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Abstract

With reductions in the age criterion for cochlear implantation, the need for ageappropriate measures of speech perception skills has increased. One recently developed
tool that shows great promise for the clinical assessment of auditory speech perception
capacity in young children with cochlear implants is the On-Line Imitative Test of
Speech-Pattern Contrast Perception (OlimSpac). The OlimSpac requires a child to
imitate nonword utterances by providing a verbal response. The child’s perceptual
abilities are inferred from the child’s productions through having a listener, who is
masked to the stimulus select the utterance produced by the child in an eight-alternative
force-choice task. Although the OlimSpac has the potential for use in children with
cochlear implants, the specific role of measured speech production abilities on
performance has yet to be systematically examined. Thus, the main objective of the
present study was to examine the influence of speech production abilities on OlimSpac
performance in an auditory-visual (A-V) and auditory-only (A-O) condition in young
children with cochlear implants relative to an articulation-matched sample of normal
hearing peers. A secondary objective was to determine whether the presentation
modality affected a child’s OlimSpac performance.
A matched pair design was used to compare the OlimSpac performance of ten
children with cochlear implants (ages 29 to 76 months) to normal hearing peers (ages 27
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to 73 months). Each child with cochlear implants was matched to a child with normal
hearing from a sampled population of 22 normal hearing participants based on word-level
articulation skills, as measured by the GFTA-2, accounting for hearing age and gender.
The OlimSpac software generated a score for a single contrast and a single presentation
modality (A-V or A-O). The score was based on eight binary trials. Due to the small
trial size, individual contrast scores were interpreted as pass/fail, given that only a score
of seven or eight is significantly better than chance. Therefore, OlimSpac performance
was determined by a composite score reflecting the average across all six contrasts, based
on 48 binary trials.
Average composite scores for both the A-V and A-O conditions were lower,
albeit not significant, for young children with cochlear implants compared to their
articulation-matched controls. Examination of individual phonemic contrast scores
revealed that the articulation-matched sample of normal hearing participants most often
failed the post-alveolar consonant place contrast, whereas children with cochlear implants
most often failed the consonant voicing contrast. There were also no significant within
group difference in speech perception performance between the A-V and A-O conditions
of the OlimSpac.
The results of this study demonstrated that children with cochlear implants
achieved similar speech perception performance to their articulation-matched normal
hearing peers. Although children’s speech production abilities partially influenced their
OlimSpac performance, knowledge of word-level articulation skills allows clinicians to
make appropriate judgments when interpreting composite scores, thus validating the
OlimSpac as an indirect measure of a child’s speech perception capacity and a direct
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measure of speech perception skills. Objective scores obtained from a child’s OlimSpac
performance may be used to assess outcomes of cochlear implant use, guide cochlear
implant mapping, and plan habilitative intervention. A greater understanding of the
potential effect of speech production performance on estimates of speech perception
ability may also assist in highlighting other developmental, linguistic and/or cognitive
delays masked by a child’s hearing loss.
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Chapter One:
Introduction

Early hearing detection and intervention programs are now identifying children
with hearing loss at ages younger than ever before. Early intervention, along with
advances in hearing technology have led to improved speech perception and spoken
language acquisition in children with various degrees of hearing loss. Specifically, the
advent of cochlear implantation has provided many children with severe to profound
hearing loss sufficient “implanted auditory capacity” to achieve oral communication
competency (Boothroyd, 2009, p. 190). Implanted auditory capacity assumes a child
receives consistent and appropriate auditory stimulation from a cochlear implant – which
conveys the spectral and temporal information of acoustic speech patterns – to facilitate
speech perception. Providing children with a means to perceive speech in order to
develop the linguistic skills for spoken language is the primary motivation for cochlear
implantation (Geers, 2006).
Audiologists working with young children with cochlear implants strive to
optimize the parameters of the cochlear implant device (e.g., greater number of active
electrodes, latest speech processing strategy, wide dynamic range, and good loudness
growth) to provide children with maximum access to auditory information. Yet,
audiologists still face the challenge of how to verify performance outcomes in young
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children. They may simply rely on a measures of functional gain, such as aided
thresholds obtained in sound field. However, this method alone cannot reflect a child’s
perceptual skills in real world listening environments. Because the primary goal of
cochlear implants is to improve speech perception skills to facilitate spoken language
acquisition, audiologists should regularly assess the access a child has to acoustic patterns
of speech. Thus, an important issue in the cochlear implantation of young children is the
development of appropriate clinical tools for assessing speech perception abilities.
Auditory speech perception capacity – defined as the efficiency of the peripheral
auditory system to provide higher cortical centers with consistent speech sound
information for the detection of acoustic patterns of speech – may be inferred using
behavioral measures comprised of speech stimuli (Boothroyd, Eisenberg, & Martinez,
2010). To validly reflect perceptual abilities, the measures of speech perception must
take into account the child’s linguistic and cognitive development. However, difficulties
arise in eliminating cognitive, language, maturational, and task-related factors from
behavioral tests of speech perception performance. For children with hearing loss 5 years
of age and younger, the use of traditional behavioral word recognition tests is
questionable due to delays in cognitive-linguistic development resulting from
impoverished access to the acoustic speech signal. Clinicians serving children with
hearing loss thus depend on parent-report assessment scales (e.g., Infant-Toddler
Meaningful Auditory Integration Scale, IT-MAIS; Robbins, Koch, Osberger,
Zimmerman-Phillips, Kishon-Rabin, 2004) to assess auditory perceptual development.
Parent-report assessment scales are helpful in that they provide evidence about
environmental sound detection. They do not, however, provide specific information
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about the ability to detect and discriminate differences among phonemic speech contrasts
(i.e., constituent sounds of words). Such information is necessary to assess cochlear
implant outcomes, guide mapping, and plan intervention.
With reductions in the age criterion for cochlear implantation, the need for ageappropriate measures of speech perception capacity has increased. Pediatric tests used to
assess auditory speech perception abilities should meet several criteria to be used in
children with hearing loss. According to Boothroyd (1997), pediatric speech perception
tests must:
1. measure the amount of acoustic detail a child can perceive
2. account for a child’s cognitive and linguistic status
3. predict the potential for spoken language acquisition
4. not include tasks that require reading skills or are influenced by phonetic and
linguistic skills
5. interest a children enough to maintain their motivation and compliance (p.
17).
One recently developed tool that shows great promise for the clinical assessment
of auditory speech perception capacity in children with hearing loss who are at least 3
years of age is the On-Line Imitative Test of Speech-Pattern Contrast Perception
(OlimSpac; Boothroyd, Eisenberg, & Martinez, 2006, 2010; Eisenberg, Martinez &
Boothroyd, 2003, 2007). The OlimSpac is a modified version of the Imitative Test of
Speech-Pattern Contrast Perception (ImSpac). The ImSpac was developed as a research
tool to provide an age-appropriate measure of auditory speech perception capacity in
children with hearing loss using hearing aids or cochlear implants (Boothroyd, 1997,
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2009; Boothroyd & Eran, 1994; Boothroyd, Eran, & Hanin, 1996). However,
modifications to the scoring procedures were necessary in order to adopt the assessment
tool for clinical use. Scoring of the ImSpac required off-line editing and a team of paid
listeners to judge the recorded imitations (Boothroyd et al., 2010), a process too costly
and time-consuming for clinical use. Thus, the OlimSpac software was designed to
collect and analyze a child’s score “on-line” with data analysis occurring simultaneously
with data input (as opposed to the more commonly used definition of the term which
denotes over the internet).
The results obtained from the OlimSpac are intended to reflect a child’s ability to
perceive six phonologically significant contrasts through imitation of vowel-consonantvowel (VCV) utterances (e.g., ooshoo, eechee, oosoo, eetee). Imitation has been shown
to be a natural mode of response for young children (Meltzoff, 2002). Further, findings
from Boothroyd et al. (2010) suggest that verbal imitation of the OlimSpac stimuli is
cognitively appropriate for typically developing children as young as approximately 3
years of age. This finding was determined by examining the effects of maturation on the
OlimSpac procedure in children with normal hearing, ages 2 years, 7 months to 6 years, 7
months. Of the children who completed the OlimSpac task, all of them received a
passing score on both vowel contrasts (i.e., vowel height and vowel place), evidence that
the task was clearly understood. In addition, all children 3 years old and above received
passing scores on at least five of the six speech contrasts.
The application of verbal imitation does have its limitations. Researchers,
including Boothroyd et al. (2010), have acknowledged a concern for the potential
influence of speech production abilities and phonological development on OlimSpac
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performance, even in children with normal hearing (Holt & Lalonde, 2012). Several
studies have suggested that children with normal hearing only reach ceiling or nearceiling levels of speech intelligibility around 4 years of age (Chin, Tsai, & Gao, 2003;
Coplan & Gleason, 1988; Gordon-Brannan & Hodson, 2000; Weiss, 1982; Weiss &
Lillywhite, 1976). Consistent with these results, a perfect composite score (i.e., 100%
across all six speech contrasts) on the OlimSpac was not achieved by children with
normal hearing until approximately 4 years of age (Boothroyd, et al. 2010).
The concerns with the potential influence of speech production abilities increase
with the use of the OlimSpac to evaluate speech perception performance in children with
hearing loss. Chin, Tsai and Gao (2003) assessed the speech intelligibility of 51 children
with cochlear implants between the ages of 2 years, 8 months and 10 years, 8 months.
Their results suggested that, as a group, the children with cochlear implants never
reached ceiling levels of speech intelligibility despite increasing age and experience with
their device. Therefore, as Holt and Lalonde (2012) point out, it is not fair to assume that
an incorrect imitation on the OlimSpac reflects an inability to perceive a phonemic
contrast. A young child’s ability to articulate a phonemic contrast could affect the
tester’s judgment in scoring the response, consequently impacting the child’s score.
Another factor that can influence a child’s speech perception performance on the
OlimSpac is presentation modality. Research findings are mixed in regards to whether
children with cochlear implants achieve higher speech perception performance when a
stimulus is presented in an auditory-visual condition (i.e., audition plus lip-reading) or an
auditory-only condition (i.e., audition alone), specifically when examining individual
features of speech as in the OlimSpac. Researchers who observed higher speech
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perception performance in an auditory-visual condition argue that greater sensory input in
the form of visual cues (i.e., lipreading) enhances the perceptual performance of children
with cochlear implants (Bergerson, Pisoni, & Davis, 2006; Lachs, Pisoni, & Kirk, 2001).
Speech perception performance in the auditory-only condition then, could be used to
infer children’s speech perception capacity since they rely solely on their auditory
perceptual skills (Boothroyd et al., 2010). In contrast, researchers whose findings suggest
higher speech perception performance on a specific feature contrast in the auditory-only
condition attribute these results to a possible confusion or inability to integrate visual and
auditory information in the auditory-visual condition (Mahshie, Core, & Rutkowski,
2011).
The present study aims to determine whether the speech production skills of
young children with cochlear implants influence the ability of the OlimSpac procedure to
accurately reflect children’s speech perception performance in an auditory-visual and
auditory-only condition. Only by determining the potential influence of speech
production abilities can the OlimSpac provide a valid estimate of speech perception
skills. Thus far, only one study has examined the ability of young children with cochlear
implants to perceive and produce the six speech contrasts assessed during the
administration of the OlimSpac (Mahshie et al., 2011). However, no study has
systematically examined the specific role of speech production abilities on OlimSpac
performance.
It is generally held that the auditory speech perception capacity of young children
with cochlear implants is not normal and that their implanted auditory capacity emerges
with age and experience with the device. Thus, it would be difficult to evaluate the
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specific role of speech production abilities on OlimSpac performance by assessing the
scores of children with cochlear implants alone. It is necessary to include a control
sample of children with normal auditory speech perception capacity, whose speech
production skills are similar to those of the cochlear implant sample, to separate
differences related to speech production skills as opposed to speech perception abilities
on OlimSpac performance.
The specific goals of this study were: (1) to compare the OlimSpac performance
of children with cochlear implants and children with normal hearing in an auditory-visual
and auditory-only condition, (2) and to compare the OlimSpac performance of children
with cochlear implants to articulation-matched normal hearing peers in both presentation
modalities (auditory-visual and auditory-only).
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Chapter Two:
Literature Review

Advancements in the field of early intervention have necessitated a greater
understanding for the role of cochlear implants in the development of auditory
perceptional abilities and spoken language acquisition in infants and children with severe
to profound hearing loss. Researchers have begun to demonstrate that shorter durations
of congenital and early-acquired deafness, along with advances in cochlear implant
technology, contribute to substantial gains in the development of speech perception and
speech production abilities observed in children receiving cochlear implants (Osberger et
al., 1991; Davidson, Geers, Blamey, Tobey, & Brenner, 2011; Tobey, Geers,
Sundarrajan, & Shin, 2011). As candidacy criteria for pediatric cochlear implantation
continues to broaden (e.g., earlier ages of implantation, greater residual hearing, children
with multiple handicaps), it is important to recognize the influence speech perception and
speech production skills have on one another in order to achieve optimal linguistic and
educational outcomes in young children with cochlear implants. This chapter aims to
present a selective but representative review of the developmental trajectory of speech
perception and speech production skills in children, the influence of hearing loss on the
two complex processes, and the role of cochlear implants on a child’s ability to perceive
and produce speech.
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Speech Perception Development
A potentially useful model for examining the developmental trajectory of speech
perception skills was proposed by Aslin and Smith (1988) as a more general model of
perceptual development in children. Their comprehensive model of perceptual
development highlights three structural levels: (1) sensory primitive, (2) perceptual
representation, and (3) higher-order representations, such as cognition and language.
These levels are particularly appropriate to provide a theoretical framework for the
emergence of auditory perceptual and spoken language milestones in young children and
have been adopted to assess the development of speech perception, specifically in
children with hearing loss (Carney, 1996; Eisenberg, Martinez, & Boothroyd, 2007;
Johnson, Eisenberg, & Martinez, 2010; Moeller & Carney, 1993).
In the adopted three-tiered model for the development of speech perception
abilities, sensory primitives (Level I) focus on basic sensory inputs, such as sound
awareness/detection of an auditory stimulus. Perceptual representations (Level II)
involve the phonetic categorization/discrimination that occur at higher levels of the
neural system. Lastly, cognitive/linguistic representations (Level III) encompass a
child’s ability to code speech sounds (i.e., phonemes) at the word level allowing for word
and sentence recognition. These levels reflect developments of both auditory and
perceptual mechanisms to enable speech perception. Development of the auditory
mechanisms reflects the functionality of the auditory peripheral system to receive
acoustic input and encode patterns of neural stimulation at the level of the cochlea, which
through maturation bear relevance and meaning at the level of the auditory cortex
(Johnson et al., 2010). Development of the perceptual mechanisms involves the
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transition of perceptual processing from basic (phonemes) to more complex (words) units
of speech as a result of the maturation of neural connections through auditory experience.

Level I – Sensory primitives. In the area of speech perception, sensory
primitives represent the fundamental characteristics or basic units that enable a listener to
detect auditory speech input. These basic units are the intensity, frequency, and temporal
characteristics of the acoustic stimulus (Aslin & Smith, 1988). Each elementary unit
plays a critical role in a child’s ability to resolve auditory input in order to detect speech
(Cole & Flexer, 2010).
Assessment of sensory primitives. At the level of the sensory primitives,
clinicians assess an infant or child’s awareness, detection, and discrimination of an
auditory stimulus. The sensory primitive level does not extend beyond the basic ability
to perceive incoming auditory input. Behavioral assessment measures may include basic
audiometric testing to evaluate a listener’s auditory sensitivity to pure tones and speech
stimuli and/or parent-report questionnaires, which provide useful evidence about
environmental sound detection (e.g., Infant-Toddler Meaningful Integration Scale, ITMAIS; Zimmerman-Phillips & Osberger, 1997). Development of sensory primitives may
also be assessed physiologically through measurements of otoacoustic emissions and
auditory brainstem responses.
The auditory primitives correspond to the physical attributes (i.e., intensity,
frequency, and temporal cues) of the acoustic stimulus detected by the auditory system.
Yet, the sensory primitives do not represent perceptual units that directly correspond to
acoustic speech information (e.g., phonemes). Although auditory sensory primitives are
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essential for the development of speech perception capacities, an intermediate level is
necessary to describe the development of perceptual units.

Level II – Perceptual representations. Perceptual representations are perceptual
units directly associated with real world objects and events (Aslin & Smith, 1988). In the
area of speech perception, perceptual representations reflect the phonetic contrasts of
speech, which signify the number of constituent sounds in words. At the perceptual
representations level, listeners develop the capacities and skills to categorize and
discriminate the phonetic contrasts among the sound patterns of speech (Eisenberg et al.,
2007).
The development of perceptual representations can occur simultaneously with the
development of sensory primitives. In order to perceive speech, the acoustic stimulus
must be both audible and intelligible. Audibility is assessed at the sensory primitive level
and implies that a speech sound is adequately loud (suprathreshold) for detection.
Intelligibility is assessed at both the perceptual representation and cognitive/linguistic
representation levels. Intelligible auditory input contains sufficient acoustic features for
the identification of phonemes, words, and sentences. Perceptual representations emerge
in infancy with the capacity of the central auditory system to encode neural patterns of
complex acoustic features (Johnson et al., 2010). Indeed, higher level processing of
acoustic stimuli develops in the perceptual representation level. However, perceptual
skills do not exceed categorization or discrimination of the auditory input at this level
(Carney, 1996).
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Assessment of perceptual representations. At the level of perceptual
representations, clinicians may assess phonetic discrimination (i.e., speech pattern
contrast perception) using visual reinforcement audiometry in infants and conditioned
play techniques for toddlers and young children (Eisenberg et al., 2007). Although these
methods of behavioral assessment are traditionally used for pure tone audiometry, they
have been adopted for the assessment of speech perception capacity in infants to
preschool-aged children in a battery of four computerized tests known as the Battery of
Auditory Speech Perception Tests for Infants and Toddlers (BATIT; Eisenberg et al.,
2007). The BATIT was adopted from the Speech Pattern Contrast (Spac) test, which was
developed to assess speech perception skills in older children with acquired language and
literacy skills (Boothroyd, 1984). The BATIT includes the Visual Reinforcement
Assessment Spac (VRASpac), the Play Assessment Spac (PlaySpac), the On-line
Imitative Test Spac (OlimSpac) and the Video Spac (VidSpac; see Boothroyd, 2009;
Eisenberg et al., 2007 for review). These four phonetic discrimination tasks simply
require that the listener detect or verbally imitate changes in the acoustic features of
speech that underlie the presented phonemic contrasts (Aslin & Smith, 1988), which
assess auditory perceptual skills at the level of perceptual representations.

Level III –Cognitive/Linguistic representations. At the level of
cognitive/linguistic representations, the neural patterns of complex acoustic features
derived at the perceptual representation level are transformed into meaningful whole
words (Carney, 1996). That is, listeners begin to process acoustic speech information as
whole words, not a collection of phonetic elements. In normal hearing infants, the
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emergence of cognitive/linguistic representations is evident beginning at 6 months of age
(Johnson et al., 2010). At this time, infants begin to store information about redundant
sound patterns in their ambient language. This initial information processing skill may
not associate meaning to the sound patterns presented. However, with constant exposure
infants develop the perceptual abilities to recognize and extract sound patterns from
fluent speech and systematically organize them in long-term lexical memory (Houston,
Pisoni, Kirk, Ying, & Miyamoto, 2003). As described by Jusczyk and Luce (2002),
“once infants start segmenting words from fluent speech, they are in a position to store
information about the sound patterns of possible words and begin building a lexicon in
which sound patterns are linked to specific meaning” (p. 29). Although the emergence of
cognitive/linguistic representations occurs in infancy, the development of such
representations extends into adolescents. The full maturation of the central auditory
pathways, especially at the level of the auditory cortex, may take over a decade.
Assessment of cognitive/linguistic representations. Behavioral assessment of
word recognition requires complex processes that not only assess a child’s auditory
perceptual abilities but also require language skills and knowledge. Thus, methods for
evaluating a child’s word recognition abilities vary depending on the child’s age and
level of cognitive-linguistic development. Children 2 to 3 years of age traditionally
participate in closed-set word or sentence identification tasks, which require a picture
pointing response (Eisenberg et al., 2007). Closed-set tests present the child with a fixed
number of alternative choices for each stimulus item. Such tests used clinically include
the Early Speech Perception (ESP) test (Moog & Geers, 1990), the Word Intelligibility
by Picture Identification (WIPI) test (Ross & Lerman, 1979), the Northwestern
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University Children’s Perception of Speech (NU-CHIPS; Elliot & Katz, 1980) and the
Pediatric Speech Intelligibility (PSI) test (Jerger, Lewis, Hawkins, & Jerger, 1980). For
open-set tasks, a child repeats the word or sentence presented. Such tasks are typically
introduced to a child at 3 to 5 years of age. The word and sentence stimuli become
increasingly advanced as a child’s vocabulary and motor speech skills expand. Open-set
tests used clinically include the Phonetically Balanced Kindergarten (PB-K)
Monosyllabic Word Test (Haskins, 1949), the Lexical Neighborhood Test (LNT; Kirk,
Pisoni, & Osberger, 1995), the Multisyllabic LNT (MLNT; Kirk, Pisoni, & Osberger,
1995); and the Bamford-Kowal-Bench (BKB) Sentence Lists for Children (Bench,
Kowal, & Bamford, 1979).
Normal auditory speech perception capacity (as defined in Chapter 1) allows for
the emergence of auditory and perceptual mechanisms at each level, the sensory
primitives, the perceptual representations, and the cognitive/linguistic representations.
Speech perception development may not occur at any or all of these three levels as a
result of hearing loss. Hearing loss disrupts or impedes a child’s ability to detect and
interpret the phonetic patterns of speech due to an insufficient auditory speech perception
capacity (Boothroyd, Eran, & Hanin, 1996).

Influence of hearing loss on speech perception development. “The auditory
pathway is the primary sensory system associated with spoken language,” (Ainsworth &
Greenberg, 2006, p. 8). Auditory deprivation can have deleterious effects on the
development of auditory perceptual abilities. Impoverished access to auditory
stimulation not only prevents detection and awareness of speech cues, but can also have
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adverse effects on the capacities of the peripheral and central auditory systems (Level I).
Damage to the auditory system causes degeneration of peripheral and central auditory
structures, as well as a reduction in the functionality of such structures (Houston et al.,
2003). In addition, early auditory experience plays a critical role in the organization of
the high level cortical processes. Deprivation of auditory stimulation can reorganize
areas of the auditory cortex to respond to input from other sensory modalities (e.g.,
vision; Buckley & Tobey, 2011). Thus, early detection and intervention of hearing loss
is imperative to preserve auditory processes involved in speech perception, language
acquisition, and other cognitive skills (Levels II and III), as well as provide sufficient
auditory stimulation for proper organization of the auditory pathways. Although different
clinical subtypes of hearing loss (i.e., conductive or sensorineural) can disrupt the
development of a child’s auditory speech perception capacity, further discussion will
focus on the influence of sensorineural hearing loss (i.e., cochlear damage).
Early intervention of children with hearing loss aims at facilitating the
development of speech perception abilities at the sensory primitive level. Fitting an
infant or child with hearing aids attempts to increase the intensity and broaden the
frequency spectrum of audible input to the damaged sensory primitive level (Carney,
1996). However, the ability to restore sensory primitives with amplification is dependent
on a child’s degree of hearing loss, as well as the technical specifications of the sensory
device (e.g., frequency range, maximum allowable gain). With increasing degree of
hearing loss, certain features of speech become more difficult to perceive, distorting or
eliminating perceptual representations. Damaged sensory primitives and an absence of
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perceptual representations delay or impede a child’s development of cognitive/linguistic
representations to achieve oral language competency (Carney, 1996).
Children with hearing loss tend to rely on other sensory modalities to obtain the
receptive vocabulary skills necessary for learning and other cognitive processes (e.g.,
reading). With increasing degrees of hearing loss, reliance on other modalities grows
stronger, especially without amplification. Visual cues, such as lip reading, signing
system, or cued speech provide children supplementary information of an auditory speech
stimulus (Erber, 1972). However, such cues do not convey the acoustic patterns or
perceptual representations to identify words in an oral language task. Indeed, a child’s
oral vocabulary, represented at the level of cognitive/linguistic representations, may be
limited as a result of incomplete development at the sensory primitive and perceptual
representation levels.
To further explain, consider the development of a child’s auditory perception of
his mother. A child with hearing loss may develop the perceptual representation of his
mother from other perceptual modalities. The child may recognize her smell (olfactory),
the feel of her skin (touch), or the constant image of her face (vision). Yet, the child may
not have an auditory representation of her voice or her label (e.g., mother, mom, mama).
An asynchrony in perceptual development occurs if the mother’s voice becomes audible
once the child is fit with amplification. The child must add the auditory input of her
voice and her label to an already conceived perceptual representation of his mother.
Lower levels of auditory perception must be assessed when a child demonstrates
incomplete development at higher levels. A clinician should not assume that a child’s
poor performance on a measure of word recognition is attributed to lack of language,
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vocabulary, or knowledge (Carney, 1996). Further testing must assess a child’s auditory
sensitivity. Attaching a representation at the cognitive/linguistic level begins with
restoring or providing access to auditory input at the level of the sensory primitives. A
child’s oral vocabulary is dependent on the development of lower level of speech
perception to guide cognitive/linguistic representations. For example, amplification
provides greater access to the sensory primitives allowing the child to detect the sound of
his mother’s voice. Once detected, the child can then associate the perceived acoustic
patterns of the word “mom” or her voice, thus forming an auditory cognitive/linguistic
representation of his mother.
Using Aslin and Smith’s (1988) model of perceptual development to assess the
trajectory of developing auditory skills from infancy through childhood provides a
comprehensive schematic of speech perception development. Each level, the sensory
primitives, the perceptual representations, and the cognitive/linguistic representations, is
just as important as the next. However, children require access to the more primitive
levels before more advanced levels of speech perception development can be reached.
Hearing loss causes deficits in one or more these levels that translate to deficits in the
other levels, as well as in the emergence of other developmental outcomes, such as
speech production development.

Speech Production Development
Speech perception and speech production abilities typically follow a parallel
course of development in infants and children with normal hearing. Several researchers
have expanded on Aslin and Smith’s (1988) model of perceptual development to describe
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the emergence of speech production abilities (Carney, 1996; Johnson et al., 2011;
Moeller & Carney, 1993). Since speech production is not a perceptual process (but
involves perceptual skills), the categorization of the three-tiered model has been modified
to the following three levels of development: (a) production primitives, (b) production
representations, and (c) cognitive/linguistic productions (Carney, 1996).

Level I – Production primitives. Production primitives (Level I) reflect the
basic level of speech output. During the first six months of life, infants produce reflexive
and nonreflexive vocalizations (Oller, 1980; Stark, 1980). Reflexive vocalizations
include cries or vegetative sounds (e.g., sounds associated with biologic functions of
breathing and sucking, such as burps, coughs, and sneezes), which are automatic or
involuntary outputs reflecting an infant’s physical state, response to the environment, or
reaction to an activity. Nonreflexive vocalizations are voluntary vocal outputs that may
be identified by their primary features, which include vowel-like (vocalic) or consonantlike (consonantal) elements, voicing (i.e., voiceless or voiced), and breath direction (i.e.,
ingoing or outgoing breath). Vocalic features predominate in the cries of early infant
productions, while consonant features are mostly present in vegetative sounds. Although
vocal utterances at the primitive level contain phonetic and syllabic features of speech,
the vocal outputs do not convey linguistic meaning. However, studies that show a
relationship between an infant’s prelinguistic vocal behaviors and the development of
adult-like words highlight the importance of prelinguistic vocalizations to the
development of speech production skills (Moeller et al., 2007a; Nathani, Ertmer, & Stark,
2006).
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Level II – Production representations. The transition from production
primitive vocalizations to the development of production representations occurs fairly
rapidly. Production representations correspond to phonetic syllables, which reflect adultlike patterns of speech and increase in complexity from 6 to 12 months of age. For
instance, around 6 to 7 months of age, infants begin to produce phonetic patterns that
resemble the timing, phonetic quality, and syllable sequences of adult-like speech (Oller,
1980; Stark, 1980). From 7 to 9 months of age, phonetic patterns emerge into true
consonant-vowel (CV) and vowel-consonant (VC) syllables that lack phonetic variation
(e.g., [bababa]), known as canonical babbling. These mature phonetic sequences
resemble real words, but bear no linguistic meaning. Parents may mistake the canonical
babbles of [mama] and [dada] as a child’s first spoken words. From 10 to 12 months of
age, syllable sequences become less reduplicative in nature and begin to vary from one
CV syllable to another (e.g., [pamu], [bado]), known as variegated babbling. Infants also
begin to superimpose the intonation and stress patterns of adult-like speech when
producing variegated syllables. Consequently, the vocal outputs resemble sentences,
questions, or commands. Adults may use nonsense syllables or real words to continue to
engage the infant in a conversation. Although direct linguistic meaning cannot be
inferred from variegated babbling, infants also use facial expressions and gestures, such
as pointing and reaching, to convey communicative intent.

Level III – Cognitive/Linguistic productions. Around 12 to 15 months of age,
normal hearing infants produce their first spoken words. Auditory-verbal stimulation and
increased control over speech production mechanisms (e.g., articulatory gestures) result
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in vocal outputs that convey linguistic meaning. The development of cognitive/linguistic
productions may be attributed to the coupling of two factors: lexical concepts and babble
repertoires (Levelt, Roelofs, & Meyer, 1999).
Lexical concepts refer to the words and expressions (i.e., lexical items) of a
language that are stored in a child’s mental vocabulary (i.e., lexicon; Levelt, 2001).
Children acquire lexical concepts from auditory access to words in the child’s ambient
language. As words and expressions are repeated, children begin to store them in their
mental lexicon. At the same time, children begin to create patterns of well-formed
syllables or babble repertoires. As children increase the size and diversity of syllable
strings in their vocal outputs, they start to connect particular patterns of babble with
stored lexical concepts to formulate vocal productions of meaningful whole words
(Levelt et al., 1999). Initially, the production of words is guided by articulatory gestures
at the phonetic level. However, once children conquer the production of words and
expressions at the phonetic level, speech production abilities become supported at the
phonological level (Levelt et al., 1999).

Influence of hearing loss on speech production development. Hearing loss can
have detrimental effects on a child’s speech and language development. As Smith (1975)
states, “the speech of many deaf children is not a viable instrument for verbal
communication” (p. 795). Oral communication breakdowns can cause frustration for
both the child with hearing loss and the listener, as poor speech production results in
reduced speech intelligibility. Yet, the effects of hearing loss may not be apparent in an
infant’s early vocalizations. Infants with and without hearing loss may demonstrate
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similar vocal behaviors at the production primitive level (Carney, 1996). That is, the
growls, cries, and raspberries are very similar in both groups (Oller, Eilers, Bull, &
Carney, 1985). However, the development of speech production skills diverges between
infants with normal hearing and infants with hearing loss at the level of production
representations (Moeller et al., 2007a).
Lack of auditory access to acoustic patterns of speech contributes to the early
delays in lexical development observed in infants with hearing loss (Moeller et al.,
2007a). That is, insufficient and inconsistent access to speech stimuli prohibits or
reduces (depending on the degree of hearing loss) an infant’s ability to store acoustic
speech information in their mental lexicon. Researchers’ have also observed delays in
the development of complex and consistent babble repertoires infants with hearing loss
(Carney, 1996; McGowan, Nittrouer, & Chenausky, 2008; Moeller et al., 2007a; Oller &
Eiler, 1988). These delays reduce the quantity and quality of vocal play and babbling at
the level of production representations. Fewer perceptual-motor experiences associated
with act of babbling and incomplete lexical concepts impede an infant’s ability to build
the necessary foundation for spoken word production at the level of cognitive/linguistic
productions.
McGowan, Nittrouer, and Chenausky (2008) examined differences in the
development of babble production between 12-month old infants with severe to profound
hearing loss, who were identified and fit with amplification prior to 6-months of age, and
their normal hearing peers. Three measures of speech production development were used
to categorize the difference between the two groups: syllable shape, consonant type, and
vowel format frequencies. Their findings suggested that infants with hearing loss
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produced a significantly greater percentage of multisyllabic utterances than infants with
normal hearing. However, their vocalizations were primarily limited to vowel-only
productions (e.g., [-ah –ah –ah]). Infants with normal hearing produced a significantly
greater percentage of medial consonants in a two-syllable structure (e.g., [aba]) and a
greater, albeit not significant, number of consonants for all syllable shapes than their
hearing-impaired counterparts. Of the limited consonants produced by infants with
hearing loss, there were significantly fewer fricatives and stops with an alveolar or velar
place of articulation compared to those produced by infants with normal hearing. Infants
with hearing loss were also more restrictive in their front-back tongue movements than
infants with normal hearing as demonstrated by a significant difference in the second
formant vowel frequency. The first formant vowel frequency was similar for both groups
suggesting normal variations in tongue height.
Consistent with the above findings, Moeller et al. (2007a) observed delays in
consonant production and syllable structure development in infants with bilateral
sensorineural hearing loss compared to infants with normal hearing. The speech
production development of both groups of children was followed longitudinally until at
least 36 months of age. Errors in vowel production, limited use of consonants, and lack
of syllable complexity continued to characterize the vocal productions of children with
hearing loss into their toddler years (Moeller et al., 2007b). By 24 months of age, the
communicative attempts of children with hearing loss were primarily unintelligible by the
child’s parent compared to those of children with normal hearing whose attempts were
intelligible at least 50% of the time. In agreement with previous findings (McCune &
Vihman, 2001; Stoel-Gammon, 1989); Moeller et al. (2007b) argue that the limited
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number of consonant types produced by children with hearing loss in the early stages of
phonetic development predicts long-term delays in speech production development.
For instance, inconsistent or absent use of different consonant phonemes (and
vowel phonemes to a lesser extent) impedes the formation of phonological
representations. Children must build phonological representations in order to transition
from babble (production representation level) to word production (cognitive/linguistic
production level). Children form phonological representations by storing information
about speech sounds through inferences made from auditory and visual characteristics of
sounds perceived in their environment and produced by others and themselves (Munson,
Edwards, & Beckman, 2010). In children with normal hearing, the establishment of
phonological representations occurs gradually as they begin to produce and comprehend
speech. Words of one or two syllables, as opposed to smaller phonological segments
(e.g., vowels or consonants), largely account for the phonological representations stored
in a young child’s mental lexicon for activation during speech production (Nittrouer,
Studdert-Kennedy, & McGowan, 1989).
The long-term delays in speech production development observed in children with
hearing loss may be attributed to underspecified representations. Underspecified
representations can cause errors in speech production associated with a child’s lack of
knowledge and inability to separate meaningful linguistic units into distinct phonemic
segments in order initiate the appropriate gestures for accurate articulation of a target
word. Rarely are speech production errors a result of a dysfunction in motor speech
control, as seen in children with dysarthria or apraxia. Thus, the speech errors produced
by children with hearing loss typically result from immature phonological and linguistic

23

development that affects top-down processing associated with lexical selection and form
encoding (Levelt, Roelofs, & Meyer, 1999; Levelt, 2001). Lexical selection refers to the
activation and retrieval of lexical items (i.e., words and expressions) stored in a child’s
mental lexicon (i.e., vocabulary). Form encoding involves retrieval of the phonological
representation, syllabification, and generation of the phonetic representations (i.e.,
characteristics of the speech task to be produced). Understanding differences in the
formation, retrieval, and maintenance of phonological representations between children
with normal hearing and children with hearing loss is important in determining the effects
of speech production abilities on speech perception skills as it extends to children with
cochlear implants.

Role of Cochlear Implants
Hearing loss primarily occurs from damage to or complete destruction of the
sensory hair cells in the cochlea (Wilson & Dorman, 2008). In children with hearing
loss, injury to the hair cells may occur from, but is not limited to, genetic defects or
infectious diseases (e.g., meningitis). Such insult to the cochlea cannot be repaired.
Thus, a child with hearing loss must use a sensory device to receive auditory stimulation.
Hearing aids attempt to provide children with hearing loss audibility to perceive speech.
For children with severe to profound hearing loss, the maximum allowable gain from
hearing aids may not offer sufficient access to acoustic cues for optimal development of
speech perception and speech production abilities. Moreover, hearing aids do not repair
the distortion, which results from damage to the auditory periphery. A cochlear implant
bypasses the damaged or absent auditory peripheral structures and electrically stimulates
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surviving neurons in the auditory nerve (Wilson & Dorman, 2008). Direct stimulation
restores neural connections and provides auditory stimulation to the central auditory
pathways, eliciting noteworthy improvements in the development of speech perception
and speech production abilities in children with severe to profound hearing loss (Geers,
Strube, Tobey, Pisoni, & Moog, 2011).
Using open-set word and sentence recognition tests, Davidson et al., (2011)
compared the speech perception performance of a large group of children with cochlear
implants (N = 112) across two test sessions. The first session took place when the
children were of an elementary-school age (CI-E; 8 to 9 years old) and the second session
occurred while in high school (CI-HS; 16 to 18 years old). Word recognition scores, as
measured by the LNT, averaged 50.6% and 60.1% at the CI-E and CI-HS session,
respectively. Average sentence recognition scores, as measured by the BKB, were 63.2%
at CI-E and 80.3% at CI-HS. These findings reflect a significant increase in word
recognition (9.5%) and sentence recognition (17.1%) performance across test sessions,
indicating an improvement in the development of speech perception skills as the children
aged and gained experience listening with their device.
The children in the Davidson et al. (2011) study were implanted between 2 and 5
years of age and were of the first generation to receive multi-channel cochlear implants
(e.g., Cochlear Nucleus 22, Advanced Bionics C1.0). Due to early intervention programs
and broader candidacy criteria, many children with severe to profound hearing loss are
now being implanted prior to 2 years of age and are receiving improved cochlear implant
technology. As a result, children implanted at earlier ages have demonstrated superior
speech perception scores compared to children implanted at later ages (Holt & Svirsky,
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2008). To compare, consider the speech perception results of children with cochlear
implants observed by Houston and Miyamoto (2010). The children in their study were
implanted prior to 2 years of age, tested at 5 or 6 years old, and received an average word
recognition score of 65%, as measured by the LNT. These children were younger at the
time of testing than the children in the Davidson et al. (2011) study at either test session
and scored 14.4% and 4.9% higher compared to LNT scores from the CI-E and CI-HS
test sessions, respectively.
Similar gains have also been observed in the development of speech production
abilities in children with cochlear implants (Blamey, Barry, Bow, Sarant, Paatsch, &
Wales, 2001a; Geers, 1997; Kirk & Hill-Brown, 1985; Miyamoto et al., 1996; Osberger,
Maso, & Sam, 1993; Tobey, Geers, Brenner, Altuna, & Gabbert, 2003; Tomblin, Peng,
Spencer, & Lu, 2008). Tobey, Geers, Sundarrajan, and Shin (2011) evaluated the
development of speech production skills at CI-E and CI-HS from essentially the same
group of children (N = 110) in the Davidson et al. (2011) study. Narrow transcriptions of
sentences revealed an average consonant accuracy of 70.9% at CI-E and 94.3% at CI-HS,
resulting in a substantial increase (23.4%) in speech production skills across test sessions.
Although Tobey et al. (2011) did not report the accuracy of vowel production, previously
published findings from the CI-E session revealed a vowel production accuracy of 61.6%
(Tobey et al., 2003). Thus, consonant accuracy was higher than vowel accuracy when the
children were of elementary-school age.
Examining speech production abilities at younger ages, Ertmer and Goffman
(2011) compared the speech production accuracy of initial consonants, vowels, and
whole words of children 3 to 5 years of age, with at least two years of cochlear implant
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device experience to age-matched, typically developing children with normal hearing.
Both groups of children imitated four sets of word lists from the First Words Speech Test
(FWST; Ertmer, 1999) three times to determine speech production accuracy and
variability. Results indicated that children with cochlear implants produced segmental
features of speech (i.e., vowel and consonant contrasts), as well as whole words, with
lower accuracy and greater variability than children with normal hearing. The children
with normal hearing approached ceiling levels in their ability to produce both consonants
and vowels (approximately 95% and 98.5%, respectively), giving minimal room for
variability. The children with cochlear implants produced consonants with 61% accuracy
and vowels with 82% accuracy. These findings are the reverse from those reported by
Tobey et al. (2003) who found higher production accuracy for consonants (68%) than for
vowels (62%). The difference in speech production accuracy for the two segmental
features of speech was also much greater for the younger children with cochlear implants
observed by Ertmer and Goffman (2011). Further, these children produced vowels with
notably higher accuracy than the older group of cochlear implants users in the Tobey et
al. (2003) study. Several factors, such as low frequency residual hearing (albeit minimal)
and a greater number of active electrodes, may have contributed to the higher vowel
accuracy scores. Such factors provide more defined representations of formant
frequencies, improving children’s auditory feedback to monitor their own speech output
and adjust their articulatory gestures, resulting in better vowel productions (Svirsky &
Chin, 2000).
Mode of communication is another factor that could indirectly influence the
development of speech perception and speech production abilities in children with
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cochlear implants. Approximately half the children observed by Tobey et al. (2003,
2011) and Davidson et al. (2011) participated in programs that incorporated signs,
whereas the other half of the children described in these studies were enrolled in oral only
programs. Several studies have documented higher levels of speech perception and
speech production performance in children that are exposed to an oral only mode of
communication, which emphasizes the development of listening and speaking skills,
compared to children using total communication (i.e., sign and spoken language; Geers et
al., 2002; Geers, Brenner, & Davidson, 2003; Tobey et al., 2003). Children with cochlear
implants who rely on manual forms of communication in addition to auditory input may
place less reliance on auditory perceptual cues to communicate and therefore may not
take advantage of all the acoustic information received via electrical stimulation of the
cochlear implant. In contrast, children exposed to an oral mode of communication are
trained to rely on their auditory perceptual skills for spoken language communication, as
well as educational growth. As a result, there is not only an observable difference in
scores on measures of speech perception and speech production, but also a perceptual
difference in speech production abilities. More specifically, children enrolled in oral
communication programs have been shown to demonstrate greater accuracy in producing
voicing and nasal features of speech, differentiating fricative sounds, and exhibiting
closer to normal vowel durations (Uchanski & Geers, 2003).
Although children in oral communication programs have demonstrated greater
gains in speech perception and speech production development than children whose
mode of communication incorporates sign, it is important not infer from the results that
one mode of communication is superior than another. Children with hearing loss are not
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randomly assigned to a mode of communication, but placed in one program over another
typically as a result of several factors. Such factors include, but are not limited to,
parental decision, socioeconomic status, and level of cognitive development.
Additionally, the mode of communication a child uses is not always static (Eisenberg,
Johnson, Ambrose, & Martinez, 2011). For example, if a child enrolled in a total
communication program demonstrates exceptional gains in auditory perceptual
development then he may be transferred to an oral program. Conversely, if a child
continues to struggle in an oral only setting, sign communication may be introduced to
assist in cognitive development. Regardless of the choice behind a selected mode of
communication, what can be inferred is that an oral mode of communication provides
children with cochlear implants the greatest access to spoken language allowing for
opportunities to create robust phonological representations (Pisoni, Cleary, Geers, &
Tobey, 1999).
The spoken language ability of children with cochlear implants, as they relate to
receptive and expressive vocabulary skills, is not a focus of this paper. However, it is
important to understand the relationship between outcomes measures of oral
communication, as a child’s linguistic experience can affect their performance on
measures of speech perception. Blamey et al. (2001b) examined the factors that could
affect speech perception performance in a longitudinal study on school-aged children
with hearing loss who used either hearing aids or a cochlear implant. Speech perception
scores were significantly correlated with speech production and language scores in both
groups of children. That is, children with greater speech production and language skills
were more likely to perform well on measures of speech perception. Auditory factors,
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such as onset of hearing loss, duration of deafness, auditory experience, and pure tone
average, did not have a strong role in predicting speech perception performance.
However, such auditory factors, in addition to measures of speech production and
language, strongly accounted for a child’s speech perception performance. For example,
knowing that a child had four years of experience with her cochlear implant would not
predict her level of speech perception performance. Yet, knowing that she had four years
of experience with her device, as well as high articulation and language scores, one
would predict that she would score favorably on a speech perception test.
One issue of interest not addressed in the findings reported by Blamey et al.
(2001b) was the extent to which children’s speech production skills alone accounted for
their level of speech perception performance. Previous studies on children with profound
hearing loss using hearing aids observed an asymmetrical relationship between speech
perception and speech production skills (Osberger et al., 1993; Stark & Levitt, 1974).
Children with exceptional perceptual skills were not always capable of producing
perceived features of speech. Yet, children who demonstrated high levels speech
production accuracy always obtained high speech perception scores. Further, TyeMurray, Spencer, and Woodworth (1995) determined that a significant positive
relationship existed between the speech perception and speech production performance in
prelingually deafened children with at least 2 years of cochlear implant experience (as
measured by the perception and production versions of the Audio-Visual Feature Test;
Tyler, Fryauf-Bertschy, & Kelsay, 1991). Their findings suggested that children with
cochlear implants with greater speech production accuracy had better speech perception
skills. However, the asymmetrical relationship seen in children with hearing aids was not

30

observed in the children with cochlear implants. That is, the level speech perception
performance of children with cochlear implants was, for the most part, consistent with
their variability of speech production skills.
More recently, Mahshie, Core, and Rutkowski (2011) examined speech
perception and speech production abilities of seven children, ages 3 to 5 years, with 18
months of cochlear implant experience. Speech perception performance was measured
using the OlimSpac in both the auditory-visual and auditory-only conditions. A measure
of speech production was specifically developed to include pictorial images of words
where the initial segment elicited production of at least one of the six feature contrasts
used in the OlimSpac (i.e, vowel height, vowel place, consonant voicing, consonant
continuance, pre-alveolar consonant place, and post-alveolar consonant place). Their
finding revealed higher production accuracy relative to average speech perception
performance for both presentation modalities of the OlimSpac in five of the seven
children. One of the two remaining children reached a ceiling score (i.e., 100%) for all
three outcomes measured, whereas the other child obtained overall lower scores on all
speech perception and speech production measures. Of concern is the potential that these
two children who differed in their speech production abilities demonstrated differences in
OlimSpac performance that was due to production and not perceptual skills.
Understanding the potential influence of speech production abilities on OlimSpac
performance is critical to cochlear implant intervention in young children with hearing
loss, as the OlimSpac procedure, which is believed to be cognitively and linguistically
appropriate for children with hearing loss as young as 3-years old, involves verbal
repetition.
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Another factor to consider when interpreting a child’s performance on the
OlimSpac is presentation modality. Using the ImSpac, Boothroyd et al. (1996) reported
that children with hearing loss scored 25% higher in the auditory-visual condition than in
the auditory-only condition. Further, Eisenberg, Martinez, and Boothroyd (2003) found
that the auditory-visual performance of children with cochlear implants significantly
exceeded their auditory-only performance on the OlimSpac. Although significance was
not determined, Mahshie et al. (2011) observed similar results in children with cochlear
implants. However, this effect of modality was not observed in children with normal
hearing (Boothroyd, Eisenberg, & Martinez, 2010; Eisenberg et al., 2003). These
finding are consistent with the notion that children with normal auditory speech
perception capacity do not require the use of additional sensory input to complete tasks of
speech perception abilities (Boothroyd et al., 2010). Children with normal hearing tend
to attain or approach ceiling levels of performance in both presentation modalities of the
OlimSpac leaving minimal room for variability in performance between the auditoryvisual and auditory-only conditions. However, the addition of visual cues in the
auditory-visual condition provides additional sensory cues to children with cochlear
implants whose auditory speech perception capacity is reduced relative to their normal
hearing peers. It then can be assumed that the performance of young children with
cochlear implants on the auditory-only condition of the OlimSpac provides the closest
estimate of their speech perception skills.
A better understanding of the influence of speech production skills on OlimSpac
performance will assist in validating the OlimSpac as a diagnostic tool for the clinical
assessment of speech perception abilities in young children with hearing loss, specifically
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children with cochlear implants. The need for cognitive and linguistically appropriate
measures of speech perception skills, such as the OlimSpac, has become increasingly
more important with the continued improvements in cochlear implant technology and
broadening candidacy criteria. Clinicians have the ability, now more than ever before, to
provide children with significant degrees of hearing loss the greatest access to spoken
language. However, there is a lack of clinically available measures to validate that a
young child with cochlear implants is receiving the optimal access to acoustic features of
speech.

Study Objectives
The main objective of this study was to examine the effects of word level
articulation skills, as assessed through a standardized measure, on OlimSpac performance
in young children with cochlear implants. Given the potential for reduced auditory
capacity observed in children with cochlear implants, it was necessary to include a
control group of children with normal hearing with similar speech production skills (as
discussed in Chapter 1). This matched-pair design allowed for differences in speech
perception performance to be attributed to errors in speech perception and not speech
production. Thus, it was hypothesized that children with cochlear implants would obtain
lower scores on at least the auditory-only condition of the OlimSpac compared to their
normal hearing peers. It was also predicted that the speech production abilities would
partially influence performance on the OlimSpac in both groups of children, but the
influence of these abilities could be explained by factoring in results on a test of
articulation.
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A secondary objective was to evaluate whether presentation modality affected a
child’s OlimSpac performance while randomizing the order of presentation across all
participants. Consistent with previous findings, it was expected that children with
cochlear implants would receive higher scores in the auditory-visual condition compared
to scores obtained in the auditory-only condition and that children with normal hearing
would obtain similar scores in both presentation modalities. Differences in presentation
modality for the cochlear implant group were anticipated due to the enhancement of
sensory input in the form visual (i.e., lip-reading) cues. Additionally, we expected
children with normal hearing to obtain scores that approached ceiling levels of
performance for both presentation modalities limiting the possibility for variability
between auditory-visual and auditory-only scores.

34

Chapter Three:
Methods

Participants
Two groups of young children, children with cochlear implants and children with
normal hearing, participated in this study. All children were assumed to have ageappropriate cognitive development, speak English at home as their primary language, and
have no cognitive or psychiatric disabilities, as determined through parental questionnaire
(see Appendix A and B).

Cochlear implant group. Ten (5 males and 5 females) prelingually deafened
children, ages 2;5 (years; months) to 6;4, comprised the cochlear implant group (CI
group). All of these children were implanted prior to 36 months of age, had at least 12
months experience with their cochlear implant device(s), and only used an oral mode of
communication (see Table 3.1 for demographic information). Excluding children who
used manual forms of communication controlled for individual differences related to
communication mode within the CI group and allowed for more uniformity in
administering the study procedures in the same mode of communication (i.e., spoken
English) to participants in both groups. The etiology of hearing loss was reported as
unknown for all but two of the children with cochlear implant(s). The hearing loss of one
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child was found to be associated with Connexin 26, while the other was reportedly linked
to his diagnosis with Pendreds syndrome.
Parental report on demographic information, including race, ethnicity, and parent
education was also assessed. Six of the 10 children in the CI group were white, nonHispanic, two were white and Hispanic, and two were black or African American, nonHispanic. Parental report on highest level of maternal education revealed that one of the
10 CI participants’ mothers received a high school diploma, three received a bachelor’s
degree, four received a master’s degree or graduate certificate, and two received a
doctorate degree. Highest level of paternal education was reported for nine of the 10
children in the CI group. Of those nine fathers, three received a high school diploma, two
received a bachelor’s degree, and four received a doctorate degree.
Information regarding maternal and paternal education was collected to provide a
gross estimate of socioeconomic status. Children with cochlear implants have been
shown to have parents with high-levels of education and in turn sizable household
incomes (Fortnum, Marshall, & Summerfield, 2002; Stern, Yueh, Lewis, Norton, & Sie,
2005). Since such factors may influence communication abilities, data were obtained so
that group equivalence could be assessed in an attempt to avoid advantages resulting
from group differences in parent education (Geers, Nicholas, & Mood, 2007). Scores for
maternal and paternal education were based on the highest degree earned by the
respective parent. Formal levels of education were assigned integer values (1 through 4):
1 = High school diploma, 2 = Bachelor’s Degree, 3 = Master’s Degree/Graduate
Certificate, 4 = Doctorate Degree (see Table 3.1). Education information for both parents
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was provided on the parental questionnaire (see Appendix A and B) for each child, with
the exception for one child in the CI group whose paternal information was left blank.

Normal hearing group. Twenty-four (11 males and 13 females) children with
normal hearing, ages 2;3 to 6;1, with a mean of 4;0, were consented to participate in the
control group. Children were included in this group if they passed individual ear, pure
tone hearing screenings at 20 dB HL for octave frequencies from 250 to 4000 Hz, and
had no middle ear involvement at the time of testing, as determined by tympanometric
results. Two of the 24 children were excluded from the study. One child (female, 4;3)
had flat tympanograms with a normal ear canal volume in both ears suggesting middle
ear involvement at the time of testing. The other child (male, 2;6) was unable/unwilling
to perform the imitative task. Their data was removed from all analysis, resulting in a
total of 22 participants in the normal hearing group (NH group; see Table 3.2 for
demographic information).
The NH group was therefore comprised of 10 males and 12 females with a mean
age of 4;1. The age range of 2;3 to 6;1 remained the same. Parental report on race and
ethnicity indicated that 15 of the 22 children were white, non-Hispanic, six were white
and Hispanic, and one was of mixed white and African American race. Parental report
on highest level of maternal education indicated that of the 22 mothers of children in the
NH group, two received a high school diploma, six received a bachelor’s degree, eight
received a master’s degree or graduate certificate, and six received a doctorate degree.
Five of the 22 fathers received a high school diploma, 12 received a bachelor’s degree,
four received a master’s degree, and six received a doctorate degree.
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Table 3.1. Demographic data for participants in the CI Group
Parent
Education**
Mat
Pat

Etiology

Ear

Speech
Processor

Age at
Implantation
(mo)

Age at
Activation
(mo)

Experience
with Device
(mo)

4

Unknown

B-SIM

Harmony†

21

22

48

4

4

Unknown

B-SIM

Auria†

08

09

55

W

4

2

Connexin 26

B-SEQ

Nucleus 5*

R: 14
L: 31

R: 15
L: 32

R: 40
L: 23

F

B

2

2

Unknown

R

Nucleus 5*

24

26

16

42

M

W

3

4

Unknown

B-SIM

Nucleus 5*

18

19

22

CI06

76

F

W

2

1

Unknown

B-SIM

Freedom*

21

21

55

CI07

70

M

W

2

1

Pendreds

B-SIM

Freedom*

18

20

50

CI08

35

M

H

3

4

Unknown

B-SIM

Harmony†

07

08

26

CI09

59

M

B

1

999

Unknown

R

Nucleus 5*

29

30

28

CI10

29

F

W

3

1

Unknown

R

Opus2‡

16

17

12

ID

Age
(mo)

Gender

Race/
Ethnicity

CI01

70

F

H

3

CI02

65

M

W

CI03

56

F

CI04

43

CI05

Note. ID = identification; Gender: F = female (n = 5), M = males (n = 5); Race/Ethnicity: H = White/Hispanic (n = 2), W = White/non-Hispanic (n
= 6), B = Black (n = 2); Ear: B-SIM = bilateral-simultaneous, B-SEQ = bilateral-sequential, R = right ear, L = Left Ear; Imp = Implantation; IA =
Initial Activation; Exp = Experience; Parent Education: Mat = Maternal Education (n = 10), P = Paternal Education (n = 9)
** Parent Education was based on the highest degree earned and coded as 1 = High school diploma, 2 = Bachelor’s Degree, 3 = Master’s
Degree/Graduate Certificate, 4 = Doctorate Degree, 999 = did not report
* Cochlear Americas Corporation Devices
† Advanced Bionics Corporation Devices
‡ Med-El Corporation Device
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Table 3.2. Demographic data for participants in the NH Group
ID
NH01
NH02
NH03
NH04
NH06
NH07
NH09
NH10
NH11
NH12
NH13
NH14
NH15
NH16
NH17
NH18
NH19
NH20
NH21
NH22
NH23
NH24

Age
(mo)
70
61
27
47
38
38
73
63
42
43
48
31
52
43
56
63
49
32
69
29
48
49

Gender

Race/Ethnicity

F
F
F
F
F
M
M
F
F
M
M
M
F
M
F
M
M
F
F
F
M
M

W
W
W
W
W
W
H
H
H
W
B/W
W
W
W
W
W
W
W
H
H
H
W

Parent Education**
Maternal
Paternal
4
3
4
4
3
2
3
2
3
2
3
2
4
3
1
1
1
1
3
1
2
1
3
2
2
2
4
3
4
2
2
2
3
1
3
2
2
2
2
2
4
3
2
2

Note. ID = identification; Gender: F = female (n = 12), M = males (n = 10);
Race/Ethnicity: H = White/Hispanic (n = 6), W = White/non-Hispanic (n = 15), B/W =
Black/White: Mixed Race (n = 1)
** Parent Education was based on the highest degree earned and coded as 1 = High
school diploma, 2 = Bachelor’s Degree, 3 = Master’s Degree/Graduate Certificate, 4 =
Doctorate Degree.

Test Measures

Measure of speech pattern contrast perception. The on-line version (i.e., data
analysis occurring simultaneously with data input) of the imitative test of speech pattern
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contrast perception (OlimSpac 4.0; Boothroyd, Eisenberg, & Martinez, 2006) is
computerized test software developed to clinically assess a child’s ability to perceive six
phonologically significant speech contrasts. The six contrasts are as follows:
Vowel height (VH; e.g., “oodoo” vs. “aadaa”),
Vowel place (VP; e.g., “ootoo” vs. “eetee”),
Consonant voicing (CV; e.g., “aataa” or “aapaa” vs.“aadaa” or “aabaa”),
Consonant continuance (CC; e.g., “eetee” or “eechee” vs. “eesee” or “eeshee”),
Pre-alveolar consonant place (CPf; e.g., “oopoo” or “ooboo” vs. “ootoo” or
“oodoo”), and
Post-alveolar consonant place (CPr; e.g., “oosoo” or “ootoo” vs. “ooshoo” or
“oochoo”; Boothroyd, Eisenberg, & Martinez, 2010).
Each vowel-consonant-vowel (VCV) utterance produced by a child provides information
on three binary contrasts. For example, the VCV “aadaa” is intended to assess a child’s
ability to perceive the features of VH, CV, and CPf. These three contrasts, VH, CV, and
CPf, form an initial set of eight nonword utterances (i.e., trials) presented to the child.
The remaining three contrasts of VP, CC, and CPr form a second set of eight nonword
utterances, giving 16 trials in all for each presentation modality (see Appendix C for a list
of OlimSpac VCV utterances). Two presentation modalities were used in this study,
auditory-visual (A-V; i.e., audition plus lip-reading) and auditory-only (A-O).
OlimSpac procedure. Each child was given verbal instructions and a
demonstration of the OlimSpac task. The child imitated the perceived VCV utterance
into a directional lapel microphone directly following the stimulus presentation. For
some of the younger children in both groups, conditioned play audiometry was used to
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help elicit a verbal response and maintain the child’s attention. That is, the child was
asked to throw a toy in a bucket while repeating the perceived nonword.
The tester selected the child’s imitated nonword utterance from eight alternative
choices. If the child’s imitation did not match one of the eight-alternative force choices,
the tester selected the option that most closely corresponded to the contrast features in the
child’s verbal response. For example, if the nonword presented was “ootoo,” but the
child produced “oodoo” when it was not one of the alternative force choice options, then
tester would select “ootoo” from the available options awarding the child for producing
the contrasts of vowel place, consonant continuance, and consonant place correctly. Note
that an important feature of the OlimSpac is that scores are based on the accuracy of a
contrast and not the quality of the phonemes produced (Boothroyd et al., 2010).
OlimSpac scoring. The OlimSpac software automatically generated a graphic
and numeric score for each contrast following the presentation of 16 trials (see Figure
3.1). The score for a single contrast was based on eight binary trials within a single
presentation modality. Due to the small trial size, individual contrast scores were
interpreted as pass/fail, given that only a score of seven or eight is significantly better
than chance. Therefore, a composite score reflecting the average across all six contrasts
and based on 48 binary trials can be used as parametric index of overall performance.

Measure of speech production. A standardized measure of articulation skill
was used to estimate a child’s speech production abilities. The Sounds-in-Words subtest
of the Goldman-Fristoe Test of Articulation – Second Edition (GFTA-2; Goldman &
Fristoe, 2000) is widely used by speech-language pathologists to assess articulation skills
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in both children with normal hearing and children with hearing loss (Ertmer, 2010).
Additionally, this standardized measure is age-appropriate for the population sampled.

Figure 3.1. Graphic and numeric display of a generated OlimSpac score. Note: From
Boothroyd, A., Eisenberg, L., & Martinez, A. (2006). On-Line Imitative Test of Speech
Pattern Contrast Perception [software]. Los Angeles, CA: House Ear Institute.

GFTA-2 procedure. Administration of the GFTA-2 Sounds-in-Words subtest
followed standard procedures. The child was presented with 34 target words represented
by color drawings and was asked to name each drawing. A child’s spontaneous
production of single words assessed the articulation accuracy of 39 consonants and
consonant clusters in the initial, medial, and final word positions.
GFTA-2 scoring. Four graduate students trained in phonetic transcription
transcribed the words produced by each child on the Sounds in Words subtest of the
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GFTA-2. Phoneme accuracy for target consonants was judged by at least two
transcribers. If there were inconsistencies in the errors transcribed by the students, an
expert in the field was consulted to determine the most accurate transcription. The sum
of all consonant and consonant cluster errors produced in the initial, medial, and final
positions in words were calculated to determine a raw score. Raw scores were used to
determine a child’s standard score, 95% confidence interval, and test-age equivalence.
Standard scores were used to match children with cochlear implants to children with
normal hearing, based on articulation skills.
One child in the CI group would not produce six words on the GFTA-2, even after
a repeated attempt during a second session. Since he was very compliant during the
remaining study procedures, his data were not excluded from the analysis. Instead, the
missing sound productions were scored similar to a method used by Ambrose, Fey, and
Eisenberg (2012). That is, scoring judgments were on based on the child’s sound
production of the same sound in the same position or of phonetically similar sounds in
the same position. The raw score, standardized score, 95% confidence interval, and testage equivalence was then calculated as it is typically done for the GFTA-2.

Measure of receptive language. The Peabody Picture Vocabulary Test, Fourth
Edition (PPVT-4; Dunn & Dunn, 2007) is a standardized measure of receptive
vocabulary. The present study did not match children based on receptive language
performance. However, the PPVT-4 was chosen to provide a general index of language
use to better assess the strength of phonological representations in both children with
normal hearing and children with cochlear implants.

43

PPVT-4 procedure. Administration of the PPVT-4 (Form B) followed standard
procedures. A trained examiner verbally presented a single word to the child. The child
pointed to one of four colored drawings to indicate which picture he/she believed best
represented the stimulus word. The total number of words administered to each child
was partially dependent on a child’s chronological age and receptive vocabulary skill.
Testing began at a chronologically age-appropriate item set (12 items in a complete set)
and ended once a child made eight errors in a complete set. The PPVT-4 contains a total
of 228 stimulus words.
PPVT-4 scoring. A child’s raw score on the PPVT-4 was obtained by subtracting
the total number of errors from the last item in the ceiling set. A ceiling set refers to the
first set of words in which the child made eight or more errors. Raw scores were used to
identify each child’s standard score, 95% confidence interval, and test-age equivalence.

Instrumentation

Audiological assessment/screening. Audiological assessment and screening
procedures were conducted within a diagnostic suite at the University of South Florida
Hearing Clinic. All equipment described below had received the recommended annual
calibration days prior to the start of testing. The middle ear function of children with
normal hearing was assessed using a GSI Tympstar. Frequency specific unaided and
aided testing took place within a double-walled sound booth. The use of a double-walled
booth helped to maximize the amount of noise reduction within the test environment.
Pure tone hearing screenings were administered to children with normal hearing using
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either the GSI 61 clinical audiometer or the Interacoustics (IA) Equinox (AC 440) PCbased clinical audiometer. Signals were delivered through ER-3A insert earphones.
Aided thresholds were obtained in sound field from children with cochlear implants using
the GSI 61 clinical audiometer. The child was positioned 90º azimuth relative to both a
right and left loudspeaker.

Speech pattern contrast perception. A typical test set-up is shown in Figure
3.2. Testing took place in a double-walled sound attenuated booth. The child, a test
assistant, and when necessary a parent were placed in the test room. The digitized
OlimSpac audio files were routed through a PC-based clinical audiometer (IA Equinox;
AC-440) and delivered through a loudspeaker at 60 dB SPL. The child faced the
loudspeaker at 0º azimuth. The visual signals were presented via a 21” slave monitor
placed below the loudspeaker at the child’s eye level, approximately 3-feet away from the
child. For the A-V condition, a video clip of a female talker enunciating the target
nonword utterance appeared on the monitor. For the A-O condition, an image of a
loudspeaker was shown, of which the center would change in color during the
presentation of the auditory stimulus. During both the A-V and A-O conditions, a
“waitman” (i.e., cartoon of a man signaling when to listen and when to respond) appeared
below the video clip or image of the loudspeaker. This feature was enabled to help
maintain a child’s attention and discourage premature responses.
The tester controlled the stimulus presentation and scored a child’s responses in a
control room. An auditory and visual masker prevented the tester from hearing or seeing
the target stimulus presented to the child. A speech-shaped random noise, which
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coincided with the presentation of the nonword utterance, masked the auditory stimulus.
The tester was masked to the visual stimulus by an opaque sheet of paper that covered the
portion of the monitor where the talker’s face appeared. The child’s imitation was relayed
through the audiometer via the talk back system.

Figure 3.2. Block diagram of OlimSpac test set-up.

Speech production and receptive language. The GFTA-2 and the PPVT-4 were
administered in a quiet treatment or interview room within the USF Hearing Clinic. The
test easel containing the stimulus pictures was placed on a round or oval table in front of
the participant. The tester sat approximately 90° relative to the participant.
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Recordings. The verbal responses of each child in both groups were recorded
using a digital voice recorder during the administration of the GFTA-2 and OlimSpac. A
child’s responses to the GFTA-2 were recorded with an Olympus ME52 directional lapel
microphone that was fed into an Olympus VN 3100 PC digital voice recorder. A RCA
VR 5220 digital voice recorder was used to record each child’s OlimSpac responses.
Recordings obtained during the administration of the GFTA-2 were used to transcribe
whole word responses and verify articulation errors. The remaining audio files were
saved for acoustic analysis in future studies.

Procedures
Children in both groups participated in one test session that lasted one hour or
less, with the exception of one child in the CI group who required two test sessions. Prior
to testing, an accompanying parent or guardian signed a consent form as approved by the
University of South Florida Institutional Review Board. In addition, a written parental
questionnaire was completed, which included a series of questions pertaining to
demographic information, the family’s background, and the child’s developmental
history (e.g., medical, academic, speech, language, and hearing; see Appendix A and B).
Additional questions relating to a child’s audiological history (e.g., etiology of hearing
loss, age at identification, age at implantation) were included in the questionnaire for
children in the CI group.

NH group. Children in the control group were first screened for normal hearing.
Screening procedures consisted of otoscopy, tympanometry, and a 20 dB HL pure tone
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screen at octave frequencies from 250 to 4000 Hz. Twenty-two of the 24 children with
normal hearing were screened using conditioned play audiometry. The remaining two
children were under 3 years of age and required visual reinforcement audiometry to
obtain reliable results. Following the hearing screening, even numbered children (as
determined by their participant number) were administered the GFTA-2 and the PPVT-4
and odd numbered children were administered the OlimSpac. Additionally, the
administration order of the GFTA-2 and the PPVT-4, as well as the presentation modality
of the OlimSpac, alternated with every other child (see Figure 3.3a). Once a child
completed the first set of tasks (e.g., GFTA-2 and PPVT-4), the remaining tasks were
administered (e.g., A-V and A-O conditions of the OlimSpac). Short breaks were
provided at the request of the parent or child.

CI group. Similar to children in the NH group, children in the CI group were
administered the GFTA-2, PPVT-4, and the two presentation modalities of the OlimSpac.
The order of administration was counterbalanced in the same manner as described above.
What differed for the CI group was that aided thresholds were obtained prior to the
administration the OlimSpac (see Figure 3.3b). Since no specified level of hearing was
required for participation in this group, it was not necessary to obtain thresholds at the
start of a session. Individual ear aided thresholds were obtained in sound field using
narrowband noise for octave center frequencies between 500 to 4000 Hz. Reliable
thresholds were obtained for each child using conditioned play audiometry, a familiar
task for children in the CI group (see Table 3.3).
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a)

b)

Figure 3.3. Flow diagram of the administration order of study procedures for children in
the NH group (a) and children in the CI group (b). Note: NH = normal hearing; CI =
cochlear implants; ## = participant’s identification number. The figures demonstrate the
way in which the order of administration was counterbalanced across the first four
participants in each group. The above order was repeated across all participants within
their respective groups.
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Table 3.3. Aided thresholds obtained from children in the CI Group.

ID

Right Ear Aided Thresholds (dB HL) Left Ear Aided Thresholds (dB HL)
500 Hz 1000 Hz 2000 Hz 4000 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz

CI01

20

15

15

20

15

05

05

10

CI02

20

15

15

15

15

25

15

20

CI03

20

10

15

20

20

15

25

30

CI04

15

20

25

25

-

CI05

20

05

20

10

10

10

05

05

CI06

10

05

05

10

20

5

20

25

CI07

20

25

35

35

25

20

15

15

CI08

30

25

30

30

35

25

35

30

CI09

15

30

30

30

-

No Device

-

CI10

15

15

15

20

-

No Device

-

No Device

-

Matching Criteria
Initially the goal was to match children with cochlear implants based on GFTA-2
standards scores calculated using their chronological age (i.e., age since birth). However,
it was not possible to match three children in the CI group to a child in the NH group,
who had normal speech production development, based on standard scores determined
using their chronological age (CI07, CI08, and CI09; see Table 3.4). Therefore, the
GFTA-2 standard scores of all children in the CI group were re-calculated and reassessed
based on their hearing age (i.e., age since initial cochlear implant activation). It is
important to note that the normative data for children ages 2;0 was used to determine the
standard score for a child with cochlear implants whose hearing age was below 2 years of
age. Both age and raw score are necessary to calculate a child’s standard score. Unlike
standard scores, test-age equivalence is determined only from a child’s raw score.
Therefore, it was not necessary to reassess the test-age equivalence of each child in the CI
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group to account for hearing age. Individual raw scores, standard scores, and test-age
equivalence for children in the NH and CI groups are shown in Table 3.4.
Using the GFTA-2 standard scores calculated based on hearing age for children in
the CI group, each child in the CI group was matched to a child in the NH group using
the following matching criteria. The standard scores of participants in the NH group
were first separated by gender. Accounting for gender was necessary, as research has
shown that females tend to develop speech sounds earlier than males at ages 6;0 and
younger (Smit, Hand, Freilinger, Bernthal, & Bird, 1990). Accordingly, the GFTA-2
provides separate normative information for males and females. For example, if a 29month old female had a raw score of 15, her standard score was 116. However, if a 29month old male had a raw score of 15, his standard score was 120. Thus, it was more
appropriate to match a male participant in the CI group with a standard score of 120 to a
female in the NH group whose male-equivalent score was 120 (raw score of 15), as
opposed to a female whose standard score was 120 (raw score of 11). Therefore, a maleequivalent standard score was obtained for each female in the NH group, as well as a
female-equivalent standard score for each male. Males in the CI group were then
matched to a child in the NH group based on standard scores of male participants or the
male-equivalent scores of females. The reverse was performed for females in the CI
group. If an exact match was not found, the closest match within the 95% confidence
interval of a child with cochlear implants was used. For example, if a child with cochlear
implants had a standard score of 110, then a child with normal hearing with the closest
standard score between 104 and 116 (i.e., the 95% confidence interval) was considered an
appropriate match. There was only one exception in which the standard score of the
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normal hearing match was two points outside the 95% confidence internal of the child
with cochlear implants. Only in this instance, it was necessary to minimally relax the
matching criteria to find a sufficient match. The demographic characteristics and speech
production performance of the matched pairs of participants are presented in Table 3.5.

Table 3.4. Individual speech production results for participants in the NH group and CI
group.
Normal Hearing Group
ID
RS
SSCA
TAE
NH01
6
103
61
NH02
7
106
59
NH03
60
72
23
NH04
9
111
55
NH06
17
107
46
NH07
18
110
46
NH09
1
110
84
NH10
5
108
63
NH11
17
105
46
NH12
2
123
75
NH13
25
95
39
NH14
10
124
60
NH15
9
108
55
NH16
10
115
60
NH17
6
110
61
NH18
1
113
84
NH19
4
118
66
NH20
21
107
42
NH21
5
105
63
NH22
15
116
48
NH23
20
100
44
16
105
NH24
49

ID
CI01
CI02
CI03
CI04
CI05
CI06
CI07
CI08
CI09
CI10

Cochlear Implant Group
RS
SSCA SSHA TAE
8
100
112
57
16
91
101
49
3
114
123
70
31
89
103
32
17
108
121
47
6
100
111
61
32
63
86
35
45
87
94
25
33
61
103
34
59
71
75
23

Note. Speech production performance was measured using the GFTA-2 Sounds-inWords subtest. RS = raw score; Standard scores: SSCA = standard score calculated using
a child’s chronological age, SSHA = standard score calculated using the hearing age of
each child in the CI; TAE = test-age equivalence.
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Table 3.5. Demographic characteristics and word-level articulation performance of matched pairs of participants.
CI Participants
Match
Pair

ID

1

Articulation-Matched Normal Hearing Participants

SS

CI
(95%)

TAE
(mo)

ID

Gender

C-Age
(mo)

55

101

94-108

49

NH01

F

70

29

12

75

69-81

23

NH03

F

27

72

66-78

23

F

70

48

112

106-110

57

NH04

F

48

111

106-116

55

CI04

F

43

16

103

97-109

32

NH11

F

42

105

98-112

46

5

CI03

F

56

40

123

116-130

70

NH12

M

43

123/123* 117-129

75

6

CI07

M

70

50

86

79-93

35

NH13

M

48

95

88-102

39

7

CI06

F

76

55

111

105-117

61

NH17

F

56

110

104-116

61

8

CI05

M

42

22

121

114-128

47

NH22

F

29

116/120* 110-122

48

9

CI08

M

35

26

94

87-101

25

NH23

M

48

100

94-107

44

10

CI09

M

59

28

103

96-110

34

NH24

M

49

105

99-111

49

Gender

C-Age
(mo)

H-Age
(mo)

CI02

M

65

2

CI10

F

3

CI01

4

SS

CI
(95%)

103/103* 96-110

TAE
(mo)
61

Note. GFTA-2 standard scores for the cochlear implant participants were determined based on hearing age. Gender: M = Male, F =
Female; C-Age = Chronological Age; H-Age = Hearing Age; mo = months; SS = Standard score; CI = Confidence Interval; TAE =
Test-Age Equivalence
* GFTA-2 standard score is based on opposite gender to account for gender differences between matched-pairs
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Statistical Analysis
All scores were entered into an Excel spreadsheet. Data was then imported into
the statistical program SPSS 20.0 for analysis of descriptive and inferential statistics.
Both parametric and nonparametric statistics were performed, as appropriate. Statistical
analysis included a chi-squared test for between group comparisons of categorical
variables, t-test (independent and paired) for between group comparisons of continuous
variables, Mann-Whitney U test for between group comparison of continuous and ordinal
variables, Wilcoxon Signed Rank test for within group comparisons of continuous
variables, and Pearson product-moment correlations to assess the strength of associations
between variables. Criterion for statistical significance was set at p < 0.05, two-tailed.
The next chapter addresses the results of the statistical analysis performed as they relate
to the two main objectives of this study.
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Chapter Four:
Results

The primary purpose of this study was to assess the influence of speech
production abilities on speech perception performance, as measured by the OlimSpac, in
order to provide insight on its diagnostic utility as an indirect measure of speech
perception capacity in young children with cochlear implants. To accomplish this goal,
children with cochlear implants were matched to children with normal hearing based on
articulation skills, as measured by the GFTA-2 Sounds-in-Words subtest. Differences in
speech perception performance in the A-V and A-O conditions of the OlimSpac were
measured between children with cochlear implants and their articulation-matched normal
hearing peers. Later in this chapter, results are presented that address the secondary
objective of this study, which was to evaluate the effects of presentation modality on
OlimSpac performance. Differences in scores between the A-V and A-O conditions were
examined within the CI and NH groups, individually. Prior to the presentation of the
results addressing the research goals, the characteristics of the matched pairs groups are
examined.
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Matched Pairs
As discussed in Chapter 3, ten children with normal hearing were matched to a
child in the CI group based on GFTA-2 standard scores accounting for both the gender
and hearing age of children with cochlear implants. The results of the remaining children
in the NH group were eliminated from statistical analysis addressing the primary research
question. The articulation-matched sample of children with normal hearing was
comprised of four males and six females. This gender distribution was similar but not
equal to the CI group, which was comprised of five males and five females.

Speech production abilities. Figure 4.1 shows the GFTA-2 standard scores for
each of the CI participants and their articulation-matched normal hearing peers. A paired
samples t-test was used to confirm that, as was expected, the CI (M = 102.90, SD = 15.0)
and NH group (M = 104.40, SD = 14.2) were equivalent on speech production abilities
t(9) = 1.307, p = .22.
Figure 4.2 shows the test age equivalence in months between the matched pairs of
participants. The GFTA-2 test-age equivalence was significantly higher for the matched
sample of children with normal hearing (M = 50.40, SD = 14.1) than children with
cochlear implants (M = 43.30, SD = 16.0), t(9) = 3.065, p = .01, d = 0.96. This was not
surprising as test-age equivalence (i.e., the average age based on normative data for a
child to receive a given score) is determined only from a child’s raw score (i.e., total
number of errors produced), whereas both age and raw score are necessary to calculate a
child’s standard score. Since hearing age (i.e., age since a child was initially activated
with their cochlear implant) was used to calculate the standard score of children in the CI
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group, a child with cochlear implants could produce a greater number of errors on the
GFTA-2 and receive a similar standard score to a child with normal hearing of an
equivalent chronological age.

Figure 4.1. Standard scores on the GFTA-2 Sounds-In-Words subtest between matched
pairs of participants with cochlear implants and normal hearing. Standard error bars are
shown for the group average.

Demographic characteristics. The study design ensured that the CI group was
equivalent to the matched sample of normal hearing participants based on speech
production abilities. Additionally, comparisons between the matched groups were made
for the following demographic characteristics, chronological age at testing, parent
education, and receptive language abilities, as each of these characteristics could affect a
child’s speech perception performance. Table 4.1 compares the speech production skills,
age at testing (chronological and hearing age for children in the CI group), and receptive
language abilities of each matched pair.
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Figure 4.2. Test age equivalence, in months, on the GFTA-2 Sounds-In-Words subtest
between matched pairs of participants with cochlear implants and normal hearing.
Standard error bars are shown for the group average.

Chronological age at testing. Figure 4.3 shows the chronological age at testing
for each matched pair of participants, as well as group averages for the CI participants
and the articulation-matched normal hearing peers. The matched normal hearing
participants were between the ages of 27 months and 70 months. Their mean age at
testing was 46 months with a standard deviation of 12.3. Children in the CI group were
between the ages of 29 months and 76 months. Their mean chronological age at testing
was 54.50 months with a standard deviation of 16.3. A paired samples t-test revealed that
the difference between the chronological age of children with cochlear implants and their
articulation-matched normal hearing peers approached but did not meet statistical
significance t(9) = 2.252, p = .051.
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Table 4.1. Demographic and performance characteristics of children with cochlear implants and their articulation-matched normal
hearing peers

Match
Pair

Cochlear Implant Participants
GFTA-2
PPVT-4
SS
SS
C-Age H-Age
TAE
TAE
(mo)
(mo)
(mo)
(mo)
65
55
101
49
99
54

1

Gender
M

2

F

29

12

75

23

111

39

3

F

70

48

112

57

113

4

F

43

16

103

32

5

F

56

40

123

6

M

70

50

7

F

76

8

M

9

M

Gender
F

Normal Hearing Participants
GFTA-2
PPVT-4
C-Age
SS
TAE
SS
TAE
(mo)
(mo)
(mo)
70

103*

61*

134

107

F

27

72

23

111

39

60

F

48

111

55

132

77

102

32

F

42

105

46

121

60

70

153

89

M

43

123*

75*

102

65

86

35

116

65

M

48

95

39

111

58

55

111

61

93

49

F

56

110

61

105

62

42

22

121

47

122

45

F

29

116*

48*

107

36

35

26

94

25

104

33

M

48

100

44

92

44

10
M
59
28
103
34
106
35
M
49
105
49
111
58
M
0.50**
54.5
35.2
102.9
43.3
111.9
50.1
0.60**
46.0
104.4
50.4
112.6
58.6
(SD)
(0.5)
(16.3) (16.4) (15.0) (16.0) (16.7) (17.8) (0.50) (12.3) (14.2) (14.1) (13.1) (21.1)
Note. GFTA-2 standard scores for the cochlear implant participants were determined based on hearing age. Gender: M = Male, F =
Female; C-Age = Chronological Age; H-Age = Hearing Age; mo = months; SS = Standard score, TAE = Test-Age Equivalence
* GFTA-2 standard score is based on opposite gender to account for gender differences between matched-pairs
** Gender coded as 0 = male, 1 = female
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Figure 4.3. Chronological age at testing between matched pairs of participants with
cochlear implants and normal hearing. Standard error bars are shown for the group
average.

Parent education. Figure 4.4 illustrates the distributions of the highest degree
earned by the mothers (a) and fathers (b) of children in the CI and articulation-matched
NH group. Visual inspection of this figure highlights that maternal education was more
equally distributed between the two groups compared to paternal education. Fathers of
children in the CI group were observed to have earned higher degrees of education
relative to the fathers of children in the matched NH group. The data was further
examined using a chi-square test, a nonparametric measure for assessing differences
between categorical variables. This was used to determine if the proportion of parents at
each educational level were distributed differently between the CI group and articulationmatched NH group. As discussed in Chapter 3, the level of education a child’s parents
have attained has the potential to impact a child’s communication abilities (Geers,
Nicholas, & Mood, 2007). The proportion of participants in the various categories of
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highest degree earned by a respective parent did not significantly differ between each
group by level of maternal education, X2 (3, 20) = 0.34, p = .95, or level of paternal
education X2 (3, 19) = 6.78, p = .08.

a)

b)

Figure 4.4. Proportion of participants at each educational level in the CI and articulationmatched NH group with highest degree earned by mothers (a) and fathers (b).
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Receptive language skills. The PPVT-4 standard scores of children with cochlear
implants and their articulation-matched normal hearing peers are shown in Figure 4.5.
Visual inspection of the figure illustrates that there were only two pairs of participants
where large differences in PPVT-4 standard scores were present (matched pair #1 and
#5). The remaining pairs were relatively well matched, as well as overall at the group
level. It is important to note that the PPVT-4 standard scores of children in the CI group
were calculated using their hearing age, as opposed to their chronological age, consistent
with the calculation of their GFTA-2 standard score. The mean PPVT-4 standard score
for children in the CI group was 111.90 with a standard deviation of 16.8. The mean
standard score of the matched sample of normal hearing participants was 112.60 with a
standard deviation of 13.1. Differences in receptive language abilities between matched
pairs of participants were calculated using a paired samples t-test. Results indicated that
there was no significant difference between the standard scores of children with cochlear
implants and the articulation-matched normal hearing participants, t(9) = 0.093, p = .93.

Figure 4.5. Standard scores on the PPVT-4 between matched pairs of participants with
cochlear implants and normal hearing.
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Primary Objective

Speech perception performance. Individual speech perception performance
results for each child in the CI and matched-NH group are presented in Table 4.2. Single
speech contrast and composite scores obtained in the A-V and A-O conditions of the
OlimSpac were corrected for guessing using the following formula:
c = (r – g)/(100 – g) x 100,

(4.1)

where c = corrected score in percentage, r = raw score in percentage, and g = percent
score expected from guessing, g = 50% in the present case. It is of note that for clinical
use, the OlimSpac software provides users with the option to automatically convert raw
scores to percentage scores that are corrected for guessing. For the present study, raw
scores were manually corrected for guessing and converted to percentages in order to
verify OlimSpac output.
Percent correct composite scores obtained in the A-V and A-O conditions are
shown for each matched pair of participants in Figures 4.6 and 4.7, respectively. Visual
inspection of the data illustrated in these figures revealed that many individual
participants in both the CI and articulation-matched NH groups achieved relatively high
levels of speech perception performance in A-V and A-O conditions of the OlimSpac.
Due to the presence of ceiling effects, the phonemic contrast and composite score data for
both presentation modalities were examined using nonparametric techniques. Further
analysis (i.e., Shapiro-Wilk test) also revealed that the OlimSpac contrast and composite
score data for both presentation modalities in the CI group and articulation-matched NH
group violated assumptions of normality.
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Table 4.2. Individual speech perception results for matched pairs of participants.
Normal Hearing Participants
Match

Pair

Auditory-Visual Condition
VH VP CV CC CPf CPr

Cochlear Implant Participants

Auditory-Only Condition

Auditory-Visual Condition

Auditory-Only Condition

CS
CS
CS
CS
VH VP CV CC CPf CPr
VH VP CV CC CPf CPr
VH VP CV CC CPf CPr
(%)
(%)
(%)
(%)

1

8

8

8

8

8

7

96

8

8

8

8

8

8 100 8

8

7

7

8

8

92

8

8

8

8

8

8 100

2

8

8

5

7

6

4

58

8

7

6

7

8

3

63

8

8

6

5

6

5

58

7

6

5

4

8

4

42

3

8

8

7

8

8

4

79

8

8

8

8

7

6

88

8

8

7

6

8

4

71

8

8

8

7

8

8

96

4

8

8

5

8

7

6

79

8

8

7

8

7

4

75

8

7

6

7

8

6

75

8

7

5

6

7

8

71

5

8

8

8

8

7

5

83

8

8

6

8

7

8

88

8

8

8

8

8

8 100 8

8

8

8

8

8 100

6

8

7

7

7

7

5

71

8

8

8

6

8

5

79

8

8

8

8

8

6

92

8

8

8

8

7

6

88

7

8

8

7

8

8

8

96

8

8

8

8

8

8 100 8

8

6

8

6

8

83

8

8

7

8

7

8

92

8

8

8

6

7

8

7

83

8

8

7

7

8

7

88

8

8

6

8

8

6

83

8

8

6

8

7

6

79

9

8

8

8

8

7

7

92

8

8

8

8

7

8

96

8

7

6

7

6

8

75

8

8

8

7

5

7

79

10

8

7

7

7

8

6

83

8

7

7

7

8

6

79

8

8

5

4

7

6

58

8

6

6

4

7

7
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Note. Single Speech Contrasts: VH = vowel height, VP = vowel place, CV = consonant voicing, CC = consonant continuance, CPf =
pre-alveolar consonant place, CPr = post-alveolar consonant place. OlimSpac composite scores are in percentage correct after
correction for guessing, using Equation 4.1; CS = Composite Score.
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Figure 4.6. OlimSpac composite scores in the A-V condition between matched pairs of
participants with cochlear implants and normal hearing.

Differences in speech perception performance between matched pairs of
participants were compared using the Wilcoxon Signed Ranked test, a nonparametric
alternative to the paired samples t-test. As displayed in Table 4.3, results indicated no
significant differences in speech perception performance between matched pairs of
children with cochlear implants and articulation-matched children with normal hearing on
each of the six speech contrasts and composite scores under either presentation modality
(p > .05). Although the difference in composite scores for both the A-V and A-O
conditions was not significant between matched pairs of participants, Figure 4.8 was
provided to illustrate that the average composite scores for CI group as a whole were
slightly lower than the average scores for the articulation-matched NH group for both
presentation modalities.
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Figure 4.7. OlimSpac composite scores in the A-O condition between matched pairs of
participants with cochlear implants and normal hearing.

Individual data for the auditory-only OlimSpac data. In order to validate the
OlimSpac as a clinical measure of auditory speech perception capacity, Boothroyd,
Eisenberg, and Martinez (2010) suggested that conclusions be drawn not only from
inferences based on the average performance of the population sampled, but also from the
data of single participants and single contrasts. Thus, Figure 4.9 illustrates individual
data from each of the six speech contrasts in the A-O condition as a function of standard
score on the GFTA-2 Sounds in Words subtest. The GFTA-2 standards scores displayed
for the children in the CI group were those calculated using their hearing age. The
speech contrast data are based on the number of correct responses in eight trials. As
discussed in Chapter 3, seven or eight correct responses indicated a passing score. Such
scores are represented as open symbols above a criterion line. Scores that failed to meet
the criterion are represented by filled symbols.
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Table 4.3. Two-Related Samples Analysis Results for Composite Scores for the A-V and
A-O Conditions of the OlimSpac.
Dependent
Variable

NH Groupa

CI Groupb

Mdn

Mdn

Wilkcoxon Sign Rank Test
Z

p
c

A-V VH
A-V VP
A-V CV
A-V CC
A-V CPf
A-V CPr

8.00
8.00
7.00
8.00
7.50
6.00

8.00
8.00
6.00
7.00
8.00
6.00

0.00
0.00c
0.93
1.44
0.00a
1.58

1.000
1.000
.351
.151
1.000
.115

A-V CS
A-O VH
A-O VP
A-O CV
A-O CC
A-O CPf
A-O CPr
A-O CS

83.33*
8.00
8.00
7.50
8.00
8.00
6.50
87.50*

79.17
8.00
8.00
7.50
7.50
7.00
7.50
83.33

0.42
1.00
1.63
0.95
0.94
0.90
0.84
0.83

.674
.317
.102
.344
.347
.366
.400
.407

Note. OlimSpac presentation modality: A-V = Auditory-Visual, A-O = Auditory-Only; Single
Speech Contrasts: VH = vowel height, VP = vowel place, CV = consonant voicing, CC =
consonant continuance, CPf = pre-alveolar consonant place, CPr = post-alveolar consonant place;
CS = Composite Score
*OlimSpac composite score expressed as percentage correct after correction for guessing, using
Equation 1.
a
n = 10. b n=10. c The sum of negative ranks equals the sum of positive ranks.

Examining the individual OlimSpac data in the A-O condition highlighted the
following points. First, the most notable aspect of Figure 4.9 is that failing scores on the
OlimSpac speech contrasts were not always obtained by children in the CI group with the
lowest standard scores on the GFTA-2. However, the two children in the NH group who
had more than one failing score (i.e., two failing scores of six speech contrasts), also had
the two lowest standard scores on the GFTA-2. Second, all children in both groups (CI
and NH) had passing scores on the VH contrast. Third, all children in the NH group also
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obtained passing scores in the VP and CPf contrasts. Forth, four of the 10 children in
both groups had passing scores on all six speech contrasts. And lastly, the greatest
number of children in the NH group (5 of 10 children) failed on the CPr contrast. On the
other hand, the greatest number of children (4 of 10 children) in the CI group failed on
the CV contrast.

Figure 4.8. Mean speech perception performance between the CI and articulationmatched NH groups in the A-V and A-O conditions of the OlimSpac. Standard error bars
are shown.

The absence of significant differences in OlimSpac performance between
matched pairs of children with cochlear implants and their articulation-matched normal
hearing peers on both the A-V and A-O conditions suggests an influence of speech
production abilities on OlimSpac performance. However, closer examination of
individual phonemic contrast scores in the A-O condition reveals that errors in speech
perception performance, as measured by the OlimSpac, differs between the matched pairs
of participants as a function of phonemic contrast.
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Number of correct responses in 8 trials (Auditory-Only condition)

Standard

scores on the GFTA-2 Sounds-In Words Subtest

Figure 4.9. The individual auditory-only results of children in the CI group and the
matched children in the NH group for six speech contrasts as a function of standard
scores (based on hearing age) of the GFTA-2 Sounds-In-Words subtest and speech
contrast. Data points show the number of correct responses in eight trials. Scores of
seven or eight are significantly better than chance at the .035 level and are indicated by
open symbols. Failing scores are indicated by filled symbols.
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Secondary Objective

Effect of presentation modality. The secondary objective of this study was to
evaluate within group differences in OlimSpac performance between the A-V and A-O
conditions, as illustrated in Figure 4.10. For the NH group, within group differences in
presentation modality were examined using the entire sampled population of children
with normal hearing (n = 22) in order to maximize the strength of the analysis due to the
larger sample size. Individual speech perception performance results for each child in the
NH (a) and CI (b) groups are presented in Table 4.4. Similar to the matched pairs
analysis, nonparametric techniques were used to assess within group differences between
OlimSpac performance in the A-V and A-O conditions due to presence of ceiling effects
and violations of normality observed in the phonemic contrast scores and average
composite scores, expressed in percentage correct relative to chance.

Figure 4.10. Mean speech perception performance in the A-V and A-O conditions of the
OlimSpac for the NH and CI group. Standard error bars are shown.
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Table 4.4a. Individual speech perception results for participants with normal hearing.

ID VH
NH01 8
NH02 8
NH03 8
NH04 8
NH05 8
NH06 8
NH07 7
NH08 7
NH09 8
NH10 8
NH11 8
NH12 8
NH13 8
NH14 8
NH15 8
NH16 8
NH17 7
NH18 8
NH19 8
NH20 8
NH21 8
NH22 8

Auditory-Visual Condition
VP CV CC CPf CPr CS (%) VH
8
8
8
8
7
96
8
8
8
7
8
8
96
8
8
5
7
6
4
58
8
8
7
8
8
4
79
8
8
6
8
7
6
79
5
8
7
8
8
4
79
8
8
7
8
7
8
88
8
8
8
8
7
8
92
8
8
5
8
7
6
79
8
8
8
8
7
5
83
8
7
7
7
7
5
71
8
8
7
8
8
8
96
8
8
7
8
8
7
92
7
8
8
8
8
7
96
8
8
7
8
8
8
96
8
8
8
8
8
8
100
8
8
6
8
7
8
83
8
8
8
7
8
7
92
8
8
8
8
8
8
100
8
8
6
7
8
7
83
8
8
8
8
7
7
92
8
7
7
7
8
6
83
8

Auditory-Only Condition
VP CV CC CPf CPr CS (%)
8
8
8
8
8
100
8
8
8
8
8
100
7
6
7
8
3
63
8
8
8
7
6
88
5
8
5
6
4
38
8
8
8
8
5
88
8
8
8
8
8
100
8
7
7
8
8
92
8
7
8
7
4
75
8
6
8
7
8
88
8
8
6
8
5
79
8
8
8
8
8
100
8
6
8
7
8
83
8
7
7
8
7
88
8
8
8
8
8
100
8
8
8
8
8
100
8
8
8
7
7
92
8
6
8
8
6
83
8
8
8
8
8
100
8
7
7
8
7
88
8
8
8
7
8
96
7
7
7
8
6
79

Table 4.4b. Individual speech perception results for participants with cochlear implants.
CI01
CI02
CI03
CI04
CI05
CI06
CI07
CI08
CI09
CI10

8
8
8
8
8
8
8
8
8
8

8
8
8
7
8
8
8
7
8
8

7
7
8
6
6
6
8
6
5
6

6
7
8
7
8
8
8
7
4
5

8
8
8
8
8
6
8
6
7
6

4
8
8
6
6
8
6
8
6
5

71
92
100
75
83
83
92
75
58
58

8
8
8
8
8
8
8
8
8
7

8
8
8
7
8
8
8
8
6
6

8
8
8
5
6
7
8
8
6
5

7
8
8
6
8
8
8
7
4
4

8
8
8
7
7
7
7
5
7
8

8
8
8
8
6
8
6
7
7
4

96
100
100
71
79
92
88
79
58
42

Note. Single Speech Contrasts: VH = vowel height, VP = vowel place, CV = consonant
voicing, CC = consonant continuance, CPf = pre-alveolar consonant place, CPr = postalveolar consonant place. OlimSpac composite scores are in percentage correct after
correction for guessing, using Equation 4.1; CS = Composite Score.
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NH group. Table 4.5 displays the descriptive statistics and within-group
differences in speech perception performance between the A-V and A-O conditions of the
OlimSpac for children in the NH group. Children with normal hearing obtained a mean
score within the passing criteria on five of the six single speech contrasts in both
presentation modalities, as shown in Figure 4.11. As described in Chapter 3, a score of
seven or eight indicates a passing score in a single speech contrast. The post-alveolar
consonant place contrast was the only speech contrast where the group mean fell below a
passing score (less than 7) for both the A-V (M = 6.64, SD = 1.4) and A-O (M = 6.73, SD
= 1.6) conditions. Children in the NH group also obtained a mean composite score of
86.95 with a standard deviation of 10.4 in the A-V condition and a mean composite score
87.23 with a standard deviation of 14.9 in the A-O condition. A Wilcoxon Signed Ranks
test indicated that there were no significant differences in speech perception performance
between the A-V and A-O conditions for the single speech contrasts (p > .05; see Table
4.5 for individual Z scores) and composite scores obtained by children in the NH group Z
= 1.451, p = .15.
CI group. Descriptive statistics and within-group differences between
presentation modality for children in the CI group are shown in Table 4.6. In contrast to
children in the NH group, children in the CI group had fewer mean single speech contrast
scores that met the passing criteria for both presentation modalities. Average speech
perception performance in the A-V condition was below a minimum passing score for
three of the six speech contrasts: consonant voicing (M = 6.50, SD = 1.0), consonant
continuance (M = 6.80, SD = 1.4), and post-alveolar consonant place (M = 6.50, SD =
1.4). In the A-O condition, average scores were below a passing score for two of the six
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speech contrasts: consonant voicing (M = 6.64, SD = 1.4) and pre-alveolar consonant
place (M = 6.64, SD = 1.4). Average speech perception performance for each of the six
single speech contrasts is shown in Figure 4.12. Children with cochlear implants
obtained an average composite score of 78.70 with a standard deviation of 14.1 in the AV condition and 80.50 with a standard deviation of 19.1 in the A-O conditions. Similar
to the results of children in the NH group, differences in speech perception performance
between both presentation modalities were not significant for the single speech contrasts
(p > .05; see Table 4.6 for individual Z scores) and composite scores obtained by children
in the CI group Z = 0.560, p = .58.

Figure 4.11. Average number of correct responses obtained by children in the NH group
for each of the six single speech contrasts. Note. Single Speech Contrasts: VH = vowel
height, VP = vowel place, CV = consonant voicing, CC = consonant continuance, CPf =
pre-alveolar consonant place, CPr = post-alveolar consonant place.
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Table 4.5. Descriptive statistics and within-group differences in presentation modality on
OlimSpac single speech contrasts and composite scores for children in the NH Group.

Variable
VH
VP
CV
CC
CPf
CPr
CS (%)

M
7.66
7.91
7.09
7.73
7.55
6.64
86.95

A-V Condition
Mdn SD Min
8.00 .35 7.00
8.00 .29 7.00
7.00 .97 5.00
8.00 .46 7.00
8.00 .60 6.00
7.00 1.43 4.00
90.00 10.38 58.00

Max
8.00
8.00
8.00
8.00
8.00
8.00
100.0

M
7.82
7.77
7.41
7.55
7.64
6.73
87.23

A-O Condition
Mdn SD Min
8.00 .66 5.00
8.00 .69 5.00
8.00 .80 6.00
8.00 .80 5.00
8.00 .58 6.00
7.50 1.61 3.00
88.00 14.88 38.00

Max
8.00
8.00
8.00
8.00
8.00
8.00
100.0

Within Group
Z
p
a
.000
1.00
.816
.41
1.025
.31
.755
.45
.877
.38
1.029
.30
1.451
.15

Note. Single Speech Contrasts: VH = vowel height, VP = vowel place, CV = consonant voicing,
CC = consonant continuance, CPf = pre-alveolar consonant place, CPr = post-alveolar consonant
place; CS = Composite Score.
a
The sum of negative ranks equals the sum of positive ranks.

Figure 4.12. Average number of correct responses obtained by children in the CI group
for each of the six single speech contrasts. Note. Single Speech Contrasts: VH = vowel
height, VP = vowel place, CV = consonant voicing, CC = consonant continuance, CPf =
pre-alveolar consonant place, CPr = post-alveolar consonant place.
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Table 4.6. Descriptive statistics and within-group differences in presentation modality on
OlimSpac single speech contrasts and composite scores for children in the CI Group.

Variable
VH
VP
CV
CC
CPf
CPr
CS (%)

M
8.00
7.80
6.50
6.80
7.30
6.50
78.70

A-V Condition
Mdn SD Min
8.00 .00 8.00
8.00 .42 7.00
6.00 .97 5.00
7.00 1.40 4.00
8.00 .95 6.00
6.00 1.43 4.00
79.00 14.10 58.00

Max
8.00
8.00
8.00
8.00
8.00
8.00
100.0

M
7.90
7.50
6.90
6.80
7.20
7.00
80.50

A-O Condition
Mdn SD Min
8.00 .31 7.00
8.00 .85 6.00
7.50 1.29 5.00
7.50 1.62 4.00
7.00 .92 5.00
7.50 1.33 4.00
83.50 19.07 42.00

Max
8.00
8.00
8.00
8.00
8.00
8.00
100.0

Within Group
Z
p
1.000
.32
1.089
.28
1.706
.09
.552
.58
.530
.60
.944
.35
.560
.58

Note. Single Speech Contrasts: VH = vowel height, VP = vowel place, CV = consonant voicing,
CC = consonant continuance, CPf = pre-alveolar consonant place, CPr = post-alveolar consonant
place; CS = Composite Score.
a
The sum of negative ranks equals the sum of positive ranks.

The within group comparisons demonstrated that both the NH group and CI group
obtained relatively similar scores between the A-V and A-O conditions of the OlimSpac
in all six of the phonemic contrast categories and average composite scores. Although
children with normal hearing did not achieve perfect performance in either the A-V or AO condition, the greatest errors overall were observed in the post-alveolar consonant
place condition for both presentation modalities. For the CI group, errors in phonemic
performance were more equally disbursed across the four consonant contrasts for both the
A-V and A-O conditions.
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Chapter Five:
Discussion

The primary goal of the present study was to determine if speech production
abilities influenced speech perception performance, as measured by the OlimSpac, in
young children with cochlear implants. This knowledge has implications for the clinical
use of the OlimSpac as a valid estimate of speech perception abilities. The OlimSpac
procedure, which is believed to be cognitively and linguistically appropriate for young
children with hearing loss, involves verbal imitation as the mode of response. To
examine the potential role of speech production skills, a control group of articulationmatched children with normal auditory speech perception capacity was included. Given
the age range of the population sampled, 2;3 to 6;4, it was assumed that speech
production abilities would partially impact the OlimSpac procedure. Nevertheless, an
important question to ask was whether knowledge of a child’s level of word articulation
skills would allow for accurate interpretation of OlimSpac performance in both an A-V
and A-O condition.
Initially an attempt was made to match each cochlear implant participant with a
child with normal hearing based on GFTA-2 standards scores calculated using
chronological age. However, between-group differences in speech production abilities
were observed between children with cochlear implants and their normal hearing peers.
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Children with cochlear implants obtained lower standard scores on the GFTA-2 SoundsIn-Words subtest relative to children in the NH group. This discrepancy between groups
made it impossible to find an appropriate articulation-match with normal speech,
language, and auditory development for each child in the CI group. Although previous
studies have shown that children with cochlear implants develop similar speech
production skills as their normal hearing peers (Osberger et al., 1993; Tobey et al., 2003),
these studies examined school-age children. As Chin et al. (2003) demonstrated, children
with cochlear implants continue to exhibit improvements in speech intelligibility even at
11 years of age with 6 years of cochlear implant experience, whereas, children with
normal hearing attained ceiling levels of speech intelligibility around 4 years of age.
Therefore, in order to select an appropriate match, standard scores for children in the CI
group were calculated using hearing age. The hearing age of children with cochlear
implants was significantly lower than the chronological age of the articulation-matched
sample of normal hearing peers. However, both groups were similar based on
chronological age. Thus, the two groups of matched participants were alike in both
speech production skills and chronological age. Additional comparisons revealed that the
two groups were also similar in receptive language abilities and parent education. These
similarities between matched pairs of participants across variables were desired as each
characteristic has the potential to impact children’s communication abilities and thus
affect their speech perception scores.
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Primary Objective
Several important findings emerged from this study when examining the results of
the articulation-matched pairs of participants to assess the influence of word-level speech
production skills on OlimSpac performance. The first key finding was that the group of
children with cochlear implants demonstrated similar OlimSpac performance in the A-V
and A-O condition (79% and 80%, respectively) as did their articulation-matched normal
hearing peers (82% and 85%, respectively). Although a greater difference in speech
perception performance in both presentation modalities was hypothesized between the
matched groups, an unanticipated outcome was the less-than-perfect overall performance
of the normal hearing participants. It was assumed that the articulation-matched normal
hearing participants would achieve perfect (i.e., 100%) or near-perfect performance in
both the A-V and A-O conditions given the premise that these children have normal
auditory speech perception capacity and have used this capacity for speech perception,
speech production, and phonological development. Eisenberg et al. (2003) also observed
less-than-perfect OlimSpac performance from 10 children with normal hearing.
However, the average composite scores of their normal hearing participants were 91% for
both the A-V and A-O conditions. Review of OlimSpac performance of the articulationmatched normal hearing children in this study revealed that only three of the 10 children
with normal hearing attained composite scores of 92% or greater in both presentation
modalities. The similar OlimSpac performance between the matched pairs of participants
lends support to notion that word-level articulation skills can influence a young child’s
speech perception performance on the OlimSpac task that requires verbal imitation.
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One unique aspect of the OlimSpac that differs from most measures of speech
perception skills is that the OlimSpac not only evaluates average performance but also
provides information on six binary phonemic contrasts. This allows clinicians to
recognize where the greatest errors on OlimSpac performance are made and make
appropriate clinical judgments, specifically in the A-O condition, to whether the errors
reflect perceptual or production inaccuracies. Inferences drawn from the data of matched
participants and single phonemic contrasts in the A-O condition revealed noteworthy
findings.
Four children in both groups achieved passing scores on all six OlimSpac
contrasts. All 10 children with normal hearing received passing scores on the vowel
height, vowel place, and pre-alveolar consonant place contrasts, whereas the greatest
errors in OlimSpac performance occurred in the post-alveolar consonant place contrast.
According to Boothroyd et al. (2010), these results reflect the influence of phonological
development on OlimSpac performance. Children with normal hearing typically develop
vowel inventories, as well as consonants with more frontal places of articulation (e.g., /p/,
/b/, /t/, and /d/) early in development (Moeller et al., 2007a, 2007b). In contrast, the two
speech sounds, /sh/ and /ch/, that represent the post-alveolar place of articulation are not
mastered by 75% of children with normal hearing until 4 to 5 years of age (Smit, Hand
Freilinger, Bernthal, & Bird, 1990). Only one of the matched participants with normal
hearing was older than 5 years of age (NH01, 5;10). She achieved a passing score on all
six contrasts in the A-O condition.
Individual contrast results differed slightly for the CI group. All children with
cochlear implants obtained passing scores on the vowel height contrast, but two received
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failing scores on the vowel place contrast. A common characteristic was that both of
these children were implanted unilaterally. Close examination of place of articulation
scores revealed a passing score on the pre-alveolar consonant place contrast by all but
one child with cochlear implants (CI08). It happened to be the only contrast in which this
child received a failing score. The greatest errors in OlimSpac performance for the CI
group were obtained on the consonant voicing contrast. There are two possible reasons
for poorer OlimSpac performance in this contrast. First, voicing cues are dependent on
auditory access to the fundamental frequency. A limitation of cochlear implants is that
they are limited in the ability to encode fundamental frequency impart due to lack of
stimulation in the low frequency regions for the cochlea (Wilson & Dorman, 2008).
Second, voicing cues cannot be learned using visual information as is possible with place
of articulation and to a lesser degree manner. Further, research has shown that even
adults and children with normal hearing experience the greatest difficulty perceiving the
consonant voicing contrast compared the other phonemic contrasts when presented with a
spectrally degraded speech stimuli (Eisenberg, Shannon, Martinez, Wygonski, &
Boothroyd, 2000).
An unexpected observation was that children with cochlear implants in this study
obtained a similar or higher score than their articulation-matched normal hearing peers in
the post-alveolar consonant place contrast. Only five of the 10 children with normal
hearing obtained a passing score on the post-alveolar consonant place contrast, whereas
seven of the 10 children with cochlear implants achieved a passing score. Two of the
three children in the CI group that did not achieve a passing score obtained a higher score
than their matched normal hearing peer. Although the CI group was older (albeit not
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significantly older) than the articulation-matched normal hearing participants, age alone
does not provide an explanation for the differences between matched pairs of participants
on the post-alveolar consonant place contrast. Only four of the 10 children in the CI
group were older than 5 years of age and only one of the three CI participants that did not
achieve a passing score was the youngest in the group. The oldest hearing age of a child
in the CI group was also below 5 years old (i.e., 4;7). One possible explanation for the
superior performance by cochlear implant participants on the post-alveolar consonant
place contrast is that children with cochlear implants are often asked to perform
detection, identification, or verbal imitation of Ling 6-7 sounds (Ling 2002) pre- and
post-implantation during clinical sessions with their audiologist and speech language
pathologist. One of the sounds used for this test is the post-alveolar consonant /sh/ that is
used as an OlimSpac phoneme. Thus, children with cochlear implants tend to have
greater exposure detecting, identifying, and imitating this cue compared to their normal
hearing peers.
Lastly, an impact of phonological development was observed in that the five
children with the youngest hearing age (i.e., 12 to 28 months of age) in the CI group
obtained the majority of failing scores and the five lowest composite scores for the A-O
condition. The remaining five children were between the hearing ages of 40 to 55
months and all but one had a passing score on all six phonemic contrasts. The remaining
CI participant received a passing score on all but the post-alveolar consonant place
contrast in both the A-V and A-O condition.
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Secondary Objective
Several relevant within-subject findings also emerged from this study. Since it
was necessary to recruit a larger sample of children with normal hearing from which to
establish a control group of articulation-matched participants, within-subject differences
between the A-V and A-O conditions of the OlimSpac were examined in the entire
sample of children with normal hearing in order to take advantage of the larger sample
size (n = 22). As was hypothesized, there was no significant difference between
OlimSpac performance in the A-V condition (M = 86.95) compared to the A-O condition
(M = 87.23). The absence of a significant difference in speech perception performance
between presentation modalities in a group of children with normal hearing was
consistent with results observed in previous studies (Boothroyd et al., 2010; Eisenberg et
al. 2003). However, the group of normal hearing participants in this study obtained
average composite scores in the A-V and A-O conditions that were lower than the 92%
composite scores observed by Boothroyd et al. (2010) and the 91% composite scores
observed by Eisenberg et al. (2003) for both presentation modalities.
Similar to the NH group, children with cochlear implants in this study obtained an
average composite score in the A-V condition (78.7%) that was minimally lower than and
not significantly different from the average composite score in the A-O condition
(80.5%). A failure to observe a significant within-subject difference between the two
presentation modalities from children in the CI group was unexpected. Several studies
had previously reported that children with hearing loss (which included children with
cochlear implants) obtained significantly higher scores in the A-V condition compared to
the A-O condition (Boothroyd et al., 1996; Eisenberg et al., 2003). However, the average
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composite scores of children with hearing loss in the previous studies were considerably
lower than those achieved by children with cochlear implants in this study. Thus, the
most surprising outcome was the high levels of speech perception performance achieved
by the CI group in the A-V and A-O conditions of the OlimSpac.
Eisenberg et al. (2003) examined the OlimSpac performance of 10 children with
cochlear implants in both presentation modalities. The cochlear implant participants in
their study obtained an average composite score of 60% in the A-V condition and 48% in
the A-O condition, resulting in a significant effect of visual enhancement (e.g.,
performance improvement due to the addition of lip reading cues). The average
composite scores of children with cochlear implants in this study were 18.7 percentagepoints higher for the A-V condition and 32.5 percentage-points for the A-O condition
relative to composite scores obtained by the cochlear implant participants in the
Eisenberg et al. (2003) study. This is a considerable difference in OlimSpac performance
achieved by young children with cochlear implants between studies. Chronological age
could not have contributed to the difference in OlimSpac performance between studies as
the average age of children with cochlear implants evaluated by Eisenberg et al. (2003)
was 5;6, compared to an average chronological age of 4;1 in this study. However, the
average hearing age of the CI group was 2;11 in this study and 2;1 in the previous study.
Two possible explanations could have accounted for the differences in OlimSpac
performance of young children with cochlear implants between studies. First, Eisenberg
et al. (2003) used CV stimuli as opposed to the VCV stimuli used in the present study.
Second, advances in cochlear implant technology and speech processing strategies used
by the cochlear implant participants in this study could have accounted for the higher
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levels of speech perception performance. Comparisons between the multi-channel
cochlear implants used in this study and the Eisenberg et al. (2003) study could not be
made as it was reported in their study.
Although children in both the NH and CI groups of this study achieved high
levels of OlimSpac performance in both presentation modalities, previous studies have
suggested that perfect performance (i.e., 100%) on the OlimSpac may not be achieved
until approximately 4 years of age (Boothroyd et al., 2010). To explore this issue further,
the relationship between chronological age at testing and OlimSpac performance in both
the A-V and A-O condition was examined in the NH and CI groups, individually.
Significant and positive associations were observed between OlimSpac composite scores
in both the A-V and A-O conditions and age at testing for children in the NH group, r(22)
= 0.537, p = .01 and r(22) = 0.542, p = .01, respectively. That is, OlimSpac performance
in both presentation modalities increased with increasing age. With 12 of the 22 children
in NH group 4 years of age and younger, a positive association between OlimSpac
performance and age at testing was expected. It is important to point out, however, that
children younger than 4 years of can achieve high levels of speech perception
performance on the OlimSpac. For example, a 2;7 year old child in the NH group
obtained a composite score of 96% in the A-V condition and 100% in the A-O condition.
However, he was the exception in the A-O condition, as perfect performance was not
achieved in either condition by any of the remaining children ages 4 years old or younger.
For children in the CI group, a significant and positive association was only
observed between OlimSpac composite scores in the A-O condition and chronological
age at testing, r(10) = 0.67, p = .04. Although a positive association was noted between

84

OlimSpac composite scores in the A-V condition and age at testing for children in the CI
group, the correlation was not significant, r(10) = 0.41, p = .25. This finding contradicts
previously reported results from Desjardin, Ambrose, Martinez and Eisenberg (2009)
who found a significant positive relationship between a child’s age and OlimSpac
performance in only the A-V condition. Examination of average composite scores for
both presentation modalities between the five youngest and the five oldest children in the
CI group offers insight for the positive association observed in only the A-O condition in
this study. Average composite scores in the A-V condition between the youngest and
oldest half of CI participants was 78% and 79%, respectively, whereas the average
composite scores in the A-O condition was 74% for the youngest half and 87% for the
oldest half. Thus demonstrating that OlimSpac performance in the A-O condition
improved considerably only for the oldest children in the CI group. One possible
explanation is that the older children with cochlear implants in this study were more
confident in their speech perception abilities and able to achieve OlimSpac scores similar
to their normal hearing peers when forced to rely solely on their auditory skills. All
children in the CI group were enrolled in or graduated from auditory-verbal or listening
and spoken language therapy, approaches that encourage spoken language learning by
placing a greater emphasis on auditory as opposed to visual cues (Brennan-Jones, White,
Rush, & Law, 2012).
These within-subject results highlighted the capacity for children with cochlear
implants to achieve high levels of speech perception performance. Yet, even the majority
children in the NH group did not obtain perfect scores on either the A-V or A-O
OlimSpac condition. Factors associated with level of cognitive development and speech
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production abilities are difficult to entirely eliminate when using a test of verbal imitation
in a young pediatric population. Nevertheless, the results of this study provided greater
validation for the clinical use of the OlimSpac as a measure of speech perception
performance, progress, and outcome in young children with cochlear implants.
Specifically, when a child’s OlimSpac scores are interpreted in conjunction with
additional objective scores of communication skills (e.g., speech production,
phonological awareness, and language).

Limitations
Although the results of this study provided insight into the influence of speech
production abilities on OlimSpac performance, several limitations were encountered that
were related to either the study design or OlimSpac procedure. A study limitation was
that the sample size of children with cochlear implant was small. Small sample sizes are
typical of studies involving a cochlear implant population, especially when a strict
inclusion criterion is defined. However, a larger sample of participants is necessary to
strengthen the conclusions drawn from this study and make more generalized
assumptions from the results obtained.
A limitation of the OlimSpac procedure is that speech production development
does appear to impact a child’s OlimSpac performance. This was apparent from the less
than perfect scores obtained by children in the NH group whose auditory capacity is
assumed to allow for accurate perception of the OlimSpac stimuli. Knowledge of a
child’s word level articulation skills is useful prior to the administration of the OlimSpac
procedure. However, in a clinical setting many audiologists do not have access to a
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child’s results on a standardized measure of articulation. One solution is to have a child
produce all possible VCV combinations prior to the presentation of the OlimSpac stimuli
(Desjardin et al., 2009). A clinician will, therefore, anticipate errors for certain contrasts
and make appropriate clinical judgments based on that information. According to
Desjardin et al. (2009), alternative contrasts have also been developed for use when a
child is unable to produce an existing contrast. The ability to replace contrasts that
exceed a child’s current level of phonological development could strengthen the
diagnostic utility of the OlimSpac as a measure of speech perception abilities. Future
studies are required to determine equivalence of OlimSpac outcomes if replacements are
made to existing contrasts.
A third limiting factor of the OlimSpac procedure was the absence of a “none of
the above” option to use when scoring the OlimSpac. Boothroyd et al. (2010) argue
against including a “none of the above” option indicating that the OlimSpac should be
scored based on the contrast imitated and not the phoneme produced. This argument
assumes that a clinician has a strong background in phonetics to select the appropriate
contrast produced. Some clinicians may experience difficulties in choosing the accurate
contrast produced at a fast enough rate to also maintain a young child’s attention. In the
instance of this study, there were times when a child’s verbal imitation was not
represented directly or phonemically by one of the provided eight choices.

Future Directions
The OlimSpac has great potential for use in young children with cochlear
implants due to its limited demands on language abilities. One population that could
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benefit from such a measure of speech perception skills is children who are bilingual or
non-native speakers of English. Stern, Yueh, Lewis, Norton, and Sie (2005) reported that
in 1997 26.6% of children identified with severe to profound hearing loss were Hispanic
relative to the 51.1% that were White (remaining population included 18.3% Black and
4.1% Asian). Although only a small percentage (9%) of this Hispanic population
received cochlear implants, their study highlights the clinical demands to serve this
population. It is important to note that it is not fair to assume that the identified
population all came from families’ where the primary language spoken at home was
Spanish, but for many that may have been the case. In these instances, clinicians often
struggle to assess outcomes, especially in children who appear to be meeting auditory
milestones but who demonstrate delays in speech language development in at least the
English language. Although futures studies could use the OlimSpac in its current form, it
would be highly beneficial to modify the stimuli to included phonologically significant
contrasts that are more universally appropriate for at least two spoken languages (e.g.,
Spanish and English). Such modifications could also allow for the clinical assessment of
speech perception skills of an adult monolingual Spanish speaker by a monolingual
English speaking clinician. Future studies may also consider the diagnostic utility of the
OlimSpac with special populations that display significant delays in cognitive and
language development.

Clinical Implications
By recognizing the impact of speech production abilities have on OlimSpac
performance, clinicians can make important clinical judgments that have the potential to
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benefit young cochlear implant users in at least three ways. First, is to assess the
outcome of cochlear implant use. Clinicians are limited in the standardized measures
available to evaluate speech perception outcomes in the young children with cochlear
implants. With children receiving implants at ages younger than ever before, the need for
comprehensive assessment of auditory skills development has increased. Parent report
scales are useful in that they provide subjective scores on a child’s progress in achieving
auditory developmental milestones. The OlimSpac, however, provides objective
outcomes that allow clinicians to monitor changes, improvements, and development of
speech perception skills. Second, the OlimSpac has the potential to help guide cochlear
implant mapping. Similar to traditional word and sentence recognition tests, the
OlimSpac provides an overall composite score of speech perception performance. The
OlimSpac is unique in that it also separates a child’s speech perception performance into
six phonologically significant contrasts. Errors on a particular contrast may draw
attention to an area of perceptual weakness. For example, if a child obtains errors in one
or both of the vowel contrasts, a clinician may attempt to enhance a child’s access to low
frequency information. Lastly, OlimSpac outcomes may assist in planning a child’s
habilitative invention. A child’s performance on an individual speech contrast can also
provide useful information to a speech-language pathologist, which creates a bridge
towards establishing cohesive auditory perceptual and articulatory therapy goals between
the professionals serving the child with hearing loss.
Knowledge of a young child’s speech production abilities on speech perception
performance assists to validate the OlimSpac as an indirect measure of a child’s speech
perception capacity and a direct measure of speech perception performance. The use of
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verbal imitation as a mode of response may limit a young child’s ability to achieve
perfect performance on the OlimSpac, but it does not restrict the OlimSpac from
providing useful and objective information on a child’s level of speech perception
development. Additionally, a greater understanding of the potential effect of speech
production performance on estimates of speech perception ability assists in highlighting
other developmental, linguistic and or cognitive delays masked by a child’s hearing loss
(DesJardin et al., 2009).
Professionals serving children with severe to profound hearing loss face many
new challenges. Continuous advancements in the emerging field of cochlear implants
afford children with prelingual deafness new linguistic (e.g., oral language competency)
and educational (e.g., mainstream education) opportunities. As demonstrated in this
study, children with cochlear implants have the capacity to achieve high levels of speech
perception performance similar to those of their normal hearing peers. Clinicians must
continue to educate themselves on the technological changes and new approaches for
promoting auditory, speech, and language skills (Moeller & Carney, 1993), which
include the use of improved measurement tools for the assessment of speech perception
outcomes. Management choices that incorporate clinical expertise, the specific needs of
each individual patient, and scientific-based evidence can optimize the outcomes in
speech perception for children with cochlear implants.

Conclusions
The present study demonstrated that children with cochlear implants achieve
similar levels of speech perception performance on OlimSpac in both the A-V and A-O
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conditions relative to their articulation-matched normal hearing peers. Consequently, the
results highlighted that the speech production skills of young children partially influence
the OlimSpac procedure, which uses verbal imitation as a mode of response. However,
close examination of individual phonemic contrast scores obtained by both groups in the
A-O condition revealed that phonological development had a greater influence on the
contrast scores of children with normal hearing, whereas children with cochlear implants
displayed greater errors that were related to auditory perceptual cues (e.g., consonant
voicing). The presence of visual cues in the A-V condition did not enhance a young
child’s auditory speech perception performance for either children with cochlear implants
or children with normal hearing. Given these observations, the OlimSpac continues to
show great promise as a clinical measure of speech perception abilities and an indirect
measure of speech perception capacity in young children with cochlear implants,
especially when a child’s word-level articulation skills are accounted for when
interpreting composite scores, as well as individual phonemic contrast scores.
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Appendix A:
Parental Questionnaire for Normal Hearing Participants
Child’s Age:

Gender (circle one):

Male

Female

Note: Race and ethnicity information is requested solely for evaluating minority inclusion
Race (circle one):
Black/African America
Asian
Hawaiian/Pacific Islander
Native American
White
Other:
Ethnicity (circle one):
Hispanic or Latino
Not Hispanic or Latino
Handedness: Which hand does your child prefer using?
PARENTAL INFORMATION
Is this your biological child?

Yes

No

Right

Left

No Preference

If no, what is your relationship to this child?

Mother:
Highest level of education:
Current Occupation:

Father:
Highest level of education:
Current Occupation:

MEDICAL HISTORY
Please list, if any, medications your child is now taking:
Has your child had any significant illnesses? If so, please describe, including age of onset and duration.
Has your child experienced any of the following?
Ear Infections
Ear Tubes
Ear Pain
Meningitis

Sinusitis
Hearing Loss

Do you think your child has problems with balance or coordination?
Does your child complain of head noise or ringing in his/her ears?

Head Injury
Seizures
Yes
Yes

No
No

Does/Has your child receive(d) any of the following services?
Speech Therapy:
No
Yes
If yes, how often/how long.
Aural Rehabilitation
No
Yes
If yes, how often/how long.
Physical Therapy
No
Yes
If yes, how often/how long.
Occupational Therapy No
Yes
If yes, how often/how long.
Other
No
Yes
If yes, how often/how long.
SPEECH, LANGUAGE, & HEARING INFORMATION
Which language(s) are spoken at home?
Is your child’s first language English?
Yes
No
If no, what was his/her first language?
Can you understand your child’s speech?
Yes
No
Can others?
Are you concerned with your child’s speech and language development?
If yes, please explain:
Did your child pass a newborn hearing screening?
Yes
No
If no, explain:
Are there any members of your immediate family with known hearing loss?
Yes
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Yes
Yes

No

No
No

Appendix A (Continued)

If yes, what is their relationship to your child (e.g. sibling)?
PRESCHOOL HISTORY
Does your child attend a preschool, daycare, or elementary school program?
Yes
No
If yes, how many:
Days/week
Hours/day
When did he/she start in a program?
DEVELOPMENTAL HISTORY
At what age did your child?
Sit alone
Are you concerned with your child’s development?
If yes, please explain:

Crawl
Yes
No
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Walk

Toilet Train

Appendix B:
Parental Questionnaire for Cochlear Implant Participants
Child’s Age:

Gender (circle one):

Male

Female

Note: Race and ethnicity information is requested solely for evaluating minority inclusion
Race (circle one):
Black/African America
Asian
Hawaiian/Pacific Islander
Native American
White
Other:
Ethnicity (circle one):

Hispanic or Latino

Not Hispanic or Latino

Handedness: Which hand does your child prefer using?
PARENTAL INFORMATION
Is this your biological child?

Yes

No

Right

Left

No Preference

If no, what is your relationship to this child?

Mother:
Highest level of education:
Current Occupation:

Father:
Highest level of education:
Current Occupation:

Has your child experienced any of the following?
Ear Infections
Ear Tubes
Ear Pain
Meningitis

Sinusitis
Hearing Loss

Do you think your child has problems with balance or coordination?
Does your child complain of head noise or ringing in his/her ears?

Head Injury
Seizures
Yes
Yes

No
No

Does/Has your child receive(d) any of the following services?
Speech Therapy:
No
Yes
If yes, how often/how long.
Aural Rehabilitation
No
Yes
If yes, how often/how long.
Physical Therapy
No
Yes
If yes, how often/how long.
Occupational Therapy No
Yes
If yes, how often/how long.
Other
No
Yes
If yes, how often/how long.
SPEECH & LANGUAGE INFORMATION
Which language(s) are spoken at home?
Is your child’s first language English?
Yes
Can you understand your child’s speech?
Yes

No
No

HEARING INFORMATION
At what age was your child diagnosed with hearing loss?
Cause of Hearing Loss?
At age was your child fit with hearing aids?
Ear Implanted?
Right
Left
Both
CI Surgeon?
CI Audiologist?
Implant Manufacturer?
Advanced Bionics
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If no, what was his/her first language?
Can others?
Yes
No

How long were hearing aids worn?
CI Center?
Surgery Date?
Activation Date?
Cochlear Americas
MedEl

Appendix B (Continued)
Implant Type?
Speech Processor?
How many hours a day does your child where his/her CI?
PRESCHOOL HISTORY
Does your child attend a preschool, daycare, or elementary school program?
Yes
No
If yes, how many:
Days/week
Hours/day
When did he/she start in a program?

DEVELOPMENTAL HISTORY
At what age did your child?
Sit alone
Crawl
Are you concerned with your child’s development?
If yes, please explain:

Yes

105

Walk
No

Toilet Train

Appendix C:
List of OlimSpac Vowel-Consonant-Vowel (VCV) Utterances

Initial Set of eight VCV Utterances
ootoo
oodoo
oopoo
ooboo

aataa
aadaa
aapaa
aabaa

Second Set of eight VCV Utterances
ooshoo
oochoo
oosoo
ootoo

eeshee
eechee
eesee
eetee
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