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Thesis Abstract 

The amplitude envelope of speech is composed of acoustic modulations that occur 

across multiple timescales (2-50 Hz modulations; Rosen 1992). These modulations act as 

cues to linguistic information such as phoneme identity, and syllabicity, which are necessary 

for accurate speech perception and recognition. Thus, the ability to extract acoustic 

information across multiple timescales is important for speech and language development 

(Hickok & Poeppel, 2007). The ‘Asymmetric Sampling in Time’ (AST) hypothesis suggests 

that left and right non-primary auditory cortices preferentially sample continuous auditory 

information according to short (~20-50 ms; rapid sampling) and long (~150-250 ms; slow 

sampling) temporal integration windows, respectively. The asymmetric processing of both 

rapid and slow acoustic modulations, according to these windows, facilitates the 

development of phonological and lexical representations. Therefore, temporal processing 

asymmetries are also important for the development of reading abilities (Ghitza, 2011; 

Poeppel, 2003). 

Currently, the evidence in support of the AST hypothesis is inconsistent, and the 

developmental trajectory of the proposed asymmetries and their relation to language and 

reading skills are incompletely understood. The overarching aim of the present thesis was to 

investigate the presence of auditory temporal processing asymmetries in young adults, and 

typically developing children, and whether children born very preterm (VP), who commonly 

exhibit language difficulties, exhibit atypical temporal processing asymmetries compared to 

term-born peers.  

The first study, reported in Chapter 2, investigated temporal processing asymmetries 

in young adults, using the N1, Ta and Tb components of auditory event-related potentials 
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(ERP) elicited by tone-pair stimuli with interstimulus intervals (ISIs) of 50 and 200 ms. The 

Tb, not the N1 or Ta components, was found to index hemispheric asymmetries in temporal 

processing. N1 and Ta responses were symmetric and were larger in response to slow-tone-

pairs. Tb responses elicited by rapid tone-pairs were left lateralised, while there was no 

significant difference between left and right hemisphere Tb responses elicited by slow tone-

pairs. Overall, the pattern of Tb responses supports the hypothesis that left auditory areas 

process auditory stimuli according to a short temporal integration window, which enables 

processing of rapid and slow temporal modulations due to its high temporal resolution, while 

right auditory areas process auditory stimuli according to a long temporal integration window, 

which results in the preferential processing of slow temporal modulations. 

The second study, reported in Chapter 3, investigated the development of temporal 

processing asymmetries in typically developing children. Children were assessed at age 7, 

and again at age 9, as this period represents a phase of significant development in language 

and auditory processing abilities. Ta and Tb responses elicited by tone-pairs with ISIs of 25, 

50, 100, and 200 ms were examined. Consistent with the AST hypothesis and the findings of 

Chapter 2, Tb responses to the second tone of tone-pairs reflected preferential processing of 

rapid tone-pairs in the left, and slow tone-pairs in the right hemispheres. No significant 

differences were observed between age 7 and 9. The lateralisation of rapid temporal 

processing at age 7 was a significant predictor of phonemic decoding ability at age 9, which 

suggests that rapid temporal processing contributes to future literacy abilities in middle 

childhood. 

The final study, reported in Chapter 4, investigated whether there are differences in 

temporal processing asymmetries between term children, and VP children (≤ 32 weeks 
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gestation), which could explain the increased risk of language difficulties in VP children. Tb 

responses elicited by tone-pairs with ISIs of 50 ms and 200 ms were examined. Contrary to 

hypotheses, no significant group differences were identified. Consistent with the AST 

hypothesis, across both groups, processing of rapid tone-pairs was left-lateralised, while 

processing of slow tone-pairs was right-lateralised. In a subset of participants, laterality 

indices of rapid and slow temporal processing were associated with expressive vocabulary 

after controlling for age and nonverbal IQ. These findings provide evidence of temporal 

processing asymmetries in middle childhood, and the association between lateralisation of 

temporal processing and aspects of language development.  

Collectively, the present thesis demonstrated that auditory temporal processing 

asymmetries are present in middle childhood and young adulthood, and are indexed by the 

Tb component of the auditory ERP. Alongside previous studies, it provides evidence for the 

association between auditory temporal processing and the development of language and 

literacy abilities and highlights the fact that VP birth may not always be associated with 

adverse neurodevelopmental outcomes.
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Preamble 

This thesis is presented as a series of papers. Chapter 1 is an introductory chapter that 

provides the background literature, and rationale for the thesis. Chapters 2, 3, and 4 constitute 

the empirical chapters of the thesis. Chapters 2 and 3 have been published, and Chapter 4 has 

been prepared for publication. Chapter 5 discusses the key findings, and contributions made 

to the existing literature, as well as considerations and directions for future research.  

As chapters 2, 3, and 4 were written as independent works, some concepts are 

presented multiple times throughout the thesis, and references for in-text citations have been 

included directly after each chapter. 
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Speech perception involves the transformation of acoustic signals into phonological 

representations that facilitate access to lexical and semantic information (Poeppel & 

Monahan, 2008), and is, therefore, necessary for the successful development of language and 

literacy abilities (Kuhl, 2004; Vanvooren, Poelmans, De Vos, Wouters, & Ghesquière, 2017). 

As such, having comprehensive models of speech perception (i.e. the computational sub-

processes involved in speech perception) could facilitate our understanding of the functional 

abnormalities associated with subclinical and clinical language and literacy difficulties. 

Identification of specific functional abnormalities (e.g. poor rapid temporal processing) could 

enable the development of targeted interventions and compensatory strategies for affected 

individuals. Such intervention may then reduce risk of poor academic achievement, and 

adverse social, emotional and behavioural outcomes in populations vulnerable to language 

and literacy problems (Durkin & Conti-ramsden, 2010; Ghisi et al., 2016; Joffe & Black, 

2012; Snowling, Bishop, Stothard, Chipchase, & Kaplan, 2006). Nevertheless, the functional 

and neuroanatomical underpinnings of speech perception remain incompletely understood, 

and are a source of spirited debate, continuing to garner concerted investigation and 

discussion (Flinker, Doyle, Mehta, Devinsky, & Poeppel, 2019; Giraud & Poeppel, 2012; 

Kösem & Wassenhove, 2017; Lalor, 2018; Liebenthal & Möttönen, 2018; Meyer, 2018; 

Poeppel, 2014; Scott, 2012; Tremblay & Dick, 2016).  

The current thesis contributes to the extant literature by investigating the predictions 

of the ‘Asymmetric Sampling in Time’ (AST) hypothesis (Poeppel, 2001, 2003). In the AST 

hypothesis, Poeppel (2001, 2003) proposed that auditory signals (i.e. speech and non-speech) 

are parsed asymmetrically in the temporal domain, and these asymmetries underlie the 

functional lateralisation of some speech processes (e.g. phonemic processing, syllable 
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processing). The AST hypothesis was initially proposed as part of Hickok and Poeppel’s 

dual-stream model of speech processing (Hickok & Poeppel, 2000, 2004, 2007). Below, I 

will briefly introduce Hickok and Poeppel’s dual-stream model to provide the context 

regarding the role of asymmetric temporal processing as described in the AST. While there 

are many other noteworthy contemporary models of speech processing (Friederici, 2011; 

Rauschecker & Scott, 2009; Scott & Johnsrude, 2003), I will be focusing on Hickok and 

Poeppel’s (2007) model. This will then be followed by a description of the AST, its 

predictions and relevant studies examining temporal processing asymmetries.  

1.1. Hickok and Poeppel’s dual-stream model of speech processing 

The dual-stream model proposed by Hickok and Poeppel in 2000 has been a 

prominent fixture in the speech and language landscape over the past two decades, and 

continues to shape systematic programs of research in the speech, language and literacy 

literature (Hickok & Poeppel, 2004, 2007; Meyer, 2018; Poeppel, 2014). Due to the 

increasing availability and resolution of neuroimaging techniques, the field has seen a shift 

from gross neuroanatomical models of speech and language, toward models such as this, 

which focus on the functional neuroanatomy of speech and language processing (Poeppel, 

2014).  

Like other contemporary models, Hickok and Poeppel describe a ventral stream and a 

dorsal stream, and they suggested that these reflect the transformations of sound-to-meaning 

and sound-to-articulation, respectively. As such, at initial stages of processing, both the 

ventral and dorsal streams involve the processing of speech sounds. Initially, the 

spectrotemporal processing of speech and non-speech signals occurs in dorsal portions of the 

superior temporal gyri (STG), bilaterally. Hickok and Poeppel (2004, 2007) proposed that in 
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the dorsal STG, the acoustic signals of speech and non-speech stimuli are parsed into 

temporally delimited units, which are thought to facilitate the rapid discretisation (sampling) 

of acoustic features relevant for phonemic discrimination (25 - 50 ms) and syllable 

segmentation (150 - 300 ms). The discretised acoustic representations are thought to activate 

phonological representations in the phonological network, which comprises the middle to 

posterior portions of superior temporal sulci (STS), bilaterally. After this point, the ventral 

and dorsal streams diverge but continue to have bidirectional connections with the 

phonological network. 

The ventral stream is widely accepted as the auditory ‘what’ stream, and, as 

mentioned above, comprises processes involved in the translation of acoustic speech signals 

into lexical-semantic representations (Binder et al., 2000; Hickok & Poeppel, 2004, 2007; 

Poeppel, 2014; Scott & Wise, 2004). After the acoustic-phonological transformation of the 

signal, the next stage of processing is the activation of lexical representations by 

phonological representations at the lexical interface. Hickok and Poeppel (2007) suggest that 

the phoneme and syllable sized phonological representations from both hemispheres are 

combined for optimal activation of lexical-semantic representations, which is supported by 

recent psychophysical evidence (Chait, Greenberg, Arai, Simon, & Poeppel, 2015). Hickok 

and Poeppel (2007) suggested that the middle to posterior middle temporal gyri and posterior 

inferior temporal sulci, bilaterally, form the lexical interface, which links phonological 

representations with semantic information that is widely distributed throughout the cortex 

(DeWitt & Rauschecker, 2012; Hickok & Poeppel, 2007; Poeppel, 2014). From here, lexical-

semantic representations are combined in an anterior combinatorial network, wherein lexical 
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information is combined. The anterior middle temporal gyrus and anterior inferior temporal 

sulcus are implicated in combinatorial processes, such as syntactic analysis. 

In contrast to the ventral stream, the dorsal stream is strongly left-dominant. They 

proposed that the dorsal stream represents a ‘how’ stream/a interface (Hickok & Poeppel, 

2000, 2007; Scott & Wise, 2004), which is responsible for the conversion of sensory 

representations of speech into articulatory-motor representations (e.g. repetition). 

Phonological representations activated in the phonological network interact with articulatory-

motor representations via the Spt (Sylvian-parietal-temporal) area, which was conceptualized 

as a sensorimotor interface. It was suggested that the sensorimotor interface could be 

involved in the sequencing of phonological segments for articulatory execution (i.e. speech 

production), and the maintenance of articulatory skills via a sensorimotor feedback loop. The 

frontal articulatory network, which encompasses Broca’s region, premotor cortex, and the 

anterior insula, is linked to the area Spt via the arcuate fasciculus. Hickok and Poeppel (2004, 

2007) also suggested that the dorsal stream is critical for speech development in childhood, 

and the acquisition of new vocabulary, even into adulthood. During speech development, 

children learn how to pronounce words by listening to, and storing the acoustic 

representation of others’ speech, attempting to produce the same speech sounds and 

utterances, and comparing their own attempts against the stored representations. The 

mismatch between the stored representation and the acoustic representation produced by each 

attempt act as feedback for the fine-tuning of auditory-motor representations. Thus, via this 

feedback loop, articulatory-motor representations can be tuned based on sensory feedback 

about sound created and the target sound. In addition to a speech development function, they 
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also suggested that the auditory-motor circuit could be a candidate substrate for phonological 

short-term memory.  

Based on Hickok and Poeppel’s dual-stream model (2004, 2007), it is clear that both 

speech comprehension and production necessarily depend on the integrity of acoustic-

phonological representations of speech, whether it be for the parsing of speech for 

subsequent computation (e.g. combining phonological units) for comprehension or the 

development of acoustic-articulatory representations for accurate speech production. 

However, during the time that Hickok and Poeppel’s (2004, 2007) dual-stream model was 

proposed, there were various hypotheses regarding the pathway via which the acoustic 

signals of speech are transformed into representations suitable for use in speech and language 

computations (Greenberg & Arai, 2004; Poeppel, 2003; Stevens, 2002). Hickok and Poeppel 

(2000) provided an initial hypothesis about how this might occur, namely that hemispheric 

asymmetries in the temporal parsing of speech results in the segmenting of acoustic 

modulations that occur over multiple timescales enabling the identification and segregation 

of auditory information into unitary objects (e.g. phonemes and syllables). This hypothesis 

was subsequently elaborated in the ‘Asymmetric Sampling in Time’ hypothesis (AST) by 

Poeppel (2001, 2003).  

1.2. Poeppel’s ‘Asymmetric Sampling in Time’ hypothesis (2003) 

The AST hypothesis was based on four key premises derived from 

neuropsychological, psychophysical, linguistic, and neuroimaging studies. The first premise 

was that functional neuroimaging and lesion studies suggested that the acoustics of speech 

are represented bilaterally in superior temporal cortices (see Hickok & Poeppel, 2000 for 

review; Poeppel, 2001). Compelling evidence for the involvement of bilateral superior 
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temporal cortices comes from a synthesis of research in pure word deafness (the inability to 

comprehend speech), which observed that unilateral lesions to the left superior temporal 

cortex were not typically sufficient to cause pure word deafness. Pure word deafness was 

only observed in the context of bilateral lesions to the superior temporal cortex (Poeppel, 

2001). Poeppel (2001) concluded that the left, as well as right superior temporal cortices, 

must be involved in speech processing, as intact right superior temporal cortices were 

associated with preservation of auditory comprehension. Thus, bilateral superior temporal 

cortices were proposed to be involved in complementary acoustic processing of speech 

(Poeppel, 2001).  

The second premise was that the left auditory areas appeared to have better temporal 

resolution than right auditory areas (Belin, Zilbovicius, Crozier, Thivard, & Fontaine, 1998; 

Nicholls, 1996). An earlier study from Robin, Tranel, and Damasio (1990) demonstrated that 

patients with focal left hemisphere (LH) lesions in temporal, parietal or temporoparietal areas 

performed worse on gap detection and temporal pattern matching tasks than patients with 

right hemisphere lesions and normal controls. Specifically, patients in the LH lesion group 

required longer gaps to detect the gap between two tones, and longer intervals between tones 

in the temporal pattern task to differentiate the target pair. These findings suggested that the 

left auditory areas have higher temporal resolution than the right auditory areas. At present 

there appears to be substantial evidence from a range of functional magnetic resonance 

imaging (fMRI), electroencephalography (EEG), magnetoencephalography (MEG), and 

positron emission topography (PET) studies suggesting that left auditory areas are better 

suited for tasks requiring the processing of rapid temporal modulations (Belin et al., 1998; 

Brown & Nicholls, 1997; Jamison et al., 2006; Johnsrude et al., 1997; Liebenthal et al., 2005; 
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Molfese, 1978; Nicholls, 1996; Nicholls et al., 2002; Okamoto et al., 2009; Poeppel et al., 

1996; Zaehle et al., 2007; Zatorre & Belin, 2001; Zatorre et al., 1992). However, the 

functional asymmetries underlying the left hemisphere advantage for processing rapid 

auditory stimuli remains unclear. 

The third premise driving the argument for multiple temporal integration windows is 

the need to parse speech signals at multiple timescales (Poeppel, 2003). Acoustic cues 

necessary for differentiation of phonemes (i.e. distinctive features - manner of articulation, 

voice-onset time) and segmentation of syllables (i.e. amplitude rise-times) occur at relatively 

regular rates (20 - 40 Hz and 5 Hz, respectively; Ding et al., 2017; Greenberg & Arai, 2004; 

Poeppel, 2003; Rosen, 1992; Stevens, 2002). For example, the information necessary to 

identify and differentiate two phonemes (e.g. voiced /d/ vs. voiceless /t/) is carried in acoustic 

modulations reflecting voice onset, which occur in the order of 20 - 50 ms, while information 

reflecting the onset of a new syllable (amplitude rise-time) is reflected in acoustic 

modulations that occur approximately every 150 - 250 ms. The sampling according to short 

and long temporal integration windows is purported to enable simultaneous extraction of 

acoustic cues at the subphoneme/ phoneme and syllable timescales. 

The fourth and final premise for adopting a multi-time resolution framework based on 

temporal integration windows was that psychophysical (Saberi & Perrott, 1999) and 

electrophysiological (Joliot, Ribary, & Llinás, 1994; Singer, 1993; Theunissen & Miller, 

1995) data suggested that information unfolding over time is not processed as a continuous 

stream, instead, it appears to be sampled in ‘chunks’ or temporally delimited windows 

(Poeppel, 2003; Pöppel, 2009). The concept of a temporal integration window has been 

described by Pöppel, (1997; 2009) and others (Wang, Datta, & Sussman, 2005; Yabe et al., 
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1998). The temporal integration window refers to a delimited window of time during which 

auditory events are integrated into a unitary event. Within a temporal integration window 

auditory events are treated as co-temporal, therefore, the order of events does not matter 

(Wang, Datta, & Sussman, 2005). For example, Saberi and Perrot (1999) demonstrated that 

locally reversing the spliced segments of sentence did not impact intelligibility of the 

sentence when segments were 50 ms or less. The local reversal of segments when longer than 

50 ms resulted in reductions in speech intelligibility. For 100 ms segments, speech 

intelligibility remained above 50 % suggesting that a longer temporal integration also exists. 

These findings support the concept of a temporal integration window, in which all 

information is treated as cotemporal, and provide evidence for the existence of at least one 

short and one long temporal integration window in speech perception.  

Electrophysiological studies of perception provided evidence of a short temporal 

integration window in the form of 40 Hz neural oscillations in the central nervous system. 

Singer (1993) had argued that the synchronised oscillation of neuronal ensembles could be a 

mechanism by which information unfolding over time is coordinated. Thus, it was proposed 

that on-going gamma oscillations (40 Hz) reflected the sampling according to a short 

temporal integration window of ~25 ms. Newer research continues to support the existence 

of both the short (20 - 50 ms) and long (~150 - 250 ms) temporal integration windows (Fox, 

Anderson, Reid, Smith, & Bishop, 2010; Luo & Poeppel, 2012; Stefanatos, Braitman, & 

Madigan, 2007; van Wassenhove, Grant, & Poeppel, 2007; Wang, Datta, & Sussman, 2005). 

However, hemispheric asymmetries in the sampling of auditory information according to 

these temporal integration windows continue to be an area of debate.  
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In the AST hypothesis, Poeppel (2003) suggested that speech and non-speech stimuli 

are first represented symmetrically at the level of the primary auditory cortex, such that the 

acoustic details of speech and non-speech signals are preserved. The output of the primary 

auditory cortex is then thought to be re-sampled asymmetrically by left and right non-

primary auditory areas according to short (~25 - 50 ms) and long temporal integration 

windows (~150 - 250 ms), respectively. Poeppel (2003) proposed that neuronal ensembles 

tuned to short and long temporal integration windows are asymmetrically distributed such 

that left non-primary auditory areas have a larger proportion of neuronal ensembles tuned to 

a short temporal integration window, while right non-primary auditory areas have a larger 

proportion of neuronal ensembles tuned to the long temporal integration window. The 

asymmetric distribution of neuronal ensembles tuned to short and long temporal integration 

windows gives rise to the rapid sampling of auditory information in left non-primary areas 

(20 - 40 Hz) facilitating a high temporal resolution, and the slow sampling of auditory 

information in right non-primary areas (~ 4 - 7 Hz).  

As the sampling of speech at rapid and slow rates is theorised to enable the packaging 

of acoustic representations at the sub-phonemic/phonemic and syllabic level (Hickok & 

Poeppel, 2000, 2004, 2007), undersampling, oversampling, or poor specialisation for 

sampling of auditory inputs at the relevant rates are purported to result in the unstable 

formation of phonological representations during development, impacting the development 

of language and literacy abilities (Giraud & Poeppel, 2012; Goswami et al., 2016). Therefore, 

clarification of such asymmetries in adulthood, as well as throughout development could 

clarify the contribution of abnormal temporal processing asymmetries to developmental 
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disorders for which auditory temporal processing deficits are implicated (e.g. developmental 

language disorder, developmental dyslexia). 

The neuronal instantiation of the hypothesised temporal integration windows has 

driven a significant amount of research based on the AST. However, the theoretical 

underpinnings of the AST have been strongly contested (McGettigan & Scott, 2012; Zatorre 

& Gandour, 2008), and the evidence for the asymmetric sampling of acoustic signals is 

inconsistent, requiring further elucidation.  

1.3. Temporal processing asymmetries: Adults 

Studies examining hemispheric asymmetries in temporal processing have used a 

range of methodologies including PET, fMRI, combined fMRI-EEG, EEG, and MEG studies. 

However, between studies, there is marked variability in the task designs and stimuli used 

(e.g. naturalistic speech, amplitude-modulated noise, noise-vocoded speech), therefore, 

findings relating to the presence or absence of hemispheric asymmetries have been variable 

and discrepancies between studies can be difficult to interpret. 

1.3.1. Haemodynamic studies 

An early PET study by Belin and colleagues (1998) examined asymmetries in the 

temporal processing of non-speech sounds that contained either rapid (40 ms) or slow (200 

ms) frequency transitions. Both the rapid and slow stimuli produced bilateral activation of the 

superior temporal gyri. The activity was centred in the primary auditory cortex and extended 

out into association areas anteriorly and posteriorly (BA 41, 42, 22). Belin et al. (1998) 

observed that the area activated by the rapid stimuli was twice as large in the left hemisphere 

than in the right, whereas the areas activated by the slow stimuli were reported to be almost 

symmetrical. Follow-up comparisons of activation within each hemisphere found no 
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significant difference activation between rapid and slow stimuli in the left hemisphere, but 

there was significantly reduced activation of right auditory areas in response to the rapid 

stimuli relative to the slow. These findings were consistent with the conjecture that left 

auditory areas have high temporal resolution, consistent with a short temporal integration 

window, and right auditory areas have lower temporal resolution, consistent with a long 

temporal integration window.  

Boemio and colleagues (2005) examined temporal processing asymmetries using 

fMRI and non-speech stimuli. They examined haemodynamic responses to 9-second 

sequences of concatenated segments, which varied based on segment type tonal (stable 

frequency) or frequency-modulated (frequency swept up and down linearly), and mean 

segment duration (12, 25, 45, 85, 160 and 300 ms), such that shorter segments corresponded 

to faster frequency change. Both left and right STS exhibited significant responses to stimuli 

with segment durations of 25 ms or greater. However, similar to the findings of Belin et al. 

(1998), they observed a robust increase in the activation of the right hemisphere STS for 

slowly modulated sequences (160 and 300 ms segments) compared to faster modulated 

sequences (12, 25, 45, and 85 ms segments). These findings were consistent with the 

existence of a long temporal integration window in the right hemisphere, as slower frequency 

changes were seen to drive right STS activity more than rapid changes. This is consistent 

with the idea that the rapid frequency modulations would be integrated within the long 

integration window. In contrast to the findings of Belin et al. (1998), Boemio et al. (2005) did 

not observe a left hemisphere advantage for rapid modulations, which has since been 

interpreted as suggesting bilateral representation of short temporal integration windows 

(Giraud & Poeppel, 2012; Poeppel, Idsardi, & van Wassenhove, 2008). Notably, Boemio et 
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al. (1998) did not report the effect of segment duration on heamodynamic responses of the 

left hemisphere STS, therefore, it is unclear whether there was a significant increase in 

haemodynamic response in the left STS, or whether responses were relatively similar for all 

segments above 25 ms, providing support for a short temporal integration window. 

1.3.2. Magnetoencephalography studies 

Luo and Poeppel (2012) examined hemispheric asymmetries in exogenous oscillatory 

activity using MEG. Similar to the study by Boemio and colleagues (2005), their stimuli 

consisted of three concatenated sequences of frequency-modulated segments with mean 

durations of 25, 80 or 200 ms mean duration. The 25 ms and 200 ms segments match the 

duration of the putative short and long temporal integration windows, while the 80 ms 

segment duration acted as a control. They measured inter-trial phase and power coherence of 

theta (4 - 8 Hz), alpha (10 - 14 Hz), and low gamma (38 - 42 Hz) oscillations. Luo and 

Poeppel (2012) observed enhanced phase coherence, relative to baseline, in the gamma-band 

and theta-bands for the 25 and 200 ms stimuli, respectively, but not in the alpha-band for 80 

ms stimuli. Phase coherence in the theta frequency band was significantly lateralised to the 

right, however, phase coherence in the gamma frequency band was represented bilaterally. In 

terms of power, there were no significant increases in power relative to baseline for any of 

the stimuli and corresponding frequency bands. These findings provide evidence for the 

existence of two privileged temporal integration windows (~ 25 ms and ~ 200 ms) and for the 

rightward lateralisation of a long temporal integration window. Although they did not 

observe any asymmetries in phase coherence in the gamma frequency band, it is possible that 

the coarse comparison of the average of left hemisphere electrodes to the average of all right 

hemisphere electrodes could have masked effects associated with specific parts of the 
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auditory cortex. The distinction between phase coherence asymmetries in different areas of 

the cortex is particularly relevant, as the AST stipulates that the asymmetries in temporal 

processing are manifest outside of the primary auditory cortex.  

Tang, Brock, and Johnson (2016) examined temporal processing asymmetries 

indexed by the power of on-going oscillation at rest and envelope following responses 

(EFRs) to amplitude-modulated white noise using MEG. The power of on-going endogenous 

oscillations at rest is thought to reflect the intrinsic functioning of privileged temporal 

integration windows. For example, a peak in power in the gamma-band, say 20 - 40 Hz, 

suggests the endogenous sampling according to a temporal integration window of 25 - 50 ms. 

Spontaneous oscillations at rest in left and right primary auditory cortex peaked in the alpha-

band (10 - 12 Hz), however, there was no difference between hemispheres.  

EFRs measure the sensitivity of auditory areas to acoustic amplitude modulation rates, 

and can, therefore, be used to examine differences in preferential processing of specific 

modulations rates. Tang et al. (2010) used 9-second amplitude modulated white noise that 

was swept from 1 Hz to 80 Hz. The strongest inter-trial phase-locking values were observed 

for the 35 - 50 Hz gamma modulations, which is consistent with the 40 Hz auditory steady-

state response (ASSR) reported elsewhere ( Zaehle, Lenz, Ohl, & Herrmann, 2010). 

Although they did not compare inter-trial phase locking between left and right hemispheres, 

overlapping standard errors indicate that hemispheric asymmetries for the gamma or theta 

modulations were not significant. In summary, the findings of Tang et al. (2016) did not 

observe asymmetries in temporal processing in primary auditory cortex. These findings are 

consistent with the predictions of the AST hypothesis and other studies in press), which 

appears inconsistent with other studies that have observed asymmetries in the primary 
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auditory areas (Giraud et al., 2007; Lehongre, Morillon, Giraud, & Ramus, 2013; Morillon, 

Liégeois-chauvel, Arnal, Bénar, & Giraud, 2012).  

1.3.3. Electroencephalography studies  

Giraud and colleagues (2007) used the combined EEG and fMRI technique to 

investigate asymmetries in temporal processing at rest. They examined the correlation 

between synaptic activity indexed by fluctuations in blood-oxygen-level-dependent (BOLD) 

in specific regions of interest, and fluctuations in the power of specific oscillatory frequency 

bands. They found that at rest, haemodynamic activity within the right primary auditory 

cortex (lateral Heschl’s gyrus) was significantly correlated with the power of spontaneous 

theta-band activity (4 - 6 Hz). In addition, they also found that haemodynamic activity within 

the left primary auditory cortex (lateral/rostral Heschl’s gyrus) was significantly correlated 

with the power of spontaneous gamma-band activity (28 - 40 Hz). Consistent with the AST, 

these findings provided evidence for intrinsic sampling mechanisms, in the form of 

spontaneous rapid and slow sampling, which could facilitate the parsing of speech and non-

speech stimuli according to short and long temporal integration windows, respectively 

(Poeppel, 2001, 2003). In contrast with the AST and the findings of Tang et al. (2016), 

however, these asymmetries were observed in primary auditory areas, rather than non-

primary areas (Poeppel, 2003).  

Lehongre, Morillon, Giraud, & Ramus (2013) used the same technique to look at 

temporal processing asymmetries during the passive viewing of an audiovisual clip. 

Consistent with the presence of temporal sampling asymmetries at rest found by Giraud and 

colleagues (2007), they too found that fluctuations in haemodynamic activity of ROIs in left 

Heschl’s gyrus best correlated with fluctuations in the gamma-band, while fluctuations in 
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haemodynamic activity of ROIs in right Heschl’s gyrus best correlated with fluctuations in 

the theta-band. Together these findings suggest that temporal processing asymmetries emerge 

at earlier stages of processing than initially suggested in the AST (Poeppel, 2003). 

Temporal processing asymmetries can also be demonstrated by using the event-

related potential (ERPs) technique. Han and Dimitrijevic (2015) examined event-related 

potentials N1b (fronto-centrally distributed) and N1c (also referred to as the Tb; temporally 

distributed) elicited by changes from noise to amplitude-modulated (AM) noise (4, 40 and 

300 Hz AM). They did not examine asymmetries in the frontocentral N1b; therefore, it will 

not be described here. In an initial analysis of the N1c responses at left and right temporal 

sites for 4, 40 and 300 Hz AM changes, they observed a right hemisphere advantage for 

detecting a change from noise to 4 Hz AM noise relative to 300 Hz, but not 40 Hz. 

Importantly, they did not report differences between N1c responses of the left hemisphere to 

the 4, 40 and 300 Hz AM changes. Their first analysis suggests that while right auditory 

areas are more sensitive to the slow 4 Hz AMs than 300 Hz AMs, it does not support the 

preferential processing of 4 Hz modulations relative to 40 Hz as predicted by the AST 

(2003). As they did not report comparisons of left hemisphere N1c responses to all three AM 

change stimuli, it is unclear whether left hemisphere areas exhibit preferential processing of 

rapid 40 Hz AMs, relative to the 4 and 300 Hz AMs. They then followed this analysis by 

examining hemispheric differences in N1c responses by grouping 3 electrodes at each 

temporal site. N1c responses were larger over the right hemisphere than the left for 4 Hz AM 

change, but no hemispheric differences were evident for the 40 and 300 Hz AM changes. The 

findings of the second analysis support the idea the right auditory areas are more sensitive 
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than left auditory areas for detecting slow acoustic modulations but do not support the left 

lateralisation of sensitivity for rapid acoustic modulations.  

Okamoto and colleagues (2009) examined the sensitivity of auditory cortices to rapid 

temporal modulations using MEG. The N1m response was used as a measure of neural 

responses in each hemisphere to the spectral and temporal task stimuli. The N1m is the 

magnetic counterpart of the N1 event-related potential, a neural response indicative of the 

auditory processing. Participants were passively presented with auditory stimuli composed of 

pure tones (500 Hz or 2000 Hz) and amplitude modulated tones (AM; 500 Hz or 2000 Hz 

carrier frequency – perceived pitch of the tone; 40 Hz AM frequency - the frequency by 

which the amplitude/intensity of the carrier frequency is modulated). The pitch was kept 

constant whilst the tone transitioned between pure tone and 40 Hz AM tone. Consistent with 

the functioning of a short temporal integration window in the left hemisphere, the N1m was 

larger over the left hemisphere than the right, suggesting greater sensitivity to rapid temporal 

modulations.  

With regard to left-lateralised processing for rapid temporal modulations via a short 

temporal integration window, findings are less convincing than those supporting right 

hemisphere specialisation for slow temporal processing. While there appear to be many 

studies suggesting that left hemisphere auditory areas are better suited for high temporal 

resolution tasks, evidence regarding the neuronal instantiation of the short temporal 

integration window in left auditory areas has been markedly inconsistent. Some studies have 

observed left-lateralised processing of rapid temporal modulations (Belin, Zilbovicius, 

Crozier, Thivard, & Fontaine, 1998; Giraud et al., 2007; Okamoto, Stracke, Draganova, & 

Pantev, 2009), while others have observed bilaterally symmetric processing of rapid temporal 
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modulations (Boemio, Fromm, Braun, & Poeppel, 2005; Luo & Poeppel, 2012). Such 

inconsistencies have been a key criticism of the AST in the past (Mcgettigan & Scott, 2012), 

and as such, further research in this area is warranted.  

With regard to the right hemisphere, although there seems to be a good case for 

preferential processing of slow temporal modulations in the right hemisphere, the neural 

correlates of such asymmetries remain unclear and need to be clarified. Therefore, it is 

important to identify indices of cortical auditory processing that are able to delineate, which 

cortical areas reflect the asymmetric processing of both rapid and slow temporal modulations 

for the purpose of phonemic and syllabic parsing. Clarification of temporal processing 

asymmetries in adults would provide a clear reference point for investigating how temporal 

processing asymmetries develop, and how atypical development may impact language and 

literacy outcomes. 

1.4. Temporal processing asymmetries: Children 

Understanding the developmental trajectory is important as it enables us to determine 

whether an atypical pattern of temporal sampling (i.e. undersampling, oversampling, reduced 

lateralisation) observed in specific clinical populations is, in fact, abnormal, whether it is 

delayed, or whether it reflects accelerated maturation. Furthermore, clear neural indices of 

temporal processing asymmetries across development may serve as indices of change in 

temporal processing associated with training interventions (e.g. Chobert, François, Velay, & 

Besson, 2014; Dacewicz, Szymaszek, Nowak, & Szelag, 2018; White, Hutka, Williams, & 

Moreno, 2013).  

The lack of clarity regarding the developmental trajectory of temporal processing 

asymmetries appears to be due to a number of factors. First, whilst there is emerging 
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evidence supporting asymmetric temporal processing in adults, the neuroimaging techniques 

and experimental paradigms that best demonstrate these asymmetries are poorly 

characterised, and the cortical localisation of these putative asymmetries is poorly defined. 

Second, many investigations of the AST in children tend to focus on rightward lateralisation 

for slow temporal modulations in particular, as it has been implicated in Developmental 

Dyslexia and Developmental Language Disorder (Giraud & Poeppel, 2012; Goswami et al., 

2002; Goswami, 2011; Goswami et al., 2016; Johnson et al., 2013; Kovelman et al., 2012; 

Leong & Goswami, 2014; Papagiannopoulou & Lagopoulos, 2016; Power, Colling, Mead, 

Barnes, & Goswami, 2016). Third, studies in paediatric populations tend to focus on 

characterising asymmetries at infancy (Telkemeyer et al., 2009, 2011) or during early 

childhood (i.e. preschool and pre-reading; Vanvooren et al., 2014; Vanvooren, Hofmann, 

Poelmans, Ghesquière, & Wouters, 2015) due to the potential for identifying markers of risk 

for language and literacy difficulties. Finally, although the AST has gained notable attention 

over the past two decades, the evidence is inconsistent (Scott & McGettigan, 2013; Zatorre & 

Gandour, 2008) 

 Despite the fact that processing of auditory information continues to develop through 

childhood, adolescence and into adulthood (Bishop, Anderson, Reid, & Fox, 2011; Bishop, 

Hardiman, Uwer, & von Suchodoletz, 2007; Fox, Reid, Anderson, Richardson, & Bishop, 

2012; Mahajan & McArthur, 2013; Sussman, Steinschneider, Gumenyuk, Grushko, & 

Lawson, 2008), the evidence contributing to the developmental trajectory of temporal 

processing asymmetries is fragmented, and tends to focus on infancy and pre-school ages, 

and little is known about how these asymmetries may change over time.  
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Based on current evidence, it appears that a tendency toward asymmetric processing 

of slow temporal modulations may emerge from infancy. Telkemeyer et al. (2009) used near-

infrared spectroscopy and EEG to examine haemodynamic and electrophysiological 

responses to the same frequency-modulated non-speech stimuli used by Boemio et al., (2005; 

rapid: 12 ms, 25 ms, and slow: 160 ms, 300 ms) in newborn infants. In temporoparietal 

regions specifically, haemodynamic data revealed that rapidly modulated stimuli (25 ms) 

were processed bilaterally, with no significant difference between hemispheres, whereas 

processing of slowly modulated stimuli (160 - 300 ms) was lateralised to the right 

hemisphere. The authors suggested these results supported revised iterations of the AST 

(Hickok & Poeppel, 2007), wherein they suggest that rapid temporal processing may be 

bilateral, rather than predominantly in the left-hemisphere, but slow temporal processing is 

biased to the right hemisphere. As there remains uncertainty in the literature about the 

hemispheric representation of rapid temporal processing, it can only be said that their 

findings are consistent with the bilateral representation of rapid stimuli observed by Boemio 

et al. (2005) adults using the same stimuli and fMRI. Notably, while Telkemeyer et al. (2009) 

observed rightward lateralisation of responses to slow modulations, haemodynamic responses 

were still larger for rapidly modulated stimuli, which contrasts with the findings of Boemio 

et al. (2005) who observed significantly larger responses to slowly modulated stimuli than 

rapid stimuli. Taken together, the difference between the patterns of rapid and slow temporal 

processing in the right hemisphere suggest that there is an emerging lateralisation of slow 

temporal processing in infancy, however, auditory areas in both hemispheres are still more 

sensitive to rapidly modulated stimuli, and specialisation of right hemisphere auditory areas 

for slow temporal modulations may continue to mature from birth. This emerging pattern of 
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lateralisation is consistent with previous observations that lateralisation may be present at 

birth, but become more prominent with age (Bishop, 2013). 

In early childhood, there is evidence for the on-going sliding of a short temporal 

integration window in the left-hemisphere in the form of endogenous gamma (20 - 50 Hz; 

~20 - 50 ms temporal integration window) oscillations. Using EEG, Thompson et al., (2016) 

observed that the power of endogenous gamma oscillations was reliably left-lateralised in 

children aged 3 - 5 years, whereas endogenous theta oscillations (3 - 7 Hz; ~ 143 -  333 ms 

temporal integration window) were not lateralised. They suggested that the slower 

development of right auditory areas could account for the absence of right-lateralised low-

frequency oscillations in early childhood. Notably, Thompson et al. (2016) examined 

hemispheric asymmetries based a group of 13 channels (frontal, central, temporal, parietal 

and occipital) for each hemisphere, therefore, the generator/s of the left lateralised gamma 

oscillations are unclear. Furthermore, given that Telkemeyer et al. (2009, 2011) observed 

right hemisphere lateralisation of slow temporal processing in infants it is possible that 

Thompson et al.’s (2016) use of a multiple channel average may have reduced the power to 

detect hemispheric asymmetries associated with different areas of the auditory cortex. The 

distinction between asymmetries in different areas of the auditory cortices is important as 

previous studies have identified asymmetries in some parts of the auditory cortices and not 

others (e.g. Boemio et al., 2005), and Poeppel (2003) proposed that asymmetries in temporal 

processing occur outside the primary auditory cortex. Nevertheless, it appears that 

endogenous gamma oscillations, which are thought to facilitate the processing of rapid 

temporal modulations, are lateralised from at least early childhood, however, it is unclear at 

which level of auditory cortex this lateralisation is present.  
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Vanvooren and colleagues (2014) investigated hemispheric asymmetries in temporal 

processing by examining the auditory steady-state response (ASSR) in children aged 5 years 

old. The ASSR is a rhythmic electrophysiological response to a rhythmic stimulus that can be 

used to determine the preferred modulation frequency, or resonance frequency, of the 

auditory cortex (Baltus & Herrmann, 2015; Zaehle et al., 2010). The ASSR reflects the 

capacity of auditory neurons to fire in synchrony with a periodic stimulus. They examined 

ASSRs to 4, and 20 Hz amplitude-modulated noise (theta, beta/low gamma, and high gamma, 

respectively), which roughly correspond to syllabic and phonemic rates of speech. The 4 Hz 

ASSRs were significantly lateralised to the right hemisphere, whilst the 20 Hz ASSRs were 

symmetric. As only a 20 Hz stimulus was used for the gamma frequency band, which 

encompasses a broad range of frequencies, it is possible that left-lateralised ASSRs may be 

elicited by higher stimulation rates.   

Kovelman et al. (2012) examined haemodynamic responses, measured using 

functional Near-Infrared Spectroscopy (fNIRS), to slow rhythmic beats (0.5, 1.5 and 3 Hz) in 

children aged 6 - 9 years. They observed greater overall activation in the right hemisphere 

compared to the left, with the greatest response at 3 Hz. As they did not examine hemispheric 

asymmetries to faster rhythmic beats, it is unclear whether right hemisphere responses 

reflected a preference for slower temporal rate. Therefore, while there is certainly evidence at 

this age that right hemisphere areas are more responsive than left to slow modulations, it is 

unclear whether this is in preference to rapid modulation rates. 

Papagiannopoulou and Lagopoulos (2016) examined asymmetries in the power of 

resting-state EEG in 8-year-old children with dyslexia and typically developing children. Of 

relevance here, typically developing children displayed no hemispheric asymmetry in the 
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power of beta/low gamma oscillations (12.5 - 30 Hz), but displayed right-lateralised power in 

the theta-band (3.6 - 7.6 Hz). Similar to Thompson et al. (2016), Papagiannopoulou and 

Lagopoulos (2016) examined hemispheric asymmetries using a group of electrodes to 

measure activity of each hemisphere, therefore, it is possible that the left-lateralised 

endogenous gamma oscillations found by Thompson et al. (2016) in 3 to 5-year-old children 

may have been driven by higher gamma frequencies in the 30 - 50 Hz range, which were not 

examined by Papagiannopoulou and Lagopoulos (2016). 

In slightly older children aged 9 - 13 years-old, Abrams et al. (2008) examined event-

related potentials (ERPs) measured at temporal and temporoparietal electrodes, in response to 

sentence stimuli. They observed a significant right-hemisphere advantage for representing 

the speech envelope, as indexed by a moderate correlation between the amplitude envelope 

of the stimuli and ERP amplitude. This finding suggested that neuronal ensembles of the 

right hemisphere secondary auditory cortex, track the amplitude envelope of sentence stimuli 

(i.e. syllabic rate modulations) better than that of the left hemisphere (Abrams, Nicol, Zecker, 

& Kraus, 2008). The finding was replicated by Abrams et al. (2009) in 9 - 15 year-olds, 

however, Power et al. (2013) failed to observe hemispheric asymmetries in the tracking of 

the amplitude envelope of rhythmic repetitions of the syllable /ba/ using the same electrodes 

and correlogram analysis (~13 year-olds).  

In summary, a right hemisphere advantage for processing slow temporal modulations 

appears to emerge at infancy; however, it is possible that the lateralisation of endogenous 

theta oscillations, which are proposed to give rise to the right hemisphere advantage for 

processing slow temporal modulations, is not evident at rest until middle childhood 

(Papagiannopoulou & Lagopoulos, 2016; Thompson et al., 2016). Of note, Abrams et al. 
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(2008) did not examine cortical tracking of rapid modulations associated with phonemic 

contrasts, therefore, it remains unclear whether the right hemisphere advantage for 

processing slow modulations also reflects a preference over rapid temporal modulations as is 

seen in adults (Boemio, Fromm, Braun, & Poeppel, 2005). In terms of for the leftward 

lateralisation of rapid temporal modulations, leftward lateralisation of endogenous gamma 

oscillations is evident in 3 to 5 year-olds, however, similar to findings in adults, clear 

evidence of left hemisphere advantage for rapid temporal processing is lacking. As 

previously mentioned, this latter finding appears, in part, due to a focus on the processing of 

slow temporal modulations. As such, the developmental trajectory of temporal processing 

asymmetries is unclear. Further clarification regarding the maturational profile of both rapid 

and slow temporal processing asymmetries at all ages is needed. 

A period of development that appears to have received little attention in the context of 

temporal processing asymmetries is middle childhood. Age 7, in particular, represents a 

turning point in brain development (Nie, Li, & Shen, 2013), as the global cortical volume is 

at its highest and cortical folding becomes stable. After this age, a progressive reduction in 

cortical thickness is observed through adolescence, accompanied by synaptic pruning 

associated with fine-tuning of neural networks and improvements in cognitive functioning 

(Shaw et al., 2008). Consistent with this, indices of auditory processing continue to develop 

into adolescence and adulthood (Fox et al., 2012; Mahajan & McArthur, 2013; Sussman et al., 

2008). Furthermore, psychophysical indicators of auditory processing such as gap detection 

thresholds decrease (Baltus & Herrmann, 2015; Buss et al., 2017; Trehub, Schneider, & 

Henderson, 1995), and performance on speech in noise tasks improve with age (Talarico et 

al., 2006; Vander Ghinst et al., 2019). Given the continued development of auditory 
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processing abilities, it is likely that temporal processing asymmetries continue to mature 

through middle childhood. Evidence for temporal processing asymmetries in younger groups 

(≤ 5 years of age) is inconsistent. Therefore, exploration of temporal processing asymmetries 

in children in middle childhood may further clarify the developmental trajectory of temporal 

processing asymmetries, and improve our understanding of the role that these asymmetries 

play in populations with language and literacy difficulties. 

1.5. Temporal processing asymmetries: Children born very preterm 

Children born very preterm (VP ≤ 32 weeks gestation) are at greater risk of 

developmental language disorders (Northam et al., 2012; Sansavini et al., 2010) and 

subclinical language difficulties, with studies finding that they perform significantly worse 

than term-born peers on a range of language measures (e.g. expressive and receptive 

language, phonological awareness, semantics, and grammar; Barre, Morgan, Doyle & 

Anderson, 2011; Lee, Yeatman, Luna & Feldman, 2011; Mikkola et al., 2007; Northam et al., 

2012; Reidy et al., 2013). Therefore, children born VP are at increased risk of secondary 

difficulties with social communication, emotional and behavioural functioning (Yew & 

O’Kearney, 2013), learning, and academic achievement (Johnson, Wolke, Hennessy, & 

Marlow, 2011; Young et al., 2002). Understanding the aetiology of language difficulties in 

children born VP is, therefore, an important endeavour, and continues to be the focus of 

much research (Choi, Vandewouw, Young, & Taylor, 2018; Karolis et al., 2017; Mürner-

Lavanchy et al., 2014; Reidy et al., 2013).  

Previous research suggests that individuals born VP represent a population in which 

compromised auditory processing functions may play a role in language difficulties (Lahav 

& Skoe, 2014; McMahon et al., 2012). This supposition is supported by findings of abnormal 
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volume and connectivity in temporal lobes and perisylvian regions in individuals born VP 

(Kesler et al., 2006; Mürner-Lavanchy et al., 2018; Northam et al., 2012; Nosarti et al., 2008; 

Zhang et al., 2015). Most notably, bilateral superior temporal gyri and sulci, are abnormally 

developed in individuals born VP. As these regions are the putative neuroanatomical 

substrates associated with acoustic processing of speech and non-speech signals (Hickok & 

Poeppel, 2007), abnormal development of these areas may alter the parsing of acoustic 

signals (e.g. speech) into acoustic representations, which might then contribute to poor 

development of phonemic categories and speech comprehension (Giraud & Poeppel 2012).  

Indeed, previous studies have found that infants and children born VP display altered 

auditory processing abilities (Hövel et al., 2014). Studies of behavioural auditory processing 

skills have shown that children born VP have poorer temporal processing abilities than 

children born at term (e.g. temporal resolution, and temporal order tasks, Durante, Mariano, 

& Pachi, 2018). Electrophysiological measures of auditory processing also suggest 

abnormalities in basic auditory processing in this population. From infancy, those born VP 

exhibit smaller P1 and N2 (Hövel et al., 2014; Mikkola et al., 2007), mismatch negativity 

(MMN; Valkama & Vainionpa, 2003), and P3 amplitudes (Therien, Worwa, Mattia, & 

deRegnier, 2004) in response to auditory stimuli. Thus, abnormalities in temporal processing 

asymmetries may also be present in children born VP.  

The current thesis aims to investigate the development of hemispheric asymmetries in 

temporal processing by exploring such asymmetries in adulthood, which can be considered 

the end-point of development, and middle childhood. The thesis will then explore whether 

such temporal processing asymmetries are altered in children born VP. A powerful way to 
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investigate the existence of temporal processing asymmetries is by using the ERP technique, 

measured using EEG.  

1.6. Auditory Event-Related Potential technique 

EEG is an electrophysiological technique that measures real-time electrical signals 

generated from neuronal ensembles of the cerebral cortex, via electrodes distributed over the 

surface of the scalp. EEG is an effective technique for assessing cortical responses in clinical 

populations, at all developmental stages, as it is non-invasive, child-friendly, and cost-

effective. EEG is a high temporal resolution technique, which is sensitive to both tangential 

and radial dipoles generated by the auditory cortex (Bishop et al., 2011).  

Auditory event-related potentials (ERPs) are derived from the averaging of multiple 

epochs elicited by the same auditory stimulus, under the same experimental conditions. ERP 

waveforms are composed of peaks and troughs (Handy, 2005). The temporally overlapping 

components represent the synchronised activity of neuronal ensembles from various sources 

elicited by an auditory stimulus. ERP components can be distinguished based on their 

distribution over the scalp, and are named according to their polarity (i.e. positive or 

negative) and order (i.e. the first peak of the specified polarity is designated a ‘1’, the second 

peak is designated a ‘2’ etc.) or latency (e.g. P300 – positivity occurring 300 ms post-

stimulus onset; Woodman, 2010).  

Obligatory auditory ERPs can be divided into frontocentral and temporal responses. 

The ERPs distributed over frontocentral electrodes are associated with a tangential dipole 

that originates from the superior temporal plane, while the ERPs measured over temporal 

electrodes (maximal at T7 and T8) originate from the posterior superior temporal gyrus 

(Ponton et al., 2002).  
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1.6.1 Fronto-central auditory ERP: N1  

One of the most frequently investigated auditory ERP component is the fronto-central 

N1 (sometimes referred to as the N1b; McCallum & Curry, 1980). Whereas the N1 is one of 

the most prominent auditory ERP components in adults, it emerges around 10 to 11 years of 

age, however, does not become a separable component until at least adolescence (Ponton, 

Eggermont, Kwong, & Don, 2000; Ruhnau et al., 2011; Sussman, Steinschneider, Gumenyuk, 

Grushko, & Lawson, 2008). In adults, the N1 is a negative deflection that peaks between 90 

and 110 ms post-stimulus onset and appears maximally at fronto-central sites (Näätänen & 

Picton, 1987; Woods, 1995). The N1, along with the P1 and N2 components measured at the 

same sites, is proposed to reflect acoustic feature processing (Wagner et al., 2016; Wagner, 

Shafer, Martin, & Steinschneider, 2013) and originates predominantly from the primary 

auditory cortex (Albrecht, Suchodoletz, & Uwer, 2000; Bishop, Anderson, Reid, & Fox, 

2011; Ruhnau, Herrmann, Maess, & Schröger, 2011).  

1.6.2. Temporal auditory ERP: T-complex 

The T- complex refers to a series of ERP components measured at temporal sites, 

which are most prominent in childhood and reduces with age until adulthood. The Ta 

component is a positive deflection that peaks between 140 –170 ms post-stimulus onset in 

childhood (Shafer et al., 2015). The generator/s of the Ta are currently unclear, as studies 

have localised the Ta to the primary auditory cortex (Bishop et al., 2011), and others report 

origins in secondary auditory areas (Ponton et al., 2002). The Tb is a negative deflection that 

peaks between 140 and 200 ms in children, has been localised to the secondary auditory 

cortex (Albrecht et al., 2000; Shafer et al., 2015; Tonnquist-Uhlen et al., 2003). Similar to the 

frontocentral components, the T-complex indexes cortical processing of spectrotemporal 
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features of auditory stimuli (Wagner et al., 2016). Abnormalities in the latency and amplitude 

of components of the T-complex have been suggested to be markers of developmental 

language disorder and developmental dyslexia (Groen, Alku, & Bishop, 2008; Hämäläinen, 

Fosker, Szűcs, & Goswami, 2011; Shafer, Schwartz, & Martin, 2011; Tonnquist-Uhlén, 

1996).  

In the AST, Poeppel proposed that low-level asymmetries in the temporal processing 

of auditory inputs enable the formation of spectrotemporal representations necessary for 

subsequent speech computations. As the N1 and T-complex responses index basic processing 

of auditory stimuli, they can be used to assess differential temporal processing capacities of 

left and right auditory areas. Additionally, auditory ERPs are sensitive to developmental 

changes in auditory processing and can, therefore, be used to assess development in temporal 

processing asymmetries (Bishop, Anderson, Reid, & Fox, 2011; Bishop, Hardiman, Uwer, & 

von Suchodoletz, 2007; Mahajan & McArthur, 2013). Examination of the N1, as well as T-

complex components, also allows the distinction between temporal processing in primary and 

non-primary auditory areas. Therefore, it is possible to examine whether temporal processing 

asymmetries are present at different levels of processing, as suggested in the AST.  

In each of the three studies, tone pairs with ISIs ranging from 25 to 200 ms were used 

to investigate the purported limits of temporal integration windows associated with the left 

and right auditory areas. A single tone condition was included to enable the isolation of 

electrophysiological responses to the second tone from the first tone. To do this, the single 

tone waveform was subtracted from the tone pair waveforms to create a difference waveform 

(Sable et al., 2004). Although this technique can exacerbate noise if the signal-to-noise ratios 

for the original waveforms are poor, this technique is widely used to isolate the effect of an 
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experimental manipulation from a standard condition (e.g. Fox et al., 2010; Hövel et al., 

2014). In addition to the single tone condition, a 600 ms tone pair condition was included to 

enable the assessment of data reliability. Neither the single tone, nor the 600 ms condition 

were included in the main analyses of each study, as the inclusion of these conditions would 

not provide additional information about asymmetries in temporal processing at the 

timescales of interest (i.e. 25-50 ms and 200-250 ms). 

1.7. The Current Thesis 

The AST hypothesis suggests that neuronal ensembles tuned to short and long 

temporal integration windows are asymmetrically distributed, contributing to a left 

hemisphere preference for rapid temporal modulations, and right hemisphere preference for 

slowly modulations (Hickok & Poeppel, 2000, 2007; Poeppel, Idsardi, & van Wassenhove, 

2008; Poeppel, 2003). While other mechanisms such as latent inhibition and refractoriness of 

the relevant neuronal ensembles may underlie the asymmetries in the temporal sampling of 

auditory information (i.e. not necessarily temporal integration), it was outside of the scope of 

the current thesis to examine and discuss the specific mechanisms that result in asymmetric 

temporal processing. Using EEG and the ERP technique in conjunction with a paired-tone 

paradigm, this thesis details a systematic program of research that endeavours to evaluate 

ERP evidence for the asymmetric temporal processing of auditory information.  

The overall aims of the thesis are to assess the predictions of the AST hypothesis, to 

provide clarification of the developmental trajectory associated with these asymmetries, and 

to determine whether abnormalities in such asymmetries may be a risk factor for language 

difficulties in children born VP. As such, in the study described in Chapter 2, I investigated 

asymmetric temporal processing in a young adult population, representing the end-point of 
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development. Specifically, I investigated whether auditory areas in the left and right 

hemispheres process tone pair stimuli according to short and long temporal integration 

windows I did this by examining left and right hemisphere N1, Ta and Tb ERP responses to 

tone pair stimuli with short and long ISIs (50, and 200 ms, respectively).  

Following on from the findings of Chapter 2, in the study described in Chapter 3, I 

investigated the presence and development of asymmetric temporal processing during middle 

childhood, comparing asymmetries at age 7 to asymmetries at age 9, as this period represents 

a phase of significant development in language abilities and auditory processing (Bishop et 

al., 2011; Moore, Cowan, Riley, Edmonson-Jones, & Ferguson, 2011; Tonnquist-Uhlen, 

Ponton, Eggermont, Kwong, & Don, 2003; Vandewalle, Boets, Ghesquière, & Zink, 2012). I 

also examined the relationship between lateralisation of such asymmetries and reading ability. 

In Chapter 3, I examined the left and right hemisphere Ta and Tb responses to paired-tone 

stimuli. VP birth is associated with neuroanatomical abnormalities of the auditory processing 

areas, which are suggested to give rise to the higher risk of language difficulties in this 

population. Therefore, in the study described in Chapter 4, I investigated whether children 

born VP exhibit atypical temporal processing asymmetries compared to children born term. 

Finally, in Chapter 5, I summarise the findings of the three empirical chapters of the thesis 

and describe the key contributions made to the literature, as well as limitations, and 

directions for future research, which were highlighted throughout this program of research.  
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Abstract 

According to the asymmetric sampling in time hypothesis, the left auditory cortex processes 

stimuli using a short temporal integration window (~25 – 50 ms), whereas the right auditory 

cortex processes stimuli using a long temporal integration window (~200 ms). We examined 

N1 and T-complex responses to the second tone of tone-pairs presented with inter-stimulus 

intervals (ISIs) of 50 and 200 ms. Twenty-seven undergraduate students were presented with 

stimuli binaurally whilst the EEG was re- corded. N1 and Ta responses were symmetric 

between hemispheres, with responses elicited by the second tone of the 50 ms ISI tone-pairs. 

Tb responses to the second tones were significantly attenuated over the right hemisphere 

when compared to the left hemisphere for the 50 ms ISI tone-pairs, but re- turned to similar 

amplitudes in the 200 ms condition. Our results suggest that temporal integration windows of 

the left and right primary auditory areas are symmetric whereas those of the left and right 

secondary auditory areas are asymmetric. These findings are consistent with the asymmetric 

sampling in time hypothesis and provide justification for further investigation of the 

involvement of temporal integration in higher order auditory processes.  
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2.1. Introduction  

2.1.1. Temporal integration windows in auditory processing  

According to the asymmetric sampling in time hypothesis (Poeppel, 2003), 

observations of bilateral speech processing can be explained by applying an auditory 

processing framework that is based on differences in the temporal integration processes pro- 

posed to occur in each hemisphere. Temporal integration is the process by which temporally 

separated auditory signals are combined to form a unitary event; the temporally delimited 

period over which this occurs is referred to as a temporal integration window (Poeppel, 2003; 

Wang et al., 2005). The concept of a temporal integration window was first introduced by 

Stroud (1956) as the ‘psychological moment’; the smallest perceivable segment of time that 

cannot be divided further. The concept is based on our discontinuous perception of time; we 

break the continuum of time into chunks and treat them as moments. The psychological 

moment is perceived as having a before and after, but no in-between; the temporal order of 

events occurring over the period of a psychological moment cannot be perceived (Stroud, 

1967). In a similar way, we segment the continuous stream of auditory information into 

chunks of information according to temporal integration windows, and treat them as unitary 

events. Poeppel (2003) suggested that there are at least two temporal integration windows of 

differing lengths (~25 ms and ~200 ms) by which we process auditory information. The 

neurons associated with each temporal integration window are distributed asymmetrically in 

the auditory cortices; this idea is referred to as the asymmetric sampling in time hypothesis.  

 A key concept of the asymmetric sampling in time hypothesis is that auditory signals 

are processed according to symmetrical temporal integration windows within the primary 

auditory cortices, but are then processed asymmetrically according to the different temporal 
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integration windows within the secondary auditory cortices (Poeppel, 2003; Poeppel et al., 

2008). Poeppel (2003) posited that a larger proportion of neurons in the left secondary 

auditory cortex function according to the short temporal integration window (~25 – 50 ms) 

and a larger proportion of neurons in the right secondary auditory cortex function according 

to a long temporal integration window (~200 ms). Poeppel (2003) proposed that the purpose 

of the short temporal integration window was for the processing of rapid modulations such as 

phonetic transitions (Poeppel, 2003; Poeppel et al., 1996), and the long temporal integration 

window was for the processing of slow modulations such as syllabic transitions and 

intonation (Luo, & Poeppel, 2007). The asymmetry in the distribution of neurons associated 

with short and long temporal integration windows is suggested to be the basis for observed 

functional asymmetries (Poeppel, 2003).  

2.1.2. Evidence for hemispheric asymmetries in auditory temporal integration  

At present there is substantial evidence for the leftward lateralisation of activity for 

tasks associated with a short temporal integration window from a range of EEG, MEG, fMRI 

and PET studies (Belin et al., 1998; Brown & Nicholls, 1997; Jamison et al., 2006; Johnsrude 

et al., 1997; Liebenthal et al., 2005; Molfese, 1978; Nicholls, 1996; Nicholls et al., 2002; 

Okamoto et al., 2009; Poeppel et al., 1996; Zaehle et al., 2007; Zatorre & Belin, 2001; 

Zatorre et al., 1992). Studies demonstrating the rightward lateralisation of slow temporal 

processing, whilst increasing in number, are less numerous. The most compelling findings 

come from fMRI, MEG and EEG studies. 

Jamison et al. (2006) observed that the left hemisphere is more sensitive than the right 

hemisphere to increases in temporal variation of non-speech stimuli using fMRI. Participants 

were presented with sequences of tones that alternated between 500 and 1000 Hz, and varied 
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in duration. In the standard condition, the shortest tone with the highest probability was 667 

ms. In the temporal condition, the shortest tone with the highest probability was 21 ms, 

making the temporal rate of alternation between tones faster than in the standard condition. 

Haemodynamic responses were spread over a significantly larger area in the left hemisphere 

than in the right hemisphere, suggesting that the left hemisphere may be specialised for the 

processing of rapid auditory signals.  

Boemio et al. (2005) used fMRI to examine the sensitivity of the left and right 

auditory areas to variations in segmental structure. They used concatenated sequences of 

narrow-band noise segments. The mean duration of the segments within each sequence were 

12, 25, 45, 85, 160 or 300 ms. Both hemispheres were sensitive to segment structure, 

however the processing of slowly modulated stimuli (300 ms) was lateralised to the 

secondary auditory cortex of the right hemisphere.  

fMRI studies like those discussed above are useful for the localisation of particular 

neural processes, due to the high spatial resolution afforded by the technique. However, the 

use of fMRI is limited in the study of temporal processing due to its poor temporal resolution. 

Therefore the investigation of the rapid changes in neural activity that are presumed to be 

involved in temporal auditory processing is limited. Even though two regions may be 

activated during a particular task, there may be differences in the neural processes occurring 

within each area that are not detectable using fMRI. 

MEG, although lacking in spatial resolution available through fMRI, provides the 

high temporal resolution of neural activity that is required for investigating neural processes 

involved in the processing of temporal structure. Poeppel et al. (1996) used MEG to 

investigate hemispheric asymmetries in the M100 response to CV syllable pairs /bæ/ and 



Chapter 2: Hemispheric asymmetries in auditory temporal integration 

58  

 

/pæ/, and /dæ/ and /tæ/. Participants were presented with the stimuli passively and were not 

required to attend to them. In the active condition, participants were instructed to distinguish 

between the syllable-pairs, which only varied on voice-onset time (20 ms or 80 ms). The 

M100 responses to passively presented stimuli were bilaterally symmetric, but responses to 

stimuli during the active task increased over the left hemisphere and decreased over the right 

hemisphere.  

As the temporal integration window has been suggested to correspond to the neuronal 

oscillations in the brain, researchers have investigated the asymmetric sampling in time 

hypothesis using the analysis of gamma (40 Hz) and theta (4 - 8 Hz) oscillatory frequency 

bands. Luo and Poeppel (2012) examined phase-tracking responses to non-speech auditory 

stimuli using MEG. The stimuli were composed of frequency-modulated segments that were 

25, 80, and 200 ms. They found that reliable phase-tracking of the stimulus modulations 

occurred for the 25 and 200 ms stimuli, but not the 80 ms stimuli, supporting the view that 

there are at least two timescales relevant to the processing of temporal structure. Phase 

tracking of the 25 ms (40 Hz) segment stimuli was observed bilaterally; however phase-

tracking of the 200 ms (5 Hz) segment stimuli was lateralized to the right hemisphere. The 

study was unable to provide evidence of leftward bias for rapid acoustic transitions, however 

the results are consistent with the proposition that there is a rightward bias for slow acoustic 

transitions.  

Although MEG has good temporal resolution, the technique is not sensitive to 

radially-oriented dipoles. The lack of sensitivity is problematic as there are neural 

components elicited by auditory stimuli that have radially oriented dipoles (detectable using 

EEG), and these components may provide relevant information regarding the hypotheses 
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being tested. To avoid the temporal limitations of fMRI and the lack of sensitivity to radially-

oriented dipoles of MEG, the present study uses EEG. EEG has the advantage of high 

temporal resolution, and is sensitive to both tangential and radial dipoles associated with ERP 

components elicited by auditory stimuli.  

Many of the previously mentioned studies use tasks that involve either rapid (e.g. 

phonetic discrimination) or slow (e.g. sentence comprehension) temporal processes and infer 

the involvement of either the short or long temporal integration window. Using such complex 

stimuli can complicate the resulting patterns of asymmetry and does not provide clear 

associations between temporal processes and hemispheres of interest. Therefore, we have 

chosen to use a simple paired-tone paradigm to minimise the complexity of the stimuli and in 

turn, the interpretability of the resulting patterns of activity.  

2.1.3. Event-related potential indices of auditory processing  

The aim of the present study was to investigate whether auditory areas in the left and 

right hemispheres integrate acoustic stimuli according to different temporal integration 

windows using simple paired-tone stimuli. We used EEG to examine the cortical responses to 

tones, as indexed by event-related potentials (ERPs), and to determine whether there are 

differences in the time periods over which the left and right auditory cortices integrate 

auditory stimuli.  

The N1 and T-complex (Ta and Tb) are peaks in the ERP waveform elicited by 

auditory stimuli (Näätänen, & Picton, 1987; Wolpaw, & Penry, 1975). The N1 is a widely 

studied measure of auditory signal processing in adults that has been used to examine 

hemispheric differences in auditory processing (Johnson et al., 2013; Näätänen, & Picton, 

1987; Okamoto et al., 2009; Poeppel et al., 1996). It is a negative deflection that occurs 
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approximately 100 ms post-stimulus onset and is observed maximally at frontocentral sites 

(see Figures. 2.1 and 2.2).  

The T-complex refers to two peaks, which are observed maximally at the temporal 

sites; a positive deflection at 105 – 110 ms post-stimulus onset (named the Ta) and a negative 

deflection (Tb) at 150 – 160 ms post-stimulus onset (see Figures. 2.1 and 2.2; Wolpaw, & 

Penry, 1975). The T-complex is a less widely studied auditory ERP in adults as its amplitude 

reduces with age (Tonnquist-Uhlen et al., 2003). The T-complex has a radially-oriented 

dipole, which can only be detected using EEG (Bishop et al., 2011). Previous studies have 

investigated the lateralisation of the T-complex response and its association with language 

impairments, such as dyslexia and specific language impairment in adults and children 

(Bishop et al., 2012; Johnson et al., 2013; Shafer et al., 2011).  

Our hypotheses are based on the notion that if two tones are separated by an interval 

shorter than the critical temporal integration window of the hemisphere of interest, the tones 

will be integrated and only one electrophysiological response will be elicited. If two tones are 

separated by an interval longer than the critical temporal integration window, they will not be 

integrated and two electrophysiological responses will be elicited. Based on the asymmetric 

sampling in time hypothesis (Poeppel, 2003), it was predicted that when tones were separated 

by an inter-stimulus interval (ISI) of 50 ms, a second electrophysiological response would 

only be observed over the left hemisphere, as the tones would be integrated by the long 

temporal integration window of the right auditory cortex. For the 200 ms ISI tone-pairs, it 

was predicted that a second electrophysiological response would be observed over both the 

left and right hemispheres, as the tones would not be integrated within either the short or the 

long temporal integration window.  
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2.2. Materials and method  

2.2.1. Participants  

Reliable auditory ERPs were available from twenty-seven participants (10 male; 24 

right-handed) aged between 18 and 23 years old (M = 19.93 years, SD = 1.77 years) 

following data screening procedures outlined by Fox et al., (2012). Participants were 

recruited from The University of Western Australia to take part in the study. All participants 

provided informed consent. The Human Research Ethics committee of The University of 

Western Australia approved the protocol for the study.  

2.2.2. Auditory stimuli  

The test stimuli were composed of standard 20 ms, 1000 Hz sinusoidal tones with 2 

ms ramped onset and offset. Sound intensity was calibrated using a 1 s continuous 1000 Hz 

sinusoidal 72 dB SPL tone measured by a Bruel and Kjaer sound level meter. There were 

three stimulus types: a single tone stimulus, and two paired-tone stimuli, each composed of 

two standard tones that were separated by different ISIs (50, 200 ms). Each trial was set to 

1500 ms in duration, where stimulus onset times were randomly jittered between 0 – 200 ms 

from the start of each trial. In addition, 600 ms ISI tone pairs were presented to determine 

whether a reliable auditory ERP was elicited (Fox et al., 2012).  

2.2.3. Procedure  

Participants were fitted with an EasyCap™ at the beginning of the testing session. 

Auditory stimuli were presented to participants binaurally via a set of Sennheiser HD 265 

adjustable headphones placed over the ears. The task consisted of 400 trials, 100 trials for 

each stimulus type, and lasted for approximately 10 min. We chose a passive task to reduce 

the influence of attention to stimuli on ERP amplitudes (Lang et al., 1995; Mahajan, & 
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McArthur, 2013; McArthur et al., 2003; Naatanen, 1995). Participants were instructed to 

ignore the tones and were provided with reading materials (picture books with minimal text) 

and hand-held electronic games (audio switched off) to aid their distraction. If at any time the 

participant’s activity was interfering with the EEG recording (e.g. excessive eye movements), 

they were instructed to change activities.  

2.2.4. Data acquisition  

Data were acquired and processed offline using SCAN
TM

 4. Electrophysiological 

activity was continuously recorded via electrodes located at 33 scalp locations (Fp1, Fp2, F3, 

F4, F7, F8, Fz, FC1, FC2, FC5, FC6, FCz, FT9, FT10, C3, C4, Cz, T7, T8, CP1, CP2, CP5, 

CP6, P3, P4, P7, P8, Pz, PO9, PO10, O1, O2, Iz). Channel impedances were limited to below 

10 kΩ prior to recording. Channels with impedances exceeding 10 kΩ were excluded from 

further analyses. The EEG was amplified using a NuAmps 40-channel amplifier, digitised at 

a sampling rate of 250 Hz, and filtered online using a 0.01 - 30 Hz band-pass filter. AFz was 

set as the ground and the electrode located at the right mastoid was set as the reference. A 

common averaged reference was calculated offline. Vertical ocular artefacts were removed 

via a regression algorithm (Semlitsch et al., 1986) using the recordings from two ocular leads 

placed 2 cm above and below the left eye. The EEG was digitally filtered offline using a 1 - 

30 Hz zero phase-shift band-pass filter (12 dB roll-off). Epochs were segmented from 100 ms 

pre-stimulus onset to 1000 ms post-stimulus onset. Averaged-waveforms were baseline 

corrected around the 100 ms pre-stimulus interval. Epochs that contained artefacts exceeding 

+/-150 μV were rejected. Following epoch rejection, the average numbers of epochs included 

per participant were 97.44 for the single tone, 97.19 for the 50 ms ISI tone pairs, 97.44 for 

the 200 ms ISI tone pairs, and 97.07 for the 600 ms ISI tone pairs.  
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Figure 2.1. Grand-averaged waveforms elicited in response to the first and second tone of 

tone pairs presented at ISIs of 50 ms and 200 ms. The amplitudes of the waveforms elicited 

over the left (blue) and right (red) hemispheres at frontal, central, and temporal sites are 

given in microvolts (µV). 

2.2.5. Correction for response overlap. 

As we were interested in analysing the electrophysiological response to the second 

tone of each tone pair, we needed to correct for the overlap between the ERPs elicited by the 

first and second tone of each tone-pair. We subtracted individual-averaged single tone 

waveforms from individual-averaged paired-tone waveforms for each participant. The 

subtraction allowed us to isolate the response elicited by the second tone in each condition 
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(Fox et al., 2010; Sable, Low et al., 2004). The waveforms were then stimulus-locked such 

that the onset of the second tone was set to time zero, allowing the waveforms to be 

compared across conditions. The resulting waveforms were then baseline corrected using the 

100 ms pre-stimulus interval for the respective condition. The grand averaged waveforms 

synchronised to the onset of the first tone are presented in Figure. 2.1 and grand averaged 

waveforms elicited in response to the second tone of the tone-pairs are presented in Figure. 

2.2, showing the left and right hemisphere waveforms superimposed. In the following 

sections, references to and discussions of data refer to the N1 and T-complex responses to the 

second- tone of each tone pair (with the exception of Section 2.3.4 reporting a supplementary 

analysis investigating the potential impact of signal-to-noise level on the obtained results).  

2.2.6. Topographic distribution of ERPs  

The N1 and the T-complex were extracted from sites where the amplitude was largest. 

The topographic distribution of the neural response to the single tone and response overlap 

corrected paired- tone conditions indicated that the N1 was largest at frontocentral sites (Fz, 

F3, F4, Cz, C3, and C4), and the T-complex was largest at temporal (T7 and T8) sites. To 

allow for the comparison of responses between hemispheres, ERPs were extracted from 

electrode pairs F3/F4 and C3/C4 for the N1, and T7/T8 for the T-complex.  

2.2.7. Extraction of mean amplitudes  

Different latency windows were calculated for each ISI to take into account latency 

differences between conditions. Based on the grand-averaged waveforms for each ISI, the 

peak latency of the peak was measured at each site, and averaged together to calculate the 

average peak latency for the relevant peak in the respective ISI. Mean amplitudes were 

calculated based on an interval two points (8 ms) either side of the average peak (20 ms 
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window) for each peak and ISI (Hakvoort et al., 2014). The latency intervals over which each 

of the mean amplitudes were calculated were 120 - 136 ms (N1 50 ms ISI), 116 - 132 (N1 

200 ms ISI), 108 - 124, (Ta 50 ms ISI), 132 - 148 ms (Ta 200 ms ISI), 200 - 216 ms (Tb 50 

ms ISI), and 188 - 204 ms (Tb 200 ms ISI).  

 

Figure 2.2. Grand-averaged ERPs elicited in response to the second tone of the tone pairs 

presented at ISIs of 50 ms and 200 ms. The amplitudes of the waveforms measured over the 

left (blue) and right (red) hemispheres at frontal, central, and temporal sites are given in 

microvolts (µV).    
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2.2.8. Data analysis  

All data were subject to preliminary screening measures prior to statistical analyses to 

ensure that all the assumptions of ANOVA were met. Skew and kurtosis coefficients were 

used to assess the normality of the data. Skew and kurtosis coefficients were divided by the 

respective standard error and the computed values were compared to a critical value of +/-

3.29 as outlined by Tabachnick and Fidell (2001). Data were Winsorised to reduce the effect 

of spurious outliers as outlined by Wilcox (2001). Three repeated-measures ANOVAs were 

conducted. The N1 mean amplitudes were subject to a 2x2x2 repeated-measures ANOVA, 

with site (frontal, central), hemisphere (left, right), and ISI (50 ms, 200 ms) as the within-

subject variables. Ta and Tb mean amplitudes were subject to separate 2x2 repeated-

measures ANOVAs, with hemisphere (left, right) and ISI (50 ms, 200 ms) as the within-

subject variables.  

2.3. Results  

Descriptive statistics of all extracted ERP components are presented in Table 2.1.   
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Table 2.1. 

Descriptive Statistics of the Mean Amplitudes (µV) of the N1, Ta and Tb for Each ISI, at 

Each Site. 

  ISI 

 Site 50 ms  200 ms 

(M, SD)  (M, SD) 

 

 

N1 

F3 - 1.27 (0.86)  - 2.01 (1.05) 

F4 - 1.80 (1.17)  - 2.11 (1.06) 

C3 - 0.70 (0.66)  - 1.34 (0.95) 

C4 - 1.10 (0.70)  - 1.35 (0.84) 

 

Ta 

T7 0.41 (1.14)  0.93 (1.26) 

T8 0.29 (1.20)  1.49 (1.18) 

 

Tb 

T7 - 0.63 (1.25)  - 0.18 (0.97) 

T8 0.30 (1.24)  - 0.32 (0.94) 

 

2.3.1. Analysis of the N1 mean amplitudes of the response corrected waveforms  

The N1 mean amplitudes were larger over frontal sites than over central sites (F(1, 

26)  = 36.73, p < .001, ηp 
2  

= 0.586), and for the 200 ms ISI than the 50 ms ISI (F(1, 26) = 

13.23, p < .01, ηp 
2 
= 0.337), however, there was no difference in N1 mean amplitudes across 

hemispheres (F(1, 26) = 2.52, p = .124, ηp 
2 
= 0.088). The interaction between ISI and 

hemisphere approached significance (F(1, 26) = 3.56, p = .071, ηp 
2 
= 0.120), but the 

interactions between site and hemisphere (F(1, 26) = 0.81, p = .376, ηp 
2 

= 0.030), site and ISI 
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(F(1, 26) = 0.12, p = .730, ηp 
2 

= 0.005), and site, hemisphere and ISI (F(1, 26) = 0.01, p 

= .906, ηp 
2 
= 0.001) were not significant.  

2.3.2. Analysis of the Ta mean amplitudes of the response corrected waveforms  

The Ta mean amplitudes were larger for the 200 ms ISI than the 50 ms ISI (F(1, 26) = 

28.31, p < .001, ηp 
2 
= 0.521). There was no significant difference in Ta mean amplitudes 

across hemispheres (F(1, 26) = 0.73, p = .401, ηp 
2 
= 0.027), nor was the interaction between 

hemisphere and ISI significant (F(1, 26) = 2.66, p = .115, ηp 
2
 = 0.093).  

2.3.3. Analysis of the Tb mean amplitudes of the response corrected waveforms  

There was no significant effect of hemisphere (F(1, 26) = 2.23, p = .147, ηp 
2 
= 0.079) 

or ISI (F(1, 26) = 0.27, p = .607, ηp 
2 
= 0.010). A significant interaction between hemisphere 

and ISI was identified (F(1, 26) = 4.45, p = .045, ηp 
2 

= 0.146), and was followed up with 

post-hoc pairwise comparisons of the left and right hemispheres for each condition. The Tb 

mean amplitudes were significantly smaller over the right hemisphere than over the left 

hemisphere when tones were presented 50 ms apart (t(26) = -2.32, p = .028, d = 0.45), but 

were similar when tones were presented 200 ms apart (t(26) = 0.44, p = .665, d = 0.08).  

2.3.4. Analysis of signal-to-noise level  

To check that the smaller amplitude of the Tb peak over the right hemisphere in the 

50 ms condition was not due to increased noise of the ERPs, the intra-class correlation 

coefficient (ICC) between the single and paired-tone responses (50 and 200 ms) were 

calculated for the first 100 ms of the waveform (i.e. prior to the onset of the second tone 

during which time ERP responses should not differ). If the above critical interaction between 

hemisphere and ISI were simply due to increased noise, we would expect the analysis of 
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ICCs to follow the same pattern. There was no significant interaction between hemisphere 

and ISI (F(1, 26) = 0.88, p = .357, ηp 
2
 = 0.033).  

2.4. Discussion  

The objective of the present study was to investigate whether the left and right 

auditory areas integrate auditory signals ac- cording to temporal integration windows of 

different durations. It was hypothesised that an electrophysiological response (observed as a 

deflection in the ERP) would be elicited by the second tone of the 50 ms tone-pair over the 

left hemisphere but not over the right, as the right auditory areas would integrate the second 

tone with the first. It was also predicted that a response would be elicited by the second tone 

of the 200 ms ISI tone-pairs over both hemispheres as auditory areas in neither hemisphere 

would integrate the second tone with the first.  

2.4.1. Evidence in support of the asymmetric sampling in time hypothesis  

Poeppel (2003) proposed that auditory signals are initially processed symmetrically 

according to similar temporal integration windows in the primary auditory cortices, and are 

then elaborated asymmetrically according to different temporal integration windows in the 

secondary auditory cortices. We demonstrated support for the asymmetric sampling in time 

hypothesis in two ways: we provide evidence for the symmetric temporal integration of 

auditory signals for components that have been source localised to the primary auditory 

cortex, and we provide evidence for asymmetric temporal integration of auditory signals for 

components that have been source localised to the secondary auditory cortex. We also 

observed that the asymmetries were reflected in the later Tb peak rather than the earlier 

N1/Ta peaks suggesting the asymmetry could be associated with higher-level auditory pro- 

cesses such as speech processing.  



Chapter 2: Hemispheric asymmetries in auditory temporal integration 

70  

 

2.4.1.1. Hemispheric symmetries in temporal integration  

Temporal processing according to symmetrical short temporal integration windows 

was observed for the N1 and Ta components. Both N1 and Ta responses were elicited by the 

second tone in the 50 ms condition, suggesting that the neural generators of the N1 and Ta 

function according to a short temporal integration window of < 50 ms. As the N1 and Ta 

have been source localised to the primary auditory cortex (Bishop et al., 2011), our findings 

support the conjecture that auditory signals are processed symmetrically according to a short 

temporal integration window in primary auditory areas (Poeppel, 2003). The short temporal 

integration window is proposed to correspond to the gamma frequency band (~20 - 40 Hz), 

based on this supposition our findings are consistent with previous reports of bilateral gamma 

frequency activity (Luo & Poeppel, 2012) and the observation of bilateral activation of 

primary auditory areas in response to increased temporal variation (Jamison et al., 2006).  

2.4.1.2. Hemispheric asymmetries in temporal integration  

Temporal processing according to asymmetric temporal integration windows was 

observed for the Tb component. Over the right hemisphere a second Tb response was elicited 

when tones were separated by a 200 ms ISI, but not when tones were separated by a 50 ms 

ISI suggesting that the second tone was integrated with the first in the latter ISI. These results 

suggest that the areas from which the Tb originates in the left hemisphere operate according 

to a short temporal integration window (~ 50 ms), and the areas from which the Tb originates 

in the right hemisphere operate according to a longer temporal integration window that is 

longer than 50 ms but less than 200 ms. This finding is consistent with the asymmetric 

sampling in time hypothesis (Poeppel, 2003). The long temporal integration window 

observed over the right hemisphere is proposed to correspond to the rightward lateralisation 



Chapter 2: Hemispheric asymmetries in auditory temporal integration 

71  

 

of theta-band responses, and the short ~50 ms window observed over the left hemisphere 

corresponds to the leftward lateralisation of gamma-band responses reported in previous 

studies (Boemio et al., 2005; Giraud et al., 2007; Luo, & Poeppel, 2012). Furthermore, the 

Tb has been shown to originate from the secondary auditory cortices, which is consistent 

with the source of the lateralised activity associated with the processing of slow modulations 

(Boemio et al., 2005). Secondary auditory areas are associated with higher-order processes, 

further supporting the association between the asymmetries in temporal integration processes 

and their potential purpose for higher-level auditory processes.  

2.4.1.3. Advances from previous research on hemispheric asymmetries in temporal 

integration  

Our findings demonstrate how auditory signals are integrated in high-order auditory 

areas according to temporal features. The asymmetries in temporal integration windows may 

account for observed differences in the involvement and temporal resolving power of the left 

and right hemispheres in auditory processing tasks and could explain why patients with right 

hemisphere damage can still complete temporal processing tasks. Data from behavioural 

studies of patients who acquired unilateral lesions to the posterior temporal and inferior 

parietal regions of the left hemisphere show that temporal processing abilities are poorer but 

are not completely lost (Divenyi & Robinson, 1989; Robin et al., 1990). Such patients require 

longer intervals between successive stimuli to discriminate them when compared to control 

individuals, suggesting that the left hemisphere plays an important role in the processing of 

rapidly presented auditory signals (Divenyi & Robinson, 1989; Robin et al., 1990). It has 

been suggested that the persistence of temporal processing capabilities is due to the 
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preservation of areas in the right hemisphere that are homologous to those involved in rapid 

temporal processing.  

Importantly, our findings show that asymmetries in temporal integration processes are 

characteristic of particular auditory areas. Specifically, hemispheric asymmetries were 

observed for the component associated with secondary auditory areas, but not in those 

associated with primary areas. Being able to differentiate between sources of activity within 

each hemisphere was crucial to our ability to observe both symmetries and asymmetries in 

temporal integration processes. Luo and Poeppel (2012) investigated the lateralisation of 

theta and gamma-band phase coherence using MEG. They compared the grand-averaged 

phase coherence values of the left hemisphere with those of the right hemisphere, for both 

frequency bands. They observed the lateralisation of theta-band activity to the right 

hemisphere, but found no lateralisation of gamma-band activity. According to the 

asymmetric sampling in time hypothesis, gamma-band activity is observed bilaterally in the 

primary auditory cortices but is lateralised to the left hemisphere in the secondary auditory 

cortices. We suggest that their analyses may not have been sensitive to the lateralisation of 

gamma-band activity as they compared overall hemispheric activity, rather than the activity 

of specific channels within each hemisphere as was done in the current study. Therefore, the 

clustering together of channels reflecting activity of both primary and secondary auditory 

areas may have masked hemispheric asymmetries in gamma-band activity. By looking at 

components that reflect the activity of primary and secondary auditory areas separately, we 

were able to provide evidence for symmetries as well as asymmetries in temporal integration 

processes.  
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2.4.2. Limitations and directions for future research  

2.4.2.1. Signal-to-noise issues  

In the present study, we examined the N1 and T-complex components of auditory 

ERPs. The fronto-central N1 is a large ERP component that is generally observable in adults. 

On the other hand, the Ta and Tb reduce in amplitude from childhood to adulthood, 

becoming less distinguishable and more susceptible to noise in adults (Tonnquist-Uhlen et al., 

2003). As such, the issue of noisy ERPs is problematic for the analysis of these components 

in adults. To address this issue, we used a common-averaged reference and carried out an 

analysis of noise using the ICC to rule out the possibility that the observed pattern of results 

was due to increased noise.  

The type of reference used when analysing temporal ERP components can have a 

great impact on the noisiness of the observed waveforms. Although many studies use a 

linked-mastoid reference for ERP analyses, a linked-mastoid reference can diminish the T-

complex response given the close proximity of the mastoid reference sites to the lateral 

temporal sites where the Ta and Tb are maximal. Therefore, to increase the signal-to-noise 

ratio we recommend that researchers use a common-averaged reference as was used in the 

present study.  

To confirm that the observed pattern of results was not due to noisier ERPs over the 

right hemisphere for the 50 ms condition, ICCs between the single and paired-tone responses 

(50 and 200 ms) were calculated for the first 100 ms of the waveforms. If a particular 

hemisphere or ISI were noisier than the other, the ICCs for that hemisphere or ISI would be 

significantly lower in comparison. Importantly, we found no significant interaction between 

hemisphere and ISI, suggesting that the noisiness of waveforms did not vary depending on 
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the combination of hemisphere and ISI. As such, we are confident that the observed 

difference in amplitude observed in the 50 ms ISI condition between the left and right 

hemisphere was not due to noisier waveforms. Moreover, auditory ERPs elicited by tone 

stimuli similar to those used in the current study are typically reported to be larger over the 

right hemisphere than over the left hemisphere (Wolpaw, & Penry, 1977), therefore, if noise 

were to affect the data, one would expect to observe the attenuation of ERPs over the left 

hemisphere, rather than over the right hemisphere.  

2.4.2.2. Estimation of temporal integration windows  

In the current study we used two key ISIs that we believed best reflected the 

hypothesised temporal integration windows associated with each hemisphere (50 and 200 

ms). In doing so, we were able to demonstrate differences in the temporal integration 

windows of each hemisphere with areas of the left hemisphere being associated with short 

temporal integration window of less than 50 ms, and areas of the right hemisphere being 

associated with a longer temporal integration window between 50 and 200 ms in duration. As 

we did not use any extremely short or intermediate ISIs, we were only able to provide a 

rough estimate (i.e. short - less than 50 ms and long - between 50 and 200 ms) for each 

temporal integration window. Future studies should include shorter ISIs of 10 and 25 ms to 

provide a better estimate of the short temporal integration window as well as intermediate 

ISIs such as 100 and 150 ms to allow for a narrower range for the estimate of the long 

temporal integration windows.  

2.4.2.3. Cerebral lateralisation of language  

An important conjecture relating to the asymmetric sampling in time hypothesis is 

that the proposed pattern of temporal integration is relevant for individuals with typical 
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leftward lateralisation of language. Unfortunately, we did not have confirmation of 

hemispheric dominance for language in each participant. As handedness has been shown to 

be a poor proxy for cerebral lateralisation of language (Groen et al., 2011), we chose not to 

exclude left-handed participants. Including individuals who were right-lateralised for 

language would have reduced the power of the study. Although this issue did not affect the 

power to detect the effect of interest in the present results, it may have masked other smaller 

effects present in the sample. Future studies should attempt to include some measure of 

cerebral lateralisation of language to investigate whether the hemisphere that is dominant for 

language is also associated with the short temporal integration window. 

In addition to the aforementioned recommendations, we believe that future studies 

should attempt to examine the asymmetric sampling in time hypothesis in children, in order 

to understand the development of lateralised temporal processes. This is particularly 

important as poor lateralisation of auditory processing may be linked to the development of 

poor language abilities (Bishop et al., 2012; Goswami, 2011; Johnson et al., 2013; Shafer et 

al., 2011).  

2.5. Conclusion  

Our findings reveal that there is both symmetric and asymmetric integration of 

auditory signals occurring within the left and right auditory areas of adults. We have 

demonstrated that the ERP components that originate from auditory areas where temporal 

integration is symmetric and auditory areas where temporal integration is asymmetric are 

dissociable using a simple paired-tone paradigm. Key to our findings was the observation 

that asymmetries in the temporal integration of auditory stimuli only occur in auditory areas 

that generate the Tb component. We therefore propose that the Tb is an important component 
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of the auditory ERP, and should be further investigated to understand the cognitive processes 

that may be associated with the Tb response. Following from Poeppel’s (2003) theory of a 

multi-time resolution model of auditory processing, we propose that the Tb response could 

index the segmentation of the continuous auditory signal into meaningful units relevant for 

higher-level auditory processing, as suggested in the asymmetric sampling in time hypothesis. 
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Abstract 

The asymmetric sampling in time hypothesis (AST) suggests that the left and right 

secondary auditory areas process auditory stimuli according to different sampling rates 

(Poeppel, 2003). We investigated whether asymmetries consistent with the AST are 

observable in children at age 7 and whether they become more pronounced at age 9. Data 

were collected from 50 children who attended a 2-day research program at age 7 and were 

followed up 2 years later. At both time points, children were presented with tone-pairs, each 

composed of two 50 ms, 1000 Hz, sinusoidal tones separated by inter-stimulus intervals 

(ISIs) of 25, 50, 100, or 200 ms. Stimuli were presented binaurally whilst the EEG was 

recorded. The Ta and Tb, which are components of the auditory event-related potential 

(ERP), were used as electrophysiological indices of auditory processing. There was no 

significant effect of age on Ta or Tb responses. Tb responses to the second tone of tone-pairs 

indicated a left-hemisphere preference for rapidly presented stimuli (50 ms ISI) and a right 

hemisphere preference for more slowly presented stimuli (100 and 200 ms ISI). The results 

provide evidence that auditory areas of the left hemisphere preferentially respond to fast 

temporal rates, and those of the right hemisphere preferentially respond to slow temporal 

rates in children at age 7 and 9. In 7-year-old children, leftward lateralisation of responses to 

rapidly presented tones predicted better phonemic decoding ability 2 years later, which 

suggests that hemispheric specialisation may be a precursor for subsequent phonemic 

decoding skills. 
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3.1. Introduction  

3.1.1. Multi-time resolution framework of speech processing  

Speech is a rich composition of both temporal and spectral modulations. Temporal 

cues are known to contribute significantly to the intelligibility of speech (Luo, & Poeppel, 

2007), even when the signal is spectrally degraded. We use temporal cues to identify auditory 

objects such as phonemes and syllables, thus, sensitivity to temporal modulations in the 

phonemic and syllabic timescales is necessary for speech perception. Current research 

supports a multi-time resolution model of temporal processing for speech perception called 

the asymmetric sampling in time (AST) hypothesis (Poeppel, 2003). The AST suggests that 

functional asymmetries of the left and right auditory areas facilitate the processing of the fast 

and slow modulations present in speech (phonemic/segmental and syllabic/suprasegmental). 

Poeppel (2003) proposed that temporal integration windows of either a short (25–50 ms) or 

long (200–250 ms) duration provide an intrinsic framework by which we sample auditory 

information in chunks or phonological units. He further postulated that the privileged 

sampling rates associated with the temporal integration windows are synonymous with the 

intrinsic oscillatory rates of neuronal ensembles in the left and right auditory areas. 

According to the AST, neuronal ensembles in both the left and right primary auditory areas 

are tuned to rapid temporal modulations 25–50 ms (20–40 Hz), which potentially facilitates 

the higher-order decomposition of the signal into fast and slow modulations. In the secondary 

auditory areas, the neuronal ensembles in the left and right hemispheres are differentially 

tuned to rapid (25–50 ms = 20 – 40 Hz), and slow (200 – 250 ms = 4 – 5 Hz) modulations, 

respectively. The AST hypothesis proposes a hierarchical, intrinsic neural framework, which 
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is optimally suited to the segmental and suprasegmental timescales of speech, and is 

necessary for the perception of phonemes and syllables (Poeppel, 2003).  

Numerous studies have investigated the predictions of the AST in adults using a 

range of neuroimaging techniques such as functional magnetic resonance imaging (fMRI; 

Boemio et al., 2005), electroencephalography (EEG; Clunies-Ross et al., 2015), simultaneous 

fMRI and EEG (Giraud et al., 2007), and magnetoencephalography (MEG; Luo and Poeppel, 

2007, 2012). In general, results have supported the AST in that there is a leftward preference 

for the processing of rapid modulations and a rightward preference for slow modulations. For 

example, Giraud and colleagues (2007) used simultaneous EEG and fMRI to demonstrate 

that spontaneous fluctuations in EEG power in the gamma range (28–40 Hz) best correlated 

with endogenous neural activity in the left auditory cortex and fluctuations in the theta (3–6 

Hz) range best correlated with endogenous neural activity in the right auditory cortex. 

Despite substantial evidence for asymmetric temporal processing in adults, the 

developmental trajectory of temporal processing asymmetries is still unknown. Importantly, 

the role such asymmetries may play in the development of complex linguistic abilities is 

poorly understood (Vanvooren et al., 2014).  

3.1.2. Auditory ERPs and temporal processing  

In the current study, we used EEG to investigate hemispheric asymmetries in 

temporal processing in children. As cortical processing of auditory signals occurs in the order 

of milliseconds, techniques such as EEG or MEG provide high temporal resolution, which is 

necessary for the detailed analysis of such processes. However, previous research indicates 

that the activity of the auditory cortex gives rise to both tangential (vertical) and radial 

(lateral) dipoles (Ponton et al., 2002). Whilst EEG is sensitive to both tangential and radial 
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dipoles, MEG is primarily sensitive to tangential dipoles (Irimia et al., 2012). This difference 

is particularly important as the tangential dipole has been localised to the superior surface of 

the temporal lobe (primary auditory cortex and belt areas of secondary auditory cortex), and 

the radial dipole has been localised to the lateral surface of the temporal lobe (parabelt areas 

of secondary auditory cortex; Ponton et al., 2002; Ruhnau et al., 2011). The poor sensitivity 

of MEG to radial dipoles means that the use of this technique in auditory processing research 

may mask critical neural activity of secondary auditory areas. EEG is also a non-invasive, 

cost-effective neuroimaging technique that is suitable for use in a wide range of age groups, 

from infants to the elderly. It is therefore a valuable neuroimaging technique that can be used 

for a wide range of experimental paradigms and populations.  

The obligatory ERPs elicited by auditory stimuli are divided into fronto-central, and 

temporal components, generated by the tangential and radial dipoles, respectively (Albrecht 

et al., 2000; Ponton et al., 2002). In previous years, it was suggested that the temporal 

components were simply an inversion of the components observed at fronto-central sites, 

however, differences in the maturation rates (Bishop et al., 2011) and source dipoles strongly 

suggest that fronto-central and temporal ERPs are dissociable (Ponton et al., 2002).  

3.1.2.1. Fronto-central auditory ERPs  

In adults, the fronto-central ERP waveform is the most often re- ported, and contains 

the P1 and N1. The P1 is a positive deflection that peaks between 50 and 150 ms in adults, 

and 100 – 300 ms in children. It is present from infancy and is thought to reflect early 

auditory processing in the cortex (Campbell et al., 2011; Shafer et al., 2015). The N1 is a 

negative deflection that peaks between 50 and 200 ms. It is the most well-studied of the 

auditory ERPs due to its prominence in adults, however, the N1 is not clearly observed in 
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children until approximately 10 years of age (Ruhnau et al., 2011). The P1-N1 components 

are proposed to reflect acoustic feature processing (Wagner et al., 2013, 2017) predominantly 

in the primary auditory cortex (Albrecht et al., 2000; Bishop et al., 2011; Ruhnau et al., 2011).  

3.1.2.2. Temporal auditory ERPs  

The temporal ERP waveform contains the Ta, and Tb components, commonly 

referred to as the T-complex. It is the most prominent ERP component in children, and 

becomes less prominent throughout adolescence and adulthood when the N1 becomes more 

prominent. The Ta is a positive deflection that occurs between approximately 140 – 170 ms 

post-stimulus onset in childhood (Shafer et al., 2015). Whilst the T- complex is proposed to 

reflect the activity of secondary auditory areas due to the orientation of the dipole, some 

studies have localised the Ta to the primary auditory cortex (Bishop et al., 2011), and others 

report origins in secondary auditory areas (Ponton et al., 2002). The Tb is a negative 

deflection that peaks between 140 and 200 ms in children, and has been localised to the 

secondary auditory cortex (Albrecht et al., 2000; Shafer et al., 2015; Tonnquist-Uhlen et al., 

2003).  

The T-complex has been implicated as a potential component for identifying 

individuals at risk of language difficulties (Shafer et al., 2011; Tonnquist-Uhlen et al., 2003). 

Like the P1-N1, the T-complex reflects acoustic feature processing, but is also shown to 

respond differentially depending on the phonological content (Wagner et al., 2013) and 

temporal rate of stimuli (Clunies-Ross et al., 2015). The Ta appears less identifiable in 

individuals prior to the age of 7 years, and continues to increase in amplitude before reaching 

peak amplitude at age 11 (Shafer et al., 2015; Tonnquist-Uhlen et al., 2003). Some studies 

report that the Tb is identifiable from approximately 6 years of age (Tonnquist-Uhlen et al., 
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2003), whereas others report that it is more stable across individuals from age 7–8 years 

(Shafer et al., 2015).  

3.1.2.3. Functional utility of auditory ERPs  

As fronto-central and temporal ERP components reflect areas of the primary and 

secondary auditory areas, respectively, they can be used to differentiate between acoustic 

feature processing and higher-level auditory processing. Clunies-Ross et al. (2015) examined 

asymmetries in N1, Ta and Tb responses elicited by tone-pairs with inter-stimulus intervals 

(ISIs) of 50 and 200 ms. No asymmetries were observed for N1and Ta responses to rapid and 

slow tone-pairs. The asymmetries in the Tb component supported left hemisphere preference 

for the processing of rapidly presented stimuli (50 ms) and a right hemisphere preference for 

slowly presented stimuli (200 ms). Their findings indicated that stimuli are processed in a 

hierarchical manner according to temporal features and also showed that the Tb was 

particularly important when investigating functional asymmetries in temporal processing.  

A previous study by Fox et al. (2012) examined the development of temporal 

processing in children using the fronto-central components. The children were tested at 7 and 

9 years, and 2 years later, at 9 and 11 years. They used intra-class correlations (ICCs) to 

compare the fronto-central waveforms elicited by single-tones and tone-pairs with varying 

ISIs. High ICCs indicated a low degree of discrimination between tones, whilst low ICCs 

indicated a high degree of discrimination between tones. They observed significant changes 

from time 1 to time 2 in ICCs for rapidly presented tone-pairs, suggesting that the temporal 

discrimination of rapid tones improved between 7 and 9 years, and between 9 and 11 years. 

They also examined the relationship between rapid temporal processing and nonword 

repetition. They found that ICCs for 50 ms ISI tone-pairs at the initial testing was a 
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significant predictor of nonword repetition two years later. They suggested that rapid 

temporal processing abilities contribute to auditory decoding in subsequent years, consistent 

with the idea that early auditory temporal processing likely facilitates the ability to 

discriminate phonological units (Poeppel, 2003) 

3.1.3. Current study aims and hypotheses  

The purpose of the current study was to extend the findings of Clunies-Ross et al. 

(2015) and Fox et al. (2012) in two ways. Our first objective was to look at the development 

of hemispheric asymmetries in temporal processing in children. Although Fox et al. (2012) 

examined the development of rapid temporal processing; they looked at fronto-central 

components only, and did not examine hemispheric asymmetries. Of the previous studies that 

have examined temporal processing asymmetries, most have focused on younger children (≤ 

5 years of age), and have been relatively inconsistent. Thompson et al. (2016) observed 

leftward lateralisation of high-frequency endogenous oscillations (20–50 Hz) in children 

aged 3–5 years-old, while Vanvooren and colleagues (2014) observed no lateralisation for 

processing of 20 Hz modulations in children of the same age. Rightward lateralisation of 

temporal processing for slow modulations has been observed in infants (Telkemeyer et al., 

2009) and children aged 5 years-old (Vanvooren et al., 2014). However, Thompson et al. 

(2016) found no lateralisation of low-frequency endogenous oscillations in children aged 3 – 

5 years old. Thompson et al. (2016) suggested that the bilateral representation of low-

frequency oscillations (3 – 7 Hz) in 3 – 5-year-old children might be due to the further 

maturation of the relevant neuronal populations in the right hemisphere in mid-to-late 

childhood.  
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Given the mixed findings in younger children, the developmental trajectory remains 

unclear, and may be clarified with the investigation of temporal processing asymmetries in 

older children. As Clunies-Ross et al. (2015) demonstrated the utility of temporal auditory 

ERPs for detecting functional asymmetries in temporal processing, we examined the Ta and 

Tb responses to tone-pairs with short (25, 50 ms) and long (100, 200 ms) ISIs in children at 

age 7, and again 2 years later at age 9. Previous studies have observed marked development 

of T-complex components (Bishop et al., 2011; Tonnquist-Uhlen et al., 2003) and associated 

complex linguistic skills between 7 and 9 years of age (Vandewalle et al., 2012). Therefore, 

hemispheric asymmetries in this age band could provide further clarification regarding the 

emergence of functional asymmetries and may also inform the relevance of these 

asymmetries for higher-order linguistic processes. 

Our second objective was to investigate whether the lateralisation of rapid temporal 

processing to the left secondary auditory areas (as indexed by the Tb) is associated with the 

subsequent development of phonological representations necessary for decoding letter strings. 

Poeppel (2003) suggested that the hierarchical decomposition of auditory signals facilitates 

the isolation and identification of distinguishable units within the speech signal. The ability 

to isolate segmental and suprasegmental units of speech is essential for the development of 

phonological skills, such as phonemic decoding (Goswami, 2011; Vanvooren et al., 2014). 

Like the nonword repetition task used by Fox et al. (2012), phonemic decoding also requires 

the use of phonological output lexicon and oromotor skills, but does not require auditory 

discrimination of sounds. Furthermore, phonemic decoding requires the mapping of 

graphemes to phonological representations, and taps the integrity of phonological 

representations as it requires the ordering and combining of these representations according 
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to phonological rules (Wolf et al., 1998). In light of the relationship between the ERP index 

of rapid auditory processing and subsequent nonword repetition observed by Fox et al. 

(2012), we hypothesised that the leftward lateralisation of rapid temporal processing (indexed 

by the Tb) at age 7 would be associated with subsequent phonemic decoding at age 9.  

3.2. Methods  

3.2.1. Participants  

The current study examined the archival auditory ERP data of children reported in 

Fox et al. (2012) and Bishop et al. (2011). The children attended Project K.I.D.S., a 2-day 

research program aimed at investigating the cognitive, social and emotional development of 

children. Children were initially tested at age 7 years in July of 2007 or 2008, and were 

retested 2 years later in July of 2009 or 2010. Parents provided informed written consent for 

their children to take part in the study. Data were excluded from individuals with a history of 

neurological disorders, and from whom reliable auditory evoked responses were not elicited 

by the single tone at sites of interest (Fox et al., 2010). The final sample consisted of 50 

children (26 boys, 24 girls; M = 7.50 years, SD = .30, range 7 years 0 months to 8 years 4 

months; M = 9.47 years, SD = .30, 9 years 0 months to 10 years 4 months).  

3.2.2. Auditory stimuli  

The auditory stimuli were composed of standard 50 ms, 1000 Hz sinusoidal tones 

with 2 ms ramped onset and offset. Sound intensity was calibrated using a 1-second 

continuous 1000 Hz sinusoidal 80 dB SPL tone measured by a Bruel and Kjaer sound level 

meter. There were six stimulus types: a single tone stimulus, and five tone-pair stimuli. The 

tone-pairs were each composed of two tones that were separated by varying interstimulus 

intervals (ISIs; 25, 50, 100, 200, and 600 ms). Each trial was set to 1500 ms in duration, and 
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the stimulus onset times were randomly jittered between 0 and 200 ms from the start of each 

trial (Woldorff, 1993). In addition, the 600 ms ISI tone-pairs were presented to determine 

whether a reliable auditory ERP was elicited (Fox et al., 2010, 2012). The maturation of 

auditory ERPs elicited by single tones has been reported previously by Bishop et al. (2011), 

and auditory ERPs elicited by tone-pairs (Fz only) have been reported previously by Fox et al. 

(2012).  

3.2.3. Measurement of phonological processing  

The Sight Word Efficiency and Phonemic Decoding Efficiency subtests of the Test of 

Word Reading Efficiency (TOWRE) measure sight word reading fluency and phonological 

decoding (Torgeson et al., 1999). The Sight Word Efficiency subtest is composed of four 

columns of real words (104 words in total) and the Phonemic Decoding Efficiency subtest is 

composed of three columns of nonwords (63 nonwords in total). For each subtest the 

participant must read aloud as many items as they can in 45 s. For each subtest, the raw score 

is the number of items pronounced correctly in 45 s. The TOWRE has high internal 

consistency between .86 and .98 (Torgeson et al., 1999) and high test-retest reliability 

between .82 and .97 (Tanna, 2009). The Sight Word Efficiency and Phonemic Decoding 

Efficiency subtests also have high inter-rater reliability (r >.99 and .98, respectively; Marinus 

et al., 2013). The TOWRE has adequate construct validity, correlating highly with other 

measures of reading ability such as the Woodcock Reading Mastery Tests-Revised (Sight 

Word Efficiency r = .89–.91; Phonemic Decoding Efficiency r = .89 –.91; Tanna, 2009). The 

descriptive statistics for Sight Word Efficiency and Phonemic Decoding Efficiency scores 

are presented in Table 3.1.  
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Table 3.1. 

Descriptive Statistics of Raw Score Performance on the Sight Word Efficiency and Phonemic 

Decoding Efficiency Subtests at Age 7 and Age 9. 

 Subtest of the TOWRE 

 

 

Sight Word Efficiency  Phonemic Decoding 

Efficiency 

M (SD)  M (SD) 

Age 7
 

53.86 (13.19)  25.62 (9.71) 

Age 9 70.80 (6.82)  39.90 (8.43) 

N = 50 

In the present study, performance on the Sight Word Efficiency and Phonemic 

Decoding Efficiency subtests improved significantly from 7 to 9 years of age t(49) = 11.37, p 

<.001, d = 1.61, and t(49) = 14.51, p <.001, d = 2.05, respectively.  

3.2.4. Procedure  

Participants were fitted with an EasyCap™ at the beginning of each testing session. 

Auditory stimuli were presented to participants binaurally via a set of Sennheiser HD 265 

adjustable headphones placed over the ears in a quiet room. A passive task was used to 

reduce the influence of attention to stimuli on ERP amplitudes (Lang et al., 1995; McArthur 

et al., 2003; Naatanen, 1995). Participants were instructed to ignore the tones and were 

provided with reading materials (picture books with minimal text) and hand-held electronic 

games (audio switched off) to aid their distraction. If at any time the participant's chosen 

activity was interfering with the EEG recording (e.g. excessive eye movements), they were 

instructed to change activities. Stimuli were presented binaurally to avoid asymmetric 

activation of the left and right auditory cortices caused by monaural presentation (Mahajan 

and McArthur, 2013). Participants completed the TOWRE Sight Word Efficiency test first, 
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followed by the Phonemic Decoding Efficiency subtest as in the standardised administration 

instructions.  

3.2.5. EEG data acquisition  

Data were acquired using SCAN™ 4. Electrophysiological activity was continuously 

recorded via electrodes located at 33 scalp locations (Fp1, Fp2, F3, F4, F7, F8, Fz, FC1, FC2, 

FC5, FC6, FCz, FT9, FT10, C3, C4, Cz, T7, T8, CP1, CP2, CP5, CP6, P3, P4, P7, P8, Pz, 

PO9, PO10, O1, O2, Iz). Channel impedances were limited to below 10 kΩ prior to recording. 

The EEG was amplified using a NuAmps 40-channel amplifier, digitised at a sampling rate 

of 250 Hz, and filtered online using a .01–30 Hz band-pass filter. AFz was set as the ground 

and the electrode located at the right mastoid was set as the reference. Data were processed 

offline using SCAN™ 4. A common-averaged reference was calculated offline, and data 

were re-referenced to the common-averaged reference. Vertical ocular artefacts were 

removed via a regression algorithm (Semlitsch et al., 1986) using the recordings from two 

ocular leads placed 2 cm above and below the left eye. The EEG was digitally filtered offline 

using a 1–30 Hz zero phase-shift band-pass filter (12 dB roll-off; Bishop et al., 2011). 

Epochs were segmented from 100 ms pre- stimulus onset to 1000 ms post-stimulus onset. 

Averaged waveforms were baseline-corrected around the 100 ms pre-stimulus interval. 

Epochs that contained artefacts exceeding ±150 μV were rejected. The mean numbers of 

epochs included per participant after epoch rejection are included in Table 3.2.  

3.2.6. Correction for response overlap  

As we were interested in the electrophysiological response to the second tone of each 

tone-pair, we corrected for the overlap between the ERPs elicited by the first and second tone 

of each tone-pair stimulus. We subtracted individual-averaged single tone waveforms from 
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each individual-averaged tone-pair waveform for each participant. The subtraction allowed 

us to isolate the response elicited by the second tone of each tone-pair (Clunies-Ross et al., 

2015; Fox et al., 2010; Sable et al., 2004). To compare Ta and Tb responses across ISIs, the 

waveforms were then stimulus-locked such that the onset of the second tone was set to time 

zero, and were baseline-corrected using the 100 ms pre-stimulus interval of the corrected 

waveform.  

Table 3.2. 

Mean Number of Epochs Per Participant at Age 7 and Age 9 for the Single Tone and Tone-

pairs.  

 Stimulus 

 Single  25 ms  50 ms  100 ms  200 ms  600 ms 

Age 7  158.98 

(19.58) 

 158.64 

(20.10) 

 158.56 

(19.99) 

 158.60 

(19.51) 

 159.58 

(20.09) 

 158.54 

(19.93) 

Age 9  163.82 

(18.50) 

 163.22 

(18.03) 

 163.34 

(18.69) 

 163.68 

(18.45) 

 164.52 

(18.60) 

 163.80 

(18.27) 

N = 50 

The waveform corrected for response overlap shall be hereafter referred to as the 

corrected waveform.  

3.2.7. Topographic distribution of ERPs  

The topographic distribution of the Ta and Tb of the single tone waveforms, and the 

corrected waveforms indicated that the Ta and Tb were largest at temporal (T7 and T8) sites. 

The Ta and Tb were, therefore, extracted at these sites. The grand-averaged waveforms 

synchronised to the onset of the first tone are presented in Figure. 3.1 and the grand-averaged 

corrected waveforms synchronised to the onset of the second tone are presented in Figure. 

3.2. In the following sections, references to and discussions of data refer to the Ta and Tb 
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elicited by the second tone of the tone-pairs. 

 

Figure 3.1. Grand-averaged ERP waveforms synchronised to the onset of tone 1 of tone-pairs 

with ISIs of 25, 50, 100 and 200 ms (black), with the single tone waveforms superimposed 

(grey). The amplitudes of the waveforms recorded at T7 and T8, are presented in microvolts 

(µV) on the y-axis, and time is presented in milliseconds (ms) on the x-axis. 
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Figure 3.2. Grand-averaged ERP waveforms corrected for response overlap, and 

synchronised to the onset of the second tone of tone-pairs. Waveforms were recorded at T7 

(left hemisphere) and T8 (right hemisphere), at age 7 (left) and 9 (right). The amplitudes of 

the waveforms are presented in microvolts (µV) on the y-axis, and time is presented in 

milliseconds (ms) on the x-axis. Grey vertical bars illustrate the latency intervals used to 

calculate the mean amplitude for Ta and Tb. 
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3.2.8. Extraction of mean amplitudes  

Latency windows were established for each ISI at age 7 and 9 to take into account 

differences in the latency of the relevant peaks. Peak latencies were identified from the 

grand-averaged waveforms at T7 and T8, and the mean amplitudes were calculated based on 

a 20 ms window, centred on the peak latency (Clunies-Ross et al., 2015; Hakvoort et al., 

2014). In Figure 3.2, grey vertical bars illustrate the latency intervals over which the mean 

amplitudes were calculated. Mean amplitudes for the Tb were measured relative to the mean 

amplitude of the previous positivity (Ta). The descriptive statistics for Ta and Tb mean 

amplitudes are presented in Table 3.3.  

3.2.9. Laterality index of rapid temporal processing  

One of our primary objectives was to examine the relationship between the 

lateralisation of rapid temporal processing and phonological awareness. To do so, we 

calculated a laterality index (LI) using Tb responses to the second tone of the 50 ms ISI tone-

pairs. The Tb response was selected for analysis as it has been found to reflect asymmetries 

in temporal processing (Clunies-Ross et al., 2015). The LI was calculated as the difference 

between the Tb responses of the left and right hemisphere to 50 ms ISI tone-pairs (LI = Left 

– Right). A negative LI indicated leftward lateralisation of the Tb response and a positive LI 

indicated a rightward lateralisation of the Tb response. LIs were calculated for both ages. 

(Age 7: M = −.09, SD = 2.92, range = −7.94 to 7.46, Age 9: M = −.57, SD = 2.62, range: 

−8.16 to 5.45).  

3.2.10. Data analysis  

All data were subject to preliminary screening measures prior to statistical analyses to 

ensure that all the assumptions of ANOVA and regression were met. Data were Winsorised 
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to reduce the effect of spurious outliers as outlined by Wilcox (2001). No more than four 

values were Winsorised per variable. Skew and kurtosis coefficients were used to assess the 

normality of the data. The skew and kurtosis coefficients of all variables fell within the 

acceptable range (±2; George and Mallery, 2010). Multivariate outliers were screened by 

calculating Mahalanobis distance for each case, per analysis. No multivariate outliers were 

detected (p > .001). Two repeated-measures ANOVAs were conducted. Ta and Tb mean 

amplitudes were subject to separate 2x2x4 repeated-measures ANOVAs, with age (7, 9) 

hemisphere (left, right) and ISI (25 ms, 50 ms, 100 ms, 200 ms) treated as the within-subject 

variables. We accounted for violations of the assumption of sphericity using the Greenhouse-

Geisser correction. Significance values based on the Greenhouse-Geisser correction are 

reported with the uncorrected degrees of freedom. Regression analyses were conducted 

where the laterality indices (LI) (calculated for the Tb response to the 50 ms ISI tone-pair at 

age 7 and 9) were treated as the predictors and performance on the Sight Word Efficiency 

and Phonemic Decoding Efficiency subtests measured at age 7 and 9 were treated as 

dependent variables.  
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3.3. Results  

Table 3.3. 

Descriptive Statistics of the Mean Amplitudes (µV) for the Ta and Tb peaks at Age 7 and Age 

9, for each ISI and Hemisphere. 

Note. N = 50; LH = Left hemisphere (T7), RH = Right hemisphere (T8) 

3.3.1. Analysis of Variance of the Ta mean amplitudes  

The results of the repeated-measures ANOVA for the Ta are reported in Table 3.4.  

  

  Age 7  Age 9 

  LH  RH  LH  RH 

 ISI M (SD)  M (SD)  M (SD)  M (SD) 

 

 

Ta 

25 ms 1.30 (1.38)  1.22 (1.72)  1.12 (1.31)  1.30 (1.52) 

50 ms 0.97 (1.61)  1.18 (1.41)  0.77 (1.51)  1.22 (1.32) 

100 ms 0.85 (1.60)  1.75 (1.50)  1.40 (1.62)  2.13 (1.58) 

200 ms 1.27 (1.84)  2.36 (1.41)  1.34 (1.62)  2.21 (1.63) 

 

 

Tb 

25 ms -1.60 (2.01)  -1.25 (2.22)  -1.78 (1.75)  -1.38 (2.18) 

50 ms -1.90 (2.18)  -1.81 (1.99)  -2.15 (1.90)  -1.60 (1.79) 

100 ms -1.54 (2.27)  -2.16 (2.24)  -2.09 (1.96)  -2.40 (1.75) 

200 ms -1.65 (1.95)  -2.18 (2.02)  -1.35 (1.84)  -1.94 (1.88) 
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Table 3.4.  

Analysis of Variance of Ta Mean Amplitudes with Age, Hemisphere and ISI as Within-

Subject Variables. 

Variable df F ɛ p np
2
 

age 1, 49 0.40 - .532 .008 

hemisphere 1, 49 13.31 - .001 .214 

ISI 3,147 9.93 .745 .001 .168 

age x hemisphere 1, 49 0.01 - .921 .000 

age x ISI 3, 147 2.08 .846 .117 .041 

hemisphere x ISI 3, 147 5.28 .689 .006 .097 

age x hemisphere x ISI 3, 147 0.60 .904 .603 .012 

Note. N = 50 

The interaction between hemisphere and ISI was broken down by conducting two 

repeated-measures ANOVAs (one for each hemisphere) with ISI as the within-subjects 

variable. The Ta mean amplitudes averaged across ages are presented in Figure. 3.3. There 

was a significant main effect of ISI on Ta mean amplitudes measured over the right 

hemisphere such that Ta amplitudes increased with increasing ISI, illustrated in panel A of 

Figure. 3.3. (F(3, 147) = 16.03, p < .001, ɛ = .750, np
2
 = .247). Ta amplitudes measured over 

the left hemisphere did not vary significantly as a function of ISI (F(3, 147) = 1.54, p = .219, 

ɛ = .674, np
2
 =.030).  
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3.3.2. Analysis of Variance of the Tb mean amplitudes  

The results of the repeated-measures ANOVA for the Tb are reported in Table 3.5.  

Table 3.5.  

Analysis of Variance of Tb Mean Amplitudes with Age, Hemisphere and ISI as Within-

Subject Variables. 

Variable df F ɛ p np
2
 

age 1, 49 0.26 - .612 .005 

hemisphere 1, 49 0.17 - .682 .003 

ISI 3, 147 2.99 .785 .046 .057 

age x hemisphere 1, 49 .478 - .493 .010 

age x ISI 3, 147 1.40 .836  .251 .028 

hemisphere x ISI 3, 147 3.76 .810 .019 .071 

age x hemisphere x ISI 3, 147 .260 .871 .828 .005 

Note. N = 50  

The interaction between hemisphere and ISI was broken down by conducting two 

repeated-measures ANOVAs (one for each hemisphere), with ISI as the within-subjects 

variable. The mean Tb responses averaged across ages are presented in Figure 3.3. Tb 

responses measured over the left hemisphere were enhanced to 50 ms ISI tone- pairs 

(quadratic trend, F(1, 49) = 4.06, p < .05, np
2
 = .077). Tb responses measured over the right 

hemisphere were enhanced to 100 and 200 ms ISI tone-pairs (linear trend, F(1, 49) = 9.48, p 

< .01, np
2
.162).  
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A 

 

B 

 

Figure 3.3. Ta (panel A) and Tb (panel B) mean amplitudes collapsed across time-points, 

measured over the left (grey) and right hemispheres (black) are plotted for each ISI. 

Amplitudes are displayed on the y-axis and are measured in microvolts (µV). The error bars 

reflect 95% confidence intervals for the interaction between hemisphere and ISI, for the 

respective component. 

3.3.3. Lateralisation of rapid temporal processing and performance on the Sight 

Word Efficiency and Phonemic Decoding Efficiency subtests at age 9  

The LI measured at age 7 was a significant predictor of performance on the Phonemic 

Decoding Efficiency subtest of the TOWRE at age 9, such that the greater the lateralisation 

of the Tb at age 7, the better they performed on the Phonemic Decoding Efficiency subtest 2 

years later (Table 3.6). The LI at age 9 was not predictive of performance on the Phonemic 

Decoding Efficiency at age 9, nor were the LIs at age 7 and 9 predictive of performance on 

the Sight Word Efficiency subtest at age 9 (Table 3.6).  
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Table 3.6. 

Predictors of Sight Word Efficiency and Phonemic Decoding Efficiency at Age 9 

Outcome Predictors R
2
 B SE B β t p 

Sight Word Efficiency 

LI 50 ms ISI - 7 .007 - 0.20 0.34 -.009 - 0.60 .550 

LI 50 ms ISI - 9 .008 0.23 0.38 0.09 0.624 .536 

Phonemic Decoding 

LI 50 ms ISI - 7 .114 - 0.98 0.39 -0.34 -2.49 .016 

LI 50 ms ISI - 9 .002 0.16 0.47 0.05 0.34 .738 

Note. N = 50  

3.4. Discussion  

The AST hypothesis states that acoustic information is processed hierarchically 

within the left and right auditory areas of the brain, and this has been well supported by 

research on adult samples. Current findings support the theory that neuronal ensembles in the 

primary auditory areas are tuned to rapid temporal modulations 25 – 50 ms (20 – 40 Hz). 

Neuronal ensembles in the left and right secondary auditory areas are differentially tuned to 

rapid (25 – 50 ms = 20 – 40 Hz), and slow (200 – 250 ms = 4 – 5 Hz) modulations, 

respectively. Although the AST proposes that hemispheric asymmetries are intrinsic and 

likely to emerge prior to adulthood, investigations in children have been sparse and 

inconsistent. It is still unclear when these functional asymmetries appear to develop and 

behave in an adult-like way (Telkemeyer et al., 2009). Therefore, we sought to characterise 

hemispheric asymmetries in rapid and slow temporal processing in children at age 7 and 2 

years later at age 9. Our results show that hemispheric asymmetries in children at 7 − 9 years 

resemble that seen in young adults, suggesting that hemispheric specialisation for fast and 

slow modulations is present at this age. We also provide evidence for the relationship with 
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hemispheric specialisation of rapid auditory processing and subsequent phonemic decoding 

ability.  

3.4.1. Hemispheric asymmetries in Ta response  

We observed hemispheric asymmetries in patterns of Ta responses to rapid and slow 

tone-pairs. There was no significant difference between Ta responses across all ISIs over the 

left hemisphere, suggesting that the associated auditory areas in the left hemisphere may 

function according to a short temporal integration window, and that the generator of the Ta in 

the left hemisphere may be mature at age 7. Over the right hemisphere, Ta responses to the 

25 and 50 ms ISI tone-pairs were attenuated relative to Ta responses to the 100 and 200 ms 

ISI tone-pairs, suggesting that the generators of the Ta in the right hemisphere are 

functioning according to a longer integration window of approximately 100 ms. The longer 

integration window could reflect the later development of the Ta generators in the right 

hemisphere, which is consistent with previous reports by Mahajan and McArthur (2013) who 

found that the Ta peak over the right hemisphere continued to develop throughout 

adolescence, suggesting that the functional development of the left and right hemispheres 

differs. As the reported neural generators of the Ta are inconsistent, the functional 

implications of hemispheric asymmetries in the development of the Ta require further 

investigation.  

3.4.2. Hemispheric asymmetries in the Tb response  

Previous findings in adults support a left hemisphere specialisation for rapid temporal 

modulations and a right hemispheric specialisation for slow temporal modulations (Boemio 

et al., 2005; Clunies-Ross et al., 2015; Jamison et al., 2006; Luo, & Poeppel, 2007, 2012). At 

present, our understanding of when this develops during childhood is not clear (Vanvooren et 
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al., 2014). By examining the Tb responses to auditory stimuli presented with varying ISIs, we 

investigated whether the left and right secondary auditory areas exhibit preferential 

processing of rapid and slow temporal modulations. Based on the AST, we predicted that the 

left hemisphere would preferentially respond to rapidly presented tones with ISIs of ~ 50 ms, 

whereas the right hemisphere would preferentially respond to slower temporal modulations ~ 

200 ms (Poeppel, 2003). Consistent with the AST, we observed the preferential processing of 

both rapid and slow auditory stimuli over the left and right hemispheres, respectively.  

As can be seen in panel B of Figure. 3.3, Tb responses were largest over the left 

hemisphere when tones were separated by 50 ms, suggesting a left hemisphere preference for 

rapidly presented stimuli. This is consistent with the conjecture that a large proportion of 

neuronal populations in the left secondary auditory areas are tuned to rapid temporal rates 

and, therefore, preferentially respond to rapidly presented stimuli (Poeppel, 2003). The 

presence of a distinct Tb response to the 25 ms ISI tone-pairs, in particular, suggests that 

there are neuronal ensembles in the left hemisphere capable of responding to stimuli 

presented as quickly as 25 ms. These results provide evidence of left hemisphere 

specialisation for rapid temporal processing in children aged 7 and 9 years, and are consistent 

with previous findings of Thompson et al. (2016) who observed leftward lateralisation of 

high-frequency (20–50 Hz) endogenous cortical oscillations at the younger ages of 3–5 years.  

Over the right hemisphere, Tb responses were largest for the 100 and 200 ms ISI 

tone-pairs, indicating a preference for slower presentation rates. In Figure. 3.1. it can be seen 

that over the right hemisphere, at both ages 7 and 9, the Tb response to the second tone of 

tone pairs is not present at ISIs of 25 and 50 ms, but emerges at the longer ISIs of 100 and 

200 ms. The preferential processing of the 100 and 200 ms ISI tone- pairs in the right 
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hemisphere is consistent with previous findings of right hemisphere preference for the 

processing of slowly unfolding auditory stimuli (Abrams et al., 2008; Clunies-Ross et al., 

2015; Luo & Poeppel, 2007, 2012). Interestingly, the Tb response to the 100 ms ISI tone-

pairs over the right hemisphere was as large as that of the 200 ms ISI tone-pairs, despite 

representing a much faster modulation rate than the frequently discussed 200–250 ms. This 

finding suggests that finer tuning of neuronal ensembles in the right secondary auditory areas 

may occur beyond the age of 9.  

The same pattern of hemispheric asymmetries was observed at age 7 as at age 9, 

suggesting that neuronal tuning to specific modulations did not change significantly over this 

time. This was particularly unexpected given that studies have demonstrated marked 

development in the Ta and Tb over this developmental period (Bishop et al., 2011; 

Tonnquist-Uhlen et al., 2003). However, this may suggest that there are differences between 

the maturation rates of Ta and Tb neural generators, and the maturation of their functional 

properties. Nevertheless, our results clearly demonstrate that hemispheric preferences for fast 

and slow modulations are present in children at age 7 and 9. In the context of previous 

findings by Thompson et al. (2016) and Vanvooren et al. (2014), our results suggest that 

temporal processing asymmetries may become more consistent from at least 7 years. Earlier 

inconsistencies across studies of younger children may reflect reduced prominence of 

functional asymmetries, and therefore, difficulty identifying such asymmetries consistently.  

Similar to the current study, Clunies-Ross et al. (2015) conducted an experiment with 

young adults, which examined Tb responses to tone-pairs separated by ISIs of 50 and 200 ms. 

They found that Tb responses to the second tone of the 50 ms ISI tone-pairs were enhanced 

over the left hemisphere relative to the right hemisphere (d = .45), providing evidence for a 
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left hemisphere advantage for rapidly presented tones. In the present study, the left 

hemisphere advantage for rapidly presented tones was not found to be as prominent in 

children (d = .16) as was found in young adults, suggesting that although the hemispheric 

asymmetries are present at age 7 and remain stable until age 9, further tuning of the neuronal 

populations in the right hemisphere may occur between childhood and young adulthood.  

3.4.3. Rapid temporal processing: left-hemisphere vs. bilateral  

Together, functional asymmetries in the processing of tone-pairs with short and long 

ISIs provide evidence for a left hemisphere preference for the processing of rapidly presented 

stimuli and a right hemisphere preference for slowly presented stimuli. Previous research 

investigating asymmetries in temporal processing have drawn inconsistent conclusions as to 

whether neuronal ensembles functioning according to a short temporal integration window 

are distributed bilaterally or primarily in the left hemisphere. Some researchers have 

observed bilateral rapid temporal processing (Boemio et al., 2005; Luo & Poeppel, 2012), 

whilst others have demonstrated a left hemisphere advantage (Okamoto et al., 2009; Zaehle 

et al., 2004). Vanvooren et al. (2014) proposed that the inconsistency in reports of 

asymmetries in rapid temporal processing might be due to the differences in methodology 

and the type of neuroimaging techniques used. Our current findings and the findings of 

previous research (Clunies-Ross et al., 2015) demonstrate how the Ta and Tb can be used to 

differentiate between auditory areas in which rapid temporal processing occurs bilaterally 

and those in which it occurs primarily in the left-hemisphere. The present data do not provide 

evidence for bilateral rapid auditory processing in primary auditory areas as proposed by 

Poeppel (2003) in the AST, potentially due to the slower development of right hemisphere 

neural generators (Mahajan and McArthur, 2013). However, our results support a left 
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hemisphere preference for the processing of rapidly presented stimuli, and, consistent with 

the AST, the observed asymmetry was reflected by the Tb of the T-complex, which is 

proposed to originate from the secondary auditory areas (Tonnquist-Uhlen et al., 2003).  

3.4.4. Hemispheric asymmetries in rapid temporal processing at age 7 predict 

phonemic decoding at age 9  

Our results suggest that children who showed greater leftward lateralisation of rapid 

temporal processing at age 7 performed better on the Phonemic Decoding Efficiency subtest 

2 years later. The LI at age 7 accounted for 11.4% of variance in Phonemic Decoding 

Efficiency performance at age 9, demonstrating that greater leftward hemispheric 

specialisation for rapid temporal processing may contribute to subsequent phonemic 

decoding ability (Fox et al., 2012; Tallal, 2004; Tallal et al., 1993; Tallal & Gaab, 2006). 

This suggests that perhaps one must be able to differentiate phonological sounds before being 

able to form mental representations of the sounds (Tallal, 1980; Tallal et al., 1993), map 

them onto letters, and be able to use their knowledge of grapheme to phoneme associations to 

decode and accurately read aloud written words. Further evidence in support of this idea 

comes from the lack of association between the LI at age 9 and Phonemic Decoding 

Efficiency at age 9. In sum, lateralisation of rapid temporal processing at age 7, as indexed 

by the Tb, appears to be a moderate predictor of future phonemic decoding ability, rather 

than current phonemic decoding ability. As expected, LIs measured at age 7 and 9 did not 

predict sight word reading ability at age 9. Our findings are consistent with the notion that 

sight word reading ability is more dependent on familiarity with real words, than 

phonological ability (Espy et al., 2004). This adds further support for the contribution of 
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rapid temporal processing to performance on tasks that accessing phonological 

representations.  

One of the key ideas in the literature pertaining to hemispheric specialisation is that 

greater lateralisation or specialisation of a particular function or process allows for better 

efficiency, and in turn, better performance. Our findings suggest that left hemisphere 

specialisation of rapid temporal processing is associated with better outcomes on tests of 

phonemic decoding ability, and further suggest that this lateralisation may be a precursor for 

the future development of more complex linguistic skills. It builds on previous research by 

Fox et al. (2012), by demonstrating the relationship between the leftward lateralisation of 

rapid temporal processing and subsequent phonemic decoding of written language, in 

addition to repeating nonwords.  

3.4.5. Conclusion  

In the present study, we provide evidence of functional asymmetries in temporal 

processing in children at age 7 and 9. Tb responses to the second tone of a tone-pair stimulus 

were largest when separated by 50 ms in the left hemisphere, and 100–200 ms in the right 

hemisphere. Our findings suggest that neuronal populations in the left secondary auditory 

cortex preferentially respond to rapidly presented stimuli and neuronal populations in the 

right secondary auditory cortex preferentially respond to slowly presented stimuli, consistent 

with the predictions of the AST hypothesis (Poeppel, 2003). Although the pattern of 

asymmetry did not change over the 2 year period investigated in the present study, we 

suggest that asymmetries may further mature after the age of 9, as left-hemisphere advantage 

for rapid temporal processing was not as prominent as has been seen in adults (Clunies-Ross 

et al., 2015) and right hemisphere advantage did not appear as finely tuned to ~200 ms 
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stimuli as observed in adults. Our results demonstrate auditory stimuli presented as quickly 

as 25 ms are discriminable in the auditory ERP of children as young as 7. The lateralisation 

of an individual's Tb response to the 50 ms ISI tone- pair at age 7 was a significant predictor 

of phonemic decoding ability two years later, suggesting that hemispheric specialisation of 

rapid temporal processing may be a precursor to subsequent phonemic decoding ability. 

Finally, our findings provide support for previous suggestions that the Tb may be an 

important ERP for the investigation of the relationship between auditory processing and 

complex language abilities.  
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Abstract 

Atypical temporal processing asymmetries are proposed to underlie problems with 

speech processing and language. We investigated whether 6-7 year-old children born very 

preterm (VP ≤ 32 weeks gestation; n = 13), who are at increased risk of language difficulties, 

exhibit atypical temporal processing asymmetries compared to term children (n = 13). We 

examined Tb responses of the auditory event-related potential, elicited by the second tone of 

tone-pairs (two 50 ms, 1000 Hz, sinusoidal tones) with inter-stimulus intervals of 50 ms 

(rapid) and 200 ms (slow). Stimuli were presented binaurally, while the EEG was recorded. 

Contrary to hypotheses, no significant group differences were identified. Consistent with the 

asymmetric sampling in time hypothesis, across groups, rapid temporal processing was left-

lateralised, while slow temporal processing was right-lateralised. In a subset of participants 

from both groups (n = 14), lateralisation of rapid and slow temporal processing was 

associated with expressive vocabulary after controlling for age and nonverbal IQ. These 

findings provide evidence of temporal processing asymmetries in middle childhood, and the 

association between lateralisation of temporal processing and aspects of language 

development. The exclusion of 14 VP participants due to unidentifiable ERPs may have 

impacted the representativeness of the VP sample, and could explain the absence of group 

differences. 
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4.1. Introduction 

Very preterm birth (VP ≤32 weeks gestation) is associated with a variety of medical 

complications that impact brain development, including intraventricular haemorrhage, 

seizures, and hypoxic-ischemic encephalopathy (Manuck et al., 2016). In addition, early 

exposure of the immature central nervous system to the extra-uterine environment in VP 

birth is also thought to alter the infant’s neurodevelopmental trajectory (Guarini et al., 2009; 

Lahav & Skoe, 2014). Indeed, VP children who do not exhibit significant medical problems 

may still display a variety of cognitive deficits, including impairment of general intellectual 

functioning, executive function, attention, language ability, and learning (Anderson, 2014). 

Such cognitive deficits are believed to be associated with a range of neurodevelopmental 

abnormalities observed following VP birth. Such abnormalities include reductions in overall 

cortical volume (Karolis et al., 2017; Kesler et al., 2004; Peterson et al., 2000; Zhang et al., 

2015), reductions in white matter volume and reduced network connectivity (Northam et al., 

2012; Reidy et al., 2013; Smyser et al., 2010; Zhang et al., 2015), atypical cortical folding 

(Kesler et al., 2006; Mürner-Lavanchy et al., 2018; Zhang et al., 2015), and atypical 

hemispheric lateralisation (Mürner-Lavanchy et al., 2014; Scheinost et al., 2017).  

Language difficulties are commonly reported in VP children, with studies finding 

increased risk of language impairment relative to term controls (Sansavini et al., 2010). In the 

absence of clinically significant language impairment, VP children and adolescents still 

exhibit poorer language abilities than their term-born peers (Barre, Morgan, Doyle, & 

Anderson, 2011; Guarini et al., 2009, 2010; Nguyen et al., 2018; Northam et al., 2012; Smith, 

Dethorne, Logan, Channell, & Petrill, 2014), and this effect remains significant even after 

controlling for non-verbal IQ, gender, and socioeconomic status (Lee, Yeatman, Luna, & 
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Feldman, 2011). Poor language abilities adversely impact social communication, emotional 

and behavioural functioning (Yew & O’Kearney, 2013), learning, and academic achievement 

(Johnson, Wolke, Hennessy, & Marlow, 2011; Young et al., 2002) . Therefore, it is important 

to identify and understand risk factors for atypical language development associated with VP 

birth, as these may assist in identifying targets for intervention. Despite there being numerous 

studies investigating the correlates of poorer language in VP children, the specific aetiologies 

are still incompletely understood, and continue to be the focus of much attention (Choi et al., 

2018; Karolis et al., 2017; Mürner-Lavanchy et al., 2014; Reidy et al., 2013). 

It has been proposed that abnormalities in temporal processing of auditory 

information underlie language impairments observed in clinical disorders such as 

developmental language disorder, and autism spectrum disorder (Giraud & Poeppel, 2012; 

Goswami, 2011; Guiraud et al., 2018; Tallal, 2004; Tallal & Piercy, 1973). Such theories 

suggest that atypical temporal processing of rapid and slow acoustic modulations can impede 

the segregation of speech into meaningful units (e.g. phonemes and syllables). According to 

the ‘Asymmetric Sampling in Time’ hypothesis (AST; Poeppel, 2003), temporal processing, 

or sampling, of rapid and slow acoustic modulations occurs asymmetrically in non-primary 

auditory areas, likely localised to the superior temporal gyrus (Hickok & Poeppel, 2004). 

Poeppel proposed that neuronal ensembles of the left and right non-primary auditory areas 

sample continuous auditory information according to short (20 - 50 ms) and long (150 - 250 

ms) temporal integration windows, respectively. He proposed that these windows are 

operationalised as sampling rates, such that left auditory areas sample information at rapid 

(segmental) rates (and thus slow rates as well), while those in the right hemisphere 

homologue sample information at slow (suprasegmental) rates. The asymmetric sampling at 
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these timescales allows for the simultaneous tracking of the speech envelope, which is 

important for identifying syllables and words, as well as the representation of relatively rapid 

acoustic patterns necessary to differentiate phonemes (e.g. differences in voice onset time 

between /pa/ and /ba/). Consequently, alteration of such functions (e.g. oversampling for 

syllables, under-sampling for phonemes, reversed hemispheric specialisation) could result in 

imprecise representations of linguistically relevant acoustic information (e.g. formant 

transitions, voice-onset time, syllable onsets) necessary for accurate phonological 

representations, and thus poorer speech comprehension and language development  

(Goswami et al., 2016). 

In the current study, we explore the hypothesis that alterations in temporal processing 

asymmetries could underlie language difficulties in VP children. This hypothesis is driven by 

the observation that VP children exhibit neuroanatomical abnormalities in areas associated 

with speech and language processing (Kesler et al., 2006; Mürner-Lavanchy et al., 2018; 

Northam et al., 2012; Nosarti et al., 2008; Zhang et al., 2015). More specifically, VP children 

present with abnormal cortical folding of bilateral superior temporal gyri, which are 

suggested to be the neural substrates of temporal processing asymmetries (Hickok & Poeppel, 

2004). Thus, abnormalities in the superior temporal gyri of VP children may be associated 

with abnormal development of hemispheric specialisations for processing rapid and slow 

temporal modulations, which could then impact language development.  

The current study investigates whether there are differences in temporal processing 

asymmetries between VP children and term children using event-related potentials (ERP). A 

previous study by Clunies-Ross et al. (2018) found that the Tb component of the laterally 

distributed auditory ERP (see Clunies-Ross et al., 2018 for description), which originates 
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from the secondary auditory cortex (Albrecht, Suchodoletz, & Uwer, 2000; Ponton, 

Eggermont, Khosla, Kwong, & Don, 2002; Shafer, Yu, & Wagner, 2015), indexes 

asymmetries in rapid and slow temporal processing in children at age 7 and 9 years. 

Consistent with the AST, they observed a left hemisphere preference for rapid tone-pairs (50 

ms), and right hemisphere preference for slow tone-pairs (100 - 200 ms). Therefore, we 

examined the Tb component, in response to tone-pairs with ISIs corresponding to the 

phonemic (50 ms/rapid) and syllabic (200 ms/slow) timescales outlined in the AST. Based on 

the AST, we hypothesised that a) children aged 6-7 years old would show evidence of a left 

hemisphere advantage for processing rapid stimuli, and a right hemisphere advantage for 

processing slow stimuli, and b) that the VP group would exhibit atypical patterns of temporal 

processing relative to the term group.  

4.2. Methods 

4.2.1. Participants 

The current study examined the archival auditory ERP and psychometric data from 53 

VP children (≤ 32 weeks gestation) and 30 term children (> 37 weeks gestation) aged 6- and 

7 years old. The children attended a 2-day research program, Project K.I.D.S., which was 

aimed at investigating the cognitive, social, and emotional development of children (2011 – 

2013). The VP group were recruited through the Neonatal Follow-up Program at King 

Edward Memorial Hospital (Perth, Western Australia). The term group were recruited locally 

from metropolitan primary schools, or were peers of VP participants, and were independent 

from the sample used in chapter 3. Written, informed consent was provided by the parents of 

the children prior to the commencement of testing. EEG data could not be acquired for three 

children from the VP group, as they declined to have the EEG cap applied, therefore, they 
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were excluded from further analyses. The characteristics of the final sample after data 

screening are presented in Table 4.1. The University of Western Australia Human Research 

Ethics Committee and North Metropolitan Health Service Human Research Ethics 

Committee approved the protocols for the study.  

4.2.2. Materials 

4.2.2.1. Estimate of verbal and nonverbal intelligence 

All children took part in the Project K.I.D.S. collaborative research program. The 

program involved the collection of data for two contemporaneous studies, which differed in 

the measure of IQ used. Data for children included in the current study were accessed from 

both studies. In one of those studies, IQ was estimated using the Wechsler Intelligence Scale 

for Children–Fourth Edition (WISC-IV; Wechsler, 2003), while in the other, IQ was 

estimated using Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999). Both 

the WISC-IV and the WASI provide estimates of verbal, nonverbal, and full-scale IQ. The 

Perceptual Reasoning Index (PRI) in the WISC-IV, and the Performance IQ (PIQ) in the 

WASI were used as estimates of nonverbal IQ. The PRI and PIQ are highly correlated (r 

= .78, Wechsler, 2003). The Verbal Comprehension Index (VCI) in the WISC-IV, and the 

Verbal IQ (VIQ) in the WASI were used as estimates of verbal IQ. The VCI and VIQ are 

highly correlated (r = .84, Wechsler, 2003). PIQ/PRIs and VIQ/VCIs are reported in Table 

4.1. From the VP group ten children completed the WASI (and supplementary subtests from 

the WISC-IV), and three children completed the WISC-IV. All children in the term group 

completed the WISC-IV. 
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4.2.2.2. Auditory stimuli  

The auditory stimuli were composed of standard 50 ms, 1000 Hz sinusoidal tones 

with 2 ms ramped onset and offset. Sound intensity was calibrated using a 1-second 

continuous 1000 Hz sinusoidal 80 dB SPL tone measured by a Bruel and Kjaer sound level 

meter. The experiment contained a single tone stimulus and three tone-pair stimuli, each 

presented 180 times each in a pseudorandom order. Tone-pair stimuli were each composed of 

two standard tones that were separated by 50, 200, or 600 ms inter-stimulus intervals (ISIs). 

The 600 ms ISI tone-pairs were used to determine whether reliable auditory ERPs were 

elicited for each participant (Fox et al., 2010; Fox et al., 2012). Each trial was set to 1500 ms 

in duration, and the stimulus onset times were randomly jittered between 0-200 ms from the 

start of each trial (Woodman, 2010). The auditory task was embedded between blocks of an 

animated flanker task. 

4.2.3. Procedure 

Throughout the Project K.I.D.S 2-day research programs, children completed a range 

of experimental and psychometric tasks, which were completed over the two days. As such, 

some children completed the IQ measure prior to the auditory EEG task, while others 

completed the IQ measure after the auditory EEG task. All assessments were completed in 

accordance with standardised conditions. 

At the commencement of the EEG session, participants were fitted with an 

EasyCap™. Auditory stimuli were presented to participants binaurally via a set of Sennheiser 

HD 265 adjustable headphones placed over the ears in a quiet room. Participants were 

instructed to ignore the tones and were provided with reading materials (picture books with 

minimal text), colouring materials, or hand-held electronic games (audio switched off). If at 
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any time the participant’s chosen activity was interfering with the EEG recording (e.g. 

excessive eye movements, muscle artefacts), he/she was instructed to change activities.  

4.2.4. EEG data acquisition 

Archival data were extracted from 15 sites that were available for all participants (F3, 

F4, F7, F8, Fz, C3, C4, Cz, T7, T8, P3, P4, P7, P8, Pz). At the time of data collection, data 

were acquired using SCAN
TM

 4. Channel impedances were limited to below 10 kΩ prior to 

recording. The EEG was amplified using a NuAmps 40-channel amplifier, digitised at a 

sampling rate of 250 Hz, and filtered online using a 0.1 - 30 Hz band-pass filter. AFz was set 

as the ground and the electrode located at the right mastoid was set as the reference. Data 

were processed offline using SCAN
TM

 4.5. An averaged-mastoid reference was calculated 

offline, and data were re-referenced to the averaged-mastoid reference. Vertical ocular 

artefacts were removed via a regression algorithm (Semlitsch, Anderer, Schuster, & Presslich, 

1986) using the recordings from ocular leads placed 2 cm above and below the left eye. The 

EEG was digitally filtered offline using a 1-30 Hz zero phase-shift band-pass filter (12 dB 

roll-off; Bishop et al., 2011; Fox et al., 2010). The high-pass filter was applied to reduce the 

impact of low-frequency drift on baseline amplitudes. The continuous EEG data were 

visually inspected for noisy segments, which were removed manually. Epochs were 

segmented from 100 ms pre-stimulus onset to 1000 ms post-stimulus onset. Epochs that 

contained artefacts exceeding ± 150 μV were automatically rejected, and remaining epochs 

were averaged according to stimulus type (single, 50 ms ISI, 200 ms ISI, 600 ms ISI). 

Individual averaged waveforms were baseline-corrected to the 100 ms pre-stimulus interval. 

The ERP waveforms, time-locked to the onset of the first tone, were extracted from electrode 

sites T7 (left hemisphere) and T8 (right hemisphere; Clunies-Ross et al., 2015; Clunies-Ross 
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et al., 2018)  

4.2.5. Data screening 

The reliability of ERP waveforms was assessed in two stages. Individual ERP 

waveforms were manually inspected for identifiable T-complex responses. An identifiable T-

complex was defined as a distinct positive peak followed by a distinct negative peak falling 

approximately between 70 and 250 ms post stimulus onset (Groen et al., 2008). Fourteen 

children from the VP group and 5 children from the term group had ERPs, for which clearly 

defined T-complex responses could not be accurately identified. For the remaining set of 

participants (36 VP and 25 term), intra-class correlation coefficients (ICC) were computed 

for waveforms measured at both T7 and T8. An ICC reflects the degree of similarity between 

two ERP waveforms. A high ICC reflects a high degree of similarity, whereas a low ICC 

reflects a low degree of similarity. The ICCs for each participant were calculated using the 

first 400 ms of the single tone and 600 ms tone-pair conditions. The first 400 ms of the ERP 

waveform elicited by the single tone and 600 ms tone-pair should be similar if the ERP is 

similar in both conditions. We applied the same ICC exclusion criteria (ICC < 0.3) used in 

previous studies to screen out participants with unreliable ERPs (Clunies-Ross et al., 2018, 

2015). Based on the ICC exclusion criteria (ICC < 0.3) 13 VP children and 12 term children 

were excluded from further analysis.  

The remaining children (23 VP and 13 term) were matched at the individual level 

based on age (+/- 3 months), gender, and handedness. The final sample included 13 VP 

children and 13 term children who all had reliable ERPs with identifiable T-complex 

responses. The mean numbers of epochs included per participant in the final sample after 

epoch rejection are included in Table 4.1 (excludes 600 ms ISI used for ERP reliability 
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measure). The grand-averaged waveforms measured at T7 and T8 are presented in Figure. 

4.1. 

Table 4.1. 

Mean Number of Epochs Included Per Participant in Individually Averaged Waveforms.  

 

 

Stimulus 

Single 50 ms 200 ms 

M (SD) M (SD) M (SD) 

Very preterm
a
 152.85 (27.96) 150.85 (29.28) 152.69 (28.29) 

Term
b
 161.46 (27.94) 161.46 (26.98) 162.15 (26.42) 

Note. 
a
n

 
= 13, 

b
n = 13  
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Figure 4.1. Grand -averaged waveforms elicited by the single tone, 50 and 200 ms ISI tone-

pairs for VP (blue) and term (red) groups. The amplitudes of the waveforms recorded at T7 

and T8, are presented on the y-axis in microvolts (µV) and time from stimulus onset is 

presented in milliseconds (ms) on the x-axis. The Tb peaks elicited by the second tone of 

tone-pair stimuli are labelled “Tb”. 

T

b 

T

b 

T

b 
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4.2.6. Computation of Tb mean amplitudes 

The close proximity of the mastoid sites to the T7 and T8 sites reduces the signal to 

noise ratio. Therefore, the use of the response overlap correction described in Clunies-Ross et 

al. (2018) resulted in noisy waveforms that could not be interpreted sensibly. Given this, we 

chose not to compute Tb mean amplitudes based on response corrected waveforms. Instead, 

Tb mean amplitudes were extracted from individual uncorrected waveforms, which included 

the response to both tones of tone-pairs. Ta mean amplitudes were not measured due to the 

overlap between the Ta of the second tone, and the positive-going tail of the Tb response to 

the first tone. 

Adaptive mean amplitudes were calculated due to inter-individual variability in Tb 

latencies (Clayson, Baldwin, & Larson, 2013). The Tb adaptive mean amplitudes, referred to 

as mean amplitudes from here on, were calculated based on 20 ms windows, centred on each 

individual’s peak latency for each condition, and for each hemisphere (Clunies-Ross et al., 

2015; Clunies-Ross et al., 2018; Hakvoort, van der Leij, Maurits, Maassen, & van Zuijen, 

2014). The grand-averaged peak latencies time-locked to the onset of the second tone of 

tone-pairs are presented in Table 4.2. Mean amplitudes for the Tb were measured relative to 

the mean amplitude of the previous positivity. 
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Table 4.2.  

Grand-Averaged Peak Latencies (ms), from Onset of Second Tone of Tone-pairs, Used to 

Calculate Intervals for the Mean Amplitudes for Term and VP Groups. 

  Very preterm
a
 Term

b
 

 T7  T8  T7  T8 

Tb 

50 ms 208.62 (28.46)  216.31 (30.96)  233.23 (29.41)  212.00 (27.42) 

200 ms 216.31 (20.62)  222.46 (25.43)  225.85 (22.66)  218.77 (14.64) 

Note. 
a
n

 
= 13, 

b
n = 13 

4.2.7. Laterality indices (LIs) and expressive vocabulary 

Due to the availability of Vocabulary scores, we conducted exploratory analyses of 

the relationships between the lateralisation of rapid and slow temporal processing and 

expressive vocabulary. The Vocabulary subtests of the WISC-IV and WASI require the child 

to name pictorially presented objects, and define orally presented words. The Vocabulary 

subtests measure word knowledge, expressive language, and concept formation (Wechsler, 

1999; Wechsler, 2003). Previous studies have used the Vocabulary subtest as a measure of 

expressive vocabulary (Corriveau, Pasquini, & Goswami, 2007; Fraser, Goswami, & Conti-

Ramsden, 2010; Wise, Sevcik, & Morris, 2007). Of particular relevance to the current study, 

Corriveau and colleagues (2007) found that performance on auditory processing tasks, 

measuring sensitivity to amplitude envelope rise time and sound duration, were significant 

predictors of Vocabulary composite scores (included in the vocabulary composite were the 

Vocabulary subtest and the British Picture Vocabulary Scale) after accounting for age and 

nonverbal IQ. Therefore, we investigated whether lateralisation of rapid and slow temporal 

processing were related to expressive vocabulary abilities. 
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Due to differences in the content of items in the WISC-IV and WASI versions of the 

Vocabulary subtests, we did not combine the two sets of scores for these correlation analyses. 

As a larger proportion of participants were assessed using the WISC-IV, we chose to use the 

subset of participants with WISC-IV Vocabulary data. Fifteen participants had WISC-IV 

Vocabulary scores, which included 3 children from the VP group and 12 from the term group. 

We used Vocabulary raw scores rather than scaled scores, as raw scores are more sensitive to 

variability in performance. 

As an estimate of the degree of lateralisation, we computed laterality indices (LI) for 

Tb responses to rapid and slow tone-pairs (LIRapid, and LISlow, respectively). The LIs were 

computed using the formula: Left – Right, as in Clunies-Ross et al. (2018). As the amplitude 

of the Tb response is negative, a negative LI indicated leftward lateralisation of the Tb 

response and a positive LI indicated a rightward lateralisation of the Tb response. 

4.2.8. Data analysis 

All data were subject to preliminary screening measures prior to statistical analyses to 

ensure that all the assumptions of analysis of variance (ANOVA) and partial correlation 

analyses were met. Data were Winsorised to reduce the effect of spurious univariate outliers 

as outlined by Wilcox (2001). For the two partial correlation analyses, one influential case 

with Cook’s distance > .5 was identified for each analysis. These cases were subsequently 

excluded from the relevant analysis. Skew and kurtosis coefficients were used to assess the 

normality of the data. The skew and kurtosis coefficients of all variables fell within the 

acceptable range (± 2; George & Mallery, 2010).  

In the literature pertaining to temporal processing asymmetries, temporal processing 

asymmetries appear to manifest in at least two different ways. The first is in the form of 
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hemispheric ‘preference’ for a specific temporal rate, wherein the auditory cortex of one 

hemisphere appears to preferentially process one stimulus rate over another (e.g. right 

hemisphere preference for slow temporal modulations over rapid temporal modulations; 

Boemio, Fromm, Braun, & Poeppel, 2005; Clunies-Ross et al., 2018; Scott & McGettigan, 

2013). The second is in the form of hemispheric lateralisation, wherein one hemisphere is 

more responsive or sensitive than the other hemisphere to a certain temporal rate (e.g. larger 

response to rapid stimuli in left hemisphere than the right; Clunies-Ross et al., 2015). As we 

could not control for the influence of the first-tone on second-tone responses, the 50 ms and 

200 ms conditions could not be compared. Thus, the Tb mean amplitudes for the two 

conditions were analysed separately, resulting in an analysis of hemispheric lateralisation, 

not hemispheric preference. Two mixed-design ANOVAs were conducted on Tb mean 

amplitudes, one for each condition (50 and 200 ms ISI). The two 2x2 mixed-design 

ANOVAs included group as the between-subjects factor, and hemisphere (left, right) as the 

within-subjects factor. The relationships between WISC-IV Vocabulary subtest raw scores 

and the LIRapid, and LISlow values were evaluated using partial correlations, controlling for 

nonverbal IQ (PRI) and chronological age, bootstrapped confidence intervals (95%) are 

reported and were computed in SPSS based on 1000 iterations of the available data. Due to 

the smaller sample size, we did not correct for multiple comparisons, so as not to increase the 

likelihood of type II error. Given the small sample size, significant effects would require 

substantiation with larger samples.  
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Table 4.3.  

Sample Characteristics of Very preterm and Term Groups 

Characteristic  Very preterm Term Significance 

Sex  5 male: 8 female 5 male: 8 female - 

Handedness  9 right: 4 left 9 right: 4 left - 

Age at Test (Years) 

 

M (SD) 

Range 

7.14 (0.33) 

6.58 – 7.58 

7.19 (0.43) 

6.25 – 7.74 

t(24) = 0.34, p = .739. 95% CI [-0.26, 0.36] 

 

Gestational Age (Weeks) M (SD) 

Range 

29.38 (2.73) 

24 - 32 

39.06 (1.18)
a
 

38 – 41 

t(20) = 9.60, p < .001. 95% CI [7.65, 11.70] 

 

Birth Weight (Grams) M (SD) 

Range 

1296.92 (421.66) 

675 - 1945 

3416.13 (365.82)
b
 

3000 – 3945 

t(19) = 11.73, p < .001. 95% CI [1741.12, 2497.28] 

 

PIQ/PRI (Std. Score) M (SD) 

Range 

104.08 (15.02) 

81 - 133 

109.75 (9.27) 

96 – 125 

t(23) = 1.13, p = .272. 95% CI [- 4.76, 16.11]
e 

 

VIQ/VCI (Std. Score)
c,1

 M (SD) 

Range 

99.38 (18.72) 

73 – 130 

105.92 (9.93) 

96 – 130 

t(18.55) = 1.10, p = .285. 95% CI [- 5.90, 18.97]
e 

 

Note. CI = Confidence interval of the mean difference between samples. 
a
Birth weight was unavailable for five children from the term group. 

b
Gestational age was unavailable for four children from the term group. 

c
PIQ/PRI and VIQ/VCI were calculated based on chronological age. 

d
PIQ/PRI and VIQ/VCI were unavailable for one child in the term group.

 e
Levene’s test for equality of variances indicated that variances were 

unequal (p < .05), therefore, t-statistics were computed based on unequal variances, and corrected degrees of freedom are reported. 

                                                 

 

1
 Corrected-age PIQ/PRI and VIQ/VCI for the VP group, PIQ/PRI: M = 105.92, SD = 14.91, range = 81- 133; VIQ/VCI: M = 100.08, SD = 18.97, 

range = 75 – 130. 
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4.3. Results 

The descriptive statistics of the Tb mean amplitudes are presented below in Table 4.4. 

Table 4.4. 

Descriptive Statistics of the Tb Mean Amplitudes (µV) 

Note. 
a
n

 
= 13, 

b
n = 13 

4.3.1 Mixed-design ANOVA of the Tb mean amplitudes 

The mixed design ANOVA of Tb mean amplitudes for the 50 ms condition revealed a 

significant effect of hemisphere F(1, 24) = 6.21, p =.020, np
2 

= .206. Neither the main effect 

of group nor the interaction between group and hemisphere were statistically significant, F(1, 

24) < 0.01, p =.990, np
2 

< .001, and F(1, 24) = 0.51, p =.481, np
2 

= .021, respectively. 

Pairwise comparisons revealed that Tb responses to rapid stimuli were significantly larger 

over the left hemisphere than the right, t(25) = 2.52, p = .019, Cohen’s d = 0.49.  

The mixed design ANOVA of Tb amplitudes for the 200 ms condition also revealed a 

significant effect of hemisphere F(1, 24) = 4.66, p =.039, np
2 

= .166. Neither the main effect 

of group nor the interaction between group and hemisphere were statistically significant, F(1, 

24) = 0.24, p =.877, np
2 

= .001, and F(1, 24) = 0.17, p =.684, np
2 

= .007, respectively. 

Pairwise comparisons revealed that Tb responses to slow stimuli were significantly larger 

  Very preterm
a 

Hemisphere 

 Term
b 

Hemisphere 

  Left   Right  Left  Right 

 ISI M (SD)  M (SD)  M (SD)  M (SD) 

T

Tb 

50 ms - 2.56 (1.68)  - 1.88 (1.95)  - 2.85 (1.55)  - 1.61 (1.46) 

200 ms - 3.85 (2.45)  - 4.60 (1.44)  - 3.58 (1.67)  - 4.68 (1.74) 
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over the right hemisphere than the left, t(25) = 2.22, p = .036, Cohen’s d = 0.44. 

4.3.2 Relationships between lateralised temporal processing and expressive 

vocabulary 

The relationship between lateralisation of temporal processing and expressive 

vocabulary was evaluated using a subsample of participants (n = 14; Vocabulary raw score M 

= 23.07, SD = 6.72; LIRapid M = -1.22 SD = 2.43; LISlow M = 0.86, SD = 2.19). After 

controlling for nonverbal IQ and age, there was a large positive correlation between LISlow 

and Vocabulary raw scores, r = .68, p < .05, bootstrapped 95% CI [.44, .96], such that 

rightward lateralisation of Tb responses to slow tone-pairs was associated with better 

expressive vocabulary. The 95% confidence intervals of the bootstrapped correlation 

coefficient did not cross zero confirming that the correlation was significant. After 

controlling for nonverbal IQ and age, there was a large negative correlation between LIRapid 

and Vocabulary raw scores, r = -.74, p < .01, bootstrapped 95% CI [-.96, -.29], such that 

leftward lateralisation of Tb responses to rapid tone-pairs was associated with better 

expressive vocabulary. The 95% confidence intervals of the bootstrapped correlation 

coefficient did not cross zero confirming that the correlation was significant.  

4.4. Discussion 

Abnormalities in hemispheric specialisation for auditory temporal processing are 

theorised to underlie speech processing and language difficulties (Giraud & Poeppel, 2012; 

Goswami, 2011; Hickok & Poeppel, 2007). As VP children are at greater risk of language 

difficulties compared to their term peers (Barre et al., 2010; Nguyen et al., 2018; Sansavini et 

al., 2010) we investigated possible differences in hemispheric asymmetries in temporal 

processing between VP and term children. We hypothesised that the VP group would exhibit 
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atypical lateralisation of rapid and/or slow temporal processing (e.g. reduced or reversed 

lateralisation), which could be associated with the increased risk of language difficulties in 

this population. Based on the predictions of the AST, we hypothesised that the term group 

would exhibit a left hemisphere advantage for processing of rapid tone-pairs, and a right 

hemisphere advantage for processing slow tone-pairs.  

Consistent with the predictions of the AST (Poeppel, 2003), the term group displayed 

leftward lateralisation of Tb responses to rapid stimuli and rightward lateralisation of Tb 

responses to slow stimuli. Contrary to our hypothesis, there were no differences in temporal 

processing asymmetries between the term and VP groups. Indeed, the VP group showed the 

same pattern of responses to their term peers, that is, left-lateralised processing of rapid 

stimuli, and right-lateralised processing of slow stimuli. In contrast to previous studies (Barre 

et al., 2011; Guarini et al., 2009, 2010; Nguyen et al., 2018; Northam et al., 2012; Smith et al., 

2014), we did not observe significant differences in estimates of language ability between 

groups. The unexpected absence of significant group differences in language ability could 

suggest that the sample of children in the VP group may not be representative of the VP 

population, and could also explain why no significant group differences in temporal 

processing asymmetries were evident.  

Finally, exploratory analyses demonstrated that the lateralisation of rapid temporal 

processing and the lateralisation of slow temporal processing were both significantly 

correlated with expressive vocabulary after controlling for age and nonverbal IQ. These 

findings support theories that left hemisphere specialisation for rapid temporal modulations, 

and right hemisphere specialisation for slow temporal modulations are associated with 

language development. 
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4.4.1. Lateralisation of rapid and slow temporal processing in middle childhood 

Left and right non-primary auditory areas are posited to process auditory signals 

according to short and long temporal integration windows, respectively (Poeppel, 2003). 

These windows are thought to manifest as the preferential processing of acoustic signals 

according to rapid and slow sampling rates in left and right hemispheres, respectively 

(Poeppel, 2003; Hickok & Poeppel, 2007). At present, most evidence for the existence of 

such windows is drawn from studies of adult populations (Boemio, Fromm, Braun, & 

Poeppel, 2005; Clunies-Ross et al., 2015; Giraud et al., 2007; Gross et al., 2013; Han & 

Dimitrijevic, 2015; Luo & Poeppel, 2007, 2012; Morillon, Liégeois-chauvel, Arnal, Bénar, & 

Giraud, 2012), but evidence of such asymmetries throughout development is emerging. 

Currently, there is some evidence suggesting that the rightward lateralisation of slow 

temporal processing is present during development (Abrams et al., 2009; Clunies-Ross et al., 

2018; Telkemeyer et al., 2009, 2011; Vanvooren et al., 2014). In terms of leftward 

lateralisation of rapid temporal processing, some studies have found bilateral representation 

of rapid temporal processing in infants and children (infancy: Telkeymeyer et al 2009, 2011, 

and early childhood: Papagiannopoulou & Lagopoulos, 2016; Vanvooren et al., 2014), while 

others have observed left hemisphere preference toward rapid temporal processing (Clunies-

Ross et al., 2018) and left hemisphere lateralisation of rapid temporal processing  (Thompson 

et al., 2016). In the current study, we provide further evidence that left and right hemispheres 

process auditory information asymmetrically in the temporal domain, and that these 

asymmetries are present during middle childhood.  

Consistent with the AST, the temporal processing asymmetries were indexed by the 

Tb response, which is associated with secondary auditory cortices (Albrecht et al., 2000; 
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Ponton et al., 2002; Shafer et al., 2015). In a previous study examining the Tb response and 

using a similar tone-pair paradigm, Clunies-Ross et al. (2018) found that in 7 and 9-year-old 

typically developing children, the left hemisphere preferentially responded to rapid (50 ms) 

tone-pair stimuli, whereas the right hemisphere preferentially responded to slow (100 and 

200 ms) tone-pair stimuli. Results from the current study further strengthen these earlier 

findings by showing that generators of the Tb in the left hemisphere are also more sensitive 

to rapid tone-pair stimuli than those in the right hemisphere, supporting left hemisphere 

advantage for rapid temporal processing. Conversely, generators of the Tb in the right 

hemisphere are more sensitive to slow tone-pair stimuli than those in the left hemisphere, 

supporting right hemisphere advantage for slow temporal processing.  

The observed left hemisphere advantage for rapid stimuli in the current study is 

consistent with previous studies that have observed a left hemisphere advantage for 

processing rapidly presented stimuli and temporally complex auditory stimuli (Brown & 

Nicholls, 1997; Clunies-Ross et al., 2015; Jamison, Watkins, Bishop, & Matthews, 2006; 

Nicholls, 1996; Okamoto, Stracke, Draganova, & Pantev, 2009; Yamasaki et al., 2005; 

Zaehle, Wüstenberg, Meyer, & Jäncke, 2004; Zaehle, Jancke, & Meyer, 2007; Zatorre & 

Belin, 2001). These results support the hypothesis that left auditory areas are tuned to a 

shorter temporal integration window, which enables greater capacity to resolve rapid 

temporal modulations and, therefore, could facilitate the acoustic representation of 

subphoneme/phoneme-level information.   

The right hemisphere advantage for slow stimuli is consistent with a growing body of 

research that suggests a specialised role of right hemisphere non-primary auditory areas in 

the processing slowly modulated auditory stimuli (Abrams, Nicol, Zecker, & Kraus, 2008; 
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Boemio, Fromm, Braun, & Poeppel, 2005; Clunies-Ross et al., 2015; Clunies-Ross et al., 

2018; Huss, Goswami, Cutini, Mead, & Szűcs, 2016; Telkemeyer et al., 2009). These 

findings support the suggestion that parts of the right auditory cortex are tuned to a long 

temporal integration window, and this manifests as the preferential sampling of slowly 

occurring temporal modulations.  

Although Clunies-Ross et al. (2018) did not compare Tb responses between 

hemispheres they computed an effect size for the lateralisation of Tb response to rapid tone-

pairs (50 ms) to compare the lateralisation of rapid temporal processing in children to that of 

young adults (Clunies-Ross et al., 2015). Clunies-Ross et al. (2018) reported a small effect in 

children (d = 0.16), compared to young adults (d = 0.45; Clunies-Ross et al., 2015), and 

suggested that the smaller effect in children, possibly reflected immaturity of the right 

auditory cortex, and that the tuning of neuronal populations in the right auditory cortex to 

slow temporal rates likely continued beyond middle childhood. However, in the current study, 

the effect size for the lateralisation of rapid tone-pairs (50 ms) was larger (d = 0.49) than that 

reported by Clunies-Ross et al (2018). The size of the effect reported here is more consistent 

with that reported in young adults (d = 0.45; Clunies-Ross et al., 2015). It is possible that the 

discrepancy between the effect size reported in the current study, and that reported by 

Clunies-Ross et al. (2018) could be due to differences in the extraction and computation of 

Tb mean amplitudes, and/or references used. 

As the Tb mean amplitudes measured in the current study were extracted from the 

uncorrected ERP waveform rather than response overlap corrected waveforms as in Clunies-

Ross et al. (2018), it is possible that this difference contributed to the discrepancies between 

the effect sizes between studies. The current study also used adaptive mean amplitudes, 
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which were calculated based on the individualised latency windows, whereas Clunies-Ross et 

al (2018) used mean amplitudes, which were calculated based on group-based latency 

window (i.e. derived from the group grand-averaged waveforms rather than individual 

averaged waveforms). The use of adaptive mean amplitudes may be better at capturing ERP 

amplitudes in children than mean amplitudes, due to inter-individual variability in latencies. 

This hypothesis is supported by previous findings by Tonnquist-Uhlen and colleagues (2003), 

who found that inter-individual variability in Tb latencies is greater in young children 

compared to adults. Therefore, while the use of group-based latency windows may be 

appropriate in adults, for whom inter-individual peak latencies are less variable, it may not be 

suitable in young children, for whom peak latencies are more variable. The use of group-

based latency windows may have resulted in the attenuation of Tb mean amplitudes 

measured by Clunies-Ross et al (2018), and thus, reduced the sensitivity of measurements to 

asymmetries in amplitude. 

An alternative, but a possibly complementary explanation for the discrepancy 

between effect sizes could be the use of an averaged-mastoid reference in the current study. 

Previous studies comparing the effect of EEG references on the amplitude of auditory ERPs 

demonstrated that relative to the common-averaged reference, the use of a mastoid reference 

resulted in significantly larger ERP amplitudes (Liang et al., 2017; Mahajan, Peter, & 

Sharma, 2017). Consistent with these previous studies, the Tb mean amplitudes reported in 

the current study are larger than those reported by Clunies-Ross et al (2018). The larger 

amplitudes could have enhanced the lateralisation effect observed in the current study. A 

future study directly comparing adults and children using the adaptive mean amplitude with a 

common-averaged reference and with an averaged-mastoid reference could clarify whether 
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the discrepancies discussed above were due to the computation of mean amplitudes, or the 

choice of reference, or some other unknown factor. Such studies would also be useful for 

determining best methodological practices for future studies examining asymmetries in 

temporal processing using the Tb component. 

Despite methodological variations across studies, our findings were largely consistent 

with the AST and those of previous studies by demonstrating asymmetric temporal 

processing of auditory information in middle childhood. We also provide further evidence 

that the neural generators of the Tb, presumed to be the secondary auditory cortex, constitute 

a neural substrate for the asymmetric acoustic representation of auditory information. 

4.4.2. Functional significance of the auditory evoked Tb response 

Our findings and those of Clunies-Ross and colleagues (2015, 2018) support previous 

conjectures regarding the importance of the Tb response as a possible biological marker of 

language difficulties. Here we show that the generators of the Tb respond asymmetrically to 

rapid and slow tone-pair stimuli, and this asymmetric temporal processing could correspond 

to the segmentation of speech into phonemic and syllabic units for subsequent analysis as 

suggested in the AST (Poeppel, 2003). Notably, previous studies have found reduced 

amplitude or delayed latency of the Tb response in individuals with impaired language ability 

(Bruneau, Gomot, Adrien, & Barthelemy, 2003; Groen et al., 2008; Hämäläinen, Fosker, 

Szücs, & Goswami, 2011; Shafer, Schwartz, & Martin, 2011a; Tonnquist-Uhlén, 1996). 

Given the findings of this and previous studies (Clunies-Ross et al., 2015; Clunies-Ross et al., 

2018; Han & Dimitrijevic, 2015), we suggest that the atypical Tb responses observed in 

studies of individuals with language and/or reading impairments may reflect abnormalities in 

the functioning of areas of the cortex responsible for the segmentation of speech at the 
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phoneme and syllable level. In such cases, abnormalities in segmentation are thought to 

impact an individual’s ability to segment speech accurately and efficiently, resulting in 

abnormal development of acoustic and phonological representations, and as a consequence, 

abnormal language development (Giraud & Poeppel, 2012; Goswami et al., 2016; Tallal, 

Merzenich, Miller, & Jenkins, 1998). Thus, we suggest that the Tb reflects the activity of 

auditory areas, presumably secondary auditory cortex, which are involved in the 

segmentation of auditory inputs into acoustic representations relevant for phonemic and 

syllabic processing. The Tb response is, therefore, a useful index of auditory temporal 

processing, and could be used to further probe hypotheses regarding the role of hemispheric 

asymmetries in temporal processing in language and literacy development.   

4.4.3. Associations between lateralised temporal processing and expressive 

vocabulary 

Exploration of the relationships between laterality indices of temporal processing and 

expressive vocabulary revealed that leftward lateralisation of rapid temporal processing, as 

well as the rightward lateralisation of slow temporal processing, were significantly associated 

with better performance on a measure of expressive vocabulary, after controlling for age and 

nonverbal IQ. These findings align with Hickok and Poeppel’s (2007) proposal that 

processing of both rapid and slow acoustic modulations facilitates speech processing 

subsequent development of phonological, lexical and conceptual representations.  

Specifically, the AST hypothesis speaks to the division of labour in the temporal 

domain, such that the left hemisphere is better suited to processing rapid temporal 

modulations and the right hemisphere is better suited to processing slow temporal 

modulations (Poeppel, 2003). The resulting acoustic representations derived from each 
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hemisphere are integrated to form higher-level representations and, therefore, play an 

important role in speech processing and the development of linguistic representations. 

Atypical development of one or both temporal processing functions is thought to result in 

impaired speech processing and subsequent language learning difficulties (Goswami et al., 

2016). Indeed, in the current study, we observed that the left and right hemisphere 

advantages for processing rapid and slow stimuli, respectively, were associated with better 

language performance.  

The association between rightward lateralisation for slow stimuli and better 

expressive vocabulary supports the hypothesis that right hemisphere processing of slow 

temporal modulations is important for accurate speech perception and subsequent language 

development. It has been proposed that the sampling of auditory inputs according to a long 

temporal integration window in the right hemisphere enables tracking of the amplitude 

envelope of speech (Doelling, Arnal, Ghitza, & Poeppel, 2014; Kösem & Wassenhove, 2017; 

Luo & Poeppel, 2007). The slow fluctuations of the amplitude envelope correspond to the 

onsets of syllables, which help us segment speech into linguistic perceptual events. Thus, 

poor processing of slow temporal modulations is purported to impair speech processing and 

language development via difficulties segmenting speech into acoustic representations that 

correspond to syllables and words. The relationship between lateralised slow temporal 

processing and expressive vocabulary is consistent with the previous finding that sensitivity 

to amplitude envelope rise-times was a significant predictor of vocabulary abilities after 

accounting for age and nonverbal IQ (Corriveau et al., 2007). Amplitude rise-times are 

important temporal cues to the onset of syllables and are thought to realign the temporal 

integration windows of neuronal ensembles in the right hemisphere for more accurate 
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sampling of speech (Goswami, 2011; Goswami et al., 2016). Both findings support the 

importance of low-level auditory processes associated with encoding syllable rate 

information for syllable and word segmentation and subsequently, the development of the 

language system (Corriveau et al., 2007). Our findings add significantly to those of Corriveau 

et al (2007) by providing electrophysiological evidence that the rightward lateralisation of 

slow (syllabic rate) temporal processing is associated with better expressive vocabulary.  

We also observed a significant relationship between the lateralisation of rapid 

temporal processing and expressive vocabulary. We found that the more left-lateralised the 

Tb responses to rapid tone-pairs were, the better the child’s expressive vocabulary. This 

association is consistent with the notion that the resolution of rapidly occurring temporal 

modulations is important for speech processing, specifically phoneme discrimination, and 

language development (Benasich, Thomas, Choudhury, & Leppänen, 2002; Giraud & 

Poeppel, 2012; Poeppel, 2001, 2003; Tallal & Gaab, 2006; Tallal, Miller, & Fitch, 1993; 

Tallal & Piercy, 1973, 1974). Consistent with our findings, another recent study, also 

investigating the AST, demonstrated that leftward lateralisation of high-frequency resting-

state oscillations, which are theorised to facilitate rapid temporal processing, was associated 

with better perception of words in noise (Thompson et al., 2016). They suggested that the left 

lateralisation of high-frequency oscillations supports better detection of auditory signals, and, 

therefore, better speech perception, likely via the alignment of neuronal excitability with the 

fine structure of speech. Indeed, in the current study, we also suggest that the greater left 

lateralisation of rapid temporal processing suggests that the left auditory areas are specialised 

for extracting rapid acoustic cues, whereas reduced or reversed lateralisation may suggest 

poor specialisation and therefore less efficient and effective extraction of rapid acoustic cues. 
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However, it is also possible that language abilities may impact the manifestation of temporal 

processing asymmetries (Bishop, Hardiman, & Barry, 2012). Longitudinal research designs 

assessing both the lateralisation of temporal processing, as well as multiple measures of 

language could help to elucidate the directions of these relationships (Snowling, Gooch, 

McArthur, & Hulme, 2018). 

Given the importance of cues relevant for discrimination of phonemes and the 

segmentation of syllables to speech intelligibility (Chait et al., 2015), hemispheric 

specialisation for both rapid and slow temporal processing likely contribute to language 

development. However, the small sample of children with WISC-IV Vocabulary scores 

limited our ability to conduct multiple regression analyses to clarify the differential 

contributions of both rapid and slow temporal processing to expressive vocabulary. Therefore, 

future studies should also examine the unique contribution of rapid and slow temporal 

processing to expressive vocabulary and other language measures.  

4.4.4. Temporal processing asymmetries in very preterm children  

Contrary to expectation, the VP group in the current study did not exhibit atypical 

temporal processing asymmetries relative to the term group. While this may suggest that 

atypical hemispheric asymmetries in temporal processing are not contributing factors to 

language difficulties in the VP group, we noted several factors that might explain our failure 

to identify significant group differences. Therefore, it would be premature to rule out the 

possibility that atypical hemispheric asymmetries in temporal processing could play a role in 

the increased risk of language difficulties in VP children.  

Although the sample size for the current study was small due to the exclusion of a 

large proportion of data, the effect sizes for the main effect of group, and the interactions 
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between hemisphere and group for both rapid and slow analyses were negligible, and would 

require samples of more than 300 to obtain sufficient statistical power. Thus, the issue here 

does not seem to be solely related to power. Another consideration is the representativeness 

of the final sample of VP children.  

Although a comprehensive measure of language was not conducted, previous studies 

have reported significantly lower verbal IQ scores in VP children relative to term controls 

(Mürner-Lavanchy et al., 2014; Schneider, Luu, Allan, Vohr, & Ment, 2011). Thus, the 

absence of a significant group difference in verbal IQ suggests that the sample VP children 

included in the study may not have been representative of VP children more generally. The 

absence of significant group differences in language ability, at the group-level, may thus 

explain the absence of significant group differences in temporal processing asymmetries. 

Biases in the representativeness of the VP sample could also have resulted from the 

exclusion of participants without identifiable T-complex responses to the second tone of 

tone-pairs, or for whom ERP data were unreliable. When using the ERP method to 

investigate the cortical processing of auditory stimuli it is necessary to ensure that the ERP 

waveforms have adequate signal-to-noise ratios, so that ERP components can be accurately 

identified. Of the 50 VP and 30 term children who completed the auditory EEG task, the 

proportion of VP children (28%) for whom Tb responses to the second tone could not be 

clearly identified was significantly larger than term children (13%; p  < .001), suggesting an 

increased occurrence of atypical auditory processing responses in VP children than term 

children. We also compared the demographic (chronological age, gestational age, birth 

weight, handedness, and gender) and verbal IQ data of these VP children, and the VP 

children who were retained in the study. The only significant difference between the two 
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groups was for gestational age. The VP children who were excluded had significantly lower 

gestational ages than those retained in the study (Cohen’s d = 0.81, p < .05). Two out of the 

13 (15%) VP children retained in the study were born extremely preterm (EP; < 28 weeks 

gestational age), whereas 7 out of the 14 (50%) VP children excluded, due to unidentifiable 

Tb responses, were born EP. The difference in proportions of EP children is important as EP 

children are at greater risk of neurodevelopmental abnormalities than children born later than 

28 weeks gestation (Jois, 2019). The exclusion of VP children for whom Tb responses to the 

second tone could not be identified may have resulted in the inadvertent exclusion of those 

children most likely to exhibit neurodevelopmental abnormalities (e.g. temporal processing 

abnormalities). Although there were no significant differences in language ability between 

the VP children that were excluded and the VP children that were included, it is possible that 

the measure of language used was not sensitive to the subtle differences that may exist for 

more specific language abilities (e.g. phonological processing, receptive language), which 

could be revealed by a more comprehensive assessment of language. However, as the 

purpose of the current study was not to determine group differences in language ability per se, 

the comprehensive assessment of language was not within the scope of the project.  

There are multiple possible explanations for our results, however, based on the 

findings of the current study, atypical temporal processing asymmetries are not necessarily 

associated with the developmental sequelae of VP birth. Instead, atypical asymmetries may 

only be observed in children with language difficulties, either specific to VP birth or more 

generally. It is also possible that other factors, not captured in our current study, could 

underlie language difficulties in VP children (e.g. contribution of other neuropsychological 

deficits). These possibilities warrant the further exploration of atypical temporal processing 
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in VP children with diagnosed language difficulties, perhaps developmental language 

disorder specifically, as well as term children with similar diagnoses. This further exploration 

was beyond the scope of the current study as well as the broader neurodevelopmental 

research program.   

4.4.5. Limitations and future directions 

Despite the robust lateralisation effects observed in the current study, it was not 

without limitations.  

An important issue in the current study was the exclusion of large proportions of data 

from both the VP and term groups due to poor ERP reliability. Unreliable ERPs can result in 

anomalous patterns of responses, which can skew inferential statistical analyses; therefore, it 

was necessary to exclude such data. However, the exclusion of such data reduced the overall 

sample size markedly, limiting the number of children that could be matched on age, gender, 

and handedness. Minimisation of unreliable ERP data in studies with children from both 

clinical and typically developing populations is, therefore, an important issue for future ERP 

studies. This is particularly so because the exclusion of participants with unreliable ERP data 

could result in biases in the representativeness of the sample. For example, difficulties with 

attention and behaviour during testing may impact the reliability of ERPs, resulting in the 

exclusion of participants with attentional and behavioural difficulties. However, attentional 

and behavioural problems may also be a common clinical feature in the population of interest, 

as is the case for children with language difficulties (Lindsay, Dockrell, & Strand, 2007; 

Maggio et al., 2014). Exclusion of these participants may result in the inadvertent removal of 

meaningful variance within the sample. Therefore, improving the reliability of ERPs in 
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children is important to reduce data exclusion and minimise biases in the representativeness 

of clinical populations.  

Possible measures to improve ERP reliability based on the current study could 

include increasing trial numbers and using a full montage of electrodes. A full electrode 

montage would enable the computation of a common-averaged reference, which could 

improve signal-to-noise ratios and, therefore, the reliability of ERPs. An increase in trial 

numbers could also improve signal-to-noise ratios. However, both of these solutions would 

place a greater demand on the children’s capacity to maintain their attention and cooperation 

throughout a longer cap application process, and during a longer passive task. Thus, a 

balance between the timing of cap application and the auditory task must be struck to obtain 

the most reliable data. 

In addition to the issue with ERP reliability observed in the current study, the possible 

bias in the representativeness of the VP group, discussed in section 4.4.4., needs to be 

resolved. This issue is more difficult to address than the issue of ERP reliability, as the 

absence of T-complex responses to the second tone of tone-pairs, in itself, is suggestive of 

auditory processing abnormalities. In the current ERP study, it was not possible to examine 

Tb components that could not be identified and measures. While the analysis of proportions 

of VP and term children without identifiable T-complex responses to the second tone of tone-

pairs revealed a significant difference between groups, the nature of the difference is unclear 

(e.g. undersampling, oversampling, inconsistent sampling). Alternative methodologies such 

as the examination of auditory steady-state responses to a wide range of temporal rates could 

provide more information about temporal processing abnormalities in such participants, and 
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in doing so reduce possible biases in the representativeness of the VP sample due to data 

exclusion. 

Due to the increased noise in the ERP waveforms, associated with an average-

mastoid reference, response overlap corrected waveforms were too noisy to be interpreted 

sensibly. As such, we could not isolate the Tb response to the second tone of tone pairs, and 

could only comment on lateralisation of responses, and not hemispheric preference for rapid 

or slow temporal rates, as was discussed by Clunies-Ross et al (2018). Computation of a 

common-averaged reference, using a full electrode array, would improve the signal-to-noise 

ratio relative to the average-mastoid reference, and, therefore, enable isolation of Tb 

responses using the response overlap correction. 

Future studies should examine differences in the relationship between hemispheric 

asymmetries in temporal processing and language development in term and VP groups. 

Given that recent research has also demonstrated multiple language trajectories throughout 

development (Nguyen et al., 2018) future longitudinal studies could examine the 

development of hemispheric asymmetries in temporal processing, alongside the development 

of language abilities. Such studies could clarify the role of rapid and slow temporal 

processing at different stages throughout development, as some suggest that early language 

acquisition is supported by rapid acoustic information, while others suggest that it is 

supported by suprasegmental rate information. Longitudinal studies could help clarify 

whether there are multiple trajectories associated with temporal processing asymmetries, and 

which patterns of temporal processing lateralisation are more likely to result in adverse 

language outcomes (e.g. reversed lateralisation, no lateralisation, only one rate is lateralised). 
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This may clarify the temporal processing abnormalities most predictive of language 

difficulties in VP children. 

Finally, as 12 out of the 14 participants included in these correlational analyses were 

term children, the relationship between lateralisation of rapid and slow temporal processing 

and expressive vocabulary may differ in VP children. Thus, future studies could also 

examine the relationship between lateralisation of temporal processing and language abilities 

in a sample of VP children. 

4.4. Conclusions 

Our study demonstrated that in the absence of commonly reported language 

difficulties in the VP group, VP children did not exhibit atypical hemispheric asymmetries in 

temporal processing when examined at the group level. Although there is still some debate in 

the literature about whether rapid temporal processing is left-lateralised, our findings, 

however modest, suggest that in areas indexed by the Tb, processing of rapidly presented 

stimuli was lateralised to the left hemisphere. Consistent with previous findings in typically 

developing children and adults, processing of slowly presented stimuli was lateralised to the 

right hemisphere. These findings provide support for the AST hypothesis and demonstrate 

the utility of the Tb response for investigating abnormalities in temporal processing 

asymmetries. Importantly, we found strong relationships between the lateralisation of both 

rapid and slow temporal processing and expressive vocabulary in a predominantly term 

subsample. These findings provide support for the proposed relationship between the 

processing of phonemic and syllabic rate information and language development but also 

advocate the need for longitudinal studies to examine the direction of the relationship 

between auditory temporal processing and language abilities.  
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5.1. Chapter Overview 

The three preceding chapters explored the hypothesis that continuous auditory 

information (e.g. speech) is asymmetrically processed in the temporal domain according to 

short and long temporal integration windows. Hemispheric asymmetries in the processing of 

rapid and slow tone-pair stimuli were investigated using the event-related potential (ERP) 

technique. In this final chapter I will provide an overview of the rationale and aims of the 

thesis, which will be followed by a brief summary of the key findings from each empirical 

chapter (Chapter 2, 3, and 4). Next, I provide a detailed discussion of each study’s findings in 

relation to the four key contributions that this thesis has made to our understanding of 

hemispheric asymmetries in temporal processing and their relation to language and reading 

abilities. Finally, the limitations of this thesis and directions for future research are offered, 

followed by concluding remarks. 

5.2. Thesis Rationale and Aims 

Speech is composed of temporal modulations, or cues, that occur across multiple 

timescales (Rosen 1992). Accurate processing of these cues is thought to be important for the 

discrimination of phonemes and segmentation of syllables, which are necessary for the 

development of phonological and lexical/semantic representations, and consequently, 

language and literacy abilities (Giraud & Poeppel, 2012; Goswami, 2011; Lehongre, 

Morillon, Giraud, & Ramus, 2013). In the asymmetric sampling in time (AST) hypothesis, 

Poeppel (2003) posited that the temporally asymmetric parsing of continuous auditory 

information facilitates the extraction of the phonemic and syllabic cues used in subsequent 

speech and language processes. He proposed that the temporal processing of auditory 

information is symmetric in primary auditory areas, whereas the left and right non-primary 
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auditory areas preferentially sample auditory signals according to short (~25 - 50 ms) and 

long (~200 - 250 ms) temporal integration windows, respectively. The asymmetric 

distribution of neuronal ensembles tuned to short and long temporal integration windows was 

suggested to result in the preferential sampling of acoustic signals at rates necessary for the 

discrimination of phonemes (~20-40 Hz), and segmentation of syllables (~4-5 Hz).  

Poeppel (2003) surmised that these low-level temporal processing asymmetries could 

explain the bilateral representation of speech and language processes, as well as the 

functional asymmetries observed in a wide range of research disciplines (e.g. left hemisphere 

advantage for rapid and phonemic information, and right hemisphere advantage for syllabic 

and prosodic processing). The AST (Poeppel, 2003) has, therefore, given rise to a dynamic 

program of research on topics such as hemispheric specialisation (Abrams, Nicol, Zecker, & 

Kraus, 2008; Jamison, Watkins, Bishop, & Matthews, 2006), factors affecting speech 

perception and production (e.g. Assaneo & Poeppel, 2018; Doelling et al., 2014), language 

acquisition (e.g. Minagawa-Kawai et al., 2011), and the nature of clinical deficits in language 

and reading disorders (e.g. Abrams, Nicol, Zecker, & Kraus, 2009; Goswami, 2011; Guiraud 

et al., 2018; Leong & Goswami, 2014; Thompson et al., 2016). However, despite the 

extensive body of research stemming from the AST hypothesis, there remain inconsistencies 

in the literature regarding the nature of temporal processing asymmetries and their associated 

auditory areas. In addition, there is relative paucity in studies exploring the development of 

such asymmetries, and their relationship with cognitive abilities (e.g. language and literacy 

abilities) in children. 

The overarching aim of the present thesis was to explore the cortical representation of 

auditory stimuli presented at rapid and slow rates using auditory ERPs, in the context of the 
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AST hypothesis (Poeppel, 2003). The series of three experimental studies had three key 

aims: 1) to examine temporal processing asymmetries in young adults, with the hypothesis 

that left non-primary auditory areas function according to a short temporal integration 

window, and right non-primary auditory areas function according to a long temporal 

integration window; 2) to explore the development of temporal processing asymmetries in 

middle childhood (7 to 9 years of age) and evaluate whether temporal processing 

asymmetries were associated with concurrent and/or subsequent word reading and nonword 

reading ability; and finally 3) to investigate whether there are differences between temporal 

processing asymmetries of term children and very preterm (VP) children, based on the 

commonly reported finding that VP children are at greater risk of language difficulties and 

exhibit abnormalities in brain areas associated with auditory temporal processing 

asymmetries (i.e. superior temporal gyrus).  

5.3. Summary of Empirical Findings  

As a first step toward clarifying asymmetries in temporal processing, the objective of 

the first experimental study (Chapter 2), was to use auditory ERPs (i.e. the N1, Ta and Tb) to 

investigate whether the left and right auditory areas process tone-pair stimuli according to 

short and long temporal integration windows, respectively. The findings of Chapter 2 

demonstrated that at early stages of auditory processing, indexed by the N1 and Ta (i.e. 

predominantly primary auditory cortex), temporal processing was symmetric. At later stages 

of auditory processing, indexed by the Tb (i.e. secondary auditory cortex), temporal 

processing was asymmetric. The Tb of the left hemisphere was sensitive to both rapid and 

slow stimuli, suggesting high temporal resolution consistent with a short temporal integration 

window; while the Tb of the right hemispheres was only sensitive to the slow stimuli, 
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reflecting low temporal resolution consistent with a long temporal integration window. These 

findings aligned with Poeppel’s (2003) proposal that temporal processing of auditory 

information is symmetric in primary auditory areas and is elaborated asymmetrically in non-

primary auditory areas, in this case presumed to be the secondary auditory cortex. 

Importantly, this study demonstrated that hemispheric asymmetries in temporal processing 

were reflected by the Tb component of the auditory ERP.  

Given that asymmetries in temporal processing could be assessed using the Tb 

component in young adults (18 to 23 years old), in Chapter 3, I explored the development of 

temporal processing asymmetries from 7 to 9 years of age in typically developing children. 

Children were assessed at age 7 and again at age 9, as this period represents a phase of 

significant development in language abilities and auditory processing (Bishop, Anderson, 

Reid, & Fox, 2011; Moore, Cowan, Riley, Edmonson-Jones, & Ferguson, 2011; Tonnquist-

Uhlen, Ponton, Eggermont, Kwong, & Don, 2003; Vandewalle, Boets, Ghesquière, & Zink, 

2012). Studies of temporal processing asymmetries during development have tended to focus 

on infants (e.g. Telkemeyer et al., 2009, 2011) and pre-school children (Thompson et al., 

2016; Vanvooren et al., 2014, 2015) due to the potential for early identification of children at 

risk of language and literacy difficulties, or reported comparisons focused on identifying 

differences between children with and without developmental dyslexia (Huss et al., 2016; 

Papagiannopoulou & Lagopoulos, 2016). Therefore, the trajectory of temporal processing 

asymmetries, and their relation to concurrent and subsequent language and literacy skills has 

been poorly characterised.  

Based on the predictions of the AST hypothesis (Poeppel, 2003), the main hypothesis 

was that left secondary auditory areas would preferentially process auditory stimuli 
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according to a short temporal integration window, while right secondary auditory areas, 

would preferentially process auditory stimuli according to a long temporal integration 

window. It was also hypothesised that asymmetries would become more prominent from 7 to 

9 years of age. A similar tone-pair paradigm as described in Chapter 2 was used with the 

addition of 25 and 100 ms ISI conditions to provide additional information about the length 

of the putative temporal integration windows during middle childhood. The Ta and Tb 

components of auditory ERPs were used as indices of auditory processing in primary and 

secondary auditory areas, respectively. Contrary to expectation, there were no significant 

changes in temporal processing asymmetries from 7 to 9 years of age.  Nevertheless, 

consistent with the AST hypothesis, Tb responses of children at both 7 and 9 years of age 

reflected hemispheric asymmetries in temporal processing of rapid and slow auditory stimuli. 

Left auditory areas preferentially responded to rapid stimuli compared to slow stimuli, and 

right auditory areas preferentially responded to slow stimuli compared to rapid stimuli.  

The second objective of Chapter 3 was to explore associations between asymmetries 

in temporal processing and concurrent and subsequent word and nonword reading ability. 

The lateralisation of Tb responses to rapid stimuli at 7 years of age was found to be a small 

(11.4%) but significant predictor of performance on phonemic decoding, but not word 

reading tasks, at 9 years of age. This finding was consistent with previous studies that have 

demonstrated an association between processing of rapid auditory modulations and 

subsequent reading abilities (Arciuli, Rankine, & Monaghan, 2010; Raschle, Stering, 

Meissner, & Gaab, 2014; Steinbrink, Zimmer, Lachmann, Dirichs, & Kammer, 2014). 

Together with these studies, the findings of Chapter 3 provide support for the importance of 
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rapid temporal processing abilities and development of reading skills in middle childhood 

(Lehongre et al., 2011; Tallal & Piercy, 1973, 1974; Tallal & Gaab, 2006).  

Following the finding that temporal processing asymmetries are present during 

middle childhood, the final study, described in Chapter 4, aimed to investigate whether VP 

children exhibit atypical hemispheric asymmetries in temporal processing compared to term 

children. Similar to Chapters 2 and 3, I examined Tb responses extracted from the ERPs 

elicited by tone-pair stimuli (50 and 200 ms ISIs). Contrary to expectations, the results of 

Chapter 4 did not reveal significant differences in temporal processing asymmetries between 

VP and term groups. This unexpected result could have been due to biases in the 

representativeness of the VP group. Fifty per cent of the VP children that were excluded (7 

out of 14) due to having unidentifiable Tb responses to the second tone of tone-pairs, were 

children born extremely preterm (EP; < 28 weeks gestational age). These children are more 

likely to exhibit neurodevelopmental abnormalities (Jois, 2019), therefore, the exclusion of 

these children may have biased the representativeness of the VP sample. Additionally, the 

absence of significant group differences in language abilities also supports the hypothesis 

that the VP group was not representative of the typical VP population, as previous studies 

commonly report significant differences in language ability between term and VP groups. 

Thus, the biases in the representativeness of the sample may explain why no group 

differences in temporal processing asymmetries were observed. 

Consistent with the predictions of the AST, in both term and VP children, the 

processing of rapidly presented auditory stimuli was significantly left-lateralised, while the 

processing of slowly presented auditory stimuli was significantly right-lateralised. These 

findings provide further evidence for the left hemisphere specialisation for processing rapid 
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acoustic modulations (Clunies-Ross et al., 2018; Thompson et al., 2016) and the right 

hemisphere specialisation for processing slow acoustic modulations in children (Abrams et 

al., 2008; Papagiannopoulou & Lagopoulos, 2016; Telkemeyer et al., 2009, 2011; Vanvooren 

et al., 2015, 2014). These findings again supported the use of the Tb component as an index 

asymmetric temporal processing as found in Chapters 2 and 3 (Clunies-Ross et al., 2015; 

Clunies-Ross et al., 2018).  

In addition to the investigation of temporal processing asymmetries in Chapter 4, the 

relationships between the lateralisation of rapid and slow temporal processing (negative 

laterality index indicates left lateralisation and positive laterality index indicates right 

lateralisation) with expressive vocabulary were explored. The lateralisation of Tb responses 

to rapid auditory stimuli was negatively associated with expressive vocabulary, while the 

lateralisation of Tb responses to slow auditory stimuli was positively associated with 

expressive vocabulary. The association between left lateralised processing of rapid acoustic 

modulations and better expressive vocabulary supports the hypothesis that left hemisphere 

specialisation for parsing the rapid acoustic modulations is important for the development of 

phonological representations and subsequent language development (Benasich, Thomas, 

Choudhury, & Leppänen, 2002; Giraud & Poeppel, 2012). The finding that right lateralised 

processing of slow acoustic modulations is associated with better expressive vocabulary is 

consistent with the purported importance of right auditory areas in tracking the amplitude 

envelope of speech (i.e. slow modulations ~200 - 250 ms). As tracking of the slow amplitude 

fluctuations in the speech envelope is suggested to be important for speech segmentation (e.g. 

syllables and words) and intelligibility (Ghitza & Greenberg, 2009; Peelle & Davis, 2012; 

Riecke, Formisano, Sorger, Başkent, & Gaudrain, 2017; Shannon, Zeng, Kamath, Wygonski, 
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& Ekelid, 1995), greater hemispheric specialisation for tracking slow acoustic modulations is 

likely associated with more efficient speech segmentation and therefore, enhanced 

comprehension abilities.  

5.4. Key contributions to the literature 

Throughout the program of this systematic research, this thesis has made four key 

contributions to the understanding of hemispheric asymmetries in auditory temporal 

processing: it demonstrated 1) the functional significance of the Tb component of the 

temporally distributed auditory ERP for assessing temporal processing asymmetries in 

children and adults; 2) evidence of asymmetric temporal processing in young adulthood and 

middle childhood; 3) that the lateralisation of temporal processing functions is associated 

with language and reading abilities, and 4) that in the absence of language difficulties, VP 

children do not exhibit atypical development of temporal processing asymmetries, at the 

group-level, compared to their term-born peers. Each of these contributions and their 

implications are discussed in the following subsections. 

5.4.1. The functional significance of the Tb ERP component 

The significant findings indexed by the Tb in all three empirical studies of this thesis 

provide support for the existence of hemispheric specialisation for processing rapid and slow 

acoustic modulations (Giraud & Poeppel, 2012; Poeppel, 2003). Therefore, in this thesis it 

was also demonstrated that the Tb ERP component is a useful index for investigating the 

contribution of temporal processing asymmetries to speech processing and the development 

of language and literacy skills in both adults and children. 

While the Tb is considered an obligatory auditory ERP, and has been localised to the 

secondary auditory cortex, the functional significance of the Tb has been poorly defined 



Chapter 5: General Discussion 

 180  

relative to other ERPs such as the N1, and the auditory Mismatch Negativity (MMN). 

Recently, it was demonstrated that the T-complex (Ta and Tb) tracks the acoustic 

modulations in speech stimuli (Wagner et al., 2016, 2017), such that cortical processing of 

two different syllables could be differentiated based on the T-complex waveform. As the 

authors examined the average of left and right hemisphere T-complex responses elicited by 

syllable stimuli they, therefore, did not examine hemispheric asymmetries in sensitivity to 

acoustic modulations. Nevertheless, complementing their findings, the results of the present 

thesis provide new insights into the functional significance of the Tb, specifically. The 

findings of this thesis demonstrated that the generators of the Tb, in left and right 

hemispheres, are not equally sensitive to rapid and slow acoustic modulations in the speech 

signal, as might be assumed based on the findings of Wagner and colleagues (2016, 2017). 

As reflected by the Tb across all three studies, neuronal ensembles of the left secondary 

auditory cortex preferentially respond to rapid acoustic modulations, relevant for 

phonemic/sub-phonemic discrimination, while neuronal ensembles of the right secondary 

auditory cortex preferentially respond to slow acoustic modulations, relevant for syllable and 

word segmentation.  

The distinction between the temporal sensitivities of the left and the right secondary 

auditory areas, indexed by the Tb, is important as abnormalities in the processes associated 

with each hemisphere (e.g. phonemic or syllabic segmentation) would impact speech 

processing and language development in different ways and would necessitate the 

development of different interventions. Thus, when attempting to understand the contribution 

of atypical auditory processing to deficits observed in clinical populations (e.g. 

developmental language disorder or dyslexia), abnormalities in the Tb responses of left and 
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right hemisphere could reveal whether deficits are associated with processing rapid or slow 

acoustic modulations. The functional significance of the Tb for temporal processing 

asymmetries may further clarify interpretations of previous studies that have highlighted the 

importance of the Tb response as a potential index of language impairment. 

Previous studies have described atypical Tb responses in clinical populations with 

language and/or reading impairment compared to ‘typical’ or ‘control’ individuals (Groen, 

Alku, & Bishop, 2008; Hämäläinen, Fosker, Szűcs, & Goswami, 2011; Shafer, Schwartz, & 

Martin, 2011; Tonnquist-Uhlén, 1996). Therefore, the Tb component has been put forward as 

a potential indicator of risk for speech and language impairment. The smaller amplitude 

and/or delayed latency of the Tb in populations with language impairments (e.g. Bruneau, 

Gomot, Adrien, & Barthelemy, 2003; Groen, Alku, & Bishop, 2008; Shafer, Schwartz, & 

Martin, 2011; Tonnquist-Uhlén, 1996) suggests abnormal functioning of the secondary 

auditory cortex. As the findings of the current thesis suggest that at least one function of 

secondary auditory areas is the asymmetric temporal processing of auditory stimuli, problems 

with temporal processing of auditory stimuli (e.g. reduced phase-locking, atypical sampling 

rates) may explain the association between abnormal Tb responses and the presence of 

language impairment. The hypothesis that abnormalities in temporal processing could 

underlie the language impairments in the studies cited above is consistent with current 

theories regarding the contribution of low-level temporal processing in developmental 

language disorder and dyslexia (Giraud & Poeppel, 2012; Goswami, 2011). At this point, this 

explanation is purely speculative. Further investigation of hemispheric asymmetries in Tb 

responses to the amplitude fluctuations of speech and speech-like auditory stimuli could help 

to clarify whether these ‘atypical’ Tb responses are associated with abnormal temporal 
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processing functions in clinical populations with language impairment. 

As the Tb component of the auditory ERP is present from childhood through to 

adulthood, and is shown to be relatively stable by approximately 7 years of age  (Tonnquist-

Uhlen, Ponton, Eggermont, Kwong, & Don, 2003), it allowed me to investigate whether 

there are hemispheric asymmetries in temporal processing across multiple ages. 

5.4.2. Hemispheric asymmetries in temporal processing in adults and children 

While the AST hypothesis has been a popular multi-time resolution framework from 

which to examine contributions of left and right auditory cortices to the development of 

speech and language representations, consistent evidence of the asymmetries outlined in the 

AST hypothesis has been lacking (McGettigan & Scott, 2012; Zatorre & Gandour, 2008). 

Thus, the first significant contribution that this thesis makes to the literature is identification 

of hemispheric asymmetries in temporal processing in both childhood and adulthood using 

the same ERP component, the Tb of the T-complex.  

5.4.2.1. Hemispheric asymmetries in temporal processing in adults 

In Chapter 2, symmetric N1 and Ta responses were elicited by rapid and slow tone-

pair stimuli, suggesting that there are neuronal ensembles in left and right primary auditory 

areas tuned to a temporal integration window of at least 50 ms or shorter. The symmetric 

pattern of responses is consistent with findings of Boemio et al. (2005), who also observed 

that left and right primary auditory areas were equally sensitive to rapid acoustic modulations 

occurring at timescales of approximately 25 ms. Together with other studies of auditory 

steady-state responses (ASSR) that provided evidence of fast sampling rates, such as the 40 

Hz ASSR in adult primary auditory cortex (Baltus & Herrmann, 2015; Zaehle et al., 2010), it 

is likely that the temporal integration window associated with the primary auditory cortex is 
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between 25- 50 ms. It should be noted, however, that other studies have observed temporal 

processing asymmetries in primary auditory areas (Jamison et al., 2006; Johnson et al., 2013; 

Ross, Herdman, & Pantev, 2005; Zatorre & Belin, 2001), therefore, such asymmetries cannot 

be ruled out. Given that primary auditory cortex can be subdivided into multiple functional 

fields (Woods et al., 2010), it is possible that there are portions of the primary auditory cortex 

that function symmetrically, and portions that function asymmetrically.  

Although the N1 and Ta responses were symmetric, the responses increased in 

amplitude with the increase in ISI from 50 ms to 200 ms, which was similar to the increase in 

BOLD responses observed by Boemio et al. (2005) with segment duration. These findings 

suggest that the primary auditory cortex could be composed of at least two neuronal 

ensembles differentially tuned to short and long temporal integration windows. In such a case, 

the responses to rapid auditory stimulation would be generated by neuronal ensembles tuned 

to a short temporal integration window, while responses to slow auditory stimulation would 

recruit an additional set of neuronal ensembles tuned to a long temporal integration window, 

resulting in larger electrophysiological response. Support for the existence of separate 

neuronal ensembles tuned to two different temporal integration windows is provided by 

recent work by Giroud et al. (2019, March 18), who used intracortical EEG to examine inter-

trial phase coherence of neural oscillations, elicited by pure tone stimuli. They observed 

spectral peaks in the theta (~ 4-8 Hz) and low gamma (~ 25-50 Hz) bands in bilateral primary 

auditory cortex, suggesting that there are neuronal ensembles tuned to short and long 

temporal integration windows in primary auditory cortex. These findings suggest that the 

processing of auditory inputs according to multiple timescales may not be limited to non-
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primary auditory areas, and that segmentation consistent with sub-phonemic/phonemic and 

syllabic units could occur as early as the primary auditory cortex. 

The key finding of Chapter 2 was that at later stages of processing, temporal 

processing of rapid and slow stimuli were asymmetric. The pattern of Tb responses to rapid 

and slow stimuli suggested that generators of the Tb in the left hemisphere function 

according to a short temporal integration window (< 50 ms), capable of sampling auditory 

information that unfolds over both rapid and slow timescales. In contrast, generators of the 

Tb in the right hemisphere function according to a longer temporal integration window 

(between 50 and 200 ms), which samples auditory information that unfolds over slow 

timescales. The higher resolution of the left hemisphere is consistent with previous 

observations that the left hemisphere is more sensitive to temporal variations in auditory 

stimuli than the right (e.g. Belin et al., 1998). The preferential processing of slowly unfolding 

auditory information in the right hemisphere is consistent with previous studies that suggest a 

specialised role for right auditory areas in processing slow temporal modulations, such as the 

amplitude envelope of speech (Abrams, Nicol, Zecker, & Kraus, 2008; Boemio, Fromm, 

Braun, & Poeppel, 2005; Giraud et al., 2007; Giroud et al., 2019, March 18; Han & 

Dimitrijevic, 2015; Luo & Poeppel, 2012; Morillon, Liégeois-chauvel, Arnal, Bénar, & 

Giraud, 2012). While the findings of Boemio et al. (2005) and Belin et al. (1998) 

demonstrate the reduced sensitivity of right auditory areas to rapid acoustic modulations, 

based on reductions in haemodynamic responses, the findings of Chapter 2 in the current 

thesis provide electrophysiological evidence that right hemisphere secondary auditory areas 

are not responsive to acoustic stimulation at rapid rates, consistent with the long temporal 

integration window.  
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In addition to demonstrating the existence of temporal processing asymmetries, the 

findings of Chapter 2 demonstrate that these asymmetries occur within the secondary 

auditory cortex. Previous studies have found asymmetries in primary auditory cortex (e.g. 

Giraud et al., 2007; Jamison, Watkins, Bishop, & Matthews, 2006; Lehongre et al., 2013; 

Zatorre & Belin, 2001), secondary auditory cortex (e.g. Abrams et al., 2008; Han & 

Dimitrijevic, 2015), and association auditory cortex (Boemio et al., 2005; Giroud et al., 2019, 

March 18; Lehongre, Ramus, Villiermet, Schwartz, & Giraud, 2011). The findings of 

Chapter 2 provide evidence for asymmetric temporal processing at the level of secondary 

auditory cortex, indexed by the Tb, and not the primary auditory cortex, indexed by the N1 

and Ta. Together these findings, support the hypothesis that asymmetric sampling of the 

output from primary auditory cortex by neuronal ensembles in the secondary auditory cortex 

could represent an intermediate computation (e.g. acoustic representation) that enables the 

mapping of acoustic representations onto phonemic representations (Hickok & Poeppel, 

2007). Overall, the findings of Chapter 2 contribute to the converging evidence for the 

asymmetric processing of auditory information according to at least two timescales (Boemio 

et al., 2005; Giraud et al., 2007; Jamison et al., 2006; Luo & Poeppel, 2007, 2012), and 

suggest that the asymmetric processing according to these timescales occurs at the level of 

the secondary auditory cortex.  

5.4.2.2. Hemispheric asymmetries in temporal processing in typically developing 

children 

Previous studies investigating asymmetries in temporal processing have observed 

variable asymmetries throughout development, and as such, the developmental trajectory of 

temporal processing asymmetries has been unclear. Studies vary markedly due to the 
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investigation endogenous or exogenous neural activity, stimulus type (e.g. speech, non-

speech, amplitude modulated), the use of different neuroimaging techniques (e.g. MEG, EEG, 

NIRS), the use of different electrode sites, and differences in the age range of samples. As 

such, the direct comparison of the current findings to those of previous studies is complicated.  

Still, based on the work undertaken, some possible conclusions or explanations can be 

offered. The findings of Chapter 3 and 4 were broadly consistent with the predictions 

outlined in the AST hypothesis (Poeppel, 2003). The generators of the Tb in the left 

hemisphere appear to function according to a short temporal integration window (~25 to 50 

ms), which results in the preferential sampling at a rapid rate, while the generators of the Tb 

in the right hemisphere appear to function according to a long temporal integration window 

(~150 - 220 ms), which results in preferential sampling at a slow rate. In contrast to 

hypotheses, there were not significant changes in Ta and Tb amplitudes between the ages 7 

and 9. It was hypothesised that such changes may occur over this period as previous studies 

had observed development of T-complex components over this time (Bishop, Anderson, Reid, 

& Fox, 2011; Tonnquist-Uhlen et al., 2003), which could impact the functional symmetries 

and asymmetries. Nevertheless, based on the data of Chapter 3, these findings do not support 

the development of hemispheric symmetries and asymmetries between 7 and 9 years of age. 

Alternative explanations for the absence of significant change are discussed in section 5.5. 

The presence of left biased asymmetries in processing of rapid auditory stimuli aligns 

with the previous finding that endogenous neuronal oscillations in the gamma frequency 

band (20-50 Hz), which are proposed to correspond to sampling according to a short 

temporal integration window (20-50 ms), are left-lateralised from 3 to 5 years old onward 

(Thompson et al., 2016). Furthermore, it suggests that rapid temporal processing becomes 
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more lateralised between infancy and middle childhood, as processing of rapid temporal 

modulations does not appear to be lateralised during infancy (Telkemeyer et al., 2009, 2011). 

Although some studies have reported bilateral representation of rapid temporal processing in 

children aged 5 years old (e.g. Vanvooren et al., 2014, 2015), these studies measured the 

average of 20 Hz ASSRs from parietal and occipital electrodes for each hemisphere, and the 

generators of these responses were not reported. Furthermore, Vanvooren et al. (2014, 2015) 

used a Cz reference, which is known to pick up activity from the frontocentral ERPs, which 

originate from the primary auditory cortex. Thus, it is possible the use of Cz as a reference 

may have introduced activity from the primary auditory cortices, which have been shown to 

be bilaterally sensitive to rapid acoustic stimuli in adults (Boemio et al., 2005; Clunies-Ross 

et al., 2015). Importantly, the preferential processing of rapid stimuli in the left hemisphere 

generators of the Tb is not consistent with suggestions that rapid temporal processing may be 

represented bilaterally instead of being left-lateralised (Giraud & Poeppel, 2012; Poeppel, 

Idsardi, & van Wassenhove, 2008). As the left hemisphere specialisation for rapid temporal 

processing is proposed to reflect an low-level stage of processing that facilitates the 

extraction of acoustic cues necessary for phonemic discrimination and identification, these 

findings are consistent with left hemisphere involvement in phonemic processing (Liebenthal, 

Binder, Spitzer, Possing, & Medler, 2005). 

With regard to preferential processing of slow stimuli in the right hemisphere, the 

results of Chapter 3 and 4 were consistent with the emergence of right hemisphere 

specialisation for slow temporal modulations from infancy (Telkemeyer et al., 2009, 2011), 

the right lateralisation of endogenous oscillations in the theta-band in 8 year-olds (3.6 - 7.4 

Hz; Papagiannopoulou & Lagopoulos, 2016), the right hemisphere advantage for tracking 
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amplitude envelope modulations (Abrams et al., 2008), and the rightward lateralisation of 

ASSRs to 4 Hz amplitude-modulated, speech-weighted-noise in 5 year-olds (Vanvooren et 

al., 2015, 2014). Thompson et al (2016) failed to find rightward lateralisation for endogenous 

oscillations in the theta-band. However, the effect in their study may have been masked by 

the use of widely distributed array of electrodes for each hemisphere, which likely combined 

activity from multiple areas of the auditory cortices. While most of the aforementioned 

studies demonstrate the rightward lateralisation of processing for slow acoustic modulations 

as found in Chapter 4, the findings of Chapter 3 suggest that right secondary auditory areas 

preferentially process slow acoustic stimuli relative to rapid acoustic stimuli, supporting the 

idea that a greater proportion of neuronal ensembles are tuned to a long temporal integration 

window than a short one (Poeppel, 2003). 

An interesting finding from Chapter 3 was the observation that distinct Tb responses 

were also elicited to 25 and 50 ms stimuli over the right hemisphere, although these were 

attenuated relative to the slow stimuli. As the Tb response to the 50 ms stimuli in young 

adults was relatively absent, the distinct Tb responses to the rapid stimuli in children suggests 

that neuronal populations tuned to short temporal integration windows (~25-50 ms) are also 

represented in the right secondary areas during middle childhood, although neuronal 

populations appear predominantly tuned to a long temporal integration window. These 

findings seem to be consistent with previous observation of bilateral endogenous beta 

oscillations (12.5-30 Hz) and right lateralised endogenous theta oscillations (4 Hz) by 

Papagiannopoulou and Lagopoulos (2016) in 8 year-old children, as well as bilateral rapid 

temporal processing and rightward lateralisation of slow modulations in infants (Telkemeyer 

et al., 2011). Although the findings of Chapter 3 suggest that right secondary auditory areas 
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preferentially process slow stimuli, the distinct responses to rapid stimuli, which appear to be 

absent in adults, suggest that some neuronal populations of the right secondary auditory 

cortex may be still tuned to a short temporal integration window during middle childhood. It 

is likely that right secondary auditory areas continue to mature beyond middle childhood and 

become increasingly tuned to slow acoustic rates. The continued development of right 

hemisphere tuning to slow acoustic modulations aligns with recent findings that speech-in-

noise performance, associated with the ability to track slow modulations, is immature in 

children age 6-9 years of age and compared to adults (Vander Ghinst et al., 2019). 

Additionally, based on the results of Chapters 3 and 4 the possibility that left non-

primary areas may also be tuned to long temporal integration windows as was found by 

Thompson et al. (2016) cannot be ruled out. Nevertheless, what can be concluded is that 

neuronal populations of the left non-primary auditory areas appear to function according to at 

least a short temporal integration window of 25 - 50 ms, whereas neuronal populations of the 

right non-primary auditory areas are predominantly tuned to a long temporal integration 

window of 100 – 200 ms.  

5.4.3. Lateralisation of temporal processing and its relation to language and 

literacy abilities 

As the studies of the current thesis used non-speech stimuli, a direct link between 

temporal processing and speech processing could not be made. However, the relationship 

between temporal processing of tone-pair stimuli, as an index of low-level temporal 

processing functions, and reading and vocabulary abilities were examined, as these 

relationships could further support the involvement of low-level auditory processes in speech 

processing (Giraud & Poeppel, 2012; Goswami, 2011; Lehongre et al., 2013).  Given that the 
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dual-stream model of speech and language posits a functional asymmetry that gives rise to 

the development of phonological, lexical and semantic representations, one would expect that 

the degree of specialisation or lateralisation of these functions would be associated with 

abilities that involve on phonological, and lexical-semantic representations. 

Chapter 3 demonstrated that, during middle childhood, the lateralisation of rapid 

temporal processing significantly predicted phonemic decoding ability 2 years later. This 

finding builds on current evidence that rapid auditory processing ability predicts subsequent 

language and/or literacy outcomes (Fox et al., 2012). Similar to the findings in Fox et al 

(2012), the variance in phonemic decoding ability that was accounted for by the leftward 

lateralisation rapid temporal processing was small, and suggests that there are other factors 

impacting the development and performance of these skills.  

More generally, these results support the theory that rapid temporal processing is 

necessary for developing phonemic decoding skills (Tallal, 2004; Tallal & Gaab, 2006; Tallal, 

Miller, & Fitch, 1993). An alternative interpretation might be that the tuning of the right 

hemisphere to slow temporal modulations could be driving the relationship between 

lateralisation of rapid temporal processing and phonemic decoding. As the proportion of right 

hemisphere neuronal populations tuned to a long temporal integration window increases, so 

does the leftward lateralisation of the Tb response to rapid tone-pairs. This latter 

interpretation would suggest that greater responsiveness of the right hemisphere to slow 

temporal modulations is associated with better phonemic decoding. Such an interpretation 

appears consistent with the hypothesis that the atypical representation of syllable rate 

modulations, perhaps bilateral rather than right hemisphere representation, may underlie the 

phonological deficits observed in developmental dyslexia (Goswami, 2011).  
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In Chapter 4, the association between the lateralisation of rapid temporal processing 

with concurrent expressive vocabulary was large, even after controlling for age and 

nonverbal IQ. The role of rapid temporal processing in speech processing and the 

development of language abilities has been discussed for several decades (Benasich, Thomas, 

Choudhury, & Leppänen, 2002; Giraud & Poeppel, 2012; Poeppel, 2001, 2003; Tallal & 

Gaab, 2006; Tallal, Miller, & Fitch, 1993; Tallal & Piercy, 1973, 1974) and continues to be 

the focus of much research (Cantiani et al., 2019; Goswami et al., 2016; Thompson et al., 

2016). The association between left lateralised rapid temporal processing and better 

expressive vocabulary is, therefore, consistent the purported importance of being able to 

segment the acoustic signal into units that enable phonemic decoding of speech, which 

constrains subsequent comprehension, and therefore, the ability to develop one’s vocabulary. 

This association is also consistent with the association between left lateralised resting state 

oscillations in the gamma-band (20-50 Hz) and the ability to hear speech-in-noise 

(Thompson et al., 2016). Both findings suggest that left hemisphere specialisation for 

processing rapid acoustic modulations supports better speech processing. 

The association between expressive vocabulary and the lateralisation of slow 

temporal processing was also large and supports the ideas that slow temporal processing is 

critical for adequate speech comprehension. The importance of slow temporal modulations 

(i.e. the amplitude envelope) is purportedly to indicate syllable and word onsets, which help 

to reset the sliding temporal window with which we supposedly track speech inputs. If the 

tracking or locking onto slow modulations is poor, parsing of speech is made difficult, and so, 

therefore, is comprehension. This hypothesis is supported by the findings of Doelling and 

colleagues (2013) that showed that tracking of the slow modulations of the amplitude 
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envelope is necessary for accurate speech comprehension. Children with poorly lateralised 

slow temporal processing could, therefore, experience problems with speech comprehension 

and, as a consequence, experience difficulties with vocabulary development and verbal 

concept formation.  

In both cases, it is clear that both rapid and slow temporal processing are important 

for various aspects of speech processing, and the development of language and reading 

abilities, however, it is likely that each makes different contributions to these abilities and 

these contributions likely change with age. Recommendations for future studies to clarify 

these contributions are discussed in section 5.5. 

5.4.4. Temporal processing asymmetries in children born very preterm 

The final key contribution made by this thesis was the finding that despite their 

neuroanatomical and neurodevelopmental vulnerabilities (Anderson, 2014), VP children do 

not exhibit abnormalities in temporal processing asymmetries, at the group level. This was an 

important and positive finding for the parents of VP children. However, as the sample of VP 

children included in the study reported in Chapter 4 did not perform more poorly than term 

children on the screening measure of language abilities used, the possibility that 

abnormalities in temporal processing asymmetries underlie the greater risk of language 

difficulties in the VP population still exists. Rather than abnormalities in temporal processing 

being a generalised risk factor for language difficulties across the whole population of VP 

individuals, it is possible that a larger proportion of VP children may be affected compared to 

term children, resulting in language difficulties being more common in VP children.  

Interpretation of the findings reported in Chapter 4 was limited by the absence of 

significant group differences in language abilities, based on the measure used. This finding 
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contrasts with findings of previous studies that have used the verbal IQ measures from the 

WISC as part of their language battery, and observed significant differences between VP and 

term groups (Mürner-Lavanchy et al., 2014; Schneider et al., 2011). As such, the absence of 

significant differences challenges the representativeness of the VP sample used. Further 

evidence suggesting that the VP sample may have been biased, was the observation that 50% 

of the VP children (7/14) who were excluded for not having identifiable T-complex 

responses to the second tone of tone-pairs were born extremely preterm (EP; < 28 weeks 

gestation), whereas only two out of the 13 VP children included in the study were EP. This 

finding is particularly important as EP children are at even greater risk of 

neurodevelopmental problems (Jois, 2019). Therefore, these children were more likely to 

exhibit language difficulties than those included in the study. It is possible that group 

difference observed in previous studies may have been driven by poorer performance of EP 

children. Furthermore, the studies cited had substantially larger samples of VP and term 

individuals allowing for greater variability and power to detect differences between groups. 

Unfortunately, due to the nature of the electrophysiological data collected and the necessary 

exclusion criteria imposed, the small sample size was a key issue in Chapter 4 and is 

discussed further in section 5.5. 

Although no differences in temporal processing asymmetries were found between 

groups, the proportions of VP and term children that were excluded due to having 

unidentifiable T-complex responses to the second tone of tone-pairs were significantly 

different (p < .001). Twenty eight per cent of the initial VP sample (14/50) were excluded, 

whereas only 13% of term children were excluded. Such a finding suggests that a larger 

proportion of VP children exhibit unidentifiable or atypical T-complex response. Although 
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their temporal processing asymmetries could not be examined, this finding supports the 

hypothesis that a larger proportion of VP children, rather than the VP population in general, 

exhibit abnormalities in electrophysiological responses associated with temporal processing 

and language abilities. Although there were no significant differences in language ability 

between the VP children that were excluded, and those that were included, it is possible that 

differences in language ability may become apparent using a more comprehensive battery of 

language tests. The significant difference between the proportion of VP children with 

atypical T-complex responses and the proportion of term children is an important finding, 

and one that warrants further consideration and investigation. Abnormal functioning in 

secondary auditory areas that are purported to be involved in the temporal processing could 

underlie the common occurrence of language difficulties in VP children. 

5.5. Limitations, Considerations and Directions for Future Research 

The findings of the present thesis have provided a significant contribution to the 

understanding of hemispheric asymmetries in temporal processing. Nevertheless, limitations 

in study methodology were identified. Study specific limitations have been highlighted at the 

end of each of the relevant chapters, therefore, below I highlight some of the more general 

weaknesses identified in the current thesis, and discuss recommendations to resolve such 

limitations in the future. Several avenues for future research are also provided. 

5.5.1 Cerebral lateralisation of language 

The left lateralisation of short temporal integration windows and the right 

lateralisation of long temporal integration windows, as described in the AST, is based on left 

hemisphere language dominance. Unfortunately, in all three studies, measures of cerebral 

lateralisation for language were not available. Although some studies choose to include only 
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right-handed participants to account for cerebral lateralisation in some way, handedness has 

been shown to be a poor proxy for cerebral lateralisation of language (Groen et al., 2011). 

Furthermore, left-handedness is common in VP children, and exclusion of left-handed 

children would have introduced further bias in the representativeness of the VP sample. Thus, 

we chose not to exclude left-handed participants. Future studies should include some 

measure of cerebral lateralisation of language, such as that described by Bishop, Watt, and 

Papadatou-Pastou (2008). This would enable the analysis of differences in temporal 

processing asymmetries in individuals with atypical language dominance, and facilitate a 

better understanding of the role that temporal processing asymmetries have in speech, 

language, and literacy abilities.  

5.5.2 EEG acquisition and dipole localisation  

As archival data were analysed for Chapter 4, the electrode set-up used at the time of 

data collection limited the choice of offline references. Although the EEGs for the term 

group were collected using a 32-electrode montage that covered the surface of the scalp, the 

electrode montage used to record EEG data for the VP sample was condensed to 15 electrode 

sites. As a result, a common-averaged reference could not be computed, and an average-

mastoid reference was used instead. The increased noise due to the use of the average-

mastoid reference precluded the examination of response corrected waveforms, which meant 

that the Tb responses to the rapid and slow stimuli could not be compared. In future, 

exploration of hemispheric asymmetries in temporal processing using a full scalp array EEG 

would be of most potential. This would ensure the capacity for a range of references 

including a common-averaged reference. However, as mentioned in Chapter 4, the 

application time for a full scalp array may push the attentional capacity of paediatric 
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populations. Therefore, careful consideration must be taken when planning the number of 

auditory stimuli required to answer the research question, and the number of trials necessary 

to derive reliable ERPs at the sites of interest. 

Although it has been inferred, based on the fact that previous studies have localised 

the Tb to secondary auditory cortex, that the Tb reflects asymmetries in putative temporal 

processing areas, the sparse array of electrodes used in the current these limited our ability to 

localise the dipole of Tb responses. Dense array EEG methodology would allow for accurate 

localisation of source dipoles of the Tb. This would enable more reliable interpretations 

regarding the neuronal populations that appear to exhibit hemispheric asymmetries in 

temporal processing. Studies using dense array EEG could also examine whether the changes 

in development of hemispheric asymmetries are associated with known changes in the neural 

substrate, or whether the generators of the Ta and Tb vary as a function of age. Furthermore, 

as a complement to the analysis of neural generators in future studies, the extraction of ERP 

components from multiple sites (i.e. electrode clusters), rather than the site at which the ERP 

component is largest, may provide a richer body of information about hemispheric 

differences in the topography and magnitude the ERP components of interest. 

5.5.3. Alternative auditory stimuli and EEG methodologies 

The current thesis employed the analysis of auditory ERPs to examine hemispheric 

asymmetries in temporal processing, in the context of a passive tone-pair task. Given that the 

preceding three chapters have demonstrated that the Tb indexes asymmetries in temporal 

processing of rapid and slow stimuli, the use of speech or amplitude-modulated stimuli could 

clarify whether the Tb response tracks the envelope fluctuations of such stimuli in an 
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asymmetric fashion, such that left Tb responses would track rapid modulations, and the right 

hemisphere would track slow modulations.  

The use of sinusoidal tone-pair stimuli precluded the examination of phase 

entrainment of EEG oscillations. Furthermore, filter parameters restricted the examination of 

the putative gamma frequency band. Analysis of phase entrainment of oscillations is being 

employed increasingly in studies of temporal processing (Giraud et al., 2007; Lehongre et al., 

2011; Luo & Poeppel, 2012; Morillon et al., 2012; Thompson et al., 2016; Vanvooren et al., 

2015) due to the hypothesis that neuronal oscillations are the neural correlates of the putative 

temporal integration windows. As such, future research should explore the propensity of the 

left and right secondary auditory areas to track amplitude modulation of non-speech and 

speech stimuli. Importantly, EEG oscillations of the radially oriented dipoles associated with 

the Tb should be examined, with EEG channels being selected based on the topography of 

such dipoles. Many EEG and MEG studies discussed in the current thesis measured the 

average oscillatory activity across the whole hemisphere, and this can mask differences in 

cortical activity recorded at different electrodes as seen in the current study (e.g. 

frontocentral vs. temporal sites). 

5.5.4. Longitudinal assessment of temporal processing asymmetries, language 

ability and reading skills 

In the present thesis, hemispheric asymmetries in temporal processing were examined 

during middle childhood. While there was no significant change in asymmetries between the 

ages of 7 and 9, the wide age bands used (e.g. “7-year-old group” had an age range from 7 

years to 8 years and 4 months) may have been masked changes in temporal processing 

asymmetries. Future research should use narrower age bands to ensure greater sensitivity to 
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changes in development.  

Longitudinal research spanning childhood and adolescence could also elucidate 

development of temporal processing asymmetries that may occur during specific periods of 

growth. Research in older ages will clarify when hemispheric asymmetries become fully 

mature.  A recent study by Nguyen et al. (2018) observed five distinct language trajectories 

from 2- to 13- years of age. They found that VP children were 8 times more likely to display 

a language trajectory associated with poorer language development. Therefore, future 

research could employ a similar methodology in conjunction with analysis of hemispheric 

asymmetries in temporal processing. Such studies could examine multiple trajectories of 

language and literacy skills, and clarify the relationships between temporal processing 

asymmetries and language and literacy outcomes. 

5.5.5. Correction for multiple comparisons and replication of findings 

The decision to correct for multiple comparisons is an on-going topic of contention. 

In the current thesis, I chose not to correct for multiple comparisons due to the exploratory 

nature of the studies, and the small to moderate sample sizes used. The exploratory nature of 

the three studies resulted in the large number of comparisons. Correction for multiple 

comparisons would have significantly reduced the alpha level, and together with the small to 

moderate sample sizes used, would have increased the likelihood of type II error. Given that 

this decision does increase the likelihood of type I errors, replication of the current findings 

with larger sample sizes, correction for multiple comparisons, and a confirmatory approach is 

strongly encouraged to establish the reliability of the findings. 
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5.6. Conclusion 

The present thesis provides a significant contribution to the literature in the following 

ways. First, the study characterises hemispheric asymmetries in temporal processing using 

auditory ERPs in middle childhood and adulthood, allowing a direct comparison between 

patterns seen at different stages of life. Second, it characterises the pattern of hemispheric 

asymmetries in school age children and provides convergent evidence with previous studies 

regarding the age at which hemispheric asymmetries develop, and the contribution of 

temporal processing asymmetries to development of language and reading abilities. Third, 

the sensitivity of the Tb component to temporal processing asymmetries in all three 

experimental chapters demonstrates its functional utility, and suitability for use in future 

research investigating the role of temporal processing asymmetries in speech and language 

development.  

In summary, the findings of this thesis provide evidence for the involvement of 

bilateral cortices in the development language and reading during middle childhood, in the 

form of asymmetric temporal processing, as predicted by the AST hypothesis (Giraud & 

Poeppel, 2012; Goswami, 2011; Poeppel, 2003). Future studies can, therefore, build on these 

findings to understand how temporally asymmetric representations at the level of the 

secondary auditory cortex interact with higher levels of the cortex, to further clarify current 

models of speech processing. The findings of the current thesis validate theories regarding 

the possible contribution of low-level auditory processing to clinical disorders of language 

and reading, encouraging future studies to explore the relative contributions of rapid and 

slow temporal processing to such disorders, potentially improving our understanding of the 

deficits and possible targets for remediation or compensation. 
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