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 For the majority of people, words are first learned and are communicated in high 

proportions in the auditory modality. However, the neural dynamics underlying speech 

perception are poorly understood. Even more limited, is knowledge of the 

neurophysiological processes and neuroanatomical structures that afford developing 

language abilities in infants.  This dissertation investigates these issues in a series of 

related studies that are aimed at characterizing the spatial and temporal neural dynamics 

of auditory word processing in both developing 12-19 month old infants and adults.  
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 The first study, performed in adults, reveals new evidence for a neural response 

that is selective for auditory words, relative to acoustically-matched control sounds. This 

response appears to index a stage in speech processing wherein an incoming word sound 

is translated from an acoustic signal into a linguistically relevant code. This information 

can then be passed along the speech processing stream so that eventually the appropriate 

meaning of a word can be selected amongst representations stored within associative left 

fronto-temporal networks.  

 The second study, performed in both adults and 12-18 month old infants, 

demonstrates that the neural mechanism responsible for encoding lexico-semantic word 

information has similar spatial and temporal characteristics in infants and adults. Prior 

work has not been able to establish whether infants and adults share similar neural 

substrates for language, and these findings suggest that the neurophysiological processes 

important for word understanding reside within similar neural networks throughout the 

lifespan.  

 Finally, to gain a better understanding of the regional neuroanatomical changes 

that take place in the developing cortex of 12-19 month old-infants, the third study 

examines age-related changes tissues signal properties assessed with magnetic resonance 

imaging. This a period in development that is pivotal for emerging linguistic, cognitive 

and sensorimotor behaviors, however, the maturational changes that occur brain 

structures are poorly understood at these ages. This study reveals large changes in 

structural measures within precisely the specific areas that were demonstrated to generate 

lexico-semantic activity in study two.   
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Together, these studies help to advance current understanding of 

neurophysiological processing stages and neural structures involved in auditory word 

processing in both the developing and mature brain. These findings invite a host of new 

studies that will continue to further knowledge of how speech processing is instantiated 

within the brain.  Finally, with the use of multimodal imaging techniques such as those 

described in the present studies, there is increasing potential for new research aimed at 

understanding the neurobiological underpinning of language and other cognitive 

behaviors.  



 

  1 

INTRODUCTION 

For children of typical hearing ability, words are first learned predominantly from 

spoken language. Within the first year of life, infants are capable of recognizing the 

statistical regularities present in speech, (Saffran et al., 1996) almost certainly for the 

purpose of learning words (Graf Estes et al., 2007). Indeed, by the time infants reach their 

first birthdays, they are typically capable of understanding tens of words and may have 

even begun speaking (Fenson et al., 1994). This remarkable ability of humans to learn 

words continues throughout the lifespan, such that we eventually are capable of 

understanding the meaning of thousands of different words.   

Although infants and adults both learn and experience words frequently in the 

auditory modality, much more is known about the neural dynamics underlying visual 

word processing. In adults, hierarchical stages of single word processing appear to be 

indexed by at least three neural responses that differ in their spatiotemporal 

characteristics. Following the presentation of a written word, the first cortical response is 

observed in primary visual areas peaking at ~100ms (Cohen et al., 2000). This activity is 

thought to reflect an initial stage in visual word processing during which sensory 

information is encoded. Once sensory information has been encoded, it is then fed 

forward into ventral occipitotemporal cortices, which become active ~150ms following 

stimulus onset.  Activity in these regions is most sensitive to how similar a stimulus 

resembles a letterstring (Cohen et al., 2000; McCandliss et al., 2003), suggesting that this 

second wave of neural activity may reflect a stage wherein word-form information is 

encoded.  Finally, following ventral occipitotemporal activity, neural responses can be 
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observed between ~200-400ms post-stimulus in widespread areas located within left 

inferiorfrontal anterolateral and ventral temporal cortices (Marinkovic et al., 2003; 

Halgren et al., 2006). These regions are most sensitive to manipulations of the lexical and 

semantic context in which visual words are presented, suggesting that this activity may 

reflect the encoding of lexico-semantic information (Kutas and Federmeier, 2000; Kutas 

and Federmeier, 2011).  For auditory words it has been possible to measure neural 

responses that index both early sensory and later lexico-semantic encoding stages 

(Marinkovic et al., 2003). However, clear evidence for a neural response representing the 

encoding of auditory word-form information is still lacking. Generally speaking, 

discovering evidence for a comparable auditory word-form response has important 

implications for understanding how the brain identifies sounds as words, and thus has the 

potential to advance knowledge of how speech is processed in the brain. 

While it has been a challenge to identify neural evidence for a word-form 

encoding process for auditory words, it has been even more difficult to establish 

candidate brain areas supporting developing language abilities in infants. In part, both of 

these shortcomings can be attributed to methodological limitations of hemodynamic 

neuroimaging techniques such as positron emission tomography (PET) and functional 

magnetic resonance imaging (fMRI). Although these methods have been critical for 

identifying specific cortical and subcortical regions involved in speech and other 

language-related processes in adults (Binder et al., 1997), these techniques lack the 

temporal resolution that is necessary for dissociating the different neural encoding stages 

involved in auditory word processing (Price, 2010). Moreover, because these methods are 

both invasive and highly sensitive to motion artifacts, safety and subject compliance 
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issues severely limit the use of these techniques in infants and young children. As a 

result, it has been difficult to establish whether the brain areas critical for language in 

adults support developing language abilities in infants and young children. 

As a means for overcoming some of the technical limitations posed by 

hemodynamic techniques, the studies presented in this dissertation rely on a multimodal 

neuroimaging method that combines the temporal resolution of magnetoencephalography 

(MEG) with the spatial resolution of magnetic resonance imaging (MRI). This method, 

namely anatomically constrained magnetoencephalography (aMEG), has been used 

extensively to study both visual and auditory word processing in adults (Dale et al., 2000; 

Dhond et al., 2001; Halgren et al., 2002; Dhond et al., 2003; Marinkovic et al., 2003; 

Dhond et al., 2005, 2007; Leonard et al., 2010; Leonard et al., 2011). The sources of 

neural activity estimated with aMEG have been validated with direct intracranial 

recordings (Halgren et al., 1994b; Halgren et al., 1994a) and can be displayed on the 

cortical surface as statistical maps (dSPM; (Dale et al., 2000). These maps are similar to 

how fMRI is typically presented, with the exception that aMEG affords millisecond 

temporal resolution, so activity can be viewed across multiple time windows as dynamic 

statistical parametric maps (dSPM). In addition to affording high spatiotemporal 

resolution, which is particularly important when studying the rapid dynamics of 

language, aMEG is a suitable neuroimaging technique for infants and young children. 

MEG is completely noninvasive and can be acquired while an infant is awake and 

performing a behavioral task. Structural MRI can be obtained while infants sleep 

naturally in the scanner. This is in contrast to fMRI studies of language that have either 

been restricted to very young populations, whose language abilities are primitive 
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(Dehaene-Lambertz et al., 2002; Dehaene-Lambertz et al., 2006) or performed during 

sleep when language processing is limited (Redcay et al., 2008). It is with this 

combination of MEG and MRI that the first two studies presented in this dissertation seek 

to investigate the spatiotemporal dynamics of auditory word processing in the brains of 

mature adults and developing infants.  

 The final and third study of this dissertation takes advantage of the fact that 

maturational changes in brain development can be assessed by measuring tissue signal 

properties of brain structures obtained from the anatomical MRI scans acquired as part of 

aMEG procedures. The age-range in which structural MRI scans were acquired from 

infants in the second study of this dissertation spans a period in development when many 

significant changes occur in sensorimotor, cognitive and linguistic skills.  Despite this 

being an important period for healthy infant development, very little is known of the 

regional changes in brain structure that occur at these ages. Until now, most 

neuroimaging studies have included only one and two year old infants as part of cross-

sectional and longitudinal investigations of brain development (Schaefer et al., 1990; 

Pfefferbaum et al., 1994; Rauch and Jinkins, 1994; Courchesne et al., 2000; Gilmore et 

al., 2007; Knickmeyer et al., 2008). These studies primarily report age-related changes in 

gross volumetric measures of ventricular, gray and white matter, with the exception of a 

few other infant neuroimaging studies which have assessed regional volumetric changes 

in specific cortical areas (Pfluger et al., 1999; Utsunomiya et al., 1999). While gross 

volumetric measures can highlight general patterns of brain growth, they may overlook 

some of the more subtle changes that may take place in regions functionally associated 

with developing sensory and cognitive behaviors. 
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 Several studies performed in older children, adolescents and adults have used 

morphometric measures of cortical thickness and tissue signal properties, including 

measures of gray and white matter signal intensity and contrast to identify developmental 

and aging-related changes in brain structures (Sowell et al., 2001a; Sowell et al., 2004a; 

Sowell et al., 2004b; Sowell et al., 2007; Salat et al., 2009; Tamnes et al., 2010; Westlye 

et al., 2010). Additionally, some of these studies have also found relationships between 

these measures and behavioral assessments of linguistic and cognitive skills (Sowell et 

al., 2001a; Sowell et al., 2004a).  The final study of this dissertation uses measurements 

of tissue signal properties, including gray and white matter intensity and contrast to 

examine age-related structural changes in regions of the developing infant brain. 

Additionally, as a means for improving knowledge of how structural changes in 

functional brain areas might support emerging linguistic abilities, this study also 

examines whether there is evidence for structural changes within the same brain areas 

responsible for generating neurophysiological activity important for word understanding. 

In general, gaining further knowledge of infant neurodevelopment is likely to be 

important for understanding the ontogeny of developing cognitive and linguistic 

behaviors in both typical and clinical populations. 

To summarize, three studies comprise this dissertation. The first study focuses 

primarily on isolating neural activity that reflects the encoding of auditory word-form 

information from later, lexico-semantic activity indexed by the event-related response, 

the N400m (Halgren et al., 2002). The second study examines whether infants and adults 

share similar neurophysiological processes and neuroanatomical substrates for language 

by comparing the spatial and temporal characteristics of lexico-semantic activity in both 
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populations.  Finally, the third study examines age-related changes in regional measures 

of tissue signal properties during an important period of infant development.  

 Independence of early speech processing from word meaning 

  As a means for investigating the neural dynamics of speech processing, a major 

aim of the first study (Travis and Leonard et al., in submission), was to identify an 

auditory evoked response that is comparable in function to early word-selective activity 

observed during visual word processing. Further, since the role of feedback has been a 

matter of debate amongst models of speech perception (McClelland and Elman, 1986; 

Marslen-Wilson, 1987; Norris et al., 2000), an additional goal of this study was to 

examine whether lexical feedback influences earlier pre-lexical encoding stages.  

We recorded MEG from eight adult subjects as they watched visual images of 

objects that were matched either congruously or incongruously with the meaning of a 

word or a spectro-temporally matched noise control sound (e.g., picture of a dog followed 

by the word or noise for “dog”, versus picture of a dog followed by the word or noise for 

“scarf”). This particular experimental design allowed us to examine both the 

spatiotemporal dynamics of word-selective responses (words versus noise) and lexico-

semantic activity (incongruous versus congruous words).  Indeed, from these 

comparisons, we were able to observe a word-selective response that was larger in 

amplitude to words versus noise beginning at ~60ms and peaking at ~100ms. The 

generators of this word-selective response, which we term the M100w (word-selective), 

were estimated to left superior and planar temporal regions. The M100w also appears to 

be spatially distinct from the classic M100 response (Näätänen and Picton, 1987), which 

we evoked by biaurally presenting subjects with simple tones.  Finally, in a 
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supplementary experiment, we replicated M100w effect and showed that it is invariant to 

acoustic properties of different speakers as well as task effects (passive versus active 

listening). Importantly, lexico-semantic effects were not observed during the time when 

word-noise effects were seen. Lexico-semantic effects did not begin until ~120ms after 

word-noise effects began and were observed in a much broader network of inferior 

frontal and anterolateral temporal regions. 

Based on these response characteristics of the M100w, we have proposed that this 

component may represent the translation of acoustic information into a linguistically-

relevant phonemic code. Similar to how visual words are processed (Halgren et al., 

2006), this encoded information may then be passed along to associative cortices for 

additional lexico-semantic processing. While evidence for word-selective activity helps 

inform knowledge of the neural dynamics of speech perception, there is still much to be 

learned about the neural processes indexed by M100w. Future studies further 

characterizing this response will continue to inform how the brain identifies sounds as 

words.  Finally, it will also be important to study the ontogeny of this response in young 

children as well as its integrity in language impaired populations. 

Spatiotemporal Neural Dynamics of Word Understanding in 12- to 18- 

Month old Infants 

To examine whether developing language abilities of infants depend on similar 

neural substrates for language as adults, the second study of this dissertation (Travis et 

al., 2011) characterized the neural dynamics of word understanding in 12-18month old 

infants.  Specifically, the experiments in this study examined whether infants depend on 

similar lexico-semantic networks for auditory word processing that are indexed in adults 



    

   
 

8 

as the N400m event-related component (Halgren et al., 2002; Kutas and Federmeier, 

2011).  

In the first experiment, we measured infants’ MEG response to spoken words and 

their corresponding signal correlated noise sounds (Rodd et al., 2005). Source estimations 

revealed that between 200-400ms words activated a more extensive network of left 

inferior frontal and anterolateral temporal cortices than noise. While this activity is in the 

same cortical location and latency range as lexico-semantic activity in adults, the 

comparison of words and noise only shows that it is word-selective.  To test whether 

evoked responses to auditory words in infants shares similar cognitive characteristics 

with the adult N400m response, we developed a semantic picture priming paradigm to 

modulate the semantic context of auditory words.  During a MEG recording, infants 

watched and listened to pictures that were congruously or incongruously matched to 

familiar auditory word sounds (picture of a cat followed by the spoken word “cat” or 

picture of a cat followed by the spoken word “ball”).  In single subject evoked responses, 

we observed an effect of semantic context (incongruous > congruous) that peaked 

~440ms following word onset.  To localize the sources of the lexico-semantic effect, we 

performed group dSPM source estimations, ROI analyses, and leadfield estimations. 

Each of these analyses corroborated the overall finding that the neural generators of 

lexico-semantic activity in infants are localized primarily within left inferior frontal, 

insular and anterolateral temporal regions, and also within right superior temporal areas.   

Both the timing and localization of lexico-semantic activity in infants is 

qualitatively similar to dSPM estimates of N400m activity in adults (Halgren et al., 2002; 

Marinkovic et al., 2003; Leonard et al., 2010; Leonard et al., 2011) as well as intracranial 
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measurements of the N400 (Smith et al., 1986; Halgren et al., 1994b; Halgren et al., 

1994a; Nobre et al., 1994; Guillem et al., 1995). However, as a final experiment, we also 

performed the exact semantic picture priming task in 7 adults, to directly examine 

whether the neural sources responsible for lexico-semantic processing are similar in both 

infants and adults. Indeed, from this experiment we determined that lexico-semantic 

effects in infants were both qualitatively and quantitatively similar to spatiotemporal 

estimates of N400m activity in adults. 

The results of this study suggest that the neural processes which afford word 

understanding are established very early during development and reside in these networks 

throughout the lifespan. We interpret evidence for N400m activity during infancy to 

suggest that the processes underlying the N400 response may afford both the 

understanding of familiar words and the learning of new words.  Future studies will need 

to address more precisely when these networks become functional during development 

and how these networks may be affected in certain neurodevelopment disorders of 

language.  Finally, it will be interesting to examine how the distribution of N400 activity 

may be related to developing language abilities of infants. 

 Age-related changes in tissue signal properties in 12 to 19 month old infants 

 The final study of this dissertation (Travis et al. in preparation) examines the 

changes in regional brain structures that occur during a pivotal period in infant neural and 

behavioral development. Since most neuroimaging studies of infants have primarily 

described developmental changes in gross brain volumes that occur at one and two years 

of age (e.g., gray and white matter, CSF; (Schaefer et al., 1990; Pfefferbaum et al., 1994; 

Rauch and Jinkins, 1994; Pfluger et al., 1999; Utsunomiya et al., 1999; Courchesne et al., 
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2000; Gilmore et al., 2007; Knickmeyer et al., 2008), not much is known of the structural 

changes that occur amongst different functional cortical areas within this age range. The 

final study of this dissertation specifically investigates age-related structural changes 

using measures of tissue signal properties of gray and white matter intensity and contrast. 

These measures can be assessed on a regional basis, and are likely to be more sensitive to 

subtle morphological changes that cannot be captured by gross volumetric measures 

(Sowell et al., 2001). Moreover, signal intensity measures are sensitive to the myelin 

composition of brain tissues, and were expected to reflect changes in myelination that are 

known to occur at these ages (Gao et al., 2008).  

 T1-weighted structural scans were acquired from infants between 12 to 19 months 

as part of an aMEG study investigating the spatiotemporal neural dynamics of lexico-

semantic activity. Measures of gray and white matter signal intensity and tissue contrast 

were obtained using Freesurfer analysis software (http://surfer.nmr.mgh.harvard.edu). 

Relationships amongst age and these three tissue intensity measures were examined using 

a vertex-wise general linear model (GLM). These analyses revealed significant 

relationships between age and gray and white matter intensity and contrast primarily 

within bilateral anteroventral and lateral temporal cortices as well as bilateral 

dorsomedial and superior frontal and superior parietal regions. Interestingly, the lateral 

temporal areas showing significant increases for all three intensity measures were 

observed to occur within the same regions that exhibited lexico-semantic activity in both 

12-18month old infants and adults as shown in Chapter 2.  We performed a region of 

interest analyses within same left lateral superior and inferior sulcal areas which 
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demonstrated significant lexico-semantic effects, and indeed found that gray and white 

matter intensity significantly increase with age in these areas.  

  Taken together, the results of these analyses reveal several significant changes in 

brain structure within a small span of seven months. In general, these findings highlight 

some of the specific brain regions undergoing prominent structural changes during these 

ages. We discuss the results of these developmental changes in terms of the underlying 

neurobiological processes that may give rise to changes in tissue signal properties. 

Additionally, we discuss how evidence showing rapid maturational changes within brain 

regions responsible for generating lexico-semantic activity has important implications for 

understanding the neurobiological mechanisms relating structural and functional brain 

development. 

Finally, as a supplement to this study, we compared morphological measures of 

cortical thickness, cortical surface area, gray-to-white matter contrast and also subcortical 

volumes obtained from 12-19 month old infant subjects to morphological data obtained 

from older 3-5year old children. These additional analyses highlight interesting 

developmental trends in these measures, which are also consistent with findings of 

structural brain changes presented in Chapter 3. Discussed are some of the potential 

avenues for future analyses and research that would be interesting to pursue with these 

developmental data. 
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A note about the studies 

 The second study of this dissertation is a published paper, which can be found 

online at the journals’ websites or on PubMed.  It is recommended that readers access this 

article by searching online for the following DOI information, as the formatting and 

quality of the manuscript stapled here is different and represent pre-production proof 

stages of the text and figures.  In addition, all supplementary figures, tables, and text are 

available online.  The first study is currently in submission and appears in its ideal form.  

The third study is in preparation, and appears here in submission format. 

Study 2: doi: 10.1093/cercor/bhq259 
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CHAPTER 1: 
 

Independence of early speech processing from word meaning 
 

 
1.1:Abstract 

 The neural dynamics underlying speech comprehension are poorly understood. 

Using a neuroimaging approach that affords high spatiotemporal resolution, we report 

evidence for a neural process that is selective for words relative to control stimuli 

individually-matched on acoustic properties beginning ~60ms after stimulus onset. 

Within the same task, we demonstrate that this early word-selective response can be 

distinguished by latency, location, and cognitive correlates from later activity indexing 

lexico-semantic word encoding stages. This demonstration of an early word-selective 

response independent of semantic context has significant implications for the role of 

lexical feedback in models of speech perception. Its discovery invites a host of future 

research aimed at further characterizing this response, as well as understanding its 

ontogeny and integrity in common language disorders. 

1.2:Report 

Speech perception can logically be divided into successive stages that convert the 

acoustic input into a meaningful word. Traditional accounts distinguish several stages: 

initial acoustic (nonlinguistic), phonetic (linguistic featural), phonemic (language specific 

segments), and finally, word recognition (Frauenfelder and Tyler, 1987; Samuel, 2011). 

The translation of an acoustic stimulus from a sensory based, non-linguistic signal into a 

linguistically relevant code presumably requires a neural mechanism that selects and 

encodes word-like features from the acoustic input. Once the stimulus is in this pre-
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lexical form, it can be sent to higher-level brain areas for word recognition and meaning 

integration.  

Evidence for such a word-form encoding process has been observed in the visual 

modality, where a network of mostly left posterior fusiform regions encodes a word-form 

representation for written words by ~170ms (McCandliss et al., 2003). This activity 

reflects how closely the letterstring resembles words (Binder et al., 2006), and is followed 

by distributed activation underlying lexico-semantic associations peaking at ~400ms 

termed the N400 (Kutas and Federmeier, 2011), or N400m when recorded with MEG 

(Marinkovic et al., 2003).  Intracranial recordings find N400 generators in the left 

temporal and posteroventral prefrontal cortices (Halgren et al., 1994a; Halgren et al., 

1994b). These classical language areas also exhibit hemodynamic activation during a 

variety of lexico-semantic tasks (Hickok and Poeppel, 2007; Price, 2010). While the 

N400m is also evoked by auditory words (Marinkovic et al., 2003), until now there has 

been no clear evidence for a process in the auditory modality that is analogous to visual 

word-form encoding in the fusiform gyrus; i.e., there has been no evidence for an 

acousto-phonemic process wherein lexically relevant word-form information is extracted 

and encoded preceding the N400.   

In addition, the role of higher level lexico-semantic information in early word-

selective encoding is a matter of conjecture, particularly in the auditory modality. 

Inspired by behavioral evidence for effects of the lexico-semantic context on phoneme 

identification, some neurocognitive theories of speech perception posit lexico-semantic 

feedback to at least the phonemic stage (McClelland and Elman, 1986). However, others 

can account for these phenomena with a flow of information that is exclusively bottom-
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up (Marslen-Wilson, 1987; Norris et al., 2000).  Neural evidence for or against feedback 

processes in speech perception has been lacking (Figure 1.1b), partly because 

hemodynamic measures such as PET and fMRI find that all these processes activate 

overlapping cortical locations (Price, 2010) and do not have the resolution to separate 

them temporally. Since word sounds last several hundred milliseconds, later processing 

stages triggered by the word’s beginning proceed in parallel with earlier sensory 

processing of the word’s ending. Temporal resolution is thus essential for untangling the 

dynamic interaction of the different processes contributing to speech understanding, as 

well as defining the role of feedback during these various stages (Figure 1.1b). 

  

Figure 1.1: Experimental Design. a. Trials present words (preceded by a congruous or 
incongruous picture), or matched noise. b. Comparison of noise and word trials reveals 
acousto-phonemic processing; comparison of congruous and incongruous trials reveals 
modulation of lexico-semantic processing. Feedforward communication of the identified 
phonemes is required for speech comprehension; feedback influences are debated. c. 
Cortical currents estimated to the posterior superior temporal plane and sulcus distinguish 
words from noise beginning at ~60ms; the congruity of the preceding picture to the word 
does not influence the evoked currents until ~180ms, and involve a broader region.  

 

As means for investigating the spatiotemporal characteristics of neural responses 

representing various stages during speech perception, we employed a well-established 
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and validated neuroimaging technique(Dale et al., 2000) that combines the temporal 

sensitivity of magnetoencephalography (MEG) with the spatial resolution of magnetic 

resonance imaging (MRI). While recording MEG, eight adult subjects listened to single-

syllable auditory words randomly intermixed with unintelligible matched noise control 

sounds (Figure 1.1a).  Each word was noise vocoded (Shannon et al., 1995) to produce a 

control stimulus with identical time-varying spectral acoustics. The word-selective MEG 

response peaked in a left posterosuperior temporal sensor at ~100ms (Figure 1.2a). When 

examined in each subject separately, this sensor showed a similar significant early 

difference between individual word and noise trials using a nonparametric randomization 

test with temporal clustering to correct for multiple comparisons (Maris and Oostenveld, 

2007) (Supplementary Figure S1.1). These effects were replicated in an additional 

experiment in which nine subjects listened passively to a separate set of single syllable 

words, recorded by a different speaker, and noise control stimuli constructed in the same 

manner (Supplementary Figure S1.2). We refer to this response as the M100w, a word-

selective member of the family of auditory processing components occurring in this 

latency range (Näätänen and Picton, 1987). A direct comparison of the M100w to the 

M100 evoked by tones shows that they are lateralized to opposite hemispheres in both 

individual-subject sensors (Figure 1.3a) and group-based estimated localization (Figure 

1.3b). The M100w occurs at about the same time as MEG responses in the left 

posterosuperior temporal lobe that vary with phonemic characteristics of sublexical 

stimuli such as voice onset time (Frye et al., 2007) or presence of the first fundamental 

(Parviainen et al., 2005). 
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Figure 1.2: Acousto-phonemic processing indexed by M100w is distinct from later 
lexico-semantic processing indexed by N400m. a. Single subject left temporal 
gradiometer shows early word>noise response at 110ms. b. The same left temporal 
gradiometer channel shows an incongruous>congruous word difference at 370ms. No 
semantic difference is observed during M100w response. c. Plot of all 204 gradiometers 
indicating the location of the left temporal channel shown in a and b. d-g. Estimated 
cortical localization of group average activity using dSPM (8 subjects).  The earliest 
significant words>noise response occurs in superior temporal regions between 90-110 ms 
(d) and becomes more distributed by later time windows (e). Significant 
incongruous>congruous semantic effects are absent at ~100ms (f), occurring later in both 
hemispheres, especially left (g). Color bars represent square-root of F values, which are a 
measure of signal-to-noise.  

 

The response in the same MEG sensor to the same words was compared between 

trials when its meaning had been preactivated with a congruous picture versus control 

incongruous pictures, but no difference was observed until ~120ms after the word>noise 

difference began (Figure 1.2b). One subject had poor behavioral performance and did not 

show a significant difference between incongruous and congruous trials. Considering the 

remaining 7 subjects, word>noise differences occurred significantly earlier (average 

onset 61±22ms) than incongruous>congruous semantic priming effects (average onset 

183±93ms; t(6)=-3.69 p <0.02; Supplemental Materials). 

Although the 61ms latency of acousto-phonemic effects observed here occurs early 

in the word, they are >48ms after the arrival of acoustic information in primary auditory 

cortex, providing ample time for surrounding association areas to become engaged in 

higher processing (Liégeois-Chauvel et al., 1994). It has been difficult to precisely time 
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the component stages of speech perception using purely behavioral measures. However, 

the ability of some subjects to rapidly shadow a recorded passage (Marslen-Wilson, 

1975), and the priming effects on visual words when presented at different points in an 

auditory passage (Zwitserlood, 1989), both suggest that some lexico-semantic 

information is available ~150ms after word onset, in reasonably good agreement with the 

183ms latency of the lexico-semantic effects reported here. This latency is also consistent 

with previous N400 recordings to auditory words primed by congruous sentences (Van 

Petten et al., 1999). 

 

Figure 1.3: The word-selective M100w has different spatiotemporal characteristics 
than the M100 to tones. a. Single subject left and right posterior superior temporal 
gradiometer channels show a right-lateralized M100 response to tones, in contrast to the 
left-lateralized words>noise response at the same latency. b. Significant group (n=7) 
dSPM M100 to tones estimated mainly to right superior temporal areas (arrow). c. 
Significant group (n=8) dSPM M100w to words estimated mainly to left superior 
temporal areas (arrow; this panel is reproduced from panel 1.2d for convenience).  
 

The cortical sources of these responses were estimated with dynamic statistical 

parametric mapping (dSPM) in each subject, and then averaged across subjects on the 

cortical surface (Dale et al., 2000).  The cortical distribution for words versus matched 

noise during the time of the M100w (90-110ms) concentrated mainly to superior 

temporal regions, especially on the left (Figure 1.2d-e). No significant differences to 
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incongruous versus congruous words were observed at this time, but were present during 

later windows (200-400ms; Figure 1.2f-g) in the left inferior frontal, insular, ventral 

temporal and posterior superior temporal regions. Right hemispheric activity was 

concentrated mainly within insular and superior temporal regions (Figure 1.2g). Such 

differences are consistent in their task correlates, timing and left temporal distribution 

with previous dSPM estimates of N400m activity using similar (Marinkovic et al., 2003) 

or identical (Travis et al., 2011) paradigms. Random effects tests of dSPM values in 

cortical regions of interest generally confirmed these maps for both the early acousto-

phonemic response in superior temporal regions (Figure 1.4a) and the lexico-semantic 

effect in more widespread areas  (Figure 1.4b).  

The localization of early word>noise effects estimated from MEG correspond 

closely to the areas showing hemodynamic activation associated with prelexical 

processing, and more specifically spectrotemporal analysis in the dorsal superior 

temporal gyrus and phonological processing in the middle and posterior superior 

temporal sulcus (Hickok and Poeppel, 2007; Price, 2010). Similarly, the localization of 

later incongruous>congruous effects estimated from MEG correspond to those found 

with hemodynamic methods to be active during lexico-semantic processing, reflecting a 

hypothesized ventral and anterior pathway for speech recognition (Hickok and Poeppel, 

2007; Binder et al., 2009; Price, 2010). Both word>noise and incongruous>congruous 

MEG differences are bilateral with left predominance, consistent with hemodynamic 

activations (Hickok and Poeppel, 2007; Binder et al., 2009; Price, 2010). 
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Figure 1.4: Estimated localizations and time-courses of early acousto-phonemic and 
late lexico-semantic processes. a. Group (n=8) dSPM estimates from 90-110ms (gray 
bar) are greater to words than noise in bilateral STS (left (1,7)=13.10, p<0.05; right 
(F(1,7)=12.11, p<0.05), and left PT (F(1,7)=12.07, p<0.05). Significant interactions of 
word-noise and incongruous-congruous effects in left PT (F(1,7)=17.12, p<0.05) and left 
STS (F(1,7)=17.00, p<0.05) were driven by a significant words>noise effect for both left 
PT (post-hoc paired samples t(7)=3.43, p<0.01) and STS (t(7)=3.86, p<0.006). No 
regions demonstrated significant incongruous > congruous effects during the 90-100 ms 
time window. b. dSPM estimates are greater to incongruous than congruous words from 
250-300ms (tan bar) in left PT (t(7)=2.46, p<0.044), and aITS (t(7)=2.61, p<0.035), with 
trends in the mSTS (t(7)=2.16, p<0.068) and pSTS (t(7)=1.97, p<0.089).  In the right 
hemisphere, effects were obtained for PT (t(7)=2.40, p<0.048), pSTS (t(7)=2.74, 
p<0.029) and pITS (t(7)=2.32, p<0.053), with a trend in STS (t(7)=2.24, p<0.060). 
Regions of Interest (ROIs: Supplementary Materials, Figure 1.3): STS = superior 
temporal sulcus, PT = planum temporale, p = posterior, a = anterior, ITS = inferior 
temporal sulcus. *=p<0.05; #=trend.  
 

 Our results indicate word-selective activity beginning ~60ms after word onset and 

peaking at ~100ms within bilateral superior temporal and planar cortices (‘M100w’), 
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followed by more widespread semantic activity beginning at ~180ms and sustained for 

~300ms (‘N400m’) (Figure 1.1). Since the time-varying acoustic features of each 

stimulus word were precisely matched in a corresponding noise stimulus, the M100w 

presumably reflects the lexically relevant features of a word sound. Since differential 

word>noise activity begins at ~61ms and it takes ~13ms for auditory information to 

arrive in the cortex, the distinguishing acoustic information must be contained within the 

first ~48ms of the wordsound. This requires that the distinctive feature be at a relatively 

low segmental level, at least initially. Presumably, like early fusiform responses to visual 

words (McCandliss et al., 2003) and faces (Halgren et al., 2006), the M100w may be 

encoding the essential elements which are later combined arbitrarily into symbols 

pointing to semantics. 

By ~180ms when semantic effects are seen, enough of the word has been presented 

so that it is possible to predict how it might be completed. Specifically, our results are 

consistent with several lexical processing models which have proposed that at least the 

initial syllable of a word (~150 ms) must be analyzed before contact is initiated with the 

lexicon (Frauenfelder and Tyler, 1987; Marslen-Wilson, 1987; Norris et al., 2000). 

However, it is long before the acoustic stimulus contains enough information to 

definitively and uniquely identify the word. Thus, lexico-semantic modulation likely 

reflects the multiple lexical possibilities consistent with the initial ~169ms (=182-13) of 

the stimulus, as predicted by some models of speech understanding (Marslen-Wilson, 

1987; Norris et al., 2000). 

Our study shows that the first ~120ms of word-selective activity is unaffected by 

the presence of a strong lexico-semantic context, thus demonstrating a stage in processing 
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where language-relevant properties have been identified (this is usually considered the 

phonetic stage), but which appears unaffected by any potential top-down influence from 

lexico-semantic processing. This finding both establishes the neural basis for a phonetic 

level of processing, and constrains models that rely on top-down processing (McClelland 

and Elman, 1986) not to affect this level. That is, the brain appears to begin selectively 

processing the stimulus as a word, without being affected (yet) by any information from 

the lexicon itself. 

The ability to measure the neural substrate for auditory word encoding has broad 

applications. Further investigation is needed to determine the sensitivity of the M100w to 

different prelexical features.  Characterizing this response in development and those who 

suffer from language impairment may improve our understanding of these disorders 

(Tallal, 2004), and identify those at risk for developing them (Kuhl, 2004). 

1.3: Supplementary Information 
 
1.4: Supplementary Methods 
 
1.4.1: Subjects  

Eight healthy right-handed, monolingual English-speaking adults (3 males; 21-29 

years) gave informed, written consent, approved by the UCSD Institutional Review 

Board. 

1.4.1: Tasks  

In the primary task, an object picture (<5% visual angle) appeared for the entire 

1300ms trial duration (600-700ms intertrial interval). 500ms after picture onset, either a 

congruously or incongruously paired word or noise stimulus was presented binaurally 

(1,000 trials, 250 per condition). Participants keypressed to matches. Response hand 
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alternated between 100 trial blocks. Words were highly-imageable nouns recorded by a 

female native speaker. White noise was band-passed and amplitude-modulated to match 

the acoustic structure of a corresponding word in total power in each of 20 equal bands 

from 50-5000 Hz, and the exact time versus power waveform for 50-247, 248-495Hz and 

496-5000Hz(Shannon et al., 1995). Sounds (mean duration= 445±63ms; range= 304-

637ms; 44.1kHz; normalized to 65dB average intensity) were presented binaurally 

through plastic tubes fitted with earplugs. Following this task, subjects listened to 180 

1000Hz binaural tones at 1Hz while maintaining fixation. Data from one subject were 

lost due to an equipment malfunction. 

1.4.3: Neuroimaging  

Procedures were as described previously (Leonard et al., 2010; Travis et al., 

2011). 204 planar gradiometer channels distributed over the scalp were recorded at 

1000Hz with minimal filtering (0.1-200Hz). Sources were estimated using a linear 

minimum-norm approach, noise normalized to a pre-baseline period (Dale et al., 2000; 

Liu et al., 2002). Candidate cortical dipoles and the boundary element forward solution 

surfaces were located in each subject from 3D T1-weighted MRI. Regional timecourses 

were extracted from the resulting maps, and were tested for between-condition 

differences.   

1.5: Supplementary Results- additional details 
 
1.5.1: Behavioral Performance 

Behavioral responses were recorded primarily to ensure that subjects maintained attention 

during the experiment. Response times and performance accuracy were adequately 

recorded for all eight subjects.  Most subjects were highly accurate at identifying 



    

   
 

28 

congruous word conditions (97% correct ± 6.21) and correctly omitted responses for 

incongruous word conditions  (99.6 % correctly omitted ± 0.52). Since subjects were 

instructed to respond whenever what they heard matched the visual object they were 

viewing, we also observed a high proportion of responses to congruously matched noise 

conditions, however, accuracy was more variable  (67.5% correct ± 30.87).  Subjects 

were significantly more accurate at identifying matched word trials than matched noise, 

determined by a within-subjects 2-tailed, paired t-test (t(7) 3.18 p<0.01). Subjects were 

also significantly faster in responding to matched words as opposed to matched noise 

conditions, determined by a within-subjects 2-tailed, paired t-test (t(7) 11.03 p<0.00001). 

Average head movement over the session was 5.3±3.6mm (2.9±1.1mm for the passive 

listening experiment). 
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1.6 Supplemental Figures 

 

Supplementary Figure S1.1. Significant early word-selective M100w response is 
consistent across all subjects (n=8). a. The same left temporal gradiometer channel 
shows a significant words > noise response beginning ~100ms in all subjects. Shaded 
areas represent the first cluster of significance in the event-related time-course for each 
subject, as determined by Monte Carlo between-condition statistics (p<0.01)(Maris and 
Oostenveld, 2007).   b. Head plot showing sensor-level group average of responses to 
words and noise, and the location of the left temporal gradiometer that demonstrates a 
similar early response in all 8 participants.    
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Supplementary Figure S1.2. Replication of the M100w response in a different task, 
with a different set of words, spoken by a different person. In a separate session, nine 
right-handed, monolingual English speaking adults (5M; mean age= 30.26 ± 6.67years, 
range= 20-41) listened passively to a different set of words and matched noise stimuli. 
Stimuli consisted of 200 one-syllable words (nouns, verbs, and adjectives), 100 nonwords 
derived by changing the final phoneme, and 200 noise stimuli generated as described 
above (573ms average duration, range 373-829ms, 1500-1800ms SOA). 100 words 
repeated once during the experiment.  A different speaker from the primary task recorded 
the stimuli. a. Center: Estimated cortical localization of group average activity using 
dSPM (n=9) showing a word > noise response with similar spatiotemporal characteristics 
as the early word-selective response in Figures 1.1 and 1.2. Color bars represent square-
root of F values, which are a measure of signal-to-noise. b. In bilateral STS and left PT, 
the early word-selective response is significant from 90-110ms in estimated regional 
group time-course activity (surround). Time courses with * indicate regions where 
significant different was observed  (# = trend). Specifically, ROI analyses revealed 
significant word > noise activity between 90 and 110ms for all subjects in left planum 
temporale (t(8)=2.23, p<0.05), and left (t(8)=2.54, p<0.03) and right (t(8)= 2.64, p<0.03) 
superior temporal sulci. 
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Supplementary Figure S1.3: Eight bilateral regions of interest (ROI) used to 
examine early word vs. noise and later semantic priming response.  This approach is 
generally quite conservative since it does not allow for inconsistent spatial distribution or 
latency across subjects. Specific ROI locations were determined based on a priori 
hypotheses about the data. Two ROIs located bilaterally in the superior temporal areas 
were selected to examine the early M100w. For these ROIs, average square root of F-
values from the mean activity that occurred during the peak of the first early response 
(90-110ms) were entered into a repeated-measures ANOVA with word-form (words vs. 
noise) and semantic (incongruous vs. congruous) as within subject factors. In addition to 
these areas, six other ROIs were selected bilaterally in posterior superior temporal and 
inferior temporal regions to examine later-stage semantic effects.  Our a priori hypothesis 
predicted that only significant effects would obtain for incongruous > congruous words, 
but not for semantically primed noise. Therefore, in order to minimize effects of multiple 
testing, we performed paired a within-subjects 2-tailed, paired t-tests for each bilateral 
ROI for the mean activity occurring only to mismatched and matched words obtained 
from the 50ms (250-300ms) time window between 200-400ms. To test the task- and 
stimulus specificity of early words and noise differences, ROI analyses were also 
performed on estimated activity to words and noise presented during the passive listening 
task. Within-subjects 2-tailed, paired t-tests were performed on the mean activity to 
words and noise conditions that occurred between (90-110ms) in the two bilateral 
superior temporal ROIs. IFS = Inferior frontal sulcus; STS = Superior temporal sulcus; 
PT = Planum temporale; p = posterior; a = anterior; ITS = Inferior temporal sulcus; IT = 
Inferotemporal.    
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Chapter 2: 

Spatiotemporal Neural Dynamics of Word Understanding in 12-18 Month Old Infants 

2.1: Abstract  

Learning words is central in human development. However, lacking clear evidence 

for how or where language is processed in the developing brain, it is unknown whether 

these processes are similar in infants and adults. Here, we use magnetoencephalography 

(MEG) in combination with high-resolution structural magnetic resonance imaging 

(MRI) to non-invasively estimate the spatiotemporal distribution of word-selective brain 

activity in 12-18 month old infants. Infants watched pictures of common objects and 

listened to words that they understood. A subset of these infants also listened to familiar 

words compared to sensory control sounds. In both experiments, words evoked a 

characteristic event-related brain response peaking ~400ms after word onset, which 

localized to left frontotemporal cortices. In adults, this activity, termed the N400m, is 

associated with lexico-semantic encoding. Like adults, we find that the amplitude of the 

infant N400m is also modulated by semantic priming, being reduced to words preceded 

by a semantically related picture. These findings suggest that similar left frontotemporal 

areas are used for encoding lexico-semantic information throughout the lifespan, from the 

earliest stages of word learning. Further, this ontogenetic consistency implies that the 

neurophysiological processes underlying the N400m may be important both for 

understanding already known words and for learning new words. 

2.2: Introduction 

Although lesions of Broca’s and Wernicke’s areas have long been known to produce 

aphasia in adults, it is unknown whether the developing linguistic skills of the child rely 
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on these same left frontotemporal networks. Since lesions of these areas in early 

childhood have little effect on language development, it has been suggested that other 

brain areas may be necessary for learning language (Bates, 1999) For example, it has 

been suggested that right hemisphere and anterior frontal regions are initially critical for 

language (Thal et al., 1991), and that classical language areas of adulthood become 

dominant only with increasing linguistic experience (Mills et al., 1993; Elman et al., 

1997; Mills et al., 1997). Alternatively, the same areas may be involved in language 

across the lifespan, but the greater plasticity of the infant brain may permit complete 

recovery of language after left frontotemporal lesions because other areas are capable of 

assuming their functions (Staudt et al., 2002). Distinguishing between these alternatives 

has not been possible due to the minimal evidence for where language is processed in the 

developing brain (Dehaene-Lambertz et al., 2002; Dehaene-Lambertz et al., 2006; 

Redcay et al., 2008; Grossman et al., 2010). Specifically, it remains unclear when mature 

language processes become functional in the brain and to what extent the 

neuroanatomical networks supporting early language resemble adult systems. 

In addition to deficit-lesion correlations, language systems can be localized by 

probing the activation of different cortical areas to language stimuli. These methods, 

notably positron emission tomography (PET) and functional magnetic resonance imaging 

(fMRI), localize language processes in areas generally consistent with lesion studies 

(Binder et al., 1997; Indefrey and Levelt, 2004). However, these hemodynamic 

techniques are not easily applied to infants and have only been attempted in either very 

young populations (<3 months) when language abilities are primitive (Dehaene-Lambertz 

et al., 2002; Dehaene-Lambertz et al., 2006) or in sleeping or sedated populations when 
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language functions are compromised (Redcay et al., 2008). Here, we used 

magnetoencephalography (MEG) in combination with high-resolution structural 

magnetic resonance imaging (MRI) to estimate the spatiotemporal distribution of word-

selective brain activity in one-year-old infants. Specifically, we used this non-invasive 

technique, termed dynamic statistical parametric mapping (dSPM) (Dale et al., 2000), to 

determine if the spatiotemporal dynamics of lexico-semantic processing typical of adults 

are already present during early stages of word learning. 

The neural signature of adult lexico-semantic processing has been widely measured 

as the N400 event-related potential component (Kutas and Hillyard, 1980). Peaking 

approximately 400ms after word onset, the N400 is evoked by words in multiple sensory 

modalities, and is attenuated when integration of the word into the cognitive context is 

facilitated by a wide variety of information. For example, the N400 is attenuated to a 

given word by previous presentation of the same word (‘repetition priming’), or a 

semantically related stimulus (‘semantic priming’) (Kutas and Federmeier, 2000). The 

cortical currents that underlie the N400 also produce a magnetic field, recorded by MEG 

as the N400m. Although it is difficult to localize the generators of the N400 from scalp 

EEG in adults, the N400m has been localized in several studies using dSPM (Marinkovic, 

2004) to the left anteroventral temporal, posterosuperior temporal, and posteroventral 

prefrontal cortices (Halgren et al., 2002). Language tasks evoke hemodynamic activation 

in these areas (Indefrey and Levelt, 2004) and intracranial local field potentials have 

steep voltage gradients, with local polarity inversions, demonstrating local generation and 

validating dSPM accuracy (Smith et al., 1986; Halgren et al., 1994a; Halgren et al., 

1994b; Nobre et al., 1994; Guillem et al., 1995) . Degeneration in the anterior temporal 
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lobe is associated with semantic dementia (Hodges et al., 1992), posterosuperior temporal 

lesions are associated with Wernicke’s aphasia, and lesions of the posteroventral 

prefrontal cortex with Broca’s aphasia (Goodglass, 1993). Thus, in adults, dSPM allows 

one to use the N400m to probe lexico-semantic activity in the same distributed network 

of major language areas that are identified with lesions, fMRI, PET, and intracranial 

recordings. 

To determine if one-year-old infants use these same functional lexico-semantic 

networks for processing word meaning, we measured their MEG response to spoken 

words in two separate experimental conditions (Figure 1.1A,B). Auditory words were 

selected that infants understood, according to parental report. MEG was recorded in a 

quiet, magnetically shielded room, as infants sat in a child-size chair situated below the 

MEG sensors (Supporting Information, Figure S1). We then acquired an MRI while the 

infants slept naturally in the scanner. Their cortical surfaces were reconstructed and used 

to constrain possible generators for dSPM source estimation. 

2.3: Materials and Methods 

2.3.1: Participants 

 Data from 12 typically developing infants ages 12 to 18 months (mean age=15.2 

months ± 2.4, 5M) are presented here. All infants had monolingual English exposure, 

were born full-term (>39weeks), and had no known neurological or developmental 

impairments. Language abilities were assessed with the McArthur-Bates Communicative 

Developmental Inventories (CDI) (Fenson et al., 1994) (Supporting Information, Table 

S2.2). CDI measurements could not be obtained for Subject 9, but this subject was 

considered typically developing. Written parental consent was obtained for all infant 
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subjects. This study was approved by the UCSD Institutional Review Board (Project 

#070254) and was conducted according to the principles expressed in the Declaration of 

Helsinki.  

2.4: Experimental Design 

2.4.1: Stimuli  

Parents rated 100 words selected from the CDI using a modified Word Rating 

Checklist (0-Doesn’t Know to 4-Very Familiar) (Mills et al., 1993). 30 highly rated 

words (3-Familiar or 4-Very Familiar) were then selected for each child for presentation 

during the experiment (Supporting Information, Table S2.1). Word stimuli were simple 

nouns spoken in an infant-directed manner. Sound files (mean duration= 0.72s ± 0.12) 

were digitized at 16kHz and normalized to an average intensity of 65dB. 

2.4.2: Auditory words versus complex noise 

Infants (n=4) listened to a series of words pseudo-randomly alternated with SCN 

sounds that served as an auditory sensory control (Figure 1.1A). Using Praat software 

(www.praat.org), each SCN stimulus was generated by applying the extracted amplitude 

envelop of a word to a pink noise sound, that was effectively band-pass filtered to 

maintain the same overall frequency spectrum as the given word.  This process results in 

a complex auditory stimulus that maintains the time-varying amplitude envelop and 

average spectral power of a word (Rodd et al., 2005). A matching SCN control stimulus 

was constructed for each word, and the MEG averages were constructed from these 

matching pairs- if the MEG evoked by a particular word needed to be rejected due to an 

artifact from the word average, then the corresponding SCN was removed from the SCN 
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average, and vice versa. Sounds were presented in three blocks of 60 trials each (30 

words, 30 SCN).  

2.4.3: Semantic modulation of auditory words  

Semantic context was manipulated by presenting pictures and auditory word pairs 

whose meanings were either congruously (picture of a cat followed by the word ‘cat’) or 

incongruously (picture of a ball followed by the word ‘cat’) matched (Figure 2.1B). To 

control for sensory-perceptual differences between conditions, each picture and each 

word appeared in both congruous and incongruous conditions. The initial presentation of 

each word was congruous for half the words, and incongruous for the other half. Again, 

the MEG averages were constructed from these matching pairs- if the MEG evoked by a 

particular word in the congruous condition needed to be rejected due to an artifact from 

the congruous word average, then the MEG evoked by same word was removed from the 

incongruous word average, and vice versa. Each trial began with the simultaneous 

presentation of a picture stimulus and the orienting stimulus sound “Look” (duration = 

0.52s). At 1.5s after picture onset, an auditory word was presented (picture duration = 

3s). Infants viewed up to three blocks (180 total trials; 60 trials per block, 30 trials per 

condition). Trials were presented pseudo-randomly, such that congruous - incongruous 

conditions for a given word did not occur sequentially. Incongruous picture-word pairs 

were varied across blocks to limit the effects of habituation. Incongruous words were 

chosen to differ from the correct word in their initial phonemes (e.g., ‘bottle’ presented 

after a picture of a dog). We controlled for potential differences in infants’ individual 

familiarity with the visual objects used to semantically prime familiar auditory words by 
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requesting that parents practice with an individualized training picture booklet for 5 to 10 

min per day, five days prior to the MEG scan. 

2.5: Neuroimaging Procedures 

2.5.1: MRI Acquisition 

Image acquisitions included a conventional 3-plane localizer, a calibration scan, and 

two T1-weighted 3D structural scans (TE= 2.8ms, TR= 6.5ms, TI= 600ms, flip angle= 12 

deg, bandwidth= 31.25 Hz/pixel, FOV= 25.6cm, matrix= 256 x 162, slice 

thickness=1.2mm). MR scans were obtained on a GE 1.5Tesla EXCITE HG. Scanning 

began once the child fell naturally to sleep in the scanner. Noise-cancelling headphones 

(INNOMED, Germany) were used to minimize and protect infants from scanner sounds.  

2.5.2: MEG Recordings  

MEG was recorded using a 306-channel Elekta Neuromag Vectorview system in a 

magnetically shielded room (IMEDCO-AG, Switzerland). Four head positioning 

indicator (HPI) coils were gently affixed to the infant’s head. The main fiduciary 

positions including the nasion, left and right periauricular, and additional head points 

were digitized to allow for later registration with MR images (Hämäläinen, 1991). During 

the MEG session, infants sat upright in a booster seat with their heads positioned beneath 

the helmet-shaped dewar (Supporting Information, Figure S2.1). Foam padding was 

placed inside the dewar to stabilize the infants’ heads and minimize movement. Scans 

with head translation between the first and last block > 3cm were excluded (Supporting 

Information). Sampling rate was 2000Hz, with minimal filtering (0.1Hz to 200Hz). An 

experimenter was always present in the MEG room during scanning, and initiated trials 

manually when the infant’s attention was directed towards the screen.  
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2.6: Data Processing and Analysis 

2.6.1: MEG Preprocessing 

After low-pass filtering (50Hz), visually identified bad channels, and trials with 

gradiometer signals >3000 fT/cm were removed from analyses, as were poorly attended 

trials or trials containing blink artifacts, indentified by visual inspection of magnetometer 

channels. Electrocardiographic (ECG) artifacts were removed using independent 

component analysis (Delorme and Makeig, 2004). Sensory confounds were prevented by 

comparing the responses to words with the responses to SCN constructed from those 

same words. Similarly, the responses to words presented with a congruous picture were 

compared to the responses to the identical words presented with an incongruous picture. 

For all experiments, infants had an equal number of trials per condition. Each subject had 

a minimum of 20 trials per condition (71.5 ± 26.7 trials per condition for words versus 

noise; 52.2 ± 21.2 for semantic priming). Data were epoched from -200 to 1200ms 

relative to stimulus onset (words versus noise) or -200 to 1500ms relative to onset of the 

auditory word (semantic priming). 

2.6.2 Source Estimation from MEG  

Cortical sources of MEG activity were estimated using a noise-normalized linear 

inverse technique (dSPM; Supporting Information) (Dale et al., 2000), previously 

employed in adult studies of the N400 (Dhond et al., 2001; Halgren et al., 2002; Dhond et 

al., 2003; Marinkovic, 2004; Dhond et al., 2005, 2007; Leonard et al., 2010). First, the 

cortex was reconstructed from each infant’s MRI and tiled with ~5000 dipoles were 

constrained to lie in the cortical surface reconstructed from each individual infant’s MRI, 

and calculating the projection from each patch to the sensors using the boundary element 
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method (BEM; (Oostendorp and Van Oosterom, 1992)). Dipole power was estimated 

using a minimum norm approach (Dale and Sereno, 1993; Liu et al., 1998; Liu et al., 

2002) and then normalized to baseline noise (Liu et al., 2002). These dSPM maps, were 

averaged across subjects after aligning their cortical surfaces, resulting in dynamic 

activation maps which can be interpreted as estimates of the of signal-to-noise (SNR) at 

each point on the cortical surface, and thus analogous to the ‘z-score maps’ often 

displayed in fMRI analyses (Friston et al., 1999; Dale et al., 2000)Using this measure, the 

p-values in the displayed maps were all less than .05. 

2.6.3: ROI Analysis  

dSPMs were calculated for each subject (n=12 infants; n=7 adults), and then averaged 

onto the aligned cortical surfaces. Based upon the a priori prediction that average peak 

N400m-like activity would occur between 350-550ms following word onset, a 50ms 

temporal window surrounding the largest peak (500-550ms) in infant group time course 

activity was selected for statistical analysis in various ROIs. ROIs were selected based on 

a priori predictions that N400m generators would be located in posteroventral frontal and 

anterior temporal regions. Specific ROI locations were determined by visual inspection of 

group average dSPM maps of word activity (350-550ms) without regard to condition. For 

a given ROI, a within-subjects two-tailed, paired t-test was performed on the mean 

activity obtained from the 50ms time-window for each condition. This approach is quite 

conservative since it does not allow for inconsistent spatial distribution or latency across 

subjects. All statistical analyses are uncorrected for multiple comparisons. 
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2.6.4: Leadfield Analysis 

Leadfield analysis provides a means of confirming the origin of the word-selective 

MEG responses estimated by dSPM, but without a priori assumptions concerning the 

number, focality or correlation of sources (Halgren et al., 2010).  The ‘cortical leadfield’ 

of a particular sensor is the area of cortex that projects activity to it, and is a biophysical 

calculation assuming only that the sources are parallel to the apical dendrites of 

pyramidal cells. Leadfields were calculated using BEM and a tessellation of the 

individual infant’s cortical surface with ~300,000 vertices (Oostendorp and Van 

Oosterom, 1992). Leadfield analyses were performed on the 3 gradiometers that 

exhibited the largest differential responses to semantic priming of words in an 18mo. 

infant during the 350-550ms time window (Figure 2.4). Significance of these responses 

within the single channel and infant was tested with a two-tailed, paired t-statistic 

between conditions, on the mean activity during the 350-550ms time window measured 

on each trial (n=60).  

2.7 Semantic Modulation of Auditory Words (Adults)  

The experimental task was exactly the same as the task performed in infants, with the 

sole exception that adults were presented a total of 100 unique words rather than the 30 

that were presented to the infants. The auditory word stimuli were paired with pictures 

across four blocks (25 congruous and 25 incongruous trials per block) for a total of 200 

trials pairs. Trial timing was the same for infant and adult experiments. Auditory and 

picture stimuli were the same as those presented to infants. Adults also had an equal 

number of trials per condition (96.7 ± 3.64 trials per condition). MEG recordings were 

acquired in the same manner as infants. Trials were eliminated which were contaminated 
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by blink artifacts as identified by the Electrooculogram (EOG). MEG processing and 

dSPM source estimation were the same as described above. Subjects (n=7) were right-

handed monolingual adults (mean age= 28.6 yrs; 4M, 3F) and gave informed consent.  

2.8: Results  

In our first study, four infants listened to words randomly intermixed with signal 

correlated noise (SCN) sounds constructed to match each of the stimulus words (Figure 

2.1A). Representative MEG responses from a 14month infant appeared larger in 

amplitude to words than SCN at ~440ms (Figure 2.1C1). This word-selective activity 

occurred primarily within gradiometer channels over the left temporal lobe and 

posteroventral prefrontal cortex (Figure 2.1D). Since gradiometers are mainly sensitive to 

the directly underlying cortex, this pattern suggests generation within frontotemporal 

cortices. This inference was confirmed with source localization using dSPM in each 

subject, which was then averaged across subjects on the cortical surface. Words evoked 

greater activity in the left temporal, insular, and posteroventral frontal cortices (Figure 

2.1E), at a latency (200-400ms) consistent with when adult N400m activity differentiates 

words from earlier stimulus evoked sensory activity (Sekiguchi et al., 2001). Since the 

time-varying acoustic features of each stimulus word were precisely matched in the 

corresponding SCN stimulus, this comparison allowed us to isolate brain activity that 

reflects lexico-semantic as opposed to sensory processes. It is important to note that 

acoustic differences between words and other types of control stimuli (e.g., unknown 

words, backwards speech) would have prevented such inferences because lexical and 

sensory differences would have been confounded.  

While this activity is in the same cortical location and latency range as the adult 
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N400m, the comparison of words and noise only shows that it is word-selective. An 

additional critical feature of the adult N400m is that it is strongly modulated by semantic 

and repetition priming. We used pictures to semantically prime the auditory word 

response in twelve infants (Figure 2.1B). Each word was presented twice, once preceded 

by a picture of the same object, and once by a picture of a different object (Supporting 

Information, Table S2.1). Since the word stimuli in the congruous and incongruous 

conditions were identical, any difference between them must be due to semantic priming. 

At the single subject level, it was possible to observe event-related MEG responses of to 

congruous words that were reduced by semantic priming (Figure 2.1C2). This 

semantically modulated word activity occurred within the same left temporal MEG 

channels as the word versus noise effect (Figure 2.1C,D). We also explored repetition 

priming in a subset of these subjects to obtain additional evidence that word-selective 

activity shared characteristic modulations with the adult N400 (Supporting Information, 

Figure S2.2). Finally, since this specific semantic priming task has not been previously 

performed in adults during MEG recordings, this experiment was repeated in adults (n=7) 

to confirm that our experimental infant paradigm would evoke a typical N400m response 

in adults. Similar to infants, adult subjects showed a greater amplitude response to 

semantically primed incongruous words in these same left-temporal MEG channels 

(Figure 2.3A,B).  

The average cortical distribution of differential activation to incongruous versus 

congruous words was estimated with dSPM to be concentrated mainly to left 

posteroventral prefrontal cortex, perisylvian, and anterior temporal lobe regions (Figure 

2.2), with weaker activation in homologous right hemisphere sites. These locations 
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correspond closely to previously established dSPM (Dhond et al., 2001; Halgren et al., 

2002; Dhond et al., 2003; Marinkovic, 2004; Dhond et al., 2005, 2007; Leonard et al., 

2010) and intracranial (Smith et al., 1986; Halgren et al., 1994a; Halgren et al., 1994b; 

Nobre et al., 1994; Guillem et al., 1995) estimates of adult N400m activity, as well as 

dSPM estimates of activity evoked using the semantic priming task designed for infants 

(Figure 2.3C). Further, infant dSPM estimates of semantically modulated activity 

(incongruous-congruous) in infants were found to be significantly correlated across 

cortical locations with adult dSPM estimates in both left (Pearson’s r(149,995)=0.61 p 

<10e-8) and right hemispheres (Pearson’s r(149,926) =0.77 p< 10e-7) during the time 

window from 500-550ms (Supporting Information). 



    

   
 

49 

 

 

Figure 2.1: Adult-like N400m brain responses of one-year-old infants. (A) Task used 
to demonstrate responses selective for words as compared to matched auditory controls. 
(B) Task used to demonstrate semantic priming by comparing the response to words 
preceded by congruous versus incongruous pictures. (C) Averaged single channel event-
related fields from a representative 14mo. infant. (C1) Word-selective activity (words > 
matched noise) peaks in left temporal channels at ~440ms. The average field strength in 
the 200ms time-window (350-550ms) surrounding this peak in the displayed channels 
was measured on each trial (n=106), and compared between congruous and incongruous 
conditions using a t-test (t(105) 3.25, p<0.002 [blue channel]; t(105) 2.05, p<0.04 [purple 
channel]). (C2) Semantic priming of brain activity in the same subject and sensors. Like 
the difference between words and noise (incongruous > congruous), the semantic effects 
were significant when compared across trials (n=82) in the different conditions during the 
200ms period surrounding peak activity (t(81) 2.13, p<0.04 [blue channel]; t(81) 2.88, 
p<0.005 [purple channel]). (D) Whole-head MEG sensor array of the response selective 
for words as compared to noise, with color-coding to indicate the left temporal 
gradiometers where the largest differential responses to word-selective and semantic 
priming are observed for the individual subject shown in (C). (E) Group average dSPM 
activity (n=4) to words and noise 200-400ms following word onset. Words exhibit 
greater activity in left frontotemporal regions than noise. Color indicates signal-to-noise 
relative to prestimulus baseline (full red at sqrtF=4.3, full yellow at sqrtF=6.3). Subject 
number (S7) corresponds to subject 7 listed in Table S2.2 (Supporting Information).  
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In order to confirm the reliability of semantic priming effects across all subjects, 

more rigorous statistical tests were performed on six bilateral cortical regions of interest 

(ROI). First, a two-way repeated-measures ANOVA was performed for each bilateral 

ROI, within-subjects factor of condition (congruent and incongruent) and between-

subjects factor of group (infant and adult). A significant main effect of condition was 

obtained in all left hemisphere ROIs: Left superior temporal sulcus (F(1,17)=10.64 

p<0.005); left anterior inferior temporal sulcus (F(1,17)=8.414 p<0.01); left posterior 

inferior temporal sulcus (F(1,17)=9.26 p<0.007); left anterior temporal pole 

(F(1,17)=9.53 p<0.007); left inferior frontal sulcus (F(1,17)=8.96 p<0.008); and left 

orbitofrontal cortex (F(1,17)=9.92 p<0.018).  There was no significant effect of condition 

found in right hemisphere ROIs.   No significant main effects for group were observed in 

right or left hemisphere ROIs (F(1,17) varied from .01 to 2.72).  In the right hemisphere, 

a significant interaction (group x condition) was observed in the anterior temporal pole 

(F(1,17)=7.23 p<0.016).  The Greenhouse-Geisser Correction for repeated measure was 

applied to all measures with more than one degree of freedom.  

To explore these overall effects, we also performed within-subjects two-tailed, 

paired t-tests to confirm that both infant and adults demonstrated significant incongruous 

> congruous semantic priming effects. For infants, these tests revealed significant 

incongruous > congruous semantic effects in the left superior temporal sulcus 

(t(11)=2.46, p<0.03), anterior inferior temporal sulcus (t(11)=2.76, p<0.02) and posterior 

inferior temporal sulcus (t(11)=2.97, p<0.01), with a trend in the temporal pole 

(t(11)=2.07, p<0.06; Figure 2.2). In the right, only the anterior temporal pole 
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demonstrated an incongruous > congruous significant response (t(11)=2.77, p<0.02); 

with trends in the right superior temporal sulcus (t(11)=2.15, p<0.06) and orbitofrontal 

cortex (t(11)=1.94, p<0.08) (Figure 2.2). ROI analysis of the adult response for these 

same 6 bilateral ROIs revealed a similar pattern (Figure 2.3C). Significant incongruous > 

congruous semantic effects were observed in the left inferior frontal sulcus (t(6)=2.58, 

p<0.04), left temporal pole (t(6)=2.63, p<0.04) and left orbitofrontal regions (t(6)=2.41, 

p<0.05), with a trend in the superior temporal sulcus (t(6)=1.99, p<0.09). No significant 

differences were observed in homologous right hemisphere regions.  
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Figure 2.2: Estimated localization of N400m activity modulated by semantic 
priming in 12-18month old infants. Center: Group average dSPM (n=12) to 
incongruous minus congruous words from 500-550ms (centered on the largest peak in the 
group time-course activity), displayed on the cortical surface (dark gray = sulci, light 
gray = gyri). In the left hemisphere, activity is estimated to anterior and ventral temporal 
regions, insula, planum temporal, frontal operculum, inferior frontal sulcus, and orbital 
cortex. Right hemisphere activity is more restricted. Color indicates signal-to-noise 
relative to prestimulus baseline (full red sqrtF=1.2, p<0.05,  full yellow sqrtF=2.6, p<10-

7, dF=36). Surround: Average time-courses for the estimated noise-normalized dipole 
strength to incongruous (red) and congruous (blue) words in 6 bilateral ROIs. The 
amplitude of the time-course to congruent and incongruent words from 500-550ms, was 
determined in each subject, and compared with a paired t-test. Time courses with a * 
indicate regions where a significant difference was found (#=trend). IFS = Inferior 
Frontal Sulcus; STS = Superior Temporal Sulcus; ITS = Inferior Temporal Sulcus. 
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Figure 2.3: MEG recordings from adults during the semantic priming task 
developed for infants. (A) Averaged single channel event-related fields from a 
representative adult during the Semantic Priming task shown in Figure 2.1 A. A sustained 
differential response (incongruous > congruous) is observed at a similar latency (350-
550ms) as infants, but the peak of the differential response may occur earlier for adults. 
This differential response is significant across trials for the 200ms time-window (350-
550ms) (p<0.00001 <purple channel>; with a trend in the <blue channel> p<0.08) Two-
way t-test, p<0.05, df=98). (B) Whole-head MEG sensor array recordings of the semantic 
priming response in the same adult. Color-coding indicates the left temporal gradiometer 
channels that correspond to where differential word-selective, semantic and repetition 
priming responses were observed in infants (Figures. 2.1C, 2.4B, Supporting Information, 
Figure S2.2). (C) Center: Adult average dSPM (n=7) to incongruous minus congruous 
words at the same latency (500-550ms) as the infant group response (Figure 2.2) 
displayed on the cortical surface (dark gray = sulci, light gray = gyri). Similar to infants, 
sources generating the differential semantic priming response are estimated in adults to 
left posterior prefrontal, perisylvian and anterolateral temporal regions, with weaker 
activation in homologous right hemisphere sites. Color indicates SNR relative to 
prestimulus baseline (full red at sqrtF=1.7 corresponding to p<10-2, full yellow at 
sqrtF=3.5, p<10-12). Surround: Average time-courses for the estimated noise-normalized 
dipole strength to incongruous (red) and congruous (blue) words in the same 6 bilateral 
ROIs used for infant analyses. The amplitude of the time-course to congruent and 
incongruent words from 500-550ms, was determined in each adult subject, and compared 
with a paired t-test. Time courses with a * indicate regions where a significant difference 
was found (#=trend). IFS = Inferior Frontal Sulcus; STS = Superior Temporal Sulcus; 
ITS = Inferior Temporal Sulcus. 
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Since dSPM has only been validated in adults for the N400, we also used a sensor-

based approach to verify that our source estimates were reasonable. For these leadfield 

analyses, we first identified the three gradiometer channels exhibiting the largest 

semantic incongruity effect in an individual subject (Figure 2.4B), and found that the 

activity in these sensors showed highly significant differences between congruous and 

incongruous words between 350-550ms (Channel 1 (t(59) = 3. 76 p<0.0004); Channel 2 

(t(59) = 2.06 p<0.04); Channel 3 (t(59) = 2.87 p<0.006). We then calculated the relative 

strength of the projection from each cortical location to these sensors, finding that only 

the left posterolateral temporal cortex projects significantly to the responsive sensors 

(Figure 2.4). Although these sensors are weakly sensitive to more distant areas, sensors 

over these distant areas did not exhibit strong activity in Figure 2.4A1-3. This provides 

additional evidence, independent of dSPM estimations, that the largest semantic priming 

responses are highly likely to arise in the left posterior temporal cortex. In combination 

with representative single subject MEG data, group dSPM estimates, and ROI analyses, 

these leadfield calculations provide converging evidence that the evoked brain responses 

of one-year-old infants share spatial, temporal and cognitive characteristics of the adult 

N400m. 
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Figure 2.4: Cortical leadfields for left-temporal gradiometers with the largest 
semantic priming response from an 18mo. infant. (A) The cortical sensitivity of a 
given sensor is displayed on the pial surface. (A1-3) Channels are strongly sensitive to 
left posterior temporal regions and weakly to other perisylvian regions. Dipoles 
projecting 90% as strongly as strongest dipole are yellow; red dipoles project 50%, gray 
project <10%. (B) Significant semantically modulated activity (incongruous (red) > 
congruous (blue)) occurs between 350-550ms. (C) The entire gradiometer array, showing 
that these channels have the largest differential responses to semantic priming of words. 
Color-coding is consistent across all Figures. Subject number (S11) corresponds to 
subject listed in Table S2.2 (Supporting Information). 
 

2.9: Discussion 

 Taken together, these results imply that the basic neural mechanism used to encode 

lexico-semantic information is established during infancy and operates within similar 

cortical structures throughout the lifespan. Our evidence for left frontotemporal language 

processes during infancy implies that early lesions of these areas are followed by a 

transfer of dominant responsibility for language to the right hemisphere, rather than the 

right hemisphere being dominant at the earliest stages of normal language development. 



    

   
 

56 

Although differential activity has previously been observed in the infant EEG to words 

preceded by incongruous versus congruous pictures (Friedrich and Friederici, 2004), the 

relation of this response to the adult N400 is uncertain due to differences in timing, 

polarity, and topography. Clear N400 activity, however, has been observed in school age 

children (Holcomb et al., 1992). Thus, the brain mechanisms for processing lexico-

semantic information are likely quite stable, even in the face of significant structural 

brain changes during development (Giedd et al., 1999). The robust nature of N400 

processes is further underscored by the fact that we observed significant group effects of 

semantically modulated word-selective activity at ages when language skills are widely 

variable (Fenson et al., 1994) (Supporting Information, Table S2.2).   

Although the infant N400 latency, location and task correlates clearly place it 

within the range of the adult N400, quantitative differences between adults and infants 

are still possible. Indeed, such differences are expected given the rapid changes during 

early childhood in the cortical areas generating the N400. The consistency of the N400 

across development also does not rule out the possibility of significant developmental 

changes in the neural substrates of other language-related processes. Such changes have 

been identified in fMRI studies of older children, and may be related more to speech 

production, or associated strategic, attentional, and perceptual processes, rather than 

lexico-semantic integration (Schlaggar et al., 2002; Brown et al., 2005).   The presence of 

the N400 during infancy implies that it helps to form the neurophysiological context 

guiding the connections that are formed in this critical period.    

The discovery of a fundamental lexico-semantic process present throughout the 

rapid burst of language acquisition permits this process to be quantified and thus related 
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to behavioral and neural development, and their disorders. For example, there is infant 

ERP evidence to suggest that brain activity may be a useful predictor of later language 

outcome (Kuhl et al., 2008). There are also other infant EEG studies which suggest that 

brain activity patterns to words become increasingly left-lateralized as infants’ language 

abilities improve (Mills et al., 1993, 1997).   Similarly, a recent dSPM study of bilingual 

adults suggests that the second language may evoke relatively more right sided activity 

that declines as words become better known (Leonard et al., 2010). Thus, future dSPM 

studies could be used to examine whether brain activity becomes even more concentrated 

within left frontotemporal cortex as infants continue to learn new words. Such evidence 

would have important implications for addressing long-standing questions concerning 

how environmental and maturational processes interact with language, both in the 

developing and mature brain.   

 In the present study, we performed an additional experiment to determine whether 

our semantic priming task designed for infants would evoke a typical N400m in adult 

subjects (Figure 2.3). This was found to be the case, and in addition the spatiotemporal 

patterns of differential semantic activity appeared highly similar in infants and adults. 

This was quantified as the correlation coefficient in the spatial distribution of cortical 

activation patterns during the N400m between infants and adults. This was found to be 

about .7, which is highly significant. Conversely, when ANOVAs were performed which 

included data from congruous and incongruous conditions in both infants and adults, a 

main effect of age was never seen whereas the effects of condition were very similar for 

both groups. The one case where a significant group by condition interaction was 

observed was due to the temporal pole showing a condition effect bilaterally in infants 
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but only unilaterally in adults. In general, both infants and adults demonstrated significant 

differential semantic activity within left fronto-temporal regions, but infants tended to 

show more differential activity in right hemisphere regions than were observed in adults 

(Figure 2.2;2.3).  Despite these small differences, a significant relationship was observed 

between the spatial distribution of estimated sources of right hemipshere activity in 

infants and adults. It is also worth noting that differences due to semantic priming 

appeared to peak somewhat earlier in adults,  a finding which is consistent with 

developmental studies of the N400 (Holcomb et al., 1992). These studies  have reported a 

decrease in N400 latency of ~120ms from their youngest children (5 yo) to adults 

(23yrs). However, since factors such as task performance were not directly controlled 

between adults and infants in the present experiments, it is difficult to assess whether 

these slight timing and location differences actually represent real developmental 

differences in the location and speed of lexico-semantic information processing.   

It is remarkable that infants, with small lexicons, who have barely begun to speak, 

seem to use a very similar neural process as adults to understand words, with comparable 

timing, cortical location, and presumed neuronal substrate.  The neural process 

represented by the N400 has been most intensively studied in adults during word reading. 

Potential words are initially encoded in ventral occipitotemporal cortex at ~170ms 

(McCandliss et al., 2003) and projected to the middle layers of frontotemporal association 

cortices by ~200ms. The N400 follows as a slow depolarization of apical dendrites of 

pyramidal cells in more anterior frontotemporal cortices, in layers that receive 

widespread associative inputs (Halgren et al., 2006). These physiological processes 

appear to reflect the recognition of a potential lexical element, followed by its integration 
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with the current mental representation of the environment. If this lexico-semantic 

integration is facilitated by recent experience, via repetition or semantic priming, then the 

integration will proceed more quickly and the N400 will be attenuated, as in the current 

experiment. However, if the potential lexical element is unfamiliar, for example a 

pronounceable nonword, the N400 is still triggered, at maximum amplitude. Thus, the 

N400 appears to reflect an optimal modulatory state for semantic integration of potential 

lexical elements within a given context; if the word is already known then pre-existing 

associations will be activated leading to evolution of the semantic context; if the word is 

unknown, then the associations will lead to contextual learning of its meaning (Halgren, 

1990). 

Since, in this view, the N400 does not depend on pre-existing associations, it can be 

fully expressed before a significant vocabulary has developed in infants. However, this 

model does require the early development of a mechanism for selecting and segmenting 

potential words from the ongoing auditory stream. Indeed, both behavioral and 

neurophysiological evidence suggest that by ~7-8 months, infants both selectively listen 

to human voices (Grossman et al., 2010) and detect words based on the statistical 

regularities present in speech (Saffran et al., 1996). Additionally, it is also possible that 

the cellular maturity of prefrontal cortical regions observed in neuroanatomical studies 

(Petanjek et al., 2008) may support the rapid emergence of these neurophysiological 

processes. From the perspective of the young child learning her first language, all sounds 

that might be words need to be associated with salient aspects of the environment. The 

N400 may provide the necessary neurophysiological context for learning these lexico-

semantic associations. As the vocabulary expands, the N400 increasingly is used for 
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integrating known words with the semantic context, but its potential for facilitating 

contextual learning for new words is available throughout the lifespan. 

2.10: Supporting Information 

2.11: Supplemental Experimental Procedures 

2.11.1 Subjects – Additional details 

An additional 19 infants were recruited for the present study but were excluded 

from the final analyses due to: fussiness preventing performance of the MEG experiment 

(n=8), inability to fall asleep for the MRI scan (n=7), inadequate head-to-sensor 

registration (n=1), excessive movement during MEG (n=2), or ear infection (n=1). 

2.11.2 Source Estimation from MEG – Additional Details  

The method and rationale of the dynamic statistical parametric mapping (dSPM) 

technique has been extensively discussed by Dale et al. (2000). This noise-normalized 

linear inverse technique for estimating the cortical sources of MEG activity has several 

steps which were summarized in that paper. The anatomical constraint in dSPM was 

derived by reconstructing the cortical surface from each individual infant’s MRI using 

FreeSurfer (Dale et al., 1999). Partitioning the cortical surface into ~2500 small patches 

per hemisphere, allows any arbitrary spatial distribution of synaptic currents within the 

cortex to be approximated (Dale et al., 1999; Fischl et al., 1999).  Dipole orientation was 

not constrained. The inner skull surface used in the BEM forward solution (Oostendorp 

and Van Oosterom, 1992) was also individually reconstructed from each infant’s MRI. 

Equivalent current dipole (ECD) power was estimated at each cortical location every 4ms 

(Dale and Sereno, 1993; Liu et al., 1998; Liu et al., 2002). Noise estimates were obtained 

from the 200ms pre-word baseline period. Noise normalization transforms power maps 
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into statistical significance maps, as well as making the point-spread function relatively 

uniform across the cortical surface (Liu et al., 2002). To generate group estimates, source 

estimates for MEG signals from all of the subjects were averaged using a cortical surface 

alignment procedure which maximizes sulcal-gyral correspondence and minimizes 

shearing (Dale et al., 1999); the resulting maps may be viewed as measures of signal-to-

noise (SNR) at each point on the cortical surface, and thus analogous to the ‘z-score 

maps’ often displayed in fMRI analyses (Friston et al., 1999; Dale et al., 2000). The 

dSPM maps match the F-distribution under the null-hypothesis that, at a particular 

latency and location, there is no difference in the activity evoked by the condition and the 

baseline period. The SNR levels reported on the group dSPM image were derived by 

taking the square root of the F-distributed mean activity with df=12 in the numerator in 

Figure 1E (3 dipoles per location x 4 subjects), 36 in Figure 2 (3 dipoles x 12 subjects), 

21 in Figure 3C (3 dipole x 7 subjects). The denominator df was set to 50, the number of 

time points used to calculate the average noise covariance matrix for each condition. 

Using this measure, the p-values in the displayed maps were all less than .05. 

2.11.3: Correlation of Infant-Adult dSPM source estimates   

A linear correlation was performed in order to quantify and statistically test the 

qualitative similarities observed between infant and adult dSPM estimates of semantically 

modulated cortical locations. Two, two-way linear correlations were performed for each 

hemisphere for the 50ms time-window (500-550ms) surrounding the largest peak in 

infant time-course activity. For both infants and adults, the group average F-distributed 

semantic activity (incongruous minus congruous) was calculated for each hemisphere for 

approximately 160,000 vertices per hemisphere.  A mid-brain mask was then applied to 
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remove non-cortical vertices.  The F-values of the remaining vertices (149,995 left; 

149,926 right) for each group were then linearly correlated.   

2.11.4: Head-Position and Head Movement Estimates  

Infants were centrally situated beneath the MEG sensor array i.e., with approximately 

equal distances from the head to the left and right MEG sensors. By 12 months of age, 

the average head circumference for males is approximately 82% of its adult size and 81% 

for females (values estimated based on 50th percentile measurements from growth charts 

established by the Centers for Disease Control and Prevention, National Center for 

Health Statistics: http://www.cdc.gov/growthcharts/who_charts.htm).  Thus, it was 

possible to record simultaneously from both left and right MEG sensors without having 

to bias recordings to one hemisphere. To confirm that head placement was not biased 

towards left or right hemisphere sensors during the course of a recording session, we 

calculated the average head position across all blocks for every infant and adult subject. 

This was achieved by averaging the x values (x values represent head position in left-to-

right directions) of the transformation matrix of the subject’s head for every block of 

trials (0 = no displacement, negative values indicate displacement in the leftward 

direction; positive values indicate displacement in the rightward direction). The 

transformation matrix was automatically calculated at the beginning of each block when 

HPI registration was performed. HPI coils were attached symmetrically to the head. A 

small current was passed through each HPI coil successively, allowing each sensor to be 

located relative to the sensors; the head position was then inferred from the location of 

the HPI coils. Average left-right position of the center of the head for each experiment 

was as follows: (1) Word-specific experiment (infants): (-0.28mm); (2) Semantic-Priming 
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(Infants): (-2.5mm); (3) Semantic-Priming (Adults): (-1.41mm).   

Since head movement can be an issue with young infants, foam padding was also 

placed around the infants’ head (not pictured in Figure S2.1) to stabilize the head.  

Padding was not required for adult subjects.  Scans with head translation between the first 

and last block > 3cm were excluded. The average head movement, calculated as the 

Euclidean distance in all directions (x-y-z), between the first and last block was the 

following (reported by experiment): (1) Word-SCN (Infants) = 2.3cm ± .67; (2) 

Semantic-Priming (Infants) = 1.3cm ± .71; Semantic-Priming (Adults) .77cm ± .66. To 

examine the effects of movement on our results, we removed the infant subject in the 

Semantic Priming task with the largest amount of head translation between the first and 

last block of trials (2.5cm) and repeated our ROI analysis. After removing this infant, the 

11 remaining infants had an average total displacement of 1.2cm ± .62. There were no 

major differences in the statistical significance of our incongruous > congruous effects as 

compared to the original findings, and in some ROIs removing this subject actually 

increased the significance of the observed effects. Significant incongruous > congruous 

semantic effects were follows, as compared to original ROI anlaysis (Figure 2.2): Left 

superior temporal sulcus: 12 subjects (t(11)=2.46, p<0.03), 11 subjects (t(10)=2.21, 

p<0.05); Left anterior inferior temporal sulcus: 12 subjects (t(11)=2.76, p<0.02), 11 

subjects (t(10)=2.39, p<0.04); Left posterior inferior temporal sulcus: 12 subjects 

(t(11)=2.97, p<0.01), 11 subjects (t(10)=2.56, p<0.03);  Left temporal pole: 12 subjects 

(t(11)=2.07, p<0.06, trend), 11 subjects (t(10)=1.84, p<0.09, trend). Right anterior 

temporal pole: 12 subjects (t(11)=2.77, p<0.02), 11 subjects (t(10)=3.22, p<0.008); Right 

superior temporal sulcus: 12 subjects  (t(11)=2.15, p<0.06, trend), 11 subjects (t(10)=2.1, 
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p<0.06, trend); Right orbitofrontal cortex: 12 subjects (t(11)=1.94, p<0.08, trend), 11 

subjects (t(10)=1.97, p<0.07).  

2.12: Experimental Design- Additional details 

2.12.1: Repetition Priming of Auditory Words  

We also examined the effect of repetition priming on the timing and distribution of 

evoked MEG responses to words on a subset of infants (n=4). This experiment was 

performed to provide additional confirmation that word-selective activity shares 

characteristic modulations with the adult N400. Repetition priming was achieved by 

presenting initial and repeating word and SCN stimuli (Figure S2.2A). Pseudo-random 

ordering ensured that a minimum of five stimuli occurred before a repeated presentation 

of a given word. A total of± 45 words and 45 SCN stimuli were played across three 

blocks (180 trials; 30 initial and 30 repeated trials per block). A larger response to words 

than noise occured in left-temporal MEG channels between ~350-550ms (Figure 

S2.2B1). This word-selective response appeared to be modulated by repetition priming 

(initial words > repeated words) (Figure S2.2B2). However, because we were unable to 

obtain the MRI for one subject (S13, not listed in Table S2.2), we could not confirm the 

statistical reliability of this effect with dSPM. Repetition did not affect the response to 

SCN.  
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2.13: Supplemental Figures 

 

Figure S2.1 Infant-friendly MEG set-up. During a MEG session, infants sat upright in 
a booster seat with their heads positioned beneath the helmet-shaped dewar containing 
306 sensors. Foam padding (not pictured) was placed inside the dewar to stabilize the 
infants’ heads and minimize movement. The experimenter (pictured at left), remained in 
the room for the duration of scan and manually advanced trials when infants’ attention 
was directed towards the screen. In most cases, parents of infant subjects remained 
outside the scanning room during the experiment and viewed their child on a video 
recording in the adjacent console room.  
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Figure S2.2. Word-selective activity modulated by repetition priming. (A) Auditory 
paradigm used to explore word-selective responses and repetition priming. (B) 
Representative MEG activity from two infant subjects S2 and S13. (B1) Across subjects, 
word-selective activity exhibits greater amplitude response to words relative to matched 
noise between 350-550ms. (B2) Word-selective activity is modulated by repetition 
priming within the same left temporal gradiometer channels across subjects. Initial words 
exhibit greater amplitude responses than repeated words between 350-550ms. (C) Whole-
head MEG sensor array with color-coding to indicate the left temporal gradiometer 
channels where largest differential responses to word-selective and repetition priming are 
observed in individual subjects. Subject number S2; see Table S2.2. 
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2.14: Supplemental Tables 

Table S2.1: Sample list of 30 word stimuli used for a single infant subject (S4) 
during MEG experiments. 
 
WORD SELECTIVE SEMANTIC PRIMING 

Auditory Conditions Congruous Conditions Incongruous Conditions 
Word Noise Picture Word Picture Word 
ball ball - noise  ball ball ball diaper 
balloon balloon - noise  balloon balloon balloon door 
banana banana - noise  banana banana banana duck 
blanket blanket - noise  blanket blanket blanket elephant 
book book - noise  book book book horse 
brush brush - noise  brush brush brush juice 
bubbles bubbles - noise  bubbles bubbles bubbles keys 
cheerios cheerios - noise  cheerios cheerios cheerios kitty 
cup cup - noise  cup cup cup light 
diaper diaper - noise  diaper diaper diaper milk 
door door - noise  door door door shoe 
duck duck - noise  duck duck duck spaghetti 
elephant elephant - noise  elephant elephant elephant spoon 
horse horse - noise  horse horse horse stroller 
juice juice - noise  juice juice juice swing 
keys keys - noise  keys keys keys telephone 
kitty kitty - noise  kitty kitty kitty toothbrush 
light light - noise  light light light toy  
milk milk - noise  milk milk milk tree 
shoe shoe - noise  shoe shoe shoe vacuum 
spaghetti spaghetti - noise  spaghetti spaghetti spaghetti water (drink) 
spoon spoon - noise  spoon spoon spoon ball 
stroller stroller - noise  stroller stroller stroller balloon 
swing swing - noise  swing swing swing banana 
telephone telephone - noise  telephone telephone telephone blanket 
toothbrush toothbrush - noise  toothbrush toothbrush toothbrush book 
toy toy - noise  toy toy toy cup 
tree tree - noise  tree tree tree bubbles 
vacuum vacuum - noise  vacuum vacuum vacuum cheerios 
water(drink) water(drink) - noise  water(drink) water(drink) water(drink)  brush 
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Table S2.2: MacArthur-Bates Communicative Developmental Inventories (CDI) 
scores of all 12 subjects. 
 

Subject 
(m = 
male) 

Age 
(months) 

Phrases 
Understood    
(total / 
percentile) 

Words 
Understood 
(total/ 
percentile) 

Words 
Produced   
(total/ 
percentile) 

Gestures 
Produced   
(total/ 
percentile) 

S1 (m) 12.8 13 / 45% 111 / 70% 3 / 55% 28 / 70% 
S2 (m) 13.0 20 / 70% 108 / 60% 18 / 75% 25 / 40% 
S3 (m) 13.2 13 / 35% 77 / 30% 2 / 40% 26 / 45% 
S4 (f) 13.5 16 / 55% 139 / 60% 37 / 80% 39 / 70% 
S5 (f) 13.6 6 / 10% 49 / 15% 1 / 25% 24 / 25% 
S6 (m) 14.0 5 / 5% 32 / 10% 13 / 65% 17 / 5% 
S7 (f) 14.0 24 / 70% 176 / 60% 0 / 10% 29 / 25% 
S8 (f) 15.0 16 / 35% 156 / 45% 18 / 40% 42 / 55% 
S9 (f) 18.1 n/a n/a n/a n/a 
S10 (f) 18.4 26 / 55% 304 / 60% 200 / 80% 54 / 60% 
S11 (m) 18.4 13 / 5% 120 / 10% 6 / 5% 26 / 0% 
S12 (f) 18.7 26 / 55% 182 / 15% 82 / 45% 42 / 20% 
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CHAPTER 3: 

Age-related changes in tissue signal properties in 12-19 month old infants  

3.1: Abstract  

 Recent evidence from our laboratory has shown that the neural mechanisms used 

to encode lexico-semantic information appear functionally mature by 12-18 months of 

age and operate within similar left frontotemporal cortical structures throughout the 

lifespan (Travis et al., 2011).  However, there is minimal knowledge of neuroanatomical 

structural changes that occur within these and other cortical regions important for 

supporting language development at these same ages. To gain a better understanding of 

the regional neuroanatomical changes that take place during this important period in 

infant development, we examined age-related changes in regional tissue signal properties 

of gray and white matter intensity and contrast. Surface based measures were obtained 

from T1-weighted structural scans acquired from a group of 12-19 month old infants. 

Relationships between age and tissue signal properties were analyzed using a general 

linear model (GLM). Significant effects of age were observed for gray and white matter 

intensity and contrast within bilateral inferior lateral and anteroventral temporal regions, 

dorsomedial frontal and superior parietal cortices. Region of interest (ROI) analyses also 

revealed that tissue signal properties significantly changed with age within the same left 

lateral temporal regions shown to generate lexico-semantic activity in both infants and 

adults. These findings suggest that the development of neurophysiological processes 

supporting linguistic and cognitive behaviors may occur before cellular and structural 

maturation is complete within associative cortices. In 
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general, these results have important implications for understanding the neurobiological 

mechanisms relating structural to functional brain development.  

3.2: Introduction  

Many important behavioral milestones are achieved in the second year of life. 

Sensorimotor, linguistic and cognitive skills rapidly mature in these months 

(Herschkowitz et al., 1999) and it is typically at this time when an infant begins to speak 

and walk. Coinciding with the emergence of these behaviors are many notable 

neurobiological events, including region-specific changes in synaptogenesis 

(Huttenlocher and Dabholkar, 1997), myelination (Yakovlev and Lecours, 1967; Gao et 

al., 2008) and glucose metabolism (Chugani, 1998). Further, this can also be a period 

when the behavioral symptoms of neurodevelopmental disorders such as autism may first 

become apparent (Wetherby et al., 2004; Zwaigenbaum et al., 2005; Landa and Garrett-

Mayer, 2006).  Despite the importance of these months for healthy behavioral and brain 

development, only a few neuroimaging studies have attempted to characterize the 

neuroanatomical structural changes that occur in the months following an infant’s first 

birthday (Gao et al., 2008; Knickmeyer et al., 2008). 

Most morphometric measures used to assess maturational changes in brain 

structure have been acquired from one- and two- year old infants as part of either cross-

sectional or longitudinal neuroimaging studies of brain development (Schaefer et al., 

1990; Pfefferbaum et al., 1994; Courchesne et al., 2000; Almli et al., 2007; Gilmore et 

al., 2007; Gao et al., 2008; Knickmeyer et al., 2008).  These, and a few additional studies 

that have included infants between the ages of 12-24 months, have either characterized 

the development of a specific cortical or subcortical area (Pfluger et al., 1999; 
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Utsunomiya et al., 1999), white matter development (Gao et al., 2008) or have acquired 

global volumetric measures of ventricular, gray and white matter regions (Schaefer et al., 

1990; Pfefferbaum et al., 1994; Courchesne et al., 2000; Gilmore et al., 2007; 

Knickmeyer et al., 2008). Such studies, as well as others performed in older children 

(Giedd et al., 1996; Reiss et al., 1996; Thompson et al., 2000; Sowell et al., 2002; Shaw 

et al., 2008) have been essential for establishing general trends in typical brain growth for 

cortical and subcortical gray and white matter structures. Revealing these patterns has 

also been critical for understanding how maturational trajectories may be affected in 

neurodevelopmental disorders like autism, where abnormal rates of brain growth have 

been reported (Redcay and Courchesne, 2005; Schumann et al., 2010).    

Aside from knowledge of the gross neuroanatomical changes that occur during 

this important period in human development, very little is known of the structural 

maturation of specific cortical regions that support emerging sensory, cognitive and 

linguistic behaviors. In older children and adolescents, region-specific structural changes 

have been reliably obtained using morphometric measures of cortical thickness (Sowell et 

al., 2001b; Sowell et al., 2004a; Sowell et al., 2004b; O'Donnell et al., 2005; Lu et al., 

2007; Sowell et al., 2007; Shaw et al., 2008). More recently, tissue signal properties, 

including gray and white matter T1-weighted signal intensity and contrast, have also been 

used as a biomarker of neurodevelopment (Salat et al., 2009; Tamnes et al., 2010; 

Westlye et al., 2010). Regional changes in signal intensity have been shown to occur 

independent of variations in cortical thickness, and so may index different underlying 

neurobiological processes contributing to the structural changes observed during brain 

development and aging (Salat et al., 2009; Westlye et al., 2010). Specifically, tissue 
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intensity is sensitive to proton-relaxation times, and so reflects degrees of myelination 

(Eickhoff et al., 2005; Westlye et al., 2010).  Both measures of cortical thickness and 

tissue signal properties are likely to be more sensitive to subtle morphological changes 

than gross volumetric measures (Sowell et al., 2001a), however neither of these measures 

have been widely used to assess regional development of cortical structures in children 

younger than 4 years of age. 

Uncovering the structural changes that occur within functional brain areas during 

early development has important implications for improving understandings of both the 

neurobiological underpinning of cognitive development and the underlying cellular 

processes that give rise to the structural changes observed throughout the lifespan. 

Evidence from structural neuroimaging studies of older children, including many of those 

already mentioned, and findings from post-mortem histological research, consistently 

demonstrate regional differences in rates of cellular, structural, and functional 

development (Casey et al., 2005; Toga et al., 2006).  Primary sensory areas, including 

visual cortices, are some of the first regions to mature, attaining peak cortical thinness 

(Shaw et al., 2008), myelination, (Yakovlev and Lecours, 1967; Gao et al., 2008) 

synaptic density (Huttenlocher and de Courten, 1987) and mature dendritic morphology 

(Travis et al., 2005) before higher-order associative cortices. Sensory abilities appear to 

rapidly develop in parallel with many of these neurobiological changes, and do so much 

before structural and functional maturation is observed for high-order cortices and the 

cognitive behaviors that these regions support (Casey et al., 2005; Toga et al., 2006). 

Together, these heterochronous patterns of structural development suggest that the 

maturation of neurophysiological processes supporting both sensory and cognitive 
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behaviors may depend on the cellular maturity of a given functional area. However, we 

have recently demonstrated (Travis et al., 2011) that the neurophysiological processes 

important for supporting word understanding in adults appear functionally mature by 12-

18 months of age. These new findings imply that the functional development of 

neurophysiological processes occur much before cellular and structural maturation is 

complete.  

To explore this possibility further, we examined age-related changes in tissue 

signal properties of gray and white matter intensity and tissue contrast within a 

population of 12-19 month old infants. We specifically selected gray and white matter 

intensity to index changes in brain structure since intensity measures are likely to be 

sensitive to alterations in the myelin composition that is known to occur within this age-

range (Yakovlev and Lecours, 1967; Gao et al., 2008). Using these measures, we are able 

to examine whether there is evidence for age-related changes in brain morphology within 

the same left lateral temporal areas that have been demonstrated to generate lexico-

semantic activity in both infants and adults (Travis et al., 2011).  

3.3: Materials and methods  

3.3.1: Participants  

Data from 17 typically developing infants ages 12 to 19 months (mean age=15.4 

months ± 2.3, 8M) are presented here. Infant subjects were initially recruited to 

participate in a magnetoencephalography (MEG) study of typical language development 

and structural T1-weighted MR images were acquired as part of participation in the MEG 

study. All infants were born full-term (>39weeks), and had no known neurological or 

developmental impairments. Written parental consent was obtained for all infant subjects. 
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This study was approved by the UCSD Institutional Review Board (Project #070254). 

3.3.2: MRI acquisition  

Imaging was performed during the evening hours around infants’ typical bedtime. 

All scans were performed at the UCSD Radiology Imaging Laboratory on a General 

Electric 1.5T EXCITE HD scanner with an 8-channel phased-array head coil (General 

Electric, Waukesha, WI, U.S.A.). Image acquisitions included a conventional 3-plane 

localizer, GE calibration scan, and a T1-weighted volume acquisition pulse sequence 

(TE= 2.8ms, TR= 6.5ms, TI= 600ms, flip angle= 12 deg, bandwidth= 31.25 Hz/pixel, 

FOV= 25.6cm, matrix= 256 x 162, slice thickness=1.2mm). Acquisition parameters were 

optimized for increased gray/white matter image contrast. In some cases infants moved 

significantly during the acquisition or were woken by scanner noises and so only one T1-

image could be acquired (n=2). Scanning began once the child fell naturally to sleep in 

the scanner. Noise-cancelling headphones (INNOMED, Germany) were used to minimize 

and protect infants from scanner sounds.  

3.3.3: MRI processing  

Raw data sets in DICOM format were transferred to Linux workstations for image 

processing and analyses located at the Multimodal Imaging Laboratory, University of 

California, San Diego. Images were corrected for nonlinear warping and intensity non-

uniformities using methods developed through the Morphometry Biomedical Informatics 

Research Network (mBIRN). To obtain measures of tissue signal intensities, cortical 

surface reconstructions were performed using the open-source FreeSurfer software 

package (http://surfer.nmr.mgh.harvard.edu) version 4.05. Reconstruction of the cortical 

surface requires a series of steps which include (1) segmentation of the white matter, (2) 
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tessellation of the gray/white matter boundary, (3) inflation of the folded surface 

tessellation, and (4) automatic correction of topological defects. These steps are described 

in greater technical detail elsewhere (Dale et al., 1999; Fischl et al., 1999; Fischl and 

Dale, 2000).  Following initial surface cortical reconstruction steps, data was additionally 

processed using an automated labeling system that subdivides the cerebral cortex on 

volumetric MRI into 32 neuroanatomical regions per hemisphere (4 medial temporal, 5 

lateral temporal, 10 frontal, 5 parietal, 4 occipital, and 4 cingulate; (Desikan et al., 2006) 

and is available as part of the Freesurfer package. The parcellation atlases derived from 

this processing step were inspected for each individual infant in order to visually assess 

general accuracy of the surface based reconstructions (Fig. 1B). Cortical reconstructions 

were also manually inspected by trained technicians who assessed the accuracy with 

which pial and gray matter (GM) and white matter (WM) boundaries were estimated.  In 

most cases, significant manual editing was required in order to properly estimate 

GM/WM boundaries (Supplementary Fig. S3.1). The addition of control points were used 

to improve both pial and GM/WM boundaries (5,933.47±2,224.36 points per subject). 

Visual inspection revealed general improvement in GM/WM boundaries following the 

addition of control points (Supplementary Fig. S3.1). 

Gray matter tissue intensities were sampled 0.2mm from the GM/WM boundary 

in the direction of the pial surface and white matter intensities were sampled 0.2mm in 

the opposing direction (Fig. S3.1A). Signal intensity contrast, measured as the gray to 

white matter ratio (GWR), was computed as ratio of the difference of white to gray 

matter to the average gray and white matter intensity ((W-G)/(W+G/2)). Based on this 

notation, ratio values closer to 0 signify poorer cortical contrast between tissue 
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compartments whereas values closer to 1 indicate improved contrast.  

 

Figure 3.1 Tissue sampling method and cortical surface parcellations. A. Tissue 
signal intensity values were selected 0.2mm in either direction of the GM/WM surface, 
indicated in by yellow line and arrow. Pial surface is represented as the red line and is 
indicated by a red arrow. B.  Surface parcellations derived from an automated labeling 
system (Desikan et al., 2006) and displayed on the reconstructed pial surface of an 
individual infant subject. Individual ROIs are displayed on the left lateral and medial 
surface as separate colors.  

3.3.4: Statistical analyses  

 The relationship amongst age and tissue signal properties were examined with a 

vertex by vertex general linear model (GLM). The results of these analyses can be 

displayed on the cortical surface as statistical parametric maps. These maps can be 

thresholded to show the distribution of p values for pairwise comparisons between age 

and each of tissue intensity measures. All maps are thresholded at a value of p<0.01. 

Regional effects between age and all three tissue signal measures were also assessed 

using a Pearson's correlation from values derived from both specific lateral temporal 

ROIs (Fig. 3.3A-C) that were shown in a recent study (Travis et al., 2011) to exhibit 

lexico-semantic activity in 12-18month old infants. 

3.4: Results  

3.4.1: Effects of age on Tissue Signal Properties: GLM Analyses  



     

   
 

82 

Results of GLM analysis were first evaluated to examine age-related changes in 

tissue signal properties. Results of GLM analyses were displayed on the cortical surface 

and revealed significant regional effects of age for all three tissue signal properties (GM 

and WM intensity, GWR; Fig. 3.2A-C).  Both GM and WM signal intensities appeared to 

show similar patterns of significant increases with age within lateral and anteroventral 

temporal regions bilaterally (Fig. 3.2A,B). In both hemispheres, significant age effects 

also obtained for both GM and WM intensity within dorsal and medial aspects of superior 

frontal and superior parietal cortices (Fig. 3.2A,B). Consistent with these patterns, tissue 

contrast, measured as the GWR, also exhibited similar but more focal regional effects of 

age in lateral and anteroventral temporal cortices and also superior frontal areas. 

Significant effects between age and GWR did appear more focal within inferior and 

anteroventral temporal and superior frontal areas. In contrast, no regions within occipital 

and cingulate cortices did not show significant effects of age for any of the three tissue 

signal intensity measures (Fig. 3.2A-C).  



     

   
 

83 

 
 
Figure 3.2. Effects of Age of on GM and WM signal intensity, and contrast (GWR). 
Results of GLM analysis displayed on the lateral, medial and ventral surfaces of the 
brain. Heated colors (red to yellow) indicate regions where cortical gray and white matter 
intensity and contrast was observed to significantly increase with age. A-B. Significant 
effects of age in GM and WM signal intensity are observed bilaterally within lateral and 
anteroventral temporal regions, as well as dorsal and medial portions of superior frontal 
cortices and also lateral superior parietal cortices. C. Contrast is observed to significantly 
increase with age in regions similar to patterns observed for both GM/WM intensity. 
Minimal to no changes in contrast are observed within regions of occipital and cingulate 
cortices. Images are thresholded to p <0.01.  
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3.4.2: Effects of age on Tissue Signal Properties: ROI Analyses 

 We also performed Pearson’s correlations between age and tissue intensity values 

extracted from the exact same left lateral inferior and superior temporal ROIs (Fig. 3.3A-

C) found to exhibit lexico-semantic activity in 12-18month old infants (Travis et al., 

2011). The results of these correlations are summarized in Table 3.1. Significant effects 

of age were observed for both GM and WM intensity in all three lateral temporal ROIs 

(Table 3.1, Fig. 3.3 A,B). These results are consistent with age-related increases in GM 

and WM signal intensity that were observed with GLM analyses (Fig. 3.2A,B). In 

addition, GWR was observed to significantly increase with age within left anterior 

inferior temporal regions. Increases in contrast within left superior and posterior inferior 

temporal ROIs appeared to trend with age but did not reach significance.  

Table 3.1: Results of correlation analyses performed between age and tissue signal 
properties in left lateral temporal ROIs.  
 

 R2 p 
GM Intensity   

STS 0.32 0.018 
aITS 0.33 0.016 
pITS 0.33 0.016 

WM Intensity   
STS 0.35 0.012 
aITS 0.36 0.010 
pITS 0.36 0.010 

GWR   
STS 0.18 0.086* 
aITS 0.32 0.018 
pITS 0.17 0.09* 

*Indicates regions in which trends between age and GWR were observed. 
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Figure 3.3: Tissue intensity and contrast significantly change with age within 
regions shown to generate lexico-semantic activity in infants and adults. A-C. Results 
of correlations performed between age and all three tissue signal intensity measures for 
three left lateral temporal ROIs. A-B. WM and GM signal intensity significantly 
increases with age for all three ROIs. C. Contrast significantly increases with age within 
left anterior inferior temporal sulcus, with trends observed in the superior temporal sulcus 
and posterior inferior temporal areas. ROIs are outlined on the cortical surface in purple.  
STS = superior temporal sulcus, aITS = anterior inferior temporal sulcus, p = posterior. 
GLM maps from Figure 3.2 are reproduced for convenience.    
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3.5: Discussion 

The present study investigated age-related changes in tissue signal properties of 

GM intensity, WM intensity, and gray/white contrast during a pivotal period of infant 

neural and behavioral development. Until now, these measures have not been used to 

describe maturational changes associated with brain development in these ages.  Vertex-

wise GLM analyses revealed regional effects of age for all tissue signal measures, which 

primarily localized to bilateral anteroventral and lateral temporal regions, and also 

dorsomedial superior frontal and superior parietal cortices (Fig. 3.2A-C). Intensity and 

contrast measures, however, did not appear to significantly change with age in bilateral 

occipital or cingulate regions. Together, these distributed patterns of age-related effects 

suggest that specific regions within the developing infant cortex may undergo 

mircostructural cellular changes at differing rates.   

Although the precise the cellular mechanism(s) which underlie changes in tissue 

signal properties are not currently known, changes in gray and white matter intensity are 

unlikely to be independent and so may index similar neurobiological processes (Westlye 

et al., 2010). This claim is supported in that we did not observe clear differences in the 

distribution of age-related effects of GWR and both GM/WM intensity measures across 

the cortical surface. Given the sensitivity of these measures to the myelin composition of 

brain tissues, it is reasonable to propose that the age-related effects in tissue intensity 

were primarily influenced by increases myelination that are known to occur within this 

age-range (Yakovlev and Lecours, 1967; Gao et al., 2008).  Indeed, age-related increases 

in GM/WM signal intensity were spatially distributed in a manner that is consistent with 

regional patterns of myelination that are known to occur between the first and second 
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year (Gao et al., 2008). Assuming that intensity measures primarily reflect cellular 

processes related to myelination, the present findings thus suggest that during this period 

in development frontotemporal areas may experience more significant increases in 

myelination than inferior parietal, cingulate and occipital cortices. However, since we did 

not explicitly test the extent to which increases in GM were the result of WM intensity 

changes, the possibility still exists that these measures may index separable changes in 

tissue microstructure. Other mechanisms include the bioaccumulation of iron, which is 

known to affect T1-weighted relaxation times (Ogg and Steen, 1998). Combining tissue 

intensity measures with other indices of white matter development, such as those that can 

be acquired with diffusion tensor methods, may help to provide better insight in to 

whether the underlying cellular events contributing to increases in GM/WM intensities 

result from processes related to myelination. 

The present findings of age-related increases in tissue signal properties are 

important as they help to identify region-specific patterns in cortical maturation that have 

not yet been described for these ages. Cortical, cerebellar and subcortical volumes are 

known to increase 15% between the first and second year (Knickmeyer et al., 2008), yet 

it is not clear whether the changes in cortical volume are due to global or to proportional 

differences in region-specific growth. While maturational changes in volumetric 

measures were not assessed in the present study, regional differences in GM/WM 

intensity and contrast suggest that the neurobiological process underlying changes in 

tissue signal properties may either occur at different rates or in different proportions 

across cortical areas. This finding is consistent with other developmental studies which 

have generally reported heterochronous patterns of regional gray and white matter 
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volume growth (Giedd et al., 1999; Gao et al., 2008; Shaw et al., 2008) and 

synaptogenesis (Huttenlocher and Dabholkar, 1997). The cortical distribution of age-

related changes in signal intensity are also consistent with regional patterns of 

myelination. Similar to these patterns, we observed age-associated alterations tissue 

signal properties within lateral temporal and superior frontal and parietal areas. These 

regions are known to myelinate during this age-range and do so well into the second and 

third decade of life (Benes et al., 1994; Giedd et al., 1996; Gao et al., 2008). Moreover, 

the lack of significant age-related changes within occipital and cingulate cortices may be 

due to the rapid myelination of these cortices within the first year of life preceding the 

period examine here (Gao et al., 2008). However, it is also possible that cellular 

processes indexed by intensity measures may be changing at a more subtle rate and were 

therefore not possible to capture within this short period of development. In either case, 

the present results demonstrate that there are region-specific differences in the rates at 

which brain tissue properties change during this important period in human development.   

In addition to revealing region-specific differences in the rates of cortical 

maturation, the present study also demonstrates evidence of rapid alterations of tissue 

structure within areas shown to generate neurophysiological activity important for word 

understanding (Binder et al., 2009). Specifically, we find evidence indicating that the 

same left lateral temporal regions responsible for generating lexico-semantic activity in 

12-18 month old infants and adults are also some of the same areas demonstrating 

significant age-related changes for tissue intensity measures (Halgren et al., 2002; 

Marinkovic et al., 2003; Travis et al., 2011). That we observe evidence for on-going rapid 

structural brain maturation within these areas is rather unexpected in light of development 
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evidence suggesting that these areas remain both structurally and functionally immature 

for much of childhood and adolescent development (Casey et al., 2005; Toga et al., 

2006). Indeed, associative cortices, like those contained within lateral temporal regions, 

are some of last areas to show evidence of cortical thinning (Sowell et al., 2004a). 

Cortical thinning has classically served as a morphological index of structural maturation, 

as it has been found to correlate with increased behavioral performance on linguistic and 

cognitive tasks (Sowell et al., 2001b; Sowell et al., 2004a; O'Donnell et al., 2005; Lu et 

al., 2007). Here, evidence of rapid neuroanatomical changes within lateral temporal 

regions suggests that the maturation of neurophysiological processes generated within 

associative areas may not initially depend on the cellular mechanisms underlying cortical 

thinning.  

Cortical thinning is thought to primarily result from both regressive cellular 

events like synaptic pruning and progressive development of myelin into the underlying 

neuropil (Sowell et al., 2004a).  However, MR imaging methods do not have the 

resolution to establish the degree to which these two processes contribute to cortical 

thinning. It is not unreasonable to predict that regressive events may contribute more 

significantly to cortical thinning in regions like occipital cortices where myelination is 

more rapid and less extensive than frontal and other associative cortices (Yakovlev and 

Lecours, 1967).  Physiological processes subserving sensory abilities may also depend on 

more local, short-distance circuitry, whereas higher-order cognitive behaviors likely 

depend upon longer-distance intercortical connections. Associative fibers may therefore 

require relatively more myelination to ensure rapid signal conduction between cortical 

areas than the localized processing circuits contained with primary sensory areas. It is 
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possible that cortical thinning in associative cortices, which is not observed until much 

later points in development, may thus be the consequence of more progressive 

advancement of myelinating fibers into the lowest layers of the cortical neuropil (Sowell 

et al., 2004a).  

Regardless of whether cortical thinning within associative cortices is dependent 

upon mostly cellular processes related to myelination, evidence for cortical thinning is 

not apparent within lateral temporal regions until mid-adolescence (Sowell et al., 2001a; 

Sowell et al., 2004a; Sowell et al., 2004b). Other on-going cellular processes are 

therefore more likely to account for why mature lexico-semantic activity can be observed 

during early infant development.  Candidate mechanisms may include the growth of 

dendritic arborizations and the formation of synapses. Neurons found within supramodal 

prefrontal cortices are much less developed as compared to primary somatosensory and 

visual during the first few postnatal months (Travis et al., 2005), but by adulthood have 

quantifiably longer and more branched dendritic arborizations and spine counts than 

neurons contained with unimodal areas (Jacobs et al., 1997; Jacobs et al., 2001). Similar 

development of dendritic arborizations may potentially account for why bilateral 

perisylvian areas and left inferior frontal areas (i.e., Broca’s area) appear to thicken well 

into late childhood (Sowell et al., 2001b; O'Donnell et al., 2005; Shaw et al., 2008). 

Cortical thickening may also be the consequence of increases in somal size, vasculature 

and glial numbers.  The intensity measures used in this study do not have the resolution 

nor sensitivity to distinguish amongst the possible combination of cellular processes that 

may contribute to the rapid maturation of physiological processes supporting word 

understanding. Nevertheless, these results are significant for they suggest that other 
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cellular mechanisms, beyond those classically thought to be indexed by cortical thinning, 

may be essential for the maturation of brain structures and underlying neurophysiological 

processes.  

 In general, knowledge of region-specific changes during early infant development 

may be important for future research investigating the neurobiological underpinnings of 

neurodevelopmental disorders and disease. Evidence of abnormal development in these 

areas may be useful for understanding the etiology of certain neurodevelopmental 

disorders and associated behavioral disturbances. Abnormal rates of development in these 

areas could also possibly serve as predictors of future impairment. Additionally, it is only 

recently that studies of brain development and aging have begun to include both 

measures of cortical thickness and tissue signal properties (Salat et al., 2009; Tamnes et 

al., 2010; Westlye et al., 2010). The addition of signal intensity measures in combination 

with other morphological measures of volume, cortical surface area and thickness, have 

the potential to improve abilities of distinguishing the various underlying cellular 

processes contributing to both brain maturation and aging processes. Finally, it will be 

interesting in future research to consider how structural and neurophysiological measures 

may be related to measures of behavioral performance, such as the rapid improvements 

vocabulary skills that are known to occur during this age-range (Fenson et al., 1994).    
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3.6 Supplemental Figures  

 

 
 
Supplementary Figure S3.1: Control points improve estimation of GM/WM 
boundary. A. Example of a single subject for which control points were used to improve 
estimates of pial and GM/WM boundaries. B. Magnified image of area where WM 
boundary was overestimated. Green line indicates original automated estimates of 
GM/WM boundary. Yellow line indicates final WM/GM boundary estimated after 
editing with control points.  Control points are represented as green + symbols. Red lines 
indicate pial surface.  
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3.7: Appendix – Maturation of brain structures between from 12 months to 5 years 
of age  

 
3.7.1 Summary of Preliminary Analyses 

At present, we have also performed preliminary analyses using structural brain 

measures acquired from infants that participated in the study presented in Chapter 3, 

along with structural data obtained in young children (3-5 years old) as part of the 

Pediatric Imaging, Neurocognition and Genetics (PING) initiative. These additional 

analyses were performed mainly to determine whether including a larger population of 

older children would reveal additional structural changes in brain development that were 

not apparent with the small infant sample. Furthermore, adding these 12-19 month infants 

extends the lower age range of the PING sample by 2 years and thus helps clarify 

developmental trends only suggested by the current sample. Quantitative analysis of these 

data consisted of Pearson’s correlations between age and subcortical volumes (Table 3.2), 

and surface based measures of cortical thickness (Table 3.3), cortical surface area, and 

gray to white matter contrast (Table 3.4). Correlations between age and measures of 

cortical surface area were performed both with and without normalization of total cortical 

surface area. Correlations between age and subcortical volumes were also performed with 

and without normalization using total brain segmentation volume, the results of which are 

summarized in Table 3.2. All correlations between age and surface measures were 

performed by obtaining mean values from distinct gyral-based regions of interest (ROIs) 

derived from an automated labeling system that subdivides the cerebral cortex on 

volumetric MRI into 32 neuroanatomical regions per hemisphere (4 medial temporal, 5 

lateral temporal, 10 frontal, 5 parietal, 4 occipital, and 4 cingulate; Fig. 3.1; Desikan et 
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al., 2006) and is available as part of the Freesurfer package. Below is a brief summary of 

the main results of these correlations.  

For regional measures of cortical area, uncorrected for total cortical area, 

significant positive correlations were observed between age and cortical area for 62 of 64 

ROIs (32 per hemisphere ROIs). The only areas that were not observed to significantly 

increase with age were left temporal polar and right entorhinal ROIs. Almost all regions 

except for bilateral pericalcarine, frontal polar, pars opercularis, and left medial 

orbitofrontal, left caudal middle frontal and left entorhinal and areas remained significant 

after correcting for multiple comparisons at p<0.002. Interestingly, after normalizing for 

total cortical area, almost no significant effects of age were observed across both 

hemispheres, and only relative decreases in size with age were observed within ROIs of 

the left temporal pole, right superior temporal, and bilateral caudal and rostral anterior 

cingulate areas.  These areas all remained significant after correcting for multiple 

comparisons at p<0.002. 

Correlations between age and subcortical volumes are summarized in Table 3.2. 

Before normalizing for brain size, significant age-related increases were observed for all 

subcortical measures.  However, cerebral gray matter volume did not appear to 

significantly change with age.  After normalizing for brain size, bilateral cerebral white 

matter volumes, bilateral amygdala and right caudate volumes were all observed to 

increase with greater proportions between 12 months to 5 years of age. In contrast, after 

correcting for overall brain volume, cerebral gray matter volumes were observe to 

proportionally decrease relative to other volumes during this period in development. 

Correlations between age and cortical thickness are summarized in Table 3.2 and 
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are described briefly below.   Significant positive correlations between age and cortical 

thickness were found within specific ROIs within each of the 5 major regions, except for 

bilateral temporal polar ROIs, in which a significant negative correlation between age 

and cortical thickness was observed.  Similar bilateral frontal areas distributed amongst 

superolateral and orbitofrontal regions were observed to demonstrate significant thinning 

with age.  Significant patterns of cortical thinning were observed to be much more 

variable across left and right hemispheres for temporal, parietal, occipital and cingulate 

cortices.  Temporal polar areas were the only areas found to exhibit cortical thickening 

with age. All correlations were significant after correcting for multiple comparisons 

p<0.002. 

Correlations between age and cortical contrast measures are summarized in Table 

3.3.  Before correcting for multiple comparisons, significant increases in gray-white 

matter contrast were significant with a pattern that is similar to what was described in 

Chapter 3. Increases in contrast were observed primarily within frontotemporal ROIs, 

with minimal to no changes in parietal, cingulate and occipital areas.  However, after 

correcting for multiple comparisons, only the left inferior temporal ROI showed 

significant increases in cortical contrast with age at a p<0.002. 
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Table 3.2 Summary of Pearson’s correlations performed between age and subcortical 
volumes. 

a p<0.007  bp<0.0001  cp<10e-5  dp<10e-10  ep<10e-12 

  
 

Uncorrected 

Normalized 
for Brain 

Size 

  
 

Uncorrected 

Normalized 
for Brain 

Size  
Left 
Hemisphere 

  Right 
Hemisphere 

  

Cerebral WM 0.2a 0.83e Cerebral WM 0.71e 0.79e 
Cerebral GM n.s. -0.71e Cerebral GM n.s. -0.73e 
Thalamus 0.61d n.s. Thalamus 0.61d n.s. 
Caudate 0.34b n.s. Caudate 0.53c 0.18a 
Putamen 0.39c n.s. Putamen 0.36c n.s. 
Hippocampus 0.43c n.s. Hippocampus 0.5c n.s. 
Amygdala 0.66d 0.3 Amygdala 0.52c 0.15a 
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Table 3.3: Summary of Pearson’s correlations performed between age and cortical 
thickness  
 

 Left 
Hemisphere 

Right 
Hemisphere 

Frontal  R2 R2 
Caudal middle frontal 0.16a 0.28e 
Lateral orbitofrontal n.s. n.s. 
Medial orbitofrontal 0.24b 0.25b 
Pars opercularis n.s. n.s. 
Pars orbitalis 0.16a 0.34e 
Pars triangularis n.s. n.s. 
Precentral n.s. n.s. 
Rostral middle frontal 0.22a 0.27e 
Superior frontal 0.18a 0.42f 
Paracentral n.s. n.s. 

Temporal   
Inferior temporal 0.24b n.s. 
Middle temporal n.s. n.s. 
Superior temporal n.s. n.s. 
Transverse temporal 0.27d 0.31d 
Banks of superior temporal sulcus n.s. n.s. 
Temporal pole -0.5h -0.38f 
Entorhinal n.s. n.s. 
Fusiform 0.28d 0.33e 
Parahippocampal n.s. n.s. 

Parietal   
Postcentral n.s. n.s. 
Inferior parietal 0.16a 0.27d 
Superior parietal n.s. 0.44g 
Supramarginal 0.24b 0.19a 
Precuneus n.s. 0.46g 

Occipital   
Cuneus n.s. 0.25b 
Lateral occipital 0.34e 0.58i 
Lingual n.s. 0.168a 
Pericalcarine 0.21a 0.33e 

Cingulate   
Caudal anterior cingulate n.s. 0.45d 
Rostral anterior cingulate 0.48e 0.61j 
Isthmus cingulate n.s. 0.25b 
Posterior cingulate 0.18a 0.35e 

a p<0.002 b p<0.0001c p<10e-4  d p<10e-5  ep<10e-6  fp<10e-7  gp<10e-8  

hp<10e-10 i  p<10e-11  jp<10e-12  
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Table 3.4: Summary of Pearson’s correlations performed between age and cortical gray-
to-white matter contrast 
 

 Left 
Hemisphere 

Right 
Hemisphere 

Frontal  R2 R2 
Caudal middle frontal 0.23b 0.33c 
Lateral orbitofrontal 0.22a 0.23b 
Medial orbitofrontal n.s. n.s. 
Pars opercularis 0.19a 0.19a 
Pars orbitalis 0.16a 0.18a 
Pars triangularis n.s. 0.22b 
Precentral n.s. n.s. 
Rostral middle frontal 0.25b n.s. 
Superior frontal 0.25b n.s. 
Paracentral n.s. n.s. 

Temporal   
Inferior temporal 0.53d 0.21a 
Middle temporal 0.45c 0.38c 
Superior temporal 0.22a 0.36c 
Transverse temporal n.s. n.s. 
Banks of superior temporal sulcus 0.37c n.s. 
Temporal pole n.s. 0.36c 
Entorhinal n.s. n.s. 
Fusiform n.s. n.s. 
Parahippocampal n.s. n.s. 

Parietal   
Postcentral n.s. n.s. 
Inferior parietal n.s. n.s. 
Superior parietal n.s. n.s. 
Supramarginal 0.26b n.s. 
Precuneus n.s. n.s. 

Occipital   
Cuneus n.s n.s 
Lateral occipital n.s n.s 
Lingual n.s n.s 
Pericalcarine n.s n.s 

Cingulate   
Caudal anterior cingulate n.s. n.s. 
Rostral anterior cingulate 0.23b n.s. 
Isthmus cingulate 0.28 b n.s. 
Posterior cingulate n.s. n.s. 

a p<0.1 b p<0.05 c p<0.01 d p<0.001  
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In addition to performing these correlations, we also qualitatively compared the 

infant data to larger development curves developed from multi-site data with subjects 

ranging from 3 to ~20 years of age. The results of these qualitative comparisons can be 

viewed in Figures 3.4-3.7.  For these comparisons, we plotted the mean values of left 

middle (Fig. 3.4) and inferior temporal thickness (Fig. 3.5), right amygdala volume (Fig. 

3.6) and left hippocampal volume (Fig. 3.7) calculated from all 17 infant subjects who 

ranged in age from 12 to 19 months.  The qualitative comparisons were primarily 

performed in order to examine whether infant values were consistent with trends 

predicted from a larger developmental database. 

 
Figure 3.4: Developmental trends of left middle temporal cortical thickness 
including data from 12-19month old infants. Curves are extended to include infant 
values.  Shaded blue area depicts age-range from 12 to 19 months.  Average thickness for 
infants is indicated with a brown *.  
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Figure 3.5: Developmental trends of left inferior temporal cortical thickness 
including data from 12-19month old infants. Curves are extended to include infant 
values.  Shaded blue area depicts age-range from 12 to 19 months.  Average thickness for 
infants is indicated with a brown *. 
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Figure 3.6: Developmental trends of right amygdala volume including data from 12-
19month old infants. Curves are extended to include infant values.  Shaded blue area 
depicts age-range from 12 to 19 months.  Average volume for infants is indicated with a 
brown *. Red curve depicts qualitative estimates of growth based on inclusion of infant 
values. 
 

 

Figure 3.7: Developmental trends of left hippocampal volume including data from 
12-19month old infants. Curves are extended to include infant values.  Shaded blue area 
depicts age-range from 12 to 19 months.  Average volume for infants is indicated with a 
brown *. Red curve depicts qualitative estimates of growth based on inclusion of infant 
values. 
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3.7.2: Discussion of Preliminary Analyses and Future Directions 
 

In general, the present analyses revealed significant correlations associated with 

age that were not apparent for cortical area, subcortical volumes and cortical thickness 

measures using infant measures alone.  The lack of significant correlations within infants 

was likely due to the small population size, although it is possible that this age range may 

be too brief to observe significant morphological changes in many of these different 

volumetric and surface based measures.  

The finding of highly significant age-related increases in uncorrected subcortical 

volume is not surprising, given the pervasive amounts of brain growth that occur between 

these ages (Pfefferbaum et al., 1994; Giedd et al., 1996; Reiss et al., 1996; Courchesne et 

al., 2000; Sowell et al., 2002; Knickmeyer et al., 2008; Shaw et al., 2008).  The 

proportional increases that are observed to significantly correlate with age when using 

brain-size corrected subcortical volumes for cerebral white matter volume growth is also 

consistent with general patterns demonstrating overall increases in white matter 

development throughout much of childhood and adolescent development (Pfefferbaum et 

al., 1994; Giedd et al., 1996; Reiss et al., 1996; Courchesne et al., 2000; Sowell et al., 

2002; Knickmeyer et al., 2008; Shaw et al., 2008). The proportional brain-size corrected 

increases in amygdala volume are interesting to consider in light of recent evidence 

demonstrating that larger right amygdala volumes measured at 6 and 12 months of age 

were found to negatively correlate with language measures at 2, 3 and 4 years of age 

(Ortiz-Mantilla et al., 2010). It may thus be interesting to examine with this larger 

database whether similar patterns obtain at later developmental time-points between 
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volumetric measures of amygdala size and language assessments.  

Additionally we observed that age-related increases in cortical contrast continue 

in a pattern that was consistent with those reported in Chapter 3. Most interesting is that 

even after correcting for multiple comparisons, changes in cortical contrast remain within 

left inferior temporal regions – regions that showed the strongest effects for GM/WM 

intensity and contrast in infants and also regions shown in Chapter 2 to be responsible for 

generating lexico-semantic brain activity in both infants and adults. Additional analyses 

of these data and potential future studies may wish to examine whether relationships exist 

amongst both neurophysiological indexes of lexico-semantic activity, tissue intensity 

measures and behavioral assessment of language as a means for determining whether any 

one of these measures may be predictive of another. Evidence for such relationships 

could have important implications for understanding how brain structure, function and 

behavior interact during early language development. 

Significant age-related effects of cortical thinning were also apparent across most 

regions, bilaterally. To date, most developmental studies investigating cortical thickness 

measures have not been assessed in children much below the age 4.  Although 

preliminary, these correlations are some of the first evidence demonstrating changes in 

cortical thinning beginning as early as 12 months of age.  Combining cortical thickness 

measures along with other morphological measures of surface area and tissue integrity 

and possibly even data from DTI, may be useful for determining more specifically the 

biological processes responsible for producing the structural changes observed 

throughout development. An important first step will be to perform analyses of these data 

to determine the extent to which these separate measures may be predictive of another 
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(e.g., do changes in cortical thickness depend on changes in signal intensity).  

Based on the qualitative comparisons of both right amygdala and left 

hippocampal volumes to developmental curves that include a larger developmental 

population ranging in age from 3-20 years, it appears that these curves may be 

underestimating the rate of growth between 1-3 years of age (Fig. 3.6, 3.7). Without data 

from infants, these volumes appear to increase more gradually within this two-year span, 

however, the addition of averages from infants suggest that these areas may experience 

rapid volume increases from one to three years of age (Fig. 3.6;3.7). Comparison of 

average infant values for cortical thickness measures within left temporal regions appear 

to either be reasonably predicted by developmental trends computed from 3-20year old 

data (Fig. 3.5) or may be overestimating the rate of cortical thinning (Fig. 3.4). These 

patterns are also upheld by correlation analyses between cortical thickness measures from 

infants and 3-5 year olds (Table 3.2), which demonstrate that left middle temporal areas 

do not appear to significantly thin with age, whereas significant cortical thinning is 

observed for the left gyral-based inferior temporal ROI.   

 Together, these preliminary analyses highlight many possible sources of future 

questions which are more possible to address than with infant data alone. As previously 

mentioned, it will be interesting to examine the relationship amongst different structural 

measures (e.g., cortical thickness and cortical contrast) as a means of determining 

whether these measures may index similar or different underlying neurobiological 

process that contribute to structural changes.  It will also be interesting to examine 

relationships between various measures of cognitive and linguistic development that have 

been obtained in many of these subjects to determine whether these measures may be 
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predictive of later behavioral outcome, or used to help describe the large amount of 

individual variability that is observed in language and other cognitive abilities at younger 

ages (Fenson et al., 1994). 

There are several limitations worth noting about these preliminary analyses. 

These data were not corrected for scanner differences. Infant data were acquired on a 1.5 

Telsa MRI and structural data obtained from older children and adolescents were 

acquired on 3.0 Tesla magnets of different make and models. We plan to collect MRI 

data on the same subject with the relevant 1.5T and 3.0T scanners and protocols in order 

to estimate and correct for any systematic differences in morphometric measures that may 

be present. Thus, it will soon be possible to make more definitive conclusions about these 

developmental patterns made apparent by including infant data to these larger 

developmental databases. Another technical issue that must be addressed is that PING 

data from children at younger ages may require additional editing.  Extensive manual 

edits were required to appropriately estimate GM/WM and pial boundaries in infants, and 

manual inspection of data from older children is not currently complete.  Although the 

results of these correlation analyses should be considered preliminary, they are 

nevertheless important for highlighting interesting developmental trends that will be both 

important to explore and analyze in the very near future. 
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CHAPTER 4 

 

Discussion and Future Directions  

The work presented in this dissertation has sought to advance knowledge of the 

neurophysiological processes and neuroanatomical structures that afford word 

understanding in both adults and infants. Additionally, I have presented in this 

dissertation new evidence describing some of the maturational changes in brain structures 

that occur during an important period of infant neural and brain development. While the 

findings from these studies represent important advances in general knowledge of the 

neural underpinnings of word understanding and infant brain maturation, this work 

prompts more questions than can be answered in a single dissertation. In the final chapter 

of this dissertation, I will discuss further implications of this work and describe future 

avenues for research aimed at addressing some of questions raised by findings presented 

throughout this dissertation.  

4.1: Response Characteristics of the M100w  

In the first study of this dissertation, we identify the timing and location of a 

neural response that is selective for auditory words. The M100w appears insensitive to 

low-level sensory stimulus properties found to vary amongst voices of different speakers, 

(see Chapter 1, Supplementary Figure S1.2) and has different spatiotemporal 

characteristics of the classic M100 response that is evoked by tones (Näätänen and 

Picton, 1987). These and other response properties of the M100w suggest that it may 
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reflect underlying neural processes that are important for translating an acoustic 

stimulus into a phonemic code. This encoded information can then be further processed 

so that the appropriate word may be selected amongst semantic representations stored 

within left fronto-temporal associative cortices.   

An important question that the present study was not able to address is whether 

the M100w indexes neural activity that is specific to identifying human speech. That is, 

must a word be produced from a human vocal tract to maximally evoke the M100w? This 

is an important question to address, as it will help to narrow the possible acoustic 

properties that the brain uses to identify words. To test this question, it will be important 

to examine whether words generated from different forms of synthesized speech 

modulate the timing and amplitude of the M100w. Should such comparisons reveal 

modulations of the M100w to words spoken naturally versus words generated from 

synthesized speech, this would suggest that the brain is highly sensitive to features of the 

human voice for the identification of words. However, if no differences are observed 

between natural and synthesized speech, this would imply that the M100w is insensitive 

to the source generating intelligible sounds. In this case, the M100w may instead reflect 

neural activity that is more generally adapted for identifying meaningful sounds. 

Addressing questions such as this will be important for understanding the functional 

properties of the neural processes reflected by the M100w. 

4.2 Development of the M100w response in infants  

Discovery of the M100w is also exciting given the possibility to characterize the 

development of this response in infants and children as they acquire language. As we 

demonstrated in Chapter 2, it is possible to use aMEG procedures to measure and localize 
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neural activity associated with auditory word processing in infants. In Chapter 2, we also 

demonstrate that between 12 to 18 months of age, the neural mechanism that are 

important for encoding lexico-semantic information have already been established and 

reside within similar networks throughout the lifespan. If the neural mechanisms for 

lexico-semantic processing have already been established by 12-18 months, is there also 

evidence for M100w activity at these ages? Additionally does the development of 

M100w activity coincide with the emergence of N400m activity, or does one process 

precede the other? These and other questions about the development of the M100w are 

quite possible to address in the very near future by measuring evoked responses to words 

and acoustically matched control sounds in infants. Such experiments would be an 

important first step in establishing the spatiotemporal dynamics of this response during 

early development.  

It is also possible that it may be difficult to identify evidence for M100w activity 

in infants. Lack of clear evidence for M100w in infants might imply that a certain amount 

lexical knowledge is required before the brain can successfully identify words from other 

acoustically complex sounds. To explore this possibility, an important first experiment 

would be to examine relationships between behavioral measures of language and 

response characteristics of the M100w in populations where reliable measures of M100w 

activity can be observed. Such experiments would be helpful in determining if 

relationships exist between language measures and spatial and temporal response 

properties of the M100w. Follow-on experiments in younger children and infants could 

then be used to establish how vocabulary size may influence the emergence of M100w 

activity.   
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It is important to also point out that the lack of significant evidence for M100w 

processes in infants and young children need not necessarily imply that these neural 

processes have yet to develop. It may be that the sources generating this activity may be 

anatomically positioned so that they are not optimally detected with MEG. In this case, it 

may be possible to use EEG to detect sources that may be located on the crowns of gyri. 

Lack of significant evidence for evoked responses can also occur because of 

methodological limitations. For example, it is inherently more difficult to acquire large 

amounts of trials when using M/EEG procedures with infants and children. Inadequate 

signal-to-noise may obscure evidence of event-related neural activity. To avoid such 

problems, it is important to develop designs for M/EEG experiments which maximize the 

amount of data that can be collected. Consideration of methodological issues such as 

these was critical for the successful execution of the experiments presented in Chapter 2, 

and will be essential for future developmental studies of M100w activity. 

4.3: Clinical implications for studying M100w and N400m  

In both Chapters 1 and 2, it was suggested that discovery of the M100w response 

and the observation of N400m activity in infants have important implications for studying 

the integrity of these measures in neurodevelopmental disorders and language impaired 

populations. Although there are inherent challenges associated with studying functional 

brain measures in clinical and pediatric populations, there is a great need for such 

research. Studies of M100w and N400m in clinical and developing populations have the 

potential to provide insight into the compensatory mechanisms employed by the brain 

that are used to regain function following damage or attain near-to-normal functioning in 

developmental disorders. For example, it could be revealed that the spatial distribution of 
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of M100w or N400m activity differs following brain damage, suggesting that other 

cortical areas may be recruited to perform tasks typically associated with these responses.  

Knowledge of such compensatory strategies could thus have important implications for 

developing therapies to help those who have sustained brain damage or possibly those 

with language impairments.  

Examination of the spatiotemporal characteristics of both the M100w and N400m 

responses in clinical populations may also be useful for understanding the etiology of 

behavioral disruptions in disease and disorder. For example, it may be that some of the 

delays seen in the language skills of infants and children at-risk for developing autism 

(Landa and Garrett-Mayer, 2006) may be due to impairments in their ability to 

disambiguate speech from other acoustically complex sounds. Discovering that infants at-

risk for autism have difficulty distinguishing speech sounds, could be revealed by lack of 

significant modulations in the M100w responses to words and noise controls. Although 

hypothetical, such findings could also have important implications for improving 

behavioral therapies and treatment.  

4.4: N400m as an index of word learning and language ability  

In the second chapter of this dissertation, we report clear evidence of N400m 

activity in 12-18 month old infants. The spatiotemporal similarities observed between 

infant N400m activity and patterns seen in adults, suggests that the functional mechanism 

underlying this response are also quite similar. The N400m has historically been thought 

to reflect neural activity responsible for encoding lexico-semantic information, (Kutas 

and Federmeier, 2011) and is considered to be an important process for word 

understanding. To account for why it is possible to detect N400m activity in response to 
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pseudowords, which do not have any inherent meaning, and the finding that N400m 

activity can be observed in infants, whose vocabulary knowledge is still immature, we 

suggest in Chapter 2 that the neural mechanisms indexed by N400m may also support the 

learning of new words. Assuming this to be a possible function of the N400m, it will be 

interesting to explore how N400m activity may serve as an index of word learning in 

infants, adults and even bilingual populations.  

An important next step in testing this interpretation will be to examine whether 

pseudowords can be used to evoke N400m activity in infants. Observing N400m activity 

in response to pseudowords would provide further evidence that the neural processes 

indexed by the N400m have similar functions in both infants and adults. Additionally, 

such evidence would imply that infants are capable of distinguishing those words that are 

known from words whose meaning is not yet understood. With additional experience and 

exposure, such unfamiliar “pseudo” words may eventually become meaningful to the 

infant. Thus, whether one’s lexicon consists of tens or thousands of words, the N400m 

may continually allow the acquisition of new words by affording a word learner the 

ability to recognize unfamiliar, yet potentially meaningful word-like sounds.  

Related to this question, it will be interesting to investigating possible 

relationships between spatiotemporal characteristics of the N400m and developing 

vocabulary skills in infants. Mills and colleagues were some of the first to report that 

patterns of evoked brain activity in response words could be related to infants’ 

comprehensive vocabulary skills (Mills et al., 1993). More specifically, they found that 

diffuse patterns of evoked responses to words were associated with low comprehensive 

abilities measured with the MacArthur-Bates Communicative Developmental Inventories 
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(CDI), whereas left-lateralized patterns were associated with normal to high vocabulary 

comprehension (Mills et al., 1993, 1997). However, due to the poor spatial resolution of 

their EEG methods, it was not possible to determine whether separate neuroanatomical 

sources were responsible for generating these different patterns of evoked activity across 

the scalp. Now, with the spatiotemporal resolution afforded by aMEG techniques, it is 

possible to revisit these questions.    

In future experiments, it will be interesting to test whether the spatial distribution 

of N400m activity in infants may be related to their varying levels of vocabulary skills. In 

recent studies performed in bilinguals (Leonard et al., 2010; Leonard et al., 2011), it has 

been demonstrated that non-classical language areas are additionally recruited for word 

processing in the less-proficient language. Similar mechanisms may also be at play 

during primary language acquisition, and be related to infants’ developing language 

skills. For example, is there evidence for more activity within these non-classical areas in 

children with lower vocabulary comprehension than in children with normal to high 

comprehension skills? Such findings could suggest that the less proficient a person is in a 

particular language, or less-mature one’s language abilities are, the more these additional 

areas must be recruited to assist classical left lateralized fronto-temporal networks for the 

processing of words. As language abilities develop or improve, these additional areas 

may no longer be required. Evidence of such patterns could possibly account for why 

Mills and colleagues observed different scalp activity patterns associated with vocabulary 

skills. Specifically, the more diffuse patterns that they observed may have been the result 

of the additional recruitment of areas for the processing of words, and the observed 

lateralized effects in older infants and infants of higher comprehension abilities may 
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reflect the reduction of activity in these areas.   

The possibility of exploring these questions is quite exciting and is possible now 

more than ever with the advancement of new techniques such as aMEG. An important 

initial set of experiments will be to investigating these hypotheses with 18 month-old 

infants. By 18 months of age, there is likely to be reasonable variability in both 

comprehensive and productive vocabularies and having a range of vocabulary skills will 

allow afford the exploration of whether differences in the spatiotemporal distribution of 

N400m activity is associated with infants’  developing vocabulary skills.  

4.5 Investigating functional and structural brain development in infants and older 

children. 

The third and final study of this dissertation describes age-related changes in brain 

structure during a brief, but important period during infant development. While these 

findings are generally important for improving knowledge of patterns of infant brain 

development, this study is limited in that it is both a cross-sectional study and includes a 

small number of subjects. An important next step will be to extend these findings by 

including structural MRI data from children at multiple ages during development. 

Additionally, combining morphological measures such as tissue signal intensity, cortical 

surface area and cortical thickness together in such analyses has the potential to improve 

knowledge of the biological underpinnings of many of the structural changes that are 

observed throughout development.  

In Chapter 3, it was discussed that the cellular mechanisms underlying changes in 

cortical thickness may differ across functional areas – that cortical thinning in occipital 

areas may be due primarily to more regressive events, such as synaptic pruning, whereas 
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thinning in associative areas may be predominated by the progression of white matter 

into the neuropil. Examination of the preliminary analyses performed using data from 

infants and older children, suggests that there is the potential to begin to distinguish 

amongst these two mechanisms. For example, surface areas within left inferior temporal 

regions do not appear to significantly change with age, however within these regions 

there is evidence for both significant thinning (Table 3.3) and changes in signal contrast 

(Table 3.4).  By comparison, regions within the occipital lobe also do not show 

significant surface area changes, or changes in signal contrast (Table 3.4) but do 

significantly decrease in thickness with age (Table 3.3). Evidence for both cortical 

thinning and increases in tissue contrast in left inferior temporal regions suggests that 

cortical thinning may be due to increases in myelination. In contrast, that cortical 

thinning can be observed in occipital areas, but no changes in tissue contrast are 

observed, suggests that these areas may be decreasing in volume as a result of changes in 

cellular density, possibly because of synaptic pruning.  Further examination of these 

relationships is certainly warranted and requires additional analyses, however, these 

findings have exciting implications for distinguishing the neurobiological events 

contributing to structural changes observed during brain development.    

Another avenue to pursue in future research will be to acquire longitudinal data 

from subjects that were initially recruited as infant subjects for the aMEG study presented 

in Chapter 2, as these children are now between 3 and 4 years of age. Obtaining such 

longitudinal data would be quite exciting, since most longitudinal studies to date have not 

included infants much younger than 18 months of age. With such data, it would be 

interesting to examine relationships between language measures that were acquired in 
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these subjects as infants with morphological measures of structural development. It will 

also be useful to acquire new measures of these children’s language skills, so that it will 

be possible may explore relationships between functional measures of N400m activity as 

well as structural brain measures.  

Finding such relationships would have important implications for improving 

knowledge of how structural and functional brain maturation may support the emergence 

of developing language abilities. Additionally, knowledge of such relationships may also 

help to account for the large variations in language skills that are most apparent during 

early language development. For example, in Chapter 2 we were able to observe N400m 

activity in infants who displayed large variations in their vocabulary knowledge, as 

indexed by assessments on the MacArthur Bates CDI (see Table S2.2). Follow-on studies 

could examine whether there are differences in the spatiotemporal distribution of N400m 

activity in children with normal or low vocabularies, or whether certain structural 

measures are predictive of language abilities.  
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