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Abstract

The measurement of the electroencephalogram (EEG) provides a rich source of information

about the neural mechanisms underlying ongoing cognitive events. Various ways of

analysing the neural markers recorded non-invasively from the scalp have been successfully

applied to study developmental populations. The goal of this chapter is to give an

introduction and to provide an overview of how electrophysiological methods can be used to

elucidate brain and cognitive development in infancy. To this end, we begin by briefly

describing the physiological basis of the EEG, and then review the components observed in

event-related potentials (ERPs) to auditory, visual, multimodal stimuli and saccades. We also

discuss recent work investigating event-related oscillations (EROs) and its role in cognitive

development. We conclude by reflecting upon the future directions of the field.
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Cognitive neuroscience, through its various neuroimaging techniques, enables us to look at

the living brain at work, and thus provides us with tools to investigate the neural

underpinnings of developmental behavioural change. One class of these neuroimaging

methods relies on the non-invasive and painless recording of brain electrical activity

measured by electrodes placed on the scalp. The recorded signal, the electroencephalogram

(EEG), carries information about the ongoing brain activation at the millisecond time-scale,

and derived measurements, like the event-related potentials (ERPs) and the event-related

oscillations (EROs), allow us to relate this information to the cognitive processes that the

brain is engaged in. This technique is especially popular for measuring functional brain

activation in developmental populations because it is relatively easy to record and the signal

is relatively robust. For example, it is less sensitive to artefacts created by movement than is

fMRI, and thus is better suited for studying awake, attentive children and infants (de Haan

and Thomas, 2002). Furthermore, there is a longstanding tradition in its use with infants and

young children, and its excellent temporal resolution can reveal information about the timing

of neurocognitive processes that occur while an infant or child is engaged in some cognitive

activity rather than providing information only about the final behavioural outcome of these

processes.

The electroencephalogram

The ongoing electrical brain activity can be recorded simultaneously from a number

of electrodes attached to the scalp. These electrodes pick up the voltage changes that occur

when a large number of cerebral neurons are activated in close proximity and in high

synchrony. The electrical potential changes measured on the scalp primarily reflect the

postsynaptic depolarization of cell dendrites and not the action potentials generated by the

neurons. It is also important to note that in order to generate a large enough electrical field to
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be measurable on the scalp, the depolarization has to occur on many synapses that are more

or less aligned in the same direction. The closer the activated neuron population to the

surface of the cortex, the more likely its activation is reflected in the ongoing EEG.

The placement of electrodes on the scalp conventionally follows the international

10/20 system (Jasper, 1958), in which electrodes are placed at certain distances from each

other along the anterior-posterior and the lateral axes. The electrodes in this system are

labelled according to cerebral lobe (frontal, temporal, parietal) under the location, odd

numbers assigned to the left and even numbers to the right hemispheres, whereas Z indicating

the midline. The relationships of the standard 10/20 system to the infant cerebral cortex

differs slightly from that to adult (Blume, 1974) due to different relative proportions of

parietal and frontal lobes in infants and adults and incomplete opercularization of the

temporal lobe in infants.

Although being most frequently used, the 10/20 system offers relatively poor spatial

resolution of the signal. Over the years, this system has been extended to a 10/10 (Nuwer et

al., 1998) and a 10/5 system (Oostenweld and Praamstra, 2001) to provide better spatial

sampling on the surface of the head. Recently high-density electrode systems, such as caps or

nets comprising 64 or 128 electrodes have become popular. A relatively new technique, the

Geodesic Sensor Net (GSN) allows a large number of electrodes to be quickly applied to the

scalp surface (Tucker, 1993), which is especially useful in studies with infants, children, and

special populations (Johnson et al., 2001). Even a 64-electrode GSN recording yields a

sampling density of less than 3 cm with infants.

The ongoing EEG is traditionally analyzed in the frequency domain. One of the main

parameters which modulates the rate and amplitude of the EEG waves is the general alertness

of the person. The alpha-band activity (8-13 Hz) can be measured from the occipital region in

an awake and resting person when the eyes are closed. Beta waves (13-30 Hz) are
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characteristic of strong mental activation and are detectable over the parietal and frontal

lobes. Delta-band waves (0.5-4 Hz) are detectable in infants and sleeping adults, while theta

activity (4-8 Hz) is obtained from children and sleeping adults. The EEG also contains

activation in the gamma-band (24-100 Hz) in both children and adults. However, the

magnitude of this activity is so small compared to other frequency bands that it cannot

normally be detected without special signal analysis techniques.

The EEG of children varies with age. During the first weeks of life, low-amplitude,

poorly defined activity has been observed, composed of random-frequency waves in the

delta, theta, and alpha ranges. The dominant activity in resting state is 4-6 Hz in 6-month-

olds and 5-7 Hz by 1 year of age. At 4 years of age, the 7-8 Hz waves predominate, and by 8

years, the majority of children show alpha-band activity within adult frequency range.

Distinct runs of beta activity are seldom observed in children, whereas episodic theta activity

may be observed in frontal lobes until the age of 20 (Kooi, 1971).

Some researchers have attempted to relate cognitive and brain development by

correlating activity in certain frequency bands with behavioural variables in infants (Bell and

Fox, 1992; Bell, 2001; Mundy, Card, and Fox, 2000). The majority of studies using

electrophysiological measures, however, attempt to link cognitive processes to brain

activations not via inter-individual variability but by directly manipulating those cognitive

processes. Studies with adult participants normally require them to solve various cognitive

tasks, and then compare the brain electrical activation during the short time periods while

they are engaged in the different conditions. For obvious reasons, preverbal infants cannot be

assigned tasks to solve, but they can be exposed to different stimuli that require different

cognitive processes to deal with.

In this chapter, we discuss some techniques that have been used to analyze the EEG

data collected during such cognitive studies with human infants. All the methods employ the
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same general idea for extracting the signal from the continuous EEG that is related to specific

cognitive processes: repetition. Inducing the replication of the same cognitive event several

times can help us to separate the electrical signal reflecting brain activation related to those

events from other ongoing neural activity. We do not discuss in detail a class of techniques

called steady-state and sweep evoked potentials, which employ rapid repetitions of stimuli at

regular intervals and assesses their effect by frequency analysis. Although they are rarely

used in developmental cognitive neuroscience research, they provide a good example of how

to use electrophysiological techniques to answer developmental questions that do not aim at

infant cognition directly but are essential to resolve in order to know the constraints that

determine what young infants can see and can hear. Event-related potentials (ERPs) and

event-related oscillations (EROs) also rely on repeated events, and reduce the effect of

background or non-related brain activations by time-locked averaging of the EEG. We do not

discuss the methodological details of these techniques here (for methodological guidance, see

recent excellent handbooks: e.g., Handy, 2005; de Haan, in press). Instead, we summarize

how these techniques have been used to answer questions of cognitive development in human

infants.

Event-Related Potentials

Event-related potentials are calculated as time-locked averages of the EEG signal.

The event that defines the EEG segment must be defined with millisecond-range accuracy,

and can be a stimulus of any modality, an omission of an expected stimulus, or a response

generated by the participant. ERPs also differ from traditional stimulus-evoked potentials in

that the brain activation related to the event may also precede, and not just follow, the event.

This is frequently the case when the event is a response, or an external stimulus with well

predictable timing.
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The averaged ERPs are composed of a series of negative-going and positive-going

waves. An ERP component, according to definition of Näätänen and Picton (1987) is the

contribution of a generator process to the ERP waveform. If temporally overlapping

components are of opposite polarities, they cancel one another either partially or totally.

Traditionally, ERP components are divided into two categories: exogenous and endogenous.

Exogenous (or sensory, or obligatory) components can be elicited by any detectable stimulus

and represent brain response to the occurrence of the stimulus. Exogenous components

typically occur within the first 100-200 ms after stimulus onset and are, to a limited extent,

sensitive to the physical features of the stimulus, such as intensity, frequency, rate of stimulus

presentation (Näätänen, 1992). Endogenous components mainly reflect internally generated

mental events related to the cognitive assessment of the stimulus. The endogenous

components, occurring after 100-200 ms from stimulus onset, reflect the processing not only

of physical stimulus features, but also, depending on the paradigm and task, can index several

stimulus-related cognitive processes. Because more and more recent studies suggest that even

the early ERP responses can be modulated by top-down processes, like selective attention,

the distinction between exogenous and endogenous components is not as meaningful as it

once seemed to be.

The majority of ERP waves are thought to reflect the synchronous activity of neural

systems generated by excitatory and inhibitory post-synaptic potentials. Thus, the

maturational changes in ERP morphology might to a large extent involve changes in

intracortical synaptic organization and synaptic density (Eggermont, 1988; Vaughan and

Kurtzberg, 1992). Vaughan and Kurtzberg (1992) suggested that the ERP amplitude is

proportional to the magnitude of synaptic activation. Indeed, the sequence of changes in

synaptic density parallels changes in the ERP amplitude, which follow an inverted U-shape

function, with rapid increase of the ERP amplitudes during infancy followed by a gradual
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decline during childhood. The sequence of synaptogenesis has been described as following a

similar U-shape function: rapid increase in synaptic density during infancy is followed by

gradual decline to the mature adult levels at puberty (Huttenlocher, 1979). The striking

parallel between the course of synaptogenesis previously reported by Huttenlocher and

Dabholkar (1997) and the ERP-peak amplitudes was observed for auditory (Kushnerenko et

al., 2002a) and visual modality in infants (Vaughan and Kurtzberg, 1992), for auditory

modality in children (Ponton et al., 2000), and for both the visual and auditory modalities

together (Courchesne, 1990). The increase in consistency of brain response with age (Thomas

and Crow, 1994), resulting in decrease of the trial-to-trial latency variability also contributes

to the shortening of the ERP peak latencies. The latency changes in one ERP peak might also

be affected by the maturational changes in another, overlapping peak (Ponton et al., 2000;

Kushnerenko et al., 2002a).

What has emerged as a general finding from developmental ERP studies is that young

infants do not show as many well-defined peaked ERP responses as adults, but do show

greater slow wave activity (Nelson and Luiciana, 1998). The greater slow wave activity

during the first two years of life has been attributed to reduced synaptic efficiency. ERP

waveforms with well-defined peaks over the frontal cortex, which are typical for adults,

begin to emerge around 4 years but do continue to develop well beyond that age (Nelson and

Luciana, 1998; Taylor, Batty, and Itier, 2004).

We discuss the typical findings of ERP research in infants grouped by the events that

are used to elicit those potentials. First we review infant ERPs to auditory and visual stimuli,

then we briefly summarize some studies with multimodal stimuli and eye-movement related

analyses.
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ERPs to auditory stimuli

The P1-N1-P2 complex. In adults, auditory ERPs start with a small P1 (or P50)

deflection that peaks at about 50 ms. The P1 is followed by a usually larger N1 response,

peaking at about 100 ms and further by a P2 component peaking at approximately 180-200

ms from stimulus onset (Näätänen, 1992; Ponton et al., 2000). The P2 peak is often followed

by a negativity, labelled N2 (Picton et al., 1974). This peak has an adult latency of 220-270

ms (Ponton et al., 2000). The N2 elicited by frequent repetitive stimuli was reported mostly

in children (Ceponiene, Cheour, and Näätänen, 1998; Enoki et al., 1993; Karhu et al., 1997;

Korpilahti and Lang, 1994), but it was also shown in adults (Ceponiene et al., 2001; Karhu et

al., 1997; Kushnerenko et al., 2001; Picton et al., 1974; Ponton et al., 2000).

The adult P50-N100-P200 (P1-N1-P2) complex is not readily identifiable in infants

and children before about 10 years of age (Ponton et al., 2000; Courchesne, 1990). Most of

the ERP studies in infants have reported a large positive deflection at midline electrodes, with

a maximum amplitude at about 300 ms, followed by a negativity at about 600 ms (Barnet et

al., 1975; Graziani et al., 1974; Ohlrich et al., 1978; Pasman et al., 1992; Rotteveel et al.,

1987; Shucard et al., 1987).

Novak et al. (1989) followed the maturation of the auditory ERPs to speech stimuli

(/da/ and /ta/ syllables) from birth to 6 months. The P2-N2 complex recorded at birth changed

in morphology by the age of 3 months. The authors discerned two positive peaks in the

latency range of the infantile P2 (P1m and P2m) with different scalp predominance: the P1m

was larger frontally than centrally, whereas the P2m was largest centrally. A discontinuity

(negative trough) between these two positive peaks, at about 160-200 ms, was termed N1m

by the authors. The N1m became prominent by the age of 6 months. During the first 6

months of life, the P1m and P2m increased in amplitude and gradually decreased in latency.

Further, peak amplitudes did not increase linearly, but followed an inverted-U function with a
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maximum at 3 months in Barnet et al.’s (1975) study and at 6 months in the studies by

Vaughan and Kurtzberg (1992) and Kushnerenko et al. (2002a). The amplitude of the second

major positive peak (P2m or P350) markedly decreased between 6 and 9 months, while the

amplitude of the preceding negativity (N1m or N250) increased (Kurtzberg et al, 1986,

Kushnerenko et al., 2002a).

A longitudinal study performed in the same infants from birth to 12 months of age

employing spectrally rich harmonic tone showed that an analogue to the N1m (labelled N250

according to its peak latency) could be identified already at birth and consolidates by the age

of 6 months. By the age of 1 year, the waveform morphology observable through early

childhood is attained (Figure 1). However, as can be seen in Figure 1, the N250 in newborns

appears to be sensitive to stimulus duration and probability. A negative peak within the N1

latency range was obtained by Wunderlich et al. (2006) from birth in response to words but

not to tones. Thus, tones do not seem to be perfect stimuli for auditory ERP research with

very young infants (see also Kushnerenko et al., 2006). The P350 (P2) is also dependent upon

stimulus probability and interstimulus interval (for compatible evidence in older children see

Ceponiene et al., 2002b; Kurtzberg et al., 1995).

Throughout early school years, children’s ERP in response to auditory stimuli

presented at a fast rate consists of the P100, N250 and N450 peaks (Ceponiene et al., 1998,

2001, 2002b). With a slower presentation rate, however, an adult-like P1-N1-P2-N2 pattern

can be observed (Ceponiene et al., 1998, 2002b; Karhu et al., 1997). The N1 can be elicited

from the age of 3 years with a slow stimulation rate (Paetau et al., 1995; Sharma et al., 1997),

which suggests longer refractory periods of N1 generators in children.

Mismatch responses. In order to study the capacity to discriminate or categorize

auditory stimuli, many researchers employ the so-called auditory “oddball” paradigm. In this

paradigm one stimulus (the “standard”) is repeated frequently (about 60 to 90 % of trials) and
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another (the “deviant”) occurs infrequently. The oddball paradigm can either be passive

(unattended), when no response is required from the participant, or active (attended), when

subject is supposed to react to the deviant, “target” stimuli. The most extensively studied

ERP component, the P3b ( or P300), is elicited in response to such target stimuli under

attended oddball conditions. Among the endogenous components elicited in passive auditory

oddball paradigms in adults are the mismatch negativity peaking about 150-200 ms, the P3a

(250-350 ms), and the late negativity, Nc (commencing at about 500 ms).

The mismatch negativity (MMN) was isolated from the N2 wave by Näätänen and

colleagues (1978). The MMN is generated by a neural matching process between a deviant

sensory input and the neural representation, or ‘sensory memory trace’, formed by the

repetitive standard sound. This auditory-cortex activation presumably reflects an automatic

pre-attentional change-detection process, comparing the new auditory input with information

stored in auditory sensory memory (Näätänen, 1992).

Several auditory-change detection components have been described in infants. In the

majority of the studies, a positivity peaking at about 300 ms was observed (Dehaene-

Lambertz and Pena, 2001; Dehaene and Gliga, 2004; Friedrich et al. 2004; Dehaene-

Lambertz et al., 2000; Dehaene-Lambertz and Baillet, 1998; Dehaene-Lambertz and

Dehaene, 1994; Winkler et al., 2003). An early negativity peaking at about 150 ms was

obtained only in response to frequency change with grossly deviating stimuli (Ceponiene et

al., 2002a; Morr et al., 2002; Kushnerenko et al., 2002b) and was suggested to be related to

spectral change of acoustic parameters (Kushnerenko et al., 2006).

A broad long-lasting later negativity (270-400 ms) was found in response to relatively

small auditory contrasts in newborns and even prematurely born infants (e.g., to the

difference between Finnish vowels /y/ and /i/, Cheour-Luhtanen et al., 1995, 1996; Cheour et

al., 1999). Leppanen et al. (2004) attempted to explain the discrepancy between the polarity
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of the change-detection response in infants and adults by the maturational level of the

newborn , because it had been established that immature neonates display inverse polarity

ERPs (Kurtzberg et al., 1985). Thus, the broad negativity obtained in prematurely born

infants may be due to an immature neural response. In full term newborns, however, no

immature ERPs were found in response to broadband stimuli and large spectral changes

(Kushnerenko et al., 2006). In contrast, both a large-amplitude early negativity and a central

positivity were elicited reliably across neonates in response to these stimuli. The requirement

of large spectral deviation suggests an incomplete refinement of frequency-specific pathways,

and is consistent with evidence showing that frequency resolution and fine frequency tuning

improves during the first 6 months of life (Abdala and Folsom, 1995; Werner, 1996).

Further in development, negative and positive mismatch responses appear to overlap

and mask each other, resulting in a predominantly positive deflection before 1 year of age,

and even in the absence of deviant-standard difference between 1 and 4 years of age with

relatively small acoustic contrasts (Morr et al., 2002). Accordingly, it was shown that the

relative strength of positive and negative mismatch responses varied from age to age and

from infant to infant (Kushnerenko et al., 2002b).

Another component that can be obtained in the passive oddball paradigm is the P3a, a

fronto-centrally maximal positivity elicited by stimuli that catch attention. Squires et al.

(1975) proposed that the P3a was the central electrophysiological marker of the orienting

response (see also Sokolov et al., 2002). ‘Novel’ sounds (random mixture of mechanical or

environmental noises) among pure tones are often used to elicit the P3a. Such grossly

deviating stimuli typically elicit a large P3a response in children (Gumenyuk et al., 2004;

Ceponiene et al., 2004) and adults (Escera et al., 2000). Surprisingly, newborns also show a

similar pattern of response to ‘novel’ sounds (Kushnerenko et al., 2002b, 2006). It has been

argued, however, that the major part of the P3a in newborns is elicited by the spectral
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richness of the novel sounds, which recruit new afferent neurons into the response pool.

The P3a is sometimes followed by a frontal negativity at 500-600 ms latency in

children's and infants' auditory ERPs (Gumenyuk et al., 2004; Ceponiene et al., 2004;

Kushnerenko et al., 2002b, 2006). This late negativity is larger in amplitude in younger than

in older children: the same maturational profile that has previously been reported for the

negative component Nc (Courchesne, 1983). This negative component has been suggested to

be a sign of enhanced auditory and visual attention (see also later, among the ERP

components in visual paradigms), since it was elicited in response to surprising, interesting,

or important stimuli (Courchesne 1978, 1990).

A similar negativity was also found when participants had to reorient their attention

back to a task after distraction by ’novel’ sounds (Escera et al., 2001) or in response to

unexpected frequency changes in auditory stimuli (Schröger et al., 1998, 2000). This

negativity was called the reorienting negativity (RON) by Schröger et al. (1998).

Being of comparable latency and scalp topography, the Nc and RON might, in fact, reflect

the same neural process. Interestingly, as noted by Courchesne (1990), the maturational time

course of the Nc (amplitude increase across infancy and early childhood followed by a

gradual decline through preadolescence) is parallel to the synaptic density changes in the

frontal cortex reported by Huttenlocher et al. (1979), and to the metabolic activity changes as

reported by Chugani et al. (1987). Thus, the Nc might reflect the development of the higher-

order cognitive functions associated with the frontal cortex.

An Nc-like, frontally maximal negativity was found not only in response to surprising

or ‘novel’ stimuli, but also to non-novel speech-syllable contrasts in newborns and very

young infants (Dehaene-Lambertz and Dehaene, 1994; Kurtzberg et al., 1984; Friederici et

al., 2002a). This might indicate that for a newborn infant any stimulus change might be

‘novel’ or surprising, whereas with increasing age a capacity to respond only to the most
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attention-getting stimuli matures (Courchesne, 1990).

In infants, negative and positive slow waves (NSW and PSW) were observed to

follow the Nc under certain circumstances. Deregnier et al. (2000) obtained NSW in response

to a stranger’s voice compared with the maternal voice in sleeping newborns. In

Courchesne’s early work (1978), a long-latency positive slow wave (PSW) was also observed

to infrequently presented stimuli. Nelson and colleagues have speculated that these waves are

typically invoked by stimuli that infant has only partially encoded and indicate detection of

novel stimuli against a background of familiar stimuli (de Haan and Nelson 1997, Nelson

1994; see Nelson & Monk, 2001 for discussion).

Components related to lexical and syntactic processing. Further auditory ERP

paradigms are related to linguistic processing of acoustic stimuli. In these paradigms, words,

nonsense words or sentences are presented to participants that are either appropriate in the

semantic or syntactic context or violate some linguistic aspects (for a recent review see

Friederici, 2002, 2005). Mills and colleagues (2004) have shown that 14- and 20-month-old

infants responded with a larger amplitude of N200-N400 to known words than to nonsense

words. In addition, Friedrich and Friederici (2005) have shown an N400-like semantic

incongruity effect in 19-month-old infants. The N400 is usually elicited by sentences that end

with semantically inappropriate words (Kutas and Hillyard, 1983). In the study of Friedrich

and Friederici (2005), object words were presented either matching the concurrent visual

stimulus or not. In response to semantic incongruity a slow negative wave was observed

starting from about 400 ms and reaching significance between 800 to 1400 ms. In addition,

the congruous words elicited more negative responses than the incongruous words in the

shorter latency range, matching Mills et al.'s (2004) finding that known words elicited more

negative response than unknown or nonsense words. Korpilahti et al. (2001) also reported

that the second negativity (denominated as Late Mismatch Negativity) was significantly
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larger in 4 to 7-year-old children for words than for pseudowords, which led the authors to

propose that this Late MMN might reflect the detection of semantic anomaly.

The ERP studies of sentence structure processing in adults have shown that syntactic

(grammatical) violations are associated with two ERP components: an early left anterior

negativity (ELAN) and a late, centro-parietal positivity (P600) (Friederici, 2002). Recently,

Oberecker and Friederici (2005) have shown that children below three years of age also

responded with an early left negativity and late positivity to syntactic violations. These

deflections, however, peak later and persist longer in children than in adults.

ERPs to Visual Stimuli

ERPs have proven to be a very useful tool in studying the development of visual

processing. The goal of this section is to give an overview of the primary ERP components

that have been used to study the development of visual processes in human infants. It is

beyond the scope of this chapter to provide an exhaustive review of the development of all

components previously reported in visual event-related potential studies (DeBoer, Scott, &

Nelson, 2004; de Haan, Johnson, and Halit, 2003; Nelson, 1994; Nelson & Monk, 2001;

Taylor, Batty, and Itier, 2004). We will therefore mainly focus on the well-studied

components observed during face processing which will be discussed in the order of their

temporal occurrence in the waveform.

P1. Visual stimuli reliably elicit a positive-going component between 90 and 150 ms,

called P1, in individuals of all ages (de Haan, Johnson, and Halit, 2003). It has been shown

that from 4 years of age, P1 latency is shorter to upright than inverted faces and similarly, the

P1 is shorter to faces than to objects (Taylor, Batty, and Itier, 2004). There is also evidence to

suggest global effects of facial expressions of emotion on the P1 (Batty and Taylor, 2006).

However, some of the effects observed could not be replicated (Roisson et al., 1999) and it
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has been argued that low-level physical differences, which were not controlled for in these

studies, or more general attentional top-down processes might influence the properties of this

early visual ERP component (for a discussion see de Haan, Johnson, and Halit, 2003).

N170/N290 and P400. In adults human faces elicit an N170 response, which is most

prominent over posterior temporal sites and is larger in amplitude and longer in latency to

inverted than to upright faces (Bentin et al., 1996; de Haan, Pascalis, and Johnson, 2002).

Other kinds of objects evoke a similar response around this latency in adults (generally called

N1). This component is not modulated by the inversion of monkey faces (de Haan, Pascalis,

and Johnson, 2002), nor when upright objects are compared to inverted objects (Bentin et al.,

1996). This selective effect has been taken as evidence for a special face-processing

mechanism generating the N170.

From studies examining the influence of stimulus inversion on infants’ ERP responses

to faces, it has been suggested that the infant N290 is a precursor to the adult N170. As the

N170, the infant N290 is a negative-going deflection observed over posterior electrodes. Its

peak latency decreases from 350 ms at 3 months to 290 ms at 12 months of age (Halit, de

Haan, and Johnson, 2003). In the studies that measured ERPs to upright and inverted human

and monkey faces (de Haan, Pascalis, and Johnson, 2002; Halit, de Haan, and Johnson, 2003)

the amplitude of the infant N290 at 12 months of age, like the adult N170, enhanced to

inverted human but not to inverted monkey faces when compared to upright faces. However,

the amplitude of the N290 was not affected by stimulus inversion at an earlier age (3 and 6

months). These younger infants showed an inversion effect on the amplitude of the P400 that

follows the N290.

The P400 that follows the N290 is a positive deflection most prominent over lateral

posterior electrodes, and its peak latency decreases from 450 to 390 ms between 3 and 12

months of age (Halit, de Haan, and Johnson, 2003). This component is similar to the adult
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N170 in two ways: first, like the adult N170, the P400 is more prominent at lateral electrodes

(de Haan, Pascalis, and Johnson, 2002; Halit, de Haan, and Johnson, 2003), and secondly,

like the adult N170, the peak latency of the P400 is shorter to faces than to objects (de Haan

and Nelson, 1999). However, unlike the adult N170, the modulation of the amplitude of the

P400 at 3 and 6 months is not specific to inverted human faces, since it was also observed in

response to inverted monkey faces (de Haan, Pascalis, and Johnson, 2002; Halit, de Haan,

and Johnson, 2003). By 12 months of age, infants’ P400, like the adult N170, appears to be

longer in latency to inverted human faces, but does not differ between upright and inverted

monkey faces. This suggests that, like the N290, the P400 becomes more finely tuned to

human faces towards the end of the first year. However, it is important to note that similar

amplitude enhancement for faces when compared to matched visual noise was observed in

the infant N290 and adult N170, whereas the elicited P400 only showed a latency effect

(Figure 2), which makes it unlikely that the P400 is the main precursor of the adult N170

(Halit et al., 2004).

The development of the brain processes reflected in the N170/N290 continues well

beyond infancy (for a review see Taylor, Batty, and Itier, 2004). While the latency of the

adult N170 is delayed by inversion, no such effect has been observed for the latency of the

infant N290 at any age (de Haan, Pascalis, and Johnson, 2002; Halit, de Haan, and Johnson,

2003). There is evidence that suggests that this latency effect is not apparent until 8 to 11

years (Taylor, Batty, and Itier, 2004). Another important developmental finding is that while

the amplitude of the adult N170 is larger to the monkey faces, infants’ N290 shows the

opposite pattern. An adult-like modulation of the amplitude of the N170 has not been

reported until 13 to 14 years (Taylor, Batty, and Itier, 2004).

Furthermore, while the amplitude of the adult N170 is not affected by direction of

gaze (Grice, Halit, Farroni, Baron-Cohen, and Johnson, 2005; Taylor, Itier, Allison, and
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Edmonds, 2001), it has been shown that the amplitude of the N290 in 4-month-old infants is

modulated by eye gaze (Farroni, 2002, 2004). In these studies, faces with direct gaze

compared to faces with averted gaze elicited an enhanced N290 in infants’ ERPs, which

might indicate that a face with direct gaze is the perceptually more ‘prototypical’ for 4-

month-olds than a face with averted gaze. This suggests that face and eye gaze share common

patterns of cortical activation early in ontogeny, which later partially dissociate and become

more specialized.

It is important to note that the development of face processing is not only associated

with progressive specialization of cortical populations but also with a broadening of certain

representations. Using an adaptation paradigm (Grill-Spector and Malach, 2001), Gliga and

Dehaene-Lambertz (in press) showed that view-specific (front-view and profile) and view-

invariant face representation are accessed in adults at the level of the N170. On the contrary,

only view-dependent representations are employed by 4 months old infants, as reflected by

an N290 response suppression when front-view faces are repeated but not when faces with

different orientations are repeated.

Negative component (Nc). The Nc is one of the most studied components in infant

ERP research. This component is a negative deflection that occurs between 400 and 800 ms

after stimulus onset, and is most prominent over frontal and central electrode sites. The Nc

has been thought of as an obligatory attentional response sensitive to stimulus familiarity

(Courchesne, Ganz, and Norcia, 1981; Quinn, Westerlund, and Nelson, 2006; Snyder, Webb,

and Nelson, 2002) that is not only observed in response to visual stimuli but also to stimuli in

other modalities (see above in the section on auditory ERPs and also Grossmann, Striano, and

Friederici, 2005, 2006; Purhonen et al., 2004). Dipole modelling has revealed that the cortical

sources of the Nc can be localized in the anterior cingulate and other prefrontal regions

(Reynolds and Richards, 2005). The Nc has been observed in a series of studies using a
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visual oddball paradigm (Ackles and Cook, 1998; Courchesne, Ganz, and Norcia, 1981;

Karrer and Ackles, 1987; Karrer and Monti, 1995). The infant Nc has consistently been found

to be greater in its amplitude to the infrequent stimulus event when compared to the frequent

stimulus. In this context, the Nc has been interpreted as reflecting either infants’ allocation of

attention, with the greater negativity to the infrequently presented stimulus indexing

orientation towards the novel or more unexpected event (Courchesne, Ganz, and Norcia,

1981; Nelson, 1994), or as a more generalized arousal elicited by novel or infrequent stimuli

(Richards, 2002).

However, the Nc is also thought to reflect recognition processes, as the Nc is greater

in its amplitude to the mother’s than to a stranger’s face (de Haan and Nelson, 1997), and it is

also greater to familiar than to novel toys (de Haan and Nelson, 1999) when faces and objects

are presented with equal probability. A recent longitudinal investigation of infants’ visual

ERPs to novel and familiar faces and objects revealed that the exact response properties of

the Nc and other ERP components undergo complex development throughout the first year of

life (Webb, Long, and Nelson, 2005). In this study, the Nc was found to decrease in its

latency and increase in its amplitude towards the end of the fist year, which reflects the

general developmental pattern observed during infancy.

Alternatively, the Nc may reflect processing of semantic and/or emotional

information, as its amplitude has also been found to be modulated by the emotional content

of a face (Nelson and de Haan, 1996). Furthermore, the direction of the difference in the

amplitude between mother’s and stranger’s face changes with age. Namely, children younger

than 24 months show a larger Nc to mother’s face, but children older than 45 months show a

larger Nc to stranger’s compared to mother’s face (Carver, Dawson, Panagiotides, Meltzoff,

McPartland, Gray, and Munson, 2003). Carver et al. (2003) interpreted this finding as

indicating that the caregiver’s face is particularly salient during the first two years of life, as
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children are forming their relationship and bond with the caregiver, but that these are well-

enough established by 4 years that these children can begin to allocate more resources to

processing strangers’ faces. This supports the view that the Nc is related to the relative

‘emotional/semantic’ salience of a stimulus (Nelson and de Haan, 1996; Carver et al., 2003).

All in all, the available evidence seems to suggest that the Nc reflects attentional processes

that are affected by the familiarity, recognition and emotional content of the stimulus.

Negative and positive slow waves (Nsw and Psw). Just like auditory stimuli, visual

stimuli have also been found to elicit slow wave activity in infants’ ERPs following the Nc.

The amplitude of these slow waves vary as a function of stimulus familiarity and presentation

probability. For example, in a visual oddball paradigm (Nelson and Collins, 1991), 6-month-

old infants were familiarized to two faces and were then presented with one of the familiar

faces frequently (60 %), the second familiar face infrequently (20 %), and a group of novel

faces frequently (20 %). In this study, only the brain activation following the Nc differed

between conditions. The infrequently presented novel face elicited a long-latency negative

slow wave (Nsw), which was interpreted as reflecting processes related to novelty detection.

The infrequently presented familiar face elicited a long-latency positive slow wave (Psw),

which, according to the authors, reflected processes related to updating a decaying memory.

ERPs to the frequently presented familiar stimulus returned to baseline, indicating the

recognition of a well-encoded face for which memory updating was no longer necessary. The

view that the Psw reflects how much a visual stimulus is encoded is further supported by the

finding that its amplitude decreases with stimulus repetition throughout an experimental

session (Snyder, Webb, and Nelson, 2002). Based on these and other findings (see Nelson,

1994) it has been argued that infants’ Psw might be a precursor to adults’ P300, which is

thought to be involved in context updating (Donchin and Coles, 1988; Friedman, 1991;

Nelson and Collins, 1990), whereas the Nsw might be specific to infants since it has not been
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observed beyond infancy.

ERPs to multimodal stimuli

Most developmental ERP studies have concentrated on examining the neural

correlates of processing stimuli presented only in a single modality. However, it is of great

interest to understand how the human brain that develops in a multimodal world uses and

integrates information from different senses. Only a few attempts have been made to assess

brain processing in multimodal designs which have revealed insights into the neural

underpinnings of infants’ cross-modal integration abilities from the haptic to the visual

modality (Nelson, Henschel, and Collins, 1993) and from the visual to the auditory modality

(Grossmann, Striano, and Friederici, 2006; Friedrich and Friederici, 2005). For example, 7-

month-old infants’ processing of emotionally congruent and incongruent face-voice pairs was

investigated using ERP measures (Grossmann, Striano, and Friederici, 2006). Infants

watched facial expressions (happy or angry) and heard a word spoken with either an

emotionally congruent or incongruent tone of voice. The ERP data revealed that the

amplitude of a negative component (Nc) and a subsequent positive component (Pc) in

infants’ ERPs varied as a function of crossmodal emotional congruity (Figure 3). Emotionally

incongurent face-voice pairs elicited a larger Nc in infants’ ERPs than emotionally congruent

pairs. Conversely, the amplitude of infants’ Pc was found to be larger to emotionally

congruent words than to incongruent words. Based on previous work that has shown that an

attenuation of the negative component and an enhancement of the later positive component in

infants’ ERPs reflects the recognition of an item (Nelson, Thomas, de Haan, and Wewerka,

1998), it was suggested that 7-month-olds integrate emotional information across modalities

and recognize common affect in the face and voice. Interestingly, presenting multimodal

stimuli allowed the use of an unusually high number of trials for analysis, suggesting an
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advantage of multimodal over unimodal stimuli in capturing infants’ attention (Grossmann,

Striano, and Friederici, 2006). This is of special interest considering the generally low signal-

to-noise ratio (SNR) of infant ERP studies. Moreover, a recent study employed a novel

interactive paradigm to assess the neural correlates of joint attention in 9-month-old infants,

and found that neural processing in infants is enhanced when learning takes place in the

context of a joint attention interaction (Striano, Reid, and Hoehle, in press). The amplitude of

the elicited ERP component was substantially larger in this study than that seen in previous

literature, which may be due to the new paradigm employing live interaction. The usage of

multimodal stimuli and interactive paradigms has the advantage of an increased social

significance for the child and of a higher ecological validity when compared with those ERP

paradigms utilized in the past. It is experimentally challenging but worthwhile to continue to

improve the paradigm on ERP studies by modifying the tasks so that they are in accordance

with the child’s world.

Saccade-related ERPs

The electrical brain activity can also be analyzed in relation to events that are not

externally but internally generated by the participants. In particular, response-related ERPs

are calculated by time-locking the EEG to the manual responses (e.g., key presses) performed

during the task. Of course, infants do not usually participate in tasks that require manual

responses, but they are quite proficient in performing another type of action: eye movements.

Saccade-related potentials are usually time-locked to the initiation of eye-movements,

though one can also calculate ERPs to the termination of the saccades (i.e., the fixation) as

well. These time points can be identified from the horizontal and vertical electrooculograms

(EOG) that are usually co-registered with the EEG. Saccades are usually preceded by

characteristic pre-saccadic components, like the sharp spike potential (SP), the pre-saccadic
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positivity (PSP), both maximal over parietal areas, and the pre-saccadic negativity (PSN)

measured over the anterior cortex (Balaban and Weinstein, 1985; Csibra, Johnson, and

Tucker, 1997). The spike potential is absent in young infants' saccade-related potentials, and

its development is discussed in another chapter of this handbook (Johnson, Mareschal, and

Csibra, XXXX) in the context of the early development of the visual pathways (see also

Csibra, Tucker, and Johnson, 1998; Csibra, Tucker, Volein, and Johnson, 2000).

The other pre-saccadic potentials also differ between infants and adults. Richards

(2000) identified a pre-saccadic positivity over anterior areas in infants that preceded the start

of the eye movement by about 50 ms. This component occurred only when infants made a

saccade towards a pre-cued target, and it did not emerge before 20 weeks of age. A similar

pre-saccadic positivity in a later study was localized to the superior frontal gyrus (Richards,

2005).

While the pre-saccadic potentials differ markedly between infants and adults, the

post-saccadic lambda wave behaves functionally the same way in infants as in later ages. The

lambda wave is a sharp potential appearing over visual cortical areas that is generated when a

peripheral target stimulus is foveated (Kurtzberg and Vaughan, 1977). This wave is

essentially a visual ERP to the newly fixated stimulus, and it can be detected in both 6- and

12-month-olds (Csibra et al., 1998, 2000).

Event-Related Oscillations

Neurons have the inherent capacity to spontaneously produce oscillatory activity at

frequencies above 20 Hz (Llinás, 1988). Sensory stimuli in several modalities (visual,

auditory, olfactory) can elicit such oscillations in the gamma-band frequency range (20-80

Hz, most commonly around 40 Hz). When a large number of neurons fire synchronously at

the same frequency, these oscillations can be recorded from the scalp by conventional EEG
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techniques. Recently several laboratories have started to analyse human EEG signals in terms

of bursts of oscillatory activities and interpret them in relation to the cognitive functions that

the participants performed while their brain waves were recorded (e.g., Tallon-Baudry and

Bertrand, 1999). Oscillatory neural activities are usually restricted both in time and frequency

content; therefore, analyses only in the time or frequency domain tend to be blind to them. To

reveal task-related bursts of oscillatory activities, especially if they occur at higher frequency

ranges, we need to perform a time-frequency analysis that tracks how amplitude (or power)

varies at different frequencies over time. There are two types of EROs: evoked EROs are

oscillations which are phase-locked to the corresponding event and can be recovered from

averaged, non-filtered ERP waveforms; induced EROs are not phase-locked and are obtained

from raw EEG before averaging. Evoked oscillations are usually short-latency responses

while induced oscillations can occur both close to and farther away from the corresponding

events (Csibra, Davis, Spratling, and Johnson, 2000; Herrmann and Mecklinger, 2000). For

detailed guidance as to the calculation of these oscillations see Herrmann, Grigutsch, and

Busch, 2005; and Csibra and Johnson, in press).

We illustrate the use of gamma-band oscillations by recent studies that explored

neural correlates of one of the most debated phenomenon of infant cognition: the

representation of hidden objects. Sustained responses in neural circuits have been identified

as a mechanism for maintaining representations of objects during a period of occlusion

(Rainer and Miller, 2000). In particular, in human adults gamma-band (~40 Hz) activity has

been associated with maintaining an object/location in mind (Tallon-Baudry et al., 1998). We

measured infants’ electrophysiological responses to occlusion events at the age where

reaching behaviour does not yet show evidence of understanding “object permanence”

(Kaufman, Csibra, and Johnson, 2003). Six-month-old infants were shown sequences of

video-recorded and digitally edited events depicting an object (a train engine) appearing or



25

failing to appear from under a tunnel when it should or should not have been there. We

hypothesised that gamma-band oscillatory activity may be present in the infant brain during

object occlusion. The results are illustrated in Figure 4. Statistical analyses on the average

gamma-band (20-60 Hz) EROs revealed higher activity in the Unexpected than in the

Expected Disappearance condition both before and after the hand lifted the tunnel.

Comparing gamma power in each of the two conditions to the preceding baseline revealed

that, prior to the tunnel being lifted, gamma power was reduced in the Expected

Disappearance condition. These ERO changes were largely restricted to the right temporal

area. These results demonstrate a sustained period during which gamma power over the right

temporal region was consistently higher during an event where infants represented an object

despite it being occluded. If this sustained gamma activity is related to representation of non-

visible objects, it should also be evident in an ordinary event of temporary hiding, like the

Expected Appearance event. Indeed, we found no significant increase in gamma activity over

right-temporal channels time-locked to the Unexpected Appearance event.

In a recent experiment we have also demonstrated that the right temporal gamma-

band activation does not simply reflect a memory trace of the disappearing object but rather

its active maintenance (Kaufman, Csibra, and Johnson, 2005). Six-month-old infants

displayed a higher activation when an object disappeared by deletion (consistent with being

occluded) than when it disappeared by disintegration. This result supports the view that

derives young infants' competence with moving objects from perceptual routines that track

objects through space and time (Scholl and Leslie, 1999). Whatever the exact neural basis of

these effects, the finding that increased gamma-band activity is associated with the

representation of hidden objects will inform fundamental issues about how infants process

their visual world.
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Future Directions

Ten years ago only a handful of pioneering laboratories recorded and analyzed infant

EEG and ERPs to study the neural bases of cognitive development. Today many researchers

use these methods and we expect that the number of infant electrophysiological laboratories

will increase further in the future. However, we also expect that, beyond this horizontal

extension, the techniques that applied to these recordings will also improve significantly.

Here we discuss just one example of such developments, which has already proven to be a

successful tool for understanding the neural bases of cognitive development in infancy.

Several attempts have been made to localize ERP components and ERO signals to

specific anatomical structures in adults. However, so far there is no generally agreed solution

for such an inverse problem. Applying the techniques developed for source localization of

adult ERPs to recordings from infants is hampered by two factors. First, these techniques

require clean data, which are free from 'noise' (brain activity unrelated to the eliciting event),

and preferably reflect the activation of a single neural source or very few sources. It is very

difficult to obtain such clean recordings from human infants, primarily because of the low

number of averageable trials in infant studies. Second, source localization techniques depend

on assumptions about anatomical structures like the skull, the cerebrospinal fluid, and the

cortical convolutions. The physical parameters, and the maturation, of these anatomical

details are not well known for young infants, and applying the parameters used in adult

research could lead to mislocalization in infants.

A potential way to overcome these difficulties is to apply some kind of statistical

method to separate underlying sources behind ERPs in the statistical, rather than in the

physical, space. Such techniques may allow us to explore and compare the activity of

functionally independent neural sources without committing ourselves to their exact

anatomical location. However, if such a source separation procedure successfully isolates the
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activation of a neural source, it will be more likely to reflect the functioning of a single

structure than are ERP components, and it will be more easily localizable in the brain itself as

well.

One such technique, which has been applied to infant ERPs, is called Independent

Component Analysis (ICA, Bell and Sejnowski, 1995). ICA attempts to decompose the raw

EEG signal into the sum of independently generated signals by making assumptions about the

statistical distribution of the neural activation of the sources. This kind of decomposition has

been shown to successfully isolate neural activity related to face and gaze processing

(Johnson et al., 2001, 2005) and allocation of spatial attention (Richards, 2005) in infant

ERPs. For example, Johnson et al. (2005) found that ICA components reflecting face

processing in the occipital and temporal cortices were larger in amplitude when the eyes of

the face displayed direct, rather than averted, gaze. This is consistent with earlier ERP reports

by Farroni et al. (2002, 2004). However, the ICA analysis also identified further sources that

were sensitive to gaze direction, and a subsequent localization attempt estimated that these

sources originated from the prefrontal (possibly orbito-frontal) cortex. Such an effect was not

uncovered in traditional ERP analyses, and this illustrates the possible power of statistical

source separation methods.

Other neuroimaging methods could help further to clarify the interpretation of ERP

and ERO results. Although source localization of infant electrophysiological findings is

difficult, mapping these activations onto brain images collected by structural MRI (see

chapter XXX) in infants (preferably the same ones who provided the electrophysiological

data) reduces the degrees of freedom considerably. Alternatively, magnetoencephalography

(MEG), a technique that is much more expensive and technically more challenging then EEG

can also be used with infants (e.g., Imada et al., 2006). MEG recording is less affected by the

blurring effect of the several layers of tissues between the cerebral cortex and the sensors and
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hence provides a better signal for localization. Another possibility is combining

electrophysiological measures with neuroimaging techniques that target functional

hemodynamic changes in the brain. Especially promising is the combination of EEG and

fNIRS (see chapter XXX) methods, because this latter optical imaging technique is non-

invasive and requires less cooperation from young infants than does fMRI. Such co-

registration is possible (e.g., Koch, Steinbrink, Villringer, & Obrig, 2006) and offers a unique

opportunity to uncover the functioning of cortical mechanisms of human infants.

Although electrophysiological techniques do not offer accurate high-resolution

images of their brain, they are valuable tools in assessing the neural underpinnings of the

tremendous cognitive development that humans go through during the first years of life. This

is why ERPs and related measurements have become ineliminable methods in the cognitive

neuroscience of human infants.



29

Acknowledgments

The writing of this chapter was partly supported by the UK MRC programme grant

#G9715587, a Pathfinder grant from the European Commission (CALACEI), and by the

Academy of Finland (project 213672). We thank to Sarah Fox and Dr. Teodora Gliga for

their comments and editorial help.



30

References

ABDALA, C. and R. C. FOLSOM, 1995. The development of frequency resolution in

humans as revealed by the auditory brain-stem response recorded with notched-noise

masking. J. Acoust. Soc. Am. 98:921-930.

ACKLES, P. K. and K. COOK, 1998. Stimulus probability and event-related potentials of the

brain in 6-month-old human infants: A parametric study. Int. J. Psychophys. 29:115-

143.

BALABAN, C. D. and J. M. WEINSTEIN, 1985. The human presaccadic spike potential:

influences of a visual target, saccade direction, electrode laterality and instructions to

perform saccades. Brain Res. 347: 49-57.

BARNET, A. B., E. S. OHLRICH, I. P. WEISS, and B. SHANKS, 1975. Auditory evoked

potentials during sleep in normal children from ten days to three years of age.

Electroencephalogr. Clin. Neurophysiol. 39:29-41.

BATTY, M. and M. J. TAYLOR, 2006. The development of emotional face processing

during childhood. Dev. Sci. 9:207-220.

BELL, M. A. 2001. Brain electrical activity associated with cognitive processing during a

looking version of the A-not-B task. Infancy, 2:311-330.

BELL, M. A. and N. A. FOX, 1992. The relations between frontal brain electrical activity

and cognitive development during infancy. Child Dev. 63:1142-1163.

BELL, A. J. and T. J. SEJNOWKSI, 1995. An information-maximization approach to blind

separation and blind deconvolution. Neural Comput. 7:1129-1159.

BENTIN, S., T. ALLISON, A. PUCE, A. PEREZ, and A. McCARTHY, 1996.

Electrophysiological studies of face perception in humans. J.Cog. Neuro. 8:551-565.

BLUME, W. T. 1974. Anatomic correlates of the ten-twenty electrode placement system in

infants. Electroencephalor. Clin. Neurophysiol., 36:303-307.



31

CARVER, L. J., G. DAWSON, H. PANAGIOTIDES, A. N. MELTZOFF, J.

McPARTLAND, J. GRAY, and J. MUNSON, 2003. Age-related differences in neural

correlates of face recognition during the toddler and preschool years. Dev. Psychobiol.

42:148-159.

CEPONIENE, R., M. CHEOUR, and R. NÄÄTÄNEN, 1998. Interstimulus interval and

auditory event-related potentials in children: Evidence for multiple generators.

Electroencephalogr. Clin. Neurophysiol. 108:345-354.

CEPONIENE, R., E. KUSHNERENKO, V. FELLMAN, M. RENLUND, K. SUOMINEN,

and R. NÄÄTÄNEN, 2002a. Event-related potential features indexing central auditory

discrimination by newborns. Cognit. Brain Res. 13:101-113.

CEPONIENE, R., T. LEPISTO, M. SOININEN, E. ARONEN, P. ALKU, P., and R.

NÄÄTÄNEN, 2004. Event-related potentials associated with sound discrimination

versus novelty detection in children. Psychophysiology, 41:130-141.

CEPONIENE, R., T. RINNE, and R. NAATANEN, 2002b. Maturation of cortical sound

processing as indexed by event-related potentials. Clin. Neurophysiol. 113:870-882.

CEPONIENE, R., A. SHESTAKOVA, P. BALAN, P. ALKU, K. YIAGUCHI, and R.

NÄÄTÄNEN, 2001. Children's auditory event-related potentials index sound

complexity and "speechness". Int. J. Neurosci. 109:245-260.

CHEOUR, M., R. CEPONIENE, J. HUKKI, M.-L. HAAPANEN, R. NÄÄTÄNEN, and K.

ALHO, 1999. Brain dysfunction in neonates with cleft palate revealed by the mismatch

negativity (mmn). Clin. Neurophysiol. 110:324-328.

CHEOUR-LUHTANEN, M., K. ALHO, T. KUJALA, K. SAINIO, K. REINIKAINEN, M.

RENLUND, O. AALTONEN, O. EEROLA, and R. NÄÄTÄNEN, 1995. Mismatch

negativity indicates vowel discrimination in newborns. Hear. Res., 82:53-58.

CHEOUR-LUHTANEN, M., K. ALHO, K. SAINIO, T. RINNE, K. REINIKAINEN, M.



32

POHJAVUORI, RENLUND, O. AALTONEN, O. EEROLA, and R. NÄÄTÄNEN,

1996. The ontogenetically earliest discriminative response of the human brain.

Psychophysiology, Special Report, 33:478-481.

CHUGANI, H. T., M. E. PHELPS, and J. C. MAZZIOTTA, 1987. Positron emision

tomography study of human brain functional development. Ann. Neurol. 22:487-497.

COURCHESNE, E. 1978. Neurophysiological correlates of cognitive development: Changes

in long-latency event-related potentials from childhood to adulthood.

Electroencephalogr. Clin. Neurophysiol. 45:468-482.

COURCHESNE, E. 1983 . Cognitive components of the event-related brain

potential:Changes associated with development. In Tutorials in ERP research:

endogenous components. A. W. K. Gaillard and W. Ritter eds. Amsterdam, North-

Holland: Elsevier, pp. 329-344.

COURCHESNE, E. 1990. Chronology of postnatal human brain development: Event-related

potential, positron emission tomography, myelinogenesis, and synaptogenesis studies.

In Event-Related Potentials: Basic Issues and Applications, R. Rohrbaugh, R.

Parasuroman and R. Johnson eds. New York: Oxford University Press, pp. 210-241.

COURCHESNE, E., L. GANZ, and M. E. NORCIA, 1981. Event-related brain potentials to

human faces in infants. Child Dev. 52:804-811.

CSIBRA, G., M. H. JOHNSON, and L. TUCKER, 1997). Attention and oculomotor control:

A high-density ERP study of the gap effect. Neuropsychologia, 35:855-865.

CSIBRA, G., G. DAVIS, M. W. SPRATLING, and M. H. JOHNSON, 2000. Gamma

oscillations and object processing in the infant brain. Science, 290:1582-1585.

CSIBRA, G. and M. H. JOHNSON, in press. Investigating event-related oscillations in

infancy. In Infant EEG and Event-Related Potentials, M. de Haan, ed. Hove, England:

Psychology Press.



33

CSIBRA, G., L. A. TUCKER, and M. H. JOHNSON, 1998. Neural correlates of saccade

planning in infants: A high-density ERP study. Int. J. Psychophysiol. 29:201-215.

CSIBRA, G., L. A. TUCKER, A. VOLEIN, and M. H. JOHNSON, 2000. Cortical

development and saccade planning: The ontogeny of the spike potential. NeuroReport,

11:1069-1073.

DEBOER, T., L. SCOTT, and C. A. NELSON 2004.  Event-related potentials in

developmental populations.  In Event-Related Potentials: A Methods Handbook, T.

Handy ed., Massachusetts: MIT Press, pp. 263-297.

De HAAN, M. ed. in press, Infant EEG and Event-Related Potentials. Hove, England:

Psychology Press.

De HAAN, M., M. H. JOHNSON, and H. HALIT, 2003. Development of face-sensitive

event-related potentials during infancy: a review. Int. J. Psychophysiol. 51:45-58.

De HAAN, M. and C. A. NELSON, 1997. Recognition of the mother’s face by six-month old

infants: A neurobehavioral study. Child Dev. 68:187-210.

De HAAN, M. and C. A. NELSON, 1999. Brain activity differentiates face and object

processing by 6-month-old infants. Dev. Psych. 34:1114-1121.

De HAAN, M., O. PASCALIS, and M. H. JOHNSON, 2002. Specialization of neural

mechanisms underlying face recognition in human infants. J. Cogn. Neurosci. 14:199-

209.

De HAAN, M. and K. M. THOMAS, 2002. Applications of ERP and fMRI techniques to

developmental science. Dev. Sci. 5:335-343.

DeHAENE-LAMBERTZ, G. 2000. Cerebral specialization for speech and non-speech

stimuli in infants. J. Cognit. Neurosci. 12:449-460.

DeHAENE-LAMBERTZ, G., and S. BAILLET, 1998. A phonological representation in the

infant brain. Neuroreport, 9:1885-1888.



34

DeHAENE-LAMBERTZ, G. and S. DEHAENE, 1994. Speed and cerebral correlates of

syllable discrimination in infants. Nature, 28:293-294.

DeHAENE-LAMBERTZ, G. and T. GLIGA, 2004. Common neural basis for phoneme

processing in infants and adults. J. Cognit. Neurosci. 8:1375-1387.

DeHAENE-LAMBERTZ, G. and M. PENA, 2001. Electrophysiological evidence for

automatic phonetic processing in neonates. Neuroreport, 12:3155-3158.

DONCHIN, E. and M. G. H. COLES, 1988. Is the P300 component a manifestation of

context updating? Behav. Brain Sci. 11:357-374.

EGGERMONT, J. J. 1988. On the rate of maturation of sensory evoked potentials.

Electroencephalogr. Clin. Neurophysiol. 70:293-305.

ENOKI, H., S. SANADA, H. YOSHINADA, E. OKA, and S. OHTAHARA, 1993. The

effects of age on the N200 component of the auditory event-related potentials. Cognit.

Brain Res. 1:161-167.

ESCERA, C., K. ALHO, E. SCHROGER, and I. WINKLER, 2000. Involuntary attention and

distractibility as evaluated with event-related brain potentials. Audiol. Neurol. 5:151-

166.

ESCERA, C., E. YAGO, and K. ALHO, 2001. Electrical responses reveal the temporal

dynamics of brain events during involuntary attention switching. Eur. J. Neurosci.

14:877-883.

FARRONI, T., G. CSIBRA, F. SIMION, and M. H. JOHNSON, 2002. Eye contact detection

in humans from birth. Proc. Natl Acad. Sci, 99:9602-9605.

FARRONI, T., G. CSIBRA, and M. H. JOHNSON, 2004. Mechanisms of eye gaze

perception during infancy. J. Cogn. Neurosci. 16:1320-1326.

FRIEDERICI, A. D., M. FRIEDRICH, and C. WEBER, 2002. Neural manifestation of

cognitive and precognitive mismatch detection in early infancy. NeuroReport. 13:1251-



35

1254.

FRIEDERICI, A. D. 2002. Towards a neural basis of auditory sentence processing. Trends

Cogn. Sci. 6:78-84.

FRIEDERICI, A. D. 2005. Neurophysiological markers of early language acquisition: From

syllables to sentences. Trends Cogn. Sci. 9:481-488.

FRIEDMAN, D. 1991. The endogenous scalp-recorded brain potentials and their relation to

cognitive development. In Handbook of Cognitive Psychophysiology: Central and

Autonomic Nervous System Approaches, J. R. Jennings and M. G. H. Coles eds. New

York: John Wiley, pp. 621-656.

FRIEDRICH, M. and A. D. FRIEDERICI, 2005. Phonotactic knowledge and lexical-

semantic processing in one-year-olds: Brain responses to words and nonsense words in

picture contexts. J. Cogn. Neurosci. 17:1785-1802.

FRIEDRICH, M., C. WEBER, and A. FRIEDERICI, 2004. Electrophysiological evidence for

delayed mismatch response in infants at-risk for specific language impairment.

Psychophysiology, 41:772-782.

GLIGA, T. and G. DEHAENE-LAMBERTZ, in press. Development of a view-invariant

representation of the human head. Cognition.

GRAZIANI, L. J., L. KATZ, Q. CRACCO, J. B. CRACCO, and E. D. WEITZMAN, 1974.

The maturation and interrelationship of EEF patterns and auditory evoked response in

premature infants. Electroencephalogr. Clin. Neurophysiol. 36:367-375.

GRICE, S.J., H. HALIT, T. FARRONI, S. BARON-COHEN, P. BOLTON, and M. H.

JOHNSON, 2005. Neural correlates of eye-gaze detection in young children with

autism. Cortex, 41:342-353.

GRILL-SPECTOR, K. and R. MALACH, 2001. fMRI-adaptation: A tool for studying the

functional properties of human cortical neurons. Acta Psychol. (Amst.), 107:293-321.



36

GROSSMANN, T., T. STRIANO, and A. D. FRIEDERICI, 2005. Infants’ electric brain

responses to emotional prosody. NeuroReport, 16:1825-1828.

GROSSMANN, T., T. STRIANO, and A. D. FRIEDERICI, 2006. Crossmodal integration of

emotional information from face and voice in the infant brain. Dev. Sci. 9:309-315.

GUMENYUK, V., O. KORZYUKOV, K. ALHO, C. ESCERA, and R. NÄÄTÄNEN, 2004.

Effects of auditory distraction on electrophysiological brain activity and performance in

children aged 8-13 years. Psychophysiology, 41:30-36.

HALIT, H, M. DE HAAN, and M. H. JOHNSON, 2003. Cortical specialisation for face

processing: Face-sensitive event-related potential components in 3- and 12-month-old

infants. NeuroImage, 19:1180- 1193.

HANDY, T. C. ed. 2005. Event-Related Potentials. Cambridge, MA: MIT Press.

HERRMANN, C. S. and A. MECKLINGER, 2000. Magnetoencephalographic responses to

illusory figures: early evoked gamma is affected by processing of stimulus features Int.

J. Psychophysiol. 38:265-281.

HERRMANN, C. S., M. GRIGUTSCH, and N. A. BUSCH, 2005. EEG oscillations and

wavelet analysis. In Event-related potentials: a methods handbook, Handy T. ed.

Cambridge: MIT Press, pp. 229-259.

HUTTENLOCHER, P. R. 1979. Synaptic density in human frontal cortex - developmental

changes and effects of aging. Brain Res. 163:195-205.

HUTTENLOCHER, P. R. and A.S. DABHOLKAR, 1997. Regional differences in

synaptogenesis in human cerebral cortex. J. Comp. Neurol. 387:167-178.

IMADA, T. et al., 2006. Infant speech perception activates Broca's area: a developmental

magnetoencephalography study. Neuroreport, 17:957-962.

JASPER, H. H. 1958. The ten-twenty electrode system of the international federation of

societies for electroencephalography: Appendix to report of the committee on methods



37

of clinical examinations in electroencephalography. Electroencephalogr. Clin.

Neurophysiol. 10:371-375.

JOHNSON, M. H., M. DE HAAN, A. OLIVER, W. SMITH, H. HATZAKIS, L. A.

TUCKER, and CSIBRA, G. 2001. Recording and analyzing high-density event-related

potentials with infants. Using the geodesic sensor net. Dev. Neuropsych. 19:295-323.

JOHNSON, M. H., R. GRIFFIN, G. CSIBRA, H. HALIT, T. FARRONI, M. DE HAAN, L.

TUCKER, S. BARON-COHEN, and J. RICHARDS, 2005. The emergence of the

social brain network: Evidence from typical and atypical development. Dev.

Psychopath. 17:599-619.

KARHU, J., E. HERRGARD, A. PAAKKONEN, L. LUOMA, E. AIRAKSINEN, and J.

PARTANEN, 1997. Dual cerebral processing of elementary auditory input in children.

Neuroreport, 8:1327-1330.

KARRER, R. and P. K. ACKLES, 1987. Visual event-related potentials of infants during a

modified oddball procedure. Electroencephalogr. Clin. Neurophysiol. 49(suppl.):603-

608.

KARRER, R. and L. A. MONTI, 1995. Event-related potentials of 4-7 week old infants in a

visual recognition memory task. Electroencephalogr. Clin. Neurophysiol. 94:414-424.

KAUFMAN, J., G. CSIBRA, and M. H. JOHNSON, 2003. Representing occluded objects in

the human infant brain. Proc. R. Soc. Lond. Ser. B (Suppl.), 270:140-143.

KAUFMAN, J., G. CSIBRA, and M. H. JOHNSON, 2005. Oscillatory activity in the infant

brain reflects object maintenance. Proc. Natl. Ac. Sci. U.S.A. 102:15271-15274.

KOCH, S. P., J. STEINBRINK, A. VILLRINGER, and H. OBRIG, 2006. Synchronization

between bachround activity and visual evoked potential is not mirrored by focal

hyperoxigenization: implications for the interpretation of vascular brain imaging. J.

Neurosci., 26(18):4940-4948.



38

KOOI, K. A. 1971. Fundamentals of Electroencephalography (1st ed.). New York: Harper

and Row, Publishers.

KORPILAHTI, P. and H. A. LANG, 1994. Auditory ERP components and mismatch

negativity in dysphasic children. Electroencephalogr. Clin. Neurophysiol. 91:256-264.

KORPILAHTI, P., K. M. KRAUSE, I. HOLOPAINEN, and H. LANG, 2001. Early and late

mismatch negativity elicited by words and speech-like stimuli in children. Brain Lang.

76:332-339.

KURTZBERG, D. and H. G. Jr. VAUGHAN, 1977. Electrophysiological observation on the

visuomotor system and visual neurosensorium. In Visual Evoked Potentials in Man:

New Developments, J. E. Desmedt, ed. Oxford, Clarendon Press: pp. 314-331.

KURTZBERG, D., and H. G. VAUGHAN, 1985. Electrophysiologic assessment of auditory

and visual function in the newborn. Clins. Perinatol. 12:277-297.

KURTZBERG, D., H. G. J. VAUGHAN, J. A. KREUZER, and K. Z. FLIEGLER, 1995.

Developmental studies and clinical application of mismatch negativity: Problems and

prospects. Ear Hear. 16:105-117.

KURTZBERG, D., P. L. HILPERT, J. A. KREUZER, and H. G. J. VAUGHAN, 1984.

Differential maturation of cortical auditory evoked potentials to speech sounds in

normal fullterm and very low-birthweight infants. Dev. Med. Child Neurol. 26:466-475.

KURTZBERG, D., H. G. VAUGHAN, and G. P. NOVAK, 1986. Discriminative brain

responses to speech sounds in the newborn high risk infant. In Maturation of the CNS

and Evoked Potentials, V. Gallai ed. Amsterdam: Elsevier, pp. 253-259.

KUSHNERENKO, E., R. CEPONIENE, P. BALAN, V. FELLMAN, M. HUOTILAINEN,

and R. NÄÄTÄNEN, 2002a. Maturation of the auditory event-related potentials during

the 1st year of life. Neuroreport, 13:47-51.

KUSHNERENKO, E., R. CEPONIENE, P. BALAN, V. FELLMAN, and R. NÄÄTÄNEN,



39

2002b. Maturation of the auditory change-detection response in infants: A longitudinal

ERP study. Neuroreport, 13:1843-1848.

KUSHNERENKO, E., R. CEPONIENE, V. FELLMAN, M. HUOTILAINEN, and I.

WINKLER, 2001. Event-related potential correlates of sound duration: Similar pattern

from birth to adulthood. Neuroreport, 12:3777-3781.

KUSHNERENKO, E., I. WINKLER, J. HORVÁTH, R. NÄÄTÄNEN, I. PAVLOV, V.

FELLMAN, et al. 2006. Newborn infants process contextual novelty. Manuscript

submitted for publication.

KUTAS, M., and S. A. HILLYARD, 1983. Event-related brain potentials to grammatical

errors and semantic anomalies. Mem. Cogn. 11:539-550.

LLINAS, R. R. 1988. The intrinsic electrophysiological properties of mammalian neurons:

insights into central nervous system function. Science, 242:1654-1664.

LEPPANEN, P., T. GUTTORM, E. PIHKO, S. TAKKINEN, K. EKLUND, and H.

LYYTINEN, 2004. Maturational effects on newborn ERPs measured in the mismatch

negativity paradigm. Exp. Neurol. 190:91-101.

MILLS, D. L., C. PRAT, R. ZANGL, C. L. STAGER, H. J. NEVILLE, and J. F. WERKER,

2004. Language experience and the organization of brain activity to phonetically

similar words: ERP evidence from 14- and 20-month-olds. J. Cogn. Neurosci. 16:1452-

1464.

MORR, M. L., V. L. SHAFER, J. A. KREUZER, and D. KURTZBERG, 2002. Maturation of

mismatch negativity in typically developing infants and preschool children. Ear Hear.

23:118-136.

MUNDY, P., J. CARD, and N. FOX, 2000. Fourteen month cortical activity and different

infant joint attention skills. Dev. Psychobiol. 36:325-338.

NÄÄTÄNEN, R. 1992. Attention and Brain Function. Hillsdale, New Jersey: Lawrence



40

Erlbaum.

NÄÄTÄNEN, R., and T. PICTON, 1987. The N1 wave of the human electric and magnetic

response to sound: A review and an analysis of the component structure.

Psychophysiology, 24:375-425.

NÄÄTÄNEN, R., A. W. K. GAILLARD, and S. MANTYSALO, 1978. Early selective

attention effect on evoked potential reinterpreted. Acta Psychol. 42:313-329.

NELSON, C. A. 1994. Neural correlates of recognition memory in the first postnatal year of

life. In Human Behavior and the Developing Brain, G. Dawson and K. Fischer, eds.

New York: Guilford Press, pp. 269-313.

NELSON, C. A., and P. F. COLLINS, 1991. Event-related potential and looking time

analysis of infants’ responses to familiar and novel events: Implications for visual

recognition memory. Dev. Psychol. 27 :50-58.

NELSON, C. A., and M. de HAAN, M. 1996. Neural correlates of infants’ visual

responsiveness to facial expression of emotion. Dev. Psychobiol. 29:577-595.

NELSON, C. A., M. HENSCHEL, and P. F. COLLINS, 1993. Neural correlates of

crossmodal recognition memory by 8-month-old human infants. Dev. Psychol. 29:411-

420.

NELSON, C. A., and M. LUCIANA, 1998. Electrophysiological studies II: Evoked

potentials and event-related potentials. In Textbook of neuropsychiatry, C. E. Coffey

and R. A. Brumbeck, eds. Washington, DC, American Psychiatric Press: pp. 331-356.

NELSON, C. A., and C. Monk, 2001. The use of event-related potentials in the study of

cognitive development.  In Handbook of Developmental Cognitive Neuroscience, C. A.

Nelson and M. Luciana eds., Cambridge, MA: MIT Press, pp. 125-136.

NELSON, C. A., K. M. THOMAS, M. DE HAAN, and S. WEWERKA, 1998. Delayed

recognition memory in infants and adults as revealed by event-related potentials. Int. J.



41

Psychophysiol. 29:145-165.

NOVAK, G. P., D. KURTZBERG, J. A. KREUZER, and H. G. J. VAUGHAN, 1989.

Cortical responses to speech sounds and their formants in normal infants: Maturational

sequence and spatiotemporal analysis. Electroencephalogr Clin. Neurophysiol. 73:295-

305.

NUWER, M. R., G. COMI, R. EMERSON, A. FUGLSANG-FREDERIKSEN, J. M.

GUERIT, H. HINRICHS, A. IKEDA, F. J. LUCCAS, and P. RAPPELSBURGER,

1998. ICFN standards for digital recording of clinical EEG. Electroencephalogr. Clin.

Neurophysiol. 106:259-261.

OBERECKER, R., M. FRIEDRICH, and A. D. FRIEDERICI, 2005. Neural correlates of

syntactic processing in two-year-olds. J. Cogn. Neurosci. 17:1667-1678.

OHLRICH, E. S., A. B. BARNET, I. P. WEISS, and B. L. SHANKS, 1978. Auditory evoked

potential development in early childhood: A longitudinal study. Electroencephalogr.

Clin. Neurophysiol. 44:411-423.

OOSTENVELD, R. and P. PRAAMSTRA, 2001. The five percent electrode system for high-

resolution EEG and ERP measurements. Clin. Neurophysiol. 112:713-719.

PAETAU, R., A. AHONEN, O. SALONEN, and M. SAMS, 1995. Auditory evoked

magnetic fields totones and pseudowords in healthy children and adults. J. Clin.

Neurophysiol. 12:177-185.

PASMAN, J. W., J. J. ROTTEVEEL, R. DE GRAAF, D. F. STEGEMAN, and Y. M.

VISCO, 1992. The effect of preterm birth on brainstem, middle latency and cortical

auditory evoked responses (bmc aers). Early Hum. Dev. 31:113-129.

PICTON, T. W., S. A. HILLYARD, H. I. KRAUSZ, and R. GALAMBOS, 1974. Human

auditory evoked potentials. I. Evaluation of components. Electroencephalogr. Clin.

Neurophysiol. 36:179-190.



42

PONTON, C. W., J. J. EGGERMONT, B. KWONG, and M. DON, 2000. Maturation of

human central auditory system activity: Evidence from multi-channel evoked

potentials. Clin. Neurophysiol. 111:220-236.

PURHONEN, M., R. KILPELÄINEN-LEES, M. VALKONEN-KORHONEN, J. KARHU,

and J. LEHTONEN, 2004. Cerebral processing of mother’s voice compared to

unfamiliar voice in 4-month-old infants. Int. J. Psychophysiol. 52:257-266.

QUINN, P. C., A. WESTERLUND, and C. A. NELSON, 2006. Neural markers of

categorization in 6-month-old infants. Psychol. Sci. 17:59-66.

RAINER, G. and E. K. MILLER, 2000. Effects of experience on the representation of objects

in the prefrontal cortex. Neuron, 27:179-189.

REYNOLDS, G. D. and J. E. RICHARDS, 2005. Familiarization, attention, and recognition

memory in infancy: an ERP and cortical source analysis study. Dev. Psychol. 41:598-

615.

RICHARDS, J. E. 2000. Localizing the development of covert attention in infants using scalp

event-related-potentials. Dev. Psychol. 36:91-108.

RICHARDS, J. E. 2002. The development of visual attention and the brain. In The Cognitive

Neuroscience of Development, M. de Haan and M. H. Johnson eds. Hove, UK,

Psychology Press: pp.73-98.

RICHARDS, J. E. 2005. Localizing cortical sources of event-related potentials in infants'

covert orienting. Dev. Sci. 8:255–278.

ROSSION, B., S. CAMPANELLA, C. M. GOMEZ, A. DELINTE, D. DEBATISSE, L.

LIARD, S. DUBOIS, R. BRUYER, M. CROMMELINCK, and J. M. GUERIT, 1999.

Task modulation of brain activity related to familiar and unfamiliar face processing:

an event-related potential study. Bio. Psychol. 50:173-189.

ROTTEVEEL, J. J., E. J. COLON, D. F. STEGEMAN, and Y. M. VISCO, 1987. The



43

maturation of the central auditory conduction in preterm infants until three months post

term. Iv. Composite group averages of the cortical auditory evoked responses (acrs).

Hear. Res. 27:85-93.

RUGG, M. D. and M. G. H. COLES, 1995. Electrophysiology of Mind: Event-Related Brain

Potentials and Cognition. Oxford: Oxford University Press.

SCHOLL, B. J. and A. M. LESLIE, 1999. Explaining the infant's object concept: Beyond the

perception/cognition dichotomy. In What is Cognitive Science? E. Lepore and Z.

Pylyshyn eds. Oxford, Blackwell: pp. 26 - 73.

SCHROEGER, E. and C. WOLFF, 1998. Attentional orienting and re-orienting is indicated

by human event-related brain potentials. Neuroreport, 9:3355-3358.

SCHROEGER, E., M. H. GIARD, and C. WOLFF, 2000. Auditory distraction: Event-related

potential and behavioral indices. Clin. Neurophysiol. 111:1450-1460.

SHARMA, A., N. KRAUS, T. J. MCGEE, and T. G. NICOL, 1997. Developmental changes

in P1 and N1 central auditory responses elicited by consonant-vowel syllables.

Electroencephalogr. Clin. Neurophysiol. 104:540-545.

SHUCARD, D. W., J. L. SHUCARD, and D. G. THOMAS, 1987. Auditory event-related

potentials in waking infants and adults: A developmental perspective.

Electroencephalogr. Clin. Neurophysiol. 68:303-310.

SOKOLOV, E. N., J. A. SPINKS, R. NÄÄTÄNEN, and H. LYYTINEN, 2002. The orienting

response in information processing. Mahwah, NJ: Lawrence Erlbaum Associates.

SQUIRES, K. C., N. K. SQUIRES, and S. A. HILLYARD, 1975. Decision-related cortical

potentials during an auditory signal detection task with cued observation intervals. J.

Exp. Psychol.: Hum. Percept. Perf. 1:268-279.

SNYDER, K., S. J. WEBB, and C. A. NELSON, 2002. Theoretical and methodological

implications of variability in infant brain response during recognition memory



44

paradigm. Infant Behav. Dev. 25:466-494.

STRIANO, T., V. M. REID, and S. HOEHLE, in press. Neural mechanisms of joint attention

in infancy. Eur. J. Neurosci.

TALLON-BAUDRY C. and O. BERTRAND, 1999. Oscillatory gamma activity in humans

and its role in object representation. Tr. Cogn. Sci. 3:151-162.

TAYLOR, M. J., M. BATTY, and R. J. ITIER, 2004. The faces of development: a review of

early face processing over childhood. J. Cogn. Neurosci. 16 :1426-1442.

TAYLOR, M. J., R. J. ITIER, T. ALLISON, and G. E. EDMONDS, 2001. Direction of gaze

effects on early face processing : eyes-only vs. full faces. Cogn. Brain Res. 10 :333-

340.

THOMAS, D. G., and C. D. CROW, 1994. Development of evoked electrical brain activity

in infancy. In Human behavior and the developing brain, Dawson G. and K. W. Fisher

eds. New York, The Guilford Press: pp. 207-231.

TUCKER, D. M. 1993. Spatial sampling of head electrical fields: The geodesic sensor net.

Electroencephalogr. Clin. Neurophysiol. 87:154-163.

VAUGHAN, H. G. J. and KURTZBERG, D. (1992). Electrophysiologic indices of human

brain maturation and cognitive development. In Minnesota symposia on child

psychology, M. R. Gunnar and C. A. Nelson eds. Hilsdale, NJ, Erlbaum: Vol. 24, pp. 1-

36.

WEBB, S. J., J. D. LONG, and C. A. NELSON, 2005. A longitudinal investigation of visual

event-related potentials in the first year of life. Dev. Sci. 8:605-616.

WERNER, L. A. 1996. The development of auditory behavior (or what the anatomists and

psysiologists have to explain). Ear Hear. 17:438-445.

WINKLER, I., E. KUSHNERENKO, J. HORVATH, R. CEPONIENE, V. FELLMAN, M.

HUOTILAINEN, M., R. NAATANEN, and E. SUSSMAN, 2003. Newborn infants



45

can organize the auditory world. Proc. Natl. Acad. Sci. U.S.A. 100:11812-11815.

WUNDERLICH, J. L., B. K. CONE-WESSON, and R. SHEPHERD, 2006. Maturation of the

cortical auditory evoked potential in infants and young children. Hear. Res. 212:185-

202.



46

Figure Legends

Figure 1. Auditory event-related potentials as a function of age, stimulus probability and

duration. The left panel (A) represents ERP responses to harmonic tones of three different

frequencies presented randomly mixed with probability of .33 each (see Kushnerenko et al.,

2002a). The right panel (B) shows the ERPs to the harmonic tones presented with the same

ISI but with probability of .85. Negativity is plotted upwards.

Figure 2. Event-related potentials to faces and matched visual noise stimuli in 3-month-old

infants. Note that positivity is plotted upwards. (Adapted from Halit, Csibra, Volein, and

Johnson, 2004.)

Figure 3. Seven-month-old infants’ ERP responses to emotionally congruent (solid) and

incongruent (dotted) face-voice pairs. Negativity is plotted upwards. (Adapted from

Grossmann, Striano, Friederici, 2006.)

Figure 4. Gamma-band EROs time-locked to a tunnel-lifting event in 6-month-old infants. In

the "Unexpected Disppearance" condition the infants had just seen a train entering the tunnel.

The difference map represent the scalp distribution of the oscillatory activity. (Adapted from

Kaufman, Csibra, and Johnson, 2003.)
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