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Abstract

In this study, we had 3 major goals. The 1st goal was to establish a link between behavioral and
event-related potential (ERP) measures of infant attention and recognition memory. To assess the
distribution of infant visual preferences throughout ERP testing, we designed a new experimental
procedure that embeds a behavioral measure (paired comparison trials) in the modified-oddball
ERP procedure. The 2nd goal was to measure infant ERPs during the paired comparison trials.
Independent component analysis (ICA) was used to identify and to remove eye-movement
components from the electroencephalographic data, thus allowing for the analysis of ERP
components during paired comparison trials. The 3rd goal was to localize the cortical sources of
infant visual preferences. Equivalent current dipole analysis was performed on the ICA
components related to experimental events. Infants who demonstrated novelty preferences in
paired comparison trials demonstrated greater amplitude Negative central ERP components across
tasks than infants who did not demonstrate novelty preferences. Visual preference also interacted
with attention and stimulus type. The cortical sources of infant visual preferences were localized
to inferior and superior prefrontal cortex and to the anterior cingulate cortex.
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Infant Attention and Visual Preferences

Several decades of research on infants’ visual attention have provided insights into the early
development of visual recognition memory and other cognitive processes. A common
procedure used to measure visual recognition memory in infant participants is the paired
comparison procedure in which their preferential looking behavior (look duration) to novel
and familiar stimuli is measured. The preference for a novel stimulus is commonly
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interpreted to indicate the infant’s recognition of the familiar stimulus. Collectively, the
results of this research have revealed that encoding, storage, and retrieval processes in
preverbal children could be examined through their visual attention to stimuli; that even very
young infants could recognize faces, patterns, and forms seen previously; and that many of
the processes and variables that were known to affect recognition memory in older children
and adults (e.g., interference, reinstatement) were integral to infant memory processes as
well (for reviews, see Fagan, 1990; Rose, Feldman, & Jankowski, 2004, 2007).

Although measures of preferential-looking have been at the forefront of behavioral research
on recognition memory, a parallel line of inquiry in which event-related potentials (ERPS)
are used to investigate the electrophysiologicial correlates of infant recognition memory has
emerged (e.g., Nelson & Collins, 1991, 1992; Reynolds & Richards, 2005; Richards, 20033,
2003b). ERPs are voltage oscillations in scalp-recorded electroencephalographic (EEG) data
that are time-locked with a perceptual or cognitive event of interest (Fabiani, Gratton, &
Coles, 2000; Picton et al., 2000). Stimuli are presented briefly and repeatedly to each
participant, and then all trials for a particular group or stimulus type are averaged together to
identify the ERP. This averaging serves to increase the signal-to-noise ratio in the EEG so
that waveform components associated with a particular stage or type of processing in the
event (e.g., stimulus orienting, stimulus encoding) can be identified. For example, the
Negative central (Nc) component has been the focus of interest in studies in which
recognition of faces, objects, and events has been examined (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; Richards, 2003a; Webb, Long, & Nelson, 2005). The Nc is a
component of negative polarity located over frontal and central electrodes with a peak
latency of between 400 and 800 ms following stimulus onset. One of the most important
questions in this research has been the nature of the cognitive and brain processes (e.g.,
attention, recognition memory) that generate the Nc component (for discussions, see Ackles
& Cook, 2007; Reynolds & Richards, 2005).

The measures used in the behavioral and electrophysiological procedures are very different,
but the constructs of interest (e.g., attention, recognition memory) and stimuli used (e.g.,
visual patterns, faces, objects) are often the same. However, these two research areas have
generally been conducted independently and have sometimes yielded inconsistent findings
(e.g., de Haan & Nelson, 1997; Nelson & Collins, 1991). In the research reported here, these
methodologies have been integrated in a developmental study of attention and recognition in
which infants’ behavioral (i.e., preferential-looking) and electrophysiological (ERP)
responses are compared concurrently. Cortical source localization analyses of the ERP data
were also conducted to establish whether these two different measures tap into activity
within the same areas of the brain.

This integration of behavioral and brain processes is essential if certain long-standing
questions about the nature of recognition memory in infants are to be resolved. These
questions include the type of memory processes that recognition represents (e.g., explicit or
implicit); the interpretation of the novelty, familiarity, and null preferences that infants show
in the paired comparison procedure; and the nature of the interaction between recognition
memory and attention processes (for discussions, see Rose et al., 2007; Snyder, 2007). To
date, the brain-behavior relationships that underlie the development of recognition memory
have been inferred from overt behavior putatively linked to brain areas (i.e., marker tasks)
from clinical research findings with amnesic patients and from experimental research on
juvenile and adult nonhuman primates. However, the direct application of these to
developmental processes in human infants is potentially problematic (see Reynolds &
Richards, 2008; Snyder, 2007). A major strength of EEG/ERP techniques is that they allow
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the measurement of infants’ brain activity while they participate in attention and recognition
tasks. Conducting cortical source analysis on the EEG/ERP data enables identification of the
brain areas from which attention and recognition processes emanate (Reynolds & Richards,
2005, 2009; Richards, Reynolds, & Courage, 2010).

Methodology and Background Issues in the Interpretation of Nc

Early ERP studies of recognition memory used an oddball procedure in which two
unfamiliar stimuli were presented briefly and with unequal frequency (Courchesne, 1977;
Karrer & Ackles, 1987, 1988; Karrer & Monti, 1995; Nikkel & Karrer, 1994). The
consistent finding was a larger Nc component to the infrequently presented “oddball”
stimulus than to the frequently presented “standard” stimulus. Courchesne et al. (1981)
concluded that Nc was associated with novelty detection. However, the greater Nc
amplitude following infrequent stimulus presentations in this procedure could also be related
to the detection of a low probability event rather than to the detection of a novel stimulus per
se. Nelson and Collins (1991, 1992) developed a modified-oddball procedure to address this
confound. Infants were first exposed to repeated presentations of two different face stimuli.
They were then exposed to one of the familiar stimuli on 60% of the trials (frequent
familiar), to the other familiar stimulus on 20% of the trials (infrequent familiar), and to
novel stimulus presentations on the remaining 20% of the trials (infrequent novel). The use
of the three stimulus types permitted the assessment of infants’ responses to presentation
probability (frequent familiar vs. infrequent familiar) and stimulus novelty (infrequent
familiar vs. infrequent novel) separately. They found no differences in the Nc component for
any of the stimuli for 4-, 6-, and 8-month-olds and concluded that the Nc reflected a general
orienting response rather than the detection of a novel stimulus.

Richards (2003a) substantiated the relationship between the Nc component and attention
processes in a modified-oddball procedure. Infants of 4.5, 6, or 7.5 months of age were
presented with a video of a Sesame Street movie as a background stimulus. Heart rate (HR)
changes elicited by the video were used to distinguish periods of time before attention was
engaged (before HR deceleration), during sustained attentiveness (during HR deceleration),
and during inattentiveness (when HR had returned to prestimulus levels; e.g., Casey &
Richards, 1988; Reynolds & Richards, 2007; Richards, 1997, 2001; Richards & Casey,
1992). The Nc component did not differ for the three stimuli. Richards proposed that Nc
may be more sensitive to contextual change than novelty or familiarity. Nc amplitude was
greater during periods of attention than inattention and also increased in magnitude across
age, but only during periods of attentiveness. This association between attention and the Nc
component provided further evidence that the processes underlying Nc are related to the
orienting of attention rather than to recognition memory. However, questions still remained
about the conflicting interpretations of Nc in the literature and in particular about the role
that familiarization might have played in these.

Reynolds and Richards (2005) manipulated the type of familiarization that infants
experienced in a modified-oddball procedure. Infants at 4.5, 6, and 7.5 months of age were
assigned to a preexposure condition in which two stimuli were presented for familiarization
(i.e., the typical modified-oddball procedure) or to a control condition in which the infants
were familiarized with two stimuli that were not seen later in the oddball procedure. An
important addition to this study was the use of a high-density, 128-channel EEG recording
system. This enabled the application of cortical source analysis on the ERP data for
identification of locations in the cortex that could be potential generators of Nc (Reynolds &
Richards, 2009; Richards, 2003b, 2004b, 2005). The results of the cortical source analyses
identified areas of prefrontal cortex including the anterior cingulate as likely sources of the
Nc component.
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There was a significant effect of the familiarization manipulation on the Nc response to the
familiar and novel stimuli. The preexposure group had a larger amplitude Nc to the novel
stimulus presentations than to either the frequent-familiar or infrequent-familiar stimulus
presentations. The control group showed equivalent Nc responses to the three stimulus
types. This finding is consistent with a novelty detection function for the processes that
generate Nc but is inconsistent with other research in which Nc appeared to be a general
orienting response that was insensitive to stimulus novelty or probability (e.g., Nelson &
Collins, 1991; Richards, 2003a). No age differences were found in Nc amplitude. This
indicated that by 4.5 months of age, infants responded to novelty at the cortical level with 20
s of preexposure to a familiar stimulus. This is consistent with behavioral findings that
indicate that between 3.5 and 6 months of age, 20 s of familiarization is an adequate amount
of stimulus exposure for infants to demonstrate novelty preferences (e.g., Courage & Howe,
2001; Richards, 1997; Rose, 1983; Rose, Gottfried, Melloy-Carminar, & Bridger, 1982).
However, the modified-oddball procedure is designed for measuring ERP correlates of
recognition memory, and any conclusions regarding the consistency between ERP correlates
and behavioral correlates of recognition memory remain speculative.

The Integration of Behavioral and Electrophysiological Measures of Recognition

Several studies have attempted to establish a link between ERP correlates and behavioral
measures of recognition memory. For example, Nelson and Collins (1991) followed up the
modified-oddball procedure with 16 paired comparison choice trials, and they found a lack
of consistency between results of the two different levels of analysis. However, the looking-
time analyses were conducted 5 min following the ERP phase of the experiment. This timing
protracted the retention interval for the behavioral measures such that forgetting and infant
fatigue might have obscured evidence of recognition.

Subsequently, de Haan and Nelson (1997) compared 6-month-olds’ ERPs and look
durations following presentation of the mother’s face paired with a similar or dissimilar
looking stranger’s face. The Nc component was found to be greater in amplitude to the
mother’s face than to a dissimilar looking stranger’s face but not to a similar looking
stranger’s face. In contrast to the ERP data, no behavioral differences were found in looking
times to any of the face types. They concluded that ERP correlates of recognition memory
were more sensitive than looking-time measures. However, findings from previous studies
indicate that infants even younger than 6 months can demonstrate recognition of their
mother’s face at the behavioral level (Bushnell, Sai, & Mullin, 1989; Field, Cohen, Garcia,
& Greenberg, 1984; Pascalis, de Schonen, Morton, Deruelle, & Fabre-Grenet, 1995).
Several methodological issues might have accounted for the differences between ERP and
behavioral measures across these studies. Infants in de Haan and Nelson’s study were tested
with sequential presentations of the face stimuli rather than with simultaneous presentations
(i.e., paired comparison trials) more typical in behavioral studies. In addition, they assessed
ERPs and look durations separately rather than simultaneously. To date, simultaneous
measurement of ERPs and paired comparisons has not been done, in part because of
significant artifacts produced in the EEG by eye movements. However, quantitative
techniques are currently available to remove those artifacts from EEG data, and these could
be applied to data obtained from infants (Jung et al., 1998, 2000).

In another series of studies, Ackles and colleagues (Ackles, 2008; Ackles & Cook, 1998,
2007; Karrer & Ackles, 1987) examined the relationship between 6-month-olds’ look
durations to novel (oddball) and familiar (frequent) stimuli concurrently with ERPs
measured during those looks. Their general findings were that fixations to oddball stimuli
were reliably longer than those to familiar stimuli and that there was some relationship
between longer looks and larger amplitude Nc responses. However, there were
methodological limitations in these studies that left the relationship between look duration
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and Nc unclear, especially at the level of the individual participant (we expand on this point
in the Discussion section).

In the current study, we tested infants at 4.5, 6, or 7.5 months of age. These ages were
chosen because past research on the development of visual attention has demonstrated that a
developmental transition occurs around 6 months of age associated with gains in voluntary
attention potentially driven by further development of frontal brain areas (e.g., Colombo,
Richman, Shaddy, Maikranz, & Blaga, 2004; Courage, Reynolds, & Richards, 2006). We
predicted that Nc would increase in amplitude across these ages reflecting greater
involvement of frontal areas in visual attention from 6 months on. This study was designed
to address three major goals. The first goal was to examine the relationship between ERP
and behavioral correlates of infant attention and recognition memory. To accomplish this,
we embedded paired comparisons within the modified-oddball ERP procedure, and we
examined the distribution of infant visual preferences in relationship to individual infant’s
ERP responding. On the basis of the existing literature indicating that the magnitude of the
Nc response is related to stimulus salience, we predicted that Nc amplitude would be
greatest to the preferred stimulus. The second goal was to simultaneously measure ERPs and
infant visual preferences by processing and analyzing the EEG measured during paired
comparison trials. Independent component analysis (ICA) was used to identify eye
movement components in the EEG data and to remove them from the paired comparison
trials (see Jung et al., 1998, 2000). The second goal was somewhat exploratory in nature
given that no study to date has examined ERPs during paired comparison trials, thus we
made no specific predictions regarding the ERP response during the paired comparison
procedure. The third goal was to identify the cortical sources of infant visual preferences.
The cortical sources of the ICA components associated with experimental effects were
localized with equivalent current dipole (ECD) analysis. This was done for the standard ERP
trials surrounding the paired comparison trials and also for the EEG measured during the
paired comparison trials. We were particularly interested in determining the brain areas that
demonstrated common activation across tasks. A lack of common activation in specific brain
areas across tasks would indicate that these two tasks tap into different cognitive processes.
However, we expected substantial overlap between brain areas involved in processing ERP
trials and paired comparison trials. On the basis of the findings of Reynolds and Richards
(2005), we predicted that areas of prefrontal cortex would be involved in infant visual
preferences.

Forty-seven infants were tested in a cross-sectional design at 4.5 (M = 144.78 days, SD =
3.78; eight female/nine male infants), 6 (M = 188.0 days, SD = 5.27; eight female/seven
male infants), or 7.5 (M = 225.76 days, SD = 5.76; four female/11 male infants) months of
age. An additional 24 infants were tested who did not provide useable data because of
fussiness, inattentiveness, excessive artifact, or technical problems. The infants were born
full-term (gestational age of 38 weeks or greater), weighed greater than 2,500 g at birth, and
were without pre- or perinatal medical complications. Only infants who maintained an alert,
awake state throughout the entire procedure were retained in the study. The participants
were solicited by contacting parents whose names appeared in commercial mailing lists.
Parents were paid $30 for their infant’s participation in the study. Detailed demographic
information (e.g., education, occupation, income) was not collected from parents, but the
participants were solicited without regard to minority or ethnic group. This resulted in
minority group participation representative of the local population of Columbia, South
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Carolina (the majority of participants were non-Hispanic and of Caucasian or African
American descent).

Apparatus and Stimuli

A 29-in. (73.66-cm) color video monitor (NEC Multisync XM29) was used. The display
was set to 1,280 horizontal and 1,024 vertical pixels. The center of the monitor was located
approximately 55 cm from the infant’s eyes.

Camera and participant monitor—A video camera was located above the monitor for
the purpose of judging infant visual fixation. Fixations were judged online using a TV
monitor in a room adjacent to the testing room. The video was recorded with the use of a
Broadway digital video card installed on a Dell Workstation 610 computer. The Broadway
video card digitized video and audio signals, saving them in an AVI format. Video
resolution was limited to a single video frame scan (30 frames per second, one frame = ~33
ms). A time code based on the frame number of the digitized video was read by the
computer controlling the experiment; this time code was used to synchronize physiological
recordings, video information, and experimental events.

Visual Stimuli

Procedure

Computer-generated patterns—The memory stimuli consisted of achromatic
computer-generated visual patterns. These stimuli took the form of simple shapes or patterns
(examples are shown in Figure 1). The experimental stimuli covered a 17° visual angle.

Sesame street characters—Videos of Sesame Street characters were used to attract
initial fixation to the monitor before the onset of testing trials and to regain the fixation of
distracted infants. This stimulus covered a 2° x 3° rectangular area. The character was
placed at the center of the monitor to attract infant fixation; once the infant shifted fixation
on the character, the experimental presentations were resumed following a random delay of
300-800 ms.

An overview of the procedure is provided in Figure 1. Infants were held on a parent’s lap
during testing approximately 55 cm from the center of the monitor (as described above).
There were five phases of the experimental trials. The first phase was the familiarization
phase. Infants were given 20 s of exposure to two stimuli. One stimulus was designated as
the frequent familiar stimulus, and the other was designated the infrequent familiar stimulus.
One stimulus was presented on the monitor. The stimulus remained on the monitor until 5 s
of looking time accumulated for the infant. The other stimulus was similarly presented until
5 s of accumulated looking time. This procedure was repeated four times for each stimulus,
resulting in a total accumulated looking time of 20 s per stimulus. The familiarization phase
lasted 75 s on average.

The second phase of the experiment was a presentation period of the frequent familiar and
infrequent familiar stimuli. The stimuli were presented alternatively for five presentations of
500 ms each. In this phase, a Sesame Street character video was placed on the monitor, and
the familiar stimuli were only presented when the infant was judged to be fixated on the
monitor. If the infant was judged not to be looking at the screen by an online observer, then
a delay of up to 10 s was given until the infant attended to the character. There was an
interstimulus interval of 1.5-2.0 s between presentations of the familiar stimuli. The ERP
was analyzed from this phase as a manipulation check to ensure equivalent responses to
each of the familiar stimuli.l
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The third phase was made up of three visual paired comparison trials. Paired comparison
trials involve the simultaneous presentation of two stimuli. The stimuli were not presented
until the infant was judged to be fixated on the Sesame Street character in the center of the
screen. The center of each stimulus was presented 30° from midline (one to the left of
midline, the other to the right of midline). Each stimulus subtended a 17° visual angle.
Paired comparison trials were given comparing the frequent familiar versus infrequent
familiar stimulus, the frequent familiar versus an infrequent novel stimulus, and the
infrequent familiar versus an infrequent novel stimulus. The length of the paired comparison
trial was 5 s of accumulated looking time. On average, infants required 7.69 s of exposure to
reach 5 s of accumulated looking. The order of the paired comparisons was randomly
selected, and the assignment of the lateralized position of the stimuli was counterbalanced
across trials.

The fourth phase consisted of brief presentations of the frequent familiar stimulus, the
infrequent familiar stimulus, and infrequent novel stimuli (i.e., the standard ERP phase from
the modified-oddball procedure). Different stimuli were used for the infrequent novel in
each phase of the experiment. Each trial began with the presentation of a Sesame Street
character to elicit the infant’s attention. Once the infant was fixated on the Sesame Street
character, one of the three memory stimuli was presented following a 300-800 ms random
delay. The stimulus was presented for 500 ms followed by a blank screen for a period of
1.5-2 s. Throughout the remainder of this phase, the Sesame Street character was only used
if the infant looked away from the monitor. The first memory stimulus presented for each
trial was divided equally among the three types of memory stimuli. Throughout each trial,
the presentations followed the oddball procedure, with the frequent familiar stimulus being
presented on 60% of the presentations, the infrequent familiar presented on 20% of the
presentations, and the infrequent novel stimuli presented on the remaining 20% of the
presentations. The sequence was randomly ordered until the completion of 10 stimulus
presentations.

The fifth phase consisted of a single paired comparison trial with 5 s of accumulated
looking. Comparisons between frequent familiar versus infrequent familiar, frequent
familiar versus infrequent novel, or infrequent familiar versus infrequent novel were evenly
distributed throughout testing. After completion of the initial round of Phases 1-5, the fourth
and fifth phases of the experiment were repeated in an alternating sequence for as long as
the infant was not fussy or tired to obtain as much ERP (Phase 4) and visual preference
(Phase 5) data as possible. Phases 1-3 were nonrepeated phases. The average session lasted
approximately 10 min.

Fixation Judgments and Interobserver Reliability Assessment

Infant fixations were judged online by an observer in an adjacent room to determine the
timing of stimulus presentations. Offline judgments were completed following the testing
procedure. If the offline observer judged that the infant was visually fixated on the stimulus,
then HR, EEG, and ERP were analyzed for that stimulus presentation. Those occurrences in
which the offline observer judged that the infant was not fixated on the presented stimulus
were not included in the analysis.

Fixation direction—For paired comparison trials, two observers judged fixation direction
offline for a selected number of participants (26; about eight per age). Observers were blind
to the experimental conditions for each trial. The observers judged each look as looking to
the right stimulus, looking to the left stimulus, or looking away. Interrater reliabilities were

lonall analyses, p > .05 for all channel clusters.
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computed between the ratings of the two observers. The average agreement between
observers, across the participants, that a look occurred (right, left, away) was 90%. The
average Cohen’s kappa was .79, which indicates substantial agreement between the two
observers (Landis & Koch, 1977). The correlation between the two observers for the
duration of the looks was .86. Novelty preferences were calculated by dividing the total time
looking toward the novel stimulus by the total time of accumulated looking.

Measurement and Quantification of HR

Ag-AgCl electrodes were placed on the infant’s chest with disposable electrode collars for
the recording of the electrocardiogram (ECG). The Electrical Geodesics Incorporated (EGI;
Eugene, OR) system was used to amplify and to digitize the ECG. The ECG was sampled at
250 Hz. The R — R intervals were identified in the ECG and used to compute the interbear
intervals (1BIs).

HR-defined attention phases—~Each part of the experiment was classified by HR
changes into attentive and inattentive. The attentive periods were defined by the onset of a
deceleration in HR (lengthening of the IBI) continuing until the HR returned to
predeceleration level. HR decelerations were defined as five successive beats with IBls
longer than the median of the five beats preceding stimulus presentation. A return of HR to
its prestimulus level was defined as five successive beats with IBIs shorter than the median
IBI of the five prestimulus beats, following a deceleration. Any period of time from when
the infant looked at the stimulus before a HR deceleration began was defined as inattentive.
Periods of time in between the return of HR to predeceleration levels and the onset of a
subsequent HR deceleration were also defined as inattentive.

Measurement and Quantification of EEG

A high-density, 128-channel EEG recording system produced by EGI was used. The 128-
channel Geodesic sensor net used for infant recordings consists of 124 electrodes mounted
in a geodesic configuration of pedestals held in place with elastic connections. The EGI
system utilizes high-impedance amplifiers connected to a PowerPC-based computer system.
The Netstation program included with the EGI system was used for the A/D sampling, data
storage, zero and gain calibration for each channel, and impedance measurement. The
Netstation program received serial communication from a Dell Workstation used to control
the experimental protocol. Further details of the equipment and procedures may be found in
Johnson et al. (2001) and Reynolds and Richards (2005, 2009).

The electrode net was placed on the infant’s head, and impedances were assessed until
below 100 k2. The sampling rate of the EEG was 250 Hz, and band-pass filters were set
from 0.1 to 100 Hz, with 20-K amplification. The EEG recordings were inspected for
artifacts, poor recordings, or blinks. Individual channels or locations within trials were
eliminated from the analyses if these occurred. Blinks were defined on the basis of a
difference between the two electrodes on the sensor net on the outside canthii of the eye and
the two electrodes above the eye and were defined as electrooculogram (EOG) changes >
150 pV in the vertical direction.

Quantification of ERP and ICA

The ERP averages for the brief stimulus presentations used in Phases 2 and 4 were
calculated from 50 ms before stimulus onset through 2 s after onset. The ERP averages for
the paired comparison trials were segmented from 50 ms prior to the completion of a
saccade toward one of the visual stimuli (i.e., stimulus localization) for up to 2 s following
stimulus localization (depending on the length of the look). Saccades were identified with an
algorithm on the basis of a third-order differentiation of the raw EOG signal (Matsuoka &
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Harato, 1983; Matsuoka & Ueda, 1986; Richards, 2000, 2001; Richards & Hunter, 1997).
Saccades representing shifts between stimuli on paired comparison trials were identified by
synchronizing video-based fixation judgments with EOG data. The completion of a saccade
was defined as the point at which the vertical change in the EOG terminated. Topographical
ERP scalp potential maps were calculated for designated experimental effects using the
interpolations from a third-order spherical spline technique (Nunez, 1990; Perrin, Bertrand,
& Pernier, 1987; Perrin, Pernier, Bertrand, & Echallier, 1989).

The Nc component is typically located at frontal and central electrodes (i.e., Fz and Cz). We
analyzed the mean data from clusters of electrodes of the EGI sensor net that corresponded
to these regions. Nc peak and mean amplitude were analyzed from the intervals from 400 ms
to 800 ms following stimulus onset from midline frontal (4, 10, 11, 16, 19, and 20;
“FrontalZ”) and central (7, 32, 55, 81, and 107; “CentralZ”) electrode locations. Because the
ERP analysis of the paired comparison trials was somewhat exploratory in nature, we
inspected the topographical plots of the ERP grand averages during these trials to identify
potentially significant components of activity. In addition to identifying activity resembling
the Nc component at FrontalZ and CentralZ sites, midline parietal sites demonstrated
substantial, negatively charged electrical activity with a latency similar to Nc. Thus, for the
paired comparison trials, we also analyzed a cluster of electrodes from midline parietal (61,
62, 68, and 79; “ParietalZ”) locations.

A spatial ICA was done following the procedures outlined by Makeig, Sejnowski, and their
colleagues (DeLorme, Makeig, Fabre-Thorpe, & Sejnowski, 2002; Jung, Makeig, Fabre-
Thorpe, & Sejnowski, 2001; Makeig, Bell, Jung, & Sejnowski, 1996; Makeig, Jung, Bell,
Ghahremani, & Sejnowski, 1997; also see Reynolds & Richards, 2009; Richards, 2005). The
analysis was done on the raw EEG data. All EEG segments from a single participant were
concatenated. The variables for the ICA were the EEG channels, and the observations were
the millisecond intervals for which the EEG was sampled. The weights were calculated
using the extended-ICA algorithm of Lee, Girolami, and Sejnowski (1999), using sphering
of the input matrix to aid in convergence, with an initial learning rate of .003. The ICAs
were done separately on each participant’s data. The ICA components from all participants
were clustered according to the similarity of the component loading weights.

Figure 2 shows the topographic maps of the clusters. Each topographical map represents the
average loadings for the ICA components that were put in each cluster. Four clusters were
identified that could be related to the Nc that were located over the frontal pole electrodes,
anterior-central electrodes, central electrodes, and parietal electrodes. The other components
included loadings near the eyes, over the occipital electrodes, and over temporal electrodes.
These clusters accounted for about 70% of the variance of the ICA projections. The rest of
the components did not cluster together well or had idiosyncratic topographical patterns in
the loading weights.

We wished to analyze the ERP data in the paired comparison procedure following an eye
movement to one or the other stimulus. To do this, we first removed the electrical activity
due to the eye movements from the EEG activity following procedures outlined by Jung et
al. (1998, 2000). The ICA component activations were examined at the point of an identified
eye movement in the EOG record. Components were identified whose activations occurred
primarily around the eye movement. Figure 2 (three bottom left figures) shows components
with topographical scalp maps that appear to have components in both eyes or the right or
left eye. We also used source analysis (see the next section for further details) to confirm
that an ECD placed in the eye area accounted for a substantial amount of variance for that
component. We then used the activation, scalp topography, and ECD source analysis to
identify those ICA components that were primarily eye movement components. Only the

Dev Psychol. Author manuscript; available in PMC 2014 March 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reynolds et al. Page 10

remaining ICA components were used with loadings/activations to project back into the
temporal EEG space. This resulted in EEG data with the eye movement artifacts removed.

Cortical Source Analysis

Source analysis was done to determine the cortical sources of the electrical activity
measured with the EEG and ERP (brain electrical source analysis, ECD; Huizenga &
Molenaar, 1994; Scherg, 1990, 1992; Scherg & Picton, 1991; Richards, 2004, 2005, 2006).
Only an overview of the source analysis is given, details are presented in other sources
(Reynolds & Richards, 2005, 2009; Richards, 2003b, 2006). The component weights
resulting from the spatial ICA represent the topographical information in the EEG and are
similar to a set of topographic scalp maps. Cortical source analysis can be conducted on
these component weights to identify cortical sources of the component weights. We
estimated the location of cortical sources from the ICA weights with ECD analysis. This
analysis estimates a dipole (or set of dipoles) located in the cortex representing a
hypothetical current source that could potentially generate the observed component weights.
A forward model is used to produce a simulated scalp current originating from the
hypothetical dipole. Simulated scalp currents are compared with the observed data in an
iterative manner until the best fitting dipole is identified. The cortical source models used
realistic head model and a finite-element model (FEM) mapping of the electrical
conductivity of the head to calculate the forward model (Reynolds & Richards, 2009).2

The cortical source models also used source locations and FEM models based on anatomical
MRIs from infant participants.3 We had 11 anatomical MRIs from participants at ages 4.5
months (n = 2), 6.0 months (n=7), and 7.5 months (n = 2). The MRIs were segmented into
component materials (e.g., CSF, white matter, gray matter, scalp, eyes, skull) with the FSL
computer programs (BETSURF: Jenkinson, Pechaud, & Smith, 2005; BET2: Smith, 2002;
Smith et al., 1999). The segmented MRIs were transformed to wire frames with the MRI
Viewer program (Source Signal, Inc.), and complete models for these 11 infants were
developed. We also did the source analysis using source locations based on the registration
of the MRI volumes with stereotaxic atlases from the Montreal Neurological Institute (MNI)
brain using the FSL FLIRT program (Jenkinson & Smith, 2001). The source locations for
the analyses were Brodmann and anatomical brain areas that were determined by reference
to past work in this area (Reynolds & Richards, 2005). The realistic head model for each
participant was chosen by using external head measurements from the participant and the 11
infant MRIs and by using the MRI of the infant whose head measurements most closely
matched that of the participant. The MR Viewer (Signal Source Imaging, Inc) and the
MRIcron program (Rorden, http://www.sph.sc.edu/comd/rorden/mricron/) were used to
display the MRls.

2The ECD procedure hypothesizes a dipole with location and amplitude (moment) that generates a current on the scalp. The FEM
model represents the electrical conductivity of the varying segments of the head, and the dipole moment generates a current through
this media that results in a hypothesized current on the head, the so-called “forward model.” The forward model is compared with the
empirical current data, and the dipole moment is iteratively adjusted to minimize the difference between the forward model and the
empirical data (see Reynolds & Richards, 2009).

The traditional model for cortical source analysis is based on impedance values for cortical matter, skull, and scalp of adult
participants. The use of adult impedance values with infant participants may affect the accuracy of cortical source localization with
infant participants. In this study, we used structural MRIs from 11 infant participants and generated electrode placement maps on the
basis of these individuals’ head measurements. One of these placement maps was then transformed to match the head measurements
of each participant, and these transformed placement maps were used for each participant’s ECD analysis. This constrained the dipole
localization to a somewhat realistic topography on the basis of the anatomy of each participant. A stronger but less practical approach
would be to obtain structural MRIs for each individual infant. Additionally, a precise relation between the adult-based stereotaxic
atlases and infant coordinate space is undetermined, thus the MNI atlas may be problematic for use in infant studies at this time.
Richards is currently developing a realistic head modeling technique for use with infant participants that addresses these current
limitations (for a discussion, see Reynolds & Richards, 2009). However, the fact that the current findings replicate our previous work
using infant cortical source localization provides support for the utility of this approach with infant participants (Reynolds & Richards,
2005).
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Design for Statistical Analysis

Results

The design for the study included the experimental factors of testing age (3: 4.5, 6, 7.5
months) and preference (2: novelty preference, nonpreference) as between-subjects factors,
and attention phase (2: attention, inattention) and stimulus type (3: frequent familiar,
infrequent familiar, infrequent novel) as repeated measures factors. The analysis focused on
the Nc component. Because of the unequal distribution of the number of trials in the cells of
the factorial design, the analyses of variance (ANOVAS) for the analyses were done with a
general linear models approach using nonorthogonal design (see Hocking, 1985; Searle,
1971, 1987). This was computed using the Proc GLM of SAS. The statistical tests used the
error terms derived from the related intervals effects analyses and Scheffe-type methods to
control for inflation of test wise error rate; all significant tests are reported at p < .05. Effect

sizes () are reported on all significant effects.*

Grand Average ERP Overview for Brief Stimulus and Paired Comparison Procedures

The ERP data were analyzed from the brief stimulus exposures and paired comparisons.
Figure 3 displays the grand average ERP waveforms for the brief stimulus exposure trials
(on the basis of 749 trials) separately for the FrontalZ, CentralZ, and ParietalZ electrode
clusters, and separately for the three stimulus types. Figure 4 displays topographical scalp
potential maps from these same trials. The Nc component occurred as a large negative ERP
change located primarily in the frontal and central electrodes.

Figure 5 shows the grand average ERP waveforms from the paired comparison trials (on the
basis of 274 looks), and Figure 6 shows the analogous topographical scalp potential maps.
The averages for the paired comparison trials were done beginning with the end of the
saccade toward a stimulus, and thus represent a postsaccadic ERP. The ERP pattern for
these trials differed somewhat from the pattern on the brief stimulus exposures. A large
negative deflection may be seen in the CentralZ electrodes occurring at about the same time
as the ERP in the brief stimulus exposures, and the overall topographical pattern was similar
(cf. Figures 4 and 6). However, a large negative deflection occurred in the ParietalZ
electrode clusters as well, and the difference between the three stimulus types was not as
distinct.

Brief stimulus procedure—The ERP data from the intervals from 400 to 800 ms
following stimulus onset were analyzed. The peak (maximum) amplitude and mean
amplitude during this time interval were examined for experimental effects at FrontalZ and
CentralZ electrode clusters.

To address the first major aim of identifying the amount of consistency between behavioral
correlates and ERP correlates of infant attention, we divided infants into groups post hoc on
the basis of preference scores during paired comparisons. Paired comparisons of familiar
(frequent or infrequent) versus novel stimuli were used to determine groups on the basis of
preference. A novelty preference was defined as total proportion of looking time toward the
novel stimulus = .55. Proportion of looking toward the novel stimulus < .55 was defined as a

4The ANOVAs used PROC GLM from SAS. Analyses of the intervals effect (4-ms intervals) were done but not reported because they
are not relevant to the goals of the article. Additionally, we used a procedure to estimate any missing data using orthogonal

polynomial components to reconstruct the missing data, which has the effect of doing a mean over the interval to be considered. This
allowed the paired comparison ERP data, which on some trials had only 500 ms of data, to be directly compared with the brief
stimulus ERP data. Also, the paired comparison trials were analyzed only when an infrequent novel stimulus was paired with one of
the other stimuli (i.e., infrequent novel vs. frequent familiar; infrequent novel vs. infrequent familiar) and not when the two familiar
stimuli were presented (frequent vs. infrequent familiar).
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nonpreference. ANOVAs were run using Age (3: 4.5, 6, and 7.5 months) and Preference (2:
novelty preference and nonpreference) as between-subjects factors and Attention (2:
attention and inattention) and Stimulus Type (3: frequent familiar, infrequent familiar, and
infrequent novel) as within-subjects factors.

We approached the analysis of the visual preference factor in two different ways. Our first
analysis was on “overall preference.” We took the individual’s average proportion of
looking during all familiar versus novel paired comparison trials, and we used this overall
preference score when splitting infants into preference groups. We then compared
preference groups on their averaged ERP responses during the entire testing phase (i.e.,
averaged across all modified-oddball ERP phases). There was a main effect for preference at

CentralZ, F(1, 51) = 9.95, p=.003, 77;2):16- It can be seen in Figure 7 (top panel) that
infants who demonstrated an overall novelty preference (n = 25) showed significantly
greater amplitude Nc than infants who did not demonstrate novelty preferences overall (n =

22). There was also a main effect for age, F(2, 51) = 6.56, p =.003, 17,2,:.20. Nc amplitude
increased with age (4.5 months: M = -12.00 pV; 6 months: M = —=15.56 uV; 7.5 months: M
=-23.24 V).

In addition to examining overall preference, we examined “transient” preferences by
examining brief presentation ERP trials that surrounded specific individual paired
comparison trials. That is, we only examined the two blocks of ERP trials that either
immediately preceded or followed a specific paired comparison trial. Individual participant’s
preference scores on the specific paired comparison trial embedded within these two blocks
of ERP trials were used to determine preference groups on the transient analysis. This served
as a more real-time analysis of the relationship between visual preference and Nc amplitude.
There was an interaction between transient preference and stimulus type, F(2, 34) =4.32, p

=.021, 775:.20. The group showing a transient novelty preference demonstrated greater
amplitude Nc to novel stimuli, whereas minimal differences on the basis of stimulus type
were found for the infants who did not demonstrate a transient novelty preference
(nonpreference group; see bottom panel of Figure 7).

To summarize the findings from the brief stimulus procedure, there was a main effect for
overall visual preference with infants who demonstrated an overall novelty preference
showing greater amplitude Nc than infants who did not demonstrate an overall novelty
preference. There was also a main effect for age. Nc amplitude increased with age. Transient
visual preference interacted with stimulus type. Infants who demonstrated a novelty
preference on a single paired comparison trial had greater amplitude Nc to novel stimuli on
ERP trials occurring immediately before and after that specific paired comparison trial.

Paired comparison procedure—The ERP data were also analyzed during the paired
comparison procedure. The ERP data were gathered from the end of a look toward a
stimulus, defined as the end of the saccade. The major focus of this analysis was to identify
differences in the ERP related to visual preferences simultaneously displayed at the
behavioral level. Thus, ANOVAs were once again run using Age (3: 4.5, 6, and 7.5 months)
and Preference (2: preference and nonpreference) as between-subjects factors and Attention
(2: attention and inattention) and Stimulus Type (2: familiar [frequent and infrequent
combined] and infrequent novel) as within-subjects factors.

LI T3

We conducted three separate analyses using “transient preference,” “transient novelty
preference,” and “overall novelty preference” as the Preference factor. First, we split up
participants on individual paired comparison trials on the basis of whether they displayed a
preference (i.e., looking proportion = .55 for a given stimulus). With this approach we
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simply analyzed transient preference regardless of preferred stimulus type (familiar or
novel), and we looked at differences in ERP responding to the preferred versus nonpreferred
stimulus. We then examined transient novelty preference, and we defined a novelty
preference as proportion of looking to the novel over familiar stimulus = .55. In both of the
transient analyses, the ERP was only analyzed on the actual paired comparison trial that was
used to define preference groups (i.e., simultaneous measurement). For overall novelty
preference, we split up infants on the basis of their average novelty preference score across
all paired comparison trials, and then we compared group differences on ERPs averaged
across all paired comparison trials.

For the transient preference analysis, there was a main effect for preference at ParietalZ

electrodes, F(1, 53) = 6.43, p=.0142, 775:.11. Infants demonstrated greater amplitude Nc to
the preferred stimulus (M = —32.49 V) than to the nonpreferred stimulus (M = -26.98 V).
On the transient novelty preference analysis, significant effects were found at CentralZ.

There was a main effect for attention, F(1, 8) = 7.58, p = .025, 775:.49. Infants showed
greater average amplitude Nc during attention (M = =5.49 pV) than inattention (M = - 0.17
uV). There was also a significant interaction between attention and preference, F(1, 8) =

7.36, p=.027, 772:.48 (see Figure 8). Infants who demonstrated novelty preferences showed
greater mean amplitude Nc during attention (M = -7.99 V) than inattention (M = 4.96 pV);
infants in the nonpreference group showed little difference in amplitude for attentive (M = -
4.83 pV) and inattentive (M = -2.56 pV) trials.

For the overall novelty preference analysis, there was an interaction of attention and

stimulus type on peak amplitude Nc at ParietalZ, F(1, 13) = 4.99, p = .0164, n§:.37. Infants
demonstrated greater amplitude Nc during attention (M = —30.68 j1V) than inattention (M =
-25.34 1V) on novel looks, whereas no differences (M = -30.17 uV, and M = -30.44 pV,
respectively) were found during familiar looks. At CentralZ, there was a main effect for
attention, F(1, 13) = 4.99, p = .0437, that was qualified by an interaction of attention and

preference, F(1, 13) = 14.92, p=.002, 772:53. Infants who demonstrated overall novelty
preferences showed greater amplitude Nc during attention (M = —26.29 V) than inattention
(M =-18.73 nV). The trend was reversed for infants who did not demonstrate an overall
novelty preference (M = -20.26 uV, and M = —-26.50 .V, respectively). Finally, there was a

Preference x Stimulus Type interaction, F(1, 13) =5.31, p=.038, n§=.29. Infants who
preferred the novel stimulus demonstrated greater amplitude Nc during novel looks, whereas
the nonpreference group demonstrated no differences in Nc amplitude on the basis of
stimulus type (see Figure 9).

To summarize the ERP findings from paired comparison trials, there was a main effect for
transient preference. On a specific paired comparison trial, infants demonstrated greater
amplitude Nc to their preferred stimulus (regardless of novelty or familiarity). There was
also a main effect for attention with infants displaying greater amplitude Nc during
attention. Attention interacted with transient novelty preference. Infants who demonstrated a
novelty preference showed greater amplitude Nc during looks when attentive than when
inattentive. Attention interacted with stimulus type with infants showing differences in Nc
amplitude on the basis of attention, but only during novel trials. Finally, overall novelty
preference interacted with stimulus type. Infants who demonstrated an overall novelty
preference showed greater amplitude Nc to novel stimuli; the trend was reversed for those
infants who did not demonstrate an overall novelty preference.
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Cortical Source Analysis

To address the third goal, we conducted cortical source analysis on the ICA components
identified in the analysis of the EEG data. The components that clustered in the center part
of the scalp (see Figure 3: “frontal pole,” “anterior-central,” “central,” and “parietal”) were
analyzed. The source volumes that were chosen to restrict ECD locations were the frontal
pole, inferior prefrontal cortex, anterior cingulate, superior and posterior prefrontal cortex,
central brain areas, and a MRI volume(s) representing the rest of the brain.> Figure 10 shows
the regions of interest located on a 6-month-old participant. The regions were chosen on the
basis of ECDs for the Nc component found in a prior study (Reynolds & Richards, 2005)
and expected source locations for the four component clusters. Single dipole models were fit
for each of these areas, and the best fitting dipole model was chosen. Table 1 shows the
mean MNI and stereotaxic atlas locations (Talairach & Tournoux, 1988) for these ECDs
grouped by region. The fits of the model ranged from 0.70 to 0.97 (M = 0.86).

The ICA components were grouped by the source volume in which the best fitting ECD was
found. Figure 10 shows the average loadings from the ICA components for these five
groups. The component averages for the anterior cingulate, inferior prefrontal, and superior
prefrontal regions have the bipolar-like configuration similar to the Nc component. Note that
the component loadings are in the opposite orientation (positive—negative) from the ERP
activity. This is accounted for by negative values on the component activations. Figure 10
also shows the forward model of the projection from the ECD to the scalp, averaged across
ICA components, separately for these regions. These forward model projections are made
during the ECD minimization procedures. They represent the electrical activity on the scalp
computed from the dipole location-moment and the realistic electrical properties of the MRI
volume in the cortical source model.

Cortical sources of ERP—The data were examined to determine the similarity of the
cortical sources of the ERP for the brief stimulus and the paired comparison procedures. We
did not do a full factorial analysis of the ERP sources because we have reported on similar
analyses in other places (Reynolds & Richards, 2005, 2009). The cortical sources for the
five regions shown in Figure 2 and Table 1 were used to calculate projections of the
electrical activity on the scalp expected from a dipole in that location and moment (e.g.,
forward model). This was done on a 4-ms x 4-ms basis in the same temporal domain as the
ERP data, averaged over the electrodes from the frontal to the central scalp locations (i.e.,
FrontalZ, CentralZ), separately for the five brain regions. Figure 11 shows the results of this
calculation. The inferior prefrontal, superior prefrontal, and anterior cingulate areas showed
a pattern of response most similar to the Nc ERP component, that is, a large negative
deflection with a peak at about 500 ms following stimulus onset (see Figure 11, top graph,
thin and thick solid lines, thin dashed line). The forward model projection from the same
brain regions showed a similar pattern of amplitude and response for the data from the
paired comparison trials (see Figure 11, bottom graph). In addition to the peak at 500 ms,
these three brain areas had a sustained response for several ms following the peak area of the
Nc. The projections from the central and frontal pole regions were dissimilar to the pattern
of the Nc ERP component for the brief stimulus and paired comparison procedures.

We also examined the location of functionally active brain areas with the projections of the
ECDs. The ECD projections shown in Figure 11 were compared with the grand average
waveform from the ERP. The similarity of the ERP and ECD projections was calculated by

SThe regions chosen for the source volumes of relevance for the analyses include the anterior cingulate, central region, frontal pole,
inferior prefrontal cortex, and superior—posterior prefrontal cortex. We also included the parietal cortex, occipital cortex, and a region
consisting of the rest of the brain. These latter sections were included so that ECDs with a location in these regions were not included
in the five relevant regions for the analysis.
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multiplying the millisecond x millisecond values from each and summing over the interval
from +100 to +700 ms poststimulus (brief stimulus) or postsaccade (paired comparison).
Large values of this represent waveforms from the ECD values that match the temporal
changes, scalp location, and electrical direction of the ERP. We then found those ECD
locations where the values for the paired comparison and brief stimulus procedures were the
same. Figure 12 shows the fit of the ERP data and the projected data for the locations from
the cortical sources. This figure shows the common ECDs that were activated in both
procedures. The best fitting areas in common between the brief stimulus and paired
comparison procedures were in the inferior prefrontal regions (e.g., Brodmann Areas 11, 25,
34). The cortical sources for the 20-week-olds were scattered across the medial-lateral
aspects of the basal prefrontal cortex, well into the lateral aspects (Brodmann Area 34).
There was an increasing trend from 4.5 to 7.5 months to show a larger proportion of active
cortical areas more along the midline. By 7.5 months, this activity reached into the superior
and posterior regions of the prefrontal cortex.

Discussion

There were three major goals of the current study. The first goal was to examine the
relationship between ERP and behavioral correlates of infant attention and recognition
memory. The second goal was to simultaneously measure ERPs and infant visual
preferences by processing and analyzing the EEG measured during paired comparison trials.
The third goal was to identify the cortical sources of infant visual preferences through ECD
analysis of the ICA components occurring during both ERP and paired comparison trials.

Relationship Between Behavioral and ERP Measures

Our approach to addressing goal one was to examine the Nc ERP component occurring
during ERP trials in relationship to preference scores demonstrated during paired
comparison trials. Consistent with past work (e.g., Richards, 2003a; Webb et al., 2005),
there was a main effect for age with Nc increasing in amplitude with age. This may reflect
the increasing involvement of prefrontal cortical areas in visual attention across infancy.
There was also a main effect for preference that was qualified by an interaction of
preference with stimulus type. Infants who demonstrated an overall novelty preference also
demonstrated greater amplitude Nc in response to novel rather than familiar stimuli.®
Similarly, infants who demonstrated a transient preference for the novel stimulus on a single
paired comparison trial showed greater amplitude Nc to the novel stimulus on ERP trials
immediately preceding and following that specific paired comparison trial (see Figure 7).

This study is the first to demonstrate clear consistency between visual preference behavior
on the paired comparison task and Nc amplitude. Studies that have utilized paired
comparison trials or infant-controlled serial looking tasks following ERP testing have
yielded inconsistent results in look duration and Nc amplitude (de Haan & Nelson, 1997;
Karrer & Monti, 1995; Nelson & Collins, 1991, 1992). In these studies, differences were
found in the ERP data on the basis of stimulus-type, but no analogous effects were found in
the looking-time data. This may be due to the fact that the length of time following
familiarization was longer for the behavioral phase of these experiments than for the ERP
phase, and the infants may have been fatigued or off-task for the behavioral phase following

Blt is interesting that approximately half of the infants did not demonstrate an overall novelty preference. In the classic paired
comparison paradigm, 20 s of familiarization with achromatic visual patterns would be sufficient for the majority of participants in
this age range to demonstrate a novelty preference. However, we believe that embedding paired comparison trials in the modified-
oddball procedure resulted in a more complex task with greater levels of interference, thus accounting for a lower proportion of
participants demonstrating overall novelty preferences (see Fagan, 1990, for a discussion of variables that may affect paired
comparison performance).
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ERP testing. By embedding paired comparison trials within the ERP phase of testing, we
were able to control for the confounding effects of time and fatigue.

Past studies that have measured fixation duration throughout ERP testing have found some
consistency between looking duration and Nc amplitude with looks to oddball or novel
stimuli being longer than looks to standard or familiar stimuli (Ackles, 2008; Ackles &
Cook, 1998; Hill-Karrer, Karrer, Bloom, Chaney, & Davis, 1998; Karrer & Ackles, 1987).
For example, in a recent study conducted by Ackles (2008), 6—7-month-old infants
demonstrated longer looking to novel or infrequent stimuli when compared with frequently
presented stimuli; infants also demonstrated greater amplitude Nc to novel and infrequent
stimuli. However, the measure of look duration used was unconventional. Looks were
allowed to continue through multiple stimulus presentations that possibly contained more
than one stimulus type. Blinking lights were also shown during interstimulus intervals when
look duration was allowed to continue accumulating. Thus, length of a look did not reflect
processing of a single stimulus or in some instances processing of a particular stimulus type.
Additionally, the looking time data and ERP data were examined in separate analyses. Thus,
the relationship between looking time and Nc amplitude was only examined at the group
level and not within individual participants.

The current finding that infants demonstrate greater amplitude Nc to their “transiently”
preferred stimulus is informative for the current debate on the functional significance of Nc.
On the basis of earlier studies demonstrating a lack of stimulus type effects on Nc, it has
been proposed that Nc reflects a general orienting response or processing of a contextual
shift (e.g., Nelson, 1994; Richards, 2003a). According to these proposals, Nc is insensitive
to stimulus characteristics. The current findings and others clearly indicate that Nc
amplitude is impacted by stimulus characteristics as well as previous experience (e.g.,
Ackles, 2008; Ackles & Cook, 1998, 2007; Courchesne et al., 1981; Karrer & Ackles, 1987,
1988; Reynolds & Richards, 2005).

ERP Analysis of Paired Comparison Trials

To address the second goal, we conducted an ERP analysis of the EEG measured during
paired comparison trials. This was done by segmenting the ERP trials on the basis of
fixation onset as opposed to stimulus onset and through processing and removing the eye
movement artifacts produced during shifts between stimuli. There were several interesting
findings. First, there was a main effect of attention at central and parietal sites, with infants
demonstrating greater average Nc amplitude when engaged in attention than when
inattentive. This main effect was qualified by two interactions. Attention interacted with
stimulus type; infants demonstrated greater Nc amplitude during attention but only on novel
trials. Attention also interacted with preference; participants who demonstrated an overall
novelty preference showed greater amplitude Nc during attention, whereas Nc amplitude
was not affected by attention for infants who did not demonstrate an overall novelty
preference. This effect also occurred in infants demonstrating a “transient novelty
preference” on a single paired comparison trial (see Figure 8). Furthermore, there was a
main effect for preference. Infants demonstrated greater amplitude Nc to their preferred
stimulus, regardless of stimulus type (novel or familiar). Finally, there was an interaction of
preference by stimulus type. Infants who demonstrated an “overall novelty preference” also
demonstrated greater amplitude Nc on looks to novel stimuli. The group showing a
“nonpreference overall” did not demonstrate differences on the basis of stimulus type (see
Figure 9).

Similar to the analysis of the brief stimulus ERP data, these findings clearly demonstrate
consistency between visual preference behavior and Nc amplitude. Additionally, the current
findings indicate that Nc does not simply reflect detection of an improbable or novel event.
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Infants displayed greater amplitude Nc to their preferred stimulus regardless of stimulus
type (novel or familiar). Thus, Nc amplitude is related to stimulus salience or what Cohen
(1972) referred to as the “attention-getting” properties of the stimulus, and Nc is most likely
functionally related to the onset of sustained attention (Reynolds & Richards, 2005). The
main effect of attention on Nc amplitude replicating Richards (2003a) is consistent with this
proposal. The relationship between attention and Nc was clarified in this analysis. Infants
demonstrated greater amplitude Nc during attention but only during novel looks. During
familiar looks, no differences were found in Nc amplitude for attention versus inattention.
This further indicates that Nc reflects the onset of sustained attention as opposed to a general
orienting response. Recognition of a stimulus as familiar or novel must occur prior to the
peak of Nc during the early stages of visual processing (Ackles, 2008). Familiar stimulus
presentations may have only elicited an orienting response and not led to further attention
and information processing.

These results also indicate that individual differences may play a role in responsiveness of
the Nc component to stimulus characteristics. Infants who demonstrated an overall novelty
preference displayed differences in Nc amplitude on the basis of attention. However, those
infants who demonstrated a nonpreference overall did not demonstrate differences in Nc
amplitude on the basis of attention. This finding coupled with longitudinal research
demonstrating that Nc amplitude increases with age within individual infant participants
(Webb et al., 2005) warrants future investigation of individual differences in attention on the
basis of look duration and ERP measures.

Cortical Source Localization of Visual Preferences

The third goal of the study addressed whether these two different measures tap into activity
within the same areas of the brain. Ultimately, this goal was also concerned with whether
these two measures involve the same (or similar) cognitive processes. We conducted ECD
analysis of the ICA components most similar to the Nc ERP component. This analysis was
done separately on the EEG from brief stimulus trials and paired comparison trials. We then
compared the components from each data set on experimental effects and cortical sources to
analyze the consistency between brain activity on paired comparison and brief stimulus
trials. Three components were extracted from the ERP trials that contribute to Nc. These
components were found to be active during ERP and paired comparison trials. In addition to
demonstrating spatial distributions consistent with the Nc ERP component, these ICA
components demonstrated temporal activation and experimental effects consistent with Nc.
The cortical sources for these components were located in inferior prefrontal areas
(Brodmann Areas 11, 25, 34), superior prefrontal areas (Brodmann Areas 6, 8, 9, 46), and
the anterior cingulate (Brodmann Areas 24 and 32). The inferior prefrontal component
demonstrated the greatest consistency in activation across brief stimulus ERP trials and
paired comparison trials. There were some notable differences in the scalp distribution of Nc
during brief presentations versus paired comparisons, indicating that there are additional
brain areas that make unique contributions to each task; however, our analysis focused on
areas that were active across tasks.

The results of our source analysis are consistent with the findings in the adult literature that
bilateral activation of dorsolateral prefrontal cortex, inferior prefrontal cortex, and dorsal
anterior cingulate cortex occurs across a wide variety of tasks requiring diverse cognitive
demands (for a review, see Duncan & Owen, 2000). Researchers have proposed that this
common activation of these specific prefrontal cortical areas is due to their role in a variety
of cognitive functions, including executive attention, recognition memory, working memory,
response inhibition, shifts of attention, suppression of saccades, integration of events across
time, and executive control (e.g., Aron, Robbins, & Poldrack, 2004; Duncan & Owen, 2000;
Fuster, 2001). There is a body of literature indicating that areas within the medial temporal
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lobe (MTL) play a pivotal role in recognition memory for nonhuman primates and adults
(for reviews, see Eichenbaum, Yonelinas, & Ranganath, 2007; Snyder, 2007). The MTL is
most likely involved in infant recognition memory as well and, thus, most likely influences
infant visual preferences. It is plausible that MTL activity is associated with the late slow
waves (LSWs) proposed to reflect recognition memory processes in human infants, as these
ERP components often occur over temporal leads. However, because the LSWs begin
approximately 1 s after stimulus onset and continue for up to 2 s after stimulus onset, many
of the looks that occurred during paired comparison trials were not long enough to properly
examine LSWs. For this and other practical reasons, we chose to focus our analysis
exclusively on the Nc component.

ICA components localized to inferior prefrontal cortex, superior prefrontal cortex, and
anterior cingulate cortex demonstrated spatial localization, temporal activation, and
experimental effects similar to that of the Nc ERP component. This replicates our previous
source localization work with human infants (Reynolds & Richards, 2005) and supports our
proposal that these areas are involved in sustained attention and are strongly related to
recognition memory. The ICA component with dipoles located in inferior prefrontal cortex
demonstrated the most common activation across tasks. This finding combined with the
visual preference effects found across tasks indicates that these areas of the brain are
involved in the allocation of attention toward a given stimulus. Thus, Nc is likely a
component of a general arousal system involved in attention. Activation of this system leads
to decreased HR through parasympathetic outflow from the brain stem to the heart via the
vagus nerve. This explains the relationship between the HR phases of attention and Nc
amplitude. The general arousal system also involves enhanced processing throughout the
cortex through the influence of the noradrenergic and dopaminergic neurochemical systems.
Our results show that areas of the cortex involved in this attention system include inferior
and superior prefrontal cortex and the anterior cingulate cortex.

The current findings as a whole demonstrate the increased level of information gained by
measuring behavior and ERPs simultaneously in combination with the application of cortical
source localization techniques. This is the first study to date to simultaneously measure
visual preference behavior and ERPs during paired comparison trials. The complicated
nature of brain-behavior relations in infancy was illustrated by multiple interaction effects.
These results indicate that these approaches (paired comparison and ERPS) tap into the same
underlying cognitive processes, thus eliciting similar cortical activity. This is an initial step
in demonstrating convergent validity across these two commonly used behavioral and
electrophysiological measures of visual attention and recognition memory. More work is
needed in the area, and future research should be aimed at continued development of
techniques for simultaneously measuring behavior and brain activity in human infants.
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Experimental Phases

1. Familiarize infant with two stimuli (sequential presentations; FF and IF)

(]

. Alternating sequential presentations of each familiar stimulus

s

Three paired comparison trials (simultaneous pairings; FF vs. IF, IN vs. FF, [F vs. IN)

4. Block of modified-oddball brief stimulus ERP trials (sequential presentations)

L

ik

Figure 1.

Schematic diagram of the experimental procedure. Examples of stimuli used in the

. One paired comparison trial (simultaneous pairing, FF vs. IF, FF vs. IN, or I[F vs. IN)

FF = frequent familiar
IF = infrequent familiar
IN = infrequent novel
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experiment are shown. Phases 1-3 were nonrepeated. After completion of the initial round
of Phases 1-5, Phases 4 and 5 were repeated in an alternating sequence until the infant was
no longer on task, allowing collection of as much event-related potential (ERP) and visual

preference data as possible.
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ICA Component Loading Clusters

Frontal Pole Central-Anterior Central-Parietal  Parietal Left Temporal Right Temporal

POOOIW

Both Eyes Left Eye Right Eye  Left Occipital Right Occipital Center Occipital

sos9ee

The independent component analysis (ICA) component loading clusters. The graphs
represent topographical scalp potential maps with the component loadings as the values;
each graph represents the average the ICA components in each cluster. The area inside the
line indicating the head is above the meridian of the head, and outside the line is below the
meridian. The titles for each cluster represent electrode names on the scalp (e.g., FP, central,
anterior) and do not refer to brain areas. The four clusters with loadings centered on the
scalp were used in the source analysis, whereas the lateralized eye components, and central
and lateral occipital components, were used in the eye movement correction technique.
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Brief Stimulus Grand Average ERP Waveforms by Topographical Location
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Figure 3.
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Nc Component

ParietalZ

The grand average event-related potential (ERP) waveforms for the brief stimulus
presentations. Left panel: a schematic diagram of the 128-channel Electrical Geodesics
Incorporated sensor net. The boxes indicate clusters of electrodes that were used in the
analysis of the Negative central (Nc) ERP component. Right panel: the grand average ERP
waveforms for each topographical location analyzed in the experimental analysis. The Nc
component is indicated. The y-axis represents change in electrical potential relative to
baseline, and the x-axis represents time following stimulus onset. EOG = electrooculogram.
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Brief Stimulus Topographic Spatial-Temporal Maps by Stimulus Type
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Visual Stimulus Presentation
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Figure 4.

The event-related potential (ERP) recording for 1 s following stimulus onset is shown by
stimulus type. Each row of topographical scalp potential maps represents a 1-s sequence of
100-ms averages of the ERP data for each stimulus type. The top panel displays the
corresponding time-course of the stimulus presentations, with stimulus offset occurring 500
ms after stimulus onset.
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Paired Comparison Grand Average ERP Waveforms by Topographical Location
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Nc Component
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Figureb5.

The grand average event-related potential (ERP) waveforms for the paired comparison
presentations. Left panel: a schematic diagram of the 128-channel Electrical Geodesics
Incorporated sensor net. The boxes indicate clusters of electrodes that were used in the
analysis of the Negative central (Nc) ERP component. Right panel: the grand average ERP
waveforms for each topographical location analyzed in the experimental analysis. The Nc
component is indicated. The y-axis represents change in electrical potential relative to
baseline, and the x-axis represents time following stimulus onset. EOG = electrooculogram.

Dev Psychol. Author manuscript; available in PMC 2014 March 21.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Reynolds et al. Page 28

Paired Comparison Topographic Spatial-Temporal Maps by
Stimulus Type

Paired Comﬂarison Presentations
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COOORVISPE

Infrequent Novel
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Figure6.

The event-related potential (ERP) recording from single looks within paired comparison
trials for 1 s following stimulus fixation is shown by stimulus type. Each row of
topographical scalp potential maps represents a 1-s sequence of 100-ms averages of the ERP
data for each stimulus type. The top panel displays the corresponding time-course of the
paired comparison trials, with continuous display of the paired stimuli.
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Brief Stimulus ERP Waveform by Overall Visual Preference

15V 1000 ms

Dashed line - Novelty Preference
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Brief Stimulus ERP Waveform by Transient Visual Preference

Non-Preference Group Novelty Preference Group

150V 1000ms  15pV 1000 ms

-

Dashed line — Novel Stimuli
Solid line - Familiar Stimuli

Figure7.

The brief stimulus event-related potential (ERP) waveforms by visual preference. The data
are shown through 1 s following fixation onset. The y-axes represent change in electrical
potential relative to baseline, and the x-axes represent time following stimulus onset. Top
panel: display of differences in responding for group displaying an overall novelty
preference (dashed line) versus group that did not demonstrate an overall novelty preference
(solid line). Bottom panel: display of responses to familiar (solid line) versus novel (dashed
line) stimuli for the transient nonpreference group (left graph) and the transient novelty
preference group (right graph).
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Paired Comparison ERPs by Transient Novelty Preference and Attention
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Figure8.

Postsaccade paired comparison trial event-related potentials (ERPS) at CentralZ for
“transient” visual preference by attention. The y-axes represent change in electrical potential
relative to baseline, and the x-axes represent time following stimulus onset. The top graph
shows the response of the transient familiarity preference group. The bottom graph shows
the response of the transient novelty preference group. Solid lines represent inattentive trials,
and dashed lines represent attentive trials.
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Paired Comparison ERPs by Overall Visual Preference and Stimulus Type
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Figure9.

Postsaccade event-related potentials (ERPs) at CentralZ from paired comparison trials for
overall visual preference and stimulus type. The y-axes represent change in electrical
potential relative to baseline, and the x-axes represent time following stimulus onset. The top
graph shows the response of the overall nonpreference group. The bottom graph shows the
response of the overall novelty preference group. Solid lines represent looks to familiar
stimuli, and dashed lines represent looks to novel stimuli.
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Source Volume Reglons
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Figure 10.

Regions of interest (ROISs) for the source analysis shown for one 6-month-old infant. For the
equivalent current dipoles (ECDs), ROIs were designated for the location of the dipoles. The
ROIs came from the Harvard-Oxford cortical areas established on the Montreal
Neurological Institute (MNI) MRI. The independent component analysis (ICA) in each
cluster was fit to a ROI specific to that cluster, and each had a non-ROI region that was the
rest of the brain. The ECDs were restricted to gray matter likely composed of cell bodies and
were excluded from white matter (identified on infant MRI) and putative nonmyelinated
axons (estimated from white matter of MNI brain warped to infant). For the source volume
regions displayed on the MRI images, violet represents inferior prefrontal cortex, green
represents frontal pole, red represents anterior cingulate and anterior portion of cingulate
gyrus, yellow represents superior and posterior portions of prefrontal cortex, blue represents
central (pre- and postcentral gyri), and aqua represents parietal cortex.
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Forward Projections for the “Regions of Interest”

FrontalZ FCZ CertralZ Brief Stimulus Trials
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Superior Prefrontal

Figure11.

The forward projections for the five regions of interest areas. These represent the 4-ms x 4-
ms activity of these cortical areas, projected from the dipole through the realistic cortical

model to the scal

p, and then averaged over the FrontalZ, CentralZ, and FrontalCentralZ

electrodes. The top graph shows the projections from the brief stimulus trials, and the
bottom graph displays the projections from paired comparison trials. The projections from
the anterior cingulate, inferior prefrontal, and superior prefrontal brain areas had temporal
activity in the projected data that was similar to that recorded in the Negative central event-

related potential

component.
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Equivalent Current Dipole Locations with Common Activation
across Paired Comparison and Brief Stimulus Trials by Age

b g .
4.5 months 6 months

Poor FIT Good

Figure12.

Common equivalent current dipoles that were activated across tasks. Age groups are divided
into separate columns. The best fitting areas in common between the brief stimulus and
paired comparison procedures were in the inferior prefrontal regions (e.g., Areas 11, 25, 34).
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