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Infant Visual Attention and Object Recognition
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Abstract

This paper explores the role visual attention plays in the recognition of objects in infancy.
Research and theory on the development of infant attention and recognition memory are reviewed
in three major sections. The first section reviews some of the major findings and theory emerging
from a rich tradition of behavioral research utilizing preferential looking tasks to examine visual
attention and recognition memory in infancy. The second section examines research utilizing
neural measures of attention and object recognition in infancy as well as research on brain-
behavior relations in the early development of attention and recognition memory. The third section
addresses potential areas of the brain involved in infant object recognition and visual attention. An
integrated synthesis of some of the existing models of the development of visual attention is
presented which may account for the observed changes in behavioral and neural measures of
visual attention and object recognition that occur across infancy.

Keywords
infancy; object recognition; visual attention; event-related potentials

The ability to selectively attend to objects or events in the environment shows significant
development in infancy. This ability is a critical component of early cognitive functioning
for the human infant and remains so throughout the lifespan. Attention is strongly related to
recognition memory, another core cognitive function which is present at birth in the human
infant but shows significant development throughout the infancy period (Courage & Howe,
2004; Rose & Feldman, 1997; Rose, Feldman, & Jankowski, 2004). Together these two
functions account for the human infant’s responsiveness to novelty which researchers have
capitalized on for decades to gain a window into the perceptual and cognitive capabilities of
the non-verbal human infant. In the current paper, some of the major findings and theory on
infant attention and memory which emerged from this line of research are reviewed,
followed by a review of research on neural correlates of attention and object recognition in
infancy, and theory on brain-behavior relations in the development of attention and
recognition memory. The influence of individual differences in infant visual attention on
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object recognition is also discussed. The neuroanatomical basis of recognition memory is
then explored followed by a section describing the development of attention systems in the
brain (Reynolds, Courage, & Richards, 2013; Richards, 2001, 2008, 2010). These attention
systems are associated with significant changes in stimulus processing which occur with
increasing age and strongly influence recognition memory for objects and events.

Preferential Looking, Visual Attention, and Recognition Memory in Infancy

Developmental scientists have historically been interested in infant looking behavior
because it provides a window into the perceptual and cognitive world of the non-verbal
human infant. Being among the most altricial species, the human infant is generally
incapable of complex behavior and is highly limited in range of responsiveness to
environmental events. However, even in the newborn period, infants are capable of
demonstrating selective attention and preferential looking for very brief periods (Fantz,
1963; Gibson, 1988; Rose, Feldman & Jankowski, 2004); and infants experience rapid gains
in the voluntary control and maintenance of visual attention across the first postnatal year
(for reviews, Colombo, 2001; Reynolds, Courage, & Richards, 2013). Much of the research
on preferential looking has focused on responsiveness to novelty, a defining feature of infant
recognition memory (Rose et al., 2004). The use of novelty preferences as an index of
recognition memory in infant participants grew out of Fantz’s revolutionary studies using a
preferential looking task first with chimpanzee infants (Fantz, 1956) and later with human
infants (Fantz, 1964).

In his groundbreaking study published in 1964, Fantz presented 2- to 6-month-old infants
with repeated pairings of photographs from magazines. One photograph was shown
repeatedly to the infant for 10 presentations, but for each of the 10 presentations, this
“constant” stimulus was paired with a novel photograph. Fantz found that with repeated
presentations, the infants looked progressively longer toward the novel stimuli relative to the
familiar (i.e., constant) stimulus. Based on this finding, he concluded that visual experience
can be retained for at least a very brief period of time for infants over 2 months of age. This
approach of presenting infants with a simultaneous pairing of two visual stimuli to the left
and right of midline and measuring their preferential looking was modified by Fagan (1970)
to include an initial familiarization phase, and is now referred to as the visual paired
comparison (VPC) procedure. The majority of what we know about recognition memory in
infancy has come from research utilizing some variant of this procedure.

The use of preferential looking as a measure of recognition memory requires a certain set of
inferences to be made regarding what each of the possible preferences (novelty, familiarity,
null) represents. The most common assumption made regarding these visual preferences is
based on Sokolov’s (1963) comparator model in which he proposed that during looking,
infants are actively constructing a mental representation (i.e., engram) of the fixated
stimulus. If the stimulus matches an existing engram, then further looking or encoding is
unnecessary and the infant will shift fixation to a different stimulus. A novelty preference is
thus assumed to reflect recognition of a fully processed familiar stimulus. Longer looking
toward the familiar stimulus (i.e., a familiarity preference) is assumed to reflect further
encoding of stimulus that has not been fully processed. Null preferences (equal looking to
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each stimulus) are believed to reflect a lack of prior processing of either stimulus or
equivalent levels of processing of each stimulus. Hunter and Ames (1988) proposed that
infant visual preferences are influenced by multiple factors, including: the age of the infant,
the amount of previous exposure to the stimuli, and task difficulty. Similar to Sokolov’s
(1963) model, the infant would be expected to look longer toward a repeated (i.e., familiar)
stimulus compared to novel stimuli until he/she has completely processed the familiar
stimulus. Once the infant has no new information to extract from the familiar stimulus, the
familiarity preference would be expected to shift to a novelty preference.

Studies in which length of familiarization was manipulated across and within age groups
provide support for these inferences (e.g., Freeseman, Colombo, & Coldren, 1993; Rose,
Gottfried, Mellow-Carminar, & Bridger, 1982). For example, Rose and colleagues (1982)
found that with 30 s of familiarization with an object, 3.5-month-old infants demonstrated
preferences for the familiar object during the VPC task. However, 4.5- and 6.5-month-olds
showed novelty preferences with 30 s of exposure during familiarization. Furthermore, 6.5-
month -olds allowed to accumulate 5 s of looking during familiarization with an object,
subsequently demonstrated familiarity preferences in a VPC task; however, infants of the
same age allowed to accumulate 15 s or longer of looking during familiarization
demonstrated novelty preferences. These findings and others (e.g., Colombo, Mitchell, &
Horowitz, 1988; Fagan, 1974; Freeseman, Colombo, & Coldren, 1993; Richards, 1997; Rose
et al., 1982) demonstrate that longer familiarization leads to greater evidence of object
recognition in infants; and with increasing age, infants require less exposure during
familiarization to subsequently recognize an object. Additionally, Diamond (1990) found
that with increasing age infants demonstrate evidence of recognition memory following
longer delays between familiarization and testing. Four-month-old infants recognize stimuli
with up to 10 s delays between testing, whereas 6-month-olds and 9-month-olds show
evidence of recognition with up to 1 and 10 min of delays, respectively.

It should be clear based on this review of behavioral work in the area that visual attention
and recognition memory are tightly, perhaps inseparably, coupled in research utilizing visual
preference tasks with infant participants. Recognition memory is inferred based on the
distribution of infant visual attention during testing. Two forms of attention, selective
attention and sustained attention, are clearly involved in recognition memory tasks. Selective
attention involves the selection of a specific object or spatial location as the focus of
attention. This process is influenced by both external and internal factors, such as stimulus
salience and the child’s goals, respectively (Nelson and Dukette, 1998). Sustained attention
refers to the extended selective engagement of a behavioral or neural system that primarily
enhances information processing in that system (e.g., Richards, 1997, 2003). For example,
novel objects often elicit stimulus orienting (i.e., selective attention) followed by sustained
attention as the infant continues to maintain visual attention toward the stimulus. Areas of
the brain controlling arousal and state are involved in sustained attention (see, Richards
2008, 2010), and thus sustained attention is associated with several state-related changes that
occur during periods of attention. These include behavioral changes, such as motor quieting
and resistance to peripheral distracters. Thus, in the VPC task, continued looking toward the
preferred stimulus in the presence of the non-preferred stimulus is a component of sustained
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attention. The duration of periods of sustained attention increases significantly throughout
infancy (Reynolds & Richards, 2008; Ruff & Capozzolli, 2003).

Sustained attention is also associated with state-related physiological changes, most notably
changes in heart rate that occur during infant attention. Richards and colleagues (e.g.,
Richards & Casey, 1991) identified the heart rate phases of attention, which correspond to
different levels of attentional engagement that occur during the course of a single look (for
review, Reynolds & Richards, 2008). The most relevant of these phases for attention are:
stimulus orienting, sustained attention, and attention termination. Stimulus orienting is
characterized by a large heart rate deceleration indicating the onset of attentional
engagement. Sustained attention is characterized by a maintained decrease in heart rate
below prestimulus levels. This is the phase of attention when the infant is actively engaged
with the stimulus and the majority of information processing occurs. Infants require less
time to process and subsequently recognize a stimulus if exposure occurs during sustained
attention than if exposure occurs during other heart rate phases (Frick and Richards, 2001;
Richards, 1997). Attention termination is characterized a return of heart rate to prestimulus
levels with continued looking toward the stimulus. During this phase, the infant is no longer
actively engaged in attention toward the stimulus. Infants do not demonstrate evidence of
recognition memory for a visual stimulus if initial exposure occurs during attention
termination (Richards, 1997). Thus, performance on recognition tasks involves both
selective and sustained attention. Furthermore, state-related changes involved in attention
and related to recognition memory can be measured at both the behavioral and
psychophysiological level with infant participants. Table 1 shows developmental findings
from both behavioral and electrophysiological research on visual attention and recognition
memory across the infancy period. The potential timing of functional onset of neural
systems believed to be involved in infant visual attention and recognition memory is also
shown in Table 1 and discussed below.

Neural Measures of Visual Attention and Object Recognition in Infancy

Similar to preferential looking tasks, the event-related potential (ERP) technique has been
used as a window into perceptual and cognitive processes in human infants (for review, de
Haan, 2007). ERPs are voltage oscillations recorded in the electroencephalogram (EEG)
which are time-locked with an event of interest (Fabiani, Gratton, & Coles, 2000; Picton,
Bentin, Berg, Donchin, Hillyard, Johnson, Miller, Ritter, Ruchkin, Rugg, & Taylor, 2000).
ERPs are averaged across trials by condition to increase the signal-to-noise ratio, which is
inherently low in EEG. ERPs most likely reflect the summation of post-synaptic potentials
produced by synchronous activation of large populations of neurons in response to the event
of interest. Because the sampling rate of EEG systems is typically very high (e.g., 250 —
1000 Hz), the strength of the ERP technique lies in the high temporal resolution of ERP
data. Within a 1 to 2 s time window, multiple ERP components associated with different
stages of perceptual and cognitive processing can be identified in the averaged ERP
waveform. This makes the ERP approach ideal for examining relations between attention
and memory.
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ERP components are typically defined by their morphological characteristics in the ERP
waveform (e.g., latency to peak, duration, polarity, and topographical distribution), and
perhaps more importantly, by their functional significance. To establish the functional
significance of ERP components, experimental effects are typically analyzed across
conditions by examining peak amplitude, mean amplitude, or latency to peak in the averaged
ERP waveform at specific electrode sites within specific time windows that correspond with
the component of interest. As discussed in the section that follows, research utilizing this
approach has demonstrated that the Negative central (Nc) and the Late Slow Wave (LSW)
ERP components are particularly relevant for infant attention and recognition memory,
respectively. Figure 1 displays averaged waveforms from 6- and 7.5-month-old infants in
response to familiar and novel objects. The Nc and LSW components are indicated on the
waveforms on the right, and the topographical distribution of the electrode locations from
which these averaged waveforms were recorded are shown on the left on the layout of the
Electrical Geodesics Inc., (Eugene, Oregon) 128-channel recording system.

The Nc ERP component has been proposed to provide an index of amount of infant
attentional engagement because it is often found to be greater in amplitude to novel or
infrequent stimuli in comparison to familiar or frequent stimuli (e.g., Carver, Bauer, &
Nelson, 2000; Courchesne, 1977; Courchesne, Ganz, & Norcia, 1981; de Haan & Nelson,
1997, 1999; Karrer & Ackles, 1987; 1988; Karrer & Monti, 1995; Nikkel & Karrer, 1994;
Reynolds & Richards, 2005, 2009; Webb, Long, & Nelson, 2005). As shown in Figure 1, the
Nc ERP component is a negatively polarized deflection in the waveform typically located at
midline frontal and central electrodes (e.g., FrontalZ and CentralZ electrode clusters) with a
peak latency usually occurring between 350 and 750 ms following stimulus onset. The Nc
can be measured throughout infancy, but the latency to peak of Nc decreases from about
1000 ms in newborns (Nelson, 1996) to about 400 ms in one year olds (Nelson and
deRegnier, 1992; Parker & Nelson, 2005). In contrast, Nc amplitude has been found to
increase across the infancy period (Richards, 2003; Reynolds, Courage, & Richards, 2010)
and then decrease in early childhood (Parker & Nelson, 2005).

The LSW is commonly found at frontal, central, and temporal electrodes (see Figure 1). The
LSW typically occurs from 1 to 2 s following stimulus onset and can be either positive or
negative in polarity depending on several factors including stimulus type, amount of prior
exposure, and electrode location. Because the polarity of the LSW has been found to vary
based on several factors, it can problematic to make specific predictions regarding
directional effects on the amplitude and polarity of the LSW (de Haan, 2007). However,
significant changes in the amplitude of the LSW are routinely observed across repeated
stimulus presentations or with increased familiarity. Thus, the LSW is believed to be
associated with stimulus encoding and infant recognition memory (de Haan & Nelson, 1999;
Reynolds, Guy, & Zhang, 2011; Nelson & Collins, 1991; Nelson & Collins, 1992; Snyder,
2010; Snyder, Webb, & Nelson, 2002; Snyder et al., 2010; Webb, Long, & Nelson, 2005;
Wiebe et al., 2006). From 4 to 12 months, infants become increasingly more likely to
demonstrate LSW correlates of recognition of a fully processed stimulus in response to
previously encountered stimuli (Nelson & Collins, 1992; Nelson & deRegnier, 1992;
Reynolds & Richards, 2011). Beyond 6 months of age, infants are more likely to
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demonstrate differential LSW to familiar stimuli based on frequency of presentation (Nelson
& Collins, 1992; Reynolds & Richards, 2005).

Although the majority of studies in this area of work have used faces as stimuli, several
studies have examined infant attention and recognition memory for objects using ERPs. For
example, de Haan and Nelson (1999) compared 6-month-old infants ERPs to highly familiar
faces compared to novel faces in one experiment and highly familiar objects compared to
novel objects in a second experiment. The highly familiar stimulus was a picture of the
infant’s mother in the face condition and a picture of the infant’s favorite toy in the object
condition. In both conditions, infants showed greater amplitude Nc to the familiar stimulus
than to the novel stimuli. This finding was highly informative regarding the functional
significance of the Nc component. Earlier work familiarizing infants with previously novel
stimuli in the lab had shown that Nc is greater in amplitude to novel than familiar stimuli
(Courchesne, 1977, 1983; Courchesne et al, 1981). Interestingly, Carver, Meltzoff, &
Dawson (2006) found a similar familiarity effect on Nc in their study when using 2-D
images of a familiar toy compared to novel toys. Because an infant’s mother or favorite toy
are both highly familiar but arguably very salient, attention-getting stimuli; the findings of
greater amplitude Nc to familiar stimuli in this study indicate that Nc reflects level of
attentional engagement as opposed to novelty detection. In support of this possibility,
Reynolds and colleagues (2010) integrated VPCs into an ERP procedure and found that
infants demonstrate greater amplitude Nc to their preferred stimulus regardless of novelty or
familiarity.

The results of de Haan and Nelson’s (1995) analysis of the LSW went in the opposite
direction of the findings of their Nc analysis with infants showing greater amplitude LSWs
at midline and temporal electrodes to novel stimuli in both the faces and objects conditions.
Because the LSW is associated stimulus encoding, this finding clearly indicates that the
infants recognized both the familiar objects and familiar faces during testing. However,
because the familiar stimuli used in the study were the mother’s faces and the favorite toy,
the greater attention toward familiar stimuli indexed by greater amplitude Nc would be
expected. Taken together, these findings demonstrate the utility of the ERP technique for
examining multiple component processes involved in cognitive processing which may occur
in a matter of 1 to 2 s. Using preferential looking measures, any novelty effects related to
encoding the novel stimulus may have been masked by strong visual preferences for the
mother’s face or the favorite toy.

Snyder and colleagues (Snyder, Garza, Zolot, & Kresse, 2010) investigated potential neural
mechanisms underlying the LSW and infant recognition memory. Six-month-old infants
were tested in a procedure which allowed for the analysis of recency and familiarity effects.
Infants were shown pictures of highly familiar objects and novel objects. Each familiar and
novel object was repeated once during testing. The results indicated recency effects for the
LSW with infants showing reduced amplitude from the first to second presentation of a
stimulus regardless of novelty or familiarity. The Nc demonstrated familiarity effects and
recency effects for familiar stimuli. Nc amplitude was greater to familiar than novel stimuli,
and Nc reduced in amplitude from the first to the second presentation of the familiar stimuli.
The authors interpreted the recency effect in the LSW as potentially reflecting reduced
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neural firing of recency neurons in the medial temporal lobe to previously encountered
stimuli similar to the “repetition suppression” documented in work with nonhuman primates
(Baylis & Rolls, 1987; Fahy et al., 1993; Li et al., 1993; Miller, Li, & Desimone, 1991;
Xiang & Brown, 1998). The Nc effects were interpreted as reflecting amount of attentional
engagement (Courchesne et al., 1981, Reynolds & Richards, 2005; Richards, 2003).

Reynolds, Guy, and Zhang (2011) examined the impact of individual differences in infant
visual attention on object recognition. Infants of 6 and 7.5 months of age were tested in a
procedure in which they were familiarized with a single object, and then shown the familiar
object on 50% of the ERP trials, and novel objects on the other 50% of trials. Look duration
during familiarization was used to determine each participant’s “looker type” as an index of
individual differences in infant visual attention. Colombo and colleagues (Colombo, 1993;
Colombo & Mitchell, 1990; Colombo, Mitchell, Coldren, & Freeseman, 1991; Colombo,
Mitchell, & Horowitz, 1988) have shown that infants who demonstrate brief visual fixations
(i.e., short lookers) during familiarization are more likely to demonstrate evidence of
recognition memory during subsequent stimulus exposure than infants who demonstrate
long visual fixations (i.e., long lookers). Reynolds, Guy, and Zhang (2011) reported that
short-looking infants demonstrated significantly greater amplitude LSWs to novel compared
to familiar stimuli indicative of recognition memory for the familiar object (see Figure 2).
These memory effects occurred at both frontal and temporal electrodes for short lookers. No
differences in LSW amplitude were found based on stimulus type for long-looking infants.

Taken together, these findings suggest that the short-lookers fully processed the familiar
stimulus with 20 s of exposure whereas the long lookers showed no evidence of recognition
of the familiar object. The findings also indicate that individual differences in visual
attention influence recognition memory in infancy. However, because no differences were
found between the looker type groups in the Nc component, the enhanced recognition of the
familiar objects for the short-looking infants does not appear to be due to greater attentional
engagement. Instead of simply being more attentive, short-looking infants may utilize more
efficient visual processing strategies when encoding novel stimuli than long-looking infants.

To explore this possibility, Guy, Reynolds, & Zhang (2013) utilized hierarchical patterns to
examine global and local processing in 6-month-olds. Short- and long-looking infants were
familiarized with a hierarchical pattern. Hierarchical patterns are patterns in which larger
figures are composed of an arrangement of smaller figures. The larger figures are considered
higher-level units of information and the smaller figures are considered lower-level units
(Kimchi, 1992). The hierarchical patterns used consisted of a group of white, uppercase
letters (i.e., local elements) arranged in a configuration that formed a larger pattern against a
black background (i.e., global pattern). Following familiarization, infants were shown
repeated presentations of the familiar pattern, novel-global patterns, and novel-local
patterns. The novel-global patterns differed from the familiar pattern in overall shape but the
pattern was composed of the same local elements (letters) as the familiar. The novel-local
pattern was the same overall shape as the familiar pattern but the letters that composed the
shape (local elements) were changed.
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The results indicated that short- and long-looking infants utilize different processing
strategies when encoding novel stimuli into memory. As can be seen in Figure 3, Short-
lookers demonstrated significant differences in LSW amplitude to novel-global stimuli in
comparison to familiar stimuli. In contrast, long-lookers demonstrated significant
differences in LSW amplitude to novel-local stimuli in comparison to familiar stimuli. These
findings indicate that short-lookers demonstrate a global-precedence effect, processing
global properties of patterns (and possibly objects) prior to processing the local elements or
fine details. In contrast, long-lookers process local elements prior to processing global
properties. The global-precedence effect is characteristic of a mature and efficient visual
processing strategy (Kimchi, 1992), and these differences in processing strategy would
explain the long-lookers inability to fully process the more complex objects used as stimuli
by Reynolds and colleagues (2011). Although these two sets of findings (Guy et al., 2013;
Reynolds et al., 2011) indicate that an infant’s attentional style influences early recognition
memory, because infants in these studies were familiarized with the repeated stimulus in a
familiarization phase prior to the ERP testing the findings do not provide insight into exactly
how attention influences stimulus encoding and subsequent recognition memory.

The influence of attention on stimulus encoding and recognition memory has been examined
using heart rate as a psychophysiological index of infant attention during ERP tasks
(Reynolds et al., 2005, 2010, 2011; Richards, 2003). Changes in HR throughout ERP testing
were used to separate trials in which infants were deeply engaged in sustained attention
(during looking paired with significant heart rate decelerations) from trials in which infants
were inattentive and heart rate was at or above baseline levels (e.g., Casey & Richards,
1988; Richards, 1997; Richards & Casey, 1991; see review, Reynolds & Richards, 2008). In
two of these studies, the authors (Reynolds et al., 2010, 2011) used a visual preference —
ERP (VP - ERP) task with repeated VPC trials embedded in an ERP procedure. This was
done in order to examine the progression of infant visual preferences and neural
responsiveness in real-time during the process of encoding. Behavioral, HR, and ERP
responses to familiar and novel or repeated and non-repeated stimuli were measured from
infants of 4.5, 6, and 7.5 months of age.

Several findings from these studies provide insight into the influence of attention on
stimulus encoding and subsequent recognition memory. First, differences in Nc amplitude
were found based on attention (as measured with HR). Providing support for the possibility
that Nc represents attentional engagement, Nc was greater in amplitude during attention than
during inattention (Reynolds et al., 2010, 2011; Richards, 2003). Second, regardless of
novelty or familiarity, infants demonstrated greater amplitude Nc to the stimulus they
showed a visual preference for on VPC trials (Reynolds et al., 2010). Third, as shown in
Figure 4, infants demonstrated significant differences in LSW amplitude based on stimulus
type (i.e., familiar compared to novel, repeated compared to non-repeated) on attentive trials
(as defined by HR). In contrast, no differences were found in LSW amplitude based on
stimulus type on inattentive trials (Reynolds & Richards, 2005, 2011). Additionally, the
LSW was greater in amplitude during attention than during inattention (Reynolds &
Richards, 2005).
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The results of these studies demonstrate strong relations between infant attention during
stimulus encoding and recognition memory, and these findings indicate that infants are most
likely to demonstrate evidence of recognition at the neural level when behavioral and
psychophysiological measures are also indicative of sustained attention. However,
developmental cognitive neuroscientists are highly limited in neuroimaging techniques
available for use with infant participants because of practical and ethical concerns (for
further discussion, Reynolds & Richards, 2009). For example, functional magnetic
resonance imaging (fMRI) requires participants to remain very still while awake for
relatively extending periods of time in a highly confined space, and positron emission
tomography (PET) involves exposure to ionizing radiation. Thus, both of these
neuroimaging techniques are arguably inappropriate for basic research with infant
participants. Given that scalp-recorded EEG does not provide a direct measure of the
location of the underlying neural generators that contribute to the ERP components of
interest, little is currently known about the actual areas of the brain involved in attention and
recognition memory in human infants.

Neuroanatomical bases of infant visual attention and recognition memory

To date, developmental scientists have mostly relied on findings from comparative research
with nonhuman primates and neurocimaging work with adult human participants for
information regarding the neural bases of infant attention and recognition memory. This
information can be combined with findings from the behavioral and electrophysiological
work on human infants to build hypotheses regarding the contribution of specific areas of
the brain to early attention and memory. Several theoretical models relating brain
development to infant attention and recognition memory have been proposed. Most of these
models propose that the hippocampus and surrounding areas of medial temporal lobe are
associated with novelty preferences and likely play a key role in recognition memory in
infancy (e.g., de Haan, 2007; Diamond, 1990; Kaldy & Sigala, 2004; Nelson, 1995; Snyder,
2010). These proposals are largely influenced by electrophysiological recordings with
nonhuman primates and neuroimaging studies with adults indicating the presence of a
medial temporal lobe circuit involved in recognition memory processes, which includes: the
hippocampus and parahippocampal cortex; entorhinal cortex and perirhinal cortices; and
additionally the visual area TE (Begleiter, Porjesz, & Wang, 1993; Brown & Aggleton,
2001; Desimone, 1996; Eichenbaum, Yonelinas, & Ranganath, 2007; Fahy et al., 1993; Li,
Miller, & Desimone, 1993; Wan, Aggleton, & Brown, 1999; Wiggs & Martin, 1998; Xiang
& Brown, 1998; Zhu, Brown, McCabe, & Aggleton, 1995). However, some authors have
concluded that although the hippocampus and other medial temporal areas are functional in
early infancy and likely play a role in early recognition memory, this early responsiveness to
novelty may be a form of implicit or pre-explicit memory which does not mature into
explicit memory until at least 8 — 12 months of age (e.g., Nelson, 1995; Schacter, &
Moscovitch, 1984; but see, Rose et al., 2004). Thus, recognition memory may be
fundamentally different in early infancy than in later development (de Haan, 2007).

Support for this possibility and for the importance of medial temporal lobe structures for
early recognition memory comes from lesion studies with nonhuman primates. For example,
research by Bachevalier and colleagues (e.g., Bachevalier, Brickson, & Hagger, 1993;
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Pascalis & Bachevalier, 1999; Zeamer, Heuer, & Bachevalier, 2010) with infant rhesus
macaques has shown that lesions of the hippocampus and surrounding areas of medial
temporal cortex (e.g., perirhinal and parahippocampal cortical areas) disrupt novelty
preferences with even very short delays in neonate and adult macaques (Bachevalier et al.,
1993; Nemanic, Alvarado, & Bachevalier, 2004; Zola, Squire, Teng, Stefanacci, Buffalo, &
Clark, 2000). Zeamer and colleagues (2010) found that control macaques demonstrated
significant gains in recognition memory measured in VPC tasks from 1.5 to 18 months of
age. Although infant macaques with lesions limited to the hippocampus also showed
significant gains in recognition memory with increasing age and showed evidence of
recognition up to 18 months of age, the effects of delay between familiarization and VPC
testing were much more pronounced for this group after 6 months of age than controls. The
monkeys with hippocampal lesions showed more significant drops in novelty scores from 10
to 120 s of delay between familiarization and testing. However, since recognition memory
was still spared to a certain extent in these infant macaques (unlike macaques with
hippocampal lesions received in adulthood), the authors concluded that macaques utilize
other medial temporal lobe structures for recognition in the neonatal period with the
hippocampus playing an increasing role in recognition after 6 months of age. Inferotemporal
areas such as TE also likely play a more significant role in recognition memory with
increasing age (Nelson, 1995). The increasing role of these structures in recognition memory
may be associated with a transition from pre-explicit to explicit forms of recognition
memory; however, questions regarding the implicit or explicit nature of early memory are
problematic for systematic testing in nonverbal infant participants and will likely remain
unanswered.

Several models have been proposed for the development of neural systems involved in
attention (e.g., Bronson, 1974, 1997; Maurer & Lewis, 1979, 1998; Johnson, 1990, 1995;
Hood, 1995; Posner & Peterson, 1998; Reynolds, Courage, & Richards, 2013; Richards,
2008, 2010; Ruff & Rothbart, 1996). Table 1 presents a summary of key points and findings
related to some of these models. Similar to models of the neural bases of recognition
memory development, these attention models were highly influenced by comparative
research and neuroimaging studies using adult participants. Schiller’s (1985) work on
primate eye-movement systems and Posner’s model of attention systems (Posner &
Peterson, 1990) have been particularly influential in the infant literature. Three attention
systems are proposed to develop at different rates across infancy and early childhood, these
are: the reflexive system, the posterior orienting system, and the anterior attention network.
The reflexive system is believed to be the only functionally mature visual attention system
available during the newborn period (i.e., birth to approximately 2 months of age). During
this time, visual fixation and attention is primarily under the control of a reflexive system
involving the lateral geniculate nucleus, primary visual cortex, and superior colliculus.
Visual fixation is believed to be reflexively drawn to salient features of the environment,
including areas of high contrast, borders of stimuli, and motion. Infants may display long
looks to stimuli during this period; however, visual scanning and information processing
abilities are inefficient and immature.

From 3 to 6 months of age, the posterior orienting system reaches functional maturity
(Posner & Petersen, 1990) and infants begin to develop voluntary control over visual
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attention. There are two components which play a functional role in the posterior orienting
system. The first component is involved in a spatial orienting network. This network
includes areas of posterior parietal cortex, the superior colliculus, and the frontal eye fields.
These areas play a significant role in voluntary disengaging and shifting of visual fixation.
The second component in this system is an object recognition network. This network
includes both the dorsal and ventral pathways from the primary visual cortex to the parietal
cortex and the inferior temporal cortex. This component of the posterior orienting network is
key for attention to object features and subsequent recognition memory for objects and other
stimuli. As these systems develop across 3 to 6 months of age, look duration decreases
significantly to all types of stimuli (Courage, Reynolds, and Richards, 2006), and there is a
marked transition in infant attention as infants begin to focus more on the relevant features
of objects, people, and events.

From six months on, the anterior attention system begins to play a role in visual attention.
This attention system includes frontal areas, such as the dorsolateral prefrontal cortex,
orbito-frontal cortex, and anterior cingulate. Infants develop higher-level attention when this
system becomes functional and can inhibit attention to distracters while maintaining
sustained attention to interesting and complex stimuli. Beyond six months of age, infants
continue to display shorter looking to basic stimuli, such as black and white geometric
patterns, but begin to display longer looking to more complex stimuli such as faces and
objects (Courage et al., 2006). Infants also require less time to demonstrate novelty
preferences across this age range (Richards, 1997; Rose et al., 1982, 2004) suggesting that
the advances in infant attention based on further brain development and experience lead to
more efficient processing of objects, faces, and visual patterns.

Nelson and Dukette (1998) described a selective attention network that shares common
regions with both the anterior and posterior attention systems. The areas involved in the
selective attention network are dorsolateral prefrontal cortex, anterior cingulate cortex, the
pulvinar nucleus of the thalamus, and posterior parietal cortex. The dorsolateral prefrontal
cortex, pulvinar, and posterior parietal cortex form an integrated network composed of
reciprocal connections between these neural structures. This system is involved in attending
to specific objects or spatial locations, and shows considerable development in infancy
continuing well into childhood.

In support of the proposal that anterior areas are key for infant attention, Reynolds and
colleagues (Reynolds & Richards, 2005; Reynolds, Courage, & Richards, 2010) used
cortical source analysis to localize the source of the Nc ERP component. To perform the
cortical source analysis, spatial independent component analysis and equivalent current
dipole analysis were used to infer cortical sources of the scalp-recorded ERP (Reynolds &
Richards, 2005, 2009). Figure 5 shows the equivalent current dipoles from individual
participants mapped onto structural MRI images by age group. The best-fitting dipoles
indicated by orange and red in the color scale in this figure represent dipole locations that
were active during both the ERP task and VPC trials. The cortical source analysis localized
the source of the Nc ERP component to areas of medial prefrontal cortex, inferior prefrontal
cortex, and the anterior cingulate. Interestingly, the cortical sources of Nc were localized to
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these frontal areas across all age groups; however, the dipoles were more diffusely spread
for the younger infants and more localized along the midline for the oldest infants.

Although the areas the cortical sources of Nc were localized to in these studies are
associated with the anterior attention network (Posner & Petersen, 1990), Nc most likely
does not exclusively reflect activation of the anterior attention network. The anterior
attention network is associated with more mature, executive forms of attention that are
believed to only begin to reach functional onset in later infancy. Instead, increases in Nc
amplitude likely reflect activation of a general arousal system Richards and colleagues
(Reynolds et al., 2013; Richards 2008, 2010) propose is involved in infant attention. This
general arousal system initiates the decreased heart rate associated with sustained attention
through parasympathetic influence of the brainstem on the heart. Additionally, this general
arousal system enhances processing throughout the cortex through the ascending influence
of the noradrenergic and cholinergic neurochemical systems (Richards, 2008, 2010; Robbins
& Everitt, 1995; Sarter, Givens, & Bruno, 2001). Cortical areas involved in more specific
attention systems will demonstrate enhanced activity when the infant is attentive and this
general arousal system is engaged. Thus, the results of the cortical source analyses of Nc on
these recognition memory tasks may reflect enhanced cortical activation based on the
ascending influence of thalamo-cortical projections on frontal areas involved in the selective
attention network (Nelson and Dukette, 1998). Given this framework for interpreting Nc, it
is also possible that the topographical distribution of cortical sources of Nc may vary based
on age and type of attention involved in the experimental task; for example, Nc has been
found to be most prominent over midline parietal electrodes as opposed to midline central
and frontal electrodes when infants are exposed to multimodal (i.e., audio-visual) stimuli
(Reynolds, Bahrick, Lickliter, & Guy, 2014).

Because activation of the general arousal system leads to several state-related changes that
foster stimulus processing (e.g., extended looking, decreased HR, decreased distractibility,
and enhanced cortical processing), infants are more likely to recognize stimuli they are
exposed to during periods of sustained attention than if exposure occurs during periods of
inattention (Frick and Richards, 2001; Richards, 1997). However, relations between infant
attention and recognition memory are clearly bidirectional. Recognition of a familiar
stimulus, such as the mother’s face, a familiar pattern, or a favorite toy, influences the
infant’s level of attentional engagement and may elicit sustained attention (e.g., de Haan &
Nelson, 1997, 1999; Reynolds & Richards, 2005). In order to impact the amplitude of the Nc
ERP component, the influence of the general arousal system on attention must occur by at
least a few hundred milliseconds after stimulus onset in older infants and up to a second
after stimulus onset in newborns (Nelson and deRegnier, 1992; Parker & Nelson, 2005;
Reynolds et al., 2005, 2010; Richards, 2003).

Conclusion

The development of the voluntary control of visual attention demonstrates substantial
overlap with the development of reaching and object manipulation, and as these cognitive
and motor skills develop the infant becomes increasingly object oriented (Gibson, 1998;
Ruff & Rothbart, 1996). Infant attention and object recognition are thus tightly coupled.
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Infants demonstrate greater memory for objects and events if they are in an attentive state
during initial exposure than if they are in an inattentive state during initial exposure (Frick &
Richards, 2001; Richards, 1997). Furthermore, infants are more likely to demonstrate
evidence of recognition at both the behavioral and neural levels during attention than during
inattention (Reynolds et al., 2005, 2010, 2011; Richards, 2003). The infancy period is
characterized by substantial gains in both the voluntary control of visual attention (Colombo,
2001, Courage et al., 2006), and in the ability to recognize objects with increasingly shorter
prior exposure (Courage & Howe, 2004; Diamond, 1990; Richards, 1997) and increasingly
longer delays between familiarization and testing (Rose et al., 1983, 2004).

Avreas of the brain that show further development throughout infancy and are likely involved
in these developmental gains in voluntary control of attention and stimulus encoding include
posterior parietal cortex, frontal eye-fields, inferior prefrontal cortex, and the anterior
cingulate (Colombo, 2001; Posner & Peterson, 1990; Reynolds et al., 2005, 2009, 2010,
2013). Cortical areas most likely involved in early recognition memory include a medial
temporal lobe circuit, with the hippocampus and area TE playing an increasingly important
role with increasing age (Bachevalier, Brickson, & Hagger, 1993; Diamond, 1990; Kaldy &
Sigala, 2004; Pascalis & Bachevalier, 1999; Nelson, 1995; Zeamer, Heuer, & Bachevalier,
2010). With increasing age, infants demonstrate increased arousal responses associated with
attention, and infants are able to maintain sustained attention for longer periods of time (e.qg.,
Richards & Casey, 1992). These developmental changes in attention linked to arousal likely
play a key role in the increased efficiency of stimulus encoding and gains in recognition
memory occurring across this age range.

Based on the past 50 years of research on early cognitive development, much is known
about the characteristics of early visual attention and recognition memory. However, there is
still much to learn about the neural basis of the observed patterns of development in these
two core cognitive functions. The field has been historically limited in this area due to a lack
of non-invasive neuroimaging tools for use with infant participants. However, with the
increased sophistication of tools available for use in this area, such as cortical source
analysis and near infrared spectroscopy, the near future holds great promise for significant
gains in our understanding of relations between developing neural systems involved in
infant visual attention and object recognition.
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Figure 1.
Grand average waveforms showing the Nc and LSW ERP components by electrode location.

The ERP waveforms are shown to the left with arrows indicating the timing and location of
Nc and the LSW. The Y-axis indicates change in amplitude from baseline and the X-axis
indicates time following stimulus onset. The layout of the EGI 128-channel sensor net is
shown to the right with the electrode clusters for each of the averaged waveforms in boxes
(figure adapted from Reynolds, Guy, & Zhang, 2011).
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Late Slow Wave by Looker Type and Stimulus Type
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Figure 2.
Mean amplitude of the LSW by looker type and stimulus type at frontal electrodes. The Y-

axis represents change in amplitude from baseline and the X-axis represents time following
stimulus onset following familiar (thin line) and novel (bold line) stimulus presentations.
The shaded area indicates the portion of the waveform examined in the LSW analysis from 1
to 2 sec following stimulus onset (figure adapted from Reynolds, Guy, & Zhang, 2011).
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ERP Amplitude by Looker Type and Stimulus Type at Frontal Electrodes
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Figure 3.

ERP amplitude is presented by stimulus type at frontal electrodes. The left panel shows ERP
waveforms for short and long lookers at Fz. The shaded areas on the waveform plots
indicate the time-windows for the Nc (350-750 ms) and LSW (1-2 s) analyses. The right
panel shows topographical plots at peak amplitude Nc by stimulus type and looker type. The
black dots in the topographical plots indicate the location of the electrodes used in the
midline frontal and central electrode clusters (figure adapted from Guy, Reynolds, & Zhang,

2013).
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Late Slow Wave at Temporal Electrodes by Attention and
Stimulus Type
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Figure 4.
Late slow wave event-related potentials at temporal electrodes from 1 to 2 s following

stimulus onset. Panel A: Display of differences in responding following infrequent-familiar
stimulus presentations during attention and inattention. Panel B: Display of responses to the
three memory stimulus types during attention (figure adapted from Reynolds & Richards,
2005).
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Cortical Sources of the Nc ERP Component by Age Group
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Figure 5.
Common equivalent current dipoles activated across recognition memory tasks. Age groups

are divided into separate columns. The best fitting areas in common between the ERP and
VPC tasks are indicated using the color scale. The majority of best fitting areas were located
in inferior prefrontal regions (figure adapted from Reynolds, Courage, & Richards, 2010).
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Table 1 provides a summary of developmental findings related to infant visual attention and recognition
memory on behavioral (Colombo et al., 1988, 1993; Courage et al., 2006; Rose et al., 1982) and ERP tasks (de
Haan, 2007; de Haan & Nelson, 1997, Nelson & Collins, 1992; Nelson & deRegnier, 1992; Parker & Nelson,
2005; Reynolds et al., 2005, 2010; Webb et al., 2005). The potential onset of areas of the brain involved in

these tasks is also shown (Colombo, 2001; Nelson, 1995; Nelson & Dukette, 1998; Posner & Petersen, 1990;
Richards, 2008, 2010).

Age

Behavioral Findings

ERP Findings

Brain Areas Involved in
Attention and Recogniton
Memory

Birth -3
months

Visual attention is reflexively drawn to salient
features of environment: areas of high contrast,
borders of stimuli, motion. Infants may display long
looks, but visual scanning and information
processing are immature and inefficient. Infants
require up to 60 s of prior exposure to subsequently
recognize stimuli.

Latency to peak Nc: 800 — 1200 ms.
By 3 months, Infants display
differential Nc amplitude to oddball
and standard stimuli.

Reflexive System: superior
colliculus, lateral geniculate
nucleus, primary visual areas
Object recognition: medial
temporal lobe structures, area
TE

3-6
months

Look duration decreases significantly as infants
gain voluntary control of visual fixation and
scanning. Infants begin to focus attention on
relevant features of objects, people, and events; and
require less exposure (approximately 20 s) to
subsequently recognize stimuli.

Latency to peak Nc: 450 — 750 ms. N¢
increases in amplitude, and infants
show greater amplitude to novel
stimuli, unless familiar is mother’s face
or favorite toy. Differential LSW
responding occurs based on familiarity
and novelty.

Posterior Orienting System:
frontal eye- fields, posterior
parietal cortex

Selective Attention Network:
Pulvinar, anterior cingulate,
dorsolateral prefrontal cortex.

6 months
—-on

Infants begin to develop higher level attention, and
are better able to inhibit attention to distracters and
maintain sustain attention when called for. Look
duration remains low to basic stimuli and increases
to more complex stimuli.

Latency to peak Nc: 350 — 650 ms. Nc
amplitude continues to increase up to 1
year and then begins to decrease.
Infants are more likely to demonstrate
differential LSW responses based on
frequency of presentation of familiar
stimuli.

Anterior Attention System:
dorsolateral prefrontal cortex,
orbitofrontal cortex, anterior
cingulate.

Object recognition: increasing
involvement of area TE and
increased dependence on
hippocampus.
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