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ABSTRACT OF THE DISSERTATION 

FMRI during natural sleep: A novel method to elucidate 

functional brain organization in typical development and autism 

by 

Elizabeth G. Redcay 

 

Doctor of Philosophy in Psychology and Cognitive Science 

University of California, San Diego, 2008 

Professor Laura Schreibman, Chair 

Professor Eric Courchesne, Co-Chair 

 

Exuberant social and linguistic development characterize the first years of life 

for the typical child, whereas deviant, stymied, or regressive development mark these 

years for the child with autism. The brain bases underlying the emergence of complex 

cognitive capacities in typical and atypical development remain speculative due to the 

current difficulty in acquiring functional brain imaging data from infants and toddlers 

without motion artifact. Through the use of a novel technique in which functional 

magnetic resonance imaging (fMRI) data are collected during natural sleep, this 

dissertation provides the first fMRI studies of functional brain organization in 1-4 year 

old typically-developing children and 2-3 year-old children with autism.  
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The feasibility of the sleep fMRI technique was investigated through two studies 

of typically-developing children. First, presentation of auditory and visual stimuli to 

typical 2-4 year-old children during sleep revealed differential activity between and 

within stimulus modalities. Furthermore, stimulus-independent auditory and visual 

networks were identified. Second, presentation of speech and nonspeech stimuli to two 

groups of typical children (toddlers and 3 year-olds) revealed age-related differences in 

the brain response to speech. Specifically, toddlers recruited an extended network 

pattern of brain activity encompassing frontal, occipital, and cerebellar regions. The 3 

year-olds, however, showed a more focal pattern of BOLD activity primarily within 

bilateral superior temporal regions. This time-delimited, extended pattern of brain 

activity in the typical toddlers may allow for the rapid burst in language growth seen 

during the second year of life. These studies add to the growing body of literature 

indicating that stimulus discrimination and intrinsic functional networks persist during 

sleep. 

When speech and nonspeech stimuli were presented to 2-3 year old children 

with autism spectrum disorder (ASD), a pattern of brain activity was identified that 

differed from two typically-developing control groups. In comparison to their mental 

age-matched controls (MA), the ASD group recruited a reduced number of brain 

regions within the ‘extended network’. In comparison to their chronological age-

matched controls (CA), the ASD group showed a greater reliance on right hemisphere 

brain regions. The discussion suggests possible implications of an early, right 

hemisphere, deviant developmental trajectory for the etiology of autism. 
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Chapter I  

 

 

Introduction 
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Autism is a complex neurodevelopmental disorder which is diagnosed based on 

the presence of behavioral abnormalities before the age of 3 years in three behavioral 

domains (social, communication, and restricted and repetitive interests and behaviors). 

Autism spectrum disorder (ASD) encompasses the broader phenotypes of autism 

including autistic disorder (AD), Asperger’s disorder, and Pervasive Developmental 

Disorder – Not Otherwise Specified (PDD-NOS). The prevalence of both ASD and AD 

have increased rapidly within the past 15 years (Chakrabarti & Fombonne, 2005; Lord, 

Cook, Leventhal, & Amaral, 2000). While rates for autistic disorder were estimated 

around 1 in 2,000 (review (Lord et al., 2000)), current rates are estimated at 1 in 450-

500 (Chakrabarti & Fombonne, 2005; CDC, 2007) for autistic disorder and 1 in 166 for 

autism spectrum disorders (CDC, 2007). The total direct and indirect cost of autism to 

the US is estimated at over $35 billion (Ganz, 2007). Clearly, the identification of the 

etiology of and effective treatment for autism is of paramount importance.  

 Although autism is a neurological disorder which is known to be highly 

heritable, diagnosis is still currently based solely on behavioral abnormalities. Some 

theories have attempted to identify cognitive deficits underlying the myriad of 

behavioral symptoms seen in autism. Examples include deficits in complex processing 

(Minshew, Goldstein, & Siegel, 1997), weak central coherence (Frith & Happe, 1994), 

impairment in the dynamic control of orienting, disengaging and switching attention 

(Courchesne et al., 1994; Townsend et al., 1999), deficits in executive functions 

(Rogers, 1991), deficits in theory of mind (Baron-Cohen, Leslie, & Frith, 1985), deficits 

in imitation (Rogers, 1991), impairments in social and affective relations (Hobson, 
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1993), and impairments in joint social attention (Mundy, 1995). However, these 

cognitive theories can only provide clues based on indirect inferences as to the potential 

brain regions involved in autism. Knowledge of which brain structures or systems 

underlie the emergence of autism is critical for identifying the etiology of autism and 

could have important implications for treatment approaches. A key question, then, is, 

how can the gap between behavior and neurobiology be bridged? 

 The advent of modern cognitive neuroscience techniques allows for the mapping 

between behavior and brain functioning. Functional magnetic resonance imaging 

(fMRI) is a particularly powerful tool in cognitive neuroscience because it provides a 

non-invasive measure of the specific cortical and subcortical regions involved in a 

particular behavior. Furthermore, through a technique known as functional connectivity 

MRI (fcMRI), coherence in activity patterns between regions can be identified. 

Functional imaging has provided much data to inform which regions and networks 

show aberrant brain functioning in autism. In general, deficits are greatest in higher-

order frontal and temporal regions, while activation in posterior perceptual regions is 

often normal or enhanced as compared to controls (reviews: (Courchesne, Redcay, & 

Kennedy, 2004; Courchesne, Redcay, Morgan, & Kennedy, 2005)). Furthermore, 

abnormal activity has been identified in higher-order networks of brain regions such as 

the default mode system (Kennedy, Redcay, & Courchesne, 2006) and the mirror 

neuron system (Dapretto et al., 2006). These functional imaging findings from the older 

child and adult have greatly informed both cognitive theories of autism and the search 

for macro- and microstructural abnormalities in autism. However, these studies have all 

examined the functional outcome, rather than process, of early brain pathology. 
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A Developmental Cognitive Neuroscience Approach to the Study of Autism   

 In this dissertation, I present a series of studies of early brain function with the 

purpose of understanding autism from a developmental cognitive neuroscience 

approach. Development progresses through a series of complex brain and behavioral 

interactions. Lesion-behavior, electrophysiological, and computational modeling studies 

of the typical brain reveal that early brain development is dynamic, plastic, and 

experience-dependent (review and discussion (Elman et al., 1996)). Importantly due to 

the plastic and dynamic nature of brain development, a simple mapping or inference 

from findings of the adult to the child brain leaves much room for error. Evidence for 

this is perhaps most dramatic in the area of language acquisition. In the adult, language 

processing relies primarily on a left lateralized network of brain regions including 

superior temporal gyrus and sulcus (STG/S), inferior frontal gyrus (IFG), and angular 

gyrus (AG). A lesion to the left inferior frontal gyrus (Broca’s area) results in severe 

deficits in language production in adults, whereas a lesion to the left superior temporal 

gyrus (Wernicke’s area) results in severe deficits in language comprehension. These 

deficits are pervasive and full recovery is rarely attained. However, children who had 

early brain lesions show substantial recovery of function relative to adults by mid 

childhood (review: (Aram & Ekelman, 1988)). Interestingly, children between 10-44 

months of age who suffered brain lesions at 6 months of age show behavioral deficits 

which are not the same as those predicted from the adult lesion literature (Bates, 1997; 

Thal et al., 1991; Vicari et al., 2000). For example, children who suffered lesions to the 

left temporal lobe at 6 months of age showed deficits in word production at 10-44 

months of age but not word comprehension. Furthermore, right hemisphere frontal 
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lesions at 6 months led to deficits in comprehension at 10-17 months of age (Bates, 

1997; Thal et al., 1991). Thus, the brain is not only plastic but also shows dynamic 

changes in the neural substrates for behaviors during typical development. In other 

words, the initial acquisition of behaviors may recruit neural substrates that differ from 

those recruited once the behavior is proficient.  

 Based on lesion-behavior and ERP data, Johnson proposed an interactive 

specialization (IS) framework for understanding functional brain development 

(Johnson, 2000, 2001; Johnson et al., 2005). The classical ‘maturational’ view posits 

that a behavior emerges when the particular region subserving that behavior matures 

(e.g. (Diamond, 1991; Johnson, 1990)). In contrast to the maturational view, the IS 

framework suggests that multiple regions and pathways will respond to a given stimulus 

initially, although there are certain architectural constraints which may bias some brain 

regions to activate to a particular task. Through increasing age and experience, 

interactions between multiple co-active pathways lead to a specialization of regions 

underlying a given function. Higher-order regions involved in output processes, 

particularly within frontal cortex, may specialize before earlier sensory regions involved 

in processing incoming input. ERP studies of word processing in 13-20 month old 

infants substantiate this framework of functional brain development in that ERP 

differences to known as compared to unknown words are broadly distributed across 

numerous cortical regions in 13-17 month old infants, but with increasing age and 

experience these differences are located over a more focal substrate of left posterior 

sites (Mills, Coffey-Corina, & Neville, 1997; Mills, Coffey-Corina, & Neville, 1993; 

Mills, Coffey-Corina, & Neville, 1994; Mills & Neville, 1997).  
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 These findings from typical development have critical implications for atypical 

development. Specifically, the timing of perturbations can have varying effects on the 

outcome (See (Oliver, Johnson, Karmiloff-Smith, & Pennington, 2000) for discussion). 

Even a very subtle perturbation can have devastating effects if it occurs during a key 

period in the organization of neural circuits. Given the wealth of evidence for dynamic 

neural substrates in early typical and atypical development, surprisingly little 

neuroscientific research in autism has been conducted with young children. All previous 

fMRI studies in autism have been conducted on older children or adults who were 

relatively high-functioning, due to the difficulty in acquiring artifact-free data from 

young and/or low-functioning children. Only a handful of ERP studies have been 

conducted on children with autism as young as 3-4 years of age (Dawson et al., 2002; 

Dawson, Webb, Carver, Panagiotides, & McPartland, 2004; Kuhl, Coffey-Corina, 

Padden, & Dawson, 2005; Webb, Dawson, Bernier, & Panagiotides, 2006) and these 

reveal some differences in the functional brain response between young children with 

autism and older children or adults with autism. Studies of brain structure and size, 

utilizing head circumference (HC) and MRI methodologies, have been conducted with 

children with autism between birth (using prospective HC measures) and 3 years of age 

(HC:(Courchesne, Carper, & Akshoomoff, 2003; Dementieva et al., 2005; Hazlett et al., 

2005; Webb et al., 2007), MRI:(Courchesne et al., 2001; Hazlett et al., 2005; Sparks et 

al., 2002). These structural studies reveal a phenomenon of early overgrowth in the first 

few years of life followed by arrest of growth (Aylward, Minshew, Field, Sparks, & 

Singh, 2002; Courchesne et al., 2003; Courchesne et al., 2001; Courchesne & Pierce, 

2005a; Redcay & Courchesne, 2005). A meta-analysis of head circumference, MRI 
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brain volume, and post-mortem brain weight found that brain size is 10% greater in the 

first years of life but by later childhood and adulthood, brain size is only 1-3% greater 

than normal (Redcay & Courchesne, 2005). Thus, the period of maximal brain size 

deviance from normal occurs early in life in autism, with little or no difference later in 

life. Thus, the study of the adolescent or adult with autism reflects an end point, rather 

than process, of pathology. A key to understanding a neurodevelopmental disorder such 

as autism will be to examine the trajectory of neural impairment from the earliest ages 

possible.  

Aim 1: Sleep fMRI: A New Method for Developmental Cognitive Neuroscience 

 Lesion-behavior and electrophysiological studies reveal valuable information 

about brain processes in early development. However, they can not identify the specific 

structures underlying a particular behavior because of the poor spatial resolution 

afforded by those techniques. FMRI is a non-invasive method that can provide detailed 

anatomical mapping of behaviors; however, reliable data acquisition requires that the 

participants remain still. Thus, standard fMRI studies do not include children younger 

than about age 5. Some studies have recorded fMRI data from children between 1 and 4 

years of age through the use of sedation (Altman & Bernal, 2001; Martin et al., 1999; 

Souweidane et al., 1999). As the use of sedation is not ethical in healthy populations, 

these studies must be conducted on children referred for MRI. Thus, this sample is not a 

representative sample of the typical healthy population. An alternative method is to 

conduct fMRI data during natural sleep. In addition to the studies presented in this 

dissertation, sleep fMRI has been used to successfully record fMRI data from typical 

infants and young children by three other groups (Infants: (Anderson et al., 2001b; 
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Dehaene-Lambertz, Dehaene, & Hertz-Pannier, 2002), 6-year old boy: (Wilke, Holland, 

& Ball, 2003)). In the study by Wilke et al. (2003), data were recorded from the same 6 

year-old child while awake and the authors report similar extent and intensity of brain 

activation in response to text passages in both the sleep and wake state. Furthermore, 

numerous electrophysiological studies of infants and young children reveal similar 

neural responses during both wake and sleep states (Bastuji, Perrin, & Garcia-Larrea, 

2002; Cheour, Ceponiene et al., 2002; Cheour, Martynova et al., 2002; Martynova, 

Kirjavainen, & Cheour, 2003; Pena et al., 2003; Perrin, Garcia-Larrea, Mauguiere, & 

Bastuji, 1999; Portas et al., 2000; Wilke et al., 2003). Thus, recording data during 

natural sleep allows for an examination of the fMRI response to external stimuli in 

young children without motion artifact. 

 Before the studies in this dissertation, the sleep fMRI technique had not been 

applied to healthy, typically developing children between infancy and early childhood 

nor had it been used to examine brain function in children with autism. The first major 

goal of this dissertation was to determine the feasibility of the sleep fMRI method. 

Thus, the first two studies (Chapter II and III) examine critical questions regarding the 

sleep fMRI technique in typical development. Specifically, these studies address 

whether stimulus discrimination and network connectivity levels persist during sleep 

and whether age-related changes in the fMRI response can be detected.  

Aim 2: The Neural Bases of Passive Language Processing in Typical Development 

and Autism  

 The toddler years are a time of incredible receptive and expressive language 

growth for the typical child (Bates, Thal, Finlay, & Clancy, 2003; Fenson et al., 1994). 
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However, for the child with autism, these years are marked by severe delays in language 

comprehension and production (Charman, Drew, Baird, & Baird, 2003), with 25-50% 

of children never acquiring functional language capabilities (Lord & Paul, 1997). The 

neural bases for these delays in language are unknown. Furthermore, the neural bases 

for language growth in typical children are also largely unknown. With the new method 

of functional MR imaging during natural sleep, the specific neural substrates underlying 

language processing in typical and autistic toddlers can be mapped for the first time. 

These studies are presented in Chapters III and IV. 

 In order to have a framework for interpreting findings from the study of 2-3 

year-old children with autism, an understanding of the normal neurodevelopmental 

course of language acquisition is required. As reviewed above and in Chapter III, very 

little is known of the neural bases underlying language processing between the first and 

fourth years of life. The study in Chapter III provides the first functional MRI study to 

examine language processing in healthy, typically developing children between 1 and 3 

years of age. The goals of that study were twofold: first, to identify whether the sleeping 

brain can discriminate between complex speech sounds and second, to identify age-

related changes in the neural response to speech. 

 To elucidate the neural bases of language processing in children with autism, 

these same stimuli were presented to a group of 2-3 year-old children with autism 

(Chapter IV). The autism group was compared to two typically developing control 

groups: a mental-age matched (MA) and chronological-age matched (CA) group which 

contained a subset of the participants from the study of typical development (Chapter 

III). In this way, effects that were specific to age could be disentangled from effects 
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specific to skill (i.e. receptive language ability). In other words, are the brain activation 

patterns in autism simply reflecting a developmental delay or do they signal a 

potentially deviant developmental trajectory? Identifying the trajectory of deviant brain 

development could potentially provide promising insights into research on the etiology 

and treatment of autism. 
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Abstract 

Many techniques to study functional brain development lack the whole-brain 

spatial resolution that is available with fMRI. We utilized a relatively novel method in 

which fMRI data were collected from children during natural sleep. Stimulus-evoked 

responses to auditory and visual stimuli as well as stimulus-independent functional 

networks were examined in typically developing 2-4 year olds. Reliable fMRI data were 

collected from thirteen children during presentation of auditory stimuli (tones, vocal 

sounds, and nonvocal sounds) in a block design. Twelve children were presented with 

visual flashing lights at 2.5 Hz. When analyses combined all three types of auditory 

stimulus conditions as compared to rest, activation included bilateral superior temporal 

gyri/sulci (STG/S) and right cerebellum. Direct comparisons between conditions 

revealed significantly greater responses to nonvocal sounds and tones than to vocal 

sounds in a number of brain regions including superior temporal gyrus/sulcus, medial 

frontal cortex and right lateral cerebellum. The response to visual stimuli was localized 

to occipital cortex. Furthermore, stimulus-independent functional connectivity MRI 

analyses (fcMRI) revealed functional connectivity between STG and other temporal 

regions (including contralateral STG) and medial and lateral prefrontal regions. 

Functional connectivity with an occipital seed was localized to occipital and parietal 

cortex. In sum, 2-4 year olds showed a differential fMRI response both between 

stimulus modalities and between stimuli in the auditory modality. Furthermore, superior 

temporal regions showed functional connectivity with numerous other higher-order 
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regions during sleep. We conclude that the use of auditory sleep fMRI may be a 

valuable tool for examining functional brain organization in young children.  
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fMRI during natural sleep as a method to study brain function during early childhood  

 

 The transition from infancy to the preschool years is a time of dramatic and 

dynamic neural and cognitive development. For example, brain volume shows a 4-fold 

increase between birth and about 4 years of age (Courchesne et al., 2000). Synapse 

density in middle frontal gyrus increases nearly 70% between birth and 4 years of life 

when it reaches its peak (Huttenlocher & Dabholkar, 1997). Dendritic arbors in frontal 

cortex grow from 3-11% of adult length at birth to 50% of adult length by age 2 years 

while arbors in visual cortex reach adult length by age 2 (Huttenlocher, 2002). 

Cognitive growth during this time is also rapid. For example, children progress from 

only a few words in their expressive vocabulary at 1 year to full sentences by 3 years of 

age.  

 Such dramatic anatomical and behavioral changes must be reflected in changes 

in brain function during this time. In fact, event-related potential (ERP) studies reveal 

dynamic electrophysiological changes from infancy to the preschool years underlying 

behaviors such as face processing (Carver et al., 2003) and language (review: 

(Friederici, 2006)). However, electrophysiological methods lack detailed anatomical 

information. Blood Oxygenation Level Dependent (BOLD) fMRI is a non-invasive tool 

used to pinpoint the specific brain regions underlying cognitive, social, and perceptual 

processes. Few studies have directly examined brain function in infants and young 

children with fMRI due to the difficulty in acquiring such data without motion artifact. 

For this reason, our knowledge of the functional brain changes seen in the early years of 

life relies primarily on measures with relatively poor spatial localization capabilities 
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such as ERP, lesion, or anatomy-behavior correlation studies. In order to obtain reliable 

fMRI data in infants and children, a few studies have been conducted while children 

were sedated (visual: (Born, Rostrup, Leth, Peitersen, & Lou, 1996; Marcar, Strassle, 

Loenneker, Schwarz, & Martin, 2004; Martin et al., 1999; Morita et al., 2000; Sie et al., 

2001; Yamada et al., 2000) auditory and visual: (Altman & Bernal, 2001; Souweidane 

et al., 1999)). However, the use of sedatives precludes the study of healthy, typically 

developing children and poses an unnecessary risk to healthy, typical children. An 

alternative is to acquire functional MRI data from children during natural sleep. 

 Two groups have previously examined BOLD fMRI response to auditory 

stimulation during sleep in infants (Anderson et al., 2001b; Dehaene-Lambertz et al., 

2002). In the Anderson et al. study, BOLD activity was detected in response to tones as 

compared to rest within superior temporal regions in 14 of 20 neonates. Of those 14 

neonates, 9 showed BOLD signal decreases during tone presentation. In the study by 

Dehaene-Lambertz et al. twenty 2-3-month-old infants were placed in the scanner 

awake. During fMRI acquisition, 5 were judged to be completely asleep based on 

behavior, 9 showed ambiguous levels of wakefulness, and 6 were awake. They found 

bilateral superior temporal activation to both forward and backward speech and a 

greater response to forward than backward speech in left angular gyrus. A third group 

has examined sleep fMRI in a 6 year-old boy who fell asleep during a language 

mapping study (Wilke et al., 2003). The authors report strikingly similar patterns of 

activation in bilateral superior temporal lobes during both sleep and wake states. 

 A number of basic questions remain regarding the utility of the sleep fMRI 

technique in early childhood. First, to what degree is BOLD activity differentially 
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modulated by external stimuli during sleep? The Anderson et al. study only presented 

one auditory stimulus type and the Dehaene-Lambertz et al. study contained a majority 

of infants who were awake for at least portions of the experiment. In the current study, 

we examined whether presentation of auditory and visual stimuli to 2-4 year olds would 

produce a differential BOLD response both across and within sensory modalities during 

sleep. We predicted that stimulus-evoked BOLD response to auditory and visual stimuli 

would be seen within separable auditory and visual regions, respectively, and 

furthermore, that the BOLD response within the auditory modality would vary by 

auditory stimulus type. 

 A second question is whether stimulus-independent functional networks can be 

examined in the sleeping young child. To address this question, we utilized a technique 

called functional connectivity MRI (fcMRI) to reveal the temporal correlation of 

spontaneous low frequency oscillations across brain regions. The use of fcMRI during 

rest has revealed correlated stimulus-independent activity within sensory systems 

including sensorimotor, auditory, and visual regions (Biswal, Yetkin, Haughton, & 

Hyde, 1995; Cordes et al., 2000; Nir, Hasson, Levy, Yeshurun, & Malach, 2006) and 

also within higher-order associative regions including prefrontal and parietal regions 

(Fox, Corbetta, Snyder, Vincent, & Raichle, 2006; Fox et al., 2005; Fransson, 2005; 

Greicius, Krasnow, Reiss, & Menon, 2003; Seeley et al., 2007; Vincent et al., 2006). 

Examination of these networks with fcMRI during wakeful and sleeping adults shows 

similar functional network maps across states suggesting the examination of stimulus-

independent fcMRI is relatively state-independent (Fukunaga et al., 2006). In the 

current study, we performed a functional connectivity analysis to determine whether 
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stimulus-independent functional networks could be identified during sleep in children. 

We predicted stimulus-independent functional connectivity patterns would be similar to 

stimulus-evoked patterns of activation.  

Method 

Participants 

 Functional imaging data were collected on a total of 21 children (7F, 14M) with 

no known neurological or psychological disorders. Six of the 21 children were 

presented with visual stimuli only. Nine of the 21 children were presented with auditory 

stimuli only. Six of the 21 children were presented with both types of experiments 

(separately). This resulted in a total of 12 successful scan acquisitions for the visual 

experiment (mean age = 46.4 ± 6.7 months) and 15 successful scan acquisitions for the 

auditory experiment (mean age = 46.9 ± 9.7 months). Two of the 15 scans from the 

auditory experiment were excluded due to excessive motion artifacts (see criterion 

below) (See Table 2.1 for participant information). All children were recruited from 

magazines and flyers in the community as part of an on-going longitudinal structural 

MRI study in our laboratory. The Institutional Review Board of Children’s Hospital and 

the University of California, San Diego approved this study. Parents of the participants 

gave informed written consent for their child to participate in this study and were 

compensated monetarily for their time. Hearing was reported by parents as normal for 

all participants on a family medical history questionnaire. This form was not collected 

for five individuals; however no hearing deficits were observed in these individuals. 
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Subject ID Experiment Age (mo) Sex

Cognitive Score 

(mean 100)
S1 A 30.51 F 94

S2 A 33.99 M 121

S3 A 36.92 M 82
a

S4 A 53.52 F 124
b

S5 A 57.30 F 108

S6 A 57.93 M 111

S7 A 51.35 M 115

S8 A,V 39.58 F 138

S9 A,V 40.67 M 99

S10 A,V 46.62 M 124
b

S11 A,V 47.28 M 122

S12 A,V 55.66 M 110*

S13 A,V 57.99 F 109*

S14 V 36.39 M 123

S15 V 36.72 M 118

S16 V 38.83 F 90

S17 V 41.36 M 131

S18 V 44.75 F 134
c

S19 V 50.76 M 141

Auditory n=13 46.87 (9.66) 8M5F 114 (17.78)

Visual n=12 44.72 (7.16) 8M4F 122 (16.38)

A' refers to the auditory experiment 'V' refers to the visual experiment

Unless otherwise noted cognitive score refers to the Composite score from the Mullen Scales of Early Learning

* denotes participants whose IQ testing was greater than 2 months from scan acquisition

a denotes Full Scall IQ from the Weschler Intelligence Test

b denotes a score taken from a child who was non-compliant at time of testing. 

    Follow-up testing revealed a Composite Score within normal range.

c denotes General Conceptual Ability from the Differential Abilities Test

Means (standard deviations) for the auditory and visual experiment are given at the bottom of the table  

Auditory Experiment 

 For the auditory experiment (n=13), children were presented with four 20 

second blocks of each condition: vocal sounds (V), nonvocal sounds (NV), and tones 

(T). Each auditory condition was separated by a 15 second “rest” condition in which no 

stimulus was presented. Four of the 13 children were presented with a slightly different 

design in which an additional block of speech stimuli was included (although not 

analyzed here) and each condition was separated by an alternating 5 or 15 second rest 

period. Each experimental block was 20 seconds and was repeated 4 times like the other 

Table 2.1 Participant Information for both Auditory and Visual Experiments 



 25 

 

auditory design. Experiments were presented in a semi-counterbalanced block design to 

maximize power to detect signal changes. For further design details see Figure 2.1.  

 

Figure 2.1: Experimental Design. Designs for the Auditory and Visual Experiments 
are given with elevated bars representing “on” conditions and lower bars representing 
“off”, or rest (R) conditions during which time no stimuli were presented. For all 
experiments, data from the first 5 seconds were discarded. Nine of the 13 participants in 
the auditory experiment received Auditory Design #1 in which 20 seconds of Vocal (V), 
Non-vocal (NV) and Tone (T) stimuli were presented 4 times each. Four of the 13 
participants received Auditory Design #2 in which a fourth condition of speech (S) was 
presented but not analyzed in this paper. 12 participants received the visual design in 
which flashing lights (FL) were presented for 20 seconds alternated by 20 seconds of 
rest (R).  
 

The vocal and nonvocal sounds in this study were taken from previous studies of 

environmental sound processing by Saygin and colleagues (Cummings et al., 2006; 

Saygin, Dick, & Bates, 2005; Saygin, Dick, Wilson, Dronkers, & Bates, 2003). Vocal 

sounds included only human vocal sounds (e.g. a cough, sneeze, or a baby’s cry). 

Nonvocal sounds included both environmental sounds and non-human vocal sounds 

(e.g. a hammer drilling, a train, and a dog barking). These sounds were taken from the 

Digifex and BBC digital sound effect libraries. The sampling rate was 44.1 kHZ at 16-

bit resolution. The tone stimuli were created using Cool Edit 2000 digital audio 

software (Syntrillium Software Corp., Scottsdale, AZ). Three different complex tones 



 26 

 

were created by using varying base frequencies (220, 660, 990 Hz) to create chord 

stimuli. Stimulus blocks had comparable mean dB levels (vocal 73.5 dB; non-vocal 

79.5 dB; tones 78.6 dB). The stimuli were presented from a stereo to the subject via a 

MRI-compatible pneumatic headphone system.  

Visual Experiment 

 For the visual experiment (n=12), children were presented with 8 repetitions of 

20 second blocks of flashing lights at 2.5 Hz separated by 20 seconds during which time 

no stimulus was presented. Stimuli were programmed using Presentation software 

(www.neurobs.com) and presented through a PC laptop and projector. 

Procedure 

 All children were imaged during natural sleep without the use of sedation. Prior 

to the night of scanning, families were asked to play CDs with the sounds of the MRI 

scanner and practice inserting earplugs into the child’s ears while he or she fell asleep at 

home. Parents and children arrived at the scanner between 9:00 and 10:00 PM. The 

child was allowed to fall asleep naturally either in the waiting room or the scanner 

room. After 5-10 minutes of sleep on the scanner bed, earplugs and headphones were 

placed on the child to provide ~30 dB of sound protection. Earplugs were used to filter 

out background scanner noise and reduce startle responses with the onset of speech 

sounds. The child’s parent and a researcher remained in the scanner room during the 

entire scan session. A mirror was placed over the head coil to allow the researcher to 

observe the child during scanning. If the child awoke, data acquisition was immediately 

halted and the child was removed from the scanner.  

Functional Imaging Acquisition 
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 Images were acquired on a Siemens Symphony 1.5 Tesla Scanner at the UC San 

Diego Hillcrest Medical Center. Whole brain axial slices were collected with a gradient-

recalled echo-planar imaging (EPI) pulse sequence (TR (repetition time) = 2500 msec; 

flip angle = 90 deg; field of view (FOV) = 256 mm; matrix = 64x64 (4 mm by 4 mm in-

plane resolution); slice thickness = 4 mm; # of slices = 30; # of volumes for auditory = 

172 or 198; # of volumes for visual = 134). A T1-weighted anatomical image using an 

MPRAGE sequence was collected during each scan session for co-registration with the 

functional images. Anatomical scans were collected in the coronal plane (FOV = 256 

mm; matrix = 256x256; slice thickness = 1.5 mm; # of slices = 128). 

Individual Data Analyses 

 All fMRI analyses were conducted with the Analysis of Functional 

NeuroImages statistical software package (AFNI (version 5-31-2006); 

http://afni.nimh.nih.gov/afni (Cox, 1996)). Motion correction and three-dimensional 

registration of each participant's functional images were performed using an automated 

alignment program (3dvolreg), which co-registered each volume in the time series to 

the middle volume acquired in that run using an iterative process. The output 

translational and rotational parameters from the motion alignment program were 

examined to determine the amount of motion during the scan. For all of the participants 

included, time points in which the sum of the square root of the sum of squares of the 

rotational and translational parameters was greater than 0.4 were not included in the 

analysis. The summed movement distance from both the rotational and translational 

parameters were used for a motion analysis to determine if within-group differences 

were seen in the amount of motion between conditions. For the auditory experiments, 4 
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individuals had time points removed from the analysis (average percent of run = 5% ± 

3.3%). For the visual experiment, 4 individuals had time points removed from the 

analysis (average percent of run = 4.4% ± 2.1%). If greater than 10% of the functional 

run contained a summed motion value greater than 0.4, the subject was not included in 

the analysis. Two of 15 scans acquired for the auditory experiment did not pass this 

motion criterion and so were not included in the analysis. Additionally, the first two 

volumes in each data series were not included in order to exclude noise due to T1 

equilibration effects. Images were smoothed with a Gaussian filter (full-width half-

maximum = 6 mm).  

 FMRI data were normalized to percent signal change from baseline (i.e. “rest” 

periods during which no stimuli were presented). Specifically, the mean MR signal 

value from baseline at each voxel was subtracted from the MR signal value at each time 

point in the series on a voxel-by-voxel basis. The resulting value was then divided by 

the mean MR signal value from baseline for that voxel and multiplied by 100. The mean 

baseline value did not include time points that had been removed from the analysis due 

to motion. 

 Individual multiple linear regression analyses of percent signal change values 

were conducted. For the auditory experiment, 9 input stimulus functions were modeled; 

1 of vocal sounds; 1 of nonvocal sounds, 1 of tones, and 6 translational and rotational 

motion parameters. For the visual experiment, 7 input stimulus functions were modeled; 

1 for the flashing light condition, and 6 translational and rotational parameters. The 

regression included terms to remove both the linear trend and the global mean. In this 
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method, an impulse response function (IRF) is first estimated from the input stimulus 

function and the time series data. This IRF is then convolved with the time series data to 

determine a goodness of fit (or linear contrast weight). Each linear contrast weight was 

modeled between 0, 2.5, 5, and 7.5 seconds.  

Group fMRI Analyses 

 .Data were registered into standard space based on the Talairach atlas (Talairach 

& Tournoux, 1988). Although the Talairach template is based on an adult, studies from 

our lab have revealed comparable anatomical co-registration among groups of 1-2 year-

olds, 3 year-olds, and adults (See Chapter III, Figure 3.2). However, while the use of 

Talairach template produces good co-registration within very young children in a 

narrow age range, the Talairach coordinates do not necessarily correspond to the same 

areas of activation. For this reason, regions of activation were identified based on 

anatomical landmarks, rather than coordinates.  

 For the auditory experiment, a 1-way repeated measures ANOVA was run with 

condition (V, NV, T) as the repeated measure. Whole brain contrasts were run between 

each condition to determine which brain areas showed a differential response to the 

different types of auditory stimulation. A contrast of “All” stimuli was modeled in order 

to determine the regions responsive to all three auditory stimulus types. For the visual 

experiment, a two-tailed, unpaired t-test was conducted comparing percent signal 

change during the flashing light condition as compared to 0. For both experiments 

group maps were created at an intensity threshold of p<.005 and a minimum cluster size 

of 740 mm3. This cluster volume was determined using an iterative Monte Carlo 
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simulation to determine the minimum cluster size needed to protect a whole brain 

voxel-wise alpha of p<.05. 

 For auditory and visual experiments, Regions of Activation (ROAs) were 

identified based on group analyses. Specifically, for the auditory experiment, the ROAs 

were created from the activation map for the contrast of “All” auditory stimuli as 

compared to rest. For the visual experiment, the ROA was created from the activation 

map for flashing lights as compared to rest. Signal timecourses were extracted from 

these ROAs from each individual and used in the stimulus-evoked analyses and the 

functional connectivity analyses as described below.  

 Mean percent signal for each individual was extracted from within each of these 

group-defined ROAs and averaged over each of the block presentations. For the 

auditory experiment, percent signal for each block was plotted separately for each 

condition and each ROA. To determine whether the sleeping brain differentiates 

between auditory stimulus type, percent signal change values from the 3 auditory 

conditions (V, NV, T) were averaged over the first 5 to 17.5 seconds of each block. A 

repeated-measures ANOVA was run using SPSS (www.spss.com/spss) first on these 

averaged percent signal values to determine if there was a main effect of condition. 

Next, repeated-measures ANOVAs were run at each time point for each ROA to 

determine when a main effect of condition was seen during each block. 

Functional Connectivity Analyses 

 Several additional pre-processing steps were included for the fcMRI analyses. 

The functional volumes were temporally bandpass filtered (0.01 < f < 0.1) before 

conversion to percent signal change. Next, multiple linear regression analysis was used 
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to model several types of noise in the functional data, which were then removed as 

regressors of no interest: the linear trend, the global signal (average intensity of every 

voxel across the entire brain calculated for each time point), 6 motion parameters (3 

rotational and 3 translational directions) and their 6 temporal derivatives. The resulting 

pre-processed functional data were then registered into Talairach space. 

 We utilized a seed-based method so that regions of activation (ROA) identified 

in the stimulus-evoked analyses could be used as seed regions in the functional 

connectivity analyses. An alternative method to perform functional connectivity 

analyses is to use spatial ICA (for a discussion of strengths and weaknesses of both 

methods see (Bartels & Zekis, 2005)). For each region of interest and each individual 

subject, the average regional timecourse was extracted and then used to calculate a 

correlation coefficient between that particular region and all other voxels in the brain. 

 As the purpose of this analysis was to determine whether stimulus-independent 

functional connectivity analyses might reveal functional networks in sleeping children, 

we examined occipital cortex connectivity using the auditory dataset, and the temporal 

cortex connectivity using the visual dataset. Since the functional activation to the 

auditory and visual stimuli showed only minimal overlap (see results) the functional 

connectivity results can be thought to be independent of the stimuli presented during the 

data acquisition. While this approach approximates stimulus-independent datasets, it is 

not ideal, as other stimuli are present during data acquisition. For example, scanner 

noise is constant throughout the entire experiment. Caveats aside, for the remainder of 

this paper, we refer to this analysis as stimulus-independent functional connectivity. 
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 Regions of interest were defined based on the results of the stimulus-evoked 

auditory and visual experiments. Specifically, the two largest functionally-defined 

regions of activation (ROAs) from the auditory experiment during the “All” condition 

vs. rest (intensity threshold p<.001, corrected) served as auditory seed regions. 

Similarly, the largest functionally-defined region of activation from the visual 

experiment (intensity threshold p<.0001) served as the visual seed region. We chose 

different intensity thresholds so that the seed regions were roughly similar in size (left 

STG: 100 voxels; right STG: 139 voxels; occipital cortex: 171 voxels).  

 For group analyses, individual correlation coefficient maps derived from each 

seed region were normalized using Fisher’s r-to-z’ transformation. Next, two separate 

two-tailed unpaired t-tests were run, which resulted in the z’ functional maps. These 

maps were threshold corrected at an intensity of p < .005, and cluster corrected at a 

spatial threshold of 740 mm3, as described in the fMRI group analyses. 

Results 

Differential Response to Auditory and Visual Stimuli 

 A one-way repeated measures ANOVA revealed regions significantly 

responsive to all auditory stimuli (NV, V, T) as compared to no auditory presentation 

(p<.005, corrected). These regions included bilateral superior temporal gyri and sulci, 

left lingual gyrus, and right lateral cerebellum (Table 2.2; Figure 2.2). These regions 

comprised the four auditory ROAs.  

 Visual flashing lights, on the other hand, elicited significant BOLD response 

localized to parietal and occipital regions (Figure 2.3; Table 2.2). Specifically, t-test 

analyses revealed a BOLD signal decrease in response to visual flashing lights as 
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compared to no flashing light presentation localized to bilateral medial cuneus, bilateral 

lingual gyrus, and superior occipital gyrus. These regions comprised the visual ROA. It 

is not clear from the current study whether the negative t-values in occipital cortex 

reflect a decrease in BOLD signal from ‘rest’ or a negative BOLD response. 

Throughout the paper we refer to the negative t-values in the visual cortex as a ‘BOLD 

signal decrease’. 

 

Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value

Auditory: All Sounds vs. Rest
Left STG cluster

Superior Temporal Gyrus L 42 (-58, -26, 10) 6.34

Superior Temporal Gyrus L 41 (-42, -26, 7) 5.85

Superior Temporal Gyrus L 22 (-50, -34, 7) 4.52

Right STG cluster

Superior Temporal Sulcus R 22 (54, -6, -5) 6.27

Superior Temporal Gyrus R 22 (47, -21, 7) 5.27

Superior Temporal Gyrus R 22 (54, -15, 3) 5.23

Supramarginal Gyrus R 40 (51, -33, 22) 3.81

Left Lingual Gyrus cluster

Lingual Gyrus L 18 (-6, -73, -10) 5.48

Right Cerebellum cluster

Cerebellar Hemisphere R (19, -61, -22) 5.72

Visual: Flashing Lights vs. Rest
Bilateral Visual Cortex Cluster

Cuneus R 30 (3, -69, 8) -8.71

Cuneus L 30 (-3, -69, 8) -8.01

Lingual Gyrus B 18 (0, -81, -3) -8.20

Superior Occipital Gyrus L 19 (-1, -77, 28) -6.59

Four clusters were identified in the All sounds condition vs. rest comparison.

One cluster was identified in the Flashing lights vs. rest comparison.

For each cluster, Talairach coordinates for the voxels with the peak t-value for each

region within that cluster are given.

Side designates the hemisphere active, left (L), right (R), or bilateral (B)  

 

Table 2.2 Regions within Auditory and Visual ROA Masks 
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Figure 2.2: Group Functional Activation to All Sounds Combined vs. Rest. The 
map of functional activation to All sounds combined is displayed on images from a 
single representative subject (p<.005, corrected). Mean percent signal change values 
from 3 ROAs identified in the All sounds contrast, right cerebellar hemisphere (R 
CBLM), right superior  temporal gyrus (R STG), and left superior temporal gyrus (L 
STG), were extracted from each individual. Percent signal change for each condition 
(averaged across each repetition) is plotted by time (sec). Statistically significant 
differences between conditions are noted by an ‘*’ at different time points in each of the 
3 regions of interest. 
 

 
 
Figure 2.3: Group Functional Activation to Flashing Lights vs. Rest. Presentation of 
flashing lights at 2.5 Hz produced negative activation patterns in primary visual cortex 
and surrounding occipital regions. Functional activation maps at p<.005, corrected are 
displayed on images from a single representative subject. Percent signal change values 
were extracted from within the visual ROA and plotted across time (sec). 
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 Overlay of the visual and auditory activation maps revealed a small region of 

overlap only within left lingual gyrus. This functional region of 16 voxels was 1.9% and 

6.9% of the total number of voxels active for the visual and auditory experiments, 

respectively. 

Differential Response within the Auditory Modality 

 Both whole-brain and ROA analyses were used to determine whether 

differential responses to the 3 types of auditory stimuli were seen. In the whole-brain 

analyses, each auditory condition elicited activation in the right superior temporal gyrus 

(p<.005, corrected). However, nonvocal sounds and tones additionally elicited 

activation in a broad number of other regions including left STG, right STS, medial 

frontal cortex, left lingual gyrus, left cuneus, and bilateral cerebellum (Figure 2.4; Table 

2.3). Direct comparison of vocal versus nonvocal sounds revealed greater activation to 

the nonvocal sounds within a number of regions including medial frontal cortex 

(including anterior cingulate cortex), right STG/S, bilateral lingual gyrus, and bilateral 

cerebellum (see Table 2.3 for complete list). Similarly, direct comparison of vocal 

sounds versus tones revealed greater activation to tones within a number of regions 

including medial prefrontal cortex (including anterior cingulate cortex), bilateral 

cerebellum, and right STG (Table 2.3 for complete list). Interestingly, comparison of 

tones with nonvocal sounds did not reveal any regions showing significant differences 

in BOLD signal; that is, activation maps to nonvocal sounds and tones did not 

significantly differ from each other. 
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Figure 2.4: Group Functional Activation Maps to each Auditory Condition vs. 

Rest. Functional activation maps at p<.005, corrected are displayed on images from a 
single representative subject. Maps are given for each of the three auditory conditions 
versus rest. The response to nonvocal sounds and tones produced similar patterns of 
activation including bilateral superior temporal, medial frontal, and cerebellar regions. 
The response to vocal sounds, however, was restricted to right superior temporal gyrus. 
Axial coordinates (z) are given for each slice. 
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Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value

Vocal sounds > Rest Cortical

Cortical Anterior Cingulate B 24 (-3, 31, -9) 4.52

Superior Temporal Gyrus R 22 (54, -24, 7) 3.92 Medial Frontal Cortex B 10 (-3, 57, 2) 5.73

Rest > Vocal sounds Medial Frontal Cortex B 32 (-5, 47, 15) 5.09

Subcortical Medial Superior Frontal Gyrus L 6 (-5, 14, 51) 5.88

Medial Superior Frontal Gyrus B 6 (-2, 10, 46) -4.63 Precentral Gyrus L 4 (-30, -15, 36) 6.42

Precentral Gyrus R 4 (29, -20, 47) -4.65 Precentral Gyrus R 4 (46, -10, 43) 6.36

Posterior Cingulate Gyrus R 31 (10, -37, 32) -4.34 Superior Temporal Gyrus R 22 (54, -12, 7) 3.95

Thalamus R (5, -17, 10) -4.72 Superior Temporal Sulcus R 21/22 (50, -13, -7) 4.44

Cingulate Gyrus L 31 (-5, -18, 26) 6.06

Nonvocal sounds > rest Lingual Gyrus R 17 (17, -89, 1) 5.07

Cortical Lingual Gyrus L 17 (-16, -89, -6) 4.01

Medial Frontal Gyrus B 32/10 (2, 51, 2) 5.31 Subcortical

Transverse Temporal Gyrus L 41 (-39, -17, 6) 4.42 Parahippocampal Gyrus R (18, -17, -21) 5.51

Superior Temporal Gyrus R 22 (53,- 4, -1) 8.95 Parahippocampal Gyrus L (-22, -20, -22) 4.93

Superior Temporal Gyrus L 22 (-55, -18, 8) 6.87 Cerebellum R (34, -54, -24) 6.71

Superior Temporal Sulcus R 21/22 (58, -33, -1) 5.08 Cerebellum L (-18, -44, 21) 6.26

Cingulate Gyrus L 31 (-13, -21, 31) 4.79

Cuneus L 19 (-2, -89, 27) 4.89 Cortical

Lingual Gyrus L 19 (-19, -73, 2) 3.99 Anterior Cingulate B 24 (2, 31, -10) 5.56

Subcortical Medial Frontal Cortex R 32/10 (9, 50, 11) 7.13

Cerebellum L (-35, -64, -33) 6.14 Medial Frontal Cortex L 10 (-6, 50, 19) 6.15

Cerebellum R (18, -64, -24) 5.76 Medial Superior Frontal Gyrus L 6 (-5, 14, 46) 4.2

Rest > Nonvocal sounds Superior Frontal Gyrus R 9 (25, 42, 14) 5.74

None Superior Frontal Gyrus L 9 (-17, 42, 16) 5.01

Superior Frontal Gyrus R 6 (14, 15, 51) 4.49

Tones > rest Middle Frontal Gyrus R 9 (41, 23, 19) 5.38

Cortical Inferior Frontal Gyrus L 9 (-39, 3, 23) 5.36

Anterior Cingulate L 24 (-6, 40, 2) 5.30 Inferior Frontal Gyrus R 47 (41, 18, -2) 3.99

Medial Frontal Gyrus B 32 (-3, 39, 10) 5.82 Superior Temporal Gyrus R 22 (50, -9, -2) 7.21

Medial Frontal Gyrus R 9 (13, 34, 31) 5.12 Precentral Gyrus R 4 (45, -5, 35) 5.41

Superior Temporal Gyrus R 22 (54, -18, -1) 6.62 Precentral Gyrus L 4 (-43, -9, 31) 5.04

Superior Temporal Gyrus L 22 (-62, -26, 11) 6.61 Posterior Cingualate B 31 (-6, -42, 30) 5.11

Superior Temporal Sulucs R 22 (49, -37, 6) 4.74 Precuneus R 7 (14, -53, 43) 4.88

Middle Temporal Gyrus R 37 (37, -59, 2) 6.20 Inferior Parietal Lobule R 40 (49, -33, 34) 4.73

Middle Temporal Gyrus L 22 (-54, -37, 2) 5.90 Superior Parietal Lobule L 7 (-33, -70, 43) 4.5

Lingual Gyrus L 19 (-11, -65, -2) 4.54 Supramarginal Gyrus L 39 (-42, -54, 31) 3.76

Cuneus L 31 (-14, -66, 10) 4.16 Subcortical

Insula R 13 (31, 10, 1) 4.92 Cerebellum L (-25, -64, -34) 7.72

Subcortical Cerebellum R (18, -74, -32) 6.19

Putamen R (19, 15, -8) 6.72

Putamen L (-17, 15, -2) 5.12 None
Cerebellum L (-31, -68, -25) 4.98

Cerebellum R (34, -62, -38) 4.81

Side designates hemisphere active, left (L), right (R), bilateral (B). Talaraich coordinates are given for the region or Brodmann Area with the peak t-value.

Regions of greater activation were to rest as compared to an auditory condition were seen in the vocal sounds condition only. These are given as 'negative.'

NONVOCAL SOUNDS

TONES

TONES > VOCAL

NONVOCAL > TONES

CONDITION VERSUS REST
VOCAL SOUNDS NONVOCAL > VOCAL

CONDITION COMPARISONS

 

 For the ROA analyses, a repeated-measures ANOVA was run for each of the 4 

ROAs. The repeated measure was the mean value within the ROA for each condition 

(V, NV, T). A main effect of condition was seen in the left superior temporal gyrus (F 

(2,11)=3.697; p<.04) and right cerebellum (F(2,11)=3.620; p<.042). Additionally, a 

repeated-measures ANOVA from each time point across the period of sound 

presentation revealed a main effect of condition type (V, NV, T) at time point 5 (10 

seconds into the block) for the left STG (F(2,11)=6.391; p<.006) and time point 6 (12.5 

Table 2.3 Regions Responsive to Auditory Conditions 
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seconds into the block) for the left (F(2,11)=4.609;p<.02) and right STG 

(F(2,11)=6.391; p<.045). A main effect of condition was seen in the right cerebellum at 

time point 1 (the start of the stimulus presentation) (F(2,11)=4.927; p<.016) and time 

point 7 (15 seconds into the block) (Figure 2.2). 

 A motion analysis revealed no significant differences in the total amount of 

movement between conditions (F(1,2)=.857; p<.428) in the auditory experiment. 

Functional Connectivity 

 Functional connectivity analysis of the visual dataset, using seed volumes 

(ROAs) derived from the auditory experiment, identified temporal correlations in 

BOLD signal in many of the same regions as those seen in the stimulus-evoked auditory 

experiment. However, the extent and number of brain regions identified in stimulus-

independent fcMRI analyses was greater than in the stimulus-evoked conditions as 

compared to rest (Figure 2.5; Table 2.4). For example, additional regions were found to 

be strongly correlated with the right STG ROA including bilateral inferior frontal gyri, 

posterior middle temporal gyri, and bilateral fusiform which were not seen in the 

stimulus-evoked analyses. Similarly, additional frontal regions including bilateral 

inferior and left middle frontal gyrus showed a strong correlation with the left STG 

ROA but were not seen in the stimulus-evoked analyses. Further, the region of medial 

frontal cortex that was correlated with left STG was more dorsal than that seen in the 

stimulus-evoked analyses. The only regions identified in the stimulus-evoked analyses 

which were not seen in the fcMRI analyses were the cerebellum, cuneus/lingual gyrus, 

and putamen.  
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Region Side

Talairach 

Coordinates 

(x,y,z) t-value

Medial Prefrontal Cortex B (-6, 43, 36) 5.03

Superior Frontal Gyrus R (15, 47, 24) 5.32

Middle Frontal Gyrus L (-30, 47, 7) 6.15

Inferior Frontal Gyrus R (47, 12, 15) 6.64

Inferior Frontal Gyrus L (-45, 19, 27) 5.89

Transverse Temporal Gyrus L (-45, -28, 12) 12.89

Transverse Temporal Gyrus R (42, -17, 12) 10.02

Superior Temporal Gyrus L (-57, -20, 4) 16.15

Superior Temporal Gyrus R (54, -16, 7) 10.33

Posterior Middle Temporal Gyrus L (-38, -56, 20) 8.24

Posterior Middle Temporal Gyrus R (43, -56, 15) 7.16

Inferior Postcentral Gyrus L (-58, -21, 15) 15.97

Precuneus L (-6, -44, 47) 5.38

Middle Cingulate Gyrus R (11, -24, 36) 4.79

Anterior Insula L (-33, 23, 7) 5.09

Anterior Insula R (30, 23, 3) 4.73

Medial Prefrontal Cortex B (6, 40, 19) 7.36

Inferior Frontal Gyrus R (42, 28, -4) 5.75

Inferior Frontal Gyrus L (-41, 39, 0) 6.87

Superior Temporal Gyrus, extending 

to Transverse Temporal Gyrus R (58, -8, 3) 23.73

Superior Temporal Gyrus, extending 

to Transverse Temporal Gyrus L (-49, -24, 8) 12.18

Superior Temporal Sulcus R (43, -29, 3) 9.61

Posterior Middle Temporal Gyrus R (51, -53, 0) 4.54

Posterior Middle Temporal Gyrus L (-38, -56, 19) 4.75

Fusiform Gyrus R (35, -45, -16) 5.84

Fusiform Gyrus L (-38, -44, -20) 7.06

Supramarginal Gyrus R (51, -49, 32) 5.95

Insula R (39, 11, 3) 5.04

Insula L (-41, 4, 4) 6.45

Hippocampus R (19, -12, -16) 5.87

Left STG Seed

Right STG Seed

 

Table 2.4 Auditory Regions of Functional Connectivity in the Visual Dataset 
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Figure 2.5: Group Functional Connectivity Maps. Maps are displayed on images 
from a single representative subject (p<.005, corrected). Functional connectivity 
analyses were performed for three ROAs identified in the stimulus-evoked analyses: left 
STG, right STG, and occipital cortex. In order to identify stimulus-independent patterns 
of connectivity, the visual ROA was used as a seed region in the auditory datasets while 
two auditory ROAs were used as seed regions in the visual datasets. Axial coordinates 
(z) are given for each slice 
 

 In an additional analysis, we examined the functional connectivity of the L and 

R STG seed region when flipped to the contralateral hemisphere. This was done to 

examine whether any potential hemispheric differences in connectivity were due to true 

hemisphere effects or slight differences in the location of the L and R STG seed regions. 

These data are presented in Figure 2.6. 
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Figure 2.6: Functional Connectivity of L and R STG Seeds in Contralateral 

Hemispheres. Because the left and right seed regions differed in their location along 
the anterior to posterior (A-P) axis, it was unclear whether differences in connectivity 
between the left and right STG ROAs were due to hemisphere or A-P location. To 
disambiguate these two possibilities, the L and R STG seeds were flipped into the 
contralateral hemisphere and connectivity analyses were run with these new seed 
regions (RSTG region in LH and LSTG region in RH). For some regions the 
hemisphere was critical in determining the extent of connectivity while for other regions 
the A-P location was important. For example, placing seed regions in the RH resulted in 
strong functional connectivity with medial prefrontal cortex regardless of its A-P 
location (Figure 2.5B and Figure 2.6A). 
 
 Functional connectivity analysis of the auditory dataset using a seed volume 

(ROA) derived from the visual dataset revealed a different pattern of functional 

connectivity than auditory seed volumes in the visual dataset. The functional 

connectivity map revealed a peak region of connectivity within primary visual cortex 

[peak t-value 29.72; Talairach coordinate (3, -85, 7)], extending into bilateral cuneus, 

bilateral precuneus, bilateral lingual gyri, and into middle temporal gyrus. Additionally, 

a cluster of bilateral paracentral lobule [peak t-value =7.32; Talairach coordinate (3, -

41, 60)] also showed functional connectivity with the occipital seed volume. These 
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regions included the region of stimulus-evoked negative response to visual flashing 

lights, but, as with the auditory seeds, a greater number of brain regions were identified 

in the fcMRI analyses. 

 

Figure 2.7: Pilot Data from Awake Adults with Eyes Closed during the Visual 

Experiment. The same visual paradigm was presented to two awake adults with their 
eyes closed. Both subjects showed negative activation in primary visual areas extending 
up to the calcarine sulcus. This pattern is similar to that seen in the sleeping 2-4 year old 
children in the current study. Functional images are shown at an intensity of p<.005, 
spatially corrected at p<.05. Z coordinates are given for the axial location of each slice. 
 

Discussion 

 We have provided evidence that reliable fMRI data can be collected from very 

young children during sleep. We found differential patterns of stimulus-evoked brain 

activity both within a single stimulus modality (auditory) and across stimulus modalities 

(auditory and visual). Additionally, we found stimulus-independent patterns of 

activation that were similar, although greater in extent, to those seen during stimulus-
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evoked analyses. These findings add to the growing body of literature from 

electrophysiological and fMRI studies suggesting that the sleeping brain can process 

and discriminate externally presented stimuli (Bastuji et al., 2002; Cheour, Ceponiene et 

al., 2002; Cheour, Martynova et al., 2002; Martynova et al., 2003; Pena et al., 2003; 

Perrin et al., 1999; Portas et al., 2000; Wilke et al., 2003). Furthermore, through our 

functional connectivity analyses, we show that intrinsic, coherent, BOLD fluctuations 

can be examined during sleep. Analyses of these stimulus-independent functional 

networks could be a valuable tool in examining the emergence and refinement of 

network activity in typical and atypical development. 

 A limitation of the current study is that we did not utilize concurrent 

polysomnographic recording and thus sleep stage could not be definitively identified. 

However, evidence suggests children in this age range have a mean REM onset latency 

of 90 minutes. We collected these data after approximately 40-55 minutes of sleep and 

thus can be reasonably confident that a majority of participants were in NREM sleep 

during data acquisition. Variability in sleep stage could add variability in the functional 

response across participants; however, we have little reason to expect systematic within-

participant differences in sleep stage between conditions as conditions were presented 

in a random, semi-counterbalanced order. For example, one possibility is that a 

particular condition could elicit a change in sleep stage as compared to other conditions. 

A previous study of sleeping adults, showed slight differences in alpha power during S2 

sleep following presentation of their own name, a stimulus of high personal 

significance, but not other names (p<.045) (Perrin et al., 1999). While we did not record 

EEG, analyses of movement parameters did not reveal significant differences in 
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movement between conditions, a finding which might be expected if one condition 

elicited transition to a lighter stage of sleep. Thus, the within-group differences in the 

response to auditory stimuli were likely not sleep stage dependent. However, further 

studies utilizing concurrent recording of sleep stages will be useful to verify this claim. 

 In previous fMRI studies during sleep in infants (Dehaene-Lambertz et al., 

2002), children (Wilke et al., 2003) and adults (Czisch et al., 2004; Czisch et al., 2002; 

Portas et al., 2000; Tanaka et al., 2003; Wehrle et al., 2007), the BOLD response 

showed similarities to wakefulness in some cases but also some differences across a 

variety of sleep stages and stimulus types. For example, several studies report a reduced 

extent or intensity of the BOLD signal in auditory cortices in response to a variety of 

acoustic stimuli during NREM sleep (Tanaka et al., 2003 2002) and during REM sleep 

without rapid eye movements (Wehrle et al., 2007) while others report no difference in 

auditory cortices between sleep and wakefulness (Dehaene-Lambertz et al., 2002; 

Portas et al., 2000; Wilke et al., 2003), and still others report BOLD signal decreases in 

NREM stage 2 sleep in adults (Czisch et al., 2004). Furthermore, a study of 2-3 month-

old infants revealed comparable levels of superior temporal activation during sleep and 

wakefulness, but a greater response in right dorsolateral prefrontal cortex to speech as 

compared to non-speech in wakefulness as compared to sleep (Dehaene-Lambertz et al., 

2002). In the current study, the BOLD response to all auditory stimuli combined vs. rest 

was very similar to that which would be expected in studies of the awake older child or 

adult. Specifically, bilateral superior temporal gyrus/sulcus and right cerebellum were 

recruited. However, the pattern of discrimination between stimuli differed from what 

one would expect based on the awake state. In fMRI studies of the adult brain, vocal 
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sounds elicit greater activity within bilateral STS and STG in comparison to nonvocal 

sounds (Belin, Zatorre, & Ahad, 2002; Belin, Zatorre, Lafaille, Ahad, & Pike, 2000). In 

the current study, we found the opposite effect; namely, nonvocal sounds and tones 

elicited greater activation in more regions (bilateral STG, medial frontal cortex, and 

cerebellum) than did vocal sounds. 

 Further studies are needed to determine why the response to vocal sounds in the 

current study was reduced in intensity and extent as compared to nonvocal sounds; 

however, this finding fits in the context of previous findings during sleep (Bastuji et al., 

2002; Perrin, Bastuji, & Garcia-Larrea, 2002). In a sleep ERP study in adults, an ERP 

component reflecting semantic discordance, the N400, was larger to incongruous words 

than to congruous words in both stage 2 (NREM) and REM sleep (Perrin et al., 2002). 

Interestingly, during REM sleep, the N400 was greater to incongruous words than 

pseudowords. This pattern is the opposite from what was seen in the wake state, 

suggesting there may be a different hierarchical response to some stimuli during sleep. 

Furthermore, evidence from the current study and a second study examining the BOLD 

response to vocal stimuli only (speech and backward speech) (Chapter III) suggests the 

response to vocal stimuli may be muted, and perhaps even inhibited overall, during 

sleep as compared to nonvocal and tone stimuli. While still speculative, it is possible 

that during sleep, the brain response to vocal sounds in particular is muted in young 

children due to the ecological advantage of being able to maintain sleep even in the 

presence of nearby human vocal sounds. In contrast, perhaps it would be beneficial for 

sudden non-human sounds to alert the young sleeper. In sum, other studies and ours 

indicate that during sleep the auditory system remains receptive to a variety of auditory 
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inputs, however, the hierarchy and degree of functional response may differ from that of 

the awake state.  

 For the current study, we deemed it infeasible to conduct a sparse sampling 

technique with children during sleep because we believed that the repetitive, abrupt 

onset of scanner gradient noise would startle and wake the children. However, the 

presence of continuous scanner background noise (SBN) has been shown to confound 

auditory studies of the awake adult by leading to increased baseline levels and 

nonlinearity effects in auditory cortices (Gaab, Gabrieli, & Glover, 2006). The effect of 

SBN on auditory processing during sleep has not been directly investigated and some 

evidence suggests its effect during sleep may be quite different from that of the awake 

state (Tanaka et al., 2003). Several studies which did not use ‘silent’ imaging 

techniques reveal robust activation of auditory cortices during sleep (Dehaene-Lambertz 

et al., 2002; Portas et al., 2000; Wilke et al., 2003). Nonetheless, this potential confound 

would not be expected to differentially affect one condition over another and thus likely 

can not account for the differential auditory response between conditions found in the 

current study. 

 Although the regions responsive to visual stimuli were similar to those seen 

during visual stimulation while awake with eyes open (e.g. primary visual cortex and 

surrounding extrastriate areas), the sign of the response was different. Specifically, 

visual cortex showed a pattern of BOLD signal decrease when presented with flashing 

light stimuli as compared to no stimulus presentation. Studies of the sedated infant 

(Martin et al., 1999; Morita et al., 2000; Yamada et al., 2000), sedated child (Altman & 

Bernal, 2001) and sleeping adult (Born et al., 2002) have also reported BOLD signal 
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decrease in visual cortex in response to flashing lights. Furthermore, in pilot data from 

our lab, very similar regions showed negative BOLD signal in response to the same 

stimulus paradigm in two awake adults with their eyes closed (Figure 2.7). Thus, BOLD 

signal decrease in response to visual stimuli is seen across multiple ages and behavioral 

states (sleep, sedation, or awake with eyes closed) with the common denominator being 

eyes closed. Although not yet completely understood, studies of awake adults resting 

with eyes closed reveal reduced levels of cerebral blood flow from both PET (Raichle et 

al., 2001) and ASL measurements (Uludag et al., 2004). In the current study, the 

children’s eyes were closed the entire time and BOLD signal was decreased during 

periods of visual stimulation as compared to no stimulation. The reason for this 

decrease is speculative without information on changes in blood flow but could reflect 

inhibition of visual input when eyes are closed. 

 In addition to examining the neurofunctional response to external stimuli, the 

present study showed that sleep fMRI can be used to examine the internal, intrinsic 

organization of the brain in very young children. By examining spontaneous 

fluctuations in auditory-related regions (i.e. right and left STG) during the visual 

experiment, auditory functional networks that are independent of the stimulus-related 

activations were identified. For each auditory seed region (left or right STG/S), 

significant correlations with the contralateral superior temporal regions were found, in 

addition to numerous other regions in temporal, frontal, and parietal cortex (See Table 

2.4). Interestingly, in this study, functional connectivity of the auditory system showed 

robust connections to higher order prefrontal regions while functional connectivity 

analyses of the visual system did not. Visual cortex, on the other hand, showed 
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functional connectivity patterns with surrounding extrastriate and parietal areas. The 

differential functional connectivity patterns identified with auditory and visual seed 

regions provide evidence for dissociable networks that can be identified without 

presentation of a specific, external stimulus. Finally, given our stimulus-evoked and 

stimulus-independent analyses, we suggest the auditory system is an ideal system with 

which to study fMRI response during sleep as it shows intrinsic, spontaneous functional 

connectivity to a number of higher order regions during sleep and can discriminate 

between auditory stimulus types.  

 The majority of regions identified during stimulus-evoked analyses (either 

auditory or visual) were identified during the stimulus-independent fcMRI analyses; 

however, fcMRI analyses revealed a greater extent and number of brain regions. This 

finding suggests that functional connectivity analyses allow for identification of whole 

networks while stimulus-evoked analyses show activation in portions of the network 

which are differentially engaged for the specific type of stimulus presentation. An 

exception is seen in the cerebellum, two occipital regions, and the putamen. Stimulus-

evoked activations to tones and nonvocal sounds were seen in these regions but not in 

the functional connectivity analyses with left or right STG regions. Other stimulus-

evoked and fcMRI studies have shown activation of the cerebellum during stimulus-

evoked fMRI but not stimulus-independent, resting fcMRI analyses (Cordes et al., 

2000). These findings suggest that certain regions active during stimulus-evoked 

analyses, such as the cerebellum, may not be part of a specific functional network, but 

rather may be engaged for processing auditory or other stimulus types when needed. 

This hypothesis is consistent with a proposed role of the cerebellum as a general 
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purpose structure whose role is to predict and strategically prepare the necessary neural 

systems needed to perform a variety of different functions (Courchesne & Allen, 1997). 

 The use of sleep fMRI in the study of typical and atypical development poses 

several advantages over other methods of developmental cognitive neuroscience. First, 

fMRI allows for the identification of specific cortical and sub-cortical substrates with 

relatively good anatomical spatial resolution. Recording during sleep strongly 

minimizes artifacts or loss of participant data due to motion artifact. Second, sleep 

fMRI allows for a comparable state of eyes-closed passive perception across 

participants. Often studies of children and particularly those with developmental 

disorders are not only measuring stimulus specific effects but also those related to 

differences in anxiety, motivation, arousal state, or attention. When comparing typically 

with atypically developing children, differences in brain activations may be due to these 

confounds rather than the stimulus in question. Third, sleep fMRI allows for the study 

of stimulus-independent fluctuations in BOLD signal across different ages from infancy 

to adulthood which may provide valuable insight into the development of these and 

other functional networks. Further, our findings suggest stimulus-independent 

functional connectivity can reveal functioning of entire networks which may be missed 

by stimulus-evoked analyses alone. As shown in this study, fcMRI can identify regions 

involved in stimulus-evoked analyses without limiting findings to a specific type of 

stimulus presentation. This method can be applied to children with developmental 

disorders with known abnormalities in functional connectivity such as autism (Horwitz, 

Rumsey, Grady, & Rapoport, 1988; Just, Cherkassky, Keller, & Minshew, 2004; 

Villalobos, Mizuno, Dahl, Kemmotsu, & Muller, 2005). Of course, a limitation of sleep 
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fMRI is that the neural response to certain stimuli during sleep is not always as 

predicted from the awake state. Furthermore, future research will need to address the 

question of whether different sleep stages may produce different patterns of brain 

activations. It will also be important to determine how these differential BOLD 

responses during sleep relate to behavioral abilities in the awake child. Converging 

evidence from sleep fMRI and awake behavioral performance could enhance 

understanding of functional brain development. 
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Language Acquisition 
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Abstract 

A pivotal period in the development of language occurs in the second year of 

life, when language comprehension undergoes rapid acceleration. However, the brain 

bases of these advances remain speculative as there is currently no functional magnetic 

resonance imaging (fMRI) data from healthy, typically developing toddlers at this age. 

We investigated the neural basis of speech comprehension in this critical age period by 

measuring fMRI activity during passive speech comprehension in 10 toddlers 

(mean±SD; 21±4 mo) and 10 older children (39±3 mo) during natural sleep. During 

sleep, the children were presented passages of forward and backward speech in 20-

second blocks separated by 20-second periods of no sound presentation. Toddlers 

produced significantly greater activation in frontal, occipital, and cerebellar regions than 

older children in response to forward speech. Our results suggest that rapid language 

acquisition during the second year of life may require the utilization of these frontal, 

cerebellar, and occipital systems in addition to classical superior temporal language 

areas. These findings are consistent with the interactive specialization hypothesis, which 

proposes that cognitive abilities develop from the interaction of brain regions that 

include and extend beyond those used in the adult brain. 
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Functional neuroimaging of speech perception during a pivotal period in language 

acquisition 

 

 The toddler years mark a dramatic increase in cognitive capacity, with 

remarkable advances observed across a wide range of abilities (Bates, Thal, & 

Janowsky, 1992). One of the most striking advances is in a child’s language 

development. For example, the average 24 month-old understands more than 10 times 

as many words as the average 16 month-old, and more than 200 times as many words as 

the average 8 month-old (Fenson et al., 1994). Equally remarkable is that by 16 to 19 

months of age, toddlers are able to learn the meaning of new words in as little as one 

trial and without explicit reference to the object being named (Baldwin, 1991; Heibeck 

& Markman, 1987).  

 The neural bases of this incredible advance in language ability, including other 

cognitive advances, remain speculative as little neurofunctional data exist during this 

age. By one account, the same regions used in the mature adult brain are also used 

during infancy, and the dramatic increases in language comprehension capacity are 

attributable to significant advances in the capacity of these particular structures 

(Dehaene-Lambertz, Hertz-Pannier, & Dubois, 2006). Support for this hypothesis 

comes from neuroimaging studies of 2-3 month infants and neonates showing similar 

neural and electrophysiological responses to speech stimuli in infants as in adults 

(Dehaene-Lambertz et al., 2002; Dehaene-Lambertz & Gliga, 2004; Pena et al., 2003); 

(Dehaene-Lambertz, Hertz-Pannier, Dubois et al., 2006).  
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 A second explanation is that in early childhood, language development depends 

on a broader network of neural systems, including those mediating social, cognitive, 

memory, sequence tracking, and novelty detection functions (Bates, 1992; Johnson, 

2001; Muller & Basho, 2004; Neville & Mills, 1997; Quartz & Sejnowski, 1997). This 

hypothesis is consistent with current theories suggesting language in the pre-linguistic 

child is not language per se, but rather a combination of attention, perception, social 

processing, imitation and symbolic processing, to name a few (Bates & Dick, 2002). 

Supporting evidence comes from event-related potential (ERP) (Mills, Coffey, & 

Neville, 1994; Mills et al., 1997; Mills et al., 1993; Mills & Neville, 1997) and lesion 

studies (Bates, 1997; Thal et al., 1991; Vicari et al., 2000) suggesting that frontal and 

right hemisphere regions may be critical for early language comprehension, rather than 

classic adult language comprehension regions in left posterior superior temporal cortex. 

ERP differences to known vs. unknown words are distributed over anterior and 

posterior scalp electrode sites in 13-17 month olds, but become increasingly focused to 

electrodes over left temporal and parietal regions with increasing age and language skill 

(Mills, Coffey-Corina et al., 1994). Similarly patterns of left frontal and occipital scalp-

recorded EEG coherence at 14 months of age predict later language ability at 24 months 

(Mundy, Fox, & Card, 2003).  

 These different hypotheses regarding neural substrates remain speculative 

because there have been no fMRI studies of speech processing in healthy normal 

toddlers during this pivotal period in language development. The only existent fMRI 

studies of speech processing in healthy, typically developing children have been with 2-

3-month-old infants (Dehaene-Lambertz et al., 2002; Dehaene-Lambertz, Hertz-
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Pannier, Dubois et al., 2006), an age prior to the initial burst of language comprehension 

capacities, and with children 5 years and older (Ahmad, Balsamo, Sachs, Xu, & 

Gaillard, 2003; Balsamo, Xu, & Gaillard, 2006; Karunanayaka et al., 2007; Plante, 

Holland, & Schmithorst, 2006; Schapiro et al., 2004; Szaflarski et al., 2006), and age 

after the burst of language comprehension capacities. Two groups have examined the 

fMRI response to speech presentation in patient populations under sedation. However, 

these studies have utilized very broad age ranges (e.g. 2 months – 9 years) and have not 

systematically examined age-related changes between 1- and 3-years of age (Altman & 

Bernal, 2001; Bernal & Altman, 2003; Souweidane et al., 1999). 

 To test directly whether toddlers recruit different regions to process speech than 

older children who already have a base of lexical knowledge, we recorded fMRI 

(BOLD) activity from 10 healthy, typically developing toddlers and 10 three year-olds 

during presentation of forward and backward speech stories during natural sleep. FMRI 

activity was recorded during natural sleep because reliable fMRI data acquisition 

requires subjects to limit movement for an extended period of time, which is currently 

not feasible for awake toddlers. Numerous ERP studies of basic sensory and cognitive 

processing in infants, toddlers and children indicate similar neurophysiological 

responses to various stimuli when presented during sleep and wake states (Cheour, 

Ceponiene et al., 2002; Cheour, Martynova et al., 2002; Martynova et al., 2003). We 

chose 3-year-olds for a contrast group because children in this age group are typically 

no longer experiencing the initial early “burst” of growth in vocabulary (Bates et al., 

2003; Bates et al., 1992) but are young enough to still be studied with the same natural 

sleep fMRI method.  
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Method 

Participants 

 Twenty-eight healthy children (ages 13-44 months) with no known neurological 

diseases or psychological disorders participated in this experiment. All children were 

recruited through community parent’s magazines or flyers. Eight children were not 

included in the analysis due to an inability to fall or stay asleep (5), experimenter error 

(1), or repeated failure to show up for scheduled appointments (2). Eighteen of the 20 

ID Age Sex

Mullen 

Composite

Receptive 

Language T 

Score

Receptive 

Language Age 

Equivalent

CDI Words 

Produced

T1 13 M 89 35 9 2

T2 14 M 80 31 8 1

T3 20 F * 54 13 15

T4 21 M 87 56 23 26

T5 22 M 124 65 28 350

T6 22 M 105 58 25 146

T7 23 F 110 59 25 124

T8 24 M 85 32 18 90

T9 24 F 105 63 30 170

T10 24 M * 47 23 268
Mean 

(stdev) 21(4) 7M 3F 98(15) 50(13) 20(8) 119(119)

C1 35 M 111 56 39 *

C2 36 M 123 68 47 446

C3 37 M 118 56 39 653

C4 37 M 82 47 36 610

C5 37 F 121 58 44 658

C6 39 M 116 58 65 615

C7 40 F 138 76 59 *

C8 40 M 113 50 41 *

C9 41 M 131 72 55 478

C10 44 F * * * 669
Mean 

(stdev) 39(3) 7M 3F 117(16) 60(10) 47(10) 589(90)

* Indicates data from within 2 months of fMRI testing is not available .

CDI refers to the MacArthur-Bates Communicative Developmental Inventory.

Comprehension vocabulary measures only are given for children between 8-16 months of age on the CDI

Toddler

3 Year-Old

participants received the Mullen Scales of Early Learning assessment (Mullen, 1995) 

within 2 months of fMRI data acquisition (mean .43 ± .94 months) See Table 3.1 for 

Table 3.1 Participant Information 



63 

  

participant description. All research was approved by the Institutional Review Board of 

Children’s Hospital and the University of California, San Diego (UCSD) approved this 

study. Informed written consent was obtained from the parents and they were 

compensated monetarily for participation.  

Stimuli 

 Three classes of auditory stimuli were used: 1) simple forward speech (Fw:s) 2) 

complex forward speech (Fw:c), and 3) backward speech (Bw). Each stimulus block 

was separated by a 20 second silent rest (R) condition during which time no stimulus 

was presented. The simple speech was an excerpt from a book for children at a 

comprehension level between 12 to 36 months. The complex speech was an excerpt 

taken from a book at a comprehension level over age 48 months. The books used were 

determined to be unfamiliar to the children by asking the parents if they had ever read 

this book to their child. All auditory stimuli were generated using Cool Edit 2000 digital 

audio software (Syntrillium Software Corp., Scottsdale, AZ). The backward speech was 

generated by reversing the simple speech and, thus, had similar acoustic complexity as 

the speech but it was not comprehensible as speech stimuli. All story excerpts and rest 

periods with no sound presentation were 20 seconds in length. Stimulus blocks were 

repeated 3 times in a partially counterbalanced order (Figure 3.1). All stimuli were read 

by the same female voice and recorded as binaural WAV files with 44 kHz sampling 

with 16-bit resolution. The stimuli were pre-recorded onto a CD and presented through 

a pneumatic headphone system with approximately 30dB of noise reduction. 
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Figure 3.1: Experimental Design. Stimuli were presented in a block design with 
alternating twenty second “on” blocks during which time one of the three speech 
conditions (Forward simple (Fw:s); Forward complex (Fw:c); and Backward (Bw) 
speech) were presented and “off” blocks during which time no stimuli were presented 
(Rest (R)). This design was repeated 3 times in a partially counterbalanced order. 
 
Procedure 

 All children were imaged during natural sleep without the use of sedation. Prior 

to the night of scanning, families were asked to play CDs with the sounds of the MRI 

scanner while their child fell asleep at home. Children arrived at the scanner between 

9:00 and 10:00 PM. They were allowed to fall asleep naturally either in the waiting 

room or the scanner room. When the child was placed on the scanner bed, earplugs and 

headphones were placed on the child. Earplugs were used with the intention of reducing 

startle responses with the onset of speech sounds and filtering out background scanner 

noise. The child’s parent and researcher remained in the scanner during the entire scan 

session. A mirror was placed over the head coil to allow the researcher to observe the 

child during scanning. If the child awoke, data acquisition was halted and the child was 

removed from the scanner. 

FMRI Acquisition 
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Functional MR images were acquired on a 1.5 Tesla Siemens Symphony system 

at the UCSD MR Center at Hillcrest Hospital. Whole brain axial slices were collected 

with a gradient-recalled echo-planar imaging (EPI) pulse sequence (TR (repetition time) 

= 2500ms; TE (echo time) = 35ms; flip angle = 90 deg; field of view (FOV) = 256 mm; 

64x64 matrix (4mm2 in-plane resolution), number of slices = 30; slice thickness = 4mm; 

154 volumes acquired). A T1-weighted anatomical image in the coronal plane using an 

MPRAGE sequence was collected prior to the FMRI scanning for co-registration with 

the functional images (FOV = 228mm; matrix = 256x256; 128 slices (.89mm2 in-plane 

resolution); slice thickness = 1.5mm).  

Individual Data Analyses 

Analyses were performed with Analysis of Functional NeuroImages software 

package (AFNI, release version 3-21-06) (Cox, 1996). Motion correction and three-

dimensional registration of each participant's functional images were done using an 

automated alignment program (3dvolreg), which co-registered each volume in the time 

series to the middle volume acquired in that run using an iterative process (Cox & 

Jesmanowicz, 1999). Data points containing head motion that were not correctable by 

co-registration were removed from analysis. Motion was considered uncorrectable if the 

summed distance value of the translational (mm) and rotational (deg) parameters was 

greater than 0.3.  Data points with excessive motion were removed from the analysis for 

one toddler (10% of the run) and two 3 year-olds (2.5% and 3.9% of the run). None of 

the censored volumes overlapped in time across these three subjects, which suggests 

motion due to onset or offset of a stimulus was not a problem. Additionally, the first 

two volumes in each data series were removed to compensate for T1 equilibration 
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effects. Images were then smoothed with a Gaussian filter (full-width half-maximum = 

6 mm).  

Multiple linear regression analyses of time series data were conducted using the 

program 3dDeconvolve. Nine input stimulus time series were modeled; forward simple, 

forward complex, and backward speech, and 6 motion parameters accounting for 

translation and rotation in three dimensions which were extracted from the 3dvolreg 

output. Because stimuli were presented in a block design, a gamma variate function was 

used to model the shape of the hemodynamic response. The gamma function was 

convolved with the time series and a multiple regression analysis was conducted to 

determine the “goodness of fit” coefficients (or linear contrast weight). The regression 

included terms to remove both the global mean and linear trend. A general linear test 

was performed that included both types of forward speech (Fw:s & Fw:c) which 

provided the forward speech (Fw) condition used in the remaining analyses. The Fw 

speech condition allows for a main effect of forward speech across stimuli of slightly 

varying levels of complexity. 

Talairach Alignment Study 

 Data were registered into a standard space based on the Talairach template 

(Talairach & Tournoux, 1988). Previous studies from within our own laboratory (E. 

Redcay, R.A. Carper, G. Wideman, N.A. Kleinhans, E. Courchesne, unpublished 

observations) have shown that spatial normalization to the Talairach template produced 

a similar range of spatial deviation within the central sulcus in toddlers and 3-year-old 

children when compared to adults (Figure 3.2). In one such study, one plane of the 

central sulcus (CS) of the 10 toddlers and 10 3-year-olds from this study and a group of 
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10 adults (23-27 years) were traced. The CS was chosen for reasons unrelated to the 

current fMRI study; however it offers a good examination of spatial normalization 

because it is on the superior edge of the brain and thus susceptible to alignment errors in 

spatial normalization with Talairach. Additionally, it allows for a consistent anatomical 

landmark from which to choose the slice in the axial plane to trace. Specifically, the 

precentral gyrus contains a distinct region that constitutes the motor “hand area” and 

has a knob-like appearance extending toward the postcentral gyrus. This region can also 

be identified in the sagittal plane by a hook-like appearance (for details see (Yousry et 

al., 1997)). Individual measures from the CS tracings were obtained in order to 

determine the degree of individual variability in CS location within each group. The 

center of each individual CS tracing was identified in each of the 3 planes (axial, 

sagittal, and coronal). A Levene test for homogeneity of variances was run to determine 

if the variances in the midpoint of the traced central sulcus within groups was different 

between groups. No significant differences were seen in a Levene test for homogeneity 

of variances between the 3 groups in any plane of the central sulcus except one. In the 

axial plane, greater variance was seen in the adults as compared to the toddlers (p<.04). 

Analysis of the degree of overlap of these structures revealed comparable or even better 

registration among the toddlers and children in the 3-year-old group than among the 

adults (Figure 3.2) 
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Figure 3.2: Talairach Spatial Normalization. Individual tracings of CS were summed 
for each group (toddlers, 3-year-olds and adults). Color indicates the degree of overlap 
between subjects. Total # of voxels indicates the number of voxels in the combined CS 
tracings within each group, such that fewer voxels indicates a greater degree of within 
group CS tracing (individual CS tracings have a value of 200). Each group tracing is 
displayed on an anatomical dataset created by averaging the mean intensities of all 10 
anatomical datasets from that group. 
 

However, while alignment within groups is comparable to that seen with adult 

co-registration, the regional and Brodmann area labels assigned to the Talairach 

coordinates do not necessarily correspond to those of the adult brain. For this reason, all 

reported regions of activation were determined by using anatomical landmarks 

identified in the combined anatomical datasets of both the toddler and 3-year-old group, 

separately (See Figure 3.2). 

Group Data Analyses 
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 The linear contrast coefficient for each condition was converted to percent 

signal change by calculating the percent change from the baseline parameter of the 

regression model. In order to determine the response to each condition as compared to 

rest for each group separately, two separate 1-way repeated measures ANOVAs were 

run with the percent signal change values from the four conditions (Fw:s, Fw:c, Bw, 

Fw) as the repeated measures. In order to compare activation between groups, a two-

way repeated measures analysis was run using the percent signal change values from 

each condition as the dependent variable and age group as the between subjects variable 

(toddler and 3-year-old).  Within the ANOVA, within-group contrasts were run to 

compare forward speech with backward speech (Fw vs. Bw) and between-group 

contrasts were run to compare the response to forward (Fw) and backward (Bw) speech 

between toddlers and 3-year-olds. The ANOVA was performed using the matlab 

package within AFNI. Unless otherwise noted, all group comparisons are set at an 

intensity threshold of p < .01 and cluster corrected for an overall alpha value of p < .05 

(cluster volume = 960 mm3; connectivity radius = 6.0). 

Nonparametric Analyses 

 Due to the wide age range and variability in language skill across and within 

groups, a nonparametric test (Wilcoxon signed-rank) was run to take into account a 

possible deviation from the assumption of normal distribution. The Wilcoxon signed-

rank test showed similar results to the ANOVA. For forward speech, left MFG (peak 

coordinate: (26, -42, 15); t=-2.8) and left cerebellar hemisphere (peak coordinate: (28, 

56, -23); t=-2.8) showed greater activation to forward speech in the toddlers, whereas 

left temporal pole ((38, 1, -21); t=2.8) showed greater activation in the 3-year-olds. For 
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backward speech, a region of left STG (peak: (-52, 17, 2); t=2.8) and left ITG (peak: 

(50, 19, -21); t=2.8) showed greater activation in the 3-year-olds and no region showed 

significantly greater activation in the toddlers. 

Region of Activation Analyses 

 Individual percent signal change data were extracted from a region of activation 

(ROA) mask (Figure 3.3B). This mask was created by combining the map of regions 

significantly responsive to forward speech (p<.05, 13 voxel minimum cluster) in the 

toddler group with that of the 3-year-old group (p<.05, 13 voxel minimum cluster) 

(Figure 3.3A). Nine separable clusters were identified within this ROA mask. The 

specific regions within this mask are detailed in Table 3.2 under both the toddler and 3-

year-old response to forward speech vs. rest. More than 9 regions are listed because data 

are reported based on all regions activated within the clusters, rather simply than center 

of a cluster. Individual unthresholded percent signal change data from within the 

forward speech condition were then extracted from each of the 9 clusters within the 

combined ROA mask for each participant. 

Exploratory Correlations 

 Correlation analyses were used to examine whether each of the 9 clusters within 

the ROA mask showed significant correlations of the BOLD response with behavioral 

age equivalent scores from the Mullen Scales of Early Learning for both receptive and 

expressive language. These analyses were exploratory as the wide age range made it 

difficult to disentangle effects of age from effects of skill. Percent data from the forward 

speech condition for each subject from each of the 9 clusters of the ROA mask were 
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correlated with the age equivalent scores for receptive and expressive language. All 

statistical analyses were carried out in SPSS v12.0 (SPSS, Chicago, IL). No clusters 

showed significant correlations with receptive or expressive language age equivalent at 

a conservative bonferroni correction (p<.0156). At a more lenient significance threshold 

of p<.05, the left frontal cluster (left inferior, middle, superior, and medial frontal gyrus) 

showed a negative correlation with receptive and expressive language age. Additionally, 

bilateral cerebellar clusters showed significant negative correlations with expressive 

language age equivalent scores. 

Results 

 Regions of significant activation to forward speech vs. rest and backward speech 

vs. rest for both groups are given in Table 3.2. The response to forward and backward 

speech versus rest did not reach statistical significance within superior temporal lobes at 

p<.01, corrected, in the toddler group. When the threshold was relaxed to p<.05 

(corrected for 13 voxel minimum), bilateral STG activation was seen in both conditions 

(Table 3.2, Figure 3.3A). For this reason, information in Table 3.2 and Figure 3.3 is 

given at a threshold of p<.05, corrected for both the toddler and 3-year-old group 
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Figure 3.3: Regions of Significant Activation to Forward Speech in Toddlers and 

3-year-olds. (A) Map of regions significantly responsive to forward speech (p<.05, 13 
voxel minimum cluster). Regions of significant activation in response to the forward 
speech condition for both the toddler (displayed in red) and 3-year-old (displayed in 
dark blue) groups were combined to determine the overlapping regions of significant 
activity (displayed in yellow). (B) The combined regions of significant activation for 
both age groups identified in (A) were used as a Region of Activation (ROA) mask to 
extract percent signal change values from each individual. The ROA mask was 
separated based on lobar and hemispheric boundaries. Plotted are mean percent signal 
change from left (L) and right (R) hemispheres from temporal (light blue), frontal 
(pink), occipital (green), and cerebellar (orange) regions. In the graphs, values from the 
toddlers are displayed in red and values from the 3-year-olds are displayed in blue. 
Error bars represent standard error of the mean. Activation maps are displayed on a 
representative structural image from a single subject for all figures. 
 

Differential Response to Speech 

 To examine whether toddlers and 3-year-olds showed a differential neural 

response to forward as compared to backward speech during sleep, blood oxygenation 
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level dependent (BOLD) activation to forward speech was contrasted with backward 

speech in toddlers and 3-year-olds separately. When presented with forward speech, 

toddlers recruited primarily parietal regions including left angular gyrus (AG) (t=3.88), 

bilateral posterior cingulate (PCC) (R:t=3.63; L:t=2.15), and left precuneus (Pre) 

(t=3.51) to a greater extent than when presented with backward speech (see Table 3.3 

for full list; Figure 3.4).  

 

Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value

Frontal Frontal

Medial Frontal gyrus L 32 (-8, 44 ,10) 3.73 Middle Frontal Gyrus L 8 (-28, 18, 47) 3.84

Middle Frontal Gyrus L 9 (-38, 42 ,11) 5.01 Insula L 13 (-39, -24, 22) 2.71

Middle Frontal Gyrus R 9 (46, 31 ,13) 4.82 Temporal

Inferior Frontal Gyrus L 45 (-31, 23, 7) 4.91 Fusiform Gyrus R 20 (30, -38, -17) 5.1

Inferior Frontal Gyrus R 9 (37, 8, 22) 3.7 Inferior Temporal Gyrus L 20 (-38, -6, -20) 4.49

Inferior Frotnal Gyrus R 44 (54, 15, 10) 3.82 Middle Temporal Gyrus L 37 (-46, -53, 3) 2.53

Inferior Frontal Gyrus R 47 (41, 28, 3) 3.47 Middle Temporal Gyrus R 21 (61, -9, -11) 3.79

Superior Frontal Gyrus L 10 (-26, 47, 3) 3.6 Parahippocampal Gyrus L 37 (-23, -49, -10) 3.45

Insula L 13 (-31, 3, 3) 3.49 Parahippocampal Gyrus R 35 (30, -21, -17) 3.48

Temporal Superior Temporal Gyrus L 22 (-55, -9, -1) 6.2

Inferior Temporal Gyrus L 20 (-51, -33, -18) 5.4 Superior Temporal Gyrus L 22 (-41, -41, 15) 3.26

Superior Temporal Gyrus L 22 (-48, -2, 2) 3.09 Superior Temporal Gyrus R 22 (58, -15, 7) 3.87

Superior Temporal Gyrus R 22 (57, -17, -2) 2.78 Superior Temporal Sulcus L 21/22 (-51, -41, 7) 2.97

Superior Temporal Gyrus R 38 (46, 11, -13) 3.6 Superior Temporal Sulcus R 21/22 (49, -9, -10) 2.84

Transverse Temporal Gyrus L 41 (-50, -13, 7) 2.9 Transverse Temporal Gyrus L 41 (-42, -23, 7) 3.08

Parietal Transverse Temporal Gyrus R 41 (46, -21, 11) 3.4

Angular Gyrus L 39 (-34, -60, 34) 3.57 Parietal

Angular Gyrus R 39 (50, -65, 31) 4.35 Cingulate Gyrus L 31 (-18, -26, 32) 2.92

Inferior Parietal Lobule L 40 (-44, -61, 43) 3.94 Posterior Cingulate R 30 (21, -55, 8) 3.11

Posterior Cingulate R 29/30 (-14, -45, 12) 2.6 Precuneus L 19 (-25, -71, 34) 3.51

Occipital Precuneus L 31 (-15, -54, 31) 3.17

Cuneus L 18 (-11, -89, 7) 2.9 Occipital

Cuneus R 19 (18,- 89, 7) 3.31 Lingual Gyrus L 19 (-23, -64, -5) 4.83

Lingual Gyrus L 18 (-18, -85, -5) 3.24 Lingual Gyrus R 19 (14, -53, -6) 3.99

Lingual Gyrus R 18 (17, -78, -10) 5.42

Subcortical

Caudate R (10, 10, 10) 3.8

Cerebellum L (-31, -57, -25) 3.94

Cerebellum R (18, -56, -14) 3.13

Frontal Frontal

Superior Frontal Gyrus L 8/9 (-18, -8, 6) -4.62 Precentral Gyrus R 4 (45, -10, 27) -3.86

Parietal Superior Frontal Gyrus R 10 (25, 56, 10) -3.37

Paracentral Lobule L 5 (-18, -42, 55) -3.48 Subcortical

Postcentral Gyrus L 40 (-35, -33, 51) -3.12 Thalamus L (-10, -18, 4) -2.56

Subcortical Thalamus R (14, -21, 8) -2.64

Thalamus L -3.32

Thalamus R -4.05

Toddler 3 Year-Old

Forward Speech > Rest

Rest > Forward Speech

 

 

Table 3.2 Forward and Backward Speech versus Rest 
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Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value

Frontal Frontal

Inferior Frontal Gyrus R 9 (57, 3, 22) 3.6 Anterior Cingulate R 24 (2, 26, 12) 4.13

Inferior Frontal Gyrus R 44 (49, 2, 19) 3.43 Medial Frontal Gyrus L 10 (-15, 35, 10) 4.66

Middle Frontal Gyrus L 9 (-39, 39, 15) 3.94 Middle Frontal Gyrus L 10 (-26, 46, -5) 4.22

Middle Frontal Gyrus R 46 (38, 31, 22) 3.37 Middle Frontal Gyrus R 6 (44, 5, 45) 2.9

Middle Frontal Gyrus R 6 (37, 7, 52) 2.61 Middle Frontal Gyrus R 9 (44, 30, 27) 7.06

Superior Frontal Gyrus L 10 (-22, 50, 15) 3.02 Superior Frontal Gyrus R 8 (18, 34,47) 4.08

Insula R 13 (35, -1, 14) 4.83 Temporal

Temporal Middle Temporal Gyrus L 21 (-51, -54, 8) 2.69

Fusiform Gyrus R 19 (30, -64, -10) 3.79 Parahippocampal Gyrus R 35 (27, -33, -17) 2.96

Inferior Temporal Gyrus L 20 (-54, -20, -16) 5.2 Superior Temporal Gyrus L 21/22 (-57, -10, -2) 5.95

Middle Temporal Gyrus R 22 (57, -45, 2) 3.77 Superior Temporal Gyrus L 21/22 (-57, -29, 8) 5.43

Superior Temporal Gyrus L 22 (-51, -13, 6) 3.2 Transverse Temporal Gyrus L 41 (-45, -26, 10) 7.8

Superior Temporal Gyrus R 22 (46, -4, -7) 3.73 Parietal

Superior Temporal Gyrus R 38 (50, -1, -6) 4.64 Angular Gyrus L 39 (-43, -65, 32) 2.47

Transverse Temporal Gyrus L 41 (-50, -13, 7) 3.2 Subcortical

Parietal Anterior Insula L 13 (-25, 28, 5) 2.58

Inferior Parietal Lobule R 40 (55, -49, 51) 3.69

Occipital

Lingual Gyrus L 17 (-22, -89, -3) 3.97

Middle Occipital Gyrus L 18 (-27, -81, -8) 3.09

Middle Occipital Gyrus R 18 (33, -84, 0) 2.68

Subcortical

Cerebellum L (-31, -52, 30) 3.21

Frontal Occipital

Cingulate Gyrus R 24 (12, -4, 39) -3.19 Lingual Gyrus L 19 (-27, -77, -9) -3.33

Medial Frontal Gyrus L 6 (-10, -24, 59) -4.26 Middle Occipital Gyrus L 18 (-27, -81, 4) -3.51

Parietal Subcortical

Cingulate Gyrus L 34 (-10, -16, 43) -6.02 Thalamus L (-14, -21, 10) -2.85

Paracentral Lobule R 5 (2, -33, 55) -4.34 Thalamus R (14, -22, 15) -3.5

Precentral Gyrus L 4 (-25, -24, 52) -3.58

Precuneus L 7 (-6, -44, 52) -3.55

Subcortical

Cerebellar Vermis B (-6, -45, -9) -4.94

Thalamus L (-15, -17, 7) -3.44

Thalamus R (18, -21, 7) -3.35

Backward Speech > Rest

Rest > Backward Speech

 

 In 3-year-olds, forward speech elicited greater temporal lobe activity as 

compared to backward speech primarily within regions of temporal cortex, including 

bilateral superior temporal gyri (STG) (BA 42) (R: t=3.35; L: t=3.3), left STG (BA 22) 

(t=3.3), and bilateral transverse temporal gyri (TTG) (BA 41) (R: t=3.87; L: t=3.12). 

Three-year-olds also engaged parietal and occipital regions to a greater extent during 

processing of forward as compared to backward speech (See Table 3.3 for full list). 

 

Table 3.3 Continued 
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Figure 3.4: Forward versus Backward Speech in Toddlers and 3-year-olds. Both 
groups showed a differential response to speech in parietal regions. However, 3-year-
olds, but not toddlers, also engaged superior temporal regions to a greater extent for 
processing forward than backward speech. Positive t-values represent regions in which 
forward speech elicited a significantly greater response than backward speech while 
negative t-values represent regions in which backward speech elicited a significantly 
greater response than forward speech. 
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Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value

Forward > Backward
Frontal

Cingulate Gyrus R 31 (2, 4, 32) 3.76

Temporal

None

Parietal

Angular Gyrus L 39 (-46, -62, 36) 3.88

Posterior Cingulate L 29 (-10, -50, 8) 2.15

Posterior Cingulate R 29 (10, -49, 12) 3.63

Precuneus L 31 (-2, -69, 32) 3.51

Occipital

Middle Occipital Gyrus R 19 (39, -82, 15) 3.66

Subcortical

Anterior Cerebellar Vermis R (1, -45, 0) 3.5

Backward > Forward
Frontal

None

Temporal

Anterior Medial Middle 

Temporal Gyrus L 28 (-39, -5, -16) -4.33

Forward > Backward
Frontal

None

Temporal

Fusiform Gyurs L 37 (-18, -65, -4) 3.09

Parahippocampal Gyrus L 36 (-26, -49, -4) 4.31

Superior Temporal Gyrus L 42 (-46, -9, 4) 3.25

Superior Temporal Gyrus L 22 (-46, -18, 12) 3.3

Superior Temporal Gyrus R 42/22 (57, -17, 8) 3.35

Transverse Temporal Gyrus R 41 (46, -18, 12) 3.87

Transverse Temporal Gyrus L 41 (-37, -35, 16) 3.12

Parietal

Precuneus L 7 (-21, -65, 36) 4.15

Precuneus R 31 (18, -52, 24) 3.54

Occipital

Calcarine Gyrus R 17 (19, -80, 4) 3.95

Cuneus L 30 (-18, -68, 12) 3.55

Lingual Gyrus L 18 (-27, -47, -4) 4.31

Middle Occipital Gyrus L 17 (-21, -87, 0) 3.24

Backward > Forward
Frontal

Middle Frontal Gyrus L 46 (-26, 42, 12) -3.43

Middle Frontal Gyrus R 46 (30, 51, 11) -4.23

Data are given at a threshold of p<.01, corrected. BA refers to Brodmann

Area. T-values represent the peak t-value within each region

Toddler

3 Year-Old

 

Table 3.3 Within Group Comparisons 
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Age-Related Effects 

 To examine directly whether the BOLD activation patterns to speech 

presentation change with age, activity to forward and backward speech as compared to 

no sound presentation was compared between toddlers and 3-year-olds (Figure 3.5). 

Toddlers showed greater activation to forward speech than 3-year-olds in numerous 

brain regions within frontal, parietal, occipital, cerebellar, and subcortical structures 

(See Table 3.4 for a full list). The regions showing the greatest significant difference in 

intensity (i.e. t ≥ 5) included bilateral medial frontal gyri (MedFG) (R BA 10: t=5; L 

BA 10: t=5.38), right superior frontal gyrus (SFG) (BA 9; t=6.2), left middle frontal 

gyrus (MFG) (BA 9; t=7.75), left orbitofrontal gyrus (OFG) (BA 11/47; t=5.15), left 

lingual gyrus (LG) (BA 18; t=6.81), and bilateral cerebellar hemispheres (L: t=5.85; R: 

t=5.26). Of note also is the bilateral activation of the inferior frontal gyrus, particularly 

the left inferior frontal gyrus (IFG) at the pars opercularis (i.e. Broca’s area) (t=4.29). 

 In comparison to toddlers, 3-year-olds showed greater BOLD activation to 

forward speech primarily within temporal and parietal regions, in addition to some 

regions of frontal, occipital, and insular cortex to a lesser degree (Table 3.4). With a 

significance of t ≥ 5, 3-year-olds showed greater activation within a region of left STG 

(BA 22; t=4.92), left MTG (BA 37; t=5.36), TTG (BA 41; t=5.23), inferior parietal 

lobule (BA 40; t=5.98), superior parietal lobule (BA7; t=5.75), paracentral lobule (BA 

7; t=5.12), and left MFG (BA 8; t=5.26). 
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Figure 3.5: Age-Related Differences in Responses to Forward and Backward 

Speech versus Rest. To process forward speech, toddlers recruited bilateral frontal, 
occipital, and cerebellar regions to a greater extent than 3-year-olds while 3-year-olds 
recruited superior temporal and parietal regions to a greater extent than toddlers. To 
process backward speech, toddlers recruited occipital and cerebellar regions to a greater 
extent than 3-year-olds while 3-year-olds recruited parietal and cingulate regions (See 
Table 3.4 for precise locations) to a greater extent than toddlers. Positive t-values 
represent regions in which toddlers showed a greater response to speech than 3-year-
olds while negative t-values represent regions in which 3-year-olds showed a greater 
response to speech than toddlers. 
 

Age-related differences in the backward speech condition were not seen in 

frontal or superior temporal cortices. Rather, toddlers showed greater activation than 3-

year-olds within left fusiform gyrus (FG) and bilateral LG. Three-year-olds showed 

greater activation than toddlers to backward speech in cingulate gyrus, paracentral 

lobule and Pre. In contrast to the age-related differences seen in the forward speech 

condition, no age-related differences reached a t-value greater than or equal to 5.0 for 

the backward speech condition. 
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Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value

Toddler > 3 Year-Old

Frontal

Anterior Cingulate Gyrus R 24 (6, 31, 4) 4.44

Anterior Cingulate Gyrus R 32 (2, 3, 32) 3.89

Inferior Frontal Gyrus L 44 (-54, 11, 20) 4.45

Inferior Frontal Gyrus, Pars 

Opercularis L 44 (-46, 11, 8) 4.29

Inferior Frontal Gyrus R 44 (38, 7, 26) 4.55

Inferior Frontal Gyrus R 44 (56, 18, 22) 4.13

Medial Frontal Gyrus L 10 (-14, 51, 4) 5.38

Medial Frontal Gyrus R 10 (18, 59, 8) 5.00

Medial Frontal Gyrus R 32 (2, 35, 27) 4.40

Medial Frontal Gyrus R 32 (5, 51, -8) 3.90

Middle Frontal Gyrus L 9 (-30, 47, 16) 7.75

Middle Frontal Gyrus R 10 (26, 47, -4) 4.88

Orbitofrontal Cortex L 11/47 (-22, 27, -8) 5.15

Superior Frontal Gyrus R 9 (38, 43, 16) 6.20

Superior Frontal Gyrus R 10 (14, 47, 28) 4.78

Temporal

None

Parietal

Posterior Cingulate R 30 (14, -45, 16) 3.73

Precuneus L 31 (-10, -69, 36) 4.34

Occipital

Cuneus L 18 (-10, -99, 16) 3.53

Lingual Gyrus L 18 (-18, -89, -12) 6.81

Lingual Gyrus R 18 (30, -77, -12) 4.39

Subcortical

Caudate R (8, 19, 0) 3.75

Cerebellar Hemisphere L (-27, -57, -24) 5.85

Cerebellar Hemisphere R (14, -65, -12) 5.26

Globus Pallidus R (23, -1, -7) 4.05

3 Year-Old > Toddler

Frontal

Middle Frontal Gyrus L 8 (-30, 19, 48) -5.26

Precentral Gyrus R 6 (26, -17, 58) -4.24

Superior Frontal Gyrus L 8 (14, -65, -12) -4.40

Superior Frontal Gyrus R 6 (23, -1, -7) -3.27

Posterior Insula L (-38, -33, 16) -4.51

Forward Speech

 
 

Table 3.4 Between Group Comparisons 
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Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value

Temporal

Fusiform Gyrus L 36 (-34, -23, -12) -4.07

Inferior Temporal Gyrus L 20 (-38, -5, -20) -6.95

Middle Temporal Gyrus L 37 (-50, -57, 4) -5.36

Middle Temporal Gyrus R 22 (62, -33, 0) -3.63

Parahippocampal Gyrus L 36 (-22, -53, 0) -4.81

Parahippocampal Gyrus R 36 (22, -49, 0) -4.31

Superior Temporal Gyrus L 22 (-54, -5, 0) -6.06

Superior Temporal Gyrus L 22 (-42, -33, 4) -4.30

Superior Temporal Gyrus R 22/42 (62, -17, 8) -4.92

Superior Temporal Sulcus L 21/22 (-54, -21, -4) -4.25

Superior Temporal Sulcus R 21/22 (58, -9, -4) -4.13

Transverse Temporal Gyrus L 41 (-42, -9, 0) -5.23

Transverse Temporal Gyrus R 41 (50, -21, 12) -4.18

Parietal

Cingulate Sulcus L (-18, -25, 32) -4.95

Inferior Parietal Lobule L 31 (-66, -33, 16) -5.98

Paracentral Lobule L 40 (-10, -37, 56) -5.12

Paracentral Lobule R 7 (10 -29, 48) -4.28

Postcentral Gyrus R 4 (38, -21, 56) -4.46

Superior Parietal Lobule L 7 (-22, -41, 56) -5.75

Occipital

Middle Occipital Gyrus L 19 (-42, -73, 0) -4.08

Toddler > 3 Year-Old

Frontal

None

Temporal

Fusiform Gyrus L 37 (26, -69, -8) 4.20

Fusiform Gyrus L 19 (-17, -73, -15) 4.04

Parietal

None

Occipital

Lingual Gyrus L 18 (-22, -86, 0) 4.91

Lingual Gyrus L 19 (-17, -73, -15) 4.04

Lingual Gyrus R 18 (14, -85, 0) 4.92

Subcortical

Cerebellar Hemisphere L (-27, -53, -24) 3.85

3 Year-Old > Toddler

Frontal

Cingulate Gyrus R 31 (10, -1, 40) -4.49

Temporal

None

Parietal

Paracentral Lobule L 7 (-10, -22, 48) -3.68

Precuneus L 7 (-10, -41, 44) -3.42

Occipital

None

Data are given at a threshold of p<01, corrected. T-values represent the 

peark t-value for the region identified

Backward Speech

Forward Speech

 

Table 3.4 Continued 
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Figure 3.6: Individual Variability within STG. Percent signal change data from each 
individual in the toddler and 3-year-old group were extracted from the left and right 
STG regions of the ROA mask. The ROA mask is depicted in Figure 3.3B. 
 

Discussion 

 The current study is the first to examine language processing in non-sedated 

toddlers. It is also the first to test whether there may be developmental differences in 

brain activation patterns to language between toddlers, who are at an early stage of 

language learning, and 3-year-olds, who have far more advanced language capacity. We 

found that toddlers recruit an extended network of brain regions, primarily within 

frontal, occipital, and cerebellar cortices, as compared to 3-year-olds during passive 

perception of forward speech in sleep (Figure 3.3 and 3.5). Additionally, we found a 

differential neural response to forward and backward speech in both toddlers and 3-

year-olds during sleep (Figure 3.4). Our findings support previous ERP and lesion 

studies that have suggested that in early development speech perception may recruit a 
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more broadly distributed network of neural systems and functions than is seen during 

passive speech listening in more language skillful older children and adults (Bates, 

1997; Mills, Coffey-Corina et al., 1994; Mills & Neville, 1997; Neville & Mills, 1997). 

Our fMRI findings extend and compliment these ERP and lesion studies by providing a 

more localized neuroanatomical substrate that is responsive to language at this key 

period in language development.  

We suggest that the use of fMRI during natural sleep could offer a number of 

advantages to the study of developmental cognitive neuroscience. For instance, sleep 

fMRI can provide specific neuroanatomical information about cortical and subcortical 

regions involved in language functions in very young children without motion 

confounds. However, an inherent difficulty in studying cognition during natural sleep is 

the potential influence that different sleep stages might have on neural and blood flow 

factors affecting observed brain activity. A first question is whether the sleeping brain 

detects and discriminates between external stimuli. There is a growing corpus of brain 

activity findings in children that indicate the sleeping brain may perform complex 

cognitive and language processing, and that in some cases activation patterns during 

sleep and awake states may share significant similarities. For example, fMRI data 

during passive story listening was recorded from a 6 year-old boy who fell asleep 

during scan acquisition. The authors report strikingly similar patterns of brain activation 

from both the asleep and awake states and when compared to a control group of 

children (Wilke et al., 2003). Additionally, ERP studies of infants and toddlers have 

documented similar brain responses during waking and sleep to speech and tones 

(Cheour, Ceponiene et al., 2002; Cheour, Martynova et al., 2002; Martynova et al., 
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2003; Pena et al., 2003). One particularly compelling ERP study has shown that the 

simple presentation of vowels to neonates during sleep actually enhanced auditory 

discrimination abilities while awake (Cheour, Martynova et al., 2002), suggesting active 

cognitive processing and learning can occur during sleep, at least at young ages.  

In the present study, a differential response to forward versus backward speech 

was found in both toddlers and 3-year-olds during sleep, suggesting that during sleep 

the brain may be able to discriminate speech from speech-like stimuli. Three-year-olds 

showed a greater response within superior temporal regions to forward than to 

backward speech, consistent with a pattern seen in adults, in addition to parietal and 

occipital regions. Toddlers showed differential activity within the left parietal lobe (left 

AG and Pre) and cingulate gyrus. These parietal regions were the same regions that 

showed a differential response to forward versus backward speech in the study of 2-3 

month old infants (Dehaene-Lambertz et al., 2002). Our finding of a differential neural 

response between forward versus backward speech offers additional support for some 

degree of cognitive processing during sleep in young children. 

A second question is whether the broadly distributed activation seen in the 

toddlers, but not 3-year-olds, is a sleep rather than a developmental phenomenon. 

Previous work using PET techniques suggest that regional blood flow is altered across 

different sleep stages in adults (Maquet, 2000). Although concurrent EEG recording 

was deemed infeasible in this study, we attempted to mute the potential confound of 

sleep stage by initiating testing of each child at the same time after the onset of sleep 

(approximately 35-45 minutes) so that children would be in NREM sleep. While more 

data are needed, reports suggest variability in REM latencies after sleep onset may be 
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larger within the toddler and 3-year-old group than between groups. For 3-5 year-old 

children, REM onsets are reported at approximately 90 minutes into sleep (range 28-

234 minutes) (Montgomery-Downs, O'Brien, Gulliver, & Gozal, 2006 & Gozal, 2006). 

A longitudinal study, reports mean REM latencies between 53-70 minutes for 1-2-year-

old children and at 90 minutes between 1-2 years of age for the one child whose data 

are given individually (Louis, Cannard, Bastuji, & Challamel, 1997 & Challamel, 

1997). Therefore, the fMRI activation effects we observed seem unlikely to have been 

due to systematic between group differences in the sleep stage during which activations 

were recorded. 

Between-subject variability (whether due to sleep stage or other factors) may 

have been a source of measurement noise in each group and as such could have 

decreased the power to detect within group activations. In fact, we noted between 

subject variability in BOLD response within the bilateral STG region of the ROA mask 

(see Figure 3.3B): 6 of the 10 toddlers showed positive mean activity to forward speech 

as compared to rest in this region but 4 did not (Figure 3.6). Variability in the sign of 

the BOLD response in STG has been noted in a previous study examining BOLD 

response to tones in sleeping neonates (Anderson et al., 2001). Furthermore, fMRI 

studies of adults during sleep show a reduced percent signal change (Tanaka et al., 

2003) or area of activation (Czisch et al., 2002) within auditory cortices, suggesting 

auditory studies of the sleeping brain may require more statistical power than during the 

wake state to achieve reliable activation within temporal cortex. A potential source of 

variability may result from the relatively broad range in age and language capacity 

within the toddler group. Further studies examining a narrow age range, containing a 
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larger sample size, and controlling for sleep stages should be able to give insight into 

the specific sources of this variability. 

As this is the first fMRI study to examine age-related changes between the 

second and fourth year of life, and given that sleep stage was not directly recorded, the 

reason for the greater number of frontal, occipital, and cerebellar regions of activation 

in toddlers remains uncertain. In adults, these frontal and cerebellar regions are involved 

in some linguistic (Demonet, Thierry, & Cardebat, 2005) as well as non-linguistic 

behaviors that may be critical to language learning such as working memory, novelty 

detection, attention, extraction of patterns, and socio-emotional processing. Thus, one 

hypothesis is that speech perception in toddlers requires the participation of other neural 

systems in addition to classical language systems. The neural substrate for these 

processes may be tightly linked early in development such that they are recruited even 

during a passive state such as sleep. After the initial gains in language comprehension 

(i.e. after 2 to 3 years of age), these ‘other systems’ may no longer be recruited to the 

same degree during passive language listening, as the child would then already have a 

base of semantic knowledge in which to process familiar words and to incorporate 

newly learned words. In other words, in the language-skilled person, during passive 

listening superior temporal ‘receptive language’ regions alone may be sufficient to add 

to the base of linguistic knowledge formed in the second year of life. 

It is premature to conclude that the age-related change from a pattern of more 

widespread activation in response to speech in toddlers to more limited activation in 

young children is unique to either the domain of language or the current age range. For 

instance, in older children, a body of developmental imaging work reveals a pattern of 
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diffuse to focal brain activity with age, experience, and performance in domains outside 

of language (see (Durston et al., 2006) for review). Further, EEG/ERP studies with 

infants reveal distributed activity in response to other complex stimulus types (e.g. 

faces) at early ages and increasing neural specialization with increasing age and 

experience (Courchesne, Ganz, & Norcia, 1981; de Haan, Pascalis, & Johnson, 2002; 

Halit, de Haan, & Johnson, 2003). Johnson proposed an ‘interactive specialization 

framework’ of functional brain development in which regions of cortex become 

specialized to respond to a particular stimulus set through interactions between a broad 

number of brain regions and networks early on (Johnson, 2000, 2001; Johnson et al., 

2005). Given the greater response of frontal and other neural systems to language 

during a period of rapidly increasing language capacity, this framework may be 

applicable to language acquisition in the second year of life as well.  

The importance of being able to record fMRI data from infants and toddlers 

during natural sleep may extend beyond the topic of language development. The second 

year of life is a remarkable age in a child’s cognitive and neural development, not 

limited to the realm of language development (Bates et al., 2003; Courage & Howe, 

2002). Between an infant’s first and second birthdays, he or she becomes able for the 

first time to express a multitude of words (Fenson et al., 1994), initiate episodes of joint 

attention (Carpenter, Nagell, & Tomasello, 1998), achieve self-recognition 

(Amsterdam, 1972), and understand a speaker’s intention (Diesendruck, Markson, 

Akhtar, & Reudor, 2004). In other words, during this short period of life the child is 

rapidly transforming into an active and capable communicator, learner, and social 

participant of his or her world.  The present study raises the possibility that the neural 
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bases for these behavioral achievements could be probed through the use of auditory 

paradigms during natural sleep. To facilitate the interpretation of results from natural 

sleep fMRI analyses, studies could be designed to test for correlations between the 

former and behavioral performance in the same child while awake. The ability to study 

children at this unique stage in life with fMRI has the potential to lead to considerable 

advances in the relatively young field of developmental cognitive neuroscience. 
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Abstract 

A failure to develop normal language is one of the most common first signs that 

a toddler might be at risk for autism. Currently the neural bases underlying this failure 

to develop language are unknown. In this study, functional magnetic resonance imaging 

(fMRI) was utilized to identify the brain regions involved in speech perception in 

twelve 2-3 year-old children with autism spectrum disorder (ASD) during natural sleep. 

We also recorded fMRI data from two typically developing control groups: a mental 

age-matched (MA) (n=11) and a chronological age-matched (CA) (n=12) group. During 

fMRI data acquisition, forward and backward speech stimuli were presented with 

intervening periods of no sound presentation. Direct statistical comparison between 

groups revealed significant differences in regions recruited to process speech. In 

comparison to their MA-matched controls, the ASD group showed reduced activity in 

an extended network of brain regions, which are recruited in typical early language 

acquisition. In comparison to their CA-matched controls, ASD participants showed 

greater activation primarily within right and medial frontal regions. Laterality analyses 

revealed a trend towards greater recruitment of right hemisphere regions in the ASD 

group and left hemisphere regions in the CA group during the forward speech condition. 

Furthermore, correlation analyses revealed a significant positive relationship between 

right hemisphere frontal and temporal activity during the forward speech condition and 

receptive language skill. These findings suggest that at 2-3 years of age, children with 

ASD may be on a deviant developmental trajectory characterized by a greater 

recruitment of right hemisphere regions during speech perception. 
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Deviant fMRI patterns of brain activity to speech in 2-3 year-old children with autism 

spectrum disorder 

 

A striking disparity in language development between autistic and typical 

children is seen by the second year of life (Charman et al., 2003). In fact, a delay in 

language is often one of the first warning signs to parents and clinicians that a child may 

be at risk for autism (Wetherby et al., 2004; Zwaigenbaum et al., 2005). Language 

impairments in autism can be severe with approximately 50% percent of individuals 

never acquiring functional language (Lord & Paul, 1997). Those autistic children who 

do develop functional language commonly show impairments in semantic and 

pragmatic aspects of language, such as use of prosody, pronoun, or inferring intentions 

of the speaker, while structural aspects, such as syntax and grammar, more often appear 

within the normal range (Tager-Flusberg, 1981), although more recent evidence 

suggests a subgroup of children with autism do show structural impairments as well 

(Tager-Flusberg & Joseph, 2003). While much research has elucidated the behavioral 

characteristics of language impairments (for review see (Tager-Flusberg, Paul, & Lord, 

2005)), remarkably little is known about the neural bases of language abnormalities in 

autism, particularly at young ages.  

The extant fMRI and PET (positron emission tomography) studies examining 

the neural bases of language processing in autism have all been conducted with 

relatively high-functioning older children and adults (Boddaert et al., 2003; Gaffrey et 

al., 2007; Harris et al., 2006; Muller et al., 1999; Takeuchi, Harada, Matsuzaki, 
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Nishitani, & Mori, 2004; Wang, Lee, Sigman, & Dapretto, 2006), except one in which 

sedation was used with children 4-10 years of age (Boddaert et al., 2004). In general, 

these studies reveal an abnormal frontal and/or temporal response during language 

processing in autism, and some show a pattern of reduced or reversed laterality in 

frontal cortex (Boddaert et al., 2003; Muller et al., 1999; Takeuchi et al., 2004; Wang et 

al., 2006). While these studies have advanced our understanding of brain abnormalities 

underlying language processing at a middle or endpoint of development, the findings 

may not reflect the initial brain abnormalities at the time of the emergence of the 

disorder nor brain abnormalities of children on the lower-functioning end of the autism 

spectrum. Much evidence suggests deviant patterns of brain structure are not only 

greater, but may also be different, at younger than at older ages in autism (Aylward et 

al., 2002; Carper, Moses, Tigue, & Courchesne, 2002; Courchesne et al., 2003; 

Courchesne et al., 2001; Courchesne & Pierce, 2005b; Redcay & Courchesne, 2005; 

Schumann et al., 2004). For example, while amygdala volume and neuron number is 

normal or reduced at older ages, amygdala volume is increased at younger ages 

(Aylward et al., 1999; Haznedar et al., 2000; Pierce, Müller, Ambrose, Allen, & 

Courchesne, 2001; Schumann & Amaral, 2006; Schumann et al., 2004; Sparks et al., 

2002), suggesting neurobiological processes in the initial phase of autism may be 

unique. 

 Only one study has examined the neural correlates of linguistic processing in 

children as young as 3 years of age with ASD (Kuhl et al., 2005). In children with 

autism, presentation of deviant phonemes failed to elicit an event-related potential 

(ERP) index of sound discrimination, the mismatch negativity (MMN). Interestingly, 
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studies of older children with autism revealed an intact MMN response to phonemes but 

reduced P3a amplitude as compared to typical children (Ceponiene et al., 2003; 

Courchesne, Kilman, Galambos, & Lincoln, 1984; Lepisto et al., 2005). In sum, limited 

functional evidence from very young children with ASD also suggests that the neural 

bases of autism need to be addressed from a developmental perspective as brain 

activation patterns from the older child and adult with autism may not necessarily 

reflect those of the younger child. These electrophysiological studies lack the whole 

brain resolution afforded by functional MRI methods. Thus, a critical question remains: 

what are the specific neural structures underlying language impairments in autism at the 

time the disorder is first reliably identified and diagnosed, namely at 2-3 years of age? 

 The paucity of functional neuroimaging from very young children with autism is 

likely due to the difficulty in acquiring such data. Although, a recent study succeeded in 

acquiring fMRI data from awake, typically developing 4 year-old children (Cantlon, 

Brannon, Carter, & Pelphrey, 2006). Previous work by our group (Chapters II and III of 

this dissertation: Redcay, Kennedy, & Courchesne, 2007; Redcay, Haist, & Courchesne, 

in press) and others (Anderson et al., 2001; Dehaene-Lambertz et al., 2002; Dehaene-

Lambertz, Hertz-Pannier, Dubois et al., 2006) have identified reliable fMRI activation 

patterns during presentation of auditory stimuli during natural sleep in infants, toddlers, 

and very young children. In Chapter III, age-related changes in the Blood Oxygenation 

Level Dependent (BOLD) response were identified between typically developing 

toddlers and 3 year-old children during presentation of text passages in sleep. In that 

study, the 3 year-old group utilized primarily bilateral superior temporal and parietal 

regions to process forward speech as compared to no sound presentation, while the 
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toddler group recruited a large number of cortical and subcortical brain regions. We 

suggest that these regions may be part of an extended network of brain activation here 

and in Chapter III although the extent to which these regions are functioning as a 

network has not been directly tested. We raised the possibility that this hypothesized 

network of regions in toddlers may reflect the state of a young brain that has not yet 

become specialized for language, but rather is poised and ready to acquire language 

through social, attention, and other systems that are available.  

 In this study, we presented the same speech paradigm used in Chapter III to 2-3 

year-old children with a provisional diagnosis of autism spectrum disorder (ASD) 

during sleep. The design contained both a mental age-matched typically developing 

control group (MA) to control for the effects of language skill and a chronological age-

matched (CA) typically developing control group to control for the effects of 

maturation. These control groups largely overlapped with the toddler and 3-year old 

groups in Chapter III. The goal of the study was to determine whether the ASD group 

would show an extended network pattern of brain activation like their MA-matched 

controls or whether activity would be specialized to superior temporal regions like that 

seen in the CA-matched controls.  

Methods 

Participants 

 Twenty-three children between 2- and 3- years of age with a provisional 

diagnosis of autism spectrum disorder (ASD) participated in the current study. Children 

with ASD were recruited from the San Diego Regional Center, Rady Children’s 

Hospital toddler school, online advertisements and parent groups, the UCSD autism 
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research program and flyers. All children included in the study met the diagnosis of 

provisional autism (Autistic disorder (AD) or Autism Spectrum Disorder (ASD)) from 

the autism diagnostic observation scales (ADOS) (Lord, Rutter, DiLavore, & Risi, 

2001) at the time of fMRI data acquisition. All children additionally met criteria for 

ASD on the autism diagnostic interview (ADI-R), except for one (ASD2) who was 

nonverbal and missed the nonverbal cut-off by 1 point. He received a score in the 

Autism range on the ADOS both at 26 and 36 months of age and was given an ASD 

diagnosis (Table 4.1). All children received the ADI-R at age 3 years or older except for 

3 participants for whom an ADI-R was obtained at 30 months. One of these children 

received an ADOS, but not ADI-R, at 36 months and obtained an Autism diagnosis at 

that age. All three children received an autism severity score in the ‘severe’ range, as 

determined from the childhood autism rating scales (CARS); thus it is unlikely that an 

ADI-R several months later would reveal a change in diagnosis. All children were 

screened for major neurological disorders and Fragile X. 

Eight of the twenty-three children were unable to fall or stay asleep in the 

scanner even after three separate nights of repeated attempts. Thus, functional and 

structural MRI data were acquired from 15 children with provisional ASD. Of these 15, 

one child’s data was discarded due to motion artifacts and 2 children did not meet 

criteria for AD or ASD on the ADI-R on follow-up assessments at 3 years of age. In 

sum, reliable fMRI data was acquired from a total of 12 participants with ASD (11 AD, 

1 ASD). See Table 4.2 for participant information.  
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Table 4.1 Diagnostic Information

ID

Age at 

scan

Age at 

ADI-R Social Communication

Restricted & 

Repetitive 

Behaviors Total

Age at 

ADOS Communication Social Total
ASD1 25.7 55.17 16 13* 7 36 23.97 6 13 19

ASD2 26.5 30.12 9 5 8 22 26.10 5 8 13

ASD3 29.7 47.38 10 10 10 30 28.37 5 8 13

ASD5 30.3 29.88 16 9 3 28 29.42 7 12 19

ASD4 30.3 52.01 25 14 5 44 22.5(53.2) 6(2) 14(9) 20(11)

ASD6 31.8 38.76 14 11 5 30 26.70 5 10 15

ASD7 32.1 31.17 18 10 4 32 30.97 8 12 20

ASD8 36.2 37.35 14 8 3 25 37.55 5 12 17

ASD9 41.0 41.00 20 9 6 35 40.83 10 11 21

ASD10 41.9 55.99 16 19* 8 43 42.15 4 8 12

ASD11 46.5 45.04 21 11 9 41 48.59 6 14 20

ASD12 46.9 57.07 16 14* 5 35 49.51 8 10 18

n=12 34.9(7.4) 43.4(10.2) 16.3(4.5) 11.1(3.6) 6.1(2.3) 33.4(6.9) 33.9(9.5) 6.3(1.7) 11.0(2.2) 17.3(3.2)

ADI-R Communications scores are Non-verbal except for the 3 verbal ASD subjects (denoted by an '*'). Age is given in months

ADOS scores were obtained 8 months prior to the MRI scan for participant ASD4. ADOS scores from a second visit, at 53 months, are also given in parentheses.

ADI-R Scores ADOS Scores
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Two control groups of typically developing children were recruited: a 

chronological age-matched group (CA) and a mental age-matched group (MA). The 

chronological age-matched group was matched to the autism group based on mean 

chronological age. The mental age-matched group was much younger than the ASD 

group. In this way, the mean mental age, as determined by the receptive language (RL) 

age equivalent score from the Mullen Scales of Early Learning, was similar in both 

groups (See Table 4.2). Mental-age matching was done as the best approximation of 

language level as the very low language skill of half the autism group (T score <20) 

makes the measure of receptive language age-equivalent less reliable. For both control 

groups, a portion of the subjects were included in the study in Chapter III using the 

same paradigm and protocol as the current study. Data from six additional control 

participants were included in the present study in order to provide closer matching in 

chronological age and mental age for the CA and MA groups, respectively.  

All participants received behavioral assessments including the Mullen Scales of 

Early Learning and the Vineland Adaptive Behavior Scales. Additionally, several 

parent-report questionnaires were obtained, including the MacArthur-Bates 

Communicative Developmental Inventory (CDI) and a family medical history 

questionnaire. The Institutional Review Board of Children’s Hospital and the University 

of California, San Diego approved this study. Informed written consent was obtained 

from the parents and they were compensated monetarily for participation. 
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ID Sex Age (mo)

Receptive 

Language Age 

Equivalent

Visual 

Language 

Age 

Equivalent

Composite 

Score

Receptive 

Language 

T-score

Visual T-

score

ASD1 M 25.7 10 13 54 20 20

ASD2 M 26.5 10 17 54 20 27

ASD3 M 29.7 18 25 75 29 43

ASD5 M 30.3 14 23 68 20 34

ASD4 M 30.3 5 18 45 <20 20

ASD6 M 31.8 6 15 54 <20 20

ASD7 M 32.1 10 15 30 <20 20

ASD8 M 36.2 9 17 44 <20 20

ASD9 M 41.0 18 25 60 <20 20

ASD10 M 41.9 23 21 51 20 24

ASD11 M 46.5 25 25 54 <20 20

ASD12 M 46.9 36 33 68 35 27

n=12 12M 34.9(7.4) 15.3(9.1) 20.6(5.8) 54.8(12.2) 24.0(6.5) 24.6(7.3)

MA1 M 13.1 9 12 89 35 46

MA2 M 14.5 8 12 80 31 46

MA3 M 14.3 23 26 90 47 56

MA4 M 16.3 24 18 134 72 57

MA5 F 20.3 14 19 107 54 53

MA6 M 21.2 23 16 87 56 36

MA7 M 22.5 28 24 124 65 56

MA8 M 22.9 25 21 105 58 47

MA9 F 22.9 28 31 110 59 65

MA10 M 23.8 18 27 85 32 55

MA11 M 23.9 23 21 91 47 43

n=11 9M 2F 19.6(4.2) 20.3(7.1) 20.6(6.1) 100.2(17.3) 50.6(13.5) 50.9(8.1)

CA1 F 24.8 30 21 105 63 43

CA2 F 30.5 30 26 92 49 42

CA3 M 34.0 39 52 121 56 77

CA4 M 35.2 39 41 111 56 60

CA5 M 36.4 47 39 123 68 56

CA6 M 36.4 39 46 118 56 67

CA7 M 36.9 36 27 82 47 29

CA8 F 38.0 44 43 121 58 58

CA9 M 38.9 36 45 125 57 72

CA10 F 44.7 * * * * *

CA11 M 31.1 31 39 103 49 63

CA12 M 41.5 62 50 132 76 63

n=12 8M 4F 35.7(5.3) 39.4(9.3) 39.0(10.2) 112.1(15.2) 57.3(14.2) 55.3(13.3)
Mean and standard deviation are given for each of the three groups separately as mean(stdev)

T scores and Age equivalent scores are taken from the Mullen Scales of Early Learning

Composite score reflects the composite of the 4 subtests of the Mullen: Visual Reception, Fine Motor, Receptive and 

Expressive Language. The standardized mean is 100

Autism Spectrum Disorder (ASD)

Mental Age-Matched Controls (MA)

Chronological Age-Matched Controls (CA)

 

Stimuli & Design 

Participants were presented with the same auditory stimuli in the same design as 

in Chapter III. These stimuli consisted of three stimulus conditions: 1) Forward speech, 

simple (Fw:s) 2) Forward speech, complex (Fw:c) 3) Backward speech (Bw). Both 

Table 4.2 Participant Information 



104 

 

forward speech conditions were 20 second excerpts from a children’s story. The Fw:s 

condition was taken from a story designed for children between 1-3 years of age while 

the Fw:c story was taken from a book of children’s prose. The forward speech stories 

differed on several parameters including sentence length and word frequency; however, 

in the current analyses we collapsed across these conditions to examine the response to 

forward speech (Fw). The forward speech stories were read in a neutral voice with 

typical intonation patterns of story telling, but not ‘motherese’. The backward speech 

condition was created by temporally reversing the Fw:s passage. This condition thus 

provided an acoustic control for the forward speech condition but contained no semantic 

information. All stimuli were recorded by the same female speaker using Cool Edit 

2000 software (http://www.adobe.com) and normalized across conditions. Stimuli were 

presented in a block design in which each condition was presented for 20 seconds and 

followed by 20 seconds of “rest” (no auditory stimulus presented). Each condition was 

repeated three times in a semi-counterbalanced order for a total of 6 minutes of data 

acquisition. 

Data Acquisition 

Prior to the scan parents were mailed a CD of scanner noise and earplugs for 

practice prior to the scan night. Children and parents arrived at the scanner between 9 

and 10 PM, depending on the typical bedtime of the child. In addition to earplugs and 

headphones, towels were used to pad the sides of the head to dampen acoustic noise 

from the scanner and minimize head motion. Earplugs remained in the ears during the 

entire data acquisition. Data acquisition typically began about 10-15 minutes after the 

child had fallen asleep on the scanner bed. 
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 Images were acquired on a 1.5 Siemens Symphony scanner at the UCSD 

Hillcrest Medical center. Whole brain axial slices were collected using a gradient 

recalled echo planar sequence (EPI) [TR = 2500 ms; TE = 35 ms; flip angle = 90 deg; 

field of view = 25.6 mm; 64x64 matrix (4x4 mm in-plane resolution), number of slices 

= 30; slice thickness = 4 mm; 154 volumes acquired]. A T1-weighted anatomical image 

in the coronal plane using an MPRAGE sequence was collected prior to fMRI scanning 

for co-registration with the functional images (FOV=22.8 mm; matrix = 256x256; 128 

slices; .89 x .89 mm in-plane resolution; slice thickness = 1.5 mm).  

Data Analyses 

All analyses were performed with the Analysis of Functional NeuroImages 

(AFNI) software (Cox, 1996). Several pre-processing steps were performed prior to 

individual general linear model analyses. Each dataset was time shifted to account for 

slice time-offsets in volume acquisitions. Motion correction was performed with an 

automated volume alignment program which registered each volume to a specified 

volume in the time series using an iterative time series. The middle volume of the run 

was chosen as the reference volume unless signal outliers or motion were detected 

within the middle volume. Data points not correctable by head motion were censored 

from the analyses. Data points were considered to have uncorrectable levels of head 

motion if the distance between consecutive volumes was greater than 0.4 mm. Distance 

was estimated from calculating the sum of the square root of the sum of squares of the 

translational (x, y, z) and rotational (roll, pitch, yaw) motion parameter values. In the 

ASD group, data points were uncorrectable and removed from the analyses for two 
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participants (5% of the run for both). Data from 1 MA control (10% of the run) and 2 

CA controls (2% and 6% of the run) were also removed from the analyses.  

Images were spatially smoothed using a smoothing kernel of 6 mm at full width 

half maximum (fwhm). A general linear model analyses was conducted to fit the 

individual time series to an ideal hemodynamic response function (gamma variate). The 

first two volumes in each data series were removed to compensate for T1 equilibration 

effects. Motion covariates were included in the general linear model to model noise due 

to movement in 3 rotational (x, y, z) and 3 translational (roll, pitch, yaw) planes. The 

mean and linear trend were included in the general linear model. A general linear test 

was included to obtain a main effect of forward speech (Fw) by modeling the amplitude 

response to both Fw:s and Fw:c. A general linear test was also included to contrast 

forward and backward speech. For this paper, discussion of forward speech will refer to 

the collapsed ‘Fw’ condition rather than the separate Fw:s and Fw:c analyses. The linear 

contrast coefficient for each condition was converted to percent signal change by 

calculating the percent difference from the baseline model.  

Before group analyses, each individual’s data from the general linear model 

analyses were registered into standard Talairach space through a 6 parameter affine 

transformation based on landmarks identified from the high-resolution anatomical 

image. Because brain anatomy differs in young children from an adult template, we 

conducted pilot studies to determine the fidelity of anatomical co-registration for two 

anatomical landmarks in a group of typical toddlers, 3 year-old children, and adults as 

well as autistic 2-3 year-old children. Anatomical co-registration for the central sulcus 

and pars opercularis was examined in a group of 10 toddlers, 10 3-year olds, and 10 
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adults (23-27 years). Superior anatomical alignment was seen in the younger group than 

for the adult group when images were placed in Talairach space (See Chapter III for 

details). Additionally, we examined alignment in Talairach space of these same regions 

in a group of autistic toddlers and also found good anatomical alignment, with no 

significant differences in the degree of variance between autistic toddlers, typical 

toddlers, and adult controls. Thus, we concluded that anatomical co-registration is 

appropriate for young typically developing children and children with autism. However, 

due to the differences in brain size and shape between adults and young children, the 

Talairach coordinates may not reflect the same anatomical region as that in adults. For 

this reason, an atlas-based anatomical landmark identification was utilized to report 

regions of activation. Talairach coordinates are reported in the tables but these should 

be used with caution when extrapolating to the adult brain.  

Group analyses were conducted both within group and between groups using 

repeated measures ANOVA analyses. For within-subject group analyses, a one-way 

ANOVA was run for each group separately with condition as the repeated measure. For 

the between-group analyses, a repeated-measure ANOVA was run using the ANOVA 

program in the AFNI matlab package. Contrasts were run within each group (ASD, CA, 

MA) to contrast percent signal change values between the forward (Fw) and backward 

(Bw) speech conditions. Additionally, contrasts were run to identify differences 

between the ASD group and the two control groups (MA and CA) separately for both 

the forward and backward speech conditions.  

 To directly test whether hemispheric asymmetries were present during 

processing of forward speech, a whole-brain, voxel-wise, paired t-test was performed 
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within each group. The t-test compared percent signal value in the forward speech 

condition of each voxel in one hemisphere to that of the corresponding voxel in the 

contralateral hemisphere. This analysis revealed voxels in which the response to 

forward speech was significantly greater in one hemisphere than the other across the 

group. This analysis was conducted for the ASD and CA groups separately. 

 Due to the large variability in behavioral and clinical measures in the ASD 

group, exploratory correlations were run with the ASD group in order to determine 

whether the response to forward speech varied by behavioral and clinical measures. 

These measures included the receptive language age-equivalent (RL age) measures 

from the Mullen Scales of Early Learning and autism severity score from the CARS.  

Results 

Response to Forward Speech 

The group-averaged BOLD response to forward speech as compared to no 

sound presentation is shown in Figure 4.1 for each of the 3 groups at p<.01, corrected at 

960 mm3. Both the CA-matched and ASD groups recruited activity in bilateral superior 

temporal regions [(CA: left STG (63,18,3), t=5.39; right STG (-49,21,7), t=4.51)(ASD: 

left STG (54,5-2), t=4.51; right STG (-64,21,7), t=5.71)]. The MA-group also utilized 

superior temporal cortices but this activation did not reach significance at the threshold 

of p<.01, cluster-corrected at p<.05. In Chapter III, we note the increased variability in 

the toddler group in superior temporal cortices. At p<.01, corrected, the MA-matched 

group recruited regions within left middle and medial frontal cortex (left middle frontal 

gyrus (31,-54,3), t=5.47; left medial frontal cortex (10,-46,6), t=4.19), left angular gyrus 

((t=44,61,42), t=6.45)), and extrastriate cortex (left cuneus (14,100,4), t=5.46; right 
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cuneus (-19,89,25), t=3.94). For a full list of activations within each group, see Table 

4.3. 

ASD vs. MA-matched Response to Forward Speech 

In direct statistical comparison to the MA group, the ASD group showed 

reduced activity within an extended number of brain regions, including regions within 

bilateral frontal, temporal, parietal, and occipital lobes, cerebellar cortex, and right 

caudate (Figure 4.2). See Table 4.4 for a full list with Talairach coordinates and 

maximum t-values. The only regions showing a greater response to forward speech in 

the ASD than the MA group were bilateral postcentral gyri [left (38,32,52), t=3.93; 

right (-38,29,55), t=3.69]. 

ASD vs. CA-matched Response to Forward Speech 

In comparison to the CA-matched group, the ASD group recruited a greater 

number of right hemisphere frontal and parietal regions [frontal: right medial frontal 

gyrus (-2,-45,19), t=4.67; right inferior frontal gyrus (-49,-15,31), t=4.31; right insula (-

37,9,15), t=-4.5; parietal: right postcentral gyrus (-41,18,28), t=3.88]. In direct statistical 

comparison to the ASD group, the CA-matched control group recruited a greater 

number of both left hemisphere frontal and temporal regions [(frontal: left anterior 

cingulate (10,-28,-6), t=4.71; left middle frontal gyrus (29,-39,3), t=3.52; temporal: left 

superior temporal gyrus (STG) (43,30,2), t=5.66; left middle temporal gyrus (MTG) 

(50,55,3), t=6.03; left fusiform gyrus (42,38,-13), t=5.22)]. The CA-matched group 

additionally recruited greater bilateral posterior regions within parietal, extrastriate, and 

cerebellar cortices in comparison to the ASD group. See Figure 4.2 and Table 4.3 for 

details. 
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Figure 4.1. Forward Speech versus Rest. Group activation maps for the forward 
speech as compared to rest conditions are shown for each group. Activation maps are 
projected onto the surface of a rendered brain from a single, representative subject. Data 
are presented at an intensity of p<.01 and voxel-wise cluster correction of 960 mm3. 
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Table 4.3. Within Group Comparisons

Region Side BA

Talairach 

Coords 

(x,y,z)

t-

value Region Side BA

Talairach 

Coords 

(x,y,z)

t-

value Region Side BA

Talairach 

Coords 

(x,y,z)

t-

value

Temporal Temporal Frontal

Superior Temporal Gyrus L 22 (-54,-5,-2) 4.61 Superior Temporal Gyrus L 22 (-63,-18,3) 5.39 Medial Frontal Cortex L 32 (10,-46,6) 4.19

Superior Temporal Gyrus R 42/22 (64,-21,7) 5.72 Superior Temporal Gyrus L 22 (-46,-21,2) 3.64 Middle Frontal Gyrus L 10 (31,-54,3) 5.47

Transverse Temporal Gyrus R 42 (50,-6,6) 5.79 Middle Temporal Gyrus L 21 (-62,-14,-6) 4.27 Parietal

Superior Temporal Gyrus R 42 (49,-21,7) 4.51 Angular Gyrus L 39 (44,61,42) 6.45

Superior Temporal Gyrus R 22 (65,-16,6) 3.87 Occipital

Parahippocampal Gyrus L 30 (-26,-57,7) 4.86 Cuneus L 18 (14,100,4) 5.46

Cuneus R 19 (-19,89,25) 3.94

Lingual Gyrus R 18 (-19,78,09) 5.04

Frontal Frontal Parietal

Superior Frontal Gyrus R 9 (-30,43,27) -4.29 Superior Frontal Gyrus R 6 (13,7,42) -5.39 Postcentral Gyrus L 5 (30,41,63) -6.50

Subcortical

Thalamus L (-10,-22,15) -4.30

Thalamus R (9,-22,16) -5.47

None Frontal Frontal

Insula L (-27,22,6) 4.47 Middle Frontal Gyrus R 46 (-30,-10,22) 5.21

Middle Frontal Gyrus L 8 (-42,2,31) 4.72 Inferior Frontal Gyrus R 44 (-57,-5,22) 4.35

Temporal

Superior Temporal Gyrus R 22 (57,-18,2) 4.89

Superior Temporal Gyrus R 22 (59,-5,-1) 5.25

Superior Temporal Gyrus L 22 (-58,-21,2) 6.49

Transverse Temporal Gyrus L 41 (-43,-14,7) 4.58

Middle Temporal Gyrus L 21 (-58,-50,-5) 6.40

None None Frontal

Precentral Gyrus L 4 (17,21,61) 3.93

Parietal

Postcentral Gyrus R 3 (-21,33,59) 4.11

Paracentral Lobule R 4 (-2,33,54) 3.73

ASD Group CA Group MA Group
Forward Speech > Rest

Backward Speech > Rest

Rest > Forward Speech

Rest > Backward Speech
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Table 4.3 Continued

Region Side BA

Talairach 

Coords 

(x,y,z)

t-

value Region Side BA

Talairach 

Coords 

(x,y,z)

t-

value Region Side BA

Talairach 

Coords 

(x,y,z)

t-

value

Frontal Temporal Frontal

Precentral Gyrus R 43 (50,-4,13) 3.61 Superior Temporal Gyrus R 42 (50,-20,11) 3.47 Insula L (34,1,6) 4.05

Temporal Superior Temporal Gyrus R 21 (67,-18,4) 3.44 Middle Frontal Gyrus L 11 (22,-44,-14) 3.99

Superior Temporal Gyrus R 42 (51,-28,11) 3.17 Middle Temporal Gyrus R 21 (61,-10,-17) 4.96 Medial Frontal Gyrus L 32 (6,-47,-9) 4.25

Superior Temporal Gyrus L 22 (-50,-6,6) 4.11 Inferior Temporal Gyrus R 20 (45,-1,-25) 4.59 Medial Frontal Gyrus R 32 (-10,-45,-13) 4.28

Parahippocampal Gyrus L 30 (-27,-57,7) 3.45

Anterior Cingulate 

Cortex L 32 (3,-34,19) 4.32

Parietal Cingulate Gyrus R 32 (-1,-6,34) 4.33

Precuneus L 40 (-22,-62,31) 3.45 Temporal

Precuneus R 7 (13,-66,35) 3.97

Superior Temporal 

Gyrus L 22 (47,17,2) 3.26

Paracentral Lobule L 7 (-5,-32,46) 3.93 Parahippocampal Gyrus R 28 (-21,13,-13) 3.64

Precuneus L 7 (-1,-57,46) 4.10 Parahippocampal Gyrus R 28 (14,25,-9) 3.24

Parietal

Precuneus L 7 (3,41,43) 4.21

Angular Gyrus L 39 (42,61,43) 4.77

Occipital

Cuneus L 18 (18,88,27) 4.78

Cuneus L 17 (18,97,3) 4.00

Cuneus R 18 (-10,93,23) 5.16

Subcortical

Putamen R (-18,1,-5) 3.72

Putamen L (18,-10,10) 3.25

Frontal Frontal Frontal

Middle Frontal Gyrus L 9 (-29,43,27) -3.69 Precentral Gyrus R (50,3,35) -3.74 Postcentral Gyrus R 43 (-61,6,15) -4.11

Parietal Temporal

Subcortical Postcentral Gyrus L (-15,-47,63) -2.86

Superior Temporal 

Gyrus L 21 (38,9,-5) -3.65

Cerebellum R (30,-48,-37) -4.99 Subcortical

Cerebellum L (-38,-68,-21) -4.02 Thalamus L (-7,-6,7) -3.91

The peak t-value and Talairach coordinate is given for each region or Brodmann Area showing significant activity.

Backward Speech > Forward Speech

ASD Group CA Group MA Group
Forward Speech > Backward Speech
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Figure 4.2. Between-Group Comparison of Forward Speech versus. Rest. 
Significant differences in activation to forward speech vs. rest between the ASD group 
and the two control groups (MA-matched and CA-matched) are shown. Regions in blue 
depict regions in which the ASD group showed significantly greater activity than either 
the CA (top row) or MA (bottom row) control groups. Conversely, regions shown in red 
are ones in which either the MA or CA group showed greater activation than the ASD 
group. In comparison to the CA-matched group, the ASD group recruited medial and 
right frontal regions to a greater extent while the CA-matched group recruited greater 
left frontal, temporal, and bilateral posterior regions than the ASD group. In comparison 
to the MA-matched group, the ASD group showed reduced activity in a number of brain 
regions. Data are represented on a brain image from a single subject. 
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Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value Region Side BA

Talairach 

Coordinates 

(x,y,z) t-value

Frontal Frontal

Anterior Cingulate Cortex L 24 (-6,31,3) 5.93 Anterior Cingulate L 24 (-10,28,-6) 4.71

Anterior Cingulate Cortex R 24 (14,34,-1) 4.40 Middle Frontal Gyrus L 10 (-29,39,3) 3.52

Medial Frontal Cortex L 32 (-11,46,6) 5.12 Insula L (-30,12,0) 4.57

Medial Frontal Cortex R 32/9 (2,36,23) 4.23 Temporal

Superior Frontal Gyrus R 9 (29,38,26) Superior Temporal Gyrus L 22 (-43,-30,2) 5.66

Superior Frontal Gyrus L 9 (-28,43,26) 5.07 Middle Temporal Gyrus L 37 (-50,-55,3) 6.03

Superior Frontal Gyrus R 6 (18,-3,55) 4.61 Fusiform Gyrus L 37 (-42,-38,-13) 5.22

Superior Frontal Gyrus R 10 (18,62,14) 4.29 Parahippocampal Gyrus L 36 (-28,-45,3) 4.79

Cingulate Gyrus R/L 31 (2,7,31) 4.61 Inferior Temporal Gyrus R 20 (48,-33,-12) 4.70

Middle Frontal Gyrus L 11 (-19,23,-16) 5.55 Inferior Temporal Gyrus R 37 (-45,57,-16) 4.25

Middle Frontal Gyrus R 11 (22,27,-18) 4.79 Parietal

Middle Frontal Gyrus R 10 (38,47,15) 3.74 Superior Parietal Lobule R 7 (25,-73,39) 6.14

Inferior Frontal Gyrus R 46 (50,34,11) 3.22 Superior Parietal Lobule L 7 (-26,-57,42) 6.40

Precentral Gyrus R 4 (41,-1,27) 4.98 Posterior Cingulate L 30 (-22,-65,11) 5.68

Precentral Gyrus L 4 (-43,-6,19) 4.19 Inferior Parietal Lobule R 40 (33,-47,43) 4.47

Insula L (-33,2,3) 4.43 Cingulate Gyrus L 31 (-11,-29,44) 5.29

Temporal Occipital

Parahippocampal Gyrus R (33,-24,-13) 3.53 Lingual Gyrus R 19 (17,-54,-1) 5.08

Parahippocampal Gyrus L 30 (-22,-42,-1) 4.53 Cuneus L 18 (-10,-82,16) 5.63

Inferior Temporal Gyrus L 20 (-46,-33,-20) 4.39 Cuneus L 19 (-10,-81,35) 5.68

Parietal Subcortical

Superior Parietal Lobule L 7 (-9,-42,43) 3.55 Cerebellum R (33,-54,-21) 5.25

Superior Parietal Lobule R 7 (9,-41,43) 4.95 Cerebellum L (-33,-65,-16) 7.65

Angular Gyrus L 39 (-35,-73,38) 4.11

Precuneus L 7 (-8,-62,35) 4.04

Precuneus R 7 (15,-68,31) 3.51

Occipital

Cuneus R 19 (18,-89,26) 6.27

Cuneus L 18 (-5,-69,14) 5.45

Lingual Gyrus L 18 (-15,-86,-5) 4.88

Subcortical

Cerebellum L (-37,-70,-20) 8.20

Cerebellum R (34,-51,-29) 3.99

Caudate R (13,19,-1) 4.45

Parietal Frontal

Postcentral Gyrus R 3 (38,-29,55) -3.69 Medial Frontal Gyrus R 32/9 (-2,-45,19) -4.67

Postcentral Gyrus R 3 (-38,-32,52) -3.93 Inferior Frontal Gyrus R 44/9 (-49,-15,31) -4.31

Insula R (-37,9,15) -4.50

Parietal

Postcentral Gyrus R 43 (-41,18,28) -3.88

The peak t-value and Talairach coordinate is given for each region or Brodmann Area (BA) showing significant activity.

MA > ASD CA > ASD

ASD > MA ASD > CA

 
 
Laterality Analyses for ASD and CA Groups 

The group analyses above revealed greater recruitment of left hemisphere (LH) 

regions in controls and of right hemisphere (RH) regions in autism in a number of 

frontal, temporal, and parietal regions. To directly test whether differences in laterality 

are found within the ASD and CA groups, we ran a paired t-test between hemispheres 

within the ASD and CA groups for the response to forward speech as compared to rest. 

The results reported were significant at a trend level (p<.05, corrected at 384 mm3). For 

the ASD group, there was a trend towards greater RH than LH activation within a 

number of frontal, temporal, occipital, and parietal regions, as well as the caudate 

Table 4.4. Between Group Comparisons 
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nucleus. There was a trend for the CA-group to show overall greater LH than RH 

activation within frontal, temporal, and parietal regions (See Figure 4.3 and Table 4.5 

for a full list).  

Speech-specific Response 

The ASD group showed a greater response to forward as compared to backward 

speech within bilateral superior temporal gyri [left STG (50,6,6), t=4.11; right STG (-

51,28,11), t=3.17] and right precentral gyrus [(-50,4,13), t=3.61)] (See Figure 4.4 Table 

4.3).  

The CA group also recruited superior temporal regions to a greater extent during 

forward speech presentation than backward speech [right STG (-50,20,11), t=3.47; right 

middle temporal gyrus (-61,10,-17), t=4.96; right inferior temporal gyrus (-45,1,-25), 

t=4.59]. However, activations in the left superior temporal regions did not reach 

significance at a cluster volume of 960mm3 in the CA group. The MA group recruited a 

number of regions throughout cortical and subcortical regions. For a full list see Table 

4.3.  

It is interesting to note that while the CA group recruited robust bilateral 

superior temporal regions during presentation of backward speech as compared to rest, 

the MA and ASD groups did not (Table 4.3). This difference could account for the 

reduced discrimination between forward and backward speech in the CA group. 
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Figure 4.3. Test for Laterality Effects. Regions showing a trend towards hemispheric 
asymmetry in response to forward speech are shown for both the CA and ASD groups 
separately. Regions in red are those in which the left hemisphere voxels were 
significantly greater than the right. Regions in blue are those in which the right 
hemisphere was significantly greater than the left. In the ASD group, a number of 
regions show a trend toward greater right than left hemisphere activation (blue). The 
CA group shows a trend towards greater left than right hemisphere activation (red) in 
inferior frontal and superior temporal regions. Maps are show at an intensity threshold 
of p<.05 and a cluster threshold of 384 mm3 and displayed on a single subject’s 
rendered brain image. 
 
Correlation Analyses 

As the ASD group had a wide range of language skill and autism severity, 

whole-brain correlations with percent signal data from the forward speech condition and 

two clinical variables (RL age-equivalent score and CARS autism severity score) were 

run to examine individual differences in the response to forward speech in the ASD 

group. Correlation analyses revealed that as receptive language age increased, so did 

activity in right hemisphere frontal and temporal regions (i.e. medial and inferior frontal 

gyri and STS/MTG). Similarly, as autism severity decreased, increased activity was 

seen in right hemisphere inferior and medial frontal cortex as well as right STS and 

MTG. Left hemisphere frontal (superior and middle frontal) and temporal (STS/G and 
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MTG) activity also showed a significant negative correlation with autism severity (See 

Figure 4.5, Table 4.6). 

 

Region BA

Talairach 

Coordinate 

(x,y,z) t-value Region BA

Talairach 

Coordinate 

(x,y,z) t-value

Frontal Frontal

Inferior Frontal Gyrus 44/45 (-41,16,11) 3.91 Middle Frontal Gyrus 9 (-37,26,24) 4.05

Precentral Gyrus 6 (-56,-2,39) 3.63 Temporal

Middle Frontal Gyrus 10 (-30,44,-1) 3.89 Middle Temporal Gyrus 21 (-55,-8,-17) 3.87

Medial Frontal Cortex 32 (-4,39,14) 2.54 Parietal

Anterior Cingulate 32 (-4,22,-8) 3.64 Angular Gyrus 39 (-39,-65,38) 3.84

Superior Medial Frontal Gyrus 8/9 (-2,43,38) Subcortical

Temporal Cerebellum (-14,-66,-22) 3.17

Transverse Temporal Gyrus 41 (-38,-25,7) 3.60

Superior Temporal Gyrus 42 (-45,-37,11) 3.05

Parhippocampal Gyrus 18 (-25,-56,3) 2.97

Parietal

Postcentral Gyrus 3 (-59,-22,40) 3.31

Cingulate Gyrus 31 (-18,-21,31) 2.92

Temporal Frontal

Superior Temporal Gyrus 38 (-38,-6,-9) 2.88 Superior Frontal Gyrus 10 (-26,43,19) 3.90

Parietal Cingulate Gyrus 31 (-10,-2,42) 4.51

Postcentral Gyrus 1/2 (-50,-26,51) 5.62 Inferior Frontal Gyrus 47 (-31,26,-13) 4.13

Subcortical Precentral Gyrus 6 (-45,-14,10) 3.24

Cerebellum (-31,-53,-29) 3.93 Insula 13 (-33,-9,18) 2.78

Temporal

Superior Temporal Gyrus 21/22 (-43,-33,1) 2.34

Middle Temporal Gyrus 21 (-43,-46,-1) 2.73

Inferior Temporal Gyrus 20 (-46,-29,-22) 3.12

Fusiform Gyrus 20 (-39,-25,-18) 3.74

Occipital

Middle Occipital Gyrus 19 (-42,-74,3) 2.97

Parietal

Inferior Parietal Lobule 40 (-35,-54,31) 4.38

Parcentral Lobule 4 (-18,-33,55) 3.46

Subcortical

Caudate (-6,12,14) 2.40

The peak t-value and Talairach coordinate is given for each region or Brodmann Area (BA) showing significant effects of laterality.

CA

ASD

Right > Left (blue)Left > Right (red)

 

Table 4.5 Laterality Effects 
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Figure 4.4. Speech-specific Response within each Group. For each of the three 
groups separately, regions in which forward speech elicited greater activation than 
backward speech are shown in red. Regions in which backward speech elicited greater 
activation than forward speech are shown in blue. All three groups showed a differential 
response between forward and backward speech; however, this difference is primarily 
within superior temporal and parietal regions for the CA and ASD groups. Data are 
represented on a brain image from a single subject. 
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Figure 4.5. Individual Differences in the ASD Group. Regions showing a significant 
correlation between percent signal change in the forward speech condition and receptive 
language age (top row) or autism severity (bottom row) are shown on an single rendered 
brain. Individual data were extracted from these regions and plotted to obtain the R2 
correlation coefficient. The color of the circled region corresponds to the color of the 
plot of the behavioral measure and the mean percent signal change for that region. Right 
superior temporal sulcus and right inferior temporal gyrus both show significant 
correlations with receptive language age and autism severity. 
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Region Side

Talairach 

coordinates 

(x,y,z) t-value

Frontal

Medial Frontal Gyrus R (-10,-47,19) 5.79

Inferior Frontal Gyrus R (-51,-20,23) 5.56

Temporal

Superior Temporal Sulcus & Middle Temporal Gyrus R (-47,25,3) 4.77

Parietal

Posterior Cingulate Cortex R (-5,51,27) 3.72

Precuneus R (-5,62,42) 5.94

Posterior Cingulate Cortex L (11,45,18) 5.28

Occipital

Cuneus L (20,85,7) 6.66

Frontal

Inferior & Middle Frontal Gyrus R (-38,-15,35) -6.79

Medial & Superior Frontal Gyrus R (-11,-56,-1) -4.76

Superior & Middle Frontal Gyrus L (22,-11,58) -5.29

Temporal

Superior Temporal Sulcus & Middle Temporal Gyrus R (-54,24,-5) -5.74

Superior Temporal Sulcus & Middle Temporal Gyrus L (55,26,-9) -6.18

Superior Temporal Gyrus L (61,16,2) -6.33

Parietal

Supramarginal Gyrus & Inferior Parietal Lobule R (-51,45,45) -6.86

The peak t-value and Talairach coordinate is given for each region showing a significant 

correlation between behavior and BOLD response to forward speech

CARS Autism Severity Score

Receptive Language Age Equivalent

 

Partial correlation analyses were additionally run within the ASD group to 

determine whether the regions showing a significant relationship between brain 

activation to forward speech and receptive language age would still show this 

relationship when IQ (i.e. the Mullen Composite score) and Visual Reception age-

equivalent (VR) were held constant. All regions remained significant at p<.005 when IQ 

was held constant. When controlling for Visual reception age-equivalent, all 

Table 4.6 Correlation Analyses in the ASD Group with BOLD Response to 

Forward Speech 
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correlations remained significant at p<.05, however, only R STS, R medial frontal 

gyrus, L cuneus, and L posterior cingulate remained significant at p<.01. See Table 4.7. 

Receptive language-age equivalent and visual reception age-equivalent scores were 

significantly correlated in the ASD group as well (r(12) = .882, p<.0001), making it 

difficult to tease apart effects of language skill from other cognitive abilities in the 

current study.  

A post-hoc analyses of language-related brain activation and receptive language 

age-equivalent in the CA group revealed no significant regions of correlation at p<.005, 

corrected.  

 

Region Side

Pearson's 

r-value

Partial 

correlation r-

value with IQ 

constant

Partial 

Correlation r-

value with VR 

Age constant

Frontal

Medial Frontal Gyrus R .892*** .862*** .739**

Inferior Frontal Gyrus R .890*** .854*** .719*

Temporal

Superior Temporal Sulcus & Middle Temporal Gyrus R .889*** .857*** .768**

Parietal

Posterior Cingulate Cortex R .846*** .816*** .692*

Precuneus R .851*** .846*** .714*

Posterior Cingulate Cortex L .863*** .828*** .740**

Occipital

Cuneus L .956*** .948*** .858***

Receptive Language Age Equivalent

r-values are given for correlations of receptive language age-equivalent scores and activity to forward speech in 

the ASD group for bivariate correlations and partial correlations with IQ (Mullen Composite Score) and Visual  

Discussion 

 In this first fMRI study of 2-3 year-old children with ASD, we identified a 

pattern of neural response to speech that differed in children with ASD from both their 

chronological age- and mental age-matched typically developing controls. In 

comparison to MA-matched controls, the ASD group showed reduced activity in an 

Table 4.7 Bivariate and Partial Correlation Coefficients between Receptive 

Language Age and BOLD Response to Forward Speech 
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extended number of brain regions in response to speech. In comparison to their CA-

matched controls, the ASD group showed both a delayed and deviant pattern of brain 

response to speech, characterized by a greater recruitment of right hemisphere frontal 

regions. 

 A deviant pattern of laterality in ASD in response to speech vs. rest was 

identified in three separate analyses. First, in comparison to their CA-matched controls, 

the ASD group recruited greater right frontal regions (Figure 4.2). Second, in a paired 

hemispheric comparison, the ASD group showed a trend toward greater recruitment of 

right hemisphere frontal and temporal regions during the forward speech condition, 

while the CA group showed a trend towards greater left hemisphere recruitment in a 

number of brain regions (Figure 4.3). Third, correlations with receptive language age 

revealed a greater reliance on primarily right hemisphere frontal and temporal regions 

with increasing language abilities and decreasing autism severity (Figure 4.5). Autism 

severity, however, was also correlated with a similar pattern in the left hemisphere. 

These findings suggest that not only is the right hemisphere recruited to a greater extent 

in autism than in controls at 2-3 years of age, but also that early right hemisphere 

recruitment may be predictive of a better language outcome in autism.  

 While this pattern of deviant laterality in ASD was clear in the forward speech 

vs. rest comparison, the speech-specific contrast did not reveal such a distinction 

(Figure 4.4). Rather, the ASD group recruited bilateral superior temporal gyri while 

CA-matched controls only showed significantly greater activity to forward as compared 

to backward speech in right superior temporal areas. Left lateral temporal areas were 

also significantly active at p<.01 in the CA group, but these clusters did not reach a 
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cluster size minimum of 960 mm3. Interestingly, the response to backward speech in the 

CA group also recruited bilateral superior temporal areas, particularly within the left 

hemisphere: a pattern which was not seen in either the MA or ASD groups. Backward 

speech, like forward speech, does contain fast auditory transitions and conveys some 

phonetic information, which may have led to the similar levels of activation to 

backward speech within superior temporal cortex in the CA controls. In fact, one study 

of adults which did not require explicit semantic or lexical judgment found no 

activation difference between words and reversed words (Binder et al., 2000). In 

Chapter III, in which the same speech paradigm was presented and many of the same 

control participants were included, we did find bilateral superior temporal activation to 

be greater to forward than to backward speech. In the current study, 4 of the 12 

participants in the CA group were younger than those of the previous study suggesting 

age may play a role in the neural discrimination between forward and backward speech 

within superior temporal lobe during sleep. Further studies of narrower age ranges and 

different nonspeech control stimuli are warranted to disentangle this apparent 

discrepancy between left superior temporal activation to forward as compared to 

backward speech in the previous study but not in this study. Nonetheless, the laterality 

analyses of speech as compared to rest suggest a trend towards a left hemispheric bias 

for speech in controls, and a right hemisphere bias in autism. 

 In comparison to their MA-matched controls, the ASD group showed reduced 

activity in an extended network of brain regions. In Chapter III, we hypothesized that an 

extended network of brain regions including frontal, occipital, and cerebellar regions 

may be recruited at the cusp of the rapid burst in language skills seen in the second year 
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of life. This hypothesis is additionally supported by ERP studies in which the response 

to known words progresses from widespread to more focal patterns with increasing 

language skill in typically developing 20 month-old children (Conboy & Mills, 2006; 

Mills & Neville, 1997; Mills, Plunkett, Prat, & Schafer, 2005). In addition to reduced 

activity in a number of frontal, occipital, and cerebellar regions, the ASD group also 

showed deviant patterns of right and medial frontal activation in comparison to their 

CA-matched controls. Taken together, these findings reveal that the pattern of activity 

in ASD is both reduced and deviant as compared to the pattern recruited in the MA-

matched controls. The reduced and deviant activation in the ASD group could reflect a 

failure to engage the full extended network of brain regions which may facilitate 

language learning. Studies of 1-2 year old children with provisional ASD will be needed 

to determine whether a typical extended network is ever recruited or whether evidence 

of a deviant developmental trajectory is already present at even younger ages. 

 This pattern of deviant lateralization and immature, frontal recruitment in autism 

as compared to controls suggests a possible lack of specialization for language systems 

in autism by 2-3 years of age. Previous studies of the older child and adult have 

identified patterns of reduced or reversed laterality in frontal and/or temporal cortex in 

structural studies (De Fosse et al., 2004; Herbert et al., 2002; Rojas, Bawn, Benkers, 

Reite, & Rogers, 2002; Rojas, Camou, Reite, & Rogers, 2005) and functional studies 

using ERP (Dawson, Finley, Phillips, & Lewy, 1989; Dawson, 1986), PET (Boddaert et 

al., 2003; Muller et al., 1999), fMRI (Boddaert et al., 2003; Muller et al., 1999; 

Takeuchi et al., 2004; Wang et al., 2006), and MEG (Gage, Siegel, & Roberts, 2003). 

However, this is the first study to suggest abnormal laterality in children with ASD as 
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young as 2-3 years of age. Furthermore, the significant correlation of right hemisphere 

frontal and temporal activation to speech with receptive language skill in autism 

suggests that by 2-3 years of age, children with autism may already be on a deviant 

developmental trajectory characterized by right hemisphere recruitment for language. 

 The cause of this deviant developmental trajectory can only be speculated. Some 

evidence suggests recruitment of right hemisphere regions may be a compensatory 

mechanism to account for the more effortful processing required to process language in 

autism (Wang et al., 2006). However, the current study was conducted during natural 

sleep, suggesting cognitive strategies alone can not account for the reversed 

asymmetries seen in the autism group. Structural MRI studies have revealed that a 

number of structures which showed evidence of deviance in functional laterality at 2-3 

years of age in the current study (e.g. inferior frontal and posterior middle and inferior 

temporal regions) also show greater rightward asymmetry at 5-11 years of age in ASD 

(De Fosse et al., 2004; Herbert et al., 2002; Herbert et al., 2005), suggesting a possible 

structural bias underlying the deviant functional patterns. However, it is not possible to 

disentangle whether this structural asymmetry is a cause or consequence of aberrant 

functional patterns early in life. Some evidence suggests brain volume in right temporal 

and frontal regions is strongly dependent on genetic factors, whereas left hemisphere 

regions are more influenced by experience (Geschwind, Miller, DeCarli, & Carmelli, 

2002) and develop more slowly than the right (Chi, Dooling, & Gilles, 1977). It is 

possible that a combination of both genetic and experiential factors very early in life 

results in a greater reliance on right hemisphere regions, and possible reduced 

development of left hemisphere regions for language processing. Given the differing 
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rates of development within each hemisphere, the timing of brain insults could be 

particularly important in altering hemispheric asymmetries.  

 Three limitations of the current study warrant discussion as they have may have 

potential implications for the interpretation of the findings. First, while the ASD group 

contained only males, both control groups contained a small number of females (4 out 

of 12 in the CA group and 2 out of 11 in the MA group). Some neuroanatomical 

evidence suggests sex-specific developmental trajectories for brain development 

(Lenroot et al., 2007). However, studies of functional activation patterns during 

language processing in children (aged 5 and older) have revealed either no effect of or 

small effect sizes for gender (Plante, Schmithorst, Holland, & Byars, 2006). It remains 

unknown how gender affects functional activation patterns to speech in this young age 

group as our previous study did not examine gender effects, due to small sample sizes 

and an unequal number of males and females (Chapter III). Follow-up studies 

controlling for gender both in studies of typical development and autism at this age will 

be critical to determine whether the inclusion of females in the control group affected 

the pattern of results in the current study. 

 Second, while this study contained two typical control groups for the ASD 

sample (one chronological age- and one language-age matched group), it did not 

contain a contrast group of children with developmental language disorder (DLD), or 

specific language impairment (SLI). Evidence suggests some overlap in language 

profiles (Tager-Flusberg & Joseph, 2003) and anatomical asymmetries (De Fosse et al., 

2004; Herbert et al., 2005) between children with autism and those with language-

impairments but not autism. Thus, the inclusion of this third contrast group could 
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elucidate functional activation patterns which are specific to autism and not due to 

language impairments alone.  

 A third limitation of the current study is that data were recorded during natural 

sleep without monitoring sleep stage. As discussed in Chapter III, REM onset latency 

differs between 1 and 3 year-old typical children; however, for both ages mean REM 

onset latency is reported to be approximately 60 minutes or greater (Louis et al., 1997; 

Montgomery-Downs et al., 2006). These data were recorded approximately 45 minutes 

into sleep, and thus, a systematic difference in sleep stage is not expected between 

groups. In studies of older children and adolescents with autism, REM onset latency 

was not significantly different between autism and control groups (Elia et al., 2000; 

Limoges, Mottron, Bolduc, Berthiaume, & Godbout, 2005). Thus, while sleep stage 

could affect patterns of brain activation, between group differences are not expected to 

be due to sleep stage differences alone. However, further studies would benefit from 

polysomnographic recording as much variability is often seen in latency to REM onset 

(Louis et al., 1997; Montgomery-Downs et al., 2006). 

 The use of fMRI during natural sleep poses a number of advantages. First, fMRI 

data can be acquired from infants, toddlers and young children with minimal motion 

artifact. Second, children across a broad range of cognitive and behavioral function can 

be studied. FMRI studies of awake and performing older children and adults inherently 

require high-functioning participants with ASD: a narrow subset of the autism 

population. Third, effects of arousal, anxiety, or attention state that typically can 

confound fMRI studies of patient populations are not present. Thus, sleep fMRI may be 

a valuable tool in understanding the biological bases of autism. Identification of specific 
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structures and networks showing functional abnormalities at the time of emergence of 

autism could give clues for where to look for microstructural differences or gene 

candidates (e.g. those involved in hemispheric patterning) in autism. 
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The primary goal of this dissertation was to determine the utility of the sleep 

fMRI method in elucidating early functional brain organization in typical and autistic 

children. As such, these studies in the current dissertation have laid the foundation for 

further sleep fMRI studies in both typical and autistic infants and toddlers. Furthermore, 

through this series of studies, two major findings have emerged: (1) the identification of 

a neural substrate, an ‘extended network’, in toddlers, but not 3-year old children, which 

may be important in language acquisition and (2) the identification of an early deviant 

developmental trajectory for language processing in autism.  

Summary 

 The feasibility of the sleep fMRI method was first examined through a study of 

typically developing 2-4 year-old children using both stimulus-evoked analyses of 

auditory and visual stimulus presentation and stimulus-independent functional 

connectivity analyses in Chapter II. Using stimulus-evoked analyses, differential 

patterns of brain activity were identified both across stimulus modality (auditory and 

visual) and within stimulus modality (tones vs. vocal sounds vs. non-vocal sounds). 

This differential activity corroborates with previous evidence that the sleeping brain can 

discriminate between externally-presented stimuli (Bastuji et al., 2002; Cheour, 

Ceponiene et al., 2002; Cheour, Martynova et al., 2002; Martynova et al., 2003; Pena et 

al., 2003; Perrin et al., 1999; Portas et al., 2000; Wilke et al., 2003). Using functional 

connectivity analyses, stimulus-independent auditory and visual networks were 

identified in these same 2-4 year old children during sleep. The stimulus-independent 

auditory network included a number of lower and higher-order auditory regions 

including and extending beyond those identified in the stimulus-evoked analyses. Thus, 
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stimulus-independent connectivity analyses can serve to elucidate whole network 

functionality throughout development without the need for presentation of external 

stimuli.  

 Chapter III provided further evidence for discrimination of auditory stimuli 

during sleep through demonstration of functional activation differences between speech 

and non-speech sounds. In addition, age-related differences in patterns of brain 

activation were identified between toddlers and 3 year-old children. Specifically, 

toddlers recruited a broad number of brain regions with primarily frontal, temporal, 

occipital, and cerebellar areas: a pattern termed the ‘extended network’ in Chapters II 

and III. At 3 years of age, children did not show this extended pattern but rather showed 

focal activation localized to classic receptive language areas within bilateral superior 

temporal regions. We proposed that this extended network pattern of brain activation 

may be an important neural correlate of language learning as the second and third years 

of life are marked by the emergence and rapid growth of expressive and receptive 

vocabularies. 

 The neural response to speech and non-speech sounds was examined in 2-3 

year-old children with autism spectrum disorders in Chapter IV. In comparison to a 

group of typical toddlers matched on receptive language age, children with ASD 

showed a reduced extended network of brain regions in response to speech. In 

comparison to a group of typical 2-3 year-old children matched on chronological age, 

children with ASD showed greater right hemisphere and medial frontal activation in 

response to speech. Follow-up laterality analyses revealed a trend for greater reliance on 

right hemisphere frontal and temporal regions in response to speech. Furthermore, 
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higher receptive language age was significantly correlated with greater activity in right 

hemisphere superior temporal and inferior frontal regions.  

The ‘Extended Network’ in Typical Development 

 One key finding of this dissertation is that typical toddlers recruit an extended 

network pattern of brain activation in which frontal, occipital, and cerebellar regions are 

recruited to a greater extent than in 3 year-old children during speech perception. Time-

delimited recruitment of an extended network for passive speech perception supports 

suggestions from previous theoretical and computational models and ERP and lesion 

data to suggest that neural substrates underlying initial language learning are different 

than those of later language learning (Bates, 1992, 1997; Bates & Dick, 2002; Johnson, 

2001; Mills & Neville, 1997; Muller & Basho, 2004; Quartz & Sejnowski, 1997; Thal 

et al., 1991; Vicari et al., 2000). Participation of these additional brain regions may 

reflect the state of an immature brain undergoing the process of specialization. In the 

toddler years, children are actively learning language using non-linguistic means. This 

ability to create a linguistic base of knowledge from non-linguistic social and attention 

processes may be facilitated by a neural system such as that described by Johnson in the 

IS framework (Johnson, 2000) in which neural pathways are only weakly tuned, 

allowing for co-activation and interaction between multiple brain pathways following a 

given stimulus type. This early partial functioning of a number of different neural 

regions and pathways allows for dynamic interactions within and between brain systems 

which shapes functional organization. 

While the above proposal fits nicely with some previous data and theories, a 

number of alternative, albeit not all mutually exclusive, interpretations remain. At least 
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three hypotheses could be proposed to explain the ‘extended network’ pattern of brain 

activation that was identified in typical toddlers but not 3 year-old children. First, the 

stage of sleep may have an effect on brain activation patterns. Second, toddlers may 

have differences in physiological factors which affect the detection of the BOLD signal. 

A third hypothesis, which is consonant with the model described above is that the 

greater recruitment of frontal cortex may be due to the fact that early language 

acquisition is heavily dependent on other systems such as social, attention, or novelty-

detecting functions.  

Some ERP and fMRI evidence from adults suggests sleep stage may affect the 

neural response to external stimuli (Czisch et al., 2002; Perrin et al., 1999; Tanaka et al., 

2003); however, sleep stage was not monitored in the current series of fMRI studies. 

Thus, one possibility is that the differences in brain activation in toddlers and 3 year-old 

children are due to sleep stage differences between groups. Future studies will need to 

record concurrent EEG and fMRI data from infants and toddlers during sleep in order to 

directly answer this question. Based on the few extant studies of sleep architecture in 

this age range, REM onset latency is typically within 60-90 minutes and shows wide 

variability within each age group (Louis et al., 1997; Montgomery-Downs et al., 2006). 

Thus, sleep stage may have contributed to the within-group variability, seen within the 

toddler group but would not be expected to account fully for the between-group 

differences. The effect of sleep stage on the BOLD response to auditory stimuli has 

been investigated in several studies of older children and adults (Czisch et al., 2004; 

Czisch et al., 2002; Portas et al., 2000; Tanaka et al., 2003; Wehrle et al., 2007; Wilke 

et al., 2003). While two of these studies reported no differences between NREM sleep 
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and wakefulness (Portas et al., 2000; Wilke et al., 2003), one study revealed reduced 

BOLD signal in primary auditory cortex during NREM stage one sleep (Tanaka et al., 

2003) and a third reported BOLD signal decreases in NREM stage two sleep (Czisch et 

al., 2002). In sum, while some differences are reported, these are largely restricted to 

auditory cortices in adults, and not the frontal, occipital, and cerebellar regions 

identified in the toddler group in response to speech. The effect of sleep stage on the 

BOLD response to external stimuli in toddlers remains a largely untested question, but 

one which will be critical in understanding the role of the age-related differences to 

speech between 1 and 3 years of age. 

 A second factor that may have contributed to the ‘extended network’ pattern of 

brain activation in toddlers is that a number of physiological variables may affect 

detection of the Blood Oxygenation Level Dependent (BOLD) response to external 

stimuli. A decrease in the amount of deoxygenated hemoglobin causes the MRI signal 

to increase due to the paramagnetic property of hemoglobin in its deoxygenated state. 

When neural activity occurs, oxygen is extracted from the blood in that region; 

however, there is also a concomitant increase in the amount of oxygenated hemoglobin 

that flows to that area. An increase in oxygenated hemoglobin corresponds to a local 

decrease in deoxygenated hemoglobin which produces a BOLD signal increase. 

Changes in a number of physiological parameters that change with age, such as rate of 

cerebral blood flow, oxygen extraction rate, metabolism, and synaptic density, could 

affect BOLD signal. For example, a study examining the visual response to flashing 

lights in two groups of sedated children revealed distinct changes in the BOLD response 

between groups (Marcar et al., 2004). Specifically, the younger group of children (less 
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than 5 years of age) showed an increased oxygen extraction factor and increased 

concentration of deoxygenated hemoglobin as compared to the older group of children 

(older than 5 years). The authors conclude these factors are due to an immature nervous 

system comprised of excess synapses leading to reduced energy efficiency (Marcar et 

al., 2004). While these physiological changes could account for reduced BOLD signal 

seen in temporal cortex in the toddlers, it likely would not lead to the increased 

activation seen in the frontal, occipital, and cerebellar cortices, or the ‘extended 

network’ pattern of brain activation. However, concurrent studies utilizing perfusion 

methods would allow for the direct examination of the relative increases in cerebral 

blood flow without relying solely on a measure of oxygen extraction.   

 While further studies are needed to determine whether sleep stage or other 

physiological factors contributed to the age-related differences seen in the study of 

typically developing children, evidence suggests these factors alone likely do not 

account for the differences in brain activation patterns between groups. Rather, the age-

related differences in the response to language during sleep seen in the current study 

may reflect, or underlie, the age-related differences in language processing of the 

typical toddler and child. Much evidence suggests early language acquisition is 

critically dependent on social cognitive processes, such as joint visual attention, 

understanding another’s intention, and imitation, which may not be as important in 

second language learning later in life (Baldwin, 1991; Carpenter et al., 1998; Kuhl, 

2007; Kuhl, Tsao, & Liu, 2003; Tomasello, Carpenter, Call, Behne, & Moll, 2005). For 

example, a child’s ability to engage in joint social interactions in the first year of life 

months is predictive of vocabulary size in the second year of life (Morales et al., 2000; 
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Mundy & Gomes, 1998; Tomasello & Todd, 1983). Furthermore, infants who are 

exposed to a novel language by a person in vivo do learn non-native phonetic contrasts, 

whereas infants exposed to the same person and language over video do not (Kuhl et al., 

2003). The learning of non-native phonetic contrasts seen with a live but not recorded 

person suggests social interaction is key to language learning. The mechanism by which 

these social factors facilitate learning is unclear but one possibility is that the presence 

of a person acts to increase attention and motivation for the infant to engage 

reciprocally in communication and learning (Kuhl, 2007). Interestingly, by the end of 

the second year of life and into the third, children are less dependent on social 

engagement in word learning (Carpenter et al., 1998). For example, 2-4 year-old 

children can determine that a novel label refers to an unfamiliar object even if the adult 

is looking at the familiar object while saying the novel word (Jaswal & Hansen, 2006) 

or talking to another person and not the infant (Akhtar, 2005). It has been suggested this 

is due to the principle of mutual exclusivity in word learning, wherein a child 

understands that each object belongs to only one category (Markman & Wachtel, 1988). 

By the third year of life, children already have a linguistic base with which to learn new 

words and the social-cognitive processing may not be as critical to language learning.  

 The behavioral finding that social cognitive processes are particularly critical in 

the early stages of language learning mirrors the age-related differences in the pattern of 

brain activation to speech between toddlers and 3-year old children. Specifically, social 

and attention systems, particularly within frontal and cerebellar cortex, may be 

particularly important in decoding linguistic, communicative information in the pre- and 

periverbal child. However, after the first few years of life, words can be learned within a 



144 

 

linguistic context. In fact, words can form a basis for joint engagement without the 

nonverbal social gestures which were required prior to linguistic competence. These 

linguistic bases for further word learning may rely on focal superior temporal regions. 

In the current studies, children are clearly not in a social engagement situation as they 

are asleep; however, these social and other systems within the ‘extended network’ may 

co-activate to language stimuli before language is fully acquired. 

 The activation within the extended network is likely not only reflecting the 

importance of social-cognitive processing on early language learning but also novelty 

and attention-orienting. In Chapter II, non-vocal and tone stimuli elicited greater medial 

and bilateral lateral frontal patterns of activation in 2-4 year old children than did vocal 

sounds. This age group did not show frontal activation to language stimuli in the study 

in Chapter III. Thus, one possibility is that these frontal systems may be engaged during 

sleep in response to novel, or attention-orienting, stimuli, such as non-vocal sounds or 

tones, but not vocal sounds for 2-4 year old children. For toddlers, vocal sounds (e.g. 

speech), may be more novel than for 3-year old children. This medial frontal novelty 

response could have a similar origin as the Nc component identified in 

electrophysiological studies (Courchesne, 1977, 1978). The Nc component is a midline 

frontal component which appears in infancy and is thought to index attention or 

orienting to a novel stimulus. ERP and fMRI studies on the same group of toddlers 

during sleep with language and sound stimuli would be necessary to determine whether 

the fMRI activity is reflected in the Nc ERP component. 

 In sum, the current studies of auditory processing in typical development have 

revealed that frontal cortex is engaged differentially depending on age and stimulus 
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type. The specific role of this frontal cortical activation remains to be elucidated. 

However, one compelling hypothesis is that a system of brain regions including frontal 

regions is critical to the acquisition of early cognitive and linguistic abilities. These 

brain regions may engage in the presence of novel, attention-orienting stimuli. For the 

typical child, social stimuli are a powerful attention-grabbing stimulus. As such, this 

extended network of brain regions may provide the scaffold by which words can be 

learned in a social context. The ability for a number of different systems to activate 

concurrently to a passive auditory stimulus may be a property of the unspecialized, 

immature brain. Further studies would need to test network functionality during sleep 

across development. Furthermore, studies examining the correlation of frontal activity 

with behavioral measures of joint social attention will be important to elucidate the role 

of social attention on brain activation patterns during early language learning.  

A Deviant Developmental Trajectory in Autism 

As discussed above, evidence from the current studies and others suggest that 

multiple neural systems may be engaged during the early stages of language acquisition, 

however, with age and experience, a more focal and specialized substrate emerges. 

ASD participants do not show evidence of either an extended network pattern like their 

mental-age matched controls or a focal pattern like their chronological age-matched 

controls in response to speech stimuli. Rather, they show a deviant pattern of brain 

activity characterized by a greater reliance on right hemisphere brain regions, 

particularly within frontal cortex.  

The apparent failure of subjects with ASD to recruit a similar extended network 

as their MA-matched controls could offer important clues into the neural bases of the 



146 

 

emergence of autism. Of course, one possibility is that the ASD group did engage an 

extended network pattern of brain activation like the MA-controls but they did so in the 

second year of life. Current ongoing studies of language processing in 12 and 18 month-

old children at-risk for autism will address this question. A second possibility, however, 

is ASD children may never fully recruit this extended network pattern in response to 

language. Much evidence suggests the path of language learning in autism is quite 

different from that of a typical child. While the typical child shows correlations between 

language growth and other skills such as imitation, joint attention, and symbolic play, 

children with autism show striking deficits in all of these social domains (Baranek, 

1999; Charman, Swettenham, Baron-Cohen, Cox, Baird, & Drew, 1997; Charman & 

Baron-Cohen, 1997; Dawson, Meltzoff, Osterling, Rinaldi, & Brown, 1998; Dawson, 

Toth et al., 2004; Hobson & Lee, 1999; Landa, 2007; Mundy, Sigman, & Kasari, 1990; 

Rogers, Hepburn, Stackhouse, & Wehner, 2003; Rutherford, Young, Hepburn, & 

Rogers, 2007; Stone & Yoder, 2001; Ungerer & Sigman, 1981). Many have speculated 

that aberrant attention to or interest in social stimuli may result in the pervasive 

language deficits seen in ASD (Dawson et al., 2004; Kuhl, Coffey-Corina, Padden, 

Dawson 2005; Redcay, 2008, Charman, 2003; Landa, 2007). In addition, word 

production is often in advance of word comprehension relative to typically developing 

children, suggesting words are learned outside of communicative context (Charman et 

al., 2003). Perhaps the failure of the ASD child to engage an extended network pattern 

of brain activity underlies the failure to utilize multiple behavioral systems to learn 

language in autism. 
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This failure to activate multiple brain regions, or systems, in early language 

learning, could be a result of aberrant functional or structural long-distance cortical 

connections in autism. Indeed, a number of studies of older children and adults have 

found reductions in long-distance functional connectivity between frontal-parietal, 

frontal-temporal, or frontal-occipital regions (Castelli, Frith, Happe, & Frith, 2002; 

Cherkassky, Kana, Keller, & Just, 2006; Just, Cherkassky, Keller, Kana, & Minshew, 

2007; Just et al., 2004; Kana, Keller, Cherkassky, Minshew, & Just, 2006; Koshino et 

al., 2007; Mason, Williams, Kana, Minshew, & Just, 2007; Murias, Webb, Greenson, & 

Dawson, 2007; Rippon, Brock, Brown, & Boucher, 2007; Villalobos et al., 2005). Some 

(Courchesne & Pierce, 2005a; Herbert, 2005; Lewis & Elman, 2008) have proposed that 

the rapid rate of brain growth seen in autism during the first few years of life 

(Courchesne et al., 2001; Redcay & Courchesne, 2005) may lead to a reduction of long-

distance connections and an over-reliance on local, short distance connections. 

Additionally, reduced inter-hemispheric connectivity in autism may be a consequence 

of rapid brain overgrowth and may lead to greater lateralization of functions, due to 

reduced interaction between hemispheres (Herbert, 2005; Lewis & Courchesne, 2004). 

A connectionist model of inter- and intra-hemispheric connections utilizing autism brain 

growth rates at birth, 12, 24, 36, and 48 months of age revealed that a lesion to inter-

hemispheric connectivity at 24 months had more detrimental effects on the functional 

connectivity and performance of the model than at 12 months or birth (Lewis & Elman, 

2008). These effects were particularly notable when the time between the presentation 

of input to the model and the evaluation response were short, suggesting processes 

requiring rapid temporal processing such as language or biological motion processing 
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may be particularly affected by lesions in long-distance connectivity. These authors, as 

well as others (Courchesne & Pierce, 2005a; Herbert, 2005) suggest that the rapid brain 

overgrowth seen in autism after birth may disrupt the establishment of long-distance 

connections and possibly force reorganization of already existing functional circuits. 

Thus, the early rapid brain growth in autism may be linked to impairments in the 

organization and interaction of long-distance connections, potentially precluding 

recruitment of a full extended network pattern of brain development during early 

language learning.  

The ASD group did show some signs of an extended network when compared to 

their CA-matched controls, in that some medial and right hemisphere frontal and 

parietal regions were recruited while analogous left hemisphere regions were not. 

Additionally, laterality analyses revealed a trend towards greater activity within right 

hemisphere frontal and temporal regions in ASD. While functional and structural 

studies of ASD have previously identified patterns of reduced or reversed laterality (De 

Fosse et al., 2004; Herbert et al., 2002; Rojas et al., 2002; Rojas et al., 2005; Dawson et 

al., 1989; Dawson, 1986; Boddaert et al., 2003; Muller et al., 1999; Takeuchi et al., 

2004; Wang et al., 2006) the study in Chapter IV provides the first evidence to suggest 

that participants with ASD may already be on a deviant developmental trajectory 

characterized by recruitment of right hemisphere regions by as young as 2-3 years of 

age. The fact that abnormal asymmetry patterns were identified in children who have 

just received a diagnosis of autism and who are sleeping suggests that unlike with the 

awake older child and adult, this pattern of brain activity is likely not due to 

compensatory, or alternate cognitive strategies. Rather, an impairment in early brain 



149 

 

organization either due to genetic or experiential factors may preclude the appropriate 

formation of left hemisphere circuits. 

Recent gene expression studies of human embryonic tissue have identified genes 

involved in cerebral hemispheric patterning (Abrahams et al., 2007; Sun et al., 2005). 

For example, the gene, Lim Domain Only 4 (LMO4), is more highly expressed in 

perisylvian regions of the right hemisphere than in the left hemisphere during mid-

gestation but at later gestational ages no differences are seen (Sun et al., 2005). Findings 

from Chapter IV suggest genes involved in early cerebral patterning may be candidates 

in the etiology of autism. No current study has identified abnormalities in cerebral 

asymmetry genes in autism, although the identification of asymmetrical gene expression 

in human tissue and the search for abnormalities in these particular genes in autism and 

other developmental disorders is relatively nascent (Geschwind & Miller, 2001; 

Smalley, Loo, Yang, & Cantor, 2005). 

A second, related possibility is that genetic abnormalities could cause subtle 

alterations in both hemispheres equally but the left hemisphere may be more susceptible 

to environmental insults. Indeed, twin studies suggest left hemisphere structural 

development is more influenced by experience whereas right hemisphere patterning has 

a stronger genetic component (Geschwind et al., 2002). Evidence additionally suggests 

that the right hemisphere leads the left in development both pre- and post-natally (Chi et 

al., 1977; Chiron et al., 1997). During prenatal development, regions within the right 

temporal lobes show gyral complexity earlier than the analogous left hemisphere 

regions (Chi et al., 1977). In postnatal development, levels of regional cerebral blood 

flow (rCBF) are greatest in right hemisphere regions between birth and 3 years, after 
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which time a shift towards greater left hemisphere rCBF occurs and continues through 

adulthood (Chiron et al., 1997). Interestingly, in autism, left temporal or frontal 

hypoperfusion is commonly found in adults and children as young as age 5 (Burroni et 

al., 2008; Chiron et al., 1995; Isabelle Gendry Meresse, 2005; Ito et al., 2005; Mountz, 

Tolbert, Lill, Katholi, & Liu, 1995). Thus, in typical children, the left hemisphere 

appears to undergo a more protracted period of development with a greater influence of 

experience than the right, leaving it more susceptible to perturbations, such as early 

rapid brain overgrowth in autism. Children with autism do not appear to show such a 

shift in left hemisphere dominance during early childhood. 

Conclusions 

Functional MRI during natural sleep allows for mapping of both stimulus-

evoked and stimulus-independent patterns of brain activity in both typical development 

and in autism. The current studies provided evidence for a neural substrate which may 

allow for the emergence of linguistic competence in the second year of life through co-

activation of multiple brain regions in response to language sounds. Given findings and 

theories from typical development, co-activation and interaction of multiple neural 

pathways (i.e. engagement of a full extended network) may be necessary for the system 

to organize and specialize into an adaptive neural substrate. If perturbation to the system 

occurs which prevents or alters this specialization, a deviant and deficient 

developmental trajectory could emerge, such as that identified in subjects with autism.  

As these are the first studies to acquire fMRI data during natural sleep in typical 

and atypical 1-4 year old children, the conclusions drawn remain speculative. 

Nonetheless, this series of studies offers promise for a novel avenue of research in 
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which functional patterns of brain activity can be identified across any age in typical 

development and at any age in autism in which diagnosis is possible. In future studies, 

these functional patterns can be correlated with behavioral measures from the same 

child while awake, gene differences, measures of brain structure, and EEG measures of 

sleep stage.   
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