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Abstract 

Previous research has suggested a relationship between auditory evoked potentials (AEPs) 

and spoken language proficiency, but their interactions during the earliest stages of 

development are not well understood. AEP-Age, an index that estimates the maturity of a 

child’s AEP relative to same-aged peers, has been effective in investigating this relationship 

in school-aged children, but has yet to be applied to younger populations. This thesis includes 

two Stage 1 Manuscripts (Registered Reports) for future studies to (a) assess the utility 

of AEP-Age to predict chronological age and language ability in 18-48-month-old children, 

and (b) investigate the relationship between AEP-Age and language ability longitudinally in 

children with three different trajectories (children with typical development, late talkers who 

resolve, and children with persistent developmental language disorder). This thesis sets the 

stage for a new line of research examining the role of AEP maturation in the earliest stages of 

typical and atypical language development. 
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Summary for Lay Audience 

Past research demonstrates a relationship between our brain’s response to sound, called 

auditory evoked potentials (AEPs), and language abilities. AEPs can be captured as a 

waveform using electroencephalography (EEG), and like our language skills, have been 

shown to mature and change as we age. A newly developed index called AEP-Age has been 

shown to successfully estimate auditory brain maturity in school-aged children. To collect a 

child’s AEP, EEG records brain responses to a simple tone over 5 minutes, then these 

responses are compared to overall averages of AEP responses from groups of children of 

different ages. Recent research has shown that AEP maturity (captured using AEP-Age) is 

related to language proficiency in school-age children with typical and atypical language 

development.  

This thesis includes two papers that provide a detailed plan for two future studies that will 

validate the use of AEP-Age in toddlers. The first of the two papers describes a study that 

will examine groups of children at different ages between 18 and 48 months in order to create 

average AEP responses for each age group, assessing whether AEP-Age is a good measure in 

children this young. The second paper describes a study that will follow a group of children 

from the age of 18 months to the age of 48 months. This study will investigate the 

relationship between AEP-Age and language ability in children with three different 

developmental trajectories (children with typical development, late talkers whose difficulties 

resolve, and children with persistent developmental language disorder). Together, these 

studies set the stage for a new line of research examining auditory maturity in the earliest 

stages of typical and atypical language development. 
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Chapter 1  

1 Introduction 

Developmental disorders of language learning affect a child’s ability to 

communicate and can range from mild and transient to more severe, persistent cases 

(Paul, 2020). Why some children have such difficulties is not well understood, but one 

proposal has been that deficits in rapid auditory processing of both linguistic and non-

linguistic sounds play a role (Benasich et al., 2002). Neuroscientific methods such as 

functional magnetic resonance imaging (fMRI), magnetoencephalography (MEG), and 

electroencephalography (EEG) have all proven useful in the investigation of the relations 

between auditory cortical processing and language development. However, these 

methods have had limitations. For example, studies using EEG have focused on 

evaluating the characteristic auditory evoked potential (AEP) through methods such as 

the measurement of peak amplitudes and latencies or mean amplitude over a specific time 

window (van Zuijenfor et al, 2012; for review see Hämäläinen et al., 2013). However, 

these conventional analyses are limited in their ability to deal with obstacles such as 

abrupt age-related changes or late emergence of key components in the AEP waveform 

during childhood (Ponton et al., 2000). As a result, Intraclass Correlation (ICC), which 

measures the overall AEP without reliance on identifying individual peaks, has emerged 

as a new approach to examining the relationship between language development and 

auditory cortical maturation. While ICC has been successfully used to predict the 

language abilities of school-aged children (Bishop et al., 2011; Kwok et al., 2018a), to 

my knowledge, it has not been applied to younger populations. Given this, the interaction 

between auditory cortical maturation and language abilities during the earliest stages of 

development is still not well understood. The overall goal of this thesis is to set the stage 

for a new line of research examining the relationship between the maturity of AEPs and 

spoken language abilities in young children aged 18 to 48 months.  

To provide background, the current introductory chapter will provide an overview 

of early language development, the role of auditory cortical processing during this period, 

common methods of analysis of AEPs, and gaps in the literature. A brief overview of the 
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present thesis will be provided as an introduction to the chapters that follow, which 

include two Registered Report (Stage 1) manuscripts (Chapters 2 and 3) and a discussion 

of progress towards their implementation, future plans, and implications of this line of 

research (Chapter 4). 

 Early Spoken Language Development 

The development of spoken language is a complex process that shows variability 

in its exact manifestation in individual children and can be influenced by a range of 

environmental factors including socioeconomic status (Hoff & Tian, 2005), quality of 

mother-infant interactions and attachment security (Morisset et al., 2008), and maternal 

education level (Reilly et al., 2010). Despite this individual variation, typical language 

development appears to follow a universal and predictable timeline regardless of culture 

(Conti-Ramsden & Durkin, 2012; Kuhl, 2004), which is no doubt attributable to the 

biological bases of language acquisition. The first three years of life are a particularly 

intense period of both neural and language development. For example, at the same time 

that synaptic density and concentration are rapidly increasing (Huttenlocher, 1979), 

young infants are becoming more sensitive to subtle acoustic differences between the 

sounds of the language(s) they are learning, laying a foundation for their rapidly growing 

language system (Kuhl, 2004, 2010). 

In the first year of life, children develop building blocks for language including 

nonverbal communication and emerging awareness and comprehension of the language 

of input (Krentz & Corina, 2008). For example, before the emergence of a child’s first 

words, their caregiver(s) will often witness communicative gestures such as pointing 

(Behne et al., 2011; Tomasello et al., 2007) and head gestures (Fusaro et al., 2012). 

Infants will engage in babbling and production of sounds that mimic adult intonation 

(Locke, 1989; Saaristo-Helin et al., 2011). These skills are indicators that the infant is 

displaying communicative intent, the beginnings of language comprehension, and 

acquiring knowledge of the phonemes of their language. Despite the fact that humans are 

born with the ability to discriminate phonemes of all languages (McMurray & Aslin, 

2005), this capability decreases with age as the child becomes attuned to their first 

language (Krentz & Corina, 2008). It is proposed that this refinement is a result of a 
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learning process in which the infant is forming mental, speech sound categories for 

commonly heard acoustic signals (Kuhl et al., 2005).  

Although much occurs prior to the onset of the child’s first word, this event is 

seen as the beginning of language production (Majorano & D’Odorico, 2010). 

Commonly, this happens near the first birthday, and vocabulary will continue to grow at a 

steady pace (~10 words/month) until the acquisition of about 50 words (Benedict, 1979). 

At this point, a child will begin to acquire new words at a rate of nearly 30 words a month 

(Goldfield & Reznick, 1990). During this period, a child’s growing phonological system 

provides them with the foundation needed for both semantic and syntactic development, 

which becomes more dominant in the second and third years of life (Foorman et al., 

2002). Around this time, the child continues to develop their understanding and use of 

new words and begins to form multiword phrases. Typically, the first multiword 

utterance will be short (2-3 words) (Braine & Bowerman, 1976), and lack grammatical 

morphemes such as those used to mark possession (possessive -‘s), number (plural -s) or 

tense (progressive -ing, past -ed) (Tyack & Ingram, 1977). Throughout the preschool 

years, phrases grow longer, and children refine their use of grammar including the 

addition of articles (e.g., a, the), auxiliary verbs (e.g., am, is, are, has, have), and 

pronouns (e.g., him, her), and begin to produce multiclause phrases (Kirjavainen et al., 

2009). As their use and understanding of their language increases, children will also 

become more proficient in pragmatic elements such as turn taking (Rutter & Durkin, 

1987), repairing conversational misunderstandings (Laakso & Soininen, 2010), and 

discussing future events (Atance & O’Neill, 2005).   

Given the supportive role of auditory processing in the extraction of key acoustic 

features early in life, and the role of the developing phonological system in other building 

blocks of language such as vocabulary and grammar, it has been suggested that auditory 

processing plays an important role in the development of spoken language. 

 The Development of Auditory Processing 

Humans are born with an immature auditory system that continues to develop 

well into adolescence (Eggermont & Ponton, 2003). Continual maturation of the auditory 
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system involves changes in specific pathways of both the peripheral and central nervous 

systems, although predominantly the latter. These changes are a consequence of 

physiological development and ongoing exposure to auditory stimuli (Litovsky, 2015, 

Chapter 3). At birth, several mature neurons are already present in the auditory cortex, 

however, research using immunostaining techniques suggest that the axons carrying 

information through the cortex are in varying stages of immaturity (Moore & Guan, 

2001). Mature axons are distinct in the sense that they contain a highly complex network 

of neurofilaments and have undergone myelination, that is, formation of a fatty sheath 

around the axon that increases rapid transmission between neurons (Hoffman et al., 

1984). Axonal development in the cortex continues through childhood in a predictable 

pattern that parallels the electrophysiological and perceptual development of auditory 

processing (discussed in detail below) (Moore & Guan, 2001). In newborns, mature 

axons are only present in the marginal layer of the cortex (layer I). Layer I is considered 

to be the most primary layer of the cortex and provides only the most basic information 

about auditory stimuli due to its lack of intracortical connections (Moore, 2002). During 

early childhood, dendritic branching (the process of dendritic growth and synapse 

formation) gradually enhances intracortical connections in the auditory cortex, driving 

activity in cells of deeper layers IV, V, and VI (Marin-Padilla & Marin-Padilla, 1982). It 

is not until about 5 years of age that mature axons are detectable in layers II and III of the 

auditory cortex. These intermediary layers represent maturing corticocortical connections 

linked to communication in the cortex between, and within, hemispheres. Typically, by 

11 or 12 years of age, the density of mature neurons in all layers of the auditory cortex 

will reflect those of a young adult (Moore, 2002) 

As physiological development progresses, a child will also experience perceptual 

changes that influence their processing of acoustic inputs. Infants in the first few months 

of life have the ability to distinguish speech sounds of varying acoustic characteristics 

(intensity, frequency, etc.). Despite an immaturity in deeper levels of the cortex, infants 

younger than 4.5 months are able to differentiate between individual speech sounds 

(Eggermont & Ponton, 2003) and speakers (Jusczyk et al., 1992). In fact, young infants 

have proven more accurate than adults at detecting phonemic contrasts outside of their 

native language. However, between the ages of 6 and 12 months, as the deeper layers of 
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the auditory cortex mature, an infant’s ability to detect phonemic contrasts outside their 

language of input decreases (Bar-On et al., 2018). This may be the result of the 

maturation in deeper levels of the auditory cortex, leading to phonetic categorization that 

prioritizes common sounds (i.e., phonemes in the language of input) (Werker & Tees, 

2002; Kuhl et al, 1992). Around 5 years of age, while layers II and III of the auditory 

cortex begin to develop to appear more adult-like, synaptic connections become gradually 

more specialized and children are increasingly able to process masked and degraded 

speech (Elliot, 1979; Eisenberg et al., 2000). Throughout childhood, speech perception 

and sound localization skills continue to improve along a maturational timeline that is 

considered complete by young adolescence (Eggermont & Moore, 2012) 

Often, auditory maturation is classified through progressive changes in 

electrophysiological responses, with development reflected in changes to distinct peaks in 

the auditory evoked potential (AEP). The AEP waveform itself is comprised of a set of 

measurable peaks (P1-N1-P2-N2) that represent electrical activity at the scalp and can be 

used to approximate auditory cortical maturation (Tomlin & Rance, 2016). Peak 

amplitude, peak latency, and the morphology of individual components have been studied 

extensively over the years (reviewed in Wunderlich & Cone-Wesson, 2006). Measures of 

peak latency appear relatively stable from birth to 6 years old for all components, at 

which point they begin to decrease through later childhood (Ponton et al., 2002). This is 

assumed to be a result of increased myelination in layers II and III of the auditory cortex 

and improving synaptic efficiency (Wunderlich et al., 2006). In 5–6-year-old children, 

the AEP waveform is dominated by the P1 component (Ponton et al., 2000). Similar 

relationships between peak amplitude and physiological maturation of the auditory cortex 

are observed for later emerging components as well. For example, maturational trends in 

N1 peak magnitude are opposite to those of P1 (Ponton et al., 2002). Although the N1 

peak does not develop until 9-10 years old, researchers speculate that the physiological 

source of the N1 peak is the same as that of P1, with electrical signals being 

superimposed on P1. It is proposed that the neural generators of P1 are nearly adult-like 

at the emergence of the N1 peak (Ponton et al., 2002). A systematic decline in magnitude 

similar to that of P1 has also been shown for the N2 peak (Cunningham et al., 2000; 

Johnstone et al., 1996; Oades et al., 2007). The declining amplitude of the N2 peak from 
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about 5-15 years old provides further evidence for a continuum of maturation in the 

auditory cortex from birth to adolescence. The timeline of auditory cortical maturation 

and its reflection in the AEP waveform is of particular interest in this thesis, because 

differences within the P1-N1-P2-N2 complex have also been tied to children’s language 

proficiency (Choudhury & Benasich, 2011). 

 Auditory Evoked Potentials and Language 
Development 

Auditory evoked responses recorded during early childhood have been shown to 

be strong predictors of spoken and written language abilities later in life. Specifically, 

early work by Molfese and colleagues demonstrated the predictive potential of AEP 

morphology for reading and verbal skills from birth to 8 years of age (Molfese & 

Molfese, 1985, 1997). Using both speech and non-speech stimuli, they evoked neonatal 

AEPs for use in the prediction of language development and auditory maturation. Two 

components of AEPs elicited by speech sounds (occurring between 88-240 ms and 664 

ms, respectively) were able to effectively identify children who performed better or 

worse on the McCarthy Scales of Children’s Abilities (McCarthy, 1979) verbal index at 

age 3 years (Molfese & Molfese, 1985). 

A follow-up study conducted years later provides further evidence for the relation 

between AEPs and verbal abilities (Molfese & Molfese, 1997). Neonatal AEPs were 

collected from 71 infants (aged 36 hours or less) and principal component analysis was 

used to isolate the two factors matching the latency configuration previously identified 

(i.e., occurring between 88-240ms and at 664 ms) (Molfese & Molfese, 1985). These 

neonatal AEPs had high accuracy in classifying children according to whether they 

demonstrated higher or lower verbal IQ on the Stanford-Binet Intelligence Scales 

(Thorndike et al., 1986) at 5 years of age, suggesting that the relation between verbal IQ 

and auditory maturation holds through the preschool period. 

Further work by these authors (Molfese et al., 1999) has demonstrated that the 

latency of the N2 peak may also be used to successfully predict both verbal and reading 

skills at 8 years old. Hierarchical growth curve models of change investigating ERPs 
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from the ages 1 through 8 years old were shown to predict verbal intelligence skills at age 

8. The mean latency of the N2 peak for those who perform worse on the verbal 

intelligence scale of the Wechsler Intelligence Scale for Children (WASI) was delayed by 

25 ms in comparison to those with higher verbal intelligence scores. Additionally, the 

linear rate of decline in N2 latency was slower in individuals with lower verbal 

intelligence across the ages of 1 to 8 years old (Molfese et al., 1999). 

Several other studies have supported the findings of Molfese and colleagues 

(1985, 1997, 1999) and the association between language development and auditory 

cortical maturation (Benasich et al., 2002; Benaisch et al., 2006; Choudhury & Benasich, 

2003; also see review, Heim & Benasich, 2006). In children with typical development, 

changes in the mean amplitude of the AEP waveform have been related to language and 

verbal memory skills. Research has also shown that larger, more positive mean 

amplitudes of the AEP in the right hemisphere at birth correspond to poor receptive 

language skills at 2.5 years old. Specifically, correlation and regression analyses 

supported a relation between “at-risk” or deviant AEP morphology to weaker language 

skills through development (Guttorm et al., 2005). Additional analyses of AEPs collected 

at birth show an association between larger, more positive ERP waveforms in the left 

hemisphere and poorer verbal memory skills at 5 years old (Guttorm et al., 2005).  

Additional evidence for the relation between auditory cortical maturation and 

language proficiency can be found in studies of atypical development. Although some 

individual variation in maturational changes is expected, significant age-related changes 

in AEPs have been well documented and seem to follow a standard maturational 

progression (Bruneau et al., 1997; Ponton et al., 2000; Shafer et al., 2015). This is 

particularly useful in the context of developmental research, as immature auditory 

processing has been linked to impaired language development (Bishop & McArthur, 

2004). To date, researchers have identified a range of atypical neurophysiological 

responses to auditory stimuli in children with language impairments. Infants with a 

family history of language impairment, who were thus at increased risk of language 

disorder, showed significant differences in their rate of cortical auditory maturation. 

Specifically, those identified as having an increased risk for language disorders showed 
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delayed maturation of AEPs in childhood in comparison to controls (Choudhury & 

Benasich, 2011). Similar findings have been reported in populations of children with 

developmental language disorder (DLD, also known as specific language impairment, 

Bishop et al., 2017). Atypical auditory cortical responses to tones in pre- and mid- 

adolescent children with DLD have been characterized by several researchers (Lincoln et 

al., 1995; Tonnquist-Uhlen et al., 1996, Adams et al., 1987). Tonnquiest-Uhlen (1996) 

demonstrated that latencies of both the P2 and N2 components appear to be delayed in 

populations with language impairment, with the most pronounced differences observed in 

the latency of the P2 peak. Children with DLD demonstrated N1 peaks that were longer 

than those of typically developing children, perhaps due to slower processing in central 

auditory pathways (Tonnquiest-Uhlen et al., 1996). Significantly delayed latencies in the 

N2 peak have also been demonstrated in children with impaired language development 

between the ages of 8 to 10 years old compared to age-matched controls (Włodarczyk et 

al., 2018). 

By contrast, other studies of children with DLD found typical N1 or P2 responses 

to auditory stimuli (Courchesne et al., 1989; Marler et al., 2002; Mason and Mellor, 

1984; Ors et al., 2002; Włodarczyk et al., 2018; see review by Bailey & Snowling, 2003). 

It has been suggested that the inconsistencies in the literature may be due to the varying 

experimental paradigms (Bishop & McArthur, 2004). In addition, differences across 

studies in sample size, inclusion criteria, and age may all contribute to the discrepant 

findings. The maturation of AEPs involves several ongoing changes in morphology from 

birth to adolescence (Ponton et al., 2000). This makes it difficult for researchers to 

capture later emerging components such as N1 and P2 peaks in younger populations. One 

potential solution to this issue that has begun to be used in the literature involves the use 

of intra-class correlation (ICC), which allows for the estimation of the overall maturity of 

the AEP without having to identify and measure individual peaks within the waveform. 

 AEP Measurement using Intra-Class Correlation 

Given the changes in the AEP waveform through development, a method of 

analysis that does not rely on identifying specific peaks is needed. This problem has been 

addressed using ICC in studies of cortical responses in school-aged children, adolescents, 

https://www-sciencedirect-com.proxy1.lib.uwo.ca/science/article/pii/S0093934X05000076#bib8
https://www-sciencedirect-com.proxy1.lib.uwo.ca/science/article/pii/S0093934X05000076#bib21
https://www-sciencedirect-com.proxy1.lib.uwo.ca/science/article/pii/S0093934X05000076#bib22
https://www-sciencedirect-com.proxy1.lib.uwo.ca/science/article/pii/S0093934X05000076#bib22
https://www-sciencedirect-com.proxy1.lib.uwo.ca/science/article/pii/S0093934X05000076#bib32
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and adults (McArthur & Bishop, 2004; Bishop et al., 2007; Bishop et al., 2011; Kwok et 

al., 2018a, Kwok et al., 2018b). The ICC coefficient serves as an indication of how 

similar two waveforms are in shape and absolute voltage, and allows researchers to 

measure global resemblance rather than relying on single components. The ICC value 

itself ranges from 1.0 (identical) to -1.0 (opposite).  

ICC allows researchers to specify a temporal window to be compared between 

two waveforms (as opposed to individual peaks). This is particularly useful for 

comparison of AEPs across age groups, since some components such as the N1 and P2 

are not identifiable until later childhood (Ponton et al., 2002). Using this method, 

researchers can compare overall amplitude and morphology of AEP waveforms between 

a single participant and grand averages that represent the AEP of different age groups. 

The higher the degree of similarity between two waveforms, the higher the resultant ICC 

value. When comparing one child’s AEP to a series of grand-averaged AEPs representing 

different chronological ages, the comparison that yields the highest ICC value can be 

considered to be a reliable estimate of the maturity of that child’s auditory cortical 

response, that is, their auditory cortical “brain age”. 

In recent years, ICC has been employed in several studies of auditory cortical 

maturation. Given the large differences between children, adolescents, and adults in 

auditory cortical responses, Bishop et al. (2007) proposed that ICC could be a sensitive 

measure of variation both within and between age groups. While there was evidence of 

three separate developmental periods using ICC estimates of AEP maturity (5-12 years, 

13-16 years, and adulthood), results showed no sensitivity to auditory maturation within 

these age groups. The authors suggested the lack of acuity was due to the wide age range, 

as group differences may have been masked by significant age-associated variation 

(Bishop et al., 2007). These limitations were addressed in later AEP studies that show 

increased sensitivity to maturation in a smaller age range of children aged 7 to 11 years 

old. Bishop et al. (2011) demonstrated that ICC analysis could be used to detect 

maturational differences in auditory processing in two-year age bands (7 -9 and 9-11 

years), a sensitivity that was not evident in their previous study. Although the authors 

demonstrated that other methods of analysis show evidence of age-related changes in 
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AEPs (i.e., principal component analysis, time-frequency analysis, source localisation), 

ICC alone appeared to be the best measure of auditory cortical maturation (Bishop et al., 

2011). 

The use of a maturational index of auditory cortical processing derived using ICC 

is especially relevant for studies of children from a broad range of developmental 

abilities. This has been advantageous in studies of language development, given the 

proposed role of auditory processing (Bishop & McArthur, 2004). More recent evidence 

from studies of auditory maturation not only support the notion that ICC may be sensitive 

to chronological age in school-aged children, but also demonstrated the ability of the 

ICC-derived estimate of AEP maturity (AEP-Age) to predict unique variance in language 

ability. In an attempt to replicate and expand previous findings from Bishop et al. (2011), 

Kwok and colleagues (2018a) measured AEPs in response to simple tones in a sample of 

children aged 7-10 years old. Similar to Bishop et al. (2011), it was confirmed that ICC 

analyses were able to differentiate auditory maturity in two-year age bands (between 7 

and 9 years, and 8 and 10 years), but also across a one-year age band between 8 and 9 

years. Additionally, AEP-Age was found to be a significant predictor of language ability, 

explaining 7.8% of the variance in language ability beyond that explained by 

chronological age (Kwok et al., 2018a). 

The relationship observed by Kwok et al (2018a) between AEP-Age and language 

ability is congruent with earlier evidence that individuals with language disorders exhibit 

immature auditory processing (Bishop et al., 2004). The association between language 

proficiency and AEP-Age was further explored by Kwok et al. (2018b) in a sample of 

school-aged children with DLD using ICC and their previously established normative 

AEP waveforms (Kwok et al., 2018a). Children who had below average language skills 

on the CELF-4 Core Language Score (Semel et al., 2003) were divided into two groups: 

those with mild DLD (11-16th percentile) and those with moderate-severe DLD (at or 

below the 10th percentile). Although these two groups did not significantly differ in 

chronological age, the authors found immature AEPs only in those with moderate-severe 

DLD. In other words, those with mild DLD had an AEP-Age similar to their 

chronological age but participants with moderate-severe DLD had AEP-Age estimates 
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significantly younger than their own chronological age. AEP-Age accounted for 31% of 

the variation in language abilities in this sample of children with DLD (Kwok et al., 

2018b).   

Despite the growing evidence for a relationship between auditory cortical 

processing and language skills, a number of issues remain. First, the utility of AEP-Age 

has not yet been examined in younger populations. Although it has proven successful in 

predicting language variation in school-age children (Bishop et al., 2011, Kwok et al., 

2018a), auditory maturation is a highly dynamic process, particularly in the early years. 

The relation between auditory cortical maturation and language proficiency during early 

language acquisition is not well understood. Second, the directionality of this influence 

remains unclear. To gain a better understanding of the role that auditory maturity plays in 

language development (or conversely, that language development plays in auditory 

maturity), there needs to be greater comprehension of the age-related changes in both 

language and auditory maturity during the early and extremely dynamic period of 

language acquisition occurring from 18 to 48 months. 

 The Present Work 

The original goal of this thesis was to validate the use of the AEP-Age index in a 

cross-sectional study of children aged 18-48 months. However, due to the COVID-19 

pandemic, data collection was not possible. Therefore, the remainder of this thesis will 

present two manuscripts in the format of Registered Reports (Stage 1) that have been 

prepared in anticipation of submission to a peer-reviewed scholarly journal. The 

Registered Report format of both of these chapters was chosen to align with that required 

by the European Journal of Neuroscience (EJN). Each of these manuscripts includes a 

preliminary abstract, background, methodology, and proposed analyses. Each of these 

studies will examine the relationship of AEP-Age to spoken language abilities in toddlers 

and will contribute foundational knowledge crucial to understanding how the maturation 

of auditory and spoken language skills interact in early childhood. 
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Chapter 2 of this thesis is a Stage 1 Manuscript entitled “Auditory evoked potential 

maturity and its relation to early language acquisition. A stage 1 registered report” that 

aims to address the following questions: 

1. Are there significant differences in AEP maturity between 18, 24, 30, 26 and 48 

months of age? 

2. Can AEP maturity predict language ability beyond that which is explained by 

chronological age? 

Chapter 3 is a Stage 1 Manuscript entitled “Longitudinal relations between auditory 

evoked potentials and language from 18 to 48 months in children with typical and 

atypical language acquisition. A stage 1 registered report” that aims to investigate the 

following questions: 

1. Does AEP maturity at younger ages demonstrate a larger impact on language 

maturity at later ages or does earlier language maturity have a larger impact on 

later AEP maturity? 

2. Do patterns of AEP maturation over time closely follow patterns on language 

maturation in children with different trajectories of language acquisition? 
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Chapter 2  

2  Auditory evoked potential maturity and its relation to 
early language acquisition. A stage 1 registered report. 

 Abstract 

A relationship between auditory evoked potentials (AEPs) and language 

proficiency has been previously demonstrated in children. AEP-Age, an index that uses 

intraclass correlation (ICC) to estimate the maturity of individual children’s AEPs, has 

proven to be an effective tool to investigate this relationship in school-aged children. The 

objective of this proposed study is to assess the utility of AEP-Age to predict 

chronological age and language ability in 18–48-month-old children. AEPs in response to 

simple tones will be measured in 140 participants via recording of passive 

electroencephalography (EEG) activity as the participants watch a silent movie. A battery 

of standardized language tests will estimate participants’ spoken language abilities. ICC 

will then be used to calculate an estimate of each child’s cortical maturity. Results will 

indicate whether maturational differences in the neural processing of auditory 

information can be identified at particular developmental time points and will support 

future investigations of whether deviations at these time points may be related to 

difficulties in early language development.  

 Introduction 

The development of spoken language includes acquisition of the grammar, 

vocabulary, and phonology (speech sounds) of the language of exposure. Acquisition of 

these skills happens with little conscious effort in childhood yet is dependent on 

environmental input (Brooks & Kempe, 2012). That is, linguistic and non-linguistic 

auditory input play a crucial role in the development of the understanding and use of 

spoken language (May-Mederake, 2012). Auditory processing supports the extraction of 

critical acoustic features in the speech signal and the establishment of the phonological 

system from a very young age (Benasich et al., 2006). This input, in turn, is used to build 

mental representations of sounds that ultimately influence and interact with other 

components of a child’s growing language system (Tsao et al., 2004). Several studies 
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conducted with both typically (Bishop et al., 2017) and atypically (Tallal, 2014; 

Archibald & Joanisse, 2012) developing children support the idea that processing of 

auditory information in the brain influences the characteristic development of spoken 

language. However, the extent to which this applies in the toddler years and its potential 

to function as a marker of the quality of language development has yet to be explored in 

detail. 

Much like the development of language abilities, auditory cortical responses 

continue to mature through late adolescence or adulthood (Ponton et al., 2000, Sussman 

et al., 2008, Wunderlich et al., 2006). Auditory evoked potentials (AEPs) are often used 

as an index of auditory processing maturation and are of particular interest in research 

with young children because they can be measured using electroencephalography (EEG) 

without active responding by the participant. Of particular interest is a sequence of long-

latency AEP components characterized by alternating positive and negative peaks, 

labelled P1-N1-P2-N2, typically occurring between 40 and 300 ms after the onset of an 

auditory stimulus (Ponton et al., 2000). Age-related changes to the amplitude and latency 

of the P1-N1-P2-N2 peaks parallel maturational changes in auditory cortical areas 

(Ponton et al., 2000), making this complex of AEP components ideal for studying 

developmental processes. While the amplitude and latency of these components can be 

indicative of auditory cortical maturation (Ponton et al., 2002, Wunderlich et al., 2006, 

McArthur & Bishop, 2002), strict reliance on measurement of these components when 

investigating changes across development can produce spurious results. This is because 

the components making up the P1-N1-P2-N2 complex demonstrate abrupt age-related 

changes (e.g., P1), don’t emerge until later in childhood (e.g., N1), or become adult-like 

by age 5 or earlier (e.g. P2; Ponton et al., 2002). By contrast, intraclass correlation (ICC) 

allows researchers to assess the global resemblance of two AEP waveforms without 

having to isolate particular AEP components (McArthur & Bishop, 2004). One advantage 

of ICC for developmental research is that it allows a participant’s AEP waveform to be 

compared to averaged waveforms computed for different age groups. The more similar a 

participant’s AEP waveform is to the averaged waveform representing a particular age 

group, the higher their ICC with that age group will be. Therefore, the age group with 

which a child’s individual AEP has the highest ICC will provide an age estimate of that 
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participant’s auditory cortical maturation, or their AEP-Age (Bishop et al., 2011; Kwok et 

al., 2018a, 2018b). Thus, ICC allows researchers to use global age-related changes to the 

P1-N1-P2-N2 complex to track auditory cortical maturation, while avoiding the 

challenges associated with focusing on a single AEP component.  

 By comparing several methods of analysis (i.e., computing mean amplitudes, 

time frequency analysis, source localization, ICC), Bishop and colleagues (2011) 

concluded that ICC is the most effective method for distinguishing chronological age 

bands using AEPs in school-aged children (7 to 11 years old). Auditory cortical responses 

were initially collected from participants aged 7 and 9 years old, then again two years 

later, when the children were 9 and 11 years old, respectively. Participants were 

categorized as part of the younger group (those first measured at 7 years of age) or as part 

of the older group (those first measured at 9 years). Grand average AEP waveforms were 

calculated for ages 7, 9, and 11 years old. Using ICC, participants were assigned an AEP-

Age age based on their individual cortical responses. Significant differences were found 

both within each age group and between the younger and the older groups, which 

suggests maturational differences in AEPs between the ages of 7 and 11 years. However, 

high levels of variance suggested that factors beyond chronological age affect AEPs 

(Bishop et al., 2011). With the goal of both replicating and expanding these findings, 

Kwok and colleagues (2018a) measured AEPs in response to simple tones in a cross-

sectional sample of children aged 7, 8, 9, and 10 years old. Analyzing children in one-

year bins, AEP-Age was able to differentiate children aged 7 and 8 years old from those 

who were 9 and 10 years old. Further, AEP-Age accounted for significant variance in 

language ability beyond that explained by chronological age but showed no relation to 

nonverbal IQ. Together these studies provide evidence that auditory cortical maturation is 

a process that displays significantly different AEP responses across 1- to 2-year age 

ranges during the school-age period of development. Further, these results suggest that 

changes in AEP responses across development can be predictive of a child’s language 

ability at certain ages, highlighting the relationship between auditory cortical maturation 

and spoken language development.  
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Despite the identified relationship between auditory cortical maturity and 

language abilities in older children, there is a paucity of research investigating the 

relationship between AEPs and language in infants and toddlers. Infants and toddlers are 

of particular interest due to the rapid language acquisition that occurs during these 

developmental periods. In the first year of life, infants have limited understanding of their 

language, but by soon after their first birthday, they show increasing comprehension and 

begin to produce many words on their own. By 24 months, many toddlers can produce 

short phrases and by 30 months, they begin to use spatial, emotional, and temporal 

utterances (Morse & Cangelosi, 2017). Even toddlers as young as 36 months are 

beginning to follow some basic rules of grammar and sentence structure (Zardini, 2006). 

Several studies, including those of children as young as 2 months old, provide evidence 

that the cortical skills and acoustic abilities necessary for language perception are in place 

at a very young age (Aslin, 1989; Irwin et al., 1985; Jensen & Neff, 1993). While infant 

AEPs have been used to successfully predict later language abilities (Choudhury & 

Benasich, 2011), the predictive variables were measured using individual components 

identifiable in infancy. By contrast, AEP-Age accounts for the entire waveform 

morphology and has the potential to be measured across ages. Given its efficacy in the 

investigation of language proficiency and cortical maturity in school-aged children, the 

expansion of the AEP-Age index to the early years is the next logical step. 

The objectives of this study are to (a) evaluate whether ICC is a reliable method 

for capturing developmental changes in AEPs between 18 to 48 months, and (b) examine 

the relationship between auditory cortical maturation estimated using AEP-Age and 

spoken language development. Based on the significant changes that occur between 18, 

24, 30, 36, and 48 months in language skills, we predict that there will be significant 

differences in AEP maturity between each of these age points. In addition, we predict that 

levels of AEP maturity will predict individual variation in language abilities beyond what 

is explained by chronological age. This study will provide valuable knowledge about the 

underlying contributions of and significant changes in AEPs at young ages, and will 

expand on our knowledge of the relation between the development of basic perceptual 

skills such as auditory processing and more complex cognitive processes such as 

language.  
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 Methods 

 Participants 

A total of 140 children with typical development and normal hearing will 

participate in this study, specifically, 20 children in each of the following age groups: 12, 

18, 24, 30, 36, 48, and 60 months. Participants will be recruited from a variety of sources 

including Western University’s Psychology Developmental Participant Pool, Western 

University’s OurBrainsCAN Participant Pool, Western University’s childcare centres, 

community advertisement, and word of mouth. For the purposes of this study, children 

will be recruited from English-speaking homes and be neurologically healthy with no 

developmental concerns by parent report. To be included, children must (a) pass a 

hearing screening (see Measures) b) meet age-appropriate developmental milestones on 

the LookSee checklist (previously known as the Nipissing District Developmental 

Screener; Dahinten et al., 2004), and c) have no known neurological impairments by 

parent report. Caregivers will be provided $20 to partially compensate them for their time 

and children will be provided with a small toy valued under $5 at the end of their 

participation. Western University’s Health Sciences Research Ethics Board approved this 

study (see Appendix A), which will be undertaken with the written consent of each 

child’s parent or guardian. 

 Sample size justification 

For grand average computations for each age group, including more participants 

in each age band results in reduced high-frequency noise and more clearly defined peaks. 

Based on similar work in our and other labs, at least 15 participants per age band is 

sufficient for a clear grand average auditory ERP. As described in further detail in the 

Data Analysis section, the 12- and 60-month age groups will only be used for generating 

grand averaged waveforms to use in determining the AEP-Age for each child aged 18-48 

months. Only those aged 18-48 months will be included in the statistical analyses.  

To estimate sample size for one-way ANOVA of differences in AEP-Age across 

the 5 age groups, we calculated power based on Kwok et al. (2018a) for both the 9-

channel and 5-channel analyses (see Figure 1, panels a and b), which estimated a total  
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Figure 1. A priori power analyses to estimate sample size. Screenshots from G*Power 

analyses for one-way ANOVA of 5 age groups by (a) 9 channels and (b) 5 channels, both 

based on effect size estimates from Kwok et al. (2018a), and hierarchical regression 

analysis with language ability as the independent variable, AEP-Age as the dependent 

variable, and chronological age as covariate based on effect sizes from (c) Kwok et al. 

(2018a) and (d) Kwok et al. (2018b). 

(a) 

 

(b) 

 

(c) 

 

(d) 
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sample size requirement of N=40-45, leading to a minimum requirement of n=9 per 

group. For a hierarchical regression examining the R2 increase of AEP-Age predicting 

language functioning over and above chronological age, we estimated a total sample size 

requirement based on Kwok et al. (2018a) and Kwok et al. (2018b) regression analyses, 

which led to estimates of N=95 and N=21, respectively (see Figure 1, panels c and d). 

Therefore, a minimum of n=19 is required per group. 

 Procedure 

Participants will be invited to attend a single, 1-2 hour visit to the university lab. 

During this time, AEPs will be collected using a 128-channel Electrical Geodesics system 

(Electrical Geodesics, Eugene, OR, USA). While seated alone or in their parent’s lap 

(dependent on age) and watching a silent movie, participants will be presented with 225 

repetitions of a 50 ms, 490 Hz tone over a period of roughly 5 minutes. Tones were 

digitized at a 41.1 kHz sampling rate using PRAAT software (Boersma & Weenink, 

2011), with a 10 ms onset/offset ramp. The auditory stimuli will be controlled and played 

using E-Prime software (Psychology Software Tool Inc., Pittsburgh, PA), and presented 

with a jittered interstimulus rate in 100 ms intervals between 1000 and 1400 ms. 

Participants will be presented with the auditory stimuli in a comfortable sound field. A 

reverberant sound field has been previously calibrated, using a Tanoy I5 AW speaker, 

with placement of the participant 1 metre from the speaker and at least 0.6 metres from 

all walls. To ensure that auditory stimuli are presented at a consistent level, a sound level 

meter will be used prior to each participant to measure and achieve a peak-to-peak 

equivalent between 68 and 69 dbC SPL.  

Upon completion of EEG acquisition, participants in the age groups between 18 

and 48 months will participate in language assessment. Participants in the 12- and 60-

month age groups will not complete language assessments because they are only being 

included for the purposes of establishing normative grand-averaged AEPs for these two 

age bands (see Data Analysis for future explanation). Participants aged 18-48 months will 

be administered the Preschool Language Scale-5 (Zimmerman et al., 2011) in addition to 
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other spoken language tests, dependent on age (see Table 1). The inclusion of additional 

language tests will help refine the investigation of AEP-Age and language. By 

administering tests of phonology, grammar, and vocabulary, it could be determined 

whether the potential relation between AEPs and language proficiency is more broad, or 

rather, specific to certain components of language (i.e., receptive/expressive language or 

phonology/grammar/vocabulary). 

Table 1. Standardized Measures of Phonology, Vocabulary, and Grammar 

Component 18 mos 24 mos 30 mos 36 mos 48 mos 

Phonology - Goldman Fristoe Test of Articulation 3 -Sounds-in-Words subtest* 

Vocabulary MacArthur-Bates 

Communicative Development 

Inventories - Words Produced 

subtest** 

Clinical Evaluations of Language Fundamentals 

Preschool, 3rd edition - Basic Concepts & 

Expressive Vocabulary subtests*** 

Grammar MacArthur-Bates 

Communicative Development 

Inventories - Word Forms 

subtest** 

Clinical Evaluations of Language Fundamentals 

Preschool, 3rd edition - Sentence Comprehension & 

Word Structure subtests*** 

*Goldman & Fristoe (2015), **Fenson et al. (2007), ***(Wiig et al. (2020) 

 Measures 

Hearing screening. To ensure that participants have normal hearing, a screening will be 

completed at the beginning of the visit. The assessment method will vary based on 

participant age and ability. Children aged 12, 18, and 24 months will undergo automated 

distortion-product otoacoustic emission (DPOAE) testing in both ears using the Madsen 

Accuscreen DP 5. As per the protocol used in the provincial infant hearing detection and 

intervention program, a refer result is indicated if the DPOAE signal-to-noise ratio is less 

than 8 dB on two or more frequencies. Re-screening of an ear for which there was a refer 

result is permitted up to a maximum of two times. For the remaining age groups, tones 

will be played through a Tanoy I5 AW speaker sound field in conformity with the 

Hughson-Westlake procedure (Valente, 2009). This procedure involves testing the child’s 

perception of the frequencies 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz, and 8000 Hz at 
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multiple volume levels. Presentation will begin at 30 dB HL at each frequency and moves 

in a stepwise direction down 10 dB and up 5 dB. Those who are 30 and 36 months of age 

will undergo visual reinforcement audiometry (VRA). Reinforcement toys will be 

positioned at 90 degrees on either side of the child. With this procedure, the toys will 

light up as a reward when a child correctly detects a tone by turning their head towards 

the audio speaker it originated from. Children aged 48 and 60 months will participate in 

conditioned play audiometry (CPA), where they will be given a bucket of toys or a puzzle 

and trained to drop or insert a piece in response to detecting a tone. The goal of the VRA 

and CPA screening is to ensure that participants are able to detect all frequencies when 

presented at 25 dB HL. Should a child receive a final result of refer on DPOAE or fail to 

detect all frequencies at 25 dB HL on VRA and CPA, they will be excluded from further 

participation and parents will be counselled about follow-up assessment of hearing. 

LookSee. To confirm typical development, a LookSee checklist will be completed by the 

caregiver present at the time of testing. LookSee checklists are available for 13 different 

key stages of development, 7 of which will be used in this study (12 months, 18 months, 

2 years, 30 months, 3 years, 4 years, and 5 years; Cairney et al, 2016). Because the 

LookSee checklist uses milestones that children should have mastered by a specific age, 

it is recommended to use the earlier checklist if the child falls between two ages. A two-

flag rule (i.e., two skills on the checklist not mastered) will be used as criterion for 

exclusion, as this has been shown to provide higher levels of sensitivity and specificity in 

comparison to a one-flag rule (Currie et al., 2012).  

Preschool Language Scale-5 (PLS-5; Zimmerman et al., 2011). The PLS-5 examines a 

range of language skills using play-based activities to provide a comprehensive 

developmental assessment of oral language abilities. It will be administered to all 

participants aged 18 to 48 months, and will generate standardized scores (M = 100, SD = 

10) reflecting children’s overall, receptive, and expressive language abilities (Total 

Language Score, Auditory Comprehension Score, Expressive Communication Score, 

respectively) relative to same-age peers.  

Goldman Fristoe Test of Articulation-3 (GFTA-3; Goldman & Fristoe, 2015). The 

Sounds-in-words subtest will be administered to participants between the ages of 24 and 
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48 months as a measure of expressive phonological development. During this test, 

children are asked to name pictures and the accuracy of their production of consonants 

and consonant clusters in single words is recorded. This will generate a Sounds-in-words 

standard score (M = 100, SD = 10) that reflects the child’s speech sound production 

abilities relative to peers of the same age and sex. 

MacArthur Bates Communicative Development Inventories (CDI; Fenson et al., 2011). 

The CDI Words and Sentences (Toddler) form is a parent-report instrument designed to 

examine children’s developing language abilities. Caregivers of children aged 18, 24 and 

30 months will be asked to complete two sections of the form. The Vocabulary Checklist 

asks caregivers to mark words they have heard their child use from a list of 680 words 

common to children’s early vocabularies. The Word Forms section ask caregivers to 

mark words they have heard their children use from a list of 25 irregular plural nouns and 

irregular past tense verbs (e.g., mice, ate). Responses will generate percentile ranks for 

Words Produced and Words Forms, which respectively estimate children’s expressive 

vocabulary and expressive grammar relative to same-age peers.  

Clinical Evaluation of Language Fundamentals- Preschool, 3rd edition (CELF-P3; Wiig 

et al., 2020). Four subtests of the CELF-P3 will be administered as measures of early 

vocabulary and grammar development in participants aged 36 and 48 months. The Basic 

Concepts subtest estimates receptive vocabulary by asking children to point to the picture 

of a word spoken by the examiner from a choice of three. In the Expressive Vocabulary 

subtest, children are asked to name pictures that target verbs and nouns. The Sentence 

Comprehension subtest estimates receptive grammar by asking the child to choose the 

picture that best matches a spoken sentence from a choice of four. The Word Structure 

subtest estimates expressive grammar via a cloze task paradigm in which the child is 

asked to provide the missing word or phrase at the end of a sentence that describes a 

picture, where the missing element is a grammatical construction. Each subtest generates 

a scaled score (M = 10, SD = 3) that estimates the child’s ability in the target areas of 

language relative to same-aged peers. 
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 EEG Acquisition and Processing 

EEG data will be recorded using a 128-channel HydroCel Geodesic Sensor Net 

and amplified with a Net Amps 400 system. Data will be bandpass filtered (0.1-100 Hz), 

notch filtered (60 Hz) and digitized (16-bit precision) at 250 samples per second. Post-

collection, data will be passed through an offline filter using 2 to 30 Hz finite impulse 

response (FIR) filter. Electrode impedances will be adjusted with a goal to be maintained 

below 50 kΩ (Ferree et al., 2001). Channels with impedances above 75 kΩ will be 

excluded from further analyses. Average referenced data will be segmented into 1200 ms 

epochs that are time-locked to the presentation of the tone, which include a 200 ms 

baseline. Trials with sudden spikes in electrical energy of 50 μV or greater (i.e., artifacts 

such as eye movement, blinks, etc.) will be identified and removed so that only those 

trials that are artifact-free will be used in creating the averaged AEP waveform for each 

individual. A one-way (1 x 7) ANOVA will be run to ensure there are no significant 

differences in the number of accepted trials across groups. These AEPs will be used to 

create 7 grand average, baseline-corrected AEP waveforms, one for each age group (12, 

18, 24, 20, 36, 48, and 60 months). 

 Analyses 

 Calculating AEP-Age  

At our sampling rate of 250 Hz, 125 data points will be acquired for each 500 ms 

AEP waveform (500 ms x 250 Hz sampling rate = 125 data points). Using a customized 

script in MATLAB (see Appendix B), the 125 data points for each participant will be 

then compared to the 125 data points comprising each of the 7 AEP grand average 

waveforms using the following formula: 

(Mean Squarebetween - Mean Squarewithin)/ (Mean Squarebetween + Mean Squarewithin), where 

1 Mean Squarebetween = {[ΣX2 + ΣY2 + 2 × Σ(X.Y)] / 2 - (ΣX + ΣY)2 / 2N}/(N - 1), 

2 Mean Squarewithin =  [0.5 × (ΣX2 + ΣY2) _ Σ(X.Y)]/N, 

3 N = number of EEG data points entered into the ICC calculation 

4 X, Y = the two AEP waveforms under comparison. 
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The resulting ICC value represents an estimate of the reliability between the 

participant’s AEP waveform and the grand average waveform, which reflects the 

similarity of the two waveforms. The age comparison that yields the highest ICC value 

will be assigned as the participant’s age equivalent for that channel. In order to avoid 

inflating ICC values, each participant’s AEP waveform will be removed from their own 

age groups’ grand average AEP prior to ICC calculations. For each participant analyzed, 

the age equivalent assigned at each channel will then be averaged for an overall AEP-

Age, which is an estimate of AEP maturity across all viable channels. See Figure 2 for an 

example.  

As per Kwok et al., (2018a) two different AEP-Age estimates will be calculated 

for each child. The first AEP-Age will be derived from nine electrodes (F3, Fz, F4, C3, 

Cz, C4, T7, Pz, and T8) to capture responses across frontal, temporal, and parietal, as 

well as left, right, and central electrodes. The second estimate of auditory maturity will be 

a refined AEP-Age (AEP-AgeR) that is an average of only those channels that best reflect 

age-related changes. Previous work in school-aged children (7-10 years old) suggested 

that only 5 of the 9 channels (F3, F4, C3, Cz and T7) were correlated with chronological 

age (Kwok et al., 2018a). This is consistent with previous observations that AEPs are 

maximal at fronto-central and temporal electrodes (Bishop et al., 2011). Subsequent 

regression analyses indicated that AEP-Age based on 9 channels was not a significant 

predictor of language ability but that their AEP-AgeR based on 5 channels was (Kwok et 

al., 2018a). The current study focuses on a younger population; therefore, a new AEP-

AgeR will be generated. First, one-tailed correlational analysis between age equivalents 

(selected based on highest ICC) and chronological age at each of the original nine 

channels will be conducted, using Bonferroni correction to reduce the risk of type I error 

(α = 0.05/9 = 0.0055). Only those channels that show a significant (p < 0.0055) 

correlation with chronological age would then be selected to be averaged together to 

create the refined AEP-Age estimate, AEP-AgeR, for each child. 

Note that AEP-Age and AEP-AgeR will not be calculated for children in the 12- 

and 60-month age groups. Their AEPs will be collected solely for the purpose of having 

12-month and 60-month-old grand average reference AEPs for comparison purposes. By   



25 

 

 

Figure 2. Example of ICC Calculations. ICC calculations in school-aged children from 

Kwok et al (2018a). The average AEP waveform from all electrodes of a single 

participant are compared to the AEP average waveform of each of the four normative age 

groups. The resultant ICC calculation with the highest value (in this instance, the 8-year-

old grand average) is taken as the AEP-Age equivalent for that channel. This process is 

repeated for all channels and averaged to assign AEP-Age for that participant. 
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having grand average AEPs representing chronological ages both younger than and older 

than the youngest (18-month) and oldest (48-month) participant groups in the sample, it 

provides the potential to identify immaturity in the youngest children (e.g., a 18-month-

old’s AEP best correlating with that of 12-month old children) or advanced development 

in the oldest children (e.g., a 48-month-old’s AEP waveform best correlating with that of 

children aged 60 months), thereby not artificially deflating or inflating their AEP-Age 

estimate. 

 Statistical analyses 

To determine whether there are significant differences in AEP-Age between 

children aged 18, 24, 30, 36, and 48 months, one-way ANOVAs will be calculated to 

evaluate whether there is a significant effect of group. Should there be significant group 

effects, Tukey’s HSD post hoc comparisons will be conducted to evaluate which specific 

ages significantly differ from each other. Further, to establish how much of the variance 

in chronological age is explained by AEP-Age, linear regression analysis will be 

conducted in which AEP-Age will serve as the predictor and chronological age is the 

dependent (criterion) variable. Should the model prove significant (p < 0.05), the 

coefficient of determination (R2) will indicate the proportion of variance in chronological 

age that is explained by maturity of children’s AEPs.  

To investigate whether AEP maturity is a predictor of language beyond the 

influence of chronological age, regression analyses will be conducted. Specifically, they 

will be used to evaluate the ability of AEP-Age (and AEP-AgeR) to predict both 

chronological age and children’s overall language ability relative to their same-age peers. 

A hierarchical regression will be conducted with PLS-5 Total Language Score as the 

dependent variable and both chronological age and AEP-Age as the predictors. 

Chronological age will be entered into the first step and AEP-Age entered into the second 

step to determine whether AEP-Age can account for variance in Total Language scores 

over and above chronological age. This analysis will be repeated using AEP-AgeR. 

There is also the possibility that AEP-Age is more closely tied to certain aspects of 

language development relative to others. Some evidence suggests that auditory cortical 
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maturity may be particularly linked to receptive language ability (Bishop et al., 2007; 

Oram Cardy et al., 2008). For example, Kwok et al. (2018b) found AEP-Age predicted 

20% of the variance in receptive language ability but did not predict expressive language 

in school-aged children with DLD. To account for this potential association, the two 

hierarchical regressions using PLS-5 Total Language Score will be repeated using (a) 

PLS-5 Auditory Comprehension Score and (b) PLS-5 Expressive Communication Score 

as the dependent variable, and both chronological age and either AEP-Age or AEP-AgeR 

(whichever resulted in the strongest model in the original analysis) as the two predictors. 

To assess which domains of early language development (phonology, vocabulary, 

grammar) correlate with AEP maturity, several subtests will be employed. Using the 

strongest AEP-Age predictor (AEP-Age or AEP-AgeR), correlations will be run with each 

of the following measures as the dependent variable, acknowledging that sample size will 

differ depending on how many of the age groups were administered each measure:  

Phonology 

1. GFTA-3 Sound-in-words (N=80) 

Vocabulary 

2. CDI Words Produced (N=60) 

3. Combined scaled scores of the CELF-P3 Basic Concepts and Expressive 

Vocabulary subtests (N=40) 

Grammar  

4. CDI Word Forms (N=60) 

5. Combined scaled scores of the CELF-P3 Sentence Comprehension and 

Word Structure subtests (N=40) 

To reduce type 1 error associated with these 5 comparisons, Bonferroni correction will be 

used (α = 0.05/5 = 0.01). Early domains of language that significantly correlate (p < 0.01) 

with the AEP-Age variable will be used to drive further exploratory regression analyses. 

The objective of the exploratory analyses is to identify and evaluate whether the inclusion 

of certain domains of language may improve the regression model completed using PLS-

5 Total Language Score. Given that the development of this model is data-driven, it will 
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not be possible to identify the dependent variables until data collection and the 

correlational analysis have been completed. 
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Chapter 3  

3 Longitudinal relations between auditory evoked 
potential and language from 18 to 48 months in children 
with typical and atypical acquisition. A stage 1 
registered report  

 Abstract 

Despite evidence for a relationship between auditory cortical maturity and 

language proficiency (Bishop et al., 2007, Ponton et al., 2000), the direction of this 

influence remains unclear. AEP-Age, an index that uses intraclass correlation to compare 

individual children’s auditory evoked potentials (AEPs) with the grand-averaged AEPs of 

different age groups, has proven successful in estimating auditory cortical maturity in 

school-aged children. The objective of the current study is to investigate the relationship 

between AEP-Age and language ability longitudinally throughout early development in 

children with three different trajectories (children with typical development, late talkers 

who resolve, and children with persistent developmental language disorder), in order to 

better understand whether maturation of auditory cortical processing contributes to or 

rather is influenced by maturation of language. AEPs in response to simple tones and 

spoken language ability will be measured in 90 18-month-old children and again when 

they are 24, 30, 36, and 48 months.  By comparing changes in AEP-Age and language 

ability over time in children with typical and atypical language development, we will 

provide insight into the direction of influence of auditory cortical processing and 

language proficiency and determine whether AEP-Age has the potential to predict which 

children will grow out of their early language delays and which will not. 

 Introduction 

In order to use and understand a spoken language, an individual must have  

comprehension of the sounds (phonology) and words used in that language (lexical 

knowledge), as well as how to put those words together (grammatical knowledge) 

(Bamberg, 2011). Mastery of these skills begins during infancy, and exposure to auditory 

input is essential to the development of the understanding and use of spoken language 
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(May-Mederake, 2012). Early speech perception abilities, such as an infant’s ability to 

rapidly extract critical features from a speech signal, have been proposed to support the 

establishment of the phonological system, where mental representations of the sound 

units of the language are formed (Tsao et al., 2004; Benasich et al., 2006). A growing 

body of literature suggests that impaired auditory processing may be an underlying 

contributor to impaired language and reading development (Bishop et al., 1999; Godfrey 

et al., 1981; Kraus et al., 1996; McAnally & Stein, 1997; Nagarajan et al., 1999; 

Snowling et al., 1986; Stark & Heinz, 1996a, 1996b; Werker & Tees, 1987). Studies have 

suggested that even in infancy, cortical responses to sound differ between those who do 

versus do not have a family history of language impairment and appear to be related to 

later language abilities (Choudhury & Benasich, 2011). Together, these studies have 

supported the proposal that auditory processing plays a critical role in supporting spoken 

language acquisition.  

Auditory evoked potentials (AEPs), or their magnetic equivalent, auditory evoked 

fields, are often measured to estimate auditory cortical maturation (Bishop et al., 2007, 

Yoshimura et al., 2014, Kwok et al., 2018a). AEPs are discrete waveforms elicited in 

response to an auditory stimulus that are collected using electroencephalography (EEG). 

Auditory stimuli typically elicit a characteristic complex of positive and negative peaks 

labelled P1-N1-P2-N2 that occur between 50 and 300 ms after the onset of the stimulus. 

It has been established and widely accepted that there are significant changes in the AEP 

complex with age and that these changes reflect auditory cortical maturation (Ponton et 

al., 2000, Wunderlich et al. 2006, Sussman et al., 2008). Ponton et al. (2000) 

demonstrated a range of significant maturational changes in the AEP complex from 5 to 

20 years old. Perhaps the most noteworthy maturational changes occur in the amplitude 

of the P1 and N1 peaks. Generally, the P1 peak decreases and the N1 peak increases with 

chronological age (Tonnquist et al., 1995). Decreased latency of the P1 and N1 peaks 

with age has been shown to be a strong indicator of cortical maturation (Sharma et al., 

1997, Ponton et al., 2000, Lippé et al., 2009), and continues to shorten until reaching 

adult levels around 14-16 years of age (Polich et al., 1985; Ponton et al., 2002) This is 

likely a result of axonal maturation and increased myelination in the auditory cortex 

(Eggermont & Ponton, 2003).  
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Many of the studies to date that have examined the relationship between auditory 

cortical processing and language development have focused on the amplitude and latency 

of individual components in the P1-N1-P2-N2 complex (Ponton et al., 2000, Sussman et 

al., 2008, Wunderlich et al., 2006). For example, Oram Cardy et al. (2008) reported 

latencies of the M50 (the magnetic equivalent of the P1) predicted language ability and 

impairment, and the amplitude of a component of the N1 peak (N1b) has been showed to 

be significantly decreased in individuals with ASD (Bruneau et al., 1999, Seri et al., 

1999). Molfese et al. (1999) reported that delayed N2 latency in the left hemisphere was 

linked to lower verbal intelligence in 8-year-old children. Despite these useful 

contributions, reliance in the measurement of individual peaks has the potential to 

provide an imprecise estimate of auditory cortical maturity because individual 

components are not always identifiable at different ages in earlier childhood. For 

example, the N1 peak often does not emerge until later in development while other peaks 

(e.g., P2) become adult-like by age 5 or earlier (Ponton et al., 2002). AEP measurement is 

complicated by significant developmental changes in the topography and morphology for 

various evoked components (Wunderlich et al., 2006). As a result, standard component 

peak detection techniques may return incorrect values when components are missing, 

delayed, or of opposing polarity across children (McArthur & Bishop, 2004). These 

issues can make it particularly difficult to compare the AEPs of children across different 

ages or stages of development, especially in the early years. 

To circumvent issues with measuring individual AEP components, intraclass 

correlation (ICC) has emerged as novel method for estimating AEP maturity. ICC 

compares an individual participant’s averaged AEP waveform to the grand-averaged AEP 

waveforms for different age groups. The resultant ICC value reflects the level of 

similarity between the individual’s AEP waveform and that of the age group of interest. 

Therefore, the age group comparison that yields the highest ICC value is deemed to be 

that child’s AEP age-equivalent or AEP-Age, providing an estimate of their auditory 

cortical maturation (Bishop et al., 2011; Kwok et al., 2018a, 2018b). ICC has the benefit 

of being sensitive to changes in amplitude and waveform shape, unlike the conceptually 

similar Pearson’s correlation coefficient.  
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Applying ICC to the analysis of AEPs has been effective for examining auditory 

cortical maturation in children with typical development. Originally, Bishop et al. (2007) 

used the ICC method to characterize cortical maturation in a sample of 5- to 30-year-olds. 

In this study, differences in AEP-Age emerged across three maturational groups: 5-12 

years, 13-16 years, and adulthood. Using a larger sample and smaller age range, Bishop 

and colleagues (2011) demonstrated that the ICC calculation is sensitive to 

developmental changes between 7-11 years. After estimating AEP-Age for children in 

groups aged 7, 9, and 11 years, they demonstrated a significant group effect, with AEP-

Age increasing at each age. In addition, AEP-Age accounted for a significant portion of 

the variance in chronological age in this sample. Kwok et al. (2018a) also used the ICC 

approach to discern developmental cortical changes between groups of children 7, 8, 9, 

and 10 years old. In this study, AEP-Age was significantly higher in children aged 9-10 

years compared to those aged 7-8 years. In addition, children’s language abilities were 

not only predicted by their chronological age, but also their AEP-Age (Kwok et al., 

2018a). Researchers have also found that the AEPs of children with DLD are more like 

those of younger children (Bishop et al. 2004, Kwok et al. 2018b), providing further 

evidence that auditory cortical maturity, indexed by AEP-Age, may reflect not only 

chronological age but also language development. 

Although evidence supports a relation between auditory cortical maturation and 

language development, what remains unknown is the direction of influence. Current 

theories suggest that early auditory maturation contributes to spoken language 

development (Benasich et al., 2006; Tallal, 2004). While these two processes have been 

clearly linked in prior research, this assumed direction of influence between them is in 

fact unconfirmed. Prior longitudinal studies have not considered alternate or more 

sophisticated directions of this relation. In these studies, the possibility remains that (a) 

early AEPs were already influenced by the extent of language acquisition at the time that 

they were measured, (b) a stronger predictive relation would have been found between 

earlier language and later AEPs, or c) the influence is better viewed as bidirectional. 

Measuring both AEP and language maturity at multiple time points during a dynamic 

period of language acquisition (18-48 months) would enable examination of associations 

between these processes over time, and, of key interest here, the direction of influence 
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between them. Given the success of previous research using the AEP-Age index to 

examine auditory cortical maturation and its relation to language abilities, it is an ideal 

metric to investigate infants and toddlers longitudinally. Because AEP-Age can be 

acquired (a) with minimal participation, (b) over a short time period, (c) in response to a 

simple acoustic stimulus, and (d) via an analysis approach that does not rely on the 

identification of individual AEP components, it is ideally suited to the age range of 

interest. 

Most toddlers meet expected language milestones such as speaking their first 

words by 18 months and producing two-word phrases by 24 months. However, up to 20% 

of children present with delayed onset of these spoken language milestones between 18-

35 months (Reilly et al., 2018). For most, these difficulties resolve by 4 years old (late 

bloomers). However, roughly one quarter of children who display early difficulties will 

continue to show persistent and oftentimes lifelong impairments in language proficiency, 

that is, will go on to be diagnosed with DLD (Duff et al., 2015; Reilly et al., 2018). Both 

late bloomers and those with DLD can have similar presentation in the first few years of 

life including delayed onset of and fewer first words and fewer two-word combinations 

(Reilly et al., 2018). Comparing auditory cortical maturation with language skills in the 

three different groups of children (typical development, late bloomers, DLD) while they 

develop along these different trajectories of language acquisition has the potential to 

provide significant insight into the direction of influence between these two processes. 

The objective of this study is to measure the development of AEPs and language 

longitudinally to evaluate the directional influence between auditory cortical maturation 

and language proficiency over time during the early years. The study will follow children 

aged 18 months as they develop to 48 months of age, and will include children who 

proceed along three early language development trajectories: children with typical 

development (TD), children who are late-to-talk at 18 months but resolve by 48 months, 

that is, late bloomers (LB), and children with persistent difficulties beyond the late 

talking period, that is, children who meet criteria for DLD at 48 months. Based on the 

direction of influence assumed by current theory, we predict that early auditory cortical 

development will have a larger impact on language skill at later ages when compared to 
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the influence of early language maturity on later auditory cortical maturity. Further, we 

predict that differences in AEP maturity over time will closely reflect patterns of 

language maturity in all three trajectories.  

Determining the direction of influence matters. Until now, it has been assumed, 

but not demonstrated, that early cortical maturation has a greater influence on later 

language proficiency than early language skills on later auditory cortical maturity. 

Results of this study will increase understanding of whether auditory cortical maturation 

is a consequence of or contributor to language development, thus informing theory and 

the direction of future research. For example, if AEP-Age shows promise in predicting the 

trajectory of early language acquisition, future research could examine clinical translation 

into predicting which infants and toddlers are most at risk for later problems in language 

development. 

 Methods 

 Participants 

This study will involve the participation of at least 30, 18-month-old children in 

each of the three language development trajectory groups (TD, LB, DLD). At the time of 

recruitment, participants can only be classified as meeting language milestones (TD) or 

being late-to-talk, with determination of assignment into the LB or DLD groups only 

possible by the end of the study at 48 months (see Procedure for further detail). In order 

to achieve the targeted sample size, after accounting for attrition and the possibility of 

over or under sampling participants in the LB and DLD groups, we anticipate recruiting 

and following at least 120 children, with at least 90 of these being children who are late-

to-talk at 18 months. Recruitment will be achieved through resources such as Western 

University’s Psychology Developmental Participant Pool, Western University’s 

BrainsCAN Participant Pool, Western University’s childcare centres, community 

advertisement, and word of mouth. In addition, participants will be recruited from 

Western University’s tykeTALK, a regional service provider in the Ontario Preschool 

Speech and Language Program. The inclusion of clinic-referred children in addition to 

those reported to be late-to-talk in the community will support our efforts to oversample 
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late talkers, given that only 20-25% of these children will later be diagnosed with DLD 

(Chilosi et al., 2019). To be included in this study, participants must come from English 

speaking homes and have an absence of (a) permanent childhood hearing loss, (b) 

neurological disorders, (c) genetic syndromes, and (d) craniofacial anomalies, as declared 

by parent report. 

 Procedure 

Over the course of the study, children and their caregivers will be invited to visit 

the lab at 18, 24, 30, 36, and 48 months. At each visit, caregivers will be provided $20 to 

partially compensate them for their time and children will be provided with a small toy 

valued under $5 at the end of their participation. Western University’s Health Sciences 

Research Ethics Board approved this study, which will be undertaken with the written 

consent of each child’s parent or guardian. 

To be included in the study, participants must demonstrate normal hearing. To 

ensure this, a screening will be completed at the beginning of each visit. The assessment 

method will vary based on participant age and ability. At 18 and 24 months, children will 

undergo distortion-product otoacoustic emissions (DPOAE) testing in both ears using the 

Madsen Accuscreen DP 5. As per the protocol used in the provincial infant hearing 

detection and intervention program, a refer result is indicated if the DPOAE signal-to-

noise ratio is less than 8 dB on two or more frequencies. Re-screening of an ear for which 

there was a refer result is permitted up to a maximum of two times. Tones will be played 

through a Tanoy I5 AW speaker sound field in conformity with the Hughson-Westlake 

procedure (Valente, 2009). This procedure involves testing the child’s perception of the 

frequencies 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz, and 8000 Hz at multiple volume levels. 

Presentation will begin at 30 dB HL at each frequency and moves in a stepwise direction 

down 10 dB and up 5 dB. At 30 and 36 months of age, children will undergo visual 

reinforcement audiometry (VRA). Reinforcement toys are positioned at 90 degrees on 

either side of the child. With this procedure, the toys will light up as a reward when a 

child correctly detects a tone by turning their head towards the audio speaker it originated 

from. At 48 and 60 months, children will participate in conditioned play audiometry 

(CPA), where they will be given a bucket of toys or a puzzle and trained to drop or insert 
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a piece in response to detecting a tone. The goal of this screening is to ensure that 

participants are able to detect all frequencies when presented at 25 dB HL. Should a child 

fail a screening, testing will not continue and parents will be counselled about follow-up 

assessment of hearing. Should the child’s hearing loss be determined to be transient (e.g., 

related to middle ear infection) at follow-up with a health care practitioner, children will 

be invited to resume participation following resolution. If a permanent hearing loss is 

identified at follow-up hearing assessment, they will be excluded from further 

participation. 

As a part of each visit, the child will be entertained with a silent animation while 

their AEPs are collected using a 128 channel Electrical Geodesics EEG system (Electrical 

Geodesics, Eugene, OR, USA). While seated alone or in their caregivers lap (age 

dependent) auditory stimuli will be played for roughly 5 minutes over a calibrated sound 

field in a soundproof booth via E-Prime software (Psychology Software Tools Inc., 

Pittsburgh, PA). The auditory stimuli will consist of 225 repetitions of a 50 ms, 490 Hz 

tone with an interstimulus rate jittered in 100 ms intervals between 1000 and 1400 ms 

presented. Using PRAAT (Boersma & Weenink, 2011), tones have been digitized at a 

sampling rate of 41.1 kHz with a 10 ms onset/offset ramp. To ensure a standardized 

presentation, a Tanoy I5 AW speaker has been calibrated and built into part of a 

reverberant speech field in which the speaker remains at least 1 metre from all speakers 

and 0.6 metres from all walls. Prior to each participation, a sound level metre will be used 

to standardize a presentation volume with a peak-to-peak equivalent between 68 and 69 

dbC SPL. 

The second portion of the visit will include standardized assessment of overall 

language functioning using the Preschool Language Scale, 5th edition (PLS-5; 

Zimmerman et al., 2011) at all timepoints. The PLS-5 Total Language Score will provide 

a standardized estimate of language abilities relative to same age peers at each age and 

will be related to AEP-Age in statistical analyses. At the first visit at 18 months, 

caregivers will be asked to complete the Macarthur-Bates Communicative Development 

Inventory (CDI) Words and Gestures form (Fenson et al., 2007). Children will be 

classified as being late-to-talk (with future potential to be assigned in either the LB or 
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DLD groups) if they receive a raw score of 10 or fewer on the CDI Words Produced 

subtest. At the last visit at 48 months, children who were late-to-talk at 18 months will be 

further classified as LB or DLD based on parent report on the Children’s Communication 

Checklist-2 (CCC-2; Bishop, 2003) and standardized behavioural testing with the 

Clinical Evaluation of Language Fundamentals-Preschool, 3rd edition (CELF-P3; Wiig 

et al., 2020). To be classified as having DLD, children must receive scores of -1 SD 

below the mean on the CCC-2 Language and the CELF-P3 Core Language domains.  

 EEG Acquisition and Processing 

EEG data will be recorded from 128, average referenced, scalp electrodes from a 

HydroCel Geodesic Sensor Net and amplified with a Net Amps 400 system. Data will be 

bandpass filtered (0.1-100 Hz), notch filtered (60 Hz), and digitized (16-bit precision) at 

250 samples per second. Electrode impedances will be adjusted and ideally maintained 

below 50 kΩ (Ferree et al., 2001). Post-collection, data will be passed through an offline 

filter using 2 to 30 Hz finite impulse response (FIR) filter. Data will be segmented into 

1200 ms epochs that are time-locked to the presentation of the tone, with a 200 ms pre-

stimulus baseline. Only those epochs that are artifact free (i.e., no sudden spikes in 

electrical energy of 50 μV or greater) will be used in creating the averaged AEP 

waveform for each child. A one-way (1 x 7) ANOVA will be used to ensure there are no 

significant differences in the number of accepted trials across time points.  

 Analyses 

 Calculating AEP-Age 

Each child’s auditory cortical maturity for each age will be quantified through an 

AEP-Age estimation. To calculate AEP-Age, the Fisher-transformed ICC statistic will be 

used to measure the similarity of each child’s AEP grand average at each of the 9 

electrodes (F3, Fz, F4, C3, Cz, C4, T7, Pz, and T8) from 0 to 500 ms post tone onset as 

compared to normative AEP grand averaged reference waveforms from an independent 

sample of children 12, 18, 24, 20, 36, 48 and 60 months of age (see Chapter 2). At our 

sampling rate of 250 Hz, 125 data points will be acquired for each 500 ms AEP 

waveform (500 ms x 250 Hz sampling rate = 125 data points). The 125 data points for 
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each participant will then be compared to the 125 data points comprising each of the 

seven AEP grand average waveforms (from the Chapter 2 study) using the following 

formula: 

(Mean Squarebetween - Mean Squarewithin)/ (Mean Squarebetween + Mean Squarewithin), 

where 

1 Mean Squarebetween = {[ΣX2 + ΣY2 + 2 × Σ(X.Y)] / 2 

- (ΣX + ΣY)2 / 2N}/(N - 1), 

2 Mean Squarewithin =  [0.5 × (ΣX2 + ΣY2) _ Σ(X.Y)]/N, 

3 N = number of EEG data points entered into the ICC calculation 

and 

4 X, Y = the two AEP waveforms under comparison. 

 The resulting ICC value represents an estimate of the reliability between the 

child’s AEP waveform and the normative grand average waveform, which reflects the 

similarity of the two waveforms. This calculation will then be repeated until each child’s 

AEP waveform at each electrode are compared to each of the normative AEP waveforms 

at the same electrode. The age corresponding to the normative waveform that yields the 

highest ICC coefficient will be deemed the child's AEP-Age for that electrode. For each 

participant, age equivalents assigned to acceptable channels are then averaged for an 

overall AEP-Age, a measure of cortical maturity across all viable EEG channels. 

Two different AEP-Age estimates will be calculated for each participant. The first 

AEP-Age will be derived from nine electrodes (F3, Fz, F4, C3, Cz, C4, T7, Pz, and T8) to 

capture responses across frontal, temporal, and parietal, as well as left, right, and central 

electrodes. The second AEP-Age model will be a refined estimate of auditory cortical 

maturity (AEP-AgeR) that is an average of only those channels that best reflect age-

related changes. Research in older children shows evidence that only 5 of the 9 channels 
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(F3, F4, C3, Cz and T7) were correlated with chronological age (Kwok et al., 2018a). 

Further regression analyses suggested that AEP-Age based on 9 channels was not a 

significant predictor of language ability, but that AEP-AgeR was (Kwok et al., 2018a). 

Given these findings, an AEP-AgeR will also be calculated for the current sample. 

Repeated measures correlational analysis between age equivalents (selected based on 

highest ICC) and chronological age at each of the original nine channels will be 

conducted. Bonferroni correction will be employed to reduce the risk of type I error (α = 

0.05/9 = 0.0055). Channels that show a significant (p < 0.0055) correlation with 

chronological age would then be selected to be averaged together to create the refined 

AEP-Age estimate, AEP-AgeR, for each child at each age. 

 Statistical analyses 

A first step will be to determine whether AEP-Age (based on 9 channels) or 

AEP-AgeR (based on a refined channel set) is a better predictor of language ability for 

use in subsequent analyses. A hierarchical regression will be conducted with PLS-5 Total 

Language Score as the dependent variable and both chronological age and either AEP-

Age or AEP-AgeR as the predictors. Chronological age will be entered into the first step 

and the AEP-Age index entered into the second step to determine whether AEP-Age can 

account for variance in Total Language scores over and above chronological age. If only 

one model shows AEP-Age to be a significant predictor of language ability, then the 

AEP-Age index from that model will be selected. If AEP-Age is significant in both 

models, the index accounting for the highest proportion of variance in language ability 

will be selected.  

To determine whether children who are TD, LB, and those with DLD differ in 

AEP maturity between 18 and 48 months, a 3 x 5 mixed ANOVA will be used, with 

group classification as the between-subject variable (TD, LB, DLD) and time as the 

repeated/within-subjects variable (18, 24, 30, 36, 48 months). A significant group effect 

will provide evidence for the fact that children with different trajectories differ in their 

overall AEP maturity (collapsed across all time points). A significant effect of time 

would indicate that overall (across groups) children change in their AEP-Age as they get 

older. Of key importance, a significant group by time interaction would support the 
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prediction that children with different language trajectories differ in their AEP-Age over 

time. If there is a significant interaction, post-hoc analyses will be conducted to explore 

the nature of the interaction. To explore differences over time for each of the TD, LB, 

and DLD groups, 3 separate 1 x 5 repeated measure ANOVAs, one for each group, will 

be conducted. For each group in which a significant effect of time is found, paired-

sample t-tests will be used comparing the 5 age points to determine time points at which 

there are significant differences in auditory cortical maturation for children from that 

group. To examine group differences as each age, 5 separate 1 x 3 one-way ANOVAs 

will compare the TD, LB, and DLD groups at the 5 age points, with post-hoc 

comparisons between the three group where applicable. One key question will be whether 

the two groups who were late-to-talk at 18 months (LB, DLD) differ from children who 

were not (TD) in their AEP-maturation at that age, and whether the LB and children with 

DLD differ from each other.  

To examine whether AEP maturation at 18 months predicts later language ability 

at 48 months, two analyses will be conducted. First, to evaluate the effectiveness of AEP-

Age in predicting children’s later language ability relative to their same-age peers, a 

hierarchical regression will be conducted with PLS-5 Total Language Score at 48 months 

as the dependent variable and AEP-Age at 18 months as the predictor to determine 

whether early AEP-Age can account for variance in later language abilities. Second, a 

simultaneous logistic regression model will be used to evaluate whether AEP-Age at 18 

months can predict the presence of DLD diagnosis at 48 months. A positive (DLD) or 

negative (TD, LB) diagnosis at 48 months will act as the dependent variable and AEP-

Age at 18 months will be used as the predictor. If the model is significant, it will be 

possible to identify the proportion of the variance in DLD status at 48 months that can be 

accounted for by AEP-Age at 18 months and the overall classification accuracy 

(sensitivity and specificity) of the model. A receiver operating characteristic (ROC) curve 

analysis will also be applied to the data to determine whether AEP-Age gives a better than 

chance prediction of ultimate DLD diagnosis in this sample, and if so, which AEP-Age 

cut-point provides optimal specificity and sensitivity. 
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Finally, a cross-lagged panel analysis (see example in Figure 3) will be conducted 

to evaluate the direction of influence between AEP and language maturity over time and 

to compare patterns of AEP maturity in children of both typical and atypical language 

acquisition. Cross-lagged associations across longitudinal intervals will be used to 

examine direction of influence, or lack thereof, between AEP maturity and language 

abilities. During analysis, particular attention will be given to those who were initially 

classified as late talkers (LB and DLD groups). This may serve to provide evidence for 

the idea that AEP maturity influences language maturity if, over time, AEP maturity 

parallels that of language. In contrast, the inverse influence may be suggested if LB 

present with an AEP-Age more similar to those who go on to be identified as having 

DLD, even as their linguistic skills move closer to children with typical language 

development. Note that the precise analytic parameters for this set of analyses is under 

development and will be completed with the support of a statistical consultant prior to 

submission of this manuscript as a registered report. 

 

 

Figure 3. Cross-lagged panel analysis. Example of a 3 time-point cross lagged panel 

analysis of the type that will be used in data analysis comparing AEP’s and language. 
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Chapter 4  

4 Discussion 

Recently, an index of auditory cortical maturity, AEP-Age, has been demonstrated 

to be capable of successfully estimating the maturity of AEPs in individual school-aged 

children. This ICC-derived index has also been shown to be able to explain some of the 

variance in language abilities in children with both typical and atypical language 

development (Kwok et al., 2018a; Kwok et al., 2018b). Given the accumulation of 

evidence supporting a relation between auditory cortical responses and language abilities, 

this thesis proposed two prospective studies (Chapters 2 and 3) that aim to refine and 

extend this AEP-Age index to the earliest stages of language acquisition. Overall, the 

studies proposed in this thesis aim to establish the utility of AEP-Age in (a) capturing 

maturational change in auditory cortical processing in the early years, (b) accounting for 

individual variations in language ability beyond that which is explained by chronological 

age, (c) evaluating whether auditory cortical maturation is a contributor to or 

consequence of early spoken language acquisition, and (d) predicting which late talkers 

with go on to develop DLD and which will not. To achieve this overall purpose, two 

Stage 1 Registered Report manuscripts were designed. This concluding chapter includes a 

brief review of the two planned studies, summary of activities completed in preparation 

for these studies before the onset of the pandemic, future directions and predictions, and 

overall implications of this line of research. 

 Study 1: Auditory evoked potential maturity and its 
relation to early language acquisition. A stage 1 
registered report  

Although AEP-Age has shown the ability to be an effective tool in predicting 

auditory cortical maturation and language abilities for school-age children, its utility has 

yet to assessed in preschoolers. The objective of this study is to examine the ability of 

AEP-Age to predict both chronological age and language proficiency in children aged 18, 

24, 30, 36 and 48 months. To do so, participants will undergo passive EEG collection to 

record their neural responses to a tone while they watch a silent movie, and a battery of 
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language tests will be administered to measure spoken language abilities. Using the 

Fisher-transformed ICC statistic, comparison will be made between individual 

participants’ waveforms and age-binned grand averages to assign an AEP-Age to each 

child. One-way ANOVAs followed by Tukey’s HSD post hoc comparisons will be used 

to determine whether and where there are significant differences in AEP-Age between 

children aged 18, 24, 30, 36, and 48 months. Linear regression analysis will be used to 

establish how much of the variance in chronological age is explained by AEP-Age. 

Hierarchical regression and correlational analyses will be used to further examine the 

association between AEP-Age and language, including overall language abilities, as well 

as more specific abilities in receptive, expressive, phonological, semantic, and 

grammatical domains of language. These results will inform our understanding of 

maturational differences in neural processing of sound through early childhood and 

whether these differences serve as a predictor of strength of language skills in individual 

children. 

 Study 2: Longitudinal relations between auditory 
evoked potentials and language from 18 to 48 months 
in children with typical and atypical language 
acquisition. A stage 1 registered report. 

Despite evidence that suggests an association between auditory cortical maturity 

and language ability, the direction of this influence remains unclear. This study aims to 

longitudinally investigate the predictive ability of AEP-Age in toddlers between the ages 

of 18 and 48 months with respect to their language development. Recruitment for this 

study will target children with three different developmental trajectories: children with 

TD, late-talkers who resolve (LB), and late-talkers with persistent language difficulties 

(DLD). Children will complete passive EEG and assessment of their language abilities at 

each visit to the lab when they are 18, 24, 30, 36, and 48 months. The normative 

waveforms from the Study 1 sample will be used to estimate each child’s AEP-Age at 

visit. Mixed ANOVA will determine whether children with different language 

trajectories differ in their AEP-Age over time. Hierarchical and logistic regression will 

evaluate the ability of AEP-Age at 18 months to predict children’s overall language 
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ability relative to their same-age peers at 48 months, and the presence of DLD diagnosis 

at 48 months, respectively. To evaluate the direction of influence between auditory 

cortical maturity and language, cross-lagged panel analysis will be conducted to compare 

patterns of AEP and language maturity across all three groups. Results will provide 

insight into the direction of influence (or potential lack of influence) between auditory 

cortical maturity and language abilities in children with different trajectories of language 

acquisition. 

 Preparation and the Role of COVID-19 

Unfortunately, the spread of COVID-19 played a detrimental role in the progress 

of this research. Until the onset of the pandemic, the first study was in an excellent 

position for implementation and data collection. Alas, the nature of this research, namely 

placing EEG caps on the heads of toddlers while seated in their caregiver’s lap and 

administering standardized speech and language testing, made it prohibitive to continue 

given the necessary health and safety protocols (both in terms of being permitted to 

resume this type of data collection and in terms of the willingness of caregivers to bring 

their child on campus for such a study). However, I did complete much preparatory work, 

training, and pilot testing prior to March 2020. 

In preparation to carry out Study 1, I contributed to the preparation of the ethics 

application, including letters of information, consent forms, and recruitment materials, 

which was submitted to the Western Research Ethics Board (WREB). Based on the 

correspondence and recommendations of the WREB, further amendments to the study 

paradigm were made, documented, and approved (see Appendix A). Following ethics 

approval, I developed a written plan similar to that of a pre-registration. This document 

detailed general study information in addition to an overall design plan, sampling plan, 

discussion of variables, and general plans for analyses.  

In addition to obtaining ethical approval and writing the pre-registration, the lab 

had to be prepared for testing. To do so, I created a 24-page lab manual that provides an 

overview of the equipment, software, and protocols relevant to this study. This process 

involved extensive technological troubleshooting with the Net Station (NS) EEG 
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acquisition system and extensive communication with support teams. Once the NS 

system was functional, a sound field that reflected the proposed paradigm for EEG 

acquisition had to be constructed. With the support of experienced audiologists and 

literature reviews, my lab members and I designed and calibrated an external sound field 

in the audiometric testing booth (see example in Figure 4).  

 

Figure 4. Example of Calibration in an External Sound Field. This image represents a 

reverberant sound field that has been previously calibrated with placement of the 

participant 1 metre from the speaker and at least 0.6 metres from all walls. 

Prior to recruiting any participants, skill development was also required. This 

involved training and practicing for both EEG acquisition and administration of 

standardized language tests. To improve my EEG data collection skills with a diverse 

range of ages and developmental abilities, I participated in remote testing with Drs. 

Nichole Scheerer and Ryan Stevenson. My involvement included helping to collect EEG 

data from over 50 autistic and non-autistic children over a period of a few short days. 

This experience allowed for the refinement of both my functional and my technological 

skills involved in EEG acquisition in childhood that will be very beneficial to the 

proposed studies. To develop my skills in collection of language data, I was trained in the 

administration of the following standardized tests: Preschool Language Scales-5th Edition 
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(PLS-5), Goldman-Fristoe Test of Articulation-3 (GFTA-3) Sounds-in-Words subtest, 

and Clinical Evaluation of Language Fundamentals-Preschool, 2nd Edition (CELF-P2). 

During this time, recruitment and testing of several adult pilot participants occurred. This 

allowed me to practice these novel skills (EEG cap placement, measuring impedance 

values, etc.) before applying them to younger, and perhaps more temperamental, 

participants. 

Prior to the onset of COVID, this study was finalized and primarily in the 

recruitment phase. As of the beginning of March, 2020, the majority of interest in 

participating was a result of word of mouth, but other methods of recruitment being used 

included Western Psychology’s Developmental Participant Pool, community 

advertisement, flyers delivered within Western’s childcare centres, and enrolment in 

Western’s BrainsCan Participant Pool. Although recruitment was our primary focus at the 

time, I did have the opportunity to test one 30-month-old participant on March 6, 2020. 

During their visit, the child demonstrated some resistance to EEG acquisition but 

involvement of the primary caregiver (i.e., having the parent wear a cap, pretend to put it 

on the child, etc.) proved useful in encouraging the participant to cooperate. During this 

session, several predetermined silent movie options were prepared, however, the child 

insisted on watching a short video of a character they were familiar with. This was noted, 

and the lab setup was modified so that future children would be able to identify their own 

video to observe during testing (limited to Netflix or YouTube) with caregiver 

permission. As of June, 2021, data collection remains on hold due to the COVID-19 

pandemic, nevertheless, the necessary skills and preparation are all in place to resume 

testing when possible. 

 Next Steps 

Despite having to complete a modified thesis, plans are to submit both Chapters 2 

and 3 for publication. Submission of a Stage 1 Manuscript is considered part one of two 

in the review process for Registered Reports. Registered Reports are a form of empirical 

article that include a detailed review of background, methods, and proposed analyses. 

The decision to embark on preparing Registered Reports, a new process for me, has 
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provided the unique opportunity for improvement in scientific design and 

communication, in spite of not being able to collect data. 

The benefits of pre-registering a study and having it reviewed prior to data 

collection include, but are not limited to, minimizing bias in deductive science while 

allowing for flexibility to conduct additional, unregistered analyses and report 

serendipitous findings. Evidence shows that the use of Registered Reports could improve 

research quality and credibility. Specifically, papers arising from Registered Reports 

show higher levels of rigour in methodology and analysis in comparison to those that do 

not (Soderberg et al., 2021). Regardless of whether the predictions in Chapters 2 and 3 

are supported or not, completing a Registered Report will allow for publication and 

dissemination of results that may drive future research. 

Should pandemic restrictions allow for it, testing is expected to resume in Fall 

2021 with the integration of reviewers’ edits. By completing a Stage 1 Manuscript, these 

studies are well positioned for a published, Stage 2 Manuscript in which reviewers 

consider the full study, including results and discussion. 

 Potential Results 

The proposed studies aim to provide the foundation for long term exploration of 

whether auditory cortical maturation is a consequence of or contributor to language 

development. Both studies described in Chapters 2 and 3 focus on early stages of 

language acquisition to pursue this objective. It is predicted that the current research will 

support previous findings showing maturational development of AEPs (Ponton et al., 

2000; Sussman et al., 2008, Wunderlich et al., 2006) and associations to language skill 

(Bishop et al., 2011, Kwok et al., 2018a). 

 Study 1 

Given the success of ICC-derived index, AEP-Age, in accounting for partial 

variance of language in school-aged children (Bishop et al., 2011; Kwok et al., 2018a) 

this study aims to expand its utility in toddlers. As a result of ANOVA analyses, it is 

expected that there will be evidence for significant differences in auditory cortical 
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maturity between 18, 24, 30, 36 and 48 months, as characterized by the AEP-Age index. 

It is anticipated that the variance in chronological age explained by AEP-Age will become 

evident through linear regression analyses and will align with the findings of Kwok and 

colleagues (2018a). Further, it is predicted that hierarchical and correlational regressions 

will demonstrate the ability of AEP-Age to predict language proficiency beyond skills 

explained by chronological age. Based on the results of Oram Cardy et al. (2008), it is 

expected that associations between overall and receptive language may be most evident. 

 Study 2 

Evidence exists for a relation between immature or deviant auditory cortical 

responses and impaired language development (Bishop & McArthur, 2004, Bishop & 

McArther, 2005, Bishop et al., 2007; Kwok et al., 2018b). By following the development 

of children of different language trajectories, it is predicted that patterns of AEP 

maturation over time will closely parallel patterns of language maturation. It is expected 

that the use of mixed ANOVA analyses will determine whether children with different 

language trajectories differ in their AEP-Age as they develop. It is predicted that, using 

hierarchical regression, AEP-Age at 18 months will have a predictive relationship with 

overall language ability at 48 months. Further, it is anticipated that logistic regression 

will reveal that the assignment of AEP-Age at 18 months will predict the presence of 

DLD diagnosis at 48 months. 

Based on previous findings regarding the timelines of language and auditory 

maturation, it is predicted that auditory maturity at younger ages will have a larger impact 

on language maturity at later ages, rather than the reverse (earlier language maturity 

having a larger effect on later AEP maturity). While not expected, there is the possibility 

that evidence will suggest a bidirectional or, possibly less likely, a non-existent influence 

between AEP and language abilities. 

 Implications 

This research will contribute valuable knowledge about potential underlying 

contributors to and significant changes in AEPs at young ages, expanding on our 

knowledge of cognitive processes and mechanisms of language development. It will also 



49 

 

serve to better inform the direction of future research in this area. If, as predicted, 

auditory cortical maturation does influence language maturation, this supports dedicating 

future resources to investigating the influences of auditory cortical maturation, the timing 

of these influences, and whether manipulation of said influences can impact language 

development. Finally, AEP-Age is a unique tool. It can be administered quickly and non-

invasively and shows promise in predicting language trajectories in childhood. By 

establishing normative waveforms for children of a wide variety of ages, this research 

may lead to clinical translation into tools that could provide early identification of infants 

and toddlers at risk for language disorders, even before they are late to talk. 



50 

 

References 

Adams, J., Courchesne, E., Elmasian, R., & Lincoln, A. (1987). Increased amplitude of the 

auditory P2 and P3b components in adolescents with developmental dysphasia. 

Electroencephalography and Clinical Neurophysiology Supplement, 40, 577–583. 

Archibald, L. M. D., & Joanisse, M. F. (2012). Atypical neural responses to phonological 

detail in children with developmental language impairments. Developmental Cognitive 

Neuroscience, 2(1), 139–151. https://doi.org/10.1016/j.dcn.2011.07.003 

Aslin, R. N. (1989). Discrimination of frequency transitions by human infants. The Journal of 

the Acoustical Society of America, 86(2), 582–590. https://doi.org/10.1121/1.398237 

Atance, C. M., & O’Neill, D. K. (2005). Preschoolers’ talk about future situations. First 

Language, 25(1), 5–18. https://doi.org/10.1177/0142723705045678 

Bailey, P. J., & Snowling, M. J. (2002). Auditory processing and the development of language 

and literacy. British Medical Bulletin, 63(1), 135–146. 

https://doi.org/10.1093/bmb/63.1.135 

Bamberg, M. G. (2011). The Acquisition of Narratives: Learning to Use Language. Walter de 

Gruyter. 

Bar-On, A., Ravid, D., & Dattner, E. (2018). Handbook of Communication Disorders: 

Theoretical, Empirical, and Applied Linguistic Perspectives. Walter de Gruyter GmbH & 

Co KG. 

Behne, T., Liszkowski, U., Carpenter, M., & Tomasello, M. (2012). Twelve-month-olds’ 

comprehension and production of pointing. British Journal of Developmental 

Psychology, 30(3), 359–375. https://doi.org/10.1111/j.2044-835X.2011.02043.x 

Benasich, A. A., Choudhury, N., Friedman, J. T., Realpe-Bonilla, T., Chojnowska, C., & Gou, 

Z. (2006). The infant as a prelinguistic model for language learning impairments: 

Predicting from event-related potentials to behavior. Neuropsychologia, 44(3), 396–411. 

https://doi.org/10.1016/j.neuropsychologia.2005.06.004 

Benasich, A. A., Thomas, J. J., Choudhury, N., & Leppänen, P. H. T. (2002). The importance 

of rapid auditory processing abilities to early language development: Evidence from 

converging methodologies. Developmental Psychobiology, 40(3), 278–292. 

https://doi.org/10.1002/dev.10032 

https://doi.org/10.1016/j.dcn.2011.07.003
https://doi.org/10.1121/1.398237
https://doi.org/10.1177/0142723705045678
https://doi.org/10.1093/bmb/63.1.135
https://doi.org/10.1111/j.2044-835X.2011.02043.x
https://doi.org/10.1016/j.neuropsychologia.2005.06.004
https://doi.org/10.1002/dev.10032


51 

 

Benedict, H. (1979). Early lexical development: Comprehension and production. Journal of 

Child Language, 6(2), 183–200. https://doi.org/10.1017/S0305000900002245 

Bishop, D. V. M., Anderson, M., Reid, C., & Fox, A. M. (2011). Auditory development 

between 7 and 11 Years: An event-related potential (ERP) study. PLOS ONE, 6(5), 

e18993. https://doi.org/10.1371/journal.pone.0018993 

Bishop D. V. M., Bishop, S. J., Bright, P., James, C., Delaney, T., & Tallal, P. (1999). 

Different origin of auditory and phonological processing problems in children with 

language impairment. Journal of Speech, Language, and Hearing Research, 42(1), 155–

168. https://doi.org/10.1044/jslhr.4201.155 

Bishop, D. V. M., Hardiman, M., Uwer, R., & Suchodoletz, W. V. (2007a). Atypical long-

latency auditory event-related potentials in a subset of children with specific language 

impairment. Developmental Science, 10(5), 576–587. https://doi.org/10.1111/j.1467-

7687.2007.00620.x 

Bishop, D. V. M., Hardiman, M., Uwer, R., & Suchodoletz, W. V. (2007b). Maturation of the 

long-latency auditory ERP: Step function changes at start and end of adolescence. 

Developmental Science, 10(5), 565–575. https://doi.org/10.1111/j.1467-

7687.2007.00619.x 

Bishop, D. V. M., & McArthur, G. M. (2004). Immature cortical responses to auditory stimuli 

in specific language impairment: Evidence from ERPs to rapid tone sequences. 

Developmental Science, 7(4), F11–F18. https://doi.org/10.1111/j.1467-

7687.2004.00356.x 

Bishop, D. V. M., & McArthur, G. M. (2005). Individual differences in auditory processing in 

specific language impairment: A follow-up study using event-related potentials and 

behavioural thresholds. Cortex, 41(3), 327–341. https://doi.org/10.1016/S0010-

9452(08)70270-3 

Bishop, D. V. M., Snowling, M. J., Thompson, P. A., & Greenhalgh, T. (2017). Phase 2 of 

CATALISE: A multinational and multidisciplinary Delphi consensus study of problems 

with language development: Terminology. Journal of Child Psychology and Psychiatry, 

58(10), 1068–1080. https://doi.org/10.1111/jcpp.12721 

Boersma, P., & Weenink, D. (2011). Praat: Doing phonetics by computer (5.2.35) [Computer 

software]. 

https://doi.org/10.1017/S0305000900002245
https://doi.org/10.1371/journal.pone.0018993
https://doi.org/10.1044/jslhr.4201.155
https://doi.org/10.1111/j.1467-7687.2007.00620.x
https://doi.org/10.1111/j.1467-7687.2007.00620.x
https://doi.org/10.1111/j.1467-7687.2007.00619.x
https://doi.org/10.1111/j.1467-7687.2007.00619.x
https://doi.org/10.1111/j.1467-7687.2004.00356.x
https://doi.org/10.1111/j.1467-7687.2004.00356.x
https://doi.org/10.1016/S0010-9452(08)70270-3
https://doi.org/10.1016/S0010-9452(08)70270-3
https://doi.org/10.1111/jcpp.12721


52 

 

Braine, M. D. S., & Bowerman, M. (1976). Children’s first word combinations. Monographs 

of the Society for Research in Child Development, 41(1), 1–104. 

https://doi.org/10.2307/1165959 

Bruneau, N., Roux, S., Guérin, P., Barthélémy, C., & Lelord, G. (1997). Temporal prominence 

of auditory evoked potentials (N1 wave) in 4-8-year-old children. Psychophysiology, 

34(1), 32–38. https://doi.org/10.1111/j.1469-8986.1997.tb02413.x 

Cairney, J., Clinton, J., Veldhuizen, S., Rodriguez, C., Missiuna, C., Wade, T., Szatmari, P., & 

Kertoy, M. (2016). Evaluation of the revised Nipissing District Developmental Screening 

(NDDS) tool for use in general population samples of infants and children. BMC 

Pediatrics, 16(1), 42. https://doi.org/10.1186/s12887-016-0577-y 

Chilosi, A. M., Pfanner, L., Pecini, C., Salvadorini, R., Casalini, C., Brizzolara, D., & 

Cipriani, P. (2019). Which linguistic measures distinguish transient from persistent 

language problems in late talkers from 2 to 4 years? A study on Italian speaking children. 

Research in Developmental Disabilities, 89, 59–68. 

https://doi.org/10.1016/j.ridd.2019.03.005 

Choudhury, N., & Benasich, A. A. (2011). Maturation of auditory evoked potentials from 6 to 

48 months: Prediction to 3 and 4 year language and cognitive abilities. Clinical 

Neurophysiology, 122(2), 320–338. https://doi.org/10.1016/j.clinph.2010.05.035 

Choudhury, N., & Benasich, A. A. (2003). A Family Aggregation Study. Journal of Speech, 

Language, and Hearing Research, 46(2), 261–272. https://doi.org/10.1044/1092-

4388(2003/021) 

Conti-Ramsden, G., & Durkin, K. (2012). Language development and assessment in the 

preschool period. Neuropsychology Review, 22(4), 384–401. 

https://doi.org/10.1007/s11065-012-9208-z 

Courchesne, E., Lincoln, A. J., Yeung-Courchesne, R., Elmasian, R., & Grillon, C. (1989). 

Pathophysiologic findings in nonretarded autism and receptive developmental language 

disorder. Journal of Autism and Developmental Disorders, 19(1), 1–17. 

https://doi.org/10.1007/BF02212714 

Cunningham, J., Nicol, T., Zecker, S., & Kraus, and N. (2000). Speech-evoked 

neurophysiologic responses in children with learning problems: Development and 

behavioral correlates of perception. Ear and Hearing, 21(6), 554–568. 

https://doi.org/10.2307/1165959
https://doi.org/10.1111/j.1469-8986.1997.tb02413.x
https://doi.org/10.1186/s12887-016-0577-y
https://doi.org/10.1016/j.ridd.2019.03.005
https://doi.org/10.1016/j.clinph.2010.05.035
https://doi.org/10.1044/1092-4388(2003/021)
https://doi.org/10.1044/1092-4388(2003/021)
https://doi.org/10.1007/s11065-012-9208-z
https://doi.org/10.1007/BF02212714


53 

 

Currie, L., Dodds, L., Shea, S., Flowerdew, G., McLean, J., Walker, R., & Vincer, M. (2012). 

Investigation of test characteristics of two screening tools in comparison with a gold 

standard assessment to detect developmental delay at 36 months: A pilot study. 

Paediatrics & Child Health, 17(10), 549–552. https://doi.org/10.1093/pch/17.10.549 

Dahinten, S., Ford, L., Lapointe, V., Merkel, C., & Moraes, S. (2004). Validation of the 

Nipissing District Developmental Screen for use with children and toddlers. Toronto, 

Canada: Consortium for Health, Intervention, Learning and Development. 

Duff, F. J., Nation, K., Plunkett, K., & Bishop, D. V. M. (2015). Early prediction of language 

and literacy problems: Is 18 months too early? PeerJ, 3, e1098. 

https://doi.org/10.7717/peerj.1098 

Eggermont, J. J., & Moore, J. K. (2012). Morphological and functional development of the 

auditory nervous system. In L. Werner, R. R. Fay, & A. N. Popper (Eds.), Human 

Auditory Development (pp. 61–105). Springer. https://doi.org/10.1007/978-1-4614-1421-

6_3 

Eggermont, J. J., & Ponton, C. W. (2003). Auditory-evoked potential studies of cortical 

maturation in normal hearing and implanted children: Correlations with changes in 

structure and speech perception. Acta Oto-Laryngologica, 123(2), 249–252. 

https://doi.org/10.1080/0036554021000028098 

Eisenberg, L. S., Shannon, R. V., Schaefer Martinez, A., Wygonski, J., & Boothroyd, A. 

(2000). Speech recognition with reduced spectral cues as a function of age. The Journal 

of the Acoustical Society of America, 107(5), 2704–2710. 

https://doi.org/10.1121/1.428656 

Elliott, L. L. (1979). Performance of children aged 9 to 17 years on a test of speech 

intelligibility in noise using sentence material with controlled word predictability. The 

Journal of the Acoustical Society of America, 66(3), 651–653. 

https://doi.org/10.1121/1.383691 

Fenson, L., Marchman, V. A., Thal, D. J., Dale, P. S., Reznick, J. S., & Bates, E. (2007). 

MacArthur-Bates Communicative Development Inventories, 2nd edition (Words and 

Gestures form). Brookes Publishing Co. 

https://doi.org/10.1093/pch/17.10.549
https://doi.org/10.7717/peerj.1098
https://doi.org/10.1007/978-1-4614-1421-6_3
https://doi.org/10.1007/978-1-4614-1421-6_3
https://doi.org/10.1080/0036554021000028098
https://doi.org/10.1121/1.428656
https://doi.org/10.1121/1.383691


54 

 

Ferree, T. C., Luu, P., Russell, G. S., & Tucker, D. M. (2001). Scalp electrode impedance, 

infection risk, and EEG data quality. Clinical Neurophysiology, 112(3), 536–544. 

https://doi.org/10.1016/S1388-2457(00)00533-2 

Foorman, B., Anthony, J., Seals, L., & Mouzaki, A. (2002). Language development and 

emergent literacy in preschool. Seminars in Pediatric Neurology, 9(3), 173–184. 

https://doi.org/10.1053/spen.2002.35497 

Fusaro, M., Harris, P. L., & Pan, B. A. (2012). Head nodding and head shaking gestures in 

children’s early communication. First Language, 32(4), 439–458. 

https://doi.org/10.1177/0142723711419326 

Godfrey, J. J., Syrdal-Lasky, A. K., Millay, K. K., & Knox, C. M. (1981). Performance of 

dyslexic children on speech perception tests. Journal of Experimental Child Psychology, 

32(3), 401–424. https://doi.org/10.1016/0022-0965(81)90105-3 

Goldfield, B. A., & Reznick, J. (1990). Early lexical acquisition: Rate, content, and the 

vocabulary spurt. Journal of Child Language, 17(1), 171-183. 

https://doi:10.1017/S0305000900013167  

Goldman, R., & Fristoe, M. (2015). Goldman-Fristoe Test of Articulation, 3rd edition. 

Pearson Education Inc. 

Guttorm, T. K., Leppanen, P. H. T., Poikkeus, A., Eklund, K. M., Lyytinen, P., & Lyytinen, H. 

(2005). Brain event-related potentials (ERPs) measured at birth predict later language 

development in children with and without familial risk for dyslexia. Cortex, 41(3), 291–

303. https://doi.org/10.1016/S0010-9452(08)70267-3 

Hämäläinen, J. A., Salminen, H. K., & Leppänen, P. H. T. (2013). Basic auditory processing 

deficits in dyslexia: Systematic review of the behavioral and event-related potential/ field 

evidence. Journal of Learning Disabilities, 46(5), 413–427. 

https://doi.org/10.1177/0022219411436213 

Heim, S., & Benasich, A. A. (2015). Developmental disorders of language. In Developmental 

Psychopathology (pp. 268–316). John Wiley & Sons, Ltd. 

https://doi.org/10.1002/9780470939406.ch7 

Hoff, E., & Tian, C. (2005). Socioeconomic status and cultural influences on language. 

Journal of Communication Disorders, 38(4), 271–278. 

https://doi.org/10.1016/j.jcomdis.2005.02.003 

https://doi.org/10.1016/S1388-2457(00)00533-2
https://doi.org/10.1053/spen.2002.35497
https://doi.org/10.1177/0142723711419326
https://doi.org/10.1016/0022-0965(81)90105-3
https://doi:10.1017/S0305000900013167
https://doi.org/10.1016/S0010-9452(08)70267-3
https://doi.org/10.1177/0022219411436213
https://doi.org/10.1002/9780470939406.ch7
https://doi.org/10.1016/j.jcomdis.2005.02.003


55 

 

Hoffman, P. N., Griffin, J. W., & Price, D. L. (1984). Control of axonal caliber by 

neurofilament transport. Journal of Cell Biology, 99(2), 705–714. 

https://doi.org/10.1083/jcb.99.2.705 

Huttenlocher, P. (1979). Synaptic density in human frontal cortex: Developmental changes 

and effects of aging. Brain Research, 163(2), 195–205. https://doi.org/10.1016/0006-

8993(79)90349-4 

Irwin, R. J., Ball, A. K. R., Kay, N., Stillman, J. A., & Rosser, J. (1985). The development of 

auditory temporal acuity in children. Child Development, 56(3), 614–620. 

https://doi.org/10.2307/1129751 

Jensen, J. K., & Neff, D. L. (1993). Development of basic auditory discrimination in preschool 

children. Psychological Science, 4(2), 104–107. https://doi.org/10.1111/j.1467-

9280.1993.tb00469.x 

Johnstone, S. J., Barry, R. J., Anderson, J. W., & Coyle, S. F. (1996). Age-related changes in 

child and adolescent event-related potential component morphology, amplitude and 

latency to standard and target stimuli in an auditory oddball task. International Journal of 

Psychophysiology, 24(3), 223–238. https://doi.org/10.1016/S0167-8760(96)00065-7 

Jusczyk, P. W., Pisoni, D. B., & Mullennix, J. (1992). Some consequences of stimulus 

variability on speech processing by 2-month-old infants. Cognition, 43(3), 253–291. 

Kirjavainen, M., Theakston, A., Lieven, E., & Tomasello, M. (2009). `I want hold Postman 

Pat’: An investigation into the acquisition of infinitival marker `to’. First Language, 

29(3), 313–339. 

Kraus, N., McGee, T. J., Carrell, T. D., Zecker, S. G., Nicol, T. G., & Koch, D. B. (1996). 

Auditory neurophysiologic responses and discrimination deficits in children with learning 

problems. Science, 273(5277), 971–973. https://doi.org/10.1126/science.273.5277.971 

Krentz, U. C., & Corina, D. P. (2008). Preference for language in early infancy: The human 

language bias is not speech specific. Developmental Science, 11(1), 1–9. 

https://doi.org/10.1111/j.1467-7687.2007.00652.x 

Kuhl, P. K. (2004). Early language acquisition: Cracking the speech code. Nature Reviews 

Neuroscience, 5(11), 831–843. https://doi.org/10.1038/nrn1533 

Kuhl, P. K. (2010). Brain mechanisms in early language acquisition. Neuron, 67(5), 713–727. 

https://doi.org/10.1016/j.neuron.2010.08.038 

https://doi.org/10.1083/jcb.99.2.705
https://doi.org/10.1016/0006-8993(79)90349-4
https://doi.org/10.1016/0006-8993(79)90349-4
https://doi.org/10.2307/1129751
https://doi.org/10.1111/j.1467-9280.1993.tb00469.x
https://doi.org/10.1111/j.1467-9280.1993.tb00469.x
https://doi.org/10.1016/S0167-8760(96)00065-7
https://doi.org/10.1126/science.273.5277.971
https://doi.org/10.1111/j.1467-7687.2007.00652.x
https://doi.org/10.1038/nrn1533
https://doi.org/10.1016/j.neuron.2010.08.038


56 

 

Kuhl, P. K., Conboy, B. T., Padden, D., Nelson, T., & Pruitt, J. (2005). Early Speech 

Perception and later language development: implications for the “critical period.” 

Language Learning and Development, 1(3–4), 237–264. 

https://doi.org/10.1080/15475441.2005.9671948 

Kuhl, P. K., Williams, K. A., Lacerda, F., Stevens, K. N., & Lindblom, B. (1992). Linguistic 

experience alters phonetic perception in infants by 6 months of age. Science, 255(5044), 

606–608. https://doi.org/10.1126/science.1736364 

Kwok, E. Y. L., Joanisse, M. F., Archibald, L. M. D., Stothers, M. E., Brown, H. M., & Oram 

Cardy, J. (2018a). Maturation in auditory event-related potentials explains variation in 

language ability in children. European Journal of Neuroscience, 47(1), 69–76. 

https://doi.org/10.1111/ejn.13785 

Kwok E. Y. L., Joanisse, M. F., Archibald, L., & Oram Cardy, J . (2018b). Immature auditory 

evoked potentials in children with moderate–severe developmental language disorder. 

Journal of Speech, Language, and Hearing Research, 61(7), 1718–1730. 

https://doi.org/10.1044/2018_JSLHR-L-17-0420 

Laakso, M., & Soininen, M. (2010). Mother-initiated repair sequences in interactions of 3-

year-old children. First Language, 30(3–4), 329–353. 

https://doi.org/10.1177/0142723710370534 

Lincoln, A. J., Courchesne, E., Harms, L., & Allen, M. (1995). Sensory modulation of 

auditory stimuli in children with autism and receptive developmental language disorder: 

Event-related brain potential evidence. Journal of Autism and Developmental Disorders, 

25(5), 521–539. https://doi.org/10.1007/BF02178298 

Lippé, S., Martinez-Montes, E., Arcand, C., & Lassonde, M. (2009). Electrophysiological 

study of auditory development. Neuroscience, 164(3), 1108–1118. 

https://doi.org/10.1016/j.neuroscience.2009.07.066 

Litovsky, R. (2015). Chapter 3—Development of the auditory system. In M. J. Aminoff, F. 

Boller, & D. F. Swaab (Eds.), Handbook of Clinical Neurology (Vol. 129, pp. 55–72). 

Elsevier. https://doi.org/10.1016/B978-0-444-62630-1.00003-2 

Locke, J. L. (1989). Babbling and early speech: Continuity and individual differences. First 

Language, 9(6), 191–205. https://doi.org/10.1177/014272378900900606 

https://doi.org/10.1080/15475441.2005.9671948
https://doi.org/10.1126/science.1736364
https://doi.org/10.1111/ejn.13785
https://doi.org/10.1044/2018_JSLHR-L-17-0420
https://doi.org/10.1177/0142723710370534
https://doi.org/10.1007/BF02178298
https://doi.org/10.1016/j.neuroscience.2009.07.066
https://doi.org/10.1016/B978-0-444-62630-1.00003-2
https://doi.org/10.1177/014272378900900606


57 

 

Majorano, M., & D’Odorico, L. (2011). The transition into ambient language: A longitudinal 

study of babbling and first word production of Italian children. First Language, 31(1), 

47–66. https://doi.org/10.1177/0142723709359239 

Marin-Padilla, M., & Marin-Padilla, T. M. (1982). Origin, prenatal development and structural 

organization of layer I of the human cerebral (motor) cortex. Anatomy and Embryology, 

164(2), 161–206. https://doi.org/10.1007/BF00318504 

Marler, J. A., Champlin, C. A., & Gillam, R. B. (2002). Auditory memory for backward 

masking signals in children with language impairment. Psychophysiology, 39(6), 767–

780. https://doi.org/10.1111/1469-8986.3960767 

Mason, S. M., & Mellor, D. H. (1984). Brain-stem, middle latency and late cortical evoked 

potentials in children with speech and language disorders. Electroencephalography and 

Clinical Neurophysiology/Evoked Potentials Section, 59(4), 297–309. 

https://doi.org/10.1016/0168-5597(84)90047-9 

May-Mederake, B. (2012). Early intervention and assessment of speech and language 

development in young children with cochlear implants. International Journal of Pediatric 

Otorhinolaryngology, 76(7), 939–946. https://doi.org/10.1016/j.ijporl.2012.02.051 

McAnally Ken I. & Stein John F. (1997). Scalp potentials evoked by amplitude-modulated 

tones in dyslexia. Journal of Speech, Language, and Hearing Research, 40(4), 939–945. 

https://doi.org/10.1044/jslhr.4004.939 

McArthur, G., & Bishop, D. (2002). Event-related potentials reflect individual differences in 

age-invariant auditory skills. NeuroReport, 13(8), 1079–1082. 

McArthur, G. M., & Bishop, D. V. M. (2004). Which people with specific language 

impairment have auditory processing deficits? Cognitive Neuropsychology, 21(1), 79–94. 

https://doi.org/10.1080/02643290342000087 

McMurray, B., & Aslin, R. N. (2005). Infants are sensitive to within-category variation in 

speech perception. Cognition, 95(2), B15–B26. 

https://doi.org/10.1016/j.cognition.2004.07.005 

Molfese, D. L., & Molfese, V. J. (1985). Electrophysiological indices of auditory 

discrimination in newborn infants: The bases for predicting later language development? 

Infant Behavior and Development, 8(2), 197–211. https://doi.org/10.1016/S0163-

6383(85)80006-0 

https://doi.org/10.1177/0142723709359239
https://doi.org/10.1007/BF00318504
https://doi.org/10.1111/1469-8986.3960767
https://doi.org/10.1016/0168-5597(84)90047-9
https://doi.org/10.1016/j.ijporl.2012.02.051
https://doi.org/10.1044/jslhr.4004.939
https://doi.org/10.1080/02643290342000087
https://doi.org/10.1016/j.cognition.2004.07.005
https://doi.org/10.1016/S0163-6383(85)80006-0
https://doi.org/10.1016/S0163-6383(85)80006-0


58 

 

Molfese, D. L., & Molfese, V. J. (1997). Discrimination of language skills at five years of age 

using event‐related potentials recorded at birth. Developmental Neuropsychology, 13(2), 

135–156. https://doi.org/10.1080/87565649709540674 

Molfese, D. L., Molfese, V. J., & Espy, K. A. (1999). The predictive use of event-related 

potentials in language development and the treatment of language disorders. 

Developmental Neuropsychology, 16(3), 373–377. 

https://doi.org/10.1207/S15326942DN1603_19 

Moore, J. K. (2002). Maturation of human auditory cortex: Implications for speech perception. 

Annals of Otology, Rhinology & Laryngology, 111(5_suppl), 7–10. 

https://doi.org/10.1177/00034894021110S502 

Moore, J. K., & Guan, Y.-L. (2001). Cytoarchitectural and axonal maturation in human 

auditory cortex. JARO - Journal of the Association for Research in Otolaryngology, 2(4), 

297–311. https://doi.org/10.1007/s101620010052 

Morisset, C. E., Barnard, K. E., Greenberg, M. T., Booth, C. L., & Spieker, S. J. (1990). 

Environmental influences on early language development: The context of social risk. 

Development and Psychopathology, 2(2), 127–149. 

https://doi.org/10.1017/S0954579400000663 

Morse, A. F., & Cangelosi, A. (2017). Why are there developmental stages in language 

learning? a developmental robotics model of language development. Cognitive Science, 

41(S1), 32–51. https://doi.org/10.1111/cogs.12390 

Nagarajan, S., Mahncke, H., Salz, T., Tallal, P., Roberts, T., & Merzenich, M. M. (1999). 

Cortical auditory signal processing in poor readers. Proceedings of the National Academy 

of Sciences, 96(11), 6483–6488. https://doi.org/10.1073/pnas.96.11.6483 

Oades, R. D., Dmittmann-Balcar, A., & Zerbin, D. (1997). Development and topography of 

auditory event-related potentials (ERPs): Mismatch and processing negativity in 

individuals 8–22 years of age. Psychophysiology, 34(6), 677–693. 

https://doi.org/10.1111/j.1469-8986.1997.tb02143.x 

Oram Cardy, J. E., Flagg, E. J., Roberts, W., & Roberts, T. P. L. (2008). Auditory evoked 

fields predict language ability and impairment in children. International Journal of 

Psychophysiology, 68(2), 170–175. https://doi.org/10.1016/j.ijpsycho.2007.10.015 

https://doi.org/10.1080/87565649709540674
https://doi.org/10.1207/S15326942DN1603_19
https://doi.org/10.1177/00034894021110S502
https://doi.org/10.1007/s101620010052
https://doi.org/10.1017/S0954579400000663
https://doi.org/10.1111/cogs.12390
https://doi.org/10.1073/pnas.96.11.6483
https://doi.org/10.1111/j.1469-8986.1997.tb02143.x
https://doi.org/10.1016/j.ijpsycho.2007.10.015


59 

 

Ors, M., Lindgren, M., Blennow, G., Nettelbladt, U., Sahlén, B., & Rosén, I. (2002). Auditory 

event-related brain potentials in children with specific language impairment. European 

Journal of Paediatric Neurology, 6(1), 47–62. https://doi.org/10.1053/ejpn.2001.0541 

Paul, R. (2020). Chapter 2—Language disorders. In A. Gallagher, C. Bulteau, D. Cohen, & J. 

L. Michaud (Eds.), Handbook of Clinical Neurology (Vol. 174, pp. 21–35). Elsevier. 

https://doi.org/10.1016/B978-0-444-64148-9.00002-8 

Polich, J., Howard, L., & Starr, A. (1985). Effects of age on the P300 component of the event-

related potential from auditory stimuli: Peak definition, variation, and measurement. 

Journal of Gerontology, 40(6), 721–726. https://doi.org/10.1093/geronj/40.6.721 

Ponton, C., Eggermont, J. J., Khosla, D., Kwong, B., & Don, M. (2002). Maturation of human 

central auditory system activity: Separating auditory evoked potentials by dipole source 

modeling. Clinical Neurophysiology, 113(3), 407–420. https://doi.org/10.1016/S1388-

2457(01)00733-7 

Ponton, C. W., Eggermont, J. J., Kwong, B., & Don, M. (2000). Maturation of human central 

auditory system activity: Evidence from multi-channel evoked potentials. Clinical 

Neurophysiology, 111(2), 220–236. https://doi.org/10.1016/S1388-2457(99)00236-9 

Reilly, S., Cook, F., Bavin, E. L., Bretherton, L., Cahir, P., Eadie, P., Gold, L., Mensah, F., 

Papadopoullos, S., & Wake, M. (2018). Cohort profile: The Early Language in Victoria 

Study (ELVS). International Journal of Epidemiology, 47(1), 11–20. 

Reilly, S., Wake, M., Ukoumunne, O. C., Bavin, E., Prior, M., Cini, E., Conway, L., Eadie, P., 

& Bretherton, L. (2010). Predicting language outcomes at 4 years of age: Findings from 

Early Language in Victoria Study. Pediatrics, 126(6), e1530–e1537. 

https://doi.org/10.1542/peds.2010-0254 

Rutter, D. R., & Durkin, K. (1987). Turn-taking in mother–infant interaction: An examination 

of vocalizations and gaze. Developmental Psychology, 23(1), 54–61. 

https://doi.org/10.1037/0012-1649.23.1.54 

Saaristo-Helin, K., Kunnari, S., & Savinainen-Makkonen, T. (2011). Phonological 

development in children learning Finnish: A review. First Language, 31(3), 342–363. 

https://doi.org/10.1177/0142723710396793 

Semel, E., Wiig, E., & Secord, W. A. (2003). Clinical Evaluation of Language 

Fundamentals—Fourth Edition (CELF-4). The Psychological Corporation. 

https://doi.org/10.1053/ejpn.2001.0541
https://doi.org/10.1016/B978-0-444-64148-9.00002-8
https://doi.org/10.1093/geronj/40.6.721
https://doi.org/10.1016/S1388-2457(01)00733-7
https://doi.org/10.1016/S1388-2457(01)00733-7
https://doi.org/10.1016/S1388-2457(99)00236-9
https://doi.org/10.1542/peds.2010-0254
https://doi.org/10.1037/0012-1649.23.1.54
https://doi.org/10.1177/0142723710396793


60 

 

Shafer, V. L., Yu, Y. H., & Wagner, M. (2015). Maturation of cortical auditory evoked 

potentials (CAEPs) to speech recorded from frontocentral and temporal sites: Three 

months to eight years of age. International Journal of Psychophysiology, 95(2), 77–93. 

https://doi.org/10.1016/j.ijpsycho.2014.08.1390 

Sharma, A., Kraus, N., J. McGee, T., & Nicol, T. G. (1997). Developmental changes in P1 and 

N1 central auditory responses elicited by consonant-vowel syllables. 

Electroencephalography and Clinical Neurophysiology/Evoked Potentials Section, 

104(6), 540–545. https://doi.org/10.1016/S0168-5597(97)00050-6 

Snowling, M., Goulandris, N., Bowlby, M., & Howell, P. (1986). Segmentation and speech 

perception in relation to reading skill: A developmental analysis. Journal of Experimental 

Child Psychology, 41(3), 489–507. https://doi.org/10.1016/0022-0965(86)90006-8 

Soderberg, C. K., Errington, T. M., Schiavone, S. R., Bottesini, J., Thorn, F. S., Vazire, S., 

Esterling, K. M., & Nosek, B. A. (2021). Initial evidence of research quality of registered 

reports compared with the standard publishing model. Nature Human Behaviour, 1–8. 

https://doi.org/10.1038/s41562-021-01142-4 

Stark Rachel E. & Heinz John M. (1996b). Perception of stop consonants in children with 

expressive and receptive-expressive language impairments. Journal of Speech, Language, 

and Hearing Research, 39(4), 676–686. https://doi.org/10.1044/jshr.3904.676 

Stark Rachel E. & Heinz John M. (1996a). Vowel perception in children with and without 

language impairment. Journal of Speech, Language, and Hearing Research, 39(4), 860–

869. https://doi.org/10.1044/jshr.3904.860 

Sussman, E., Steinschneider, M., Gumenyuk, V., Grushko, J., & Lawson, K. (2008). The 

maturation of human evoked brain potentials to sounds presented at different stimulus 

rates. Hearing Research, 236(1), 61–79. https://doi.org/10.1016/j.heares.2007.12.001 

Tallal, P. (2004). Improving language and literacy is a matter of time. Nature Reviews 

Neuroscience, 5(9), 721–728. https://doi.org/10.1038/nrn1499 

Tallal, P. (2014). Experimental studies of language learning impairments: From research to 

remediation. In Speech and Language Impairments in Children (pp. 145–170). 

Psychology Press. https://doi.org/10.4324/9781315784878-14 

Thorndike, R., Hagen, E. O., & Sattler, J. M. (1986). The Stanford-Binet intelligence scale: 

Technical manual (4th ed.). Riverside. 

https://doi.org/10.1016/j.ijpsycho.2014.08.1390
https://doi.org/10.1016/S0168-5597(97)00050-6
https://doi.org/10.1016/0022-0965(86)90006-8
https://doi.org/10.1038/s41562-021-01142-4
https://doi.org/10.1044/jshr.3904.676
https://doi.org/10.1044/jshr.3904.860
https://doi.org/10.1016/j.heares.2007.12.001
https://doi.org/10.1038/nrn1499
https://doi.org/10.4324/9781315784878-14


61 

 

Tomasello, M., Carpenter, M., & Liszkowski, U. (2007). A new look at infant pointing. Child 

Development, 78(3), 705–722. https://doi.org/10.1111/j.1467-8624.2007.01025.x 

Tomlin, D., & Rance, G. (2016). Maturation of the central auditory nervous system in children 

with auditory processing disorder. Seminars in Hearing, 37(1), 74–83. 

https://doi.org/10.1055/s-0035-1570328 

Tonnquist, U., Borg, E., & Spens, K. E. (1995). Topography of auditory evoked long-latency 

potentials in normal children, with particular reference to the N1 component. 

Electroencephalography and Clinical Neurophysiology, 95(1), 34–41. 

https://doi.org/10.1016/0013-4694(95)00044-Y 

Tonnquist-Uhlen, I., Borg, E., Persson, H. E., & Spens, K. E. (1996). Topography of auditory 

evoked cortical potentials in children with severe language impairment: The N1 

component. Electroencephalography and Clinical Neurophysiology, 100(3), 250–260. 

https://doi.org/10.1016/0168-5597(95)00256-1 

Tsao, F.-M., Liu, H.-M., & Kuhl, P. K. (2004). Speech perception in infancy predicts language 

development in the second year of life: A longitudinal study. Child Development, 75(4), 

1067–1084. https://doi.org/10.1111/j.1467-8624.2004.00726.x 

Tyack, D., & Ingram, D. (1977). Children’s production and comprehension of questions*. 

Journal of Child Language, 4(2), 211–224. https://doi.org/10.1017/S0305000900001616 

Valente, M. (2009). Pure-Tone Audiometry and Masking. Plural Publishing. 

van Zuijen, T. L., Plakas, A., Maassen, B. A. M., Been, P., Maurits, N. M., Krikhaar, E., van 

Driel, J., & van der Leij, A. (2012). Temporal auditory processing at 17 months of age is 

associated with preliterate language comprehension and later word reading fluency: An 

ERP study. Neuroscience Letters, 528(1), 31–35. 

https://doi.org/10.1016/j.neulet.2012.08.058 

Werker, J. F., & Tees, R. C. (1987). Speech perception in severely disabled and average 

reading children. Canadian Journal of Psychology/Revue Canadienne de Psychologie, 

41(1), 48–61. https://doi.org/10.1037/h0084150 

Werker, J. F., & Tees, R. C. (2002). Cross-language speech perception: Evidence for 

perceptual reorganization during the first year of life. Infant Behavior and Development, 

25(1), 121–133. https://doi.org/10.1016/S0163-6383(02)00093-0 

https://doi.org/10.1111/j.1467-8624.2007.01025.x
https://doi.org/10.1055/s-0035-1570328
https://doi.org/10.1016/0013-4694(95)00044-Y
https://doi.org/10.1016/0168-5597(95)00256-1
https://doi.org/10.1111/j.1467-8624.2004.00726.x
https://doi.org/10.1017/S0305000900001616
https://doi.org/10.1016/j.neulet.2012.08.058
https://doi.org/10.1037/h0084150
https://doi.org/10.1016/S0163-6383(02)00093-0


62 

 

Wiig, E. H., Secord, W. A., & Semel, E. (2020). Clinical Evaluations of Language 

Fundamentals– Preschool 3rd edition (CELF-P3). Pearson; NCS Pearson. 

Włodarczyk, E., Szkiełkowska, A., Pilka, A., & Skarżyński, H. (2018). Assessment of cortical 

auditory evoked potentials in children with specific language impairment. 

Otolaryngologia Polska, 72(1), 16–22. https://doi.org/10.5604/01.3001.0011.5933 

Wunderlich, J. L., & Cone-Wesson, B. K. (2006). Maturation of CAEP in infants and children: 

A review. Hearing Research, 212(1), 212–223. 

https://doi.org/10.1016/j.heares.2005.11.008 

Wunderlich, J. L., Cone-Wesson, B. K., & Shepherd, R. (2006). Maturation of the cortical 

auditory evoked potential in infants and young children. Hearing Research, 212(1), 185–

202. https://doi.org/10.1016/j.heares.2005.11.010 

Yoshimura, Y., Kikuchi, M., Ueno, S., Shitamichi, K., Remijn, G. B., Hiraishi, H., Hasegawa, 

C., Furutani, N., Oi, M., Munesue, T., Tsubokawa, T., Higashida, H., & Minabe, Y. 

(2014). A longitudinal study of auditory evoked field and language development in 

young children. NeuroImage, 101, 440–447. 

https://doi.org/10.1016/j.neuroimage.2014.07.034 

Zardini, G. (2006). Language: Normal and Pathological Development. John Libbey Eurotext. 

Zimmerman, I. L., Steiner, V. G., & Pond, R. E. (2011). Preschool Langauge Scales—Fifth 

edition (PLS-5). Pearson. 

 

 

https://doi.org/10.5604/01.3001.0011.5933
https://doi.org/10.1016/j.heares.2005.11.008
https://doi.org/10.1016/j.heares.2005.11.010
https://doi.org/10.1016/j.neuroimage.2014.07.034


63 

 

Appendices 

Appendix A: Human Ethics Approval and Materials 
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Appendix B: Custom MATLAB Script for ICC Analysis 

 
% ------------------------------------------------------------------------- 

% INSTITUTE    : University of Western Ontario 

% FILENAME     : runiccanalysis.m  

% FILE TYPE    : Script 

% VERSION      : 2.0 

% AUTHOR       : Anthony Bertone 

% ------------------------------------------------------------------------- 

% REVISION HISTORY 

% ------------------------------------------------------------------------- 

%  

%  1.0, 2010-09, Drew Morris (drew.j.morris@gmail.com) 

%    - Initial release 

%  2.0, 2014-08-05, Anthony Bertone (anthony.m.bertone@gmail.com) 

%   - Modified Version 

% 

% ------------------------------------------------------------------------- 

% DESCRIPTION 

% ------------------------------------------------------------------------- 

% 

% Runs intra-class correlation (ICC) coefficient analysis of ERP data 

% files.  Files should be in EGI simple binary format (.raw) 

% 

% ------------------------------------------------------------------------- 

% ------------------------------------------------------------------------- 

% ------------------------------------------------------------------------- 

 

disp(' ') 

 

loadIccVariables; 

 

 

try 

    checkVariables; 

catch e 

    disp(['ERROR! ' e.message]); 

    return; 

end 

 

%now add the paths to make file names fully specified 

%full path to output files 

ICC_table_file_path=fullfile(output_path, ICC_table_file); 

 

%full path to config files 

 

base_category_file=fullfile(config_path, base_category_file); 

subjects_file_path=fullfile(config_path, subjects_file); 

channels_to_analyze_file=fullfile(config_path, channels_to_analyze_file); 

channel_names_file=fullfile(config_path, channel_names_file); 
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window_file=fullfile(config_path,window_file); 

reference_file=fullfile(config_path, reference_file); 

 

 

addpath(code_path); 

cd(data_path); 

 

%This file has the names for the 128 channel net. You can replace with 

%another file that has the names of all the channels, 1 per line 

try 

    channel_names = read_channel_names(channel_names_file); 

catch e 

    disp(['ERROR! ' e.message]); 

    return; 

end 

 

 

 % Read age group folders and filenames 

try 

    part_info = find_folder_file(data_path, subjects_file_path, subjects_file ); 

catch e 

    disp(['ERROR! Searching for participant file. ' e.message]); 

    return; 

end 

 

 

% Extract .raw file data into structure 

try 

    part_info = extract_data(part_info, data_path, channel_names, time0_code, byte_swap); 

catch e 

    disp(['ERROR! Extracting data. ' e.message]); 

    return 

end 

 

 

% Calculate the grand average. 

try 

    GA = grandaverage(part_info, data_path, channel_names, time0_code, byte_swap); 

catch e 

    disp(['ERROR! Generating Grand Average. ' e.message]); 

    return 

end 

 

% This reads in a list of channels you wish to include in the analysis 

try 

    selected_channels = readSelectedChannels(channels_to_analyze_file, channel_names); 

catch e 

    disp(['ERROR! In reading selected channels. ' e.message]); 

    return 

end 
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% This reads in the "base category" for ICC 

try 

    base_category = readBaseCategory(base_category_file);   % Tone 

catch e 

    disp(['ERROR reading base category: ' e.message]); 

end 

  

try 

    win = readWindow(window_file); 

catch e 

    disp(['ERROR! ' e.message]); 

    return 

end 

 

cd(code_path); 

 

 for ch = 1:numel(part_info.patient) 

 

    try 

        [datablock, data_labels, comparison_labels] = createIccDataMatrix(part_info, GA, ch, 

selected_channels, base_category, win(1),win(2)); 

    catch e 

        disp(['ERROR creating data matrix: ' e.message]); 

        return 

    end 

     

    ICCTABLE{ch} = do_ICC(datablock); 

     

    str_ICC_table{ch} = ICCExcelTable(ICCTABLE{ch}, data_labels, comparison_labels); 

     

    prompt_ICC_display(str_ICC_table{ch}); 

  

 end 

  

 complete_ICC_table = vertcat(str_ICC_table{:});  % combine all ICC cell arrays into one cell 

array 

 

  

  try 

      save_ICC_table(complete_ICC_table, ICC_table_file_path); 

  catch e 

      disp(['ERROR saving ICC table: ' e.message]); 

      return 

  end 

 

  complete_ICC_table = [];  
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