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The development of visual attention
and the brain
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INTRODUCTION

Attention shows development throughout the lifespan. In the early period of
infancy, attention is directed primarily to salient characteristics of the environ-
ment and, by 2 or 3 years of age, comes under subject-directed control. The atten-
tion system comes under control of the child's executive functioning and is used
in the service of cognitive, social, and emotional tasks. Some aspects of attention
show gradnal development over the entire period of childhood and adolescence,
and tben follow the course of other cognitive changes in the adnlt period. Many
of these changes in attention are based npon age-related changes in brain areas
involved in attention.

This chapter presents a neurodevelopmental perspective on the development of
visual attention, focusing on research done with infants and very young children,
because of the wealth of studies showing brain-attention relations in this age
range. The primary focus is on visual attention, again because of the broad set of
theories and empirical studies iu this area. However, the comments about infants
and young children should generalize to other ages, and the comments about
visual attention should generalize to other sensory systems. First, two influential
neurodevelopmental models of visual attention that relate the development of
visual attention to changes in the brain are reviewed; a recent model that relates
a general arousal/attention system to the development of visual attention is also
presented. Second, three research areas that illustrate the role that brain develop-
ment plays in the changes that occur in infant attention are examined. These areas
will show the role that developmental change in a general attention/arousal
system has on infant recognition memory, developmental changes in covert
orienting and attention and their relation to brain development, and saccade
planning. Some implications of the role of brain development in visual attention
are discussed.
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NEURODEVELOPMENTAL MODELS OF VISUAL ATTENTION Bronson's neurodevelopmental model of infant visual behaviour explained the
findings of many studies on infant visual attention. The propensity of newborn
infants to be extremely sensitive to motion and peripheral visual stimuli, and the
later onset of detailed pattern discrimination, were consistent with this model.

The model distinguished correctly between the control of peripheral orienting by
subcortical neural systems, and visual attention involved in infant recognition
memory and attention controlled by higher cortical visual systems. It captured to
some exteut the development patterns of those systems. However, the model was
too simplistic. Several brain systems control visnal behaviour. These systems, and
the subsystems aud brain areas involved in them, show developmental changes
such as myelination, synaptic geueration, neural innervatiou, synaptic pruniug,
and neurotransntitter development (see Chapter I). Many specifics of the "two
visual systems" (Schneider, 1969) are now held to be incorrect or incomplete in
explaining the role of the brain in visual behaviour and visnal attention.

Two influential models that relate the development of visual behaviour in young
infants to concnrrent changes in the brain are Bronson's "two visual systems"
(1974, 1997) and Johnson's model emphasizing the role of the primary visnal
cortex (1990, 1995; Johnson, Gilmore, & Csibra, 1998; Johnson, Posner, &
Rothbart, 1991). Bronson was the first to take a specific hypothesis about neural
systems developed in adult and animal studies and apply it to infant visual behav-
iour. His model was well received aud many research studies interpreted their
results in light of his model. Johnson took an established model of eye movement
control (Schiller, 1985) and knowledge of the development of the primary visual
area and presented a model that showed how infant visual behaviour was gov-
erned by changes in neural systems. Johnson's model and similar models have
generated a wide body of behavioural, psychophysiological, and neuropsycho-
logical research in infants and young children. Although both neurodevelop-
mental models were concerned with a variety of visual behaviour, I use these
models in this chapter in their application to visual attention. Also, in this section
I present a model I have been using to guide my research that relates developmen-
tal changes in a general attention/aronsalsystem to visual attention development.

Johnson's development of primary visual area (V1)

Bronson's two visual systems.

Several models from the 1990s relate development in the brain areas controlling
visual behaviour to developmental changes in infant and child visnal behaviour.
The prototype of these models is that developed by Mark Johnson (Johnson,
1990,1995; Johnson et aI., 1991, 1998). Johnson posits that development in the
layers of the primary visual cortex acts as a lintiting factor for visual behaviour
and visual attention controlled by brain systems. Johnson nses Schiller's (1985,
1998) model of the neural pathways for short-latency reflex saccades, smooth
pursuit eye movements, attention-directed saccades, and inhibitory relations
between attention-directed and reflexive eye movements. The short-latency reflex
saccade pathway is primarily snbcortical and mature at birth. The other pathways
each have connections in various layers of the primary visual cortex before pro-
jecting to other cortical areas (e.g. area MT for smooth pursuit eye movements;
areas MT, parietal cortex, frontal eye fields for attention-directed saccades).
Specific developmental changes in the layers of the primary cortex from birth to
about 6 months act as a gateway for the onset of these eye movements in young
infants. Figure 4.1 shows the changes in the primary visual cortex that act as the
gateway for these neural pathways. The changes in the primary visual cortex are
posited to be responsible for the dates of the onset of smooth pursuit eye move-
ment, "sticky fixation", attention-directed saccades, and other infant visual
behaviour.

Johnson's model has been influential in generating research on visual attention
in infants and young children and on other neurodevelopmental models of infant
visual attention (see Chapter 3; also Hood, 1995; Hood, Atkinson, & Braddick,
1998;Maurer & Lewis, 1998;Richards, 2000a; Richards & Casey; 1992;Richards
& Hnnter, 1998). This model explains the general phenomena explained by
Bronson's model of the early sensitivity to peripheral stimnli and later sensitivity

I

The most influential theory of developmental change in visnal behaviour con-
trolled by brain development is that of Gordon Bronson (1974, 1997; see also
Karmel & Maisel, 1975;Maurer & Lewis, 1979; Salapatek, 1975).Bronson's the-
ory postulated two systems in the brain (e.g. Schneider, 1969) that control visual
behaviour. The primary visual system has excellent visual acuity and is devoted
to fine pattern visual analysis. The secondary visual system has poor visual
acuity and responds to stimulus location and movement. It is dedicated to the
detection and localization of targets in the periphery. The primary visual system
is over-represented in the fovea and primary visual cortex and the secondary sys-
tem is represented equally across the retina and in other areas of the brain
involved in visual behaviour (e.g. the superior colliculus). According to Bronson,
the secondary visual system is phylogenetically older and exists relatively mature
at birth. Thus, newborn infant visual behaviour should respond primarily to
movement, stimulus location, and peripheral visnal information, but not to fine
visual detail. The cortical components of the primary visual system show major
developmental changes from I to 2 months of age until well into the second year.
Thus, sensitivity to fine visual detail, attention to forms and objects, and memory
for patterns should begin about 2 months of age and increase rapidly from 2 to
12 months. According to this model, the development of the brain areas involved
in vision is directly responsible for changes in the infant's visual behaviour and
visual attention.
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Figure 4.1. Development,] change< in the layers of the primary visual cortex and Ihe
connections to areasof the brain controlling eye movement. From Johnson (1995),
M ~ magnocellular:P ~ parvocellular:LGN ~ lateralgeniculatenucleus;SC ~ "uperinrcolliculus;
BO ~ basalganglia;MT ~ mediullempnraL

to fine visual detail, object and form, and recognition memory, It also explains
several other developmental changes (e,g, smooth pursuit initiation, "sticky
fixation", attention-directed eye movements) and makes predictions about
visual behaviour and visual attention in tbe young infant and into early childhood,
Some of the details of the model are in dispute (see Richards & Hunter, 1998)and
the interpretation of the role of the frontal cortex in saccade planning has been
questioned (Canfield, Smith, Brezsnyak, & Snow, 1997; Smith & Canfield,
1998; Wentworth & Haith, 1998; Wentworth, Haith, & Karrer, 2001). None the
less, lohnson's neurodevelopmental model and similar models have been influ-
ential in explaining the role of the brain in the development of visual attention and
visual behaviour,

The development of general arousal/attention

In several places (Berg & Richards, 1997; Richards, 2000a; Richards & Casey,
1992; Richards & Hunter, 1998), I have presented a model where infants' heart
rate changes during stimulus presentation are used to distinguish phases of atten-

tion. Recently, this model was explicated as showing the relation between the I
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Plate 2. A topogmphical mapping of the Nc component that occurs during sustained
attention and inattention for the 4.5-, 6-, and 7.5-month-old infants (from Richacds, 2000c).
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Plate 3. Equivalent cumnt dipole analysis of the p"saccadic ERP potential occurring at SOms

befoce a target in an expected location. The equivalent cur"nt dipole (hottom) genemted a scalp
topogcaphical potential map (top right) that matched the recocded ERP (top left).
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Plate 4. The hippocampus. along with sureaunding cortical structures (including subiculum,

presubiculum. parasubiculum, entorhinal cortex, perirhinal and parahippocarnpal cortices. Fearn
Bmin, Mind. and Behavia, by Floyd Bloom, Charles A. Nelson. and Arlyne Lazerson" 1985.

1988. 2001 by Educational Broadcasting Corpomtion. Used with the permission of Worth
publishers. with pennission.

Plate 5. The basal ganglia. which consists primarily of the stliatum (caudate nucleus and

putamen) and the globus pallidus. Fearn Brain. Mind. and Eehavim' by Floyd Bloom, Charles A.
Nelson. and Arlyne Lazerson" 1985, 1988.2001 by Educational Beaadc"'ting Corporation. Used

with the pecmission of Worth publishers.
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Plate 7. Top: Schematic view of auditory cortex in a squirrel monkey demonstrating tonotopic

map. Microelectrode recordings were made in each tile and the characteristic frequency

determined. Bottom: A superimposed map of response latency. Each strip of characteristic

ITeguency responds at a range of latencies. Superimposed maps are characteristic of sensory

cortex in all modalities (adapted with permission from Cheung et aI., 2001, 0 American
Physiological Society).
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Plate 6. Prefrontal cortex, in particular, the dorsolateral and orbitolTontal cortices. From Brain,

Mind. and Behavior by Floyd Bloom, Charles A. Nelson, and Arlyne Lazerson C>1985, 1988,
2001 by Edocational Broadcasting Corporation. Used with the pennission of Worth Publishers.
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Eyes Closed

involved in specific cognitive activities (Richards, 2000a). One aspect of attention
is the arousal associated with energized cognitive activity. This arousal is associated
with increased performance on cognitive tasks and the sustaining of performance
over extended periods of time. This arousal system is based upon neuroanatomi-
cal conuections between the mesencephalic reticular activity system and the cor-

tex (Heilman, Watson, Valenstein, & Goldberg, 1987; Mesulam, 1983; see Fig. I in
Richards, 2000a). It probably uses the noradrenergic and cholinergic neurotrans-
mitter systems (Robbins & Everitt, 1995; see Fig. 2 in Richards, 2000a) to
heighten aronsal and increase attentive cognitive performance. The heart rate
changes occurring during iufant attention index this general arousal/attention sys-
tem and thus provide an indirect measure of the brain areas controlling sustained
attention.

There are three interesting aspects of this arousal system for the present chap-
ter. First, it affects a wide range of modalities, sensory systems, cognitive sys-
tems, aud cognitive processes. Thus its energizing aspect could affect visual
attention or attention to other stimulus modalities. This geueral system might
int1uence a specific system in the brain that has selective properties, so that this
arousal could be accompanied by modality-specitic attentive behaviour
(e.g. stimulus modality effects on the blink ret1ex; Richards, 1998, 2000b). In this
case, the "arousal" system might actually inhibit modalities or cognitive
processes that interfere with the specitic cognitive processes currently engaged.
Second, there are dramatic developmental changes in this arousal system at least
through the tirst year of life. This is seen, for example, by a change in the level
of the heart rate response during attention (Richards, 1989), changes in the effect
of this system on selective attention systems (Richards, 1998), and changes in the
effect of this system on brain responses during attention (Richards, 2000c). The
effect of the development of this system will be discussed in the next section.

Third, this model is complementary, rather than competitive, to models such as
those of Johnson or Bronson. Richards (2000a) distingnished between the general
arousal/attention system and its development, and the development of specitic
attention systems. The Johnson model, for example, was concerned primarily
with the development of several systems involved in eye movement control and

visnal behaviour. Such specific systems develop concurrently with this general
system to int1uence infant visual attention (see eye movement studies by Richards
& Holley, 1999). A full treatment of the effects of brain development on visual
attention in infants and children must deal with many brain areas and cognitive
systems.
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Plate 8. Left: Visual cortex is composed of columns of cells responsive to lines of different
orientation (see colour code at right). In nmmal developing cats, a dramatic sharpening of the

borders occurs between postnatal (P) days 21 and 33. In cats whose eyes have been sutured shut,

the orientation columns develop nonnally until P26 and then their responses deteriorate rapidly.

Patterned stimulation is only necessary for maintenance, not for fonnation, of the orientation

columns (reprinted with pennission ftom Crair et a!. (1998). Science, 279, p.566. Copyright 1998
American Association for the Advancement of Science).

Measuring "neuro" in neurodevelopmental models

One weakness in the neurodevelopmental models of visual attention is the lack of
direct measures of brain activity in developing human infants. The most common
manner in which neurodevelopmental models are tested is with the "marker task".
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These are behavioural tasks for which brain areas have been well specified using
auimal, invasive, or neuropsychological preparations. Johnson (1997) proposes
that such tasks can be nsed with infants and young children. Developmental
change in the behaviour on the tasks is inferred to represent developmental
changes in the brain area controlling their functioning. This indirect method
allows inferences to be made about brain development without the concomitant
invasive measurement techniques used in animals, adults, or with neuropsycho-
logical patients. However, careful theoretical and empirical links must be made
between the brain system and cognitive behaviours for this approach to work. In
several examples (see the sections "Covert orienting and attention" and "Saccade
planning") it can be shown that this method can be deceptive in its claims sup-
porting neurodevelopmental models of visual attention.

An approach that provides a more direct measurement of brain function is the
use of psychophysiological measures (see Chapter 2). Two measures of brain
activity have been used that are derived from electrical potential activity occur-
ring on the scalp: the electroencephalogram (EEG) and scalp-recorded event-
related potentials (ERPs). The electrical activity occurring on the scalp consists
of changing electrical voltages that are caused by action potentials summed over
large numbers of neurons, synapses, neural pathways, and neural systems. The
spontaneous electrical activity occurring on the scalp, the EEG, has been used as
a measure of arousal during task performance (Bell, 1998; Ray, 1990) and is
thought to reflect the underlying coguitive processes occurriug in the brain related
to task performance. However,EEG activity is difficult to link to specific cortical
areas and attempts to do so require theoretical linkages (neural generators, skull
and scalp conductance, electrical changes on the scalp; see Chapter 2). It has been
rarely used in studies of attention development.

Scalp-recorded electrical activity can be related to specific experimental
events or cognitive processes. The resulting ERPs might provide a non-invasive
and direct measure of functioning within specific brain areas (Hillyard, Mangun,
Woldroff, & Luck, 1995). ERPs are derived by averaging EEG changes over mul-
tiple experimental (or cognitive) events. The averaging process eliminates or
attenuates the spontaneous activity in the EEG and results in electrical potential
changes related to specific events. The ERP has varying positive and negative
electrical waves that are referred to as "components". These components are
hypothesized to be controlled by specific neural areas and psychological
processes (Hillyard et aI., 1995; Swick, Kutas, & Neville, 1994). Current meth-
ods using high-density EEG recording (Tucker, 1993; Tucker et aI., 1994) and
cortical source localization (Huizenga & Molenaar, 1994; Nunez, 1990; Scherg,
1990; Scherg & Picton, 1991) can be used with ERP to identify cortical areas
involved in cognitive processes (see the section "Saccade planning"). Cortical
source localization analysis allows the ERP to be used as a direct measure of the
cortical areas involved in cognitive processes and experiment events (Richards,
2000c; see Chapter 2 for further discussion of localization of the sources of

ERP components). This chapter emphasizes areas of study in which the meas-
urement of the ERP in infants and children help to confirm the neurodevelop-
mental models of visual attention.

Not all psycbophysiological measures are so direct. For example, I have used
heart rate changes during visual attention in infants and preschool children as a
measure of the general arousal system (see stndies in Richards, 2000a). As with
behavioural marker tasks, the relation between the neural system governing
arousal/attention (Heilman et aI., 1987;Mesulam, 1983)and heart rate control are
well known. Yet, it is only the theoretical and empirical linkages found in animal
stndies or invasive studies with other populatious that allow the inferences to
be made when using this measure in infants. In this respect, heart rate is
a "behavioural marker task" similar to eye movements, reaction time, novelty
preference, or habituation. Several other psychophysiological measures have the
same indirect measuremeut status as do heart rate and behavioural tasks-e.g.
electromyogram (EMG; Richards, 1998); electro-oculogram (EGG; Richards &
Hunter, 1997).

AROUSAL/ATTENTION SYSTEM AND
RECOGNITION MEMORY

This section reviews studies showing how the general arousal/attention system
affects the development of infaut recognition memory. As iu the previous section,
I have used changes in infant heart rate during stimulus presentation to distin-
guish phases of infant attention (Richards, 2000a; Richards & Casey, 1992;
Richards & Huuter, 1998). These phases are the automatic interrupt, stimulus ori-
enting, sustained attention, and attention termination. These attention phases dif-
fer in the type of behaviour and cognitive processes that occur and in heart rate
changes that occur when they are in effect. Figure 4.2 depicts the heart rate
changes occurring during these phases of attention and Table 4.1 has a list of

some of the cognitive processes occurring in these phases. For example, stimulus
orienting is a period at the beginning of stimulus processing when the infaut eval-
uates stimulus novelty and decides whether to allocate further mental resources
to the stimulus. It is characterized by a rapid deceleration of heart rate and lasts

1-5s. Sustained attention maintains the level of information processiug initiated
in stimulus orienting and continues processing the stimulus. This phase of atten-
tion is quite variable. It can be quite short (2-3s) or long (60-120s), depending
on the state of the infant, the complexity of visual information in the stimulus, and

individual differences between infants. Heart rate during this phase continues at
a lower level than during prestimulus levels. Finally, during attention termination
the heart rate returns to its prestimulus level. During this phase the infant does not
process information in the stimnlus and the sensitivity to any new stimulus can be
attenuated.
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Figu," 4.2. Average hean cate chonge as a function of stimulus peesentation following stimulus
unset for the heart rate delmed attention phases for infant< from 3 to 6 months of age (from Richards

& Casey. 1991, Heart Me variability during attention phases in young infan". Psychophysiology,

28,43-53. Cambridge Univ"sity Pee", 1991 1) The Society for Psychophysiological Reseacch.

Reprinted with permission.)

TABLE 4.1.

Heart rate and behaviour/cognitive processes in heart-rate-defined
attention phases (see full description in Richards & Casey, 1992)

Phase Hew" rote change

Biphasic heart
rate change
Deceleration-accelecatiun
< Is duration

Ed,",i"", and cognitive procwes

Detect teansient change
in environment
Startle eeflex

Automatically engaged

Automatic i",wnpt

Stimulus orienting Large heart cate deceleration
1-5s duration

Evaluate stimulus novelty
Pmce" pceliminary information
Make decision to suspend
pro""ing, or continue
extended pwcessing

Detailed information processing
Subject-controlled
Developmental and individual

diffecen", occnr

I'

Sustained attention Heart rate beiow pce,timuius
Variable duration

Atttention
termination

Heart rate eetuen to prestimuius
ievel 5-7s duration

No information processing
Insensitivity to new stimuiation
"Refractory peciod"
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Of primary interest to this chapter are the phases of sustained attention, atten-
tion tennination, and the time after attention termination but before attention is

re-engaged. The heart rate slows down and remains below the prestimulus level
during sustained attention (see Fig. 4.2). During this time the infant is engaged in
subject-controlled processing of stimulus information. This phase of attention
represents the energizing of cognitive processes, i.e. the arousal phase of the gen-
eral arousal/attention system (Richards, 2000a). Alternatively, dming the atten-
tion termination phase the heart rate has returned to its prestimulus level. Infants
can continue to direct fixation towards the stimulus for periods of time without a
re-engagement of attention. These periods represent inattentiveness, and the
infant is not processing stimulus infonnation. This represents the lack of arousal
of the arousal/attention system in the brain (Richards, 2000a). There are several
reviews of the relation between these heart rate changes and infant and child
behaviour (Berg & Richards, 1997; Richards, 1995, 2000a; Richards & Casey,
1992; Richards & Hunter, 1998; Richards & Lansink, 1998).

The relation between the heart-rate-defined attention phases and infant recog-
nition memory has been shown in three studies using "behavioural markers" of
infant recognition memory. Two studies have shown that a familiarization stimu-

lus presented for only 5 or 6s results in recognition memory (Frick & Richards,
1999; Richards, 1997). In these studies, we presented 3- to 6-month-old infants
with a Sesame Street lilm that elicited sustained attention (heart rate slowing in
Fig. 4.2). A familiarization stimulus was then presented for 5 or 6s followed by
the Sesame Street film. On "no exposure" trials the Sesame Sfreet film was played
continuously. Then, about 10s later, the paired-comparison procedure (Fagan,
1974) was used to test for a preference for the novel stimulus that would indicate

recognition memory for the familiarized pattern. The infants looked longer at
the novel stimulus in the test phase on the 5s or 6s exposure trials than on uo-
exposure trials. In fact, the infants looked at the novel stimulus on these 5s or 6s

exposure trials for as long as they did on control trials with a traditioual 20s expo-
sure trial. These results imply that the acquisition of stimulus infonnation by
young iufauts occurs primarily when the infant is in a highly aroused state, i.e.
sustained attention. We have also shown that infants distribute their fixations to

the novel and familiar stimuli in the test phase of the paired-comparison task
depending on their attention state (Richards & Casey, 1990). Novelty preference
(fixation on the novel stimulus) occurred primarily during sustained attention,
whereas no preference (fixation equally likely on novel or familiar stimulus)
occurred during attention tennination.

Recently, we have begun to study how developmental changes in the arousal!
attention system affect infant recognition memory using direct measures of brain
activity (Richards, 2000c). This study uses a common procedure in which brief
visual stimuli are presented in an "oddball" procedure (Courchesne, 1977, 1978;
Nelson & Collins, 1991, 1992; see reviews by Nelson, 1994, 2000, Nelson &

Dukette, J998). This procedure consists of the presentation of one stimulus relatively
frequently and an "oddball" stimulus that is presented relatively infrequently. We

Preattention Stimulus Sustained Preattention Attention
orienting attention termination termination
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use Nelson's modification of the procedure to familiarize the infant with these
two stimuli ("frequent familiar", "infrequent familiar") before the brief presenta-
tions and to present a series of novel stimuli relatively infrequently ("infrequent
novel") during the brief presentations.

The ERP is used as a direct measure of brain activity in the procedure. The
ERP has components such as the PI (or "PIOO"),Nl, P2, N2, P3 (or "P300"), and
various slow waves that differ for adult and infant participants (see Nelson, 1994;
Nelson & Monk, 2000; Nelson & Dukette, 1998 or de Haan & Nelson, 1997, for
a review of these components). The studies of the recognition of briefly presented
visual stimuli find two types of components in this task. First, there is a large neg-
ative component occurring about 400-800ms after stimulus onset. This negative
component is primarily located in the central leads and has been labelled the Nc
("Negative central"; Courchesne, 1977, 1978; Courchesne, Ganz, & Norcia,
1981). In most studies, the Nc component is larger to the infrequently presented
stimuli and has been hypothesized to represent a general attentive or alerting to
the presence of a novel stimulus. However, if the frequently presented and infre-
quently presented stimuli are already familiar to the infant, the Nc component
does not differ (Nelson & Collins, 1991, 1992).

The secondtype ofERP activityfound in these studies are slow waves occurring
from 800 to 1500ms after stimulus presentation. Negative slow waves are found
in response to the infrequent novel stimuli and positive slow waves are found in
response to the infrequent familiar stimuli. Thus, infants are sensitive to novelty
per se and to the frequency of the stimulus presentation. At the youngest testing
ages (about 4 months), these later waves do not differ but by 6 months of age
(Nelson & Collins, 1991) or 8 or 12 months (Nelson & Collins, 1992; Nelson &
deRegnier, 1992) these three stimulus presentation procedures result in differing
ERP potential shifts.

The results of the study I am conducting show that attention to the visual stim-
uli enhances the Nc component (Richards, 2000c). Infants at 4.5, 6, or 7.5 months
of age have been tested in this study. Sustained attention is elicited in the infants
with a Sesame Street film and the brief visual stimuli are overlaid upon the movie
during sustained attention or during inattentive periods. Figure 4.3 shows the ERP
changes from the 10-20 recording montage for the frequent familiar, infrequent
familiar, and infrequent novel stimuli. The Nc component occurring 400-700ms
after stimulus presentation can be seen clearly in these graphs. This component is
approximately equivalent for the three presentation procedures. Plate I shows
topographical potential maps of the Nc for the three presentation methods during
attentive and inattentive periods. The response during attention is a widespread
negative response in the central area of the scalp for the three presentation meth'
ods. The response during inattention is weaker or absent. There is a difference in
the breadth of the response for the two infrequent conditions and the frequent
condition, whereas the amplitude of the response is the same. The similarity
between these three topographical maps suggests that the Nc response is an
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Figure 4.3. The ERP in response to the frequent farniliar, infrequent farniliar and infrequent

nove] presentations for 4- to 7.5-rnunth-uld infants. These recurdings are frorn the 10-20 electrodes
(+Oz). The Nc cornponent occurs 400-700 ms after stirnulus onset and the slow waves occur

800-]500ms aftee stimulus preseotation (hom Richards. 2000c).

orienting response that is greater during attention but is not closely related to
stimulus novelty or recognition memory. The Nc response is larger when the gen-
eral arousal system is energized ("sustained attention") than when the arousal
system is not active ("inattention").

This study also shows developmental changes in the Nc component consistent
with the development of the general arousal/attention system, and shows some
effect of attention on the slow wave components. Plate 2 shows the changes over
the three testing ages for the Nc response for attentive and inattentive periods.
There was a clear increase in the amplitude of the Nc component during attentive
periods over the three testing ages. The response during the inattentive periods
changed only slightly. This finding is consistent with the model that the general
arousal/attention system continues developing into the second half of the first
year. There was some effect of attention on the late slow waves. In general, this
difference consisted of larger slow waves dnring attention than inattention, but
primarily for the oldest ages in the study. The youngest ages showed inconsistent
patterns for the slow wave activity.

I
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These studies show that ihe arousal aspect of sustained attention invigorates

the acquisition of stimulus information (Richards, 1997; Frick & Richards, 2001)
and ihe exhibition of recognition memory (Richards, 2000c; Richards & Casey,
1990). The study using the ERP measures has two broad implications. First, it
implies that the Nc component is a manifestation of the general aronsal/attention
system of the brain. This interpretation suggests that such an ERP measure might
provide a direct measure of ihis brain system, complementing heart rate, which is
an indirect measure of this general arousal/attention system. Second, ihis study
shows the interaction between the general attention system and a specific system
supporting recognition memory. The enhancement of the slow waves during sus-
tained attention demonstrates how the general system invigorates specific brain
areas occunting during recognition memory. The facilitative effect of sustained
attention on infant recognition memory (Frick & Richards, 2001; Richards, 1997)
could occur becanse specific brain areas responsible for information acquisition
or recognition are enhanced during sustained attention.

Valid
(ipsilateral!
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COVERTORIENTING AND ATTENTION

One aspect of infant attention that has been studied with direct measures of brain
activity is covert orienting and attention. Shifts of visnal attention can occur wiih-
out moving ihe eyes to a new location-"covert attention". Covert orienting of
attention implies that attention and eye movements are partially independent, and
that information can be processed in peripheral locations when the eyes remain
fixed in a central location. The spatial cu'eing procedure developed by Posner
(Posner, 1980; Posner & Cohen, 1984) can be used to measure covert orienting
and attention. The participant's fixation is held at a central location and a peripheral
cue and target are presented. If the target follows ihe cue in ihe same location at
very short intervals, the response to the target is faster ihan if the cue and target
are in a different location, i.e. facilitation. Alternatively, if the cue and target are
separated by longer intervals ihe response to the target is slower in ihe cued loca-
tion than in oiher locations, i.e. inhibition of return. Facilitation and inhibition of
return are behavioural indices that attention was shifted to the cued location in the

absence of specific eye movements. Hood (1993, 1995; Hood & Atkinson, 1991)
developed a version of this task appropriate for infant participants. Figure 4.4 is a
schematic illustration of the procedure used for infant participants (adapted from
Hood, 1995; used in Richards, 2000d,e, 200Ia,b). The spatial cueiug procedure
used with iufaut participants presents a ceutral stimulus that engages fixation in
the centre location and then presents a cue simultaneous with the central stimulus,
followed by a delay, and ihen presents ihe target without the ceutral stimulus.

Studies of covert orienting in young infants find ihat infants do not show con-
sistent facilitation until about 4 to 6 months of age, but the results are not entirely
consistent across studies. Hood and Atkinson (1991, reported in Hood, 1995)
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Figure 4.4. The spatial cooing procedme used by Rich",ds in seveml studies (Rich",ds, 2000d,e.
200]b, c) and adapted from Hood (]995). The ipsilateml cue-target condition is caned a "valid"
trial. the contralate",] condition is ",ned an "invalid" trial. and the no-cue contra] condition is a
"neutral" trial. The no-target cootrol condition pro,ides control for spon,"neous looking to the

periphery of the cued ]ocatioo.

used ihe spatial cueing procedure shown in Fig. 4.4 with 100 or 600 ms cue-
target asynchronies. The 3-month-old infants showed uo evidence of facilitation
of a saccade to the target at either delay interval. Conversely, Richards (2000d, e),
using ihis paradigm, did find facilitation of the reaction time of ihe saccade
towards the target for 3-month-old infants at short cue-target delay asynchronies.
Similarly, a study by Butcher and colleagues using bilateral targets found ihat,
from about 6 to 16 weeks of age infauts would look more frequently and faster to
the cued target location than to an uncued location (Butcher, Kalverboer, &
Geuze, 1999). A similar study by Johnson and Tucker (Johnson & Tucker, 1996)
did not find such effects with 2-month-old infants. However,by 4 or 6 monihs of
age, nearly all studies report that at short cue-target delays a saccade to the cued
side occurs faster than a saccade to an uncued or neutral location (Hood, 1993,
1995; Hood & Atkinson, 1991; Johnson, Posner, & Rothbart, 1991; Johnson &
Tucker, 1996; Richards, 2000d,e, 2001a).
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about 100 ms alter stimulus presentation. The "NI" is a large negative deflection
in EEG closely following the PI component. Studies with adult participants have
shown that the PI and NI ERP components are enhanced on the valid trials (cue
validly predicts target) relative to invalid trials or neutral trials (see studies in
Hillyard et aI., 1995). These early ERP components reflect sensory aud percep-
tual processes. The PI validity effect suggests that covert attention to the cue
enhances the early stages of information processing. The studies with infants
(Richards, 2000d) found that the spatial relation between the cue and target
signilicantly affected the ERP to the target onset. There was a larger ERP com-
ponent amplitude occurring at about 135 ms when the cue and target were in the
ipsilateral hemifields ("valid trials") than when the cue and target were in the con-
tralateral lields ("invalidtrials"). Figure4.5 (toppanels) shows the ERP response of

lilll
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Almost no studies find inhibition ofreturn after covert shifts of attention in the

first 3 months, and some studies have reported inhibition of return around
4 months of age. Infants show inhibition of return followiug overt localization
shifts from the newborn age. That is, if an overt lixation shifts from a centralloca-
tion to a peripheral location and then back to the central location, there is a lower
probability of shifting back to the same location in the presence of bilateral tar-
gets aud the shifts to that same location take longer to occur (Simion, Valenza,
Umilta, & Barba, 1995; Valenza, Simian, & Umilta, 1994; however, see also
Clohessy, Posner, Rothbart, & Vecera, 1991). In the spatial cueing procedure
where an overt shift of fixation does not occur, infants at 2 and 3 months of age do
not show inhibition of return, whereas infants at 4 months of age and beyond do
(Butcher et aI., 1999; Clohessy et aI., 1991; Hood, 1993, 1995;Hood & Atkinson,
1991; Johnson et aI., ]991; Johnson & Tucker, 1996; Richards, 2000d,e, 200Ia).
These findings imply that the mechanism for inhibiting the return of attention to
the receutly attended location might exist at birth but that the infants do not show
covert shifts of attention in the spatial cueing procedure that would result in facil-
itation or inhibition of return.

Facilitation and inhibition of return in the spatial cueing paradigm have been
explained in neurophysiological terms by those studying adults and those studying
infants. Inhibition of return is thought to be mediated by the superiorcolliculus
(Rafal, 1998). Overt fixation shifts, or merely planning to make an eye move-
ment, activate pathways in the snperior colliculus and inhibition of return results
after that activation. The neurodevelopmental approach would approve this expla-
nation, because the pathways governing eye movements that involve the superior
collicu]us are mature at birth (Hood, 1993,iI995; Johnson, 1990, 1995; Richards
& Hunter, 1998; Simion et al., 1995;Valenzaet aI., 1994).Thus, newborn infants
should and do show inhibition of return after overt eye movements. Covert ori-
enting or covert shifting of atteutiou cau result in inhibitiou of return when the
participant shifts attention, activates the pathways of the superior collicu]us, but
inhibits the final motor pathway for the saccade. Such enhancement and inhibi-
tion is hypothesized to be controlled by a "posterior attention network" (Posner,
1995; Posner & Petersen, 1990). This network includes the parietal cortex,
regions of the thalamus projecting to the parietal cortex (e.g. pulvinar), frontal
eye lields, and the superior colliculus. The changes in shifts of covert attention
must therefore be due to changes in cortical areas involved in the posterior atten-
tion network, particnlarly cortical areas snch as the parietal cortex and the frontal
eye fields (Hood, 1993, 1995; Johnson et aI., 1991, 1998; Johnson & Tucker,
1996).

I have begun to study the development of cortical involvement in covert ori-
enting using direct measures of brain activity (Richards, 2000d, 200Ia,b,c). In one
of these studies, infants were tested in the spatia] cueing procedure (see Fig. 4.4).
The goal of this study was to examine the "PI validity effect" in young infants.
The "PI" is an ERP component that consists of a large positive deflection in EEG
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Figure 4.5. Top: ERP responses on the contralatem] occipital electrode to the peripheral ,timulus

onset when it was presented as a target. The responses ,ue presented separately for the three testing
ages. and separately for the valid (solid line). invalid (small dashes), and no-cue control (long dashes)

trials. The data are presented as the difference from the ERP on the no-stimulus cnntrol trial.
The approximate locations of the PI and N] compunents are identified on each figure.

Bottom: Topngmphical scalp potentia] map' fnr the P I effect for the three t"ting ages. These maps

plot the difference between the valid ,md ,;o-coe control trials forthe peak potential occurring between
50 and 200 ms after peripheral stimulus onset, which on the average occurred about 135 ms after

peripheral stimulus o'"et (from Richm-ds, 2000d, Localizing the development of covert attention in
infants using scalp event-related potentials. Developmental Psychology. 36. 91-]08. Copyright@2000

by the American Psychnlogica] A"ochuion. Rep,-inted with permission.)
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the contralateral occipital electrode for the ipsilateral, contralateral, and no-cue
control trials plotted separately for 14-, 20-, and 26-week-old infants (Richards,
2000d). The validity effect on this positive ERP component did not occur (or was
very small) in the 14-week-old infants, occurred at larger levels in the 20-week-
old infants, and was at its largest in the 26-week-old infants. The topographical
maps shown in Fig. 4.5 (bottom panels) show that this effect was localized to the
contralateral occipital area for the oldest infants, showed a wider spread over the
cortex for the 20-week-olds, and was very small for the youngest infants. The
results from this study indicate that infants were shifting attention to the cued
location covertly and that this early sensory-perceptual gating occurs in infant
attention as it does in adult attention.

The findings from this study shed some light on the development of covert
attention and orienting in young infants. There was an interesting developmental
dissociation in this study between the facilitation effect that occurred at all three
ages, the inhibition of return effect that gradually increased over the three testing
ages, and the increasing amplitnde of the PI validity effect over the three test-
ing ages. It suggests that the infants at the youngest testing ages (i.e. 3 months)
might show covert orienting to the exogenous peripheral target, but that this ori-
enting occurs as a result of reflexive saccadic programming rather than a shift of
attention (Hillyard et aI., 1995; Hopfinger & Mangnn, 1998).Alternatively, at 4.5
and 6 months of age the infants were shifting attention appropriately, resulting in
facilitation, inhibition of retnrn, and the PI validity effect. The direct measure-
ment of brain activity afforded by the ERP results supports the neurodevelop-
mental models that suggest that there is an increasing involvement in this age
range of cortical attention areas that affect infant attentive behaviour.

SACCADE PLANNING

Primates have several types of eye movements that have been shown to be con-
trolled by specific areas of the brain. Twoof these in particular,reflexive saccades
and voluntary saccades, have been examined in neurodevelopmental models and
empirical studies of infant visual attention. The neural basis of these two types of
eye movements has been outlined by Schiller (1985,1998). "Rellexive saccades"
are eye movements that occur in response to the sudden onset of peripheral stim-
uli. These eye movements are controlled by several subcortical neural areas
(retina, lateral geniculate nucleus, superior colliculus) and perhaps by the primary
visual area. "Voluntary saccades" are eye movements that are under voluntary
control and are affected by attention. Consistent with their voluntary nature and
the role of attention in these eye movements, there are several areas of the cortex
that affect these eye movements. Of particular interest are the parietal cortex and
frontal eye fields. Johnson's neurodevelopmental model (Johnson, 1990, 1995;
Johnson et aI., 1991, 1998) emphasizes the role of the primary visual cortex
in delaying these attention-directed eye movements until the fourth or fifth
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post-natal month. Thus, it can be predicted that reflexive saccades occur predom-
inantly (exclusively?) in the tirst few postnatal months followed by the onset of
voluntary eye movements by about the fourth or tifth postnatal months.

Saccade planning has been studied in non-human primates and human adults.
For example, when monkeys are trained to make a saccadic eye movement from
a tixation point to a target in a location to which attention has been directed,
activity in the frontal eye fields (and sensorimotor eye tields) precedes the eye
movements (Boch & Goldberg, 1989; Bruce & Goldberg, 1984, 1985; Hanes &
Schall, 1996; Hanes, Thompson, & Schall, 1995; Schall, 199Ia,b, 1995;Schall &
Hanes, 1993; Schall, Hanes, Thompson, & King, 1995). In human adults, corti-
cal influence on saccade planning has been studied with EEG occnrring in
advance of the saccadic eye movement, "presaccadic ERP". This activity includes
an early negativity occurring np to Is prior to saccade onset, a positive compo-
nent occurring 3D-300ms prior to saccade onset, and a "spike potential" occur-
ring jnst prior to saccade onset (Balaban & Weinstein, 1985; Becker, Hoehne,
Iwase, & Kornhuber, 1973; Csibra, Johnson, & Tucker, 1997; Kurtzberg &
Vaughan, 1980, 1982; Moster & Goldberg, 1990; Weinstein, Balaban, & Ver
Hoeve, 1991). Several of these presaccadie ERP components differ when adults
make voluntary eye movements to targeted locations from when adults make
rellexive saccades to unexpected peripheral targets.

A number of recent studies have examined these presaccadic ERP changes in
infants. An interesting series of studies is that of Csibra, Johnson, and Tucker
(Csibra et aI., 1997; Csibra, Tucker, & Johnson, 1998; Csibra, Tncker, Volein,&
Johnson, 2000), who used a procedure in 6-month-old infants, 12-month-old
infants, and adults in which a cue in an unexpected peripheral location was pre-
sented. The infants and adults showedthe typical "gap effect" in which a fixation-
target temporal gap resulted in shorter saccadic reaction time than did a
fixation-target pair that overlapped. The presaccadic ERP in these studies was
recordedwith 64 channels. Figure 4.6 (toppanel) showsthe presaccadicERP at the
pz electrode for the participants at different ages. There was a clear spike potential
for the adults, a smaller one for the 12-month-olds, and no spike potential for the
youngest infants. The topographical potential maps for the 12-month-olds and
adults are shown in Fig. 4.6 (bottom panels). A clear spike potential is distributed
primarily contralateral to the eye movement over the parietal area. The presumed
origin of the spike potential is the parietal cortex and these results suggest that sac-
cade planning by this area is developingthroughout the early part of childhood.

I have fonnd in three studies some provocative results for 3- to 6-month-
old infants making eye movements to an expected location (Richards, 2000d,
200la,b). These studies involved the spatial cueing procedure (see Fig. 4.4) in
which a cue predicted the upcoming target location, did not predict the location,
or no cue occurred. I argued that in the case of the cue predieting the target loca-
tion, the infant could "plan" to make a saccade to the location in which the cue
occurred (Richards, 200Ic). Alternatively, if a target occurred in an unexpected
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Figure 4.7. TheERPresponses for 4 of 40 electrode ]Dc»tions. The presaccadic ERP for F4 and
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presacc»dic positive ERP compoaent that occurred »bout 300ms before saccade ooset for the
cued-exogenous and endog"ous ""cades (PSP300) (from Richards. 200 Ih. C",tic»] iadices of
saccadep]anniag followiag cowt orienting in 20-week-o]d iafa,ns. Infancy. 2, ]35-157. Reprinted
with permissiDa of Lawrence Erlbaum Associates.)
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infants and adults. Top, The ERP at the p, electrode immediately preceding the sa",;de to the
target. Bottom, Topographica] potentia] map for the spike putential in ]2-month-o]d infaots and in
adults (f,um Csibm et ai., 2000).
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location (i.e. contralateral to the cue, or no cue occurred) then the infant must

make a reflexive saccade. The ERP that occurred immediately before the infant

made a saccade to the target was recorded. Figure 4.7 shows the ERP changes for
4 of 40 electrode sites aud Fig. 4.8 shows topographical maps at about 50 and

300ms preceding saccade onset. On the trials in which the cue predicted the loca-

tion of the target, there was a large positive presaccadic potential that occurred

about SOms before the saccade occurred (Fig. 4.7, top panels). This ERP compo-
nent occurred primarily over the frontal areas (Fig. 4.8, left figure). For trials on

which there was no target and the infant made an eye movement, or for which the

target appeared in a location that was unexpected given the cued location, this
presaccadic ERP component did not occur. Alternatively, on the trials on which

the infant made a saccadeto the location predicted by the target whether the tar-

get was there or not, there was a positive potential occurring over the parietal cor-

tex (Fig. 4.8, right ligure), compared with eye movements to targets occurring in
unexpected locations (Fig. 4.7, bottom panels). These results suggest that the

infant first plans to make a saccade to an expected peripheral location (parietal
cortex), uses the expected target to guide the planned saccade (frontal cortex), and
then makes the saccade.

The results from one of these studies (Richards, 2001a) and from recently
collected data with 128 electrodes were used to identify the area of the cortex

-5~V

II
Figure 4.8. Topographical scalp potentia] maps fm the PSP50 and PSP300 components for
the diffe"n" between the cued-exogenous and the combined endogenous and cued-exogenous

saccades (left) ""d for the difference between the combined cued-exogenous and endogenous, and
the cued-exogenous saccad" (right). The maps we" plotted as if the infant were making a saccade

towards the left side (from Richards, 2001b, Cortical indices of saccade planning following covert

orienting in 20-week-old infants.ln/,ra,y, 2, ]35-157. Reprinted with permission of Lawrence
Er]b,mm Associates.)
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involved in this presaccadicactivity (Richards,200Ib). "Equivalentcurrent
dipole analysis" ("brain electrical source analysis"; Huizenga & Molenaar, 1994;
Nunez, 1990; Scherg, 1990, 1992; Scherg & Picton, 1991; see also Chapter 2)
hypothesizes specific locations for a neural generator of the recorded ERP activ-
ity and compares the activity generated on the scalp by the hypothesized dipole
with the recorded cortical potentials. Plate 3 (top left figure) shows the topo-
graphical scalp potential map for presaccadic ERP potential occurring about
50 ms before the saccade to the expected location (i.e. Fig. 4.7 top panels;
Fig. 4.8, left panel). A current dipole located in the area of the frontal eye fields
(Plate 3 bottom ligures) was used to generate a topographical map of this effect
(Plate 3 top right figure). The hypothesized cortical dipole generated a scalp
potential map that closely mapped the recorded ERP. This analysis is consistent
with the interpretation that the eye movements to the target in the planned loca-
tion involve cortical areas that control planned eye movements. These results also
show that the brain areas controlling planned saccades can be measured directly
with scalp-recorded ERPs.

without topographical methods or cortical source analysis. Such enhanced
resolution, along with quantitative techniques, will allow the identification of spe-
cific scalp sites or spatiotemporal localizing of such effects. Perhaps the brightest
light on this horizon is the ability to pinpoint specific areas of the cortex that gen-
erate the scalp-recorded EEG/ERP with equivalent current dipole analysis or
associated cortical source techniques. The study reported in this chapter identify-
ing the trontal eye fields as the likely source for the presaccadic ERP effects in
infant planned saccades is such an example. This is particularly critical for infants
and very young children for whom other neuroimaging techniques are still not
feasible (see Chapter 2). Such techniques should lead to a better understanding of
the relation between brain development and the development of visual attention
in infants and children.
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1. Developmentalchangesin attentionare causedby changesinthe brain.
2. Infantrecognitionmemorydevelopmentparallelsbrain-attentiondevelopment.
3. Neurodevelopment bases of covert orienting and eye movement planning

can be examined directly in young infants.
4. New techniques in recording and quantification of EEG and ERP will result

in more studies using direct methods of brain measurement in the study of
attention development.
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CHAPTER FIVE

A cognitive neuroscience perspective
on early memory development
Charles A. Nelson
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INTRODUCTION

It is difficult to date a historical interest in memory development. Clearly Freud
was enamoured by the topic, as it lay at the route of his speculation that early life
experiences have a profound and central role in many aspects of one's day-to-day
adult life (Freud, 1965). Indeed, many attribute to Freud the notion that we fail to
remember the events that transpire during our first few years of life (the concept
of infantile amnesia) because we repress these early memories. Although such
speculation was then, and remains, without empirical support, this view of early
memory continues to dominate some schools of psychoanalytic thought and psy-
chotherapeutic practice (e.g. it is behind the movement to help patients "recover"
early childhood memories). Further, it has weaved its way into some contempo-
rary views of attachment theory (e.g. the concept of inner working models,
whereby infants develop a mental representation of their attachment relationship
with their primary caretaker; see Bowlby, 1969).

Although clinically relevant, approaching how memory develops by studying
how (and why) early memories are forgotten might not be the most fruitful
avenue to pursue with regard to how early memories are formed and stored. For
this reason, several investigators have formulated more developmentally oriented
and/or sensitive approaches to the concept of infantile amnesia and early memory
development. For example, Howe and Courage (1993, 1997) argue that the fail-
ure to recall the events from our infancy is not due to encoding or retrieval errors,
or indeed any fundamental innnaturity in the memory system per se; rather, they
argue that the infant lacks what they refer to as the "cognitive self". With the
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