonword repetition scores. These findings 
indicated that the reading tasks relied on some of the same underlying processes as the nonword 
repetition task. However, unexplained variance still remained in the children’s reading scores. To 
identify other factors that might explain any of the remaining variance in reading scores, we also 
investigated demographic variables, communication mode, performance IQ, and “lexical 
diversity,” a score based on the number of words the children used during an oral interview. We 
used lexical diversity because we did not have a direct measure of vocabulary knowledge and we 
speculated that lexical diversity may reflect vocabulary size. We computed partial correlations 
between reading and nonword repetition in which we factored out these additional variables. We 
found that demographic characteristics, communication mode and performance IQ were not 
underlying factors in the relationship between reading and nonword repetition but lexical 
diversity emerged as an important factor. That is, the correlations between reading and nonword 
repetition decreased when lexical diversity was partialled out, indicating that the children’s 
reading skills relied both on skills involved in nonword repetition and on separate knowledge 
indexed by the lexical diversity measure. However, these two factors (nonword repetition and 
lexical diversity) still left unexplained variance in reading scores. To study these other variables, 
we completed further studies of the factors that underlie reading skills in deaf children with 
cochlear implants. 

 
We recruited a new group of deaf children with CIs to participate in a set of closely-

related studies designed to explore some possible factors underlying reading skills in deaf 
children with cochlear implants. Because phonological awareness has been found to be strongly 
related to reading development in NH children, we were particularly interested in exploring the 
extent to which reading and phonological awareness are related in our sample of children. In 
order to investigate other factors that underlie the relationship between reading and phonological 
awareness in this population, we also obtained scores from the children on several different 
measures of vocabulary, speech perception, nonword repetition, and working memory. We were 
able to use these scores not only in the correlational analyses with reading and phonological 
awareness, but also to investigate the children’s performance on these measures as well. 

 
In Chapter 3, we report the children’s scores on measures of reading, phonological 

awareness and vocabulary. The reading tests included a single word reading measure (Reading 
Recognition subtest of the Peabody Individual Achievement Test – Third Edition; Dunn & Dunn, 
1997); a nonword reading measure (Word Attack subtest of the Woodcock Reading Mastery Test 
– Revised; Woodcock, 1998); and a read-sentence comprehension measure (Reading 
Comprehension subtest of the Peabody Individual Achievement Test – Third Edition; Dunn & 
Dunn, 1997). The phonological awareness measure was obtained from the Lindamood Auditory 
Conceptualization Test – Third Edition (Lindamood & Lindamood, 2004), a standardized test that 
included several subtests. The subtests indexed different levels of phonological awareness: 
syllable-level, phoneme-level, and both together. The vocabulary measure was a standardized test 
of receptive vocabulary (Reading Comprehension subtest of the Peabody Individual Achievement 
Test – Third Edition; Dunn & Dunn, 1997). Because all of these tests have been standardized, we 
were able to compare the performance of the deaf children in our study with their NH peers using 
published norms based on the performance of large groups of NH children. 
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In Chapter 4, we report the children’s performance on a nonword repetition task. The 
nonwords were a different set than in those used in the preliminary study reported in Chapter 2. 
However, we used the same scoring methods in order to be able to compare the preliminary 
results reported in Chapter 2 with those for the new set of participants. This new set of nonwords 
were developed by Edwards, Beckman, and Munson (2004) and contained nonwords with high 
phonotactic probability sequences and nonwords with low phonotactic probability sequences. 
These nonwords allowed us to investigate whether the children would demonstrate sensitivity to 
phonotactic probability by obtaining significantly different scores for the high phonotactic 
probability nonwords when compared to the low phonotactic probability nonwords. We did not 
compare the children’s performance on the nonword repetition task to the scores of NH children 
on this task reported in the literature because we used a novel method of scoring the responses 
based on our earlier research (Dillon, Burkholder, Cleary, & Pisoni, 2004). 

 
In Chapter 5, we report the children’s performance on several processing tasks that were 

designed to measure phonological working memory. We obtained measures that indexed different 
components of phonological working memory. Forward digit spans were obtained as an index of 
the children’s working memory capacity. A speaking rate measure based on the children’s 
sentence durations was obtained as an index of verbal rehearsal speed. And, backward digit spans 
were obtained as an index of executive function. The children’s performance on these tasks is 
summarized and compared with previously reported results from other groups of children with 
cochlear implants and NH children. 

 
In addition to describing the children’s performance on these various measures, we report 

the results of several correlational analyses. In Chapter 3 we present correlations between the 
children’s reading scores and measures of phonological awareness. We found that reading and 
phonological awareness measures were strongly correlated, indicating that reading ability is 
closely related to phonological awareness in deaf children with cochlear implants. We also 
explored the degree to which demographic variables (Chapter 3), speech perception (Chapter 3), 
vocabulary (Chapter 3), a new nonword repetition measure (Chapter 4), and phonological 
working memory (Chapter 5) mediated in the relationship between reading and phonological 
awareness. To do this, we computed partial correlations between reading and phonological 
awareness in which we partialled out these other factors. In Chapter 6 we summarize the major 
findings, draw conclusions and provide some suggestions for future research directions. 

 
In the present study, we provide the first report of phonological awareness in deaf 

children with cochlear implants. Until now research has not addressed whether or not deaf 
children with cochlear implants develop phonological awareness skills that are comparable with 
NH children. We also explored whether the deaf children displayed evidence of having made 
generalizations about the phonotactics of English, which would indicate that their experience with 
spoken English allowed them to develop and build sufficiently detailed abstractions of phonemes 
and phonemic sequences. The most important contribution made by the present study is the 
exploration of relationships between the children’s performance on reading tasks and several 
other speech-processing tasks. We examined the degree to which reading and phonological 
awareness are related in this population, and the extent to which demographic characteristics, 
speech perception, nonword repetition, and phonological working memory mediated in that 
relationship. Our findings present an initial understanding of the relations between reading skills 
and these other factors in deaf children who are experienced cochlear implant users. These 
findings provide an initial basis for future studies that will further our understanding of the 
cognitive and linguistic processes used by deaf children with cochlear implants as they learn to 
read and gradually develop advanced reading skills. 



PHONOLOGICAL PROCESSING AND READING 

4 

CHAPTER II: NONWORD REPETITION AND READING SKILLS IN DEAF CHILDREN WHO 
USE COCHLEAR IMPLANTS: A PRELIMINARY REPORT 

 
Abstract 

 
The acquisition of reading and literacy skills in normal-hearing children has been found 

to be closely related to the development of phonological knowledge and the use of phonological 
processing skills. Phonological processing is often measured using a nonword repetition task in 
which a child relies on phonological knowledge and abstract phonological representations in 
order to decompose, encode, rehearse in working memory, and reproduce novel phonological 
patterns. In the present study of deaf children with cochlear implants, we found that nonword 
repetition performance was strongly correlated with several measures of reading skills and a 
measure of lexical diversity obtained from samples of spontaneous speech. These findings 
suggest that the phonological knowledge used in nonword repetition may be an important 
contributor to the acquisition of reading and literacy skills in this clinical population. 
 

Introduction 
 

Studies of children in pre-reading and early reading stages often discuss “reading 
readiness” skills (Adams, 1990). Reading readiness skills reflect phonological awareness, the 
extent to which the child is consciously aware that individual words have an internal structure 
that is composed of sequences of speech sounds (such as phonemes), which can be represented 
orthographically with graphemes (Rayner & Pollatsek, 1995). Phonological awareness is typically 
measured by the child’s performance on behavioral tasks in which he/she is required to 
demonstrate implicit or explicit awareness of the existence of phonological structure. For 
example, in some procedures the child is asked to recognize whether words rhyme, or whether 
they start or end with the same sound or are minimal pairs. A child’s conscious awareness of the 
existence of phonological structure (e.g., phonemes), indexed by these phonological awareness or 
reading readiness tasks, is a necessary prerequisite for him/her to develop the ability to map 
orthographic representations of speech (graphemes) onto phonemes. The ability to easily and 
rapidly complete grapheme-to-phoneme conversion is related to reading ability in young normal 
hearing children (Adams, 1990; Marschark, 2003; Rayner & Pollatsek, 1995). When learning to 
read, children who have developed phonological representations of the sounds of their ambient 
language can take greater advantage of such processes as “inner speech” (Conrad, 1979) and 
verbal rehearsal processes in working memory (Baddeley & Gathercole, 1992). 

 
Phonological awareness is one set of cognitive operations involved in phonological 

processing of speech, along with retrieval of phonologically coded information from the lexicon, 
and encoding of sound patterns in phonological working memory (Troia, 2004; Wagner & 
Torgeson, 1987). Phonological processing abilities and reading and literacy development have 
been found to be interdependent, with development in each causing further development in the 
other (see Brady, 1997; Troia, 2004). For example, Bradley and Bryant (1983) found that training 
children using phoneme awareness tasks led to better phonemic awareness and improved reading 
skills several years later in comparison to children in control groups. On the other hand, 
development of reading and spelling skills can also lead to increased phonological awareness 
(see, e.g., Cassar & Treiman, 2004). 

 
The relationship between hearing status and reading skills has been a topic of interest for 

centuries (e.g., Dalgarno, 1680). In the more recent past, research on speech and reading has been 
guided at least in part by the development of theories and the completion of empirical studies in 
areas such as reading, visual word recognition, speech perception, spoken word recognition, and 
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phonological working memory. Studies of the reading skills of deaf children and adults in the past 
50 years have consistently shown that deaf children’s reading readiness and reading skills are 
significantly delayed relative to their normal-hearing peers, and often do not exceed a 4th-grade 
level (Paul, 2003). Phonological knowledge and phonological processing skills in visual word 
recognition tasks and reading have also been shown to be utilized to some extent by deaf readers 
(Hanson, 1991). 

 
The reading and literacy skills of deaf children with cochlear implants have been studied 

recently by several researchers. Spencer, Tomblin, and Gantz (1997) reported that a group of 2- to 
13-year-old children with cochlear implants completed a reading comprehension task with greater 
accuracy than deaf children without cochlear implants. Although over one-fourth of the children 
with cochlear implants achieved reading levels that were 30 or more months below their grade 
levels, almost one-fourth of the children with cochlear implants achieved reading levels at or 
above their grade levels. Spencer et al. concluded that the auditory information about speech 
provided by a cochlear implant may facilitate a deaf child’s ability to decode or recode 
orthographic representations of speech into a “speech code” (see Conrad, 1979). 

 
Further support for Spencer et al.’s (1997) conclusions was provided by Geers (2003), 

who reported the results of a study that included all of the children who participated in the Central 
Institute for the Deaf (CID) Education of the Deaf Child program (N=181, including the 76 
children described in the present study). The children in this study were all 8 and 9 years old and 
had received their cochlear implant before the age of 5. Geers found that the children averaged 
mid to high 2nd grade reading levels on the PIAT Recognition and PIAT Comprehension 
measures. They used the children’s scores on these two measures to calculate total reading scores 
for each child, for which standard scores are available. The standard scores were based on the 
expected grade level of the children based on their chronological age. The total reading standard 
scores revealed that 52% of the children scored within the average range of children their age, 
and 48% were below average. On the rhyming task, children performed relatively well. The 
results suggested that the children were using both phonological and visual cues to complete this 
task. Incorrect responses were provided most often for word pairs that rhymed but were 
orthographically dissimilar. 

 
In the present study on nonword repetition, we were interested in the extent to which the 

children’s performance on traditional reading readiness, single-word reading, and reading 
comprehension measures was related to their performance on an auditory-only task that measures 
their sublexical phonological abilities to perceive, rapidly encode, rehearse, and then reassemble a 
novel sound pattern for speech production. Nonword repetition has been shown to be strongly 
correlated with the development of reading skills in normal-hearing children with and without 
phonological disorders (see Brady, 1997). Although simple on the surface, nonword repetition is 
a complex information processing task that loads heavily on phonological processing skills and 
verbal rehearsal processes (Pisoni, 2005). In order to accurately reproduce a nonword auditory 
pattern, it is necessary for a child to accurately complete the following subprocesses: 

• Perceive and encode a novel sound pattern in an auditory-only mode without the aid of 
speechreading or other context or content 

• Store and verbally rehearse the novel sound pattern in immediate memory 
• Reassemble and translate the perceived novel sound pattern into a sensory-motor 

articulatory program to produce speech output 
 
We report analyses of a subset of the children in Geers’ (2003) study, who also 

completed a nonword repetition task. If nonword repetition skills are strongly correlated with 
reading skills as the literature on normal-hearing children would suggest, we would predict that 
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better phonological processing skills would be related to better reading skills in deaf children with 
CIs. The present study was specifically designed to test this hypothesis. 

 
Method 

 
Participants 
 

Eighty-eight children who participated in the CID Education and the Deaf Child program 
in 1999 or 2000 (see Geers & Brenner, 2003) participated in both the nonword repetition task and 
the reading tasks described below. Twelve children were excluded from the analysis because they 
provided responses to less than 75% of the target nonwords. The remaining 76 children were 
included in the present study. Thirty-six were male and 40 were female. Seventy-four children 
used a Nucleus 22 CI and the SPEAK coding strategy. One child used a Nucleus 24 CI and one 
child used a Clarion CI. Table 2.1 provides a summary of the demographic characteristics of the 
children. Their mean chronological age at the time of testing was 8.9 years (range 7.8-9.9, SD = 
0.6). Sixty-four of the children were congenitally deaf, six became deaf before the age of one 
year, and the remaining six became deaf by the age of 3 years. The children’s mean duration of 
deafness was 37.2 months (range 7-65, SD = 13.1). The children’s mean age at time of 
implantation was 3.3 years (range 1.9-5.4, SD = 1.0). The children had used their implant for a 
mean of 5.6 years at the time of testing (range 3.8-7.5, SD = 0.8). The children’s mean 
communication mode scores were based on a parent questionnaire. Children with Communication 
Mode scores of 15 or higher were considered Oral Communication (OC) users (i.e., their 
educational programs emphasized oral communication methods). Children with communication 
mode scores below 15 were considered Total Communication (TC) users (i.e., both manual and 
oral communication methods were used in their educational environment; see Geers & Brenner, 
2003). 

 
Table 2.1. Summary of the demographic make-up of the 76 children. 

 
Demographic Variable Mean (SD) Range 

Age at Onset of Deafness (months) 2.3 (6.4) 0-36 
Duration of Deafness (months) 37.2 (13.1) 7-65 
Age at Implantation (years) 3.3 (1.0) 1.9-5.4 
Duration of Implant Use (years) 5.6 (0.8) 3.8-7.5 
Chronological Age (years) 8.9 (0.6) 7.8-9.9 
Number of Active Electrodes 18.4 (2.3) 8-22 
Communication Mode Score 19.8 (7.7) 6-30 

 
Nonword Repetition Task 
 

Stimulus Materials and Procedure. The 20 target nonwords used in the present study 
were a subset of the nonwords in the Children’s Test of Nonword Repetition (Gathercole, Willis, 
Baddeley, & Emslie, 1994; see also Carlson, Cleary, & Pisoni, 1998). The nonwords, shown in 
Table 2.2, were balanced in terms of syllable number and included 112 target consonants and 68 
target vowels. Each child was asked to listen to the novel nonwords, presented one at a time, and 
attempt to repeat the nonword aloud. The children heard digital recordings of a female native 
speaker of American English played over a loudspeaker at approximately 70 dB SPL. The stimuli 
and responses were recorded onto digital audio tape for later analysis. 
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Table 2.2. The 20 nonwords used in the present study (adapted from Gathercole 
et al., 1994; see also Carlson et al., 1998). 

 
Number of Syllables 

2 3 4 5 
ballop bannifer comisitate altupatory 
prindle berrizen contramponist detratapillic 
rubid doppolate emplifervent pristeractional 

sladding glistering fennerizer versatrationist 
tafflist skiticult penneriful voltularity 

 
Nonword Transcriptions. All of the nonword repetition responses were independently 

transcribed by two phonetically trained listeners. Disagreements were resolved by consensus 
(93% agreement). A third listener resolved the remaining 7% disagreements. These phonemic 
transcriptions were then used to calculate two “suprasegmental scores” for a subset of the 
children (N = 24), who provided responses to all 20 target nonwords: (1) percent of imitations 
with the correct number of syllables, and (2) percent of imitations with correct primary stress 
placement. (The means of the demographic characteristics of this subset of children are provided 
in Carter, Dillon, & Pisoni, 2002). The phonemic transcriptions were also used to calculate 
“segmental scores” for all 76 children: (1) percent consonants correct, based on the number of 
consonants reproduced with correct place (labial, coronal, dorsal), manner (stop, fricative, liquid, 
nasal), and voicing (voiced or voiceless), both out of the total number of target consonants (N = 
112), and out of the total number of target consonants in the nonwords for which the child 
provided a response; and (2) percent vowels correct, based on the number of vowels reproduced 
with correct height (high, mid, or low) and backness (front, central, or back), both out of the total 
number of target vowels in the target nonwords (N = 68), and out of the total number of target 
vowels in the nonwords for which the child provided a response. 

 
Scores Based on Perceptual Accuracy Ratings. In addition to these scores, the 

children’s nonword responses were played back to naïve listeners to obtain perceptual goodness 
ratings. The target nonword patterns and the child’s attempted nonword repetitions were played 
back to groups of normal-hearing college-age adult listeners who were asked to make similarity 
judgments. On each trial, the listener heard the target nonword followed by a child’s attempt to 
repeat that target nonword. Listeners were asked to provide goodness ratings of the child’s 
response on a scale of 1 (poor) to 7 (perfectly accurate), which were used to calculate a mean 
rating score per child. 
 
Reading Outcome Measures 
 

Stimulus Materials and Procedures. Three measures of reading were also obtained 
from these children. The Word Attack subtest of the Woodcock Reading Mastery Tests - Revised 
(WRMT; Woodcock, 1987) was administered to all of the children. The Word Attack subtest is a 
nonword reading task that includes 45 nonwords or extremely rare real words. Each child was 
asked to read aloud the nonwords one at a time. The child cannot complete this task by relying on 
visual recognition or reading skills because the stimuli are unfamiliar nonwords. Instead, the 
Word Attack subtest measures the child’s “ability to apply phonic and structural analysis skills to 
pronouncing words that are not recognizable by sight” (Woodcock, 1987: 6). 

 
The children also completed the two subtests of the Peabody Individual Achievement 

Test- Revised (PIAT; Dunn & Markwardt, 1989). The Reading Recognition subtest of the PIAT 
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includes 100 items. The first 16 items consist of four-alternative forced choice questions requiring 
a pointing response. This measure was designed to test “reading readiness” skills, which are 
assumed to be essential prerequisites for a child learning to read (Markwardt, 1998). Several 
types of items are included in the reading readiness part of the PIAT Reading Recognition 
subtest. For example, the child is shown a letter or word such as “B,” “GO,” or “to” and is asked 
to point to one like it from among four choices; or, the child is asked to name the object shown in 
four pictures and then choose the picture of an object whose name does not start with the same 
sound as the other three objects, such as “ball” from among pictures of a ball, pencil, pan and pie. 
Several other items require the child to choose an item that begins with the same sound as a 
stimulus picture, from among four pictures or four written words. Items 17-100 all involve single 
real-word reading. The questions are ordered in terms of increasing difficulty, ranging from 
kindergarten level to 12th-grade level. In the Reading Recognition subtest, the child earns one 
point for every correct answer to items 1 through 16, and for every correct pronunciation of items 
17-100, with each pronunciation counted as either correct or incorrect after one attempted 
pronunciation. The Reading Comprehension subtest of the PIAT was also given to all of the 
children. This reading measure includes 82 four-alternative forced-choice items that require a 
pointing response. The test items are meaningful narrative sentences designed to test literal 
reading comprehension (as opposed to interpretation of information or recognition of inferences; 
Markwardt, 1998). For each item, the child is shown a sentence and is told to read it to 
him/herself only once. Then the child is shown a page with four pictures and is asked to point to 
the picture that best represents the meaning of the sentence. As in the Reading Recognition 
subtest, the items in the Reading Comprehension subtest are ordered in terms of increasing 
difficulty over a wide range, e.g., There is the sun., The eagle floats on its wings as it travels in 
search of a feast., and The residence has been essentially reduced to rubble, the remainder being 
only the foundation. The child is given one point for each correct response. Finally, the children 
also participated in a Rhyming Task (Geers, 2003) in which, on each trial, they were presented 
with two words and asked to state whether or not the two words rhymed. The two words in each 
pair either rhymed or did not rhyme, and were either orthographically similar or dissimilar. The 
word pairs were counterbalanced in terms of these two characteristics. All of the reading tasks 
described above are referred to as “reading outcome measures” in the present report. 
 

Scores. Grade Equivalent Scores were determined for the Word Attack (Woodcock, 
1998), the Reading Recognition, and Reading Comprehension tasks (Markwardt, 1998). A Total 
Reading standard score was also calculated for each child. The child’s raw scores on the two 
PIAT reading subtests were summed and converted to a standard score using the child’s expected 
grade levels based on his/her age, because grade levels were not available for all children 
(Markwardt, 1998). Forty-one children were considered 3rd-graders and 35 children were 
considered 4th-graders. The Rhyming task was scored for “rhyme errors,” the percentage of word 
pairs for which the child responded incorrectly (Geers, 2003). 
 
Lexical Diversity 

 
Recent findings have revealed that nonword repetition performance is related to 

vocabulary size in normal-hearing adults, typically-developing children, and children with 
phonological disorders (Edwards, Beckman, & Munson, 2004; Munson, Edwards, & Beckman, 
2005). A direct behavioral measure of vocabulary size was not available for the deaf children 
with cochlear implants in the present study. However, the children had participated in a 
conversational oral interview as part of the larger CID study and provided a sample of 
spontaneous speech (Geers, Nicholas, & Sedey, 2003). The number of different words used by 
each child during the interview was calculated, and used as a measure of “lexical diversity,” 
which is likely to reflect overall vocabulary knowledge. In the present study, we used this 
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measure to investigate the relationship between lexical diversity, nonword repetition 
performance, and reading skills. 

 
Two studies have examined the relationship between vocabulary size (as measured by 

standardized vocabulary tests) and several different measures of spontaneous (elicited) speech. 
They provide some evidence that lexical diversity (number of different words used in a 
conversation) may be related to vocabulary size, but the correlations are not strong. Ukrainetz and 
Blomquist (2002) obtained several measures from a group of 28 NH typically-developing 
children approximately ages 4-6 years. They found that the number of different words produced 
in an elicited speech sample was correlated with the children’s scores on the Peabody Picture 
Vocabulary Test-Revised (PPVT) (Dunn & Dunn, 1981), a measure of receptive vocabulary size 
(r=+.36, p<.05). In the task they used to elicit the speech sample from the children, most children 
described materials used as conversational prompts: a farm set (including animals, a tractor, etc.), 
pictures in a wordless storybook and drawings in an activity book; some children told stories 
about these prompts. In contrast, in the present study the examiner led the child in a conversation 
by asking him/her questions about many things including personal interests. 

 
In a study of 15 NH typically-developing children ages 27-47 months, Silverman and 

Ratner (2002) found that a correlation between the children’s PPVT scores and a measure of 
vocabulary diversity (based on a spontaneous speech sample) did not reach significance (r=+.33, 
p=.08). The speech sample was obtained from the children while they played with their parents 
using common toys (blocks, play food, etc.). The vocabulary diversity measure used was based 
on the application of an algorithm to type-token ratios in the children’s speech. The type-token 
ratios themselves were not significantly correlated with the children’s PPVT (receptive 
vocabulary) scores, nor with their scores on an expressive vocabulary test, the Expressive One-
Word Picture Vocabulary Test (EOWPVT) (Gardner, 1990). The children’s EOWPVT scores 
were correlated with the vocabulary diversity measure (r=+.48, p=.01). The number of different 
words in the speech sample was not calculated in either study. 

 
Results 

 
Nonword Repetition Task 
 

All of the children described in the present study provided a response to at least 15 of the 
20 original nonword stimuli. More detailed summaries of the nonword repetition task results are 
reported in earlier studies by Carter, Dillon, and Pisoni (2002), Dillon, Cleary, Pisoni, and Carter 
(2004), Dillon, Pisoni, Cleary, and Carter (2004), and Dillon, Burkholder, Cleary, and Pisoni 
(2004). The children’s nonword responses varied in terms of suprasegmental, consonant, vowel, 
and overall perceptual accuracy. A summary is provided in Table 2.3. 
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Table 2.3. Summary of means, standard deviations (SD), and ranges for the 
nonword repetition scores. 

 
Nonword Repetition Score Mean (SD) Range 

% Correct # of syllables (N=24) 65% (18%) 35 - 95% 
% Correct primary stress placement (N=24) 62% (13%) 30 - 85% 
% Correct Cs out of Cs in all 20 target NWs (N=76) 30% (17%) 1 - 76% 
% Correct Cs out of target Cs in responses (N=76) 33% (17%) 1 - 76% 
% Correct Vs out of Vs in all 20 target NWs (N=76) 44% (17%) 9 - 75% 
% Correct Vs out of target Vs in responses (N=76) 48% (17%) 13 - 78% 
Mean Perceptual Accuracy Ratings (N=76) 3.1 (1.1) 1.1 - 5.7 

 
The 24 children for whom suprasegmental accuracy scores (i.e., number of syllables and 

placement of primary stress) were calculated had all produced responses to the complete set of 20 
target nonwords. Overall, they produced a mean of 65% (range = 35-95%, SD = 18%) of their 
responses with the correct number of syllables, and 62% (range = 30-85%, SD = 13%) of their 
responses with the correct placement of primary stress. Percent consonants (Cs) and vowels (Vs) 
correct scores were calculated first out of the total number of target Cs in all 20 target nonwords 
(N = 112) and target Vs in all 20 nonwords (N = 68), respectively. Because some of the 76 
children did not produce a repetition response to all 20 target nonwords, we also calculated 
individual percent Cs and Vs correct scores out of the total number of target consonants in only 
the target nonwords for which the child provided a response. The mean percent consonants 
correct scores, calculated in both ways described above, were 30% (range = 1 - 76%, SD = 17%), 
and 33% (range = 1-76%, SD = 17%), respectively. The mean percent vowels correct scores were 
slightly higher, 44% (range = 9-75%, SD = 17%) and 48% (range = 13-78%, SD = 17%), 
respectively. The children’s nonword responses received mean accuracy ratings that ranged from 
1.1 to 5.7 out of 7 (M = 3.1, SD = 1.1). As shown in Table 2.4 the different methods of scoring 
the nonword repetition task yielded scores that were strongly intercorrelated with each other. 

 
Table 2.4. Intercorrelations among the nonword repetition scores. 

 
Nonword Repetition Score 1. Syls 2. 

Str 
3. Cs 1 4. Cs 2 5. Vs 1 6. Vs 2 7. 

Ratings 
1. % Correct # of Syllables 

(N=24) 
1 +.40 +.69*** +.69*** +.70*** +.70*** +.67*** 

2. % Correct Primary Stress 
Placement (N=24) 

 1 +.63** +.63** +.51* +.51* +.69*** 

3. % Correct Cs out of Cs in 
all 20 target NWs (N=76) 

  1 +.99*** +.87*** +.87*** +.92*** 

4. % Correct Cs out of target 
Cs in responses (N=76) 

   1 +.88*** +.88*** +.92*** 

5. % Correct Vs out of Vs in 
all 20 target NWs (N=76) 

    1 +.98*** +.88*** 

6. % Correct Vs out of target 
Vs in responses (N=76) 

     1 +.87*** 

7. Mean Accuracy Ratings 
(N=76) 

      1 

*p < .05, **p < .01, ***p < .001 
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Correlations between the measures of nonword repetition accuracy and age at 
implantation, duration of CI use, chronological age at the time of testing, and number of active 
electrodes did not reach significance. Correlations between nonword repetition accuracy and the 
demographic factors that did reach significance are shown in Table 2.5. 
 

Table 2.5. Significant correlations between the children’s demographic 
characteristics and their nonword repetition scores. 

 
Nonword Repetition Score Age at 

Onset 
Comm. 
Mode 

PIQ 

% Correct # of syllables (N=24) +.38 -.18 +.01 
% Correct primary stress placement (N=24) +.52** +.36 -.01 
% Correct Cs out of Cs in all 20 target NWs (N=76) +.31** +.54*** +.22 
% Correct Cs out of target Cs in responses (N=76) +.28* +.54*** +.22 
% Correct Vs out of Vs in all 20 target NWs (N=76) +.24* +.47*** +.25* 
% Correct Vs out of target Vs in responses (N=76) +.20 +.45*** +.27* 
Mean accuracy ratings (N=76) +.32** +.51*** +.26* 

 
Reading Outcome Measures 
 

A summary of the children’s scores on the reading outcome measures is shown in Table 
2.6. We report grade equivalent scores for the WRMT Word Attack subtest and the PIAT 
Recognition and Comprehension subtests. PIAT Total Reading standard scores were calculated 
using estimated grade levels based on the children’s ages because grade levels were not available 
for all children (see also Geers, 2003). Forty-one children were considered 3rd-graders and 35 
children were considered 4thgraders. Fifty-three children (70%) obtained Total Reading standard 
scores within the normal range for children their age. The remaining 23 children (30%) had Total 
Reading standard scores that were below the normal range for children their age (based on norms 
from Markwardt, 1998; Geers, 2003 results are based on norms from Dunn & Markwardt, 1989). 
 

Table 2.6. Summary of means, standard deviations (SD), and ranges for the 
reading outcome measures (N=76). 
 

Reading Outcome Measure Mean (SD) Range 
WRMT Word Attack (Grade Equivalent Scores) 3.3 (2.8) 0.0 – 12.6 
PIAT Recognition (Grade Equivalent Scores) 2.9 (1.0) 0.4 – 6.1 
PIAT Comprehension (Grade Equivalent Scores) 2.9 (1.5) 0.0 – 8.7 
PIAT Total Reading (Standard Scores) 87.6 (6.5) 72 – 106 
Rhyme Errors (Percent) 12.4 (7.2) 0 – 37 

 
The number and corresponding percentage of children that performed at several grade 

levels on the WRMT Word Attack subtest and the PIAT Recognition and Comprehension 
subtests are shown in Table 2.7. Seventeen children (22%) scored above the 4th-grade level on 
the Word Attack, two children (3%) on Reading Recognition, and eight children (11%) on 
Reading Comprehension. Ten children (13%) scored below the first-grade level on at least one of 
the Word Attack, Reading Recognition, and Reading Comprehension tasks. As shown in Table 
2.8, scores on the reading outcome measures were all highly intercorrelated; the percentage of 
rhyme errors was moderately correlated with the other reading outcome measures. 



PHONOLOGICAL PROCESSING AND READING 

12 

 
Table 2.7. The number and corresponding percentage of children with grade 
equivalent scores below 1st grade level to above 4th grade level on the three 
reading outcome measures for which grade equivalency scores were available 
(N=76). 
 

Reading Outcome Measure Below 
1st 

grade 
level 

1st 
grade 
level 

2nd 
grade 
level 

3rd 
grade 
level 

4th 
grade 
level 

Above 
4th 

grade 
level 

WRMT Word Attack (GE Scores) 7 
(9%) 

23 
(30%) 

16 
(21%) 

7 
(9%) 

6 
(8%) 

17 
(22%) 

PIAT Recognition (GE Scores) 2 
(3%) 

10 
(13%) 

29 
(38%) 

25 
(33%) 

8 
(11%) 

2 
(3%) 

PIAT Comprehension (GE Scores) 6 
(8%) 

6 
(8%) 

37 
(49%) 

16 
(21%) 

3 
(4%) 

8 
(11%) 

 
Table 2.8. Intercorrelations among the reading outcome measures (N=76). 
 

Reading Outcome Measure WRMT 
Word 
Attack 

PIAT 
Reading 
Recog. 

PIAT 
Reading 
Comp. 

PIAT 
Total 

Reading 

Rhyme 
Errors 

WRMT Word Attack 1 +.83*** +.68*** +.82*** -.37** 
PIAT Reading Recognition  1 +.78*** +.88*** -.40*** 
PIAT Reading Comprehension   1 +.89*** -.41*** 
PIAT Total Reading    1 -.42*** 
Rhyme Errors     1 

**p < .01, ***p < .001 
 
We did not find any significant correlations between the reading measures and age at 

onset of deafness, duration of deafness, age at implantation, duration of CI use, or chronological 
age at the time of testing (all p’s > .11) or number of electrodes (after one outlier was removed, 
all p’s > .08). A t-test revealed no differences in performance by gender (p’s = .69, 71, .96, .81, 
.09 for the WRMT Word Attack, PIAT Recognition, PIAT Comprehension, PIAT Total Reading, 
and Rhyme Errors tasks, respectively). Correlations between the reading measures and both 
communication mode and performance IQ (Wechsler, 1991) reached significance (see Table 2.9). 

 
Table 2.9. Significant correlations between the children’s demographic 
characteristics and their scores on the reading outcome measures (N=76). 
 

Reading Outcome Measure Comm. 
Mode 

PIQ 

WRMT Word Attack +.41*** +.34** 
PIAT Raw Recognition Scores +.26* +.35** 
PIAT Raw Comprehension Scores +.15 +.39*** 
PIAT Reading Standard Scores +.25* +.45*** 
Rhyme Errors -.14 -.21 
*p < .05, **p < .01, ***p < .001 
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Correlational Analysis 
 

Because the different methods of scoring the nonword repetition task were all highly 
correlated with each other, we report only the correlations between the nonword repetition 
accuracy ratings and the reading outcome measures. As shown in Table 2.10, we found that age at 
onset of deafness, communication mode, and performance IQ (measured using the WISC III, 
Wechsler, 1991; see also Geers, 2003 and Dillon, Burkholder, et al., 2004) were all significantly 
correlated with nonword repetition performance. We also computed partial correlations between 
nonword repetition accuracy ratings and the reading measures to control for these demographic 
variables. After these potentially confounding demographic factors were partialled out, we found 
that the children’s performance on nonword repetition, a phonological processing task, and their 
performance on the measures of reading readiness and reading still remained significantly 
correlated. Finally, we computed partial correlations in which lexical diversity was also 
controlled, in addition to the potentially confounding demographic characteristics (age at onset of 
deafness, communication mode, and performance IQ). When lexical diversity was controlled, 
several of the correlations between children’s nonword repetition performance and their reading 
scores no longer reached significance. The reading recognition scores and total reading scores 
remained significantly correlated with nonword repetition performance, but were substantially 
decreased. 
 

Table 2.10. Correlations between nonword repetition accuracy ratings and 
reading outcome measures (N=76): Simple bivariate correlations, partial 
correlations 1 (controlling for age at onset of deafness, communication mode, 
and performance IQ), and partial correlations 2 (controlling for age at onset of 
deafness, communication mode, performance IQ, and lexical diversity). 
 

Reading Outcome Measure Bivariate 
correlation 

Partial 
correlation 1 

Partial 
correlation 2 

WRMT Word Attack  +.61***  +.49*** +.22 
PIAT Reading Recog. Scores  +.57***  +.50***  +.26* 
PIAT Reading Comp. Scores  +.43***  +.41*** +.15 
PIAT Total Reading Scores  +.59***  +.55***  +.32** 
Rhyme Errors -.37** -.29*  -.12 

*p < .05, **p < .01, ***p < .001 
 

Discussion 
 

Nonword repetition is a difficult information processing task because it requires 
immediate and rapid phonological processing. Most of the deaf children with cochlear implants in 
the present study were able to complete the nonword repetition task with some measurable level 
of accuracy, although their performance was substantially worse than normal-hearing children. 
Several methods of scoring their performance were all found to be highly intercorrelated. The 
deaf children with cochlear implants in this study demonstrated higher level reading skills than 
have traditionally been reported in deaf children (but see also Geers, 2003; Spencer et al., 1997). 
Many of the children’s reading scores fell within the range of their normal-hearing age-mates. 

 
We also found that nonword repetition performance was strongly correlated with 

measures of reading readiness (such as letter-sound correspondences and rhyme recognition), 
single-word reading, nonword reading and read-sentence comprehension. The strong correlation 
between the children’s nonword repetition performance and their performance on a nonword 
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reading task, the WRMT Word Attack, suggests that the children used the same phonological 
processing skills to read nonwords out loud as they did to repeat spoken nonword stimuli. 
Because the nonword reading task requires a spoken response, differences in speech production 
and speech intelligibility could be potentially confounding factors. However, we also found that 
the children’s nonword repetition performance was strongly correlated with their performance on 
the PIAT Reading Comprehension subtest, a sentence comprehension task that does not involve 
processing speech or spoken language input signals. Children who were better able to 
“decompose” and “reassemble” spoken nonwords were also better at reading and comprehending 
meaningful written sentences. This correlation is revealing and is theoretically significant. 
Because the stimuli used in the nonword repetition task are nonword phonological patterns, the 
children could not rely directly on the retrieval and access of previously developed lexical 
representations of the stimuli. 

 
However, we also found that the correlations between nonword repetition and reading 

scores decreased when the children’s lexical diversity was statistically controlled. This finding 
suggests that when a child who uses a greater number of real words in conversation performs 
nonword repetition and reading tasks, he/she relies on existing phonological representations that 
are more robust and stable due to the existence of a larger number of lexical items in the child’s 
mental lexicon. If any similarity between the nonword and real words in English affected the 
children’s performance, the effect was dependent on the children’s ability to abstract and 
generalize phonological regularities and structure of the nonwords to real words in their lexicon. 
These linguistic skills rely on the use of phonology and the construction of phonological 
representations (both new representations of the nonwords and pre-existing representations of real 
words), not access to semantic representations. The nonword repetition task thus relies on 
phonological processing skills: the ability to perceive, encode, decompose, rehearse, and then 
reassemble for speech production a novel phonological pattern. 

 
In contrast, the PIAT Reading Comprehension measure requires the child to match a 

written sentence with a picture that represents what is described by the sentence. In this sentence 
comprehension task, the child must be able to recognize and read written words, and access 
lexical representations (at least semantic if not phonological) and syntactic representations. This 
task also does not require the child to produce any spoken responses. Theoretically, it does not 
require the use of phonological representations at all. A child could recognize the words in the 
sentence directly using pre-existing visual representations of the letters and/or words, and process 
the sentence for meaning without constructing or accessing phonological representations of 
spoken words from his/her lexicon. However, there is now a great deal of evidence in the 
literature that suggests that young children convert the visual (graphemic) representations of print 
into phonological representations (phonemes or lexical phonological representations), as a part of 
the process of reading comprehension (Liberman, Shankweiler, & Liberman, 1989). In the 
present study, we found that the children’s nonword repetition performance and their reading 
comprehension scores were also significantly correlated (r = +.43, p < .001). This finding 
indicates that nonword repetition, which involves speech perception, encoding and verbal 
rehearsal in phonological working memory, and speech production, is related to reading 
comprehension, which on the surface does not involve speech perception or speech production. 
The correlation between these two measures suggests that these deaf children were utilizing 
phonological processing skills in order to complete the reading comprehension task, and were 
relying on the same phonological processing skills for reading comprehension as they did for 
nonword repetition. 

 
Previous research on reading in young children has shown that nonword repetition relies 

heavily on preexisting phonological processing skills (see Brady, 1997). The present findings 
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indicate that the strategies used by deaf children with cochlear implants to complete a reading 
comprehension task also rely on phonological knowledge and phonological processing skills. 
Like normal-hearing children, in order to carry out the reading comprehension task, the children 
in this study had to convert graphemes to phonemes (without excluding the possibility that they 
used more direct visual word recognition as well), and create a phonological representation of the 
sentence (or parts of it) and maintain that in phonological working memory to successfully 
complete this information processing task. This use of phonological processing skills is a 
prerequisite to processing the sentence for meaning. The use of phonological processing in 
reading comprehension is predicated upon the previous existence of phonological representations. 
That is, in order to benefit from the use of phonological processing to complete a reading 
comprehension task, the child must be able to access and make use of abstract representations of 
the contrasting sounds of his/her ambient language; he/she must be able to map the visual 
graphemes onto abstract phonological units. The more robust their phonological representations 
were, the more reliably these children were able to decompose and reassemble spoken nonwords. 

 
In addition, the present study reveals that the children who are better able to decompose 

and reassemble an auditorily-presented nonword (i.e., whose nonword repetition scores are 
higher), also tended to be the children who were better able to comprehend meaningful written 
sentences. We hypothesize that this correlation is based on the fact that these better performing 
children used phonological processing in completing the reading comprehension task. Thus, 
performance on both tasks relies at least to some extent on the construction of phonological 
representations and the use and development of phonological processing skills. The more 
accurate and robust a child’s phonological representations are, the more useful they will be in 
phonological processing, and the better the child will perform on a wide range of information 
processing tasks that involve phonological processing such as nonword repetition, reading 
comprehension, and rhyme detection. 

 
The findings obtained in the present study are consistent with other findings reported 

recently in the literature for children with phonological disorders. Using a nonword repetition task 
in which the nonwords were systematically varied in terms of biphone frequency, Munson et al. 
(2005) found that children with phonological disorders (PD) and typically-developing (TD) 
children repeated nonwords with low frequency sequences less accurately than nonwords with 
high frequency. Although the children with PD repeated the nonwords less accurately overall than 
the TD children, the children with PD were no more affected by frequency differences than 
typically developing children. Munson et al. also found that across both groups, children with 
larger vocabularies repeated the nonwords with greater accuracy than children with smaller 
vocabularies. Furthermore, they found that nonword repetition performance was not dependent on 
the speech perception or articulatory ability of the children in their study. Based on their findings, 
Munson et al. concluded that poorer overall performance by the children with PD in comparison 
to TD children in the nonword repetition task was not related to difficulties with speech 
perception, articulation, or even the ability to form abstract representations, but rather to having 
abstract representations that were not as robust or well specified as those of the TD children. 
According to this view, nonword repetition tasks index the robustness of the participant’s abstract 
phonological representations, which is related to vocabulary size and the building of lexical 
representations. 

 
Similarly, Edwards et al. (2004), in a study of adults and TD children, found that 

nonword repetition performance (on the same task used in Munson et al.) was related to 
vocabulary size, and that performance by children who have larger vocabularies was less affected 
by biphone frequency differences than performance by children with smaller vocabularies. 
Additional analyses of the effects of the wordlikeness and phonotactic probability of the target 
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nonwords on the children’s nonword repetition performance revealed that overall performance on 
the 20 target nonwords (averaged across all 76 children) was not significantly correlated with the 
nonwords’ wordlikeness (see Carlson et al., 1998) or phonotactic probability when calculated 
either according to individual phoneme frequency by word position or according to biphone 
frequency (based on Vitevitch & Luce, 2004). 

 
However, we divided the children into two equal groups (N=38 for each): those who 

produced a smaller number of words for the spontaneous speech sample (the “low lexical 
diversity” group) and those who produced a high number of words for the spontaneous speech 
sample (the “high lexical diversity” group). We found that the nonword repetition ratings for the 
low diversity group were significantly correlated with wordlikeness and phonotactic probability 
when calculated by individual phoneme frequency (r = .49, p < .05; r = -.58, p < .01, 
respectively), and nearly significantly correlated with phonotactic probability when calculated by 
biphone frequency (r = -.43, p = .058). The nonword repetition ratings for the high diversity 
group were not significantly correlated with wordlikeness or phonotactic probability. These 
findings are consistent with Edwards et al.’s earlier results for NH adults and children, and 
indicate that among these deaf children with cochlear implants, the children with greater lexical 
diversity are less affected by frequency characteristics than children with poorer lexical diversity. 
Further investigation into lexical diversity (number of words in a spontaneous speech sample) as 
a measure of vocabulary is necessary. However, we also found that number of words per minute 
in the spontaneous speech sample was correlated with speaking rate (as measured by 7-syllable 
McGarr sentence durations) (r = -.73, p < .001), indicating that at least one measure obtained 
from the spontaneous speech sample is reliably related to results obtained using a well-
established processing measure of performance (Pisoni & Cleary, 2003). 

 
The recent findings reported by Edwards et al. (2004) and Munson et al. (2005) provide 

support for a proposal of Studdert-Kennedy (2002: 11), who stated that “If segmentation of words 
into their phonological components is an emergent consequence of lexical growth, as several 
authors have proposed… we may hypothesize that a smaller than usual lexicon will result in 
defective (‘fuzzy’/‘weak’) phonological representations, and so defective phoneme awareness.” 
Insomuch as nonword repetition involves segmentation and decomposition of a novel sound 
pattern into units that are encoded as abstract phonological segments, Munson et al.’s 
interpretation of their finding is consistent with Studdert-Kennedy’s hypothesis that a smaller 
lexicon will lead to deficits in phonological representations. Studdert-Kennedy’s position is that 
deficits in phonemic awareness are related to the fuzziness or poor specification of phonological 
representations, which stems from speech-specific processing operations rather than a general 
auditory processing deficit (as proposed by Tallal and colleagues, e.g., Tallal, Miller, & Fitch, 
1993). Munson et al. reject the idea that weak phonological representations stem from poor 
speech perception. Thus, Studdert-Kennedy and Munson et al. have somewhat different views on 
the source of ‘weak’ or non-robust phonological representations, but their positions appear to be 
similar in that they see deficits in phonological awareness and phonological disorders 
(respectively) as directly related to poorly specified or incomplete phonological representations. 
Taken together, studies such as those summarized in Studdert-Kennedy (2002; see also Mody, 
Studdert-Kennedy, & Brady, 1997), Edwards et al. (2004), Munson et al. (2005), and the present 
results lend converging support to the proposal that robust phonological representations are 
responsible for the better performance observed on tasks such as nonword repetition and 
phonemic awareness. 
 

In summary, our results are consistent with the proposal that phonological processing and 
knowledge are important for both nonword repetition and reading performance in deaf children 
with cochlear implants. The correlation between nonword repetition performance and reading 



DILLON   

17 

comprehension in this study suggests that the deaf children with cochlear implants were utilizing 
phonological processing skills in order to complete the reading comprehension task. The findings 
from this study suggest that the children’s use of abstract representations (robust or not) of 
phonological structure is reflected in their performance on these tasks. A child’s ability to 
construct and make use of abstract phonological representations of the linguistically significant 
sound contrasts in his/her ambient language contributes to reading readiness and reading skills. 
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CHAPTER III: PHONOLOGICAL AWARENESS, READING SKILLS AND VOCABULARY 
KNOWLEDGE IN DEAF CHILDREN WHO USE COCHLEAR IMPLANTS 

 
Abstract 

 
 Children who are deaf typically tend to have poor reading skills, and even deaf adults 
often do not achieve reading levels above the level of normal-hearing 4th-graders. In normal-
hearing children, reading skills have been found to be closely related to phonological awareness. 
We investigated the reading and phonological awareness skills of 27 deaf school-age children 
who were experienced cochlear implant users. Over one-third of the children performed at or 
above the level of their normal-hearing peers on several standardized reading tests. The children 
also completed the Lindamood Auditory Conceptualization Test – Third Edition, a standardized 
test that is used to assess several phonological awareness skills. We found that most children 
exhibited some phonological awareness, with some children displaying phonological awareness 
skills that were at or above the levels of their normal-hearing peers. The children’s reading scores 
were found to be strongly correlated with their phonological awareness. These correlations did 
not decrease when we statistically controlled for potentially confounding demographic variables 
such as age at testing or speech perception skills. However, these correlations decreased when we 
statistically controlled for vocabulary size, indicating that lexicon size is a mediating factor in the 
relationship between the children’s phonological awareness and reading skills. These findings are 
consistent with the hypothesis that vocabulary development leads to more robust lexical 
representations, which in turn aid in the development of the phonological awareness skills that are 
crucial for reading. 
 

Introduction 
 

The myths that hearing impairment is equivalent to lack of intelligence and lack of 
articulatory capacity have existed at least since the time of Aristotle and persist even today 
(Dalgarno, 1680; Gannon, 1981; National Association of the Deaf, 2005). However, in the late 
19th and early 20th centuries, Laura Bridgman and Helen Keller made great strides in dispelling 
these beliefs by demonstrating that despite profound deafness (and blindness), a person could 
learn to communicate via sign language, to speak, write, and succeed as an author and champion 
of social causes (Freeberg, 2001). At the same time, the establishment of schools for the deaf 
began to spread the use of American Sign Language (ASL) (Fischer, 1983; Gordon, 1892), whose 
status as a formal, dynamic language was well-established by linguists in the 20th century 
(Armstrong, Karchmer, Van Cleve, & Stokoe, 2002; Maher, 1996). More recently, the invention 
and use of the cochlear implant as a treatment for profound deafness has increased the use of 
spoken language communication by deaf children substantially (Moog & Geers, 2003) and to a 
lesser extent by both prelingually and postlingually deafened adults (Firszt, Holden, Skinner, 
Tobey, Peterson, Gaggl, et al., 2004). 

 
Despite progress in the access to and use of manual and spoken communication by the 

deaf, their use of written communication has remained limited (Waters & Doehring, 1990). 
Studies of the reading skills of deaf children and adults over the past 50 years have repeatedly 
shown that their reading skills tend to be significantly delayed relative to their normal-hearing 
peers. Deaf adults’ reading levels often do not exceed a 4th-grade level (Conrad, 1979; Karchmer, 
Milone, & Wolk, 1979; Moog & Geers, 1985; Paul, 2003). However, deaf adults’ reading levels 
span a wide range, with some individuals reading at college level (Hanson, 1991 cites Reynolds, 
1975). Keeping in mind that some deaf readers are able to demonstrate greater reading skill than 
their NH peers, why do so many deaf children and adults have reading difficulties? 
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Research into the reading skills of normal-hearing children and adults can provide some 
initial insights into the answers to this question. First, in the normal-hearing population, poor 
reading skill is not generally related to low IQ (Bradley & Bryant, 1983; Brady, 1991 cites Jorm, 
Share, McLean, & Matthews, 1986; Fowler, 1991 cites Stanovich, 1988 and Stanovich, 
Cunningham, & Feeman, 1984; Morais, 1991 cites Siegel, 1988). Second, in the early 1970s, 
Isabelle Liberman and her co-workers demonstrated that the reading difficulties of normal-
hearing individuals were generally not due to deficiencies in visual perception or visual scanning 
(Shankweiler, 1991: vix). 

 
Researchers at Haskins Laboratories have been exploring the possible causes of difficulty 

in reading an alphabetic system. As Shankweiler (1991) explains, they focused on the fact that the 
alphabetic system is based on the use of graphemes which symbolize the individual sounds of a 
language. Sequences of graphemes are used to represent spoken words which can be broken 
down into sequences of individual sounds. However, explicit conscious knowledge of the 
existence of these individual sounds is not necessary for a person to speak or listen to language. 
Isabelle Liberman and her colleagues have argued that the source of poor readers’ difficulty was 
the dissociation between the continuous nature of the acoustic speech signal of spoken language 
and the discrete abstract nature of the alphabetic orthography that is used to represent speech in 
written language (Liberman, 1971; Liberman, Shankweiler, Fischer, & Carter, 1974). 

 
In speech, coarticulation of phonemes is extensive and pauses between successive 

phonemes do not occur. In alphabetic writing, however, phrases are represented as words 
separated by spaces, and words are represented as discrete sequences of isolated graphemes 
which do not overlap. Liberman called the idea that the acoustic speech signal can be broken 
down into discrete units the alphabetic principle. A person’s awareness of the alphabetic 
principle is referred to as his/her phonemic awareness. Liberman and her colleagues hypothesized 
that phonemic awareness is strongly related to reading ability. Research findings over the past 30 
years have repeatedly confirmed this original hypothesis, consistently finding high levels of 
phonemic awareness to be “the best single predictor of reading success” (Shankweiler, 1991: xvi) 
in the normal-hearing population (e.g., Liberman et al., 1974; Liberman, Shankweiler, & 
Liberman, 1989). 

 
Phonemic awareness is one level of phonological awareness. Phonological awareness is 

the conscious awareness that individual words have an internal phonological structure and are 
composed of sequences of sound units (see also Abler, 1989). These units can be syllables, 
onsets/rimes, or phonemes, knowledge of which reflects knowledge of phonological structure at 
the syllable level, the level of onsets and rimes, or the phoneme level, respectively (Brady, 1991; 
Gillon, 2004; Treiman & Zukowski, 1991). Phonological awareness at the syllable level – 
knowledge that a word can be decomposed into syllables – can be assessed with tasks that require 
the participant to count the number of syllables in a word, clap their hands for each syllable, place 
objects on a table to represent the number of syllables in a word, delete a syllable from a spoken 
word, and so on. Phonological awareness at the onset-rime level is knowledge that words consist 
of collated onsets and rimes. Tasks intended to measure onset-rime level awareness include 
rhyme recognition, rhyme oddity (detection of one word that does not rhyme with two or more 
other words), spoken rhyme generation, and onset-rime blending. Phonological awareness at the 
phoneme level, often called phoneme awareness or phonemic awareness, is knowledge that words 
can be decomposed into discrete phonemes. Phonemic awareness has been measured with a wide 
variety of tasks, including phoneme isolation tasks in which participants are asked to say a word 
but pause between each phoneme, phoneme blending tasks in which participants are asked to 
combine a sequence of individual sounds into a word (or nonword), and phoneme reversal tasks 
in which participants are asked to metathesize two phonemes in a word (Gillon, 2004). 
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The relative difficulty of phonological awareness tasks has been investigated by several 

researchers. Schatschneider, Francis, Foorman, Fletcher, and Mehta (1999) found that a group of 
kindergarten to 2nd-grade children performed better on onset-rime blending, phoneme matching 
and phoneme categorization tasks than they did on phoneme segmentation, phoneme blending (of 
nonwords), and phoneme deletion tasks. Stahl and Murray (1994) found that a group of 5-7 year 
old children obtained higher scores on a phoneme isolation task than on phoneme blending and 
phoneme deletion tasks, while performing most poorly on a phoneme segmentation task. Overall, 
results regarding the relationship between and among measures of the levels of phonological 
awareness have not yielded consistent, definitive results across studies. In general, however, tasks 
that involve explicit manipulation of phonological units seem to be more difficult for children 
than tasks that involve isolating or classifying (matching) units. 

 
Similarly, findings regarding phonological awareness at the onset-rime level have been 

debated in the literature (Morais, 1991; Read, 1991). For example, Yopp (1988) found that onset-
rime level awareness was not correlated with phoneme-level awareness. However, in a series of 
studies in which stimuli were carefully controlled for several characteristics including onset-rime 
vs. phonemic level contrasts, Treiman and colleagues (see Treiman & Zukowski, 1991) obtained 
more robust results. They found that young children who are not yet capable of demonstrating 
phonemic awareness were nevertheless able to display onset-rime level awareness. Furthermore, 
they found that syllable level awareness seems to precede onset-rime level awareness. An in-
depth investigation into whether the stimuli and tasks intended to assess onset-rime level 
awareness rather than awareness at another phonological level (or some other auditory processing 
or cognitive skills) should provide new insights into this debate (see Morais, 1991). 

 
One clear and consistent finding that has been reported in the literature is that children 

tend to demonstrate phonological awareness at the syllable level earlier than they show 
phonological awareness at the phoneme level (see Gillon, 2004; Liberman et al., 1974; Lonigan, 
Burgess, Anthony, & Barker, 1998). Results reported in Carter, Dillon, and Pisoni (2002) on deaf 
children with cochlear implants are also consistent with this finding. Phonological awareness at 
both of these levels has been shown to predict reading ability later in the child’s development, but 
correlations between phonemic awareness and reading skills tend to be stronger and more 
consistent than correlations between syllable-level phonological awareness and reading skills 
(Gillon, 2004). This general finding is not surprising when viewed from the perspective of 
Liberman’s alphabetic principle: the representation of spoken language with an alphabet hinges 
critically on the graphic representation of phonemes, not syllables. 

 
Deaf children who receive little or no benefit from sensory aids have been shown to 

develop phonological representations based on articulatory information obtained from their 
lipreading and speaking experiences (Hanson, 1991). Their knowledge of phonological units is 
knowledge related to articulatory gestures used in speech production, rather than knowledge 
based on perceptual units parsed from an acoustic stream (Hanson, 1991). Indeed, in a pioneering 
monograph on deaf school children, Conrad (1979) found that within the deaf population good 
lipreaders perform much better than poor lipreaders on tasks that require phonological coding. 
Thus, while it is not necessary to know the mappings between graphemes and phonemes nor even 
that words have phonological structure in order to read, even children with little or no hearing do 
not just memorize the visual/graphemic/orthographic ‘shape’ of each word, but benefit from their 
(articulatory) knowledge of the phonological units of their language. 

 
Many of the research methods that have been used to study reading skills in NH children 

are also applicable to the study of reading skills in deaf children as well. Geers (2003) 
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investigated the reading skills of a large group of 8- and 9-year-old experienced cochlear implant 
users. She found that about half of the children performed at or above grade level on the reading 
tests, and about half performed below grade level. The children who performed well on the 
reading tasks also tended to perform better on a rhyme detection (phonological awareness at the 
onset-rime level) task. In a study of the same children, we found that the children’s reading scores 
were strongly correlated with their performance on a nonword repetition task (Chapter 2). This 
finding suggested that the children used the phonological processing skills in the reading tasks 
that they used in nonword repetition. The children were not simply using visual word recognition 
processes to complete the reading tasks, but instead were using phonological encoding and 
decoding skills to read. 

 
Several recent studies of normal-hearing children have reported that phonological 

processing skills used in nonword repetition are related to vocabulary size (e.g., Edwards, 
Beckman, & Munson, 2004; Munson, Edwards, & Beckman, 2005). Dillon and Pisoni also 
examined the role of vocabulary size in their study. A standardized vocabulary measure was not 
available for the children in their study. However, a novel measure of ‘lexical diversity’ was 
computed based on the number of different words the children used in an oral interview. Dillon 
and Pisoni found that when the children’s lexical diversity scores were statistically controlled, the 
correlations between the children’s reading scores and nonword repetition scores decreased 
substantially. This finding suggested that the children who had larger vocabularies also developed 
more robust phonological processing and reading skills. 

 
In the present study, we extended these initial findings in a different group of children 

who were experienced cochlear implant users, using a standardized phonological awareness task 
that includes normative tests of phonemic awareness and syllable-level awareness. We also 
included a standardized measure of vocabulary knowledge in place of the lexical diversity 
measure used in the preliminary investigation (Chapter 2). 

 
The specific research questions addressed in this investigation are the following. First, 

how do deaf children with cochlear implants compare to their normal-hearing peers on the 
standardized phonological awareness, reading and vocabulary tests? Second, do deaf children 
with cochlear implants perform better on syllable-level phonological awareness than phoneme-
level phonological awareness, as NH often do? Third, to what extent are phonological awareness 
measures in deaf children indicative of their reading skills? Fourth, to what extent is the 
relationship between phonological processing skills and reading skills mediated by the children’s 
demographic characteristics, speech perception, and vocabulary size? 
 

Method 
 
Participants 
 

Twenty-seven profoundly deaf children (seventeen boys and ten girls) who use cochlear 
implants participated in this study. Eleven children were contacted to participate because they 
received their cochlear implants in Indianapolis, Indiana at Riley Hospital for Children. Six 
children were current or former students at Child’s Voice Oral School in Wood Dale, Illinois. Six 
participants were current or former students in the hearing impaired program at Sylvester 
Elementary School in Berrien Springs, Michigan. Four participants were current or former 
students in the hearing impaired program at Shawnee Park Elementary School in Grand Rapids, 
Michigan. All of the children used oral communication (spoken English). Three children were 
deaf due to Mondini malformations, one child became deaf due to meningitis, and two children 
were reported to have genetic or hereditary deafness. The etiology of deafness for the other 21 
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children was unknown. Most of the children were congenitally deaf; two children became deaf 
before age 1, one child became deaf before age 2, and one child became deaf at 3.5 years old. The 
age at onset of deafness for three of the children was not reported by the children’s parents.  

 
Table 3.1 shows a summary of the demographic characteristics of the sample. Twenty of 

the children were deaf for less than 3 years before implantation. None of the children received 
their implant before age 1 year. Ten children received their implant before age 2. An additional 8 
children received their implant before age 3. Another child received his implant before age 4. 
Three more children received their implant before age 5. Two children received their implant at 
ages 5.4 and 6.0, and age at implantation was not reported for three children (but should not have 
been above age 5 according to the instructed inclusion criteria). Twenty children had used their 
implant for over 5 years. At the time of testing, 8 children were 6 years old, 2 children were 7 
years old, 6 children were 8 years old, 1 child was 9 years old, 2 children were 10 years old, 4 
children were 11 years old, 2 children were 12 years old, 1 child was 13 years old, and 1 child 
was 14 years old. 
 

Table 3.1. Demographic characteristics of the twenty-seven children who 
participated in the present study. The number of children (N) used to calculate 
the mean, SD and range for each characteristics is shown in parentheses in 
column 1. 
 
Demographic Variable Mean SD Range 
Age at Onset of Deafness in years (N=24) 0.23 0.76 0.0-3.5 
Duration of Deafness in years (N=24) 2.3 1.4 0.5-6.0 
Age at Implantation in years (N=24) 2.5 1.3 1.0-6.0 
Duration of Implant Use in years (N=24) 6.7 2.2 3.7-11.8 
Chronological Age in years (N=25) 9.1 2.5 6.2-14.0 

 
Procedure 
 

Each child was tested in a quiet room over a period of approximately 1.0 to 1.5 hours. 
The children were given breaks as necessary during the testing period. Tests were administered in 
the same order for all children except one. Each child received $28 and an Indiana Speech 
Research Lab t-shirt for his/her participation. The responses provided by the children during all 
tasks were recorded onto digital audio tape and transferred to a computer for storage and later 
analysis. 
 
Tasks and Stimuli 

 
The tasks that the children completed for this study are shown in Table 3.2 and are 

described in greater detail in the paragraphs below. 
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Table 3.2. The skills/processes measured and the tasks included in the present 
study. 
 

 Process/Skill Being Measured Test/Task 

Ph
on

ol
og

ic
al

 
A

w
ar

en
es

s 
Ta

sk
 

Phonological Awareness: Syllable 
and Phoneme Levels 

Lindamood Auditory Conceptualization Test – 
Third Edition (LAC3) 
(Lindamood & Lindamood, 2004) 

Re
ad

in
g 

Ta
sk

s 

Reading Recognition: Letter/ 
Phoneme Matching and Single 
Word Reading 

Peabody Individual Achievement Test-Revised 
(PIAT-R) Reading Recognition 
(Markwardt, 1998) 

Nonword Reading Woodcock Reading Mastery Test-Revised 
(WRMT-R) Word Attack (Woodcock, 1998) 

Read-Sentence Comprehension Peabody Individual Achievement Test-Revised 
(PIAT-R) Reading Comprehension 
(Markwardt, 1998) 

O
th

er
 

Re
la

te
d 

Ta
sk

s Speech Perception The Phonetically-Balanced Kindergarten Test 
(PBK) (Haskins, 1949) 

Vocabulary Peabody Picture Vocabulary Test (PPVT-III) 
(Dunn & Dunn, 1997) 

 
Phonological Awareness Skills. In order to examine the children’s phonological 

awareness skills, we administered the Lindamood Auditory Conceptualization Test-Third Edition 
(LAC3; Lindamood & Lindamood, 2004) to each child. The LAC3 is a standardized phonological 
awareness test that is normed for children ages 5;0–18;11. The LAC3 consists of five subtests; a 
raw score is obtained for each child on the subtests, and the raw scores are summed to calculate a 
LAC3 Total score. 

 
In the first subtest, Isolated Phoneme Patterns, the child is asked to listen to sequences of 

two or three isolated phonemes (which may be any combination of same and different 
phonemes). The child is asked to indicate whether the phonemes are the same or different by 
placing colored blocks in a row: two same colored blocks in response to two same phonemes 
(such as /s/ /s/), or two blocks of the same color followed by one block of a different color in 
response to the phoneme pattern /b/ /b/ /z/. The purpose of the Isolated Phoneme Patterns subtest 
is to test the child’s ability to discriminate phonemes and perceive the number and order of 
phonemes in a sequence, and to introduce the child to the idea of using colored blocks to 
represent sounds. 

 
The second subtest, Tracking Phonemes (Monosyllables), tests the child’s ability to track 

the number and order of phonemes within a syllable. The syllables in these test items are never 
real words. In addition, the child is asked to demonstrate his/her understanding of the addition, 
deletion, substitution, shift or repetition of a phoneme in a monosyllabic sequence. The examiner 
sets a row of blocks in front of the child (e.g., a green block followed by a white block) that 
represents a phoneme sequence, and pointing to the blocks, says to the child, e.g., “If that says 
/Ip/, show me /pI/.” If the child switches the order of the two blocks in front of him/her, the 
response is scored as correct. 
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In the third subtest, Counting Syllables, the child is asked to listen to a nonword stimulus 
and indicate the number of syllables in the nonword by placing that number of colored felt 
squares (not blocks) in a row in front of him/her. The fourth subtest, Tracking Syllables, assesses 
the child’s ability to track the number and order of syllables within a nonword and recognize the 
addition, deletion, or substitution of a syllable in the nonword. In the final subtest, Tracking 
Syllables and Phonemes, the child is asked to monitor changes that occur in a nonword as the 
examiner adds, deletes, or substitutes either a syllable or a phoneme. In this task, the syllable(s) in 
the nonword are represented with the colored felt squares, and the phoneme(s) in only one of the 
syllables are represented by placing the colored blocks on top of the felt square that represents 
that syllable. For each item, the child is asked to explicitly manipulate the block(s) or square(s) to 
represent the change made to the nonword. 

 
We selected the LAC3 rather than any of the other available phonological awareness tests 

for several reasons. First, the subtests of the LAC3 measure phonological awareness on two 
different levels (phoneme and syllable). Second, the LAC3 test items do not require the child to 
produce a potentially-confounding spoken response. Third, the use of nonsense syllables and 
nonwords minimizes the child’s ability to rely on lexical knowledge in producing their responses. 
Fourth, the LAC3 was unlikely to elicit floor or ceiling level performances because it spans a 
wide range of difficulty. Fifth, the test is standardized and has been shown to be valid and 
reliable. The LAC3 manual provides norms and age- and grade-level equivalent scores for all 
ages of children who participated in this study. 

 
Reading Recognition: Letter/Phoneme Matching and Single Word Reading. The 

children also completed two subtests of the PIAT (Peabody Individual Achievement Test-
Revised; Markwardt, 1998). The Reading Recognition subtest of the PIAT-R includes 100 items. 
The first 16 items consist of four-alternative forced choice questions requiring a pointing 
response. Several types of items are included: letter-matching, initial-phoneme matching, and 
matching of initial-phonemes to letters. For example, the child is shown a letter or word such as 
“B”, “GO”, or “to” and is asked to point to one like it from among four choices (letter-matching); 
or, the child is asked to name the object shown in four pictures and then choose the picture of an 
object whose name starts (or does not start) with the same sound as the other three objects (initial-
phoneme matching); or, the child is asked to look at a picture of, e.g., a mouse and then point to 
the word that starts with the same sound as “mouse”, such as may (matching of initial-phonemes 
to letters). Items 17-100 all involve single real-word reading. The words are ordered in terms of 
increasing difficulty, ranging from kindergarten level to 12th-grade level, e.g., and, height, 
statistics, and vitiate. In the Reading Recognition subtest, children earn one point for every 
correct answer to items 1-16, and one point for every correct pronunciation of items 17-100, with 
each pronunciation counted as either correct or incorrect after one attempted pronunciation. The 
test is administered until the child provides an incorrect response for five out of seven 
consecutive items. The PPVT items are shown in the Appendix. 
 

Nonword Reading. The Word Attack subtest of the Woodcock Reading Mastery Tests - 
Revised (WRMT, Form G; Woodcock, 1998) was also administered to the children. The Word 
Attack subtest is a nonword reading task that includes 45 nonwords or rare real words. Each child 
was asked to read the nonwords aloud to the examiner one at a time. In order to complete this 
task, children cannot rely on visual recognition of the stimuli, because the stimuli are unfamiliar 
nonwords. Instead, the Word Attack subtest measures the child’s “ability to apply phonic and 
structural analysis skills to pronouncing words that are not recognizable by sight.” (Woodcock, 
1998: 6). The children received one point for each nonword that was pronounced correctly. The 
test is administered until the child incorrectly produces 6 consecutive items (within a subgroup of 
nonwords). The nonwords included in the WRMT Word Attack (Form G) are shown in Table 3.3. 
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Each nonword is shown in its orthographic form followed by its phonemic transcription in 
brackets. 

 
Table 3.3. The nonwords included in the WRMT Word Attack (Woodcock, 
1998). 

 
Word Attack Stimuli 

Ex. A. tat [tQt] 22. sy /sa�I/ 
Ex. B. op [�p] 23. straced /stre�Ist/ 
 24. chad / t�SQd/ 
1. dee /di/ 25. than’t /DQnt/ 
2. ap /Qp/ 26. tadding /tQ.dIN/ 
3. ift /Ift/ 27. twem /twEm/ 
4. raff /rQf/ 28. laip /le�Ip/ 
5. bim /bIm/ 29. adjeks /Q.d�ZEks/ 
6. nan /nQn/ 30. gouch /ga�Ut�S/ 
7. un /Ãn/ 31. yeng /jEN/ 
8. fay /fe�I/ 32. zirdn’t /z«Õ.d«nt/ 
9. gat /gQt/ 33. gaked /ge�Ikt/ 
10. roo /ru/ 34. knoink /no�INk/ 
11. oss /�s/ 35. cigbet /cIg.bEt/ 
12. pog /p�g/ 36. mancingful /mQn.cIN.f«l/ 
13. poe /po�U/ 37. wrey /re�I/ 
14. weat /wit/ 38. bafmotbem /bQf.m�t.bEm/ 
15. plip /plIp/ 39. translibsodge /trQnz.lIb.s�d�Z/ 
16. dud’s /dÃdz/ 40. monglustamer /m�n.glÃs.t«.m«Õ/ 
17. shab /SQb/ 41. vauge /va�Ud�Z/  
18. whie /hwa�I/ 42. gnouthe /na�UT/ 
19. vunhip /vÃnhIp/ 43. quiles /kwa�Ilz/ 
20. nigh /na�I/ 44. cyr /s«Õ/ 
21. bufty /bÃfti/ 45. pnomocher /no�U.mo�U.t�S«Õ/ 

 
Reading Comprehension. The Reading Comprehension subtest of the PIAT-R 

(Markwardt, 1998) was also administered to the children. This test includes 82 four-alternative 
forced-choice items that require a pointing response. The test items are meaningful sentences 
designed to test literal reading comprehension (as opposed to, e.g., interpretation of information 
or recognition of inferences) (Markwardt, 1998). For each test item, the child is shown a sentence 
and is told to read it to him/herself only once. Then the child is shown a page with four pictures 
and is asked to point to the picture that best represents the meaning of the sentence. As in the 
Reading Recognition subtest, the items in the Reading Comprehension subtest are ordered in 
terms of increasing difficulty over a wide range, e.g., There is the sun., The eagle floats on its 
wings as it travels in search of a feast., and The residence has been essentially reduced to rubble, 
the remainder being only the foundation. The child is given one point for each correct response. 
The test is administered until the child provides an incorrect response for five out of seven 
consecutive items. 

 
Speech Perception. The children’s speech perception skills were measured using the 

Phonetically Balanced Kindergarten (PBK; list 3A) test. The PBK is an open-set test of spoken 
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word recognition (see Meyer & Pisoni, 1999). Several lists of 50 monosyllabic words that are 
balanced to include multiple examples of most English phonemes are included in the PBK. In the 
present study, we administered List 3A using live-voice auditory-only presentation to all of the 
children. We report two raw scores (number of words correct; and number of phonemes correct) 
and two percent-correct scores (out of the 50 words; out of the 140 key phonemes in the PBK 
words). 
  
 Vocabulary. In order to obtain a measure of the children’s vocabulary knowledge, each 
child completed the Peabody Picture Vocabulary Test (PPVT-III) (Dunn & Dunn, 1997). The 
PPVT has been shown to be reliable and valid, and is normed for participants ages 2-90+ years. 
The test includes standard scores and age-equivalent and grade-equivalent scores. For each item, 
the child is asked to listen to a word presented live-voice using auditory-visual presentation, and 
to point to a picture that best represents the meaning of the word (out of four pictures on a 
response page). The PPVT consists of 12 sets of 17 items each. The sets increase in difficulty 
throughout the test. The PPVT is administered until the child responds incorrectly to 8 out of 12 
items within a set. 
 
Data Analysis 

 
We calculated raw scores and percent correct scores for the LAC3, PIAT Reading 

Recognition, WRMT Word Attack, PIAT Reading Comprehension, and PPVT. PIAT Total 
Reading scores were also calculated by summing the children’s scores on the PIAT Reading 
Recognition and PIAT Reading Comprehension tests. For comparison with NH children (research 
question 1), we used the children’s raw scores to determine their standard scores on the LAC3, 
PIAT Reading Recognition, WRMT Word Attack, PIAT Reading Comprehension and PPVT. 
Standard scores are transformed raw scores. A standard score of 100 corresponds to the mean raw 
score obtained from a large sample of the population. A standard score of 85 is one standard 
deviation below the mean, and a standard score of 115 is one standard deviation above the mean. 
We also used the raw scores to compute age-equivalent and/or grade-equivalent scores, and then 
we calculated the proportion of children who performed below, at, and above age and/or grade 
level on each test. In addition, we determined the children’s percentile ranks using the tables 
provided with the LAC3, PIAT, WRMT and PPVT in order to investigate what percentage of the 
children’s normal hearing age- or grade-mates obtained lower scores than the children who 
participated in the present study. 

 
To address research question 2, we calculated LAC3 subtest scores and compared the 

percent-correct subtest scores across and within the individual children. To address research 
question 3, we computed correlations between the LAC3 and the reading tests in order to 
investigate the extent to which measures of the children’s phonological awareness indicated their 
ability to complete the reading tasks. Finally, we further investigated the relationship between the 
children’s performance on the reading tests and the LAC3 by statistically controlling for 
potentially confounding demographic characteristics, speech perception, and vocabulary to 
address research question 4. In order to know which demographic variables to control in 
addressing question 4, we first computed bivariate correlations between the test scores and the 
children’s demographic characteristics. 
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Results 
 

General Performance on Tests 
 
 The children’s mean raw scores and mean percent correct scores on the phonological 
awareness (LAC3), single word reading (PIAT Reading Recognition), nonword reading (WRMT 
Word Attack), read-sentence comprehension (PIAT Reading comprehension), total reading, and 
vocabulary (PPVT) are shown in Table 3.4. A wide range of scores were obtained from the 
children on all of the tests. In answer to our first research question, most of the children 
performed with some success on the phonological awareness, reading and vocabulary tests, 
though several young children could not complete two of the tests. More specifically, three 
children scored zero on the Reading Comprehension test. Two of those children were 6 years old 
and were only beginning to read single words; one child was 8 years old. The same three children 
also scored zero on the Word Attack nonword reading test, in addition to another 6-year-old 
child. 
 
 On the speech perception test (PBK), the children exhibited a wide range of scores. No 
children received scores lower than 30% words correct. When the PBK was scored as percent 
words correct, the highest score was 85%. When the PBK was scored as percent phonemes 
correct, only two children obtained scores lower than 81%; these two children still obtained 
relatively high percent phonemes correct scores, 61% and 63%. Thus, the children in this sample 
exhibit fairly good speech perception abilities in quiet conditions.  
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Table 3.4. The children’s raw scores and percent correct scores for the 
phonological awareness, reading, speech perception and vocabulary tests. The 
number of children’s scores (N) reported for each test is shown in column 1. 

 
 

 
Performance Relative to Normal-hearing Children on Standardized Tests 
 
 Standard Scores. The children’s standard scores on the LAC3, PIAT Reading 
Recognition, PIAT Reading Comprehension, PIAT Total Reading, WRMT Word Attack, and 
PPVT are shown in Table 3.5. Standard scores corresponding to the distribution of scores 
obtained from normal-hearing populations that were either the same chronological age (Standard 
Scores based on Age) or the same grade in school (Standard Scores based on Grade) were 
calculated for each of the children in the present study. As described in the Analyses section 
above, a standard score of 100 corresponds to the mean raw score obtained from the 
normalization sample (a large group of normal-hearing children; specific Ns vary across the 
tests). One standard deviation corresponds to 15 points on the standard scores scale; thus, if a 
child obtains a standard score (based on age) between 85 and 115, he/she could be said to fall 
within the normal range of performance for normal-hearing, typically-developing children who 
are his/her age. (Standard scores based on grade level are not available for the LAC3 and the 
PPVT). 
 

 Raw Scores 
(% Correct Scores) 

Test N Mean SD Range 
LAC3 Total (Phonological Awareness) 
(max=66) 27 25 

(38%) 
10 

(15%) 
3-46 

(5-70%) 

PIAT Reading Recognition (max=100) 26 40 
(40%) 

21 
(21%) 

7-78 
(7-78%) 

PIAT Reading Comprehension (max=100) 26 40 
(40%) 

23 
(23%) 

0-80 
(0-80%) 

PIAT Total Reading (max=200) 27 77 
(39%) 

43 
(22%) 

14-158 
(7-79%) 

WRMT Word Attack (max=45) 26 20 
(44%) 

12 
(27%) 

0-40 
(0-89%) 

PBK (Speech Perception) 
(max=50 words correct) 25 34 

(68%) 
7 

(14%) 
15-94 

(30-84%) 

PBK (Speech Perception) 
(max=140 phonemes correct) 25 121 

(86%) 
12 

(9%) 
85-132 

(61-94%) 

PPVT-III (Vocabulary) (max=204) 26 87 
(43%) 

35 
(17%) 

26-157 
(13-77%) 
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Table 3.5. Standard scores based on the children’s ages and grades for the 
phonological awareness, reading, and vocabulary tests. 

 
 Standard Scores based 

on Child's Age 
Standard Scores based 

on Child's Grade 

Test N Mean SD Range N Mean SD Range 
LAC3 Total 
(Phonological 
Awareness) 
(max=66) 

25 88 13 55-111 

 
(not available) 

 
 

PIAT Reading 
Recognition 
(max=100) 

24 95 15 72-128 23 100 17 75-132 

PIAT Reading 
Comprehension 
(max=100) 

24 94 20 55-132 22 99 22 55-136 

PIAT Total 
Reading 
(max=200) 

25 94 18 55-130 23 99 20 57-134 

WRMT Word 
Attack (max=45) 

23 101 15 70-125 23 103 22 39-133 

PPVT-III 
(Vocabulary) 
(max=204) 

24 81 19 40-117 

  
(not available)  

  
  

 
 As shown in Table 3.5, the mean score obtained by the children in the present study for 
the LAC3 falls just within the normal range (85 is one standard deviation below the mean). The 
children’s vocabulary knowledge as measured by the PPVT was also just under one standard 
deviation below the mean, indicating that as a group, the children in the present study had lower 
than average vocabularies compared to normal-hearing children their age. The standard scores 
based on age for the reading tests are all close to 100, indicating that these children on average 
performed nearly as well as the normal-hearing sample populations of children their ages and 
grades. However, as discussed above, the children’s scores varied widely on all of these tasks. 
 
 Table 3.6 shows the number of children whose standard scores fall within 1 standard 
deviation bins with respect to the mean. At least three children scored more than one standard 
deviation both above and below the mean for every test (for both the age-based and grade-based 
standard scores). However, the majority of children scored within one standard deviation of the 
mean or higher for all tests except the PPVT. 
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Table 3.6. The percent of children whose standard scores on the LAC3, PIAT 
subtests, WRMT Word Attack and PPVT were within various standard deviation 
bins of the mean. Standard scores within normal range (i.e., within one standard 
deviation of the mean) are shown in bold. 

 

Outcome Measure 

Standard Scores 
< -2 
SD 

-2 to -1 
SD 

-1 to 0 
SD 

0 to +1 
SD 

+1 to +2 
SD 

> +2 
SD 

<70 70-84 85-99 100-114 115-129 >129 

Standard 
Scores 

based on 
age 

LAC3 (N=25) 8% 24% 52% 16% 0% 0% 
PIAT Reading 
Recognition (N=24) 0% 21% 50% 17% 13% 0% 

PIAT Reading 
Comprehension (N=24) 13% 13% 33% 25% 13% 4% 

PIAT Total Reading 
(N=24) 4% 17% 50% 13% 13% 4% 

WRMT Word Attack 
(N=23) 0% 13% 35% 35% 17% 0% 

PPVT (N=24) 29% 29% 25% 13% 4% 0% 

Standard 
Scores 

based on 
grade 

PIAT Reading 
Recognition (N=23) 0% 22% 43% 9% 22% 4% 

PIAT Reading 
Comprehension (N=22) 9% 5% 45% 9% 23% 9% 

PIAT Total Reading 
(N=22) 5% 14% 41% 9% 27% 5% 

WRMT Word Attack 
(N=23) 9% 4% 22% 43% 4% 17% 

 
 Percentile Ranks. The standard scores presented above reveal how the children’s 
performance on the various tests was distributed around the mean obtained from normal-hearing, 
typically developing children in their age groups and grade levels. The percentile ranks shown 
below indicate the proportion of the normal-hearing population that would perform more poorly 
than the deaf children in the present study. A child’s percentile rank indicates the percent of 
children in the normative sample who scored at or below the same level as the child (when the 
normative sample includes children in the same age group or grade level as the child in question). 
Percentile ranks are useful because they provide a benchmark as to where a child would fall 
within an average group of his/her normal-hearing peers (based on age or grade). 
 

The individual percentile ranks shown in Figures 3.1–3.5 indicate the percentage of the 
children’s normal-hearing peers whose standard scores would be lower than the standard score 
obtained from the deaf child (based on age or grade as labeled). For instance, as shown in Figure 
3.1, the 6-year-old child C11 obtained a higher score than approximately 75% of normal-hearing 
6-year-olds on the LAC3. She was one of only 4 children in the present study whose performance 
on the LAC3 was better than 50% of their normal-hearing age peers (the others are children C10, 
C24 and C07, as shown in Figure 3.1). 

 
The percentile ranks are shown as a function of the children’s age, and also as a function 

of grade when grade-based ranks were available. On the PIAT subtests and the WRMT Word 
Attack, for which grade-based percentile ranks were available, more deaf children obtained scores 
in the top half of scores obtained from their grade-level peers than from their age peers (nine 
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children for the PIAT Reading Recognition subtest, 15 children for the WRMT Word Attack, and 
nine children for the PIAT Reading Comprehension subtest). This finding indicates that some 
children did not perform as well in comparison to NH children their age as in comparison to NH 
children in their grade. As shown in Figure 3.4, the percentile ranks for the PPVT reveal that only 
three children’s performance fell within the top half of the scores obtained by their normal-
hearing age peers. 

 
Figure 3.1. LAC3 percentile ranks derived from the children’s standard scores 
based on age, shown as a function of the child’s age. 
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Figure 3.2. PIAT Reading Recognition percentile ranks derived from the children’s standard scores based on age, shown as a 
function of the child’s age (left panel) and percentile ranks derived from the children’s standard scores based on grade, shown as a 
function of the child’s grade (right panel). 
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Figure 3.3. WRMT Word Attack percentile ranks derived from the children’s standard scores based on age, shown as a function 
of the child’s age (left panel) and percentile ranks derived from the children’s standard scores based on grade, shown as a function 
of the child’s grade (right panel). 
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Figure 3.4. PIAT Reading Comprehension percentile ranks derived from the children’s standard scores based on age, shown as a 
function of the child’s age. 
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Figure 3.5. PPVT percentile ranks derived from the children’s standard scores 
based on age, shown as a function of the child’s age. 

 
 Age- and Grade-Equivalent Scores. The final descriptions of the children’s 
performance relative to the normal-hearing population as measured in the standardized tests are 
the children’s age- and grade-equivalent scores, shown in Figure 3.6 and Figure 3.7. While the 
standard scores and percentile ranks showed where a deaf child’s score fell within the distribution 
of normal nearing (NH) children their age or grade, the age- or grade-equivalent scores show 
which NH children (as an age group or grade level) obtained scores closest to the deaf child’s 
score. That is, for the PIAT subtests, the age- or grade-equivalent score is the age or grade of the 
normal-hearing children in the norming sample whose average score was in the same age year or 
grade level as the deaf child’s score on the particular test in question. For the WRMT Word 
Attack and the PPVT, a child’s equivalent score is the age or grade level for which the median 
raw score obtained by the normative sample is the same age year or grade level as the child’s raw 
score. The metric on which the LAC3 equivalent scores are based is unclear; the LAC3 age- and 
grade-equivalent scores indicate that the child’s score is “consistent with the majority of students” 
who are the age or grade of the equivalent score (Lindamood & Lindamood, 2004: 34). 
 

Figure 3.6 and Figure 3.7 show the percentage of children in the present study whose 
age- or grade-equivalent scores were below, at, or above the child’s actual age or grade 
(respectively). As shown in these figures, for most tests in the present study, over half of the 
participating children obtained scores that were equivalent to the mean/median scores of normal-
hearing younger children or children in lower grades. Overall, more children performed at or 
above the average performance of their normal-hearing age or grade peers on the PIAT Reading 
Comprehension subtest and the WRMT Word Attack than on the other tests. 
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Figure 3.6. Percent of children who scored below, at, and above age level on the 
phonological awareness, reading and vocabulary tests. 

 
Figure 3.7. Percent of children who scored below, at, and above grade level on 
the phonological awareness, reading and vocabulary tests. 

 
Levels of Phonological Awareness 

 
 Overall, the children exhibited a great deal of variability on all of the LAC3 subtests. 

The children obtained the highest average scores on the Isolated Phoneme Patterns (IPP) subtest 
(M = 87%, SD = 23%, range = 13-100%), followed by their performance on the Counting 
Syllables (CS) subtest (M = 52%, SD = 21%, range = 0-100%). The children performed similarly 
on the Tracking Syllables (TS) and the Tracking Phonemes (TP) subtests (M = 24%, SD = 23%, 
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range = 0-70%; M = 22%, SD = 17%, range = 6-61%, respectively). Finally, the Tracking 
Syllables and Phonemes (TSP) subtest was only administered to children who obtained a score of 
50% or higher on the Tracking Phonemes subtest1. Thus, only seven children participated in the 
TSP subtest (M = 15%, SD = 24%, range = 0-67%). Three of the children who participated in the 
TSP subtest were unable to provide any correct responses and received scores of 0. The other four 
children obtained percent correct scores of 8%, 33%, 42%, and 67% on the TSP. 
 
Correlations between Phonological Awareness and Reading 
 

In order to investigate the relations between phonological awareness and reading, we 
computed simple bivariate correlations between the children’s scores on the phonological 
awareness measure (LAC3 Total scores) and their scores on the reading measures (PIAT Reading 
Recognition, WRMT Word Attack, PIAT Reading Comprehension, and PIAT Total Reading 
scores). The phonological awareness scores were strongly correlated with all of the reading scores 
(r’s = +.82, +.74, +.86, +.85, respectively; shown in Table 3.8 below).  
 
Factors Related to Phonological Awareness and Reading 

 
Given that the children’s phonological awareness and reading skills were related, we also 

investigated the extent to which this relationship was mediated by other factors. First, any 
significantly correlated demographic characteristics were potentially confounding variables when 
investigating the relationship between any of the outcome measures. 

 
Correlations between the children’s demographic characteristics and their scores on the 

phonological awareness, reading, vocabulary and speech perception tests are shown in Table 3.7. 
The children’s age at onset of deafness and duration of deafness prior to implantation were not 
significantly correlated with any of the test scores. Age at implantation was only weakly 
correlated with nonword reading (WRMT-WA) and sentence comprehension (PIAT-Comp). Age 
at time of testing and grade level in school were moderately correlated with phonological 
awareness (LAC3), reading (PIAT-Rec, WRMT-WA, PIAT-Comp, PIAT Total), and vocabulary 
(PPVT) scores. None of the demographic variables were significantly correlated with the 
children’s speech perception (PBK) scores. 

 
Because this initial analysis included a large number of correlations, we also investigated 

which correlations reached significance when we used a Bonferroni correction, dividing the 
desired alpha (.05) by the number of correlations (42) in order to determine the corrected alpha 
level (a = .00119). In general, the correlations that remained significant at this corrected alpha 
level were the correlations between the children’s age at testing and grade in school on the one 
hand, and their reading and vocabulary scores on the other hand (shown in bold in Table 3.7). 

 

 
1 Child C26 was eligible to be given the TCP because he earned a score of 50% on the TP subtest, but due 
to time constraints Child C26 did not complete the TCP. In addition, despite the fact that Child C09 only 
received a score of 40% on the TP subtest, the experimenter administered the TSP subtest and so C09’s 
TSP score is included above (67%). Child C09’s LAC3 Total score was the highest in the group (70%). 
This raises a question as to whether other children’s Total scores may have been higher if they had been 
given the opportunity to complete the TSP as well, even if they did not receive a score of 50% or higher on 
the TP subtest. The next highest TP score (below C09’s 40%) was 24%. It is possible but unlikely that the 
administration of the TSP subtest to any other children who obtained TP scores lower than 50% would have 
resulted in a change in the overall performance within or between subjects. 
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Table 3.7. Correlations between the children’s demographic characteristics and 
their scores on the outcome measures. The number of children for which data 
were available (N) for each correlation is shown in the bottom half of each cell. 
We also applied Bonferroni corrections (because of the large number of 
correlations run in this analysis) by dividing the desired alpha (.05) by 42 (the 
number of correlations calculated). We found that the corrected alpha was 
.00119. Correlations that were significant using the Bonferroni corrected alpha 
value are shown in bold. 

 

 
LAC3 
Total 

PIAT 
Rec 

WRMT 
WA 

PIAT 
Comp 

PIAT 
Total 

PPVT PBK 

Age at Onset 
  

ns ns ns ns ns ns ns 
N=24 N=24 N=24 N=23 N=24 N=23 N=22 

Duration of Deafness 
prior to Implantation 

ns ns ns ns ns ns  ns 
N=24 N=24 N=24 N=23 N=24 N=23 N=22 

Age at Implantation 
  

ns ns +.41* +.43* ns ns  ns 
N=24 N=24 N=24 N=23 N=24 N=23 N=22 

Duration of CI use 
  

+.48* +.63** +.49* +.56** +.60** +.61** ns 
N=24 N=24 N=24 N=23 N=24 N=23 N=22 

Age at Testing 
  

+.45* +.70*** +.66*** +.69*** +.64*** +.63*** ns 
N=25 N=25 N=25 N=24 N=25 N=24 N=23 

Child's Grade Level 
  

+.47* +.75*** +.65*** +.72*** +.69*** +.68*** ns 
N=23 N=23 N=23 N=22 N=23 N=22 N=21 

*p < .05, **p < .01, ***p < .001             
 

Thus, it was important to statistically control for these variables using partial correlations. 
The demographic variables that emerged as possible mediating factors because they were 
significantly correlated with phonological awareness and/or reading were the children’s age at 
testing, grade in school, and duration of cochlear implant use. Thus, these demographic 
characteristics were potentially confounding variables. These variables were strongly 
intercorrelated with each other (r’s = +.98, +.85, +.86; p’s < .001); thus it was not necessary to 
control for all variables. We chose to control for age at testing, and computed partial correlations 
between the LAC3 and the reading measures with age at testing partialled out. As shown in Table 
3.8, the correlations between the LAC3 and the reading measures did not decrease when age at 
testing was controlled (r’s = +.80, +.74, +.77, +.82). 

 
Second, because the children in this study were hearing impaired and because speech 

perception has been shown to play a role in phonological awareness (McBride-Chang, 1995), we 
were interested in the extent to which their speech perception skills (as measured with the PBK) 
played a role in the relationship between their phonological awareness and reading skills. Thus, 
we computed partial correlations between the LAC3 and reading scores, partialling out the 
children’s PBK scores. The results were very similar whether we partialled out the PBK percent 
words correct scores or percent phonemes correct scores; the results of the partial correlations in 
which we controlled percent words correct PBK scores are shown in Table 3.8. Again, we found 
that these partial correlations were not smaller than the bivariate correlations (r’s = +.87, +.85, 
+.89, +.85). These findings indicate that the children’s age at testing and speech perception skills 
were not mediating factors in the relationship between their phonological awareness and reading 
skills. However, when we controlled for the children’s vocabulary size by partialling out their 
PPVT scores, the correlations between the LAC3 and the reading measures decreased, as shown 
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in Table 3.8 (r’s = +.63, +.56, +.58, +.63, respectively). This decrease in the correlations indicates 
that the correlation between the children’s reading and phonological awareness is partially 
affected by their vocabulary size. That is, vocabulary size is a mediating factor in the relationship 
between reading and phonological awareness. 

 
Because we found that vocabulary size plays a role in the relationship between reading 

and phonological awareness, we also investigated the reciprocal relationships. We computed 
bivariate correlations between reading and vocabulary, and then partialled out phonological 
awareness to investigate its role in the relationship between reading and vocabulary. As shown in 
the right half of Table 3.8, the results were very similar to the first set of correlations. The 
children’s reading test scores and vocabulary knowledge were very strongly correlated (r’s = 
+.93, +.83, +.91, +.94). These correlations were only slightly affected by the children’s 
chronological age and were not affected by the children’s speech perception scores on the PBK. 
However, when phonological awareness was factored out, the correlations between reading and 
vocabulary decreased but remained significant. This finding indicates that phonological 
awareness mediates in the relationship between reading and vocabulary size. 

 
Taken together, the correlations shown in Table 3.8 show that reading is strongly related 

to phonological awareness, and reading is also strongly related to vocabulary knowledge. 
However, the decrease in correlations when either of these measures is factored out indicates that 
there is partial overlap in the contributions made to reading skills by these two factors. That is, 
phonological awareness and vocabulary are both independently related to reading, but they also 
affect each other’s relationship with reading. 
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Table 3.8. The left half of the table shows bivariate correlations between reading and phonological awareness followed by partial 
correlations in which we factored out age (results were nearly identical when grade level was factored out), speech perception, or 
vocabulary. The right half of the table shows bivariate correlations between reading and vocabulary followed by partial 
correlations in which we factored out age (results were nearly identical when grade was factored out), speech perception, or 
phonological awareness. 

 

Correlations with Phonological 
Awareness (LAC3 Total Raw Scores) 

Correlations with Vocabulary (PPVT 
Raw scores) 

Outcome Measure 

Bivariate  Partial 1 
(Age or 
Grade) 

Partial 2 
(Speech 
Perc.) 

Partial 3 
(Vocab.) 

Bivariate  Partial 1 
(Age or 
Grade) 

Partial 2 
(Speech 
Perc.) 

Partial 3 
(Phon. 
Awar.) 

Single Word Reading & Reading 
Readiness (PIAT Reading Recognition 
Raw Scores) (N=26) 

+.82***  +.80*** +.87*** +.63*** +.93***  +.88*** +.93*** +.85** 

Nonword Reading (WRMT Word 
Attack Raw Scores) (N=26) +.74***  +.74*** +.82*** +.56** +.83***  +.73*** +.86*** +.61** 

Read-Sentence Comprehension (PIAT 
Reading Comprehension Raw Scores) 
(N=26) 

+.86***  +.77*** +.88*** +.58** +.91***  +.84*** +.87*** +.76** 

PIAT Total Reading Raw Scores +.85*** +.82*** +.89*** +.63*** +.94*** +.90*** +.92*** +.86*** 
 *p < .05, **p < .01, ***p < .001 
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Discussion 
 

Twenty-seven experienced cochlear implant users ages six to 14 participated in the 
present study. The children completed a phonological awareness test, several reading tests, a 
speech perception test, and a vocabulary test. A few of the younger children who were unable to 
read could not complete the reading tasks and several subtests of the phonological awareness 
tasks. However, most of the children could perform with some accuracy on all of the tests, and 
many of the children performed with higher levels of accuracy than would typically be expected 
for profoundly deaf children. 

 
Phonological Awareness 
 

The phonological awareness test included five subtests of varying phonological levels. 
We expected that the children’s performance would vary across the subtests. Specifically, based 
on reports in the literature regarding the performance of NH children (discussed in the 
Introduction) we expected that the relative difficulty of the subtests, from least difficult (highest 
%-correct scores) to most difficult (lowest %-correct scores) would be: 

 
Counting Syllables >_ Isolated Phoneme Patterns >_ Tracking Syllables > Tracking 
Phonemes > Tracking Syllables & Phonemes 
 
The children’s actual percent correct scores from highest to lowest on the LAC3 subtests 

were: 
 
Isolated Phoneme Patterns > Counting Syllables > Tracking Syllables > Tracking 
Phonemes > Tracking Syllables and Phonemes 

 
In expecting that the children would perform better on the Counting Syllables subtest than the 
Isolated Phoneme Patterns (IPP) subtest, we did not consider that the trials for the IPP subtest 
involved isolated phonemes. The child did not have to extract individual phonemes from a 
continuous speech stream in order to provide the correct response for the IPP. However, for the 
Counting Syllables (CS) subtest, the child had to parse a continous speech stream into syllables in 
order to correctly tell the experimenter how many syllables were in the stimulus. Thus, although 
the IPP involves phonemes and the CS subtest involves syllables (and children’s syllable-level 
awareness seems to precede phoneme-level awareness, as discussed in the Introduction), we 
believe that the need to parse in the CS subtest caused the children to perform more poorly on the 
CS subtest than on the IPP subtest. 

 
The children performed with the highest levels of accuracy on the subtest that did not 

require them to explicitly parse a continuous signal into individual phonological units (the 
Isolated Phonemes subtest). In addition, the fact that the children performed better on the Isolated 
Phonemes and Counting Syllables subtests than both Tracking subtests suggests that the 
development of their phonological awareness may follow a similar general pattern of 
development to that of NH children. That is, similar to normal-hearing children, these children 
performed better when the task did not require them to manipulate the phonological units in 
question as the Tracking tasks did (as discussed in the Introduction; e.g., Schatschneider et al., 
1999; Stahl and Murray, 1994). 

 
The findings that all children performed with some accuracy on the Isolated Phonemes 

subtest, and most children performed above floor on the first four subtests of the LAC3, suggests 
that this group of children has developed some phonological awareness skills. However, the fact 
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that each of the Counting and Tracking subtests elicited at least one score of zero indicates that 
some of the children were not able to exhibit phonological awareness beyond the most basic level 
tapped by the Isolated Phonemes task. On the other hand, high scores were obtained on all of the 
subtests by some children. Overall, the LAC3 results indicate that the children in the present 
study have been able to utilize the albeit degraded speech signal transmitted by their cochlear 
implants (along with visual and tactile information) in order to at least begin to develop 
phonological awareness skills. 
 
Reading 

 
The reading tests used in the present investigation included one test that was primarily 

single word reading (PIAT Reading Recognition), a nonword reading task (WRMT Word 
Attack), and a read-sentence comprehension test (PIAT Reading Comprehension). Profoundly 
deaf children have typically performed below the age/grade level of their normal-hearing peers, 
with their reading skills asymptoting at about a 3rd- or 4th-grade level. In the present study, we 
found that at least three children obtained above-normal scores for their age or grade on every one 
of the standardized tests (which measured phonological awareness, reading skills and 
vocabulary). In addition, the majority of children scored within the normal range of NH children 
their age or grade level. These results are encouraging because they suggest that the deaf children 
who use cochlear implants in the present study are already developing foundational linguistic 
analysis skills that may help them acquire average or higher literacy skills as they continue 
through school into adulthood. 
 
Comparisons to Normal-hearing Children 

 
The children’s standard scores on the reading measures indicated that they were slightly 

behind the average scores of their NH peers, but were well within the range of normal variation. 
Their standard scores on the phonological awareness and vocabulary measures indicated that they 
were on the low end of the normal range of scores obtained by their NH peers. Although the 
children’s average standard scores are encouraging, the range of scores is notably skewed to the 
bottom end, indicating that some of the children have lower than average phonological 
awareness, vocabulary, and reading skills. We were surprised by the children’s overall poorer 
vocabulary scores given their relatively high reading scores. Further exploration of the relations 
between vocabulary knowledge and reading in deaf children who use cochlear implants would be 
worthwhile. 

 
For the age- and grade-equivalent scores, while about half of the children in the present 

study obtained scores that were equivalent to the mean/median scores of normal-hearing younger 
children or children in lower grades on the standardized tests, about a quarter of the children 
performed above age or grade level on most tests as well. This finding indicates that the speech 
signal received by these children through their cochlear implant provides them with information 
that they are able to use in conjunction with visual and tactile information to develop 
phonological representations, with varying degrees of robustness. 

 
The percentile rank results revealed that a greater proportion of the older children who 

used cochlear implants (compared to the younger children) performed in the bottom half of their 
NH peer groups on the phonological awareness and reading tests. The present study does not 
provide any detailed insights into the cause of this decrease in performance relative to NH peers 
as the children get older. The difference between the older children and younger children could be 
due to differences in demographic characteristics that we were unable to assess with the present 
group of participants. Another possibility is that the difference is related to differences in the 
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educational environments of the children. A larger proportion of the younger children were 
enrolled in oral schools for the deaf rather than mainstream classroom programs. From the 
present data, we are unable to assess whether the younger children in the present study will 
continue to develop improved phonological awareness and reading skills, performing on average 
nearly on par with their NH peers as they get older; or whether the younger children’s 
phonological awareness and reading skills will not improve on pace with their NH peers, causing 
them to fall increasingly behind the NH population as they get older. A longitudinal study in 
which children’s phonological awareness and reading skills are measured over time is the only 
means by which we will be able to explore the developmental trajectory of the children’s 
phonological awareness and reading skills. 

 
In addition, although many of the younger children performed quite well relative to their 

NH peers on the LAC3 and reading measures, the younger children who did not perform as well 
tended to perform quite poorly. It is possible that the extremes of performance that we observed 
among the younger children on these tasks were due to differences in the children’s educational 
experiences as well. Future research should explore the relative performance of children who are 
in different school environments and/or exposed to different educational approaches. 
 
Relations between Phonological Awareness and Reading Skills 

 
We found that the children’s reading skills were strongly correlated with their 

phonological awareness skills. This finding suggests that, at least to some extent, the children 
relied on the phonological processing skills that they use to process auditory speech input, in 
order to decode written English. This is an important finding because it is consistent with an 
extensive body of research findings obtained from normal-hearing children: like NH children, 
children who use cochlear implants and have better phonological awareness skills also tend to be 
better readers. 

 
The correlations between phonological awareness and the reading tests in the present 

study were strong even with a small sample size of 27. In normal-hearing children, phonological 
processing abilities and reading and literacy development have been found to be closely linked, 
with development in each causing further development in the other (see Brady, 1997; Troia, 
2004). It has been found that development of reading and spelling skills can lead to increased 
phonological awareness (see, e.g. Cassar & Treiman, 2004), and vice versa. Numerous studies 
have reported that normal-hearing children’s reading skills can benefit from training in 
phonological awareness and grapheme-phoneme mapping (phonics or phonological encoding) 
(e.g., Ball & Blachman, 1988; Bradley and Bryant, 1983; Brady, Fowler, Stone, & Winbury, 
1994; Gillon, 2004; Lundberg, Olofsson, & Wall, 1980; National Institute of Child Health and 
Human Development, 2000; Rayner, Foorman, Perfetti, Pesetsky, & Seidenberg, 2001; Treiman 
& Baron, 1983; see Ehri, Nunes, Willows, Schuster, Yaghoub-Zadeh, & Shanahan, 2001 for a 
review). Future explicit phonological awareness training studies of deaf children with cochlear 
implants would be invaluable to assess these claims. 

 
The Role of Demographic Characteristics. We partialled out the children’s age at 

testing from the correlations between reading and phonological awareness and between reading 
and vocabulary because these variables were the only demographic characteristics that were 
significantly correlated with the outcome measures. The correlations between phonological 
awareness and reading did not change, however, indicating that the children’s age was not a 
mediating factor in the correlation between the reading measures and phonological awareness. 
The correlations between vocabulary and reading decreased slightly when age was factored out, 
indicating that the children’s age had a small effect on this relationship. 
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It was somewhat surprising that age at testing and grade level in school were the only 

variables that were found to be significantly correlated with the outcome measures. However, age 
at onset of deafness was unlikely to be significantly correlated with the outcome measures 
because most of the children in this study were congenitally deaf, making this variable relatively 
homogeneous. Although the other demographic variables were more heterogeneous, perhaps 
enough children fell within a crucial range (or time frame) for each variable, nullifying the 
significance of variability across subjects. Specifically, almost all of the children were deaf for 
less than 2 years before implantation, were implanted before age 3, and had used their implant for 
more than 5 years. Thus, these children received early intervention and were experienced 
cochlear implant users at the time of their participation in the present study. Perhaps their 
extensive experience with a cochlear implant provided these children with sufficient early 
linguistic experience that the variability that existed in their demographic characteristics was not 
strong enough to be significantly related to their outcome performance. However, it is also 
noteworthy that children within the same age groups sometimes exhibited extensive variability in 
their performance. Thus, early implantation by itself does not guarantee later age- or grade-level 
performance on phonological awareness, reading, and vocabulary tasks. 

 
The Role of Speech Perception. Our finding that the correlations between reading and 

phonological awareness and the correlations between reading and vocabulary did not decrease 
when speech perception was statistically controlled indicates that the speech perception skills of 
this group of children were sufficiently developed as to have little effect on the development of 
phonological processing skills and lexical knowledge, which they use while reading. Perhaps this 
finding is at least partially due to the children’s relatively high level of performance on the PBK. 
The average phonemes correct score obtained on the PBK test was 83% phonemes correct and the 
lowest score was 61% phonemes correct. The percent words correct scores were lower (M = 66%, 
lowest score = 14%) but these scores were higher than previously reported scores for another 
group of deaf children. Cleary, Pisoni, and Kirk (2000) studied a group of 32 deaf children who 
use cochlear implants and oral communication. The children in their study were comparable to 
the children in the present study in terms of chronological age and age at onset of deafness. 
However, overall they had longer durations of deafness, received their implants at somewhat later 
ages, and had less experience with their implants at the time of testing. Cleary et al. found that the 
children in their study obtained an average score of only 46% words correct on the PBK, with a 
standard deviation of 23% and a range of 8-88% percent words correct. 

 
In comparison to the results reported in Cleary et al. (2000), the children in the present 

study obtained substantially higher overall scores on the PBK (possibly due to the demographic 
differences stated above). It is encouraging that the children in the present study demonstrated 
remarkably high open-set speech perception scores despite profound pre-lingual deafness. 
Furthermore, at this high level of speech perception performance, despite relatively wide 
variability in their PBK scores, the children’s speech perception skills did not appear to play a 
significant role in the relationship between their phonological awareness and reading skills. It is 
important to keep in mind, however, that the speech perception task we used in the present study 
was carried out in the quiet and did not include speech perception in noise, which may have 
elicited greater individual differences among the children. Even greater variability among the 
children may have resulted in speech perception scores emerging as a mediating factor in the 
relationship between phonological awareness and reading. 

 
The Role of Vocabulary Size. We found that the children’s reading scores were strongly 

correlated with their vocabulary size, showing that reading skills and lexical knowledge are 
closely linked in deaf children with cochlear implants (as they are in NH children). The fact that 
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the correlations between phonological awareness and reading decreased when vocabulary was 
statistically controlled suggests that the children with larger vocabularies also have more robust 
phonological representations (as hypothesized by Studdert-Kennedy, 2002, and supported by 
Edwards, Beckman, & Munson, 2004, and Munson, Edwards, & Beckman, 2005). Brady (1991) 
suggests that “If one gets better at encoding, more resources will be available for memory.” (p. 
133) In line with Brady (1991), perhaps the children with more robust phonological 
representations were able to obtain higher scores on the phonological awareness and reading tasks 
because they had to allocate fewer cognitive resources to the encoding of phonological units, and 
thus could dedicate more resources to other processing tasks (e.g., manipulating phonological 
units or processing sentences for meaning). This hypothesis should be further investigated in 
future studies of the relationship between phonological working memory skills, phonological 
awareness skills and reading development.  

 
On the other hand, we also found that correlations between reading and vocabulary 

decreased when phonological awareness was factored out. This finding is consistent with the 
hypothesis that the children who obtained higher phonological awareness scores may have been 
able to do so because they have developed more robust lexical representations by building their 
vocabulary as a result of reading more. Indeed, the relationship between phonological awareness 
development and reading skills development has been found to be bidirectional in NH children: 
improvement or training in one corresponds with improvement in the other as well (Perfetti, 
Beck, Bell, & Hughes, 1987). A longitudinal phonological awareness training study of children 
with cochlear implants could provide further insights into the development of and relationship 
between these skills and reading and vocabulary knowledge in this clinical population. 
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CHAPTER IV: NONWORD REPETITION, PHONOLOGICAL AWARENESS AND READING 
SKILLS IN DEAF CHILDREN WITH COCHLEAR IMPLANTS 

 
Abstract 

 
Previous research with children has shown that nonword repetition performance is 

strongly correlated with reading skills and vocabulary knowledge. We investigated the nonword 
repetition skills of deaf children who use cochlear implants, in order to determine the extent to 
which the phonological processing skills assessed by the nonword repetition task in normal 
hearing children are also displayed by deaf children. We also wanted to determine whether 
nonword repetition skills are related to reading skills and vocabulary knowledge in this 
population. Twenty-seven experienced cochlear implant users ages 6-13 participated in the 
present study. The nonword stimuli varied in terms of syllable length and phonotactic probability. 
The children produced better nonword responses to shorter targets than to longer targets. 
However, no significant difference was observed in performance between phonotactically 
frequent and phonotactically infrequent nonwords. Children with larger vocabularies produced 
better responses overall than children with smaller vocabularies, but neither vocabulary group 
differed in terms of phonotactic frequency. A previous study of these children found that their 
reading skills were strongly related to their phonological awareness. In this study, we found that 
this relationship was not mediated by their nonword repetition skills, indicating that the 
phonological processing skills indexed by nonword repetition do not independently contribute to 
the reading skills of children who use cochlear implants beyond the contributions made by 
phonological awareness. 
 

Introduction 
 
The adult mental lexicon encodes the frequency of occurrence of lexical items in the 

ambient language. For instance, Howes (1957) demonstrated that high frequency words have 
lower intelligibility thresholds than low frequency words when the words are presented in wide-
spectrum noise. In addition, when adults are asked to decide whether a stimulus is a real word or 
nonword (a lexical decision task), they respond more quickly to higher frequency words than to 
lower frequency words, independently of whether the words are members of high or low density 
neighborhoods (e.g., Luce & Pisoni, 1998). Another robust finding in the spoken word 
recognition literature is that adults respond more quickly during lexical decision tasks to real 
words than to nonwords (Forster, 1978). 

 
Word frequency has also been found to play an important role in the development of 

children’s mental lexicons as well. In learning words of their ambient language, children must 
first learn to parse the words from a continuous speech signal. Children learn to parse highly 
familiar words such as their own name from the speech signal very early, as young as 6 months of 
age (Bortfeld, Morgan, Golinkoff, & Rathbun, 2005). Similarly, Mandel, Jusczyk, and Pisoni 
(1995) found that infants preferred their own names over different sound patterns with either the 
same or opposite stress pattern. One likely reason that children are able to parse their own name 
from a continuous speech signal earlier than other words is that a child’s own name is spoken 
very frequently in the language learning environment. Later in children’s development, early-
acquired words tend to be very high frequency words (Storkel, 2004). The use of high frequency 
words has been found to produce more facilitation than low frequency words in treating children 
with phonological delays (Gierut, Morrisette, & Champion, 1999). Newman and German (2002) 
also found that in a lexical retrieval task, high frequency words were easier to retrieve in speech 
production by both typically-developing children and children with word-retrieval difficulties. 
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Adults and children have also been shown to be sensitive to the phonotactic frequency of 
the component segments of words. In adults, Luce and Large (2001) found that real words 
composed of high phonotactic probability sequences elicited faster responses than real words 
composed of low phonotactic probability sequences. This finding was obtained for correct same 
responses in a same-different task. Using a head-turn preference procedure, Jusczyk, Luce, and 
Charles-Luce (1994) found that infants preferred syllables constructed with high frequency 
phonotactic sequences.  

 
In a pioneering study, Eukel (1980) found that adults were also sensitive to the 

phonotactic characteristics of nonwords. Judgments of the ‘frequency’ of nonwords was found to 
be related to the frequency of phonotactically similar real words. The listeners in Eukel’s study 
used the frequency of the phonotactic sequences in the nonwords to make their responses. 
Similarly, Vitevitch and Luce (1998) found that adults demonstrated faster reaction times in 
judging the lexicality of nonwords containing high-probability phonotactics than nonwords 
containing low-probability phonotactics. 

 
Similar findings have been reported regarding repetition of spoken nonwords. Although 

nonword repetition may appear to be a simple task, it is a complex procedure that requires the 
participant to integrate several speech and memory-related skills that involve speech perception, 
encoding, rehearsal, and retrieval of phonological representations from working memory as well 
as reassembly for speech production, phonetic implementation and speech-motor control. 
Recently, Coady and Aslin (2004) found that normal-hearing (NH) typically-developing (TD) 
children were able to repeat nonwords more accurately when the nonword stimuli contained high 
frequency phonotactic frequency sequences than when the nonword stimuli contained low 
frequency phonotactic sequences. Edwards, Beckman and Munson (2004), using a different set of 
high and low frequency nonwords, found that adults and typically-developing NH children 
performed better when they were asked to repeat high frequency nonwords than low frequency 
nonwords.  

 
In addition, Edwards’ et al.’s results demonstrated that frequency effects also reflect the 

overall size of a child’s lexicon. They found that children who have larger vocabularies 
demonstrated a smaller frequency effect than children who have smaller vocabularies. In another 
study, Munson, Edwards, and Beckman (2005) found that TD children and children with 
phonological disorders (PD) repeated high frequency nonwords more accurately than low 
frequency nonwords. Although the PD children performed the nonword repetition task more 
poorly than the TD children, the PD children displayed the same phonotactic frequency effects as 
the TD children. Munson et al. also found in both groups that children with larger vocabularies 
repeated the nonwords more accurately than the children with smaller vocabularies. Thus, the 
accuracy and efficiency with which normal-hearing children complete nonword repetition tasks is 
not only a function of the frequency of sound sequences in the nonword stimuli, but is also a 
function of how many words are in the children’s lexicons.  

 
In the present study, we investigated the nonword repetition skills of children who are 

deaf and use cochlear implants. We were interested in whether the lexical factors observed in 
nonword repetition performance by normal-hearing children (such as phonotactic frequency and 
vocabulary size) also affect nonword repetition in deaf children who use cochlear implants. In 
broader terms, we were interested in measuring about the phonological processing skills of deaf 
children and investigating the effects of vocabulary knowledge in order to gain insight into the 
processes that underlie their reading abilities. 
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In a preliminary investigation of this problem, we studied the relationship between 
nonword repetition skills and reading development in deaf children with cochlear implants. We 
found that nonword repetition was strongly related to reading abilities; children who displayed 
higher nonword repetition scores were better readers. This finding was observed even when 
demographic variables and speech perception skills were factored out. In addition, we also found 
that the children’s performance on the nonword repetition and reading tasks could be partially 
explained by another measure that assessed lexical diversity (number of different words used in a 
spontaneous speech sample), which we used to index vocabulary size. When lexical diversity was 
factored out, the correlations between nonword repetition and reading decreased but still 
remained significant. This finding suggested that the children used some of the same 
phonological processing skills in both the nonword repetition task and the reading tasks. 

 
In a follow-up study, we investigated the phonological awareness skills, reading skills 

and vocabulary knowledge in a new group of deaf children who use cochlear implants. The 
children in this study were administered the Lindamood Auditory Conceptualization Test – Third 
Edition (LAC3; Lindamood & Lindamood, 2004). Several reading tests were also administered, 
including the Reading Recognition and Reading Comprehension subtests of the Peabody 
Individual Achievement Test – Revised (PIAT-Rec, PIAT-Comp; Markwardt, 1998); and the 
Word Attack subtest of the Woodcock Reading Mastery Test (WRMT-WA; Woodcock, 1998). 
We also obtained a measure of the children’s receptive vocabulary size using the Peabody Picture 
Vocabulary Test (PPVT; Dunn & Dunn, 1997). 

 
Phonological awareness and reading were found to be strongly correlated. When 

demographic variables and speech perception were statistically controlled, the relationship 
between phonological awareness and reading still remained essentially unaffected. However, 
when vocabulary knowledge was factored out by partialling out the children’s PPVT scores, the 
correlations between phonological awareness and reading decreased in magnitude but remained 
significant. This finding suggests that although phonological awareness skills and vocabulary 
knowledge are related, both contribute independently to the reading abilities of deaf children who 
use cochlear implants. 

 
The findings from these two studies indicated that the phonological processing skills 

required to complete nonword repetition, phonological awareness, and vocabulary tests are all 
associated with the development of reading skills in deaf children with cochlear implants. In the 
present study, we further investigated the relationships among the children’s performance on 
these tests. We examined whether deaf children with cochlear implants exhibit differential 
performance in their responses to nonwords containing phonotactically high frequency sequences 
compared to nonwords containing low frequency sequences. Sensitivity to phonotactic frequency 
would indicate that deaf children with cochlear implants, similarly to NH children, encode 
generalizations about the phonotactic patterns in their ambient language and make use of this 
knowledge in repeating nonwords. In addition, we investigated the extent to which this 
relationship was mediated by the cognitive and linguistic processes used to carry out nonword 
repetition. 
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Specifically, we asked the following research questions: first, do deaf children with CIs 

demonstrate a phonotactic probability (“frequency”) or syllable length effect in their nonword 
repetition performance? Second, is the extent to which deaf children who use CIs demonstrate a 
nonword frequency effect related to their vocabulary size, as found in NH children? And third, is 
the relationship between phonological awareness and reading skills mediated by the same 
processes used in nonword repetition? (That is, does nonword repetition account for any of the 
variability in the children’s reading skills beyond the variability that phonological awareness 
accounts for?) 
  

Method 
 

Participants 
 

The participants in the present study were 27 deaf children with cochlear implants who 
all used oral communication. The children were recruited from the DeVault Research Laboratory 
at Riley Hospital for Children in Indianapolis, Indiana; Child’s Voice Oral School in Wood Dale, 
Illinois; the Hearing Impaired Program at Sylvester Elementary school in Berrien Springs, 
Michigan; and the Hearing Impaired Program at Shawnee Park Elementary School in Grand 
Rapids, Michigan. Seventeen males and 10 females participated. Table 4.1 shows a summary of 
the children’s demographic characteristics. Most of the children were congenitally deaf; two 
children became deaf before age 1, one child became deaf before age 2, and one child became 
deaf at 3.5 years old. The age at onset of deafness for three of the children was not reported by the 
children’s parents. Twenty-two of the children received their implant before age 5. All of the 
children had used their implant for at least 3.5 years. The children were between the ages of 6 and 
14 at the time of testing.  

 
Table 4.1. Demographic characteristics of the 27 children who participated in the 
present study. The number of children (N) used to calculate the mean, SD and 
range for each characteristic is shown in parentheses in column 1. 

 
Demographic Variable Mean SD Range 
Age at Onset of Deafness in years (N=24) 0.23 0.76 0.0-3.5 
Duration of Deafness in years (N=24) 2.3 1.4 0.5-6.0 
Age at Implantation in years (N=24) 2.5 1.3 1.0-6.0 
Duration of Implant Use in years (N=24) 6.7 2.2 3.7-11.8 
Chronological Age in years (N=25) 9.1 2.5 6.2-14.0 

 
Procedure 
 

The children completed the nonword repetition task and several other information 
processing tasks as part of a larger study. The tests were administered in a quiet room over a 
period of approximately 1.5 to 2.5 hours, including breaks taken as necessary. Each child 
received $28 and an Indiana Speech Research Lab t-shirt for his/her participation in the larger 
study. The responses provided by the children during the tasks were recorded onto digital audio 
tape and transferred to a computer for storage and later scoring. 
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Tasks and Stimuli 
  
 Nonword Repetition 
 

Nonword Repetition Task. All of the children in the present study completed a nonword 
repetition task. They listened to 44 novel nonwords, played one at a time in auditory-only 
modality through a loudspeaker at approximately 70 dB SPL. The children were asked to repeat 
each nonword aloud back to the experimenter. Each child was given two practice nonwords to 
ensure that they understood the task. During the procedure, the children were only permitted to 
listen to each nonword target once. 

 
Nonword Stimuli. The nonwords used in the present study were originally created by 

Edwards et al. (2004) and are shown in Table 4.2. The stimuli include 22 pairs of nonwords in 
which both nonwords contain the same or closely related phonemes. One nonword in each pair 
includes phonotactic sequences that occur with low frequency in English (“low frequency 
nonwords”) and one includes phonotactic sequences that occur with high frequency in English 
(“high frequency nonwords”). Both sets of nonwords were balanced for wordlikeness (based on 
ratings obtained from adult listeners of how “wordlike” each nonword was). The nonword pairs 
include 11 2-syllable pairs and 11 3-syllable pairs. The nonwords developed by Edwards et al. not 
only provided nonword repetition scores and the potential to further investigate the effect of 
syllable length, but these materials also allowed investigation of the effects of phonotactic 
frequency on the children’s performance. During the nonword repetition task, the stimuli and 
responses were recorded onto DAT and later transferred to a computer for storage and analysis. 

 
Each listener was assigned to one of nine groups. Each group consisted of five listeners. 

All five listeners within a group heard all of the nonword repetition responses that were provided 
by three children, two times (once in a first block, and another time in a second block). The 
responses provided by the three children were randomized in a block, and played back in a 
different random order in each block. Each child’s responses were heard by every listener within 
one group, and by no listeners from any other group. In this way, five listeners provided accuracy 
ratings for each child twice (once in each block). 

 
We calculated a mean rating for each child by averaging the ratings provided by all five 

listeners in a block for all of that child’s repetition responses. We also calculated a ‘low 
frequency mean rating’ and a ‘high frequency mean rating’ for each child by averaging the 
ratings provided by all 5 listeners for the responses provided by a child for the nonwords that 
contained low phonotactic probability sequences and high phonotactic probability sequences 
(respectively). Similarly, we calculated separate mean ratings for each child’s responses to the 2-
syllable nonwords and the 3-syllable nonwords. 

 
In earlier previous studies of nonword repetition performance by deaf children with 

cochlear implants, we found that mean nonword repetition accuracy ratings were strongly 
correlated with several other measures of nonword repetition performance based on transcriptions 
(Chapter 2). We used the accuracy ratings in the present study because the children’s nonword 
repetition performance was at floor when the conventional accuracy scoring methods were used. 
The children provided correct responses to only 9.6% of the nonword stimuli when calculated out 
of the total number of target stimuli (114/1122). They provided correct responses to 9.9% of the 
nonword stimuli when calculated out of the total number of repetition responses that they 
provided (114/1188). However, the children failed to provide any response to only 5.6% 
(66/1188) of the target nonword stimuli. 
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Table 4.2. Nonword stimuli. Low frequency nonwords contain less frequently 
occurring phonotactic sequences while high frequency nonwords contain similar 
segments in more frequently occurring phonotactic sequences (Edwards et al., 
2004). 

Syllable Length Low Frequency High Frequency 

2 

/jugoin/ /bogib/ 
/moip«d/ /mQbEp/ 
/vugim/ /vIdQg/ 
/motauk/ /petik/ 
/donug/ /bedQg/ 
/tedaum/ /podaud/ 
/aupt«d/ /ipt«n/ 
/n«fQmb/ /mInQmp/ 
/pwAg«b/ /twEkEt/ 
/bufkit/ /kiften/ 
/dogdet/ /tQktut/ 

3 

/bod«jau/ /med«ju/ 
/vukAtEm/ /vIt«gAp/ 
/gaun«pEk/ /git«mok/ 
/nUb«m«n/ /nId«bIp/ 
/dugn«ted/ /tÃgn«dit/ 
/aukp«de/ /ikb«ni/ 
/auft«gA/ /aunt«ko/ 
/kEd«w«mb/ /fIk«tQmp/ 
/pwEn«tEp/ /twed«mIn/ 
/nQfk«tu/ /gÃft«daI/ 
/dEgd«n«/ /tikt«po/ 

 
 

Nonword Repetition Scoring. The children’s nonword repetition responses were 
segmented into individual sound files and amplitude leveled using Level16 (Tice & Carrell, 
1998). The model nonword stimuli that the children heard, followed by the children’s actual vocal 
responses, were then played back to 45 normal-hearing naïve adult listeners. The listeners were 
asked to rate the children’s nonword repetitions for accuracy in comparison to the model nonword 
on a scale of 1 to 7 (1=poor, 7=perfectly accurate). 

 
Phonological Awareness Measure 
 
The children in the present study also completed the Lindamood Auditory 

Conceptualization Test-Third Edition (LAC3; Lindamood & Lindamood, 2004). The LAC3 is a 
standardized phonological awareness test that is normed for NH typically-developing 
participants. The test items in the LAC3 were designed for children ages 5–18; this wide age 
range meant that it was unlikely to elicit ceiling performance from the children in the present 
study. The LAC3 consists of five subtests which assess the child’s knowledge of different levels 
of phonological awareness (see Chapter 3). Items on the LAC3 consist of nonwords which 
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minimized the child’s ability to rely on lexical knowledge during the task. In addition, the LAC3 
test items do not require a potentially-confounding spoken response. Description and summary of 
the children’s performance on the LAC3 is provided in Chapter 3. 

 
Reading Measures 
 
A detailed description of the children’s performance on the reading tests that are 

described below is provided in Chapter 3. 
 
Reading Recognition: Letter/Phoneme Matching and Single Word Reading. All of 

the children also completed the Reading Recognition subtest of the Peabody Individual 
Achievement Test-Revised (PIAT-R; Markwardt, 1998), which consists of 100 test items. The 
first 16 items consist of four-alternative forced choice questions requiring a pointing response 
(including items that involve letter-matching, initial-phoneme matching, and matching of initial-
phonemes to letters). Items 17-100 all involve single real-word reading. The words are ordered in 
terms of increasing difficulty, ranging from kindergarten level to 12th-grade level. Children 
received one point for every word that they read aloud correctly. The test was administered until 
the child provided an incorrect response for five consecutive items. 

 
Nonword Reading. The Word Attack subtest of the Woodcock Reading Mastery Tests - 

Revised (WRMT; Form G; Woodcock, 1998) was also administered to the children. The Word 
Attack subtest is a nonword reading task that includes 45 nonwords or rare real words. Each child 
was asked to read the nonwords aloud one at a time to the experimenter. The child received one 
point for every nonword that he/she pronounced correctly and the test is scored immediately in 
real time by the examiner. 

 
Reading Comprehension. The children also completed a read-sentence comprehension 

task using single sentences, the Reading Comprehension subtest of the PIAT-R (Markwardt, 
1998). The test includes 82 meaningful narrative sentences which the child was told to read once 
silently to him/herself. After reading each sentence, the child was shown a page with four pictures 
and was asked to point to the alternative that best represented the meaning of the sentence. The 
items increased in difficulty throughout the test, which was administered until the child provided 
an incorrect response to five consecutive items. The child was given one point for each correct 
response.  

 
Total Reading Score. In addition to these separate subtests, a total reading score (PIAT-

Total) was computed for each child by summing the PIAT-Rec score and the PIAT-Comp score. 
 
Vocabulary Knowledge Measure 
 

All children in the present study also completed the Peabody Picture Vocabulary Test (PPVT-III; 
Dunn & Dunn, 1997). The PPVT is a standardized vocabulary knowledge test that is appropriate 
for use with children and adults ages 2 – 90+ years. The PPVT is a four-alternative forced choice 
task administered in live-voice auditory-visual modality. Participants are asked to listen to the 
administrator say a single real English word and to provide a pointing response to the one of four 
pictures that best represents the meaning of the word. The PPVT includes 17 sets of items that 
increase in difficulty throughout the test. Each set contains 12 vocabulary items. The PPVT is 
administered until the child responds incorrectly to 8 out of 12 items within a set. A child’s score 
on the PPVT consisted of the total number of items that he/she responded to correctly. 
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Results 
 

All children provided nonword repetition responses to almost all of the nonword targets. 
After the exclusion of responses that were real words or phrases (such as “I don’t know”, “weird 
one”, “you going”), 23 children provided a response to more than 40 out of the 44 stimuli, two 
children provided responses to 39 stimuli, one child provided 37 responses, and one child 
provided 29 responses. Overall, the children provided responses to 94% of the nonword stimuli. 
None of the children exhibited any difficulty understanding the procedure or carrying out the 
nonword repetition task. 
 
Reliability of the Nonword Repetition Accuracy Ratings 

 
As described above, five listeners comprised each of nine listener groups. Within a 

listener group, each listener provided ratings of all repetition responses obtained from the same 
three children. Each listener provided ratings of all repetition responses twice, once in a first 
block and a second time in a second block. The two blocks contained the same repetition 
responses randomized in different orders. 

 
The reliability of the ratings provided by the listeners was assessed in several different 

ways. First, in order to investigate inter-block reliability, we calculated the mean rating provided 
by the listeners for each of the 2 blocks and measured the correlation between these two scores. 
The mean ratings provided by the listeners in the first block (M = 3.60, SD = .51) were highly 
correlated (r = +.77, p < .001) with the mean ratings provided by the listeners in the second block 
(M = 3.63, SD = .59). In addition, a paired-samples t-test revealed that the mean ratings in the 
first block were not significantly different from the mean ratings in the second block. This finding 
indicates that as a group, the listeners provided accuracy ratings that were consistent from the first 
time they heard the children’s responses to the second time. All results reported below are based 
on the ratings obtained in the first block of trials. 

 
We also calculated individual correlations in order to compare each listener’s ratings 

provided in block 1 with his/her ratings provided in block 2. Because 45 listeners participated in 
the ratings experiment, 45 correlations were calculated. We corrected the desired alpha values 
using a Bonferroni correction2. We found that 43 of the 45 listeners provided ratings across the 2 
blocks that were significantly correlated with each other. Twelve of the correlations were +.80 or 
greater (all p’s < .00002), an additional 22 of the correlations were between +.60 and +.80 (all p’s 
< .00002), six r-values were between +.40 and +.60 (all p’s < .00002), and three correlations were 
between +.29 and +.40 (p’s < .00111). These findings indicate that most of the individual 
listeners provided ratings that were consistent across the two blocks.  

 
In order to investigate whether the listeners within a group provided ratings similar to 

each other, we used a measure of internal consistency based on inter-item correlations across 
listeners (Cronbach’s alpha; Norusis, 2004). The listeners within each group provided ratings 
similar to each other in block 1 (all a’s > .74) and also in block 2 (all a’s > .71). This finding 
indicates that the ratings provided by the listeners in the present study would be replicable if other 
groups of listeners participated in this same task. Thus, the nonword repetition ratings provided 
by the listeners in this study were highly reliable and consistent both within-listener and between 
listeners. 

 
2 Thus, for an uncorrected p-value of +.05, the corrected p-value was (+.05/45) +.00111; for an uncorrected 
p-value of +.01, the corrected p-value was (+.01/45) +.00022; for an uncorrected p-value of +.001, the 
corrected p-value was (+.001/45) +.00002. 
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Nonword Repetition Ratings 

 
The children’s mean ratings ranged from 1.52 to 5.45 on the scale of 1 to 7 (M = 3.57 SD 

= .95). Overall, the distribution of the children’s mean nonword repetition accuracy ratings was 
normal although slightly skewed toward the lower end of the rating scale. The individual 
children’s overall mean accuracy ratings are shown in the lefthand panel of Figure 4.1. Although 
overall performance was skewed toward the lower scores, none of the children displayed a floor 
effect. Figure 4.1 includes a histogram of the number of children who received overall mean 
nonword repetition accuracy ratings in 1-unit bins.  

 
 
Figure 4.1.The lefthand panel shows the individual children’s overall mean 
nonword repetition accuracy ratings, in order from the lowest mean rating to the 
highest mean rating. The righthand panel is a histogram of the number of 
children who received overall mean nonword repetition accuracy ratings in 1-unit 
bins from 1 to 7. 
 
We computed a 2-way ANOVA in which mean ratings was the dependent factor, and the 

two independent factors were syllable length and phonotactic frequency. There was no significant 
main effect of phonotactic frequency. The children as a group did not receive different mean 
ratings for high and low frequency nonwords (low: M = 3.51, SD = 1.03; high: M = 3.60, SD = 
1.08; F(1, 104) = .23, p = .64). However, the ANOVA revealed a significant main effect of 
syllable length. The children received significantly higher ratings (F(1,104) = 6.13, p < .05) for 
their responses to 2-syllable target nonwords (M = 3.80, SD = 1.05) than for their responses to 3-
syllable target nonwords (M = 3.31, SD = 1.00). The interaction between syllable number and 
phonotactic frequency was not significant (F(1, 104) = .52, p = .47). 

 
In addition, to confirm the lack of difference between the children’s performance on the 

low versus high frequency nonwords, we computed 27 pairwise t-tests (one for each individual 
child) comparing the mean rating for each child’s responses to the low frequency nonwords and 
the high frequency nonwords. With an uncorrected alpha value of +.05, only two children 
received significantly different ratings for the low versus high frequency nonwords. One of these 
children, C13, received a mean rating of 2.60 (SD = 1.07) for the low frequency nonwords and 
3.37 (SD = 1.35) for the high frequency nonwords (t = 2.16, p = .04). The other child, C06, 
however, received a lower rating for the high frequency nonwords (M = 2.69, SD = 1.16) than for 
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the low frequency nonwords (M = 3.33, SD = 1.11) (t = 2.09, p = .05). With a corrected alpha 
value of (a=.05/27) +.002 (using a Bonferroni correction), none of the individual children 
received significantly different mean ratings for the low and high frequency nonwords. Using the 
corrected alpha value, independent samples t-tests also showed that no children received 
significantly different mean ratings for the low versus high frequency nonwords. 
 
Intercorrelations among the Nonword Repetition Scores 

 
We also computed intercorrelations among the various nonword repetition scores. These 

are shown in Table 4.3. All of the nonword repetition scores were strongly correlated with each 
other. This finding indicates that the children who performed better on the nonword repetition 
task overall also tended to receive higher nonword ratings regardless of the target characteristics 
of the nonwords (high or low frequency, two or three syllables). 

 
Table 4.3. Intercorrelations among the nonword repetition scores. 

 

 
 
Nonword Repetition Performance as a Function of Vocabulary Size 

 
In order to investigate the relationship between the children’s nonword repetition 

performance and vocabulary knowledge, we split the children into two groups based on their 
PPVT scores. The 14 children with lower PPVT scores (M = 59.0, SD = 14.8, range = 26 – 77) 
comprised the low vocabulary group and the 12 children with higher PPVT scores (M = 118.5, 
SD = 22.6, range = 93 – 157) comprised the high vocabulary group. (We did not split the children 
into two groups of 13 because the middle two children both scored 77 on the PPVT.) A 
significant difference was observed (t(24) = 4.32, p < .001) between the overall nonword 
repetition ratings received by the low vocabulary group (M = 3.04, SD = .78) and the ratings 
received by the high vocabulary group (M = 4.27, SD = .66). This difference is consistent with 
earlier findings that the children’s PPVT scores were significantly correlated with their nonword 
repetition scores (r = +.76, p < .01). The low vocabulary knowledge group received significantly 
lower ratings (M = 3.13, SD = .86) than the high vocabulary knowledge group (M = 4.31, SD = 
.69) for their responses to the high frequency nonwords (t(24) = 3.81, p < .001). Similarly, for 
their responses to the low frequency nonwords, the low vocabulary group (M = 2.94, SD = .79) 
also received significantly lower ratings (t(24) = 4.48, p < .001) than the high vocabulary group 
(M = 4.23, SD = .66). 

 

NW Rep Score 
Mean Rating for     
Low Freq NWs

Mean Rating for 
High Freq NWs

Mean Rating for       
2-syllable NWs

Mean Rating for        
3-syllable NWs

Overall Mean 
Rating

+.97*** +.98*** +.97*** +.96***

Mean Rating for 
Low Freq NWs

+.90*** +.93*** +.94***

Mean Rating for 
High Freq NWs

+.95*** +.93***

Mean Rating for 
2-syllable NWs

+.85***

***p  < .0001
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A series of t-tests revealed that neither group received significantly different ratings for 
the low frequency nonwords than for the high frequency nonwords. Within the high vocabulary 
group, no significant difference was observed in the ratings between low frequency nonwords and 
high frequency nonwords. Similarly, within the low vocabulary group, no significant difference 
between low and high frequency nonwords was observed.3 

 
Correlations with Demographic Characteristics 
 

Finally, we investigated the relationship between nonword repetition performance and the 
children’s demographic characteristics. We computed correlations between age at onset of 
deafness, duration of deafness prior to implantation, age at implantation, duration of CI use, age 
at time of testing, and grade in school and their overall mean nonword repetition ratings. Except 
for age at onset of deafness which was moderately corrrelated with the children’s overall mean 
nonword repetition ratings (r = +.42, p < .05), none of the other correlations between the 
children’s demographic characteristics and nonword repetition performance reached significance. 
 
A “Replication” of Previous Results 
 
 In a different group of deaf children discussed in Chapter 2, we found that reading and 
nonword repetition were significantly correlated, and that ‘lexical diversity’ (based on a 
spontaneous speech sample) was an important factor in the relationship between reading and 
nonword repetition. In the present study, we used the new results from our group of 27 to 
compute correlations between reading nonword repetition (using different stimuli than in the 
study reported in Chapter 2), and to factor out vocabulary. The results are shown in Table 4.4. 
 

In general, the results shown in Table 4.4 are similar to the earlier preliminary findings 
summarized in Chapter 2. Reading and nonword repetition were still significantly correlated. 
However, when we factored out vocabulary knowledge, the correlations between reading and 
nonword repetition were no longer signficant. The only exception was the finding that the single 
word reading scores were marginally significantly correlated with nonword repetition. This result 
indicates that the skills used in nonword repetition do not underlie reading skills independently of 
vocabulary knowledge. 
 

 
3 We also calculated overall phonological probability for the nonwords using Vitevitch and Luce’s (2004) 
probability calculator, which is based on Jusczyk, Charles-Luce, & Luce (1998). The phonological 
probability calculated was the combined probability of all of the biphone sequences in each nonword. We 
then computed overall mean ratings for each child for their responses to the 22 target nonwords with higher 
phonotactic probability (high pp) and overall mean ratings for each child for their responses to the 22 target 
nonwords with lower phonotactic probability (low pp). An independent samples t-test revealed no 
difference between the mean ratings per child (N=27) for the high pp nonwords and the mean ratings per 
child (N=27) for the low pp nonwords. Another t-test revealed no difference between the mean ratings per 
nonword for the 22 high pp nonwords compared to the mean ratings per nonword for the 22 low pp 
nonwords. A paired samples t-test (with each child’s high and low scores paired) neared significance (t(26) 
= 1.92, p = .066) but the direction of the difference was the opposite of what would be expected: the 
children’s mean ratings for the high pp nonwords were lower (M = 3.48, SD = .92) than their mean ratings 
for the low pp nonwords (M = 3.65, SD = 1.03). 
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Table 4.4. Correlations between nonword repetition accuracy ratings and reading 
outcome measures: simple bivariate correlations, partial correlations 1 
(controlling for age at onset of deafness) and partial correlations 2 (controlling 
for vocabulary). 

 
Reading Outcome Measure Bivariate Partial 1 (Age at 

Onset) 
Partial 2 
(Vocab.) 

Single Word Reading +.62*** +.58** - .47* 
Nonword Reading +.47* +.42 (p < .051) ns 
Sentence Comprehension +.66*** +.65** ns 
Total Reading (Single Word 
Reading + Sentence Comp.) +.69*** +.63** ns 

 
  
Do the Phonological Processing Skills Measured by Nonword Repetition Contribute to the 
Relationship between Reading Skills and Phonological Awareness? 
 
 The simple bivariate correlations between phonological awareness and reading skills that 
were summarized in Chapter 3 are shown in Table 4.5. In our earlier study, the children’s 
phonological awareness skills were found to be strongly correlated with their reading scores. In 
the present study we were interested in investigating whether nonword repetition performance 
was also a factor mediating in this relationship. To answer this question, we statistically 
controlled the children’s nonword repetition skills using partial correlations, as shown in Table 
4.5. When nonword repetition mean ratings were factored out of the correlations between reading 
and phonological awareness, the correlations did not decrease. This finding indicates that the 
skills used for nonword repetition performance did not affect the relationship between reading 
and phonological awareness. As reported in Chapter 3, when vocabulary knowledge was factored 
out, the correlations between reading and phonological awareness decreased in magnitude but 
still remained significant, indicating that vocabulary size did play a role in the relationship 
between reading and phonological awareness.  
 
 Bivariate correlations between reading and nonword repetition are also shown again in 
Table 4.5 (repeated from Table 4.4). These correlations indicate that nonword repetition is indeed 
related to reading, even though nonword repetition skills do not affect the relationship between 
reading and phonological awareness. When phonological awareness was factored out of the 
correlations between reading and nonword repetition (as shown in the right half of Table 4.5), the 
correlations remained approximately the same. 
 

These findings indicate that the children’s phonological awareness did not contribute to 
the relationship between nonword repetition and reading. However, when we factored out 
vocabulary size from the correlations between reading and nonword repetition, the correlations 
decreased and they were no longer significant. Thus, the relationship between reading and 
nonword repetition is heavily dependent on vocabulary knowledge. This finding suggests that 
vocabulary knowledge and the size of the children’s mental lexicons is a substantial contributing 
factor to the link between their nonword repetition performance and reading skills. 

 
In summary, phonological awareness, vocabulary knowledge, and nonword repetition 

performance are all related to reading skills. While phonological awareness and vocabulary size 
partially overlap in their contribution to reading skills (see Chapter 3), phonological awareness 
and nonword repetition skills are not overlapping in their contribution to reading skills. The skills 
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used in nonword repetition do not affect the relationship between reading skills and phonological 
awareness. That is, after partialling out nonword repetition skills, the correlations between 
phonological awareness and reading was unaffected, indicating that the phonological processing 
skills indexed by nonword repetition are not an underlying factor in the relationship between 
phonological awareness and reading skills. Vocabulary knowledge appears to be a very important 
underlying factor in the relationship between reading and nonword repetition. 
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Table 4.5. The left half of the table shows bivariate correlations between reading scores and phonological awareness followed by 
partial correlations in which we factored out nonword repetition skills or vocabulary. The right half of the table shows bivariate 
correlations between reading scores and nonword repetition followed by partial correlations in which we factored out 
phonological awareness or vocabulary. 

 

 Correlations with Phonological 
Awareness (LAC3) 

Correlations with Nonword 
Repetition Mean Ratings 

Reading Outcome Measure 

Bivariate  Partial 1 
(NW Rep.) 

Partial 2 
(Vocab.) 

Bivariate  Partial 1 
(Phon. 
Awar.) 

Partial 2 
(Vocab.) 

Single Word Reading & Reading 
Readiness (PIAT Reading Recognition 
Raw Scores) (N=27) 

 +.82***   +.86***  +.65***  +.62***   +.61**  -.47* 

Nonword Reading (WRMT Word 
Attack Raw Scores) (N=27) 

 +.72***   +.77***  +.52**  +.47*  (+.37**, 
p=.07) 

ns 

Read-Sentence Comprehension (PIAT 
Reading Comprehension Raw Scores) 
(N=26) 

 +.86***   +.85***  +.60**  +.66***   +.64*** ns 

PIAT Total Reading Raw Scores 
(N=27) 

 +.86***  +.87***  +.67***  +.69***  +.68*** ns 

***p < .001, **p < .01, * < .05       
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Discussion 
 

Overall, the 27 children tested in this study were able to complete the nonword repetition 
task and the vocabulary test without performing at floor or ceiling levels. The nonword repetition 
accuracy ratings that we collected from adult listeners were found to be highly reliable both 
within and between listeners. The overall mean ratings of the children’s nonword repetition 
responses were found to be strongly correlated with the mean ratings of the subsets of nonwords 
(high frequency, low frequency, 2-syllable, and 3-syllable). These intercorrelations indicate that 
the children who provided better nonword repetition responses overall tended to provide better 
responses to all nonword subtypes (high frequency, low frequency, 2-syllable, and 3-syllable). 

 
The children’s nonword repetition responses were found to be significantly correlated 

with their age at onset of deafness. This finding is consistent with previous research that has 
shown that children who become deaf at later ages demonstrate better performance on speech and 
language outcome measures (e.g., Geers et al., 2003). However, this correlation should be viewed 
with some caution because most of the children who participated in this study were congenitally 
deaf. Other studies that have used larger sample sizes than the present study provide more details 
about the relationship between demographic characteristics and outcome measures (e.g., see 
Geers & Brenner, 2003). 

 
Because other researchers have found that NH children provide more accurate repetition 

responses to high phonotactic frequency nonwords than to low phonotactic frequency nonwords 
(e.g., Coady et al., 2001; Edwards et al., 2004; Munson et al., 2005), we expected that the deaf 
children studied here would also receive higher mean accuracy ratings for their responses to the 
high phonotactic frequency nonwords than to the low phonotactic frequency nonwords. We 
expected that the children who had sufficient experience listening to English would have made 
use of the generalizations about the frequency of phonotactic sequences. We also expected that 
even if the children as a group did not demonstrate a difference in performance for the high and 
low frequency nonwords, then at least the subset of children with higher vocabulary scores would 
display this pattern. 

 
However, the present results were not consistent with these expectations. The children as 

a group and taken as individuals did not repeat the high frequency nonwords more accurately than 
the low frequency nonwords, at least when the responses were scored using the ratings method. 
Furthermore, after we split the children into a high vocabulary group and a low vocabulary group, 
we found that although the higher vocabulary group received higher mean ratings overall than the 
lower vocabulary group, neither group demonstrated a difference in performance on the high 
versus low phonotactic frequency nonwords. Thus, the children did not display evidence of being 
differentially sensitive to high and low frequency phonotactic sequences in English. 

 
Several factors may have been responsible for the absence of a phonotactic frequency 

effect in the nonword repetition task. One factor may have been our method of scoring the 
children’s nonword repetition responses. Previous nonword repetition studies have used 
transcription-based scores to compare children’s responses to high and low frequency nonwords, 
but we used perceptual accuracy ratings obtained from naïve listeners. However, we have found 
that transcription-based scores and perceptual accuracy ratings of nonword repetition responses 
provided by deaf children with cochlear implants were strongly intercorrelated (Chapter 2).  

 
A second possible cause may be task-related. Perhaps a component or components of the 

nonword repetition task were difficult enough that they prevented a phonotactic frequency effect 
from surfacing. For instance, difficulty with the speech production component of nonword 
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repetition may have overridden any phonotactic frequency effects, and a different task that did 
not require a spoken response may reveal effects of phonotactic frequency. 

 
A third possible cause of the lack of phonotactic frequency effect may be related to the 

children’s abstract representations. It is possible that the level of phonetic detail encoded and 
utilized by NH children in their representations (and repetitions) of high phonotactic frequency 
sequences is not present in the phonological representations encoded by deaf children with 
cochlear implants. It may be necessary for the children to acquire more vocabulary knowledge 
and experience with spoken language in order to develop detailed and robust representations that 
are sufficiently specified for the children to make broader generalizations across the lexicon 
regarding phonotactic sequences. 

 
Although the children in this study did not demonstrate a phonotactic frequency effect, 

they did display a syllable length effect. The children received higher accuracy ratings for their 
responses to the 2-syllable nonwords than to the 3-syllable nonwords. This result is consistent 
with earlier findings that deaf children tend to repeat shorter nonwords more accurately than 
longer nonwords. Both Carter et al. (2002) and Dillon, Pisoni, et al. (2004) reported this finding 
for deaf children who use cochlear implants in their studies on the nonword repetition responses 
to 2- to 5-syllable nonwords from the Children’s Test of Nonword Repetition (Gathercole et al., 
1994). 

 
Gathercole, Willis, Emslie and Baddeley (1992) also found that NH children repeated 

shorter nonwords more accurately than longer nonwords. Gathercole et al. (1992) suggested that 
the length effect that NH children exhibit in their nonword repetition performance is related to 
phonological working memory limitations (see also Dillon, Burkholder, et al., 2004). Children 
have more difficulty maintaining longer nonwords in phonological working memory (Burkholder 
& Pisoni, 2003), and thus provide poorer repetition responses to longer target nonword stimuli. 
Similarly, normal-hearing children also display better recall of lists of shorter words than longer 
words (Baddeley, Thomson, & Buchanan, 1975; see also Cowan, Wood, Nugent, & Treisman, 
1997). 

 
Our earlier findings indicated that the reading skills of children who are deaf and use 

cochlear implants are related to nonword repetition performance (Chapter 2) and that their 
reading skills are strongly related to both phonological awareness and vocabulary knowledge 
(Chapter 3). The present study revealed that the children’s reading scores were signficantly 
correlated with their nonword repetition performance. However, correlations between 
phonological awareness and reading skills did not decrease when nonword repetition accuracy 
was factored out. This finding suggests that the phonological processing skills assessed by 
nonword repetition performance do not affect the relationship between reading skills and 
phonological awareness in deaf children who use cochlear implants. Similarly, we found that 
correlations between nonword repetition and reading did not decrease when we factored out 
phonological awareness. Thus, phonological awareness is not a mediating factor in the 
relationship between reading nonword repetition. Taken together, these findings indicate that 
while nonword repetition and phonological awareness both contribute to reading, their 
contributions are independent of each other. Furthermore, our finding that correlations between 
reading and nonword repetition become weaker and non-significant when vocabulary is factored 
out indicates that the relationship between nonword repetition and reading relies very heavily on 
the children’s vocabulary knowledge. 

 
Nonword repetition is a phonological processing task that requires several types of 

phonological processing skills. The nonword repetition task required each child to parse novel 
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speech patterns into a sequence of phonological units that he/she could encode, rehearse, and 
reassemble for speech production. The phonological awareness task also required the child to 
parse a continous speech signal, but it did not require reassembly of the phonological units in the 
speech signal speech production. Thus, the phonological awareness task is also a phonological 
processing task, but with different components than the nonword repetition task.  

 
Nonword repetition and phonological working memory skills have been found to be 

closely related in normal-hearing children and adults (Gathercole et al., 1994; Gupta, 2003). 
However, the nonword repetition task also requires speech perception and speech production 
skills (see Dillon, Burkholder, et al., 2004). In Chapter 5 we use “purer” measures of 
phonological working memory (digit spans, speaking rate) to investigate whether phonological 
working memory skills are a mediating factor in the relationship between phonological awareness 
and reading skills.  
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CHAPTER V: PHONOLOGICAL PROCESSING SKILLS AND READING SKILLS IN DEAF 
CHILDREN WITH COCHLEAR IMPLANTS 

 
Abstract 

 
This study investigated the relationship between phonological awareness and reading 

skills in children who use cochlear implants. Specifically, we investigated the extent to which this 
relationship may be due to differences in phonological working memory (forward and backward 
digit span, speaking rate based on sentence durations) and vocabulary knowledge. Forward digit 
span scores and sentence durations were significantly correlated with each other and not with 
backward digit span. Phonological awareness was not significantly correlated with forward digit 
span, was moderately correlated with sentence durations, and was strongly correlated with 
backward digit span. When we statistically controlled for forward digit span, speaking rate, and 
backward digit span, we found that none of these process measures was a mediating factor in the 
relationship between phonological awareness and reading. This finding indicates that although 
phonological working memory skills may contribute to a child’s phonological awareness skills, 
phonological working memory skills do not independently contribute to the variation in reading 
beyond what can be explained by phonological awareness skills. 

 
Introduction 

 
Phonological processing refers to several cognitive operations that are routinely used in 

the processing of speech. Brady (1991) discusses these cognitive operations as three classes of 
abilities that draw on phonological representation. These operations include phonological 
awareness (parsing of a continuous speech signal into discrete abstract individual phonological 
segments, or phonemes), encoding items in phonological working memory, and retrieval of 
phonological representations from the lexicon (Troia, 2004; Wagner & Torgeson, 1987; Brady, 
1991). Many studies have shown that these three different phonological processing abilities are 
related to each other and are related to reading skills in children and adults, but further research is 
still needed if we are to understand the nature and structure of these relationships (Brady, 1991). 
In the present study, we obtained measures of these phonological processing skills and examined 
their relationship to reading in deaf children with cochlear implants. 

 
Phonological awareness is defined in various ways by different researchers. Moreover, 

many different tasks have been used to measure phonological awareness. In general, phonological 
awareness refers to a person’s knowledge that individual words can be parsed and decomposed 
into smaller units such as phonemes, onsets-rimes, or syllables. In the present study, the 
phonological awareness of deaf children who use cochlear implants was assessed using a task that 
included several subtests which indexed phoneme and/or syllable-level phonological awareness. 
In addition, we obtained three different measures of phonological working memory. Working 
memory is assumed to consist of two subcomponents: a “temporary storage system” that holds 
memory traces for a matter of seconds, and a “subvocal rehearsal system” through which the 
initial memory traces are maintained in order to delay their rapid decay (Baddeley, 2003). To 
assess the temporary storage system subcomponent of phonological working memory, a forward 
digit span measure was obtained. In order to assess the subvocal rehearsal system subcomponent 
of phonological working memory, a measure of speaking rate was obtained from each child. The 
rate at which items are subvocally (or verbally) rehearsed in phonological working memory is 
widely accepted to be reflected in the speaking rates of both children and adults (see Baddeley, 
Thompson, & Buchanan, 1975; Burkholder & Pisoni, 2003). In the present study, measurements 
of sentence durations were used to quantify speaking rate. 
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We also obtained a measure of receptive vocabulary from the children in the present 
study. This measure provides an estimate of vocabulary size, or the number of items in the child’s 
mental lexicon. We used a measure of vocabulary knowledge rather than lexical retrieval (the 
third phonological processing operation) because we were interested in investigating the more 
basic question of how many items were in the children’s lexicon before conducting a possible 
future study of the children’s skill in retrieving these items from the lexicon by completing tasks 
such as speeding naming. 

 
In addition, we also obtained a measure of backward digit span from the children. While 

backward digit span tasks require children to maintain a sequence of digits in phonological 
working memory, the manipulation of digits required in this task draws on more general cognitive 
processing skills (“executive function”). Thus, backward digit span performance tends not to be 
correlated with forward digit span performance and other measures that index the same 
processing skills as forward digit span (see, e.g., Rosen and Engle, 1997). 

 
The relationship between backward digit span on the one hand and phonological working 

memory skills (indexed by both forward digit span and speaking rate) and vocabulary on the 
other hand, has been explored in children who use cochlear implants (Burkholder & Pisoni, 2003; 
Cleary, Pisoni, & Kirk, 2000). However, the relationship between backward digit span and 
phonological awareness has not been previously investigated in deaf children who use cochlear 
implants. Thus, we obtained a measure of backward digit span in the present study in order to 
investigate whether backward digit span performance mediated in the relationship between the 
children’s phonological awareness and reading skills. The phonological working memory tasks 
(forward digit span and sentence durations) and backward digit span task used in the present 
study have proven to be useful in previous studies because they provide “process” measures of 
the children’s phonological/cognitive skills. Process measures assess aspects of the process or 
task that a child completes, as opposed to product measures in which the child’s score is based 
more directly on the final result of his/her cognitive processing (such as nonword repetition or 
receptive vocabulary responses). One important aspect of process measures is that children do not 
reach ceiling on such tasks (see Burkholder & Pisoni, 2003). 

 
In our earlier study we investigated the relationship between the children’s reading skills 

and phonological awareness (Chapter 3). We found that the children’s phonological awareness 
and reading skills were strongly correlated (r’s = +.72 to +.86, all p’s < .001). In addition, after 
we statistically controlled for the children’s demographic characteristics and speech perception 
skills, we found that the correlations between phonological awareness and reading skills did not 
decrease. That is, differences in the children’s demographic characteristics and speech perception 
skills did not explain the relationship between phonological awareness and reading. Regardless of 
their demographic characteristics or speech perception skills, children with poor phonological 
awareness also tended to display poor reading, and vice versa.  

 
In the present study, we further investigated the relations between phonological 

processing skills and reading in deaf children who use cochlear implants. Specifically, we 
examined the relations between phonological awareness and reading skills. To assess the extent to 
which this relationship may be due to differences in phonological working memory processes and 
vocabulary knowledge, we asked whether phonological working memory skills independently 
contribute to the relationship between reading skills and phonological awareness in children who 
are deaf and use cochlear implants. 
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Method 
 

Participants 
 

The participants included seventeen boys and 10 girls who were profoundly deaf and 
used cochlear implants. The children’s demographic characteristics are summarized in Table 5.1. 
The children who participated in the present study are described in more detail in Chapters 3 and 
4. 
 

Table 5.1. The demographic characteristics of the 27 children who participated 
in the present study. 
 

Demographic Variable Mean SD Range 
Age at Onset of Deafness in years (N=24) 0.23 0.76 0.0-3.5 

Duration of Deafness in years (N=24) 2.3 1.4 0.5-6.0 

Age at Implantation in years (N=24) 2.5 1.3 1.0-6.0 

Duration of Implant Use in years (N=24) 6.7 2.2 3.7-11.8 

Chronological Age in years (N=25) 9.1 2.5 6.2-14.0 
 
Tasks and Stimuli 
 

Phonological Processing Skills 
 
Phonological Awareness. We obtained a measure of the children’s phonological 

awareness using the standardized Lindamood Auditory Conceptualization Test-Third Edition 
(LAC3; Lindamood & Lindamood, 2004). The LAC3 is designed to test 5- to 18-year-old 
participants’ ability to parse a speech signal into phonological units (phonemes or syllables) and 
does not require spoken responses. The children’s performance on this task is reported in detail in 
Chapter 3. 

 
Phonological Working Memory. Immediate Memory Capacity: Forward Digit Span. A 

forward digit span measure was obtained from the children using a subtest of the Wechsler 
Intelligence Scale for Children-Third Edition (WISC-III; Wechsler, 1991). This task measures the 
capacity of the temporary storage system subcomponent of phonological working memory 
(Pisoni & Cleary, 2003; Pisoni & Geers, 2000). Each child was asked to listen to and then repeat 
back lists of spoken digits read live-voice in auditory-visual modality to the child at a rate of 
approximately 1 digit per second. The list length began at 2 digits and two lists were given at 
each list length. If the child correctly repeated at least one list at a given list length, then the list 
length on the next trial was increased by one until the child did not correctly repeat either list at a 
given list length. The child received one point for each list that he/she repeated correctly. The 
number of points received by each child was his/her ‘total’ score. Each child was also assigned a 
‘longest list length’ score. This score was equal to the number of digits in the longest list that 
he/she repeated correctly. 

 
Phonological Working Memory. Verbal Rehearsal: Speaking Rate. Spoken 

productions of twelve 7-syllable sentences from the McGarr Speech Intelligibility Test (McGarr, 
1981; see also Tobey, Geers, Brenner, Altuna, & Gabbert, 2003) were obtained from the children. 
Each sentence was printed in 36 point Times New Roman font and displayed on a notecard. The 
sentences were spoken aloud by the examiner (with lip-reading cues available) and then the 
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notecard with the printed version of the sentence was placed in front of the child4. The children 
were asked to repeat the sentences in their “best speaking voice.” If the examiner noted any 
incomplete or incorrect portions of the sentences during testing, the child was asked to repeat the 
utterance up to three times. This procedure was followed in order to elicit the best speech sample 
possible (Burkholder & Pisoni, 2003). The children’s responses were recorded onto digital audio 
tape and the duration of each sentence was measured. An average sentence duration was 
calculated for each child. This procedure has been used previously to measure speaking rate and 
verbal rehearsal speed in school-age deaf children with cochlear implants (Burkholder & Pisoni, 
2003; Pisoni & Cleary, 2003). 

 
Phonological Working Memory. Backward Digit Span. Backward digit span measures 

were obtained from the children using the Wechsler Intelligence Scale for Children – Third 
Edition (WISC-III; Wechsler, 1991). The procedure used for backward digit span was the same as 
the procedure used for forward digit span except that the children were asked to repeat the digits 
in each list in reverse order. Although backward digit span is not a phonological working memory 
measure per se, it is discussed along with the phonological working memory measures below. 

 
 Vocabulary Knowledge 
 

We used a standardized receptive vocabulary test, the Peabody Picture Vocabulary Test – 
Third Edition (PPVT; Dunn & Dunn, 1997), to measure vocabulary knowledge in the present 
study. For each item on the PPVT, the child listened to a word presented live-voice in auditory-
visual modality. He/she then pointed to one of four pictures that best represented the meaning of 
the word. The children received one point for every correct response. The PPVT includes 12 sets 
of 17 items each. The sets increase in difficulty from kindergarten level to twelfth-grade level. 
The test was administered until the child responded incorrectly to at least 8 out of 12 items in a 
set. A summary of the children’s performance on the PPVT is provided in Chapter 4. 

 
Reading Skills 
 
The children completed two subtests of the Peabody Individual Achievement Test-

Revised (PIAT-R; Markwardt, 1998). The Reading Recognition subtest included 16 items that 
consisted of four-alternative forced choice questions requiring a pointing response (including 
items that involve letter-matching, initial-phoneme matching, and matching of initial-phonemes 
to letters), followed by 84 single real-word reading items. The Reading Comprehension subtest of 
the PIAT-R consisted of 82 sentences which each child read once silently to him/herself. The 
child was then asked to provide a pointing response to indicate which one of four pictures on a 
page best represented the meaning of the sentence. For each subtest of the PIAT-R, children 
received one point for every item to which they responded correctly. Each subtest was 
administered until the child responded incorrectly to five consecutive items. A “PIAT-Total” 
score was calculated for each child by adding their PIAT-Rec and PIAT-Comp score. The 
children’s performance on the reading tests is reported in detail in Chapter 3.  

 
The children also completed a nonword reading task, the Word Attack subtest of the 

Woodcock Reading Mastery Tests - Revised (WRMT; Form G; Woodcock, 1998). For this task, 
each child was asked to read 45 nonwords aloud one at a time. The child received one point for 
every nonword that he/she pronounced correctly. 
 

 
4 The extent to which children appeared to use the notecard to read aloud the written version of the 
sentence, rather than or in addition to repeating the spoken version, varied across the children. 
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Analyses 
 
We calculated means, standard deviations, and ranges of the children’s performance on 

the phonological working memory tasks. These descriptive results, in addition to correlations 
among the phonological working memory tasks, are reported below. We also investigated the 
relationships between phonological awareness, phonological working memory, vocabulary 
knowledge and speech perception by calculating simple bivariate correlations among these 
measures. Finally, we examined the extent to which the relationship between phonological 
awareness and reading (already reported in Chapter 3) was mediated by demographic 
characteristics, speech perception, phonological working memory, and/or vocabulary skills. 

 
Results 

 
Phonological Working Memory Measures 

 
The results of the children’s digit span performance and sentence durations are shown in 

Table 5.2. As shown, the individual children displayed a wide range of variability on these tasks. 
Forward digit span scores ranged from 3 to 9 (M = 5.4, SD = 1.5). Backward digit span scores 
ranged from 0 to 6 (M = 3.0, SD = 1.6). Sentence durations ranged from 1.48 seconds to 7.74 
seconds (M = 2.91, SD = 1.45). Overall, the memory spans obtained in the present study tended to 
be shorter than those reported in the literature for normal-hearing children. 

 
Table 5.2. Results of the phonological working memory measures. 
 

Phonological Working Memory Measure Mean SD Range 

Forward Digit Span (N=27)  5.4 1.5 3-9 
Backward Digit Span (N=25) 3.0 1.6 0-6 

McGarr 7-syl. Sentence Durations (in sec) (N=23) 2.91 1.45 1.48-7.74 
 
The two measures of phonological working memory, forward digit span and speaking 

rate (as indexed by sentence durations), were negatively correlated (r = -.63, p < .01, N=23). This 
finding indicates that the children who demonstrated higher working memory capacity (on the 
digit span task) also had shorter sentence durations (which reflect faster verbal rehearsal speeds). 
The children’s backward digit span scores, however, were not significantly correlated with either 
forward digit span (N=25) or speaking rate (N=21). This finding suggests that backward digit 
span assesses different cognitive processing abilities than forward digit span and mean sentence 
durations. 
 
Correlations between Phonological Working Memory and Demographic Characteristics 
 

We investigated the relations between the children’s phonological working memory (and 
backward digit span) scores and their demographic characteristics. As shown in Table 5.3, several 
of these correlations reached significance using standard uncorrected alpha values (p < .05, p < 
.01). However, because this analysis involved the calculation of a large number of correlations 
(18), it was necessary to use corrected alpha values. Thus, for a desired alpha of .05, the corrected 
alpha was (.05/18) .003. None of the correlations reached significance using the corrected alpha 
value. 
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Table 5.3. Correlations between the children’s phonological working memory 
measures (and backward digit span) and their demographic characteristics. The 
number of children (N) whose scores and demographic characteristics were used 
to calculate each correlation is shown in the bottom row of each cell. Correlations 
that reached significance using uncorrected alpha values are shown with their p-
values. 
 

 

Age at 
Onset 

Duration 
of 

Deafness 

Age at 
Implant-

ation 

Duration 
of CI Use 

Age at 
Time of 
Testing 

Child’s 
Grade in 
School 

Forward 
Digit Span 

+.55 
(p=.004) 

ns ns ns +.46 
(p=.02) 

+.47 
(p=.02) N=24 N=24 N=24 N=24 N=25 N=23 

Mean Sent. 
Durations 

ns ns ns ns -.46 
(p=.03) 

-.48 
(p=.03) N=21 N=21 N=21 N=21 N=22 N=20 

Backward 
Digit Span 

ns ns ns +.43 
(p=.04) 

ns ns 

N=22 N=22 N=22 N=22 N=23 N=21 
 
Partial Correlations between Phonological Awareness and Reading Skills 
 

In the present study, we also examined the relationship between reading skills and 
phonological awareness by statistically controlling for measures of the children’s phonological 
working memory. In order to explore which aspects of phonological working memory were 
possible mediating factors, we computed correlations between the working memory measures and 
phonological awareness, and the working memory measures and reading (Table 5.4). We found 
that forward digit span and phonological awareness were not significantly correlated, but that the 
children’s mean sentence durations were moderately correlated with phonological awareness. 
Children with longer forward digit spans tended to display faster speaking rates (which were 
reflected in shorter mean sentence durations). Backward digit span was found to be strongly 
correlated with phonological awareness. These findings suggest that the skills involved in the 
phonological awareness tasks in the LAC3 draw on the general cognitive processing skills 
involved in backward digit span (“executive function”; see Hester, Kinsella, & Ong, 2004), but 
do not heavily rely on phonological working memory capacity. 

 
Correlations between the children’s reading test scores and phonological working 

memory performance tended to be strong as well, as shown in Table 5.4. Unlike the correlations 
with phonological awareness, none of the working memory measures were more closely related 
to reading than any of the other working memory measures. The only exception to this 
generalization is that nonword reading was more strongly correlated with forward digit span and 
sentence durations but was not significantly correlated with backward digit span. This finding 
indicates that in order to decode novel words perhaps the children relied more on phonological 
working memory skills than on executive function or the more general cognitive processing skills 
indexed by backward digit span. 
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Table 5.4. Correlations between the children’s phonological working memory 
performance on the one hand and phonological awareness and reading scores on 
the other hand. 
 

 Phono. 
Awar. 

Single 
Word 

Reading 

Nonword 
Reading 

Sentence 
Comp. 

Total Reading (Single 
Word + Sent. Comp.) 

Fwd Digit Span ns +.53** +.59** +.57** +.54** 
Sentence Durations -.45* -.58** -.70*** -.59** -.60** 
Bwd Digit Span +.64*** +.53** ns +.51* +.55** 

*p < .05, **p < .01, ***p < .001 
 
The relationship between phonological awareness and reading skills did not become 

weaker when we controlled for phonological working memory capacity by partialing out the 
children’s forward digit spans (as shown in Table 5.5). This finding was not surprising given that 
that forward digit span and phonological awareness were not significantly correlated. Similarly, 
when the children’s speaking rates (an index of verbal rehearsal speed) were controlled, the 
correlations between the reading measures and phonological awareness also did not decrease. In 
addition, we also found that backward digit span was not a mediating factor in the relationship 
between phonological awareness and reading skills. However, as reported in Chapter 3, the 
correlations between the children’s phonological awareness and reading skills decreased when we 
statistically controlled for their vocabulary size.  
 

Table 5.5. Correlations between reading scores and phonological awareness, 
bivariate and partials after controlling for phonological working memory 
measures and lexical size.  

 

 
 

Thus, vocabulary knowledge appears to be a contributing factor that mediates in the 
relationship between reading and phonological awareness, but phonological working memory is 
not a mediating factor in the relationship between reading and phonological awareness. It is 
important to note that although phonological working memory is not a latent variable underlying 

Reading Outcome Measure

Bivariate Partial 1      
(Forward 

Digit Spans)

Partial 2 
(Sentence 
Durations)

Partial 3      
(Backward 

Digit Spans)

Partial 4 
(Lexicon 

Size)
Single Word Reading & Reading 
Readiness (PIAT Reading 
Recognition Raw Scores) (N=27)

.82*** .85*** .81*** .81*** .65***

Nonword Reading (WRMT Word 
Attack Raw Scores) (N=27)

.72*** .79*** .77** .78*** .52**

Read-Sentence Comprehension 
(PIAT Reading Comprehension 
Raw Scores) (N=26)

.86*** .85*** .83** .80*** .60**

PIAT Total Reading Raw Scores 
(N=27)

.86*** .86*** .84*** .82*** .67***

Correlations with Phonological Awareness (LAC3)

** p  < .01, *** p  < .001
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the correlation between reading and phonological awareness, phonological working memory is 
nevertheless related to reading ability. 

 
Discussion 

 
Twenty-seven deaf children with cochlear implants participated in the present study. 

They completed several processing tasks that were designed to measure their phonological 
working memory skills: forward digit spans which index phonological working memory capacity; 
sentence durations which measure speaking rate, which provides an index of verbal rehearsal 
speed in phonological working memory; and backward digit spans, a more general cognitive 
processing task that assesses executive function in working memory. 

 
Overall, the children’s performance was very similar to the performance of a 

demographically-comparable group of children with cochlear implants whose phonological 
working memory skills were reported in Cleary, Pisoni, and Kirk (2000). Cleary et al. studied a 
group of 32 deaf children ages 5 to 13 who use cochlear implants and oral communication. They 
found that the mean forward digit span was approximately 5.5 and the mean backward digit span 
was slightly over 3. Burkholder and Pisoni (2003) also studied another group of 37 children who 
used cochlear implants. Twenty-two of these children used oral communication. This group of 
children was more homogeneous in terms of their demographic characteristics than the group of 
children in the present study or in the earlier study by Cleary et al. (e.g., all of the children in the 
Burkholder and Pisoni study were 8 or 9 years old), although their mean demographic 
characteristics were again similar to the children in the present study. 

 
The mean forward digit span for the oral communication group (N=22) was 5.14, while 

the mean backward digit span score was 3.32. Burkholder and Pisoni (2003) found that age-
matched normal-hearing children had significantly longer forward and backward digit spans than 
the deaf children with cochlear implants. These previous findings suggest that the group of 
children in the present study performed similarly to other groups of demographically-comparable 
groups of deaf children who use cochlear implants. Thus, it is likely that digit spans of the deaf 
children in the present study would be shorter than those of age-matched NH children. 

 
In addition, the children who used cochlear implants and oral communication in 

Burkholder and Pisoni also produced mean sentence durations (for the McGarr 7-syllable 
sentences) that were slightly less than 3 seconds, which is again similar to our findings in the 
present study. The children in Burkholder and Pisoni (2003) had significantly longer sentence 
durations (slower speaking rates) than the age-matched NH group of children. Thus, based on the 
findings of Burkholder and Pisoni (2003), it is also likely that the children in the present study 
demonstrated slower speaking rates than age-matched NH children would have demonstrated. 

 
We found that forward digit span and sentence duration, an index of speaking rate, were 

significantly correlated with each other, but they were not significantly correlated with backward 
digit span. This pattern of correlations indicated that completion of the backward digit span task 
does not rely on the same cognitive processing resources as forward digit span and speaking rate. 
The children’s scores on the phonological working memory tasks were significantly related to 
their demographic characteristics. This finding is consistent with previous findings from our 
laboratory obtained from deaf children with cochlear implants (e.g., Burkholder & Pisoni, 2003; 
Dillon, Cleary, et al., 2004) and other results obtained from normal-hearing typically-developing 
populations (see Rosen & Engle, 1997), which have shown that backward digit span measures 
fundamentally different cognitive processing skills than forward digit span. 
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In the present study, we found that when phonological working memory skills were 
factored out of correlations between reading and phonological awareness, the correlations still 
remained strong and highly significant. Although phonological working memory skills are related 
to phonological awareness and to reading, the relationship between phonological awareness and 
reading is strong and is separate from the relationship between reading and phonological working 
memory skills. Taken together, our recent studies (Chapters 3 and 4) and the results of the present 
investigation demonstrate that the phonological processing skills involved in phonological 
awareness, nonword repetition, and phonological working memory skills are related to reading 
skills. However, reading skills are more strongly correlated with phonological awareness than to 
nonword repetition skills, phonological working memory skills and other potentially confounding 
variables such as demographic characteristics and speech perception.  

 
In the present study, we also found that children who displayed large backward digit 

spans also tended to demonstrate strong phonological awareness skills, possibly because both 
skills rely on some general cognitive processing ability related to executive function. This is not 
surprising, considering that several of the measures of phonological awareness require children to 
reverse the order of elements, similar to the task required in backward digit recall. However, 
although phonological working memory skills may contribute to a child’s phonological 
awareness measures, the correlations between reading skills and phonological awareness are not 
simply a reflection of variation in phonological working memory. The speech-related processing 
skills involved in phonological awareness (such as parsing and decomposition of a continuous 
speech signal into a sequence of discrete units), rather than the more general processing skills 
involved in the working memory tasks or backward digit span, appear to contribute more directly 
to the development of children’s reading skills. 
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CHAPTER VI: SUMMARY AND CONCLUSIONS 
 

In the present study, we investigated several cognitive and linguistic skills that underlie 
reading in deaf children who use cochlear implants. We obtained measures of phonological 
processing that have been found to be related to reading in normal-hearing (NH) children. In an 
initial study of existing data obtained from 76 experienced pediatric cochlear implant users 
(Chapter 2), we found that nonword repetition, a phonological processing task that relies on 
phonological working memory, was related to the children’s reading skills and to their lexical 
knowledge as indexed by the number of different words used in a spontaneous speech interview. 
These preliminary findings suggested that these deaf children used some of the same 
phonological processing skills to complete nonword repetition and reading tasks that NH children 
use, and further that both of these processes are related to a measure of the size of the child’s 
lexical knowledge. 

 
In a follow-up investigation summarized in Chapters 3–5, we studied a group of 27 deaf 

children who used cochlear implants and oral communication. The children ranged in age from 6 
to 14 years old. Most were congenitally deaf and received an implant before age 3. All of the 
children were deaf before age 3.5, received an implant by age 6, and had used their implant for at 
least 3.7 years. This group of children completed a series of tasks including several reading tests, 
a phonological awareness test, a receptive vocabulary test, a speech perception test, and a 
nonword repetition task. 

 
On the standardized tests of reading, phonological awareness and vocabulary, we found 

that approximately 40% to 75% of the children in the present study obtained scores that were 
within the normal range (one standard deviation above or below the mean) of NH children. About 
a quarter of the children performed below normal for NH children their age. Up to approximately 
25% of the children performed above the norm compared to their NH peers. A greater proportion 
of the older children who used cochlear implants (compared to the younger children) performed 
in the bottom half of their NH peer groups on the phonological awareness and reading tests. The 
older children with cochlear implants had less success performing at levels equivalent to those of 
their NH peers. 

 
In the nonword repetition task, the nonword stimuli were balanced for phonotactic 

frequency (high versus low) and syllable length (two versus three). The children received higher 
mean accuracy ratings for their responses to 2-syllable target nonwords than to 3-syllable target 
nonwords. This finding is consistent with earlier reports in the literature that NH children and 
children with cochlear implants tend to repeat shorter nonwords more accurately than longer 
nonwords (Carter, Dillon, & Pisoni, 2002; Dillon, Pisoni, Cleary, & Carter, 2004; Gathercole, 
Willis, Emslie, & Baddeley, 1992). 

 
However, the deaf children in this study did not exhibit a phonotactic frequency effect in 

the nonword repetition task. This finding may be related to the finding that the children also 
obtained lower vocabulary scores than would be expected given their good performance on the 
reading tests; about 60% of the children had vocabulary sizes that were more than one standard 
deviation below the mean of their NH peers. We split the children into two groups based on their 
vocabulary scores and found that children with higher vocabulary scores performed better overall 
on nonword repetition than children with lower vocabulary scores. However, neither vocabulary 
group exhibited a phonotactic frequency effect. 

 
We found that the children’s reading skills were strongly correlated with their 

phonological awareness. However, some variability in the children’s reading scores was left 
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unexplained by phonological awareness. This finding, along with our interest in whether the 
outcome of phonological awareness tests and their correlations with reading were due to some 
other latent variable(s), led us to explore the contribution of several other variables in the 
relationship between reading and phonological awareness. We found that demographic variables 
and speech perception did not independently contribute to reading skills beyond the contribution 
of the phonological awareness measure. 

 
We examined the contribution of nonword repetition skills to reading, partialing out 

nonword repetition scores from the correlations between the reading measures and phonological 
awareness. We found that nonword repetition performance was correlated with the reading test 
scores, but partial correlations revealed that the phonological processing skills involved in 
nonword repetition did not mediate in the relationship between reading skills and phonological 
awareness. Similarly, we found that while phonological awareness did not contribute to the 
relationship between reading and nonword repetition, vocabulary size was a very important 
underlying factor in this relationship. That is, the relationship between reading skills and nonword 
repetition performance relies heavily on the children’s vocabulary knowledge. 

 
We also investigated the degree to which phonological working memory resources were 

related to reading and phonological awareness. First, we found that in general the working 
memory measures were related to reading. Phonological awareness on the other hand was 
correlated with sentence durations which are an index of verbal rehearsal speed and with 
backward digit span, but not with forward digit span. We again computed partial correlations, 
factoring out the children’s scores on the working memory measures from the correlations 
between reading and phonological awareness. We found that the correlations between reading 
and phonological awareness did not decrease when we partialled out the phonological working 
memory measures. These findings suggest that the processing resources the children used to 
complete the phonological working memory tasks did not overlap with those used to carry out the 
phonological awareness task. 

 
Future Studies 

 
Our findings indicate that phonological awareness and vocabulary independently 

contribute to reading skills in deaf children with cochlear implants, although their contributions to 
the children’s reading skills partially overlap. Each contributes to the development of reading 
skills, but even when taken together they leave some variance in reading performance 
unexplained. Future studies should further explore the cognitive and linguistic skills that underlie 
reading in deaf children with cochlear implants. Several other areas for future research also arise 
out of the present findings, as described below. 

 
In the present study, we found that deaf children with cochlear implants could carry out a 

nonword repetition task, but that their responses did not display sensitivity to the phonotactic 
probability in the nonword stimuli. Furthermore, even the subset of children who had higher 
vocabulary scores did not demonstrate a phonotactic probability effect, although these children 
received higher overall nonword repetition ratings than the children with smaller vocabularies. 
Although this finding may reflect lack of knowledge of the phonotactic patterns of English, such 
a conclusion would be premature. It is possible that any phonotactic frequency sensitivity that the 
children may have was masked by the processing demands of speech production or speech 
perception components of the nonword repetition task. Perhaps the use of a different information 
processing task would reveal differences in the robustness of phonological representations of high 
and low frequency phonotactic patterns. For instance, it is possible that if deaf children with 
cochlear implants were asked to complete a task that did not require speech production (such as 
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providing wordlikeness judgments of nonwords), they would display sensitivity to the 
phonotactic probabilities of these patterns. 

 
The finding that most of the children had substantially smaller lexicons than their NH 

peers could partially explain the lack of phonotactic frequency effect in the nonword repetition 
task. If the child’s mental lexicon does not contain as many items to use in making 
generalizations across the lexicon, then perhaps their nonword productions are of such a low 
quality that frequency effects are not evident. That is, poorly specified lexical representations 
may be reflected in the lack of phonotactic frequency effect and smaller relative vocabulary sizes. 
The children may have had lexicons that were a sufficient size to allow development of 
phonological awareness which in turn helped them develop reading skills, but not a sufficiently 
large lexicon to enable them to demonstrate a phonotactic frequency effect in the nonword 
repetition task. 

 
The results of the present investigation revealed a strong relationship between the deaf 

children’s reading skills (single-word reading, nonword reading, and read-sentence 
comprehension) and phonological awareness skills. This relationship was not mediated by any of 
the children’s demographic characteristics or their speech perception skills, but was found to be 
partially mediated by their vocabulary knowledge. Taken together, these findings are consistent 
with the hypothesis that larger vocabularies and more robust phonological representations may 
underlie better phonological awareness and reading skills in this clinical population. The children 
with larger vocabularies are hypothesized to have developed more robust phonological 
representations that enabled them to obtain higher scores on the phonological awareness and 
reading tests. Brady’s (1991) conceptualization of this hypothesis is that more robust and detailed 
phonological representations may enable the children to dedicate more resources to processing 
abstract phonological representations of words and nonwords (e.g., explicitly manipulating 
phonological units or interpreting words or phrases for meaning) than to encoding and storing 
them. The children’s phonological representations are strengthened with the acquisition of 
additional vocabulary items in their lexicons, which is consistent with Beckman and 
Pierrehumbert’s (2003) views of the lexicon in which representations are built up as the language 
user makes generalizations across the words he/she learns. The existence of highly detailed, more 
“robust” phonological representations in a child’s lexicon allows for better performance on the 
phonological awareness task and better reading skills on tasks that rely on phonological 
representations. 

 
Further research is warranted regarding the sources of the development of abstract 

phonological representations, and the extent to which the sources vary across populations (e.g., 
NH children with phonological disorders versus deaf children with cochlear implants in oral 
communication or total communication environments). Insights into the development of 
phonological representations should come from further behavioral research, and may also come 
from genetic studies. Several recent studies have reported a connection between nonword 
repetition performance and three specific chromosomes (SLI Consortium, 2002; Watkins, 
Dronkers, & Vargha-Khadem, 2002, and Stein et al., 2004; see Kent, 2004). Such research could 
also provide insight into methods of identifying and treating children who fall into multiple 
clinical populations, e.g., deaf children who have phonological deficits independent of those 
caused by auditory deprivation. 

 
The children’s sentence comprehension scores tended to be closer to those of their NH 

peers than their vocabulary scores were. This finding suggests that deaf children may make 
greater use of sentence context in order to interpret sentences for meaning on the sentence 
comprehension task than NH children did, allowing them to perform at a relatively higher level 



DILLON   

75 

on the sentence comprehension task than on the PPVT compared to NH children. Another 
interpretation of this finding rests on the fact that the PPVT required the use of speech perception 
skills while the reading tests did not. This difference could have led to the children’s relatively 
better performance on the reading tasks; however, the children’s speech perception scores were 
generally high, and speech perception did not appear to be a direct cause of difficulty for the 
children on the PPVT. 

 
The children’s phonological awareness as indexed by the various subtests of the LAC3 

phonological awareness test also followed a similar pattern of development as might be predicted 
for NH children in that they performed more poorly on phonological awareness tasks that 
required them to explicitly manipulate the phonological units in question. This finding, taken 
together with the finding that phonological awareness, reading, and vocabulary knowledge are 
strongly related skills in these children, indicates that explicit training methods that have been 
shown to benefit NH children with poor reading skills may be beneficial to deaf children who use 
cochlear implants as well. Further investigation is needed into whether pediatric cochlear implant 
users’ participation in tasks specifically aimed at building more robust phonological 
representations and processing skills would also contribute to increased reading and, ultimately, 
improved literacy skills in this clinical population. Support for such investigation is also 
warranted by the fact that numerous studies have found that NH children’s reading skills can 
benefit significantly from explicit training in phonemic awareness and grapheme-phoneme 
mapping skills (phonics) (see National Institute of Child Health and Human Development, 2000; 
Rayner, Foorman, Perfetti, Pesetsky, & Seidenberg, 2001). Further understanding of the 
development of phonology and phonological processing skills may inform treatment of 
phonological disorders and habilitation of children with cochlear implants, and conversely, 
studies of the effects of treatment and habilitation may also provide insight into the sources and 
characteristics of robust categories in a phonological system. Early intervention, including 
explicitly training children in ways that may help them to develop robust, stable phonological 
representations, may be crucial in the habilitation of deaf children if they are ultimately to achieve 
maximal literacy levels. 

 
While the standard scores reported above showed that many of the children performed 

within the normal range for children their age or grade level, the percentile ranks showed that 
most of the children were not within the top 50th percentile of their age or grade peers on these 
tests. For the phonological awareness and reading subtests, we observed that the younger 
children’s performance relative to their NH peers was better than the older children’s 
performance relative to their NH peers. In addition, the finding that the younger deaf children’s 
performance relative to their NH peers was better than the older deaf children’s performance 
relative to their NH peers is difficult to explain with the cross-sectional data available in the 
present study. A longitudinal study in which the phonological awareness, vocabulary and reading 
skills of children with cochlear implants are tracked from pre-reading (preschool) age to 
adulthood is necessary for a better understanding of the time-course of the development of 
phonological awareness and its relationship to the development of reading skills and the mental 
lexicon. 

 
Overall, the present study was an initial contribution to research that we hope will help 

lead to increased literacy skills in children who are deaf. Additional studies are needed to provide 
further insights into other aspects of reading acquisition and reading-related skills in deaf children 
with cochlear implants. Some additional areas that have been investigated in NH children that 
may be worthwhile avenues of investigation in deaf children with cochlear implants include 
performance on speeded confrontational naming tasks, studies of sensory- and perceptual-motor 
development, spelling skills, and eye movements during reading. In addition, further investigation 
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into the relationships between reading skills and specific levels of phonological awareness (e.g., 
phoneme level, syllable level, onset-rime level) may provide additional insights into the basic 
linguistic skills that underlie reading in deaf children who use cochlear implants. 

 
In the present investigation, we reported the first full study of phonological awareness in 

deaf children with cochlear implants. We obtained substantial information about the reading and 
speech-related skills of a group of deaf children with cochlear implants that allowed us to explore 
relationships among the children’s performance on these tasks. The findings from the present 
study provide a more detailed understanding of the cognitive and linguistic processes used by 
deaf children with cochlear implants as they develop and acquire reading skills. 
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APPENDIX 
 

Peabody Picture Vocabulary Test – Third Edition (PPVT-III) 
Training Items and Test Items 

Dunn & Dunn (1997) 
 
 

Training Items 
 
For Children Ages 2;6 – 7;11 
1. Ball 
2. Dog 
3. Crying 
4. Sleeping 
 
For Children Ages 8 and older 
1. Parrot 
2. Scissors 
3. Mowing 
4. Riding 
 
Test Items 
Set 1 
1. bus 
2. drinking 
3. hand 
4. climbing 
5. key 
6. reading 
7. closet 
8. jumping 
9. lamp 
10. helicopter 
11. smelling 
12. fly 
 
Set 2 
13. digging 
14. cow 
15. drum 
16. feather 
17. painting 
18. cage 
19. knee 
20. wrapping 
21. fence 
22. elbow 
23. garbage 
24. exercising 

 
Set 3 
25. empty 
26. shoulder 
27. square 
28. measuring 
29. porcupine 
30. arrow 
31. peeling 
32. fountain 
33. accident 
34. penguin 
35. decorated 
36. nest 
 
Set 4 
37. castle 
38. sawing 
39. cactus 
40. farm 
41. going 
42. harp 
43. astronaut 
44. raccoon 
45. juggling 
46. envelope 
47. tearing 
48. claw 
 
Set 5 
49. parachute 
50. delivering 
51. rectangle 
52. diving 
53. camper 
54. target 
55. writing 
56. furry 
57. drilling 
58. hook 
59. group 
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60. dripping 
 
Set 6 
61. vehicle 
62. oval 
63. luggage 
64. awarding 
65. hydrant 
66. swamp 
67. calculator 
68. signal 
69. squash 
70. globe 
71. vegetable 
72. frame 
 
Set 7 
73. gigantic 
74. nostril 
75. vase 
76. knight 
77. towing 
78. horrified 
79. trunk 
80. selecting 
81. island 
82. camcorder 
83. heart 
84. wrench 
 
Set 8 
85. flamingo 
86. tambourine 
87. palm 
88. surprised 
89. canoe 
90. interviewing 
91. clarinet 
92. exhausted 
93. pitcher 
94. reptile 
95. polluting 
96. vine 
 
Set 9 
97. pedal 
98. dissecting 
99. bouquet 

100. rodent 
101. inhaling 
102. valley 
103. tubular 
104. demolishing 
105. tusk 
106. adjustable 
107. fern 
108. hurdling 
 
Set 10 
109. solo 
110. citrus 
111. inflated 
112. lecturing 
113. timer 
114. injecting 
115. links 
116. cooperating 
117. microscope 
118. archery 
119. garment 
120. fragile 
 
Set 11 
121. carpenter 
122. dilapidated 
123. hazardous 
124. adapter 
125. valve 
126. isolation 
127. feline 
128. wailing 
129. coast 
130. appliance 
131. foundation 
132. hatchet 
 
Set 12 
133. blazing 
134. mammal 
135. reprimanding 
136. upholstery 
137. hoisting 
138. exterior 
139. consuming 
140. pastry 
141. cornea 
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142. constrained 
143. pedestrian 
144. colt 
 
Set 13 
145. syringe 
146. transparent 
147. ladle 
148. replenishing 
149. abrasive 
150. parallelogram 
151. cascade 
152. lever 
153. detonation 
154. pillar 
155. cultivating 
156. aquatic 
 
Set 14 
157. indigent 
158. oasis 
159. disappointed 
160. perpendicular 
161. poultry 
162. confiding 
163. periodical 
164. filtration 
165. primate 
166. spherical 
167. talon 
168. octagon 
 
Set 15 
169. incandescent 
170. pilfering 
171. trajectory 
172. mercantile 
173. derrick 
174. ascending 
175. monetary 
176. entomologist 
177. gaff 
178. quintet 
179. nautical 
180. incarcerating 
 
Set 16 
181. coniferous 

182. wildebeest 
183. caster 
184. reposing 
185. convex 
186. gourmand 
187. dromedary 
188. diverging 
189. incertitude 
190. quiescent 
191. honing 
192. cupola 
 
Set 17 
193. embossed 
194. perambulating 
195. arable 
196. importunity 
197. cenotaph 
198. tonsorial 
199. nidificating 
200. terpsichorean 
201. cairn 
202. osculating 
203. vitreous 
204. lugubrious 
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