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A B S T R A C T

Despite claims concerning biological mechanisms sub-serving infant attention, little experimental work ex-
amines its underpinnings. This study examines how candidate polymorphisms from the cholinergic (CHRNA4
rs1044396) and dopaminergic (COMT rs4680) systems, respectively indicative of parietal and prefrontal/
anterior cingulate involvement, are related to 6-month-olds’ (n= 217) performance during a visual expectation
eye-tracking paradigm. As previous studies suggest that both cholinergic and dopaminergic genes may influence
susceptibility to the influence of other genetic and environmental factors, we further examined whether these
candidate genes interact with one another and/or with early caregiving experience in predicting infants’ visual
attention. We detected an interaction between CHRNA4 genotype and observed maternal sensitivity upon in-
fants’ orienting to random stimuli and a CHRNA4-COMT interaction effect upon infants’ orienting to patterned
stimuli. Consistent with adult research, we observed a direct effect of COMT genotype on anticipatory looking to
patterned stimuli. Findings suggest that CHRNA4 genotype may influence susceptibility to other attention-re-
lated factors in infancy. These interactions may account for the inability to establish a link between CHRNA4 and
orienting in infant research to date, despite developmental theorizing suggesting otherwise. Moreover, findings
suggest that by 6 months, dopamine, and relatedly, the prefrontal cortex/anterior cingulate, may be important to
infant attention.

1. Introduction

Early attention is associated with executive functioning develop-
ment (Cuevas & Bell, 2013) and the ability to regulate the self and
emotions (Rothbart, Sheese, Rueda, & Posner, 2011). These abilities
are, in turn, predictors of well-being across the lifespan (e.g., psycho-
pathology, academic performance; Graziano, Reavis, Keane, & Calkins,
2010; Pennington &Ozonoff, 1996).

In adults, the fully developed attention system may be comprised of
multiple neural and neuromodulatory networks (Petersen & Posner,
2012; Posner & Petersen, 1990). For example, the orienting attention
network is theorized to underlie more reflexive and/or automatic

aspects of attention, and to facilitate shifts in attention towards the
locations of environmental stimuli. In contrast, the executive attention
network may control behavioral responses in the presence of conflicting
environmental cues and is theorized to underlie more voluntary and/or
endogenously controlled attention (Petersen & Posner, 2012;
Posner & Petersen, 1990). Indeed, attentional control, which includes
selective attention and self-monitoring, is in itself sometimes con-
sidered an aspect of executive functioning (EF), which can influence a
variety of EF abilities including cognitive flexibility, goal setting, in-
formation processing, and the abilty to complete tasks in a required
order (Anderson, 2002). Likewise, as eye movements that occur in
anticipation of an outcome require goal-directed control, anticipatory
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looking may be considered reflective of executive attention (Voelker,
Sheese, Rothbart, & Posner, 2009). Still, despite its importance, the
neural underpinnings of attention, both orienting (“exogenous”) and
“anticipation” (“endogenous”/”executive attention”) in early develop-
ment remain unclear.

1.1. Development of the human attention system

Infant research suggests gradual progression in attentional proces-
sing sub-systems, with exogenously driven attention emerging earlier in
development, and more complex aspects coming on-line later. As re-
viewed by Colombo (2001), some have argued that reactive shifts in
gaze to external stimuli occur as early as the neonatal stage, with more
complex aspects of attentional orienting becoming apparent at 6
months. Furthermore, research utilizing the visual expectation (VE)
paradigm, in which objects appear in a spatial pattern and gaze beha-
vior is observed, tentatively suggest that anticipation, which is fre-
quently considered indicative of “endogenous attention,” may be ob-
served in the first few months, but is notably enhanced in later infancy
(Reznick, Chawarska, & Betts, 2000; Teubert et al., 2012).

Despite many behavioral studies, the neural underpinnings of these
processes in infancy remain unclear. This is in contrast to adult re-
search, in which imaging studies indicate that orienting is tied to the
frontal eye fields as well as more posterior cortical regions such as the
intra-parietal sulcus and temporo-parietal junction and is modulated by
acetylcholine. In contrast, executive attention is more closely tied to
later-developing regions and is modulated by dopamine (see
Petersen & Posner, 2012 and Posner, Rothbart, Sheese, & Voelker, 2012
for a review, but see Lundwall, Guo, & Dannemiller, 2012 for con-
flicting results). With regards to executive attention, early theory sug-
gested that it was sub-served by only one network (see
Petersen & Posner, 2012), but recent imaging work suggests attentional
control is sub-served by both a frontoparietal network, which includes
the dorsolateral prefrontal (PFC) cortex, intraparietal sulcus, and in-
ferior parietal lobule, and a cingulo-opercular network, which includes
the anterior cingulate (ACC; Dosenbach, Fair, Cohen,
Schlaggar, & Petersen, 2008).

Whether these same structures respectively underlie orienting and
executive attention in infancy is unclear, in part due to the lack of adult-
like differentiation between neural networks early in development (Fair
et al., 2009). Indeed, Posner and colleagues (Posner et al., 2012;
Rothbart et al., 2011; Sheese, Voelker, Posner, & Rothbart, 2009) have
suggested that the orienting network may be the predominant reg-
ulatory system from birth until early childhood, with both orienting and
seemingly executive-like attention behaviors modulated by cholinergic
functioning early in life, and executive behaviors gradually coming
under the influence of dopaminergic functioning. Still, despite pro-
longed ACC and PFC development, other research suggests that the PFC
may be involved in attention, even during the first year of life
(Richards, Reynolds, & Courage, 2010). For example, in their study of
4.5–7.5 month olds, using source localization techniques, Reynolds and
Richards (2005), observed that an electrophysiological marker of at-
tention (i.e., the Event Related Potential component, Nc, which was
greatest to novel and infrequent, rather than familiar and infrequent or
familiar and frequent, stimuli, had its neural underpinnings in the
medial/inferior frontal and anterior cingulate cortices. Yet, the results
from an additional source electrophysiological source localization study
by Xie and Richards (2017) may suggest that the posterior occipital,
ventral temporal, lateral inferior occipital, middle temporal, and su-
perior temporal regions are important to 3.5–4.5 month olds’ attention
during a spatial cueing paradigm, as these regions show less activity to
trial stimuli that were invalidly spatially cued trials than to trial stumuli
that had been validly and/or neutrally cued.

In addition to electrophysiological techniques, another non-invasive
window into the neural substrates of infant attention is through can-
didate genetic association studies, focused on genes related to

particular neurotransmitters, which are differentially associated with
theoretically relevant neuroanatomy. Relevant to the current paper, the
CHRNA4 gene may be indicative of acetylcholine and parietal in-
volvement, while the COMT gene may be indicative of dopaminergic
and PFC/ACC involvement. Still, genetic association research, without
consideration of environmental factors, may not yield consistent find-
ings.

1.2. Parenting sensitivity and the development of attention

Parental sensitive care may be an important environmental influ-
ence. First, because sensitive caregiving includes the ability to perceive
and appropriately respond to an infant’s distress and attentional focus
(Ainsworth, 1964; Ainsworth, 1967) sensitive parents will often help to
orient infants’ attention away from distressing events and, through
correctly detecting subtle infant cues, towards objects or persons that
the infants’ behavior suggests are endogenously interesting. Thus, in-
fants of sensitive caregivers may help their infants practice goal-di-
rected attention, thereby facilitating the development of endogenous
control in everyday life. Second, and in keeping with views expressed
by Licata et al. (2013), infants of sensitive primary caregivers may also
be “more free” to explore their cognitive environment, as they are likely
to experience comparatively fewer demands on internal emotional
regulation, a process that sensitive mothers facilitate during the infancy
period. Third, at the biological level, maternal sensitivity is associated
with stress hormones (Atkinson et al., 2013) that influence the PFC
cortex (McKlveen, Myers, & Herman, 2015) and may shape PFC con-
nectivity patterns (Rifkin-Graboi et al., 2015). As expected, then, sen-
sitivity and the closely related construct of mother-infant attachment
have been found to be related to attention and/or executive function
(Bernier, Carlson, Deschenes, &Matte-Gagne, 2012; Fearon & Belsky,
2004; Kok et al., 2013), and there is some evidence that both choli-
nergic and dopaminergic genes may moderate these environmental
influences (Grazioplene, DeYoung, Rogosch, & Cicchetti, 2012; Voelker
et al., 2009). It is therefore important to consider potential effects of
caregiver sensitivity in genetic association studies of early infant at-
tention.

1.3. CHRNA4

The CHRNA4 gene codes for a subunit of the neuronal nicotinic
acetylcholine receptor (Steinlein et al., 1994), which is a ligand-gated
ion-channel implicated in fast synaptic signaling (Alkondon, Pereira,
Eisenberg, & Albuquerque, 2000). Past adult research indicates that
variation at a particular location on the CHRNA4 gene, at a synonymous
single nucleotide polymorphism (SNP) site within coding exon 5 known
as CHRNA4 rs1044396 (C1545T), associates with visual orienting using
spatial cuing paradigms (Parasuraman, Greenwood, Kumar, & Fossella,
2005). Specifically, individuals with two T alleles (i.e., T-homozygotes)
exhibited the poorest (i.e., slowest) visual orienting performance com-
pared to those with one or no T alleles. In addition, T/T carriers exhibit
greater anterior cingulate, supplementary motor, and left parietal ac-
tivity when performing a visual oddball task than do T/C and C/C
carriers (Winterer et al., 2007), which may suggest both that nicoti-
nergic acetylcholine is involved in the functioning of these regions and
that recruitement of these regions is greatest amongst T/T carriers.
Likewise, fMRI work performed in conjunction with a re-orienting task
found that T/T carriers exhibited the greatest activity of the superior
temporal cortex, which is a region linked to the bilateral superior
temporal sulcus and left superior parietal sulcus, or, in other words,
may be part of a system involved in spatial shifts and reorienting
(Gießing et al., 2012). In sum, then, while work in adults suggests that
CHRNA4 may affect a variety of brain regions, its variation may be
especially important to the temporo-parietal junction.

Still, genetic association work with 6- to 7-month-old infants
(Markant, Cicchetti, Hetzel, & Thomas, 2014; Sheese et al., 2009) has
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not been able to establish a direct link between the CHRNA4 poly-
morphism and attention. That is, a study with 7-month-old infants
showed no relation between rs1044396 genotype and behavioral
measures of orienting (Markant et al., 2014), and a study using parent
reports of orienting in 6- to 7-month-olds yielded similar null findings
(Sheese et al., 2009). These null findings, at early ages, are somewhat
surprising, as while it is possible that the effects of CHRNA4 genotype
on visual orienting are only observable later in development, the or-
ienting system has been hypothesized to be generally developed by
6 months of age (Colombo, 2001; Johnson & Tucker, 1996) and to exert
its greatest attentional effect in early development (Posner et al., 2012;
Rothbart et al., 2011; Sheese et al., 2009).

As noted, however, the effects of a polymorphism may be better
understood by examining its interactions with various other factors
(Moffitt, Caspi, & Rutter, 2005). Indeed, recent work suggests that the
CHRNA4 rs1044396 T-homozygous genotype may influence suscept-
ibility to other sources of attention-related variance (Espeseth et al.,
2006; Grazioplene et al., 2012). For example, while Grazioplene et al.
(2012) found the personality factors of neuroticism and openness to
experience were not related to the experience of maltreatment among
children who had either one or no T alleles, T-homozygotes showed
relatively more neuroticism if they had experienced maltreatment, but
relatively less neuroticism and relatively more openness to experience if
they had not experienced maltreatment. This genetic moderation is also
potentially relevant, specifically, to the study of attention. The per-
sonality trait of neuroticism has been specifically linked to distract-
ibility during a visual search task (Wallace & Newman, 1998), thus
implying that higher neuroticism may be associated with automatic
orienting to visual information. In contrast, openness to experience has
been associated with the ability to ignore repetitive stimuli that are not
relevant to motivation or emotion (i.e., “latent inhibition”) (Peterson,
Smith, & Carson, 2002), and so may be relevant to endogenous antici-
patory abilities. Furthermore, findings by Espeseth et al. (2006) suggest
that CHRNA4 rs1044396 interacts with other attention-related genes to
determine attention performance in older adults. Specifically, T-
homozygotes, who also possessed the ε-4 allele of the APOE gene,
performed particularly poorly on a visuospatial cued letter dis-
crimination task. Taken together, these findings imply that the
rs1044396 T-homozygous genotype confers particular susceptibility to
other sources of attention-relevant variance. Exploration of gene-en-
vironment and gene-gene interactions may therefore help to uncover
the as-yet undetected links between this CHRNA4 SNP and attention in
early life.

1.4. COMT

The COMT gene is important to dopaminergic functioning, and has
been associated with executive attention behaviors in adults (Blasi
et al., 2005; Fossella et al., 2002; Opgen-Rhein et al., 2008). The COMT
gene codes for the catechol-O-methyltransferase (COMT) enzyme,
which degrades extracellular catecholamines, such as dopamine, and
operates primarily in the PFC to regulate neuronal signaling (Chen
et al., 2004). In contrast to other genes (e.g., DAT) that may be im-
portant to dopamine availability outside of the prefrontal cortex, COMT
has been found to exert preferential effects on extracellular dopamine
activity within the prefrontal cortex (e.g., Kaenmaki et al., 2010).
Variation at the nonsynonymous rs4680 (G- > A or val158met) SNP in
exon4/6 of the COMT gene corresponds to either a valine (val) or a
methionine (met) at position 158 (or 108 or 196, dependent on the
splice variant) of the peptide chain. Such variation has functional im-
plications as the met allele is associated with a fourfold reduction in
COMT enzyme activity compared to the val allele (Chen et al., 2004)
and is thus linked to more extracellular dopamine. Behaviorally, as
expected, variation in this functional SNP relates to executive attention
behaviors in adults. Specifically, a val allele advantage has been ob-
served in both adult clinical (Opgen-Rhein et al., 2008) and community

(Fossella et al., 2002) samples. Moreover, in the community sample,
this advantage was specific to executive attention, as the rs4680 gen-
otype did not predict visual orienting behavior. However, Markant et al.
(2014) have observed a relation between COMT variation and behavior
they consider indicative of orienting attention in infants, perhaps sug-
gesting less differentiated neural substrates than observed in adulthood.

Moreover, COMT polymorphism may also be expected to interact
with the early caregiving environment to predict executive attention. In
a study by Voelker et al. (2009), 18- to 20-month-old infants partici-
pated in a VE paradigm in which a series of video clips appears re-
peatedly in a pattern at fixed locations on a screen. Each clip in the
pattern is interspersed with a blank screen, designed to allow for the
measure of two indicators of visual attention: shifts in gaze in antici-
pation of an upcoming stimulus during the blank screen (anticipatory
looking; a measure of executive attention), and shifts in gaze in reaction
to the appearance of a visual stimulus (reactive looking; a measure of
orienting attention). During this task, looking behavior prior to sti-
mulus onset, but not after stimulus onset, was linked to rs4680 geno-
type, and similarly, to a COMT haplotype. These relations, however,
were identified in the context of a gene-environment interaction, such
that val-carriers exhibited more anticipatory looking only when ob-
served parenting quality was high. In addition, models including hap-
lotype rather than the COMT SNP alone did not account for a greater
amount of variance in anticipation. This study therefore demonstrates
that, in searching for any early effects of COMT variation, it may be
important to consider interactions with the caregiving environment,
and also suggests that, even when additional sources of dopaminergic
variance are not considered, the interaction between COMT and the
caregiving environment may predict this aspect of endogenous atten-
tional performance.

1.5. Study goals

This study examines how the CHRNA4 rs1044396 and COMT rs4680
polymorphisms either directly, or in interaction with the early car-
egiving environment, impact orienting attention and attentional control
at the early age of 6 months. As there may not be a clear separation
between these types of attention in infancy, and considering past work
suggesting that both the CHRNA4 rs1044396 and COMT rs4680 SNP
may confer susceptibility to additional sources of attention-related
variance in infancy, we also explore possible gene-gene interactions.
Here, we employ an adapted VE paradigm (Voelker et al., 2009), which
assesses three attentional variables. First, adding to concepts explored
in past research, we examine purely exogenously driven attentional
orienting, by investigating reactive looking when stimuli appear in a
random sequence. Then, following Voelker et al. (2009), we examine
reactive looking when stimuli appear in a spatial pattern, which may be
influenced by a combination of exogenous (i.e., reflexive, stimulus-
driven) and endogenous orienting, or perhaps even executive attention.
Finally, also similar to Voelker et al. (2009), we examine anticipatory
looking behavior that occurs prior to stimuli onset during a sequence of
patterned stimuli as an indicator of executive attention.

Unlike in past research, we operationalize the early caregiving en-
vironment as experimenter-observed maternal sensitivity, which is a
relatively narrow, yet specific and commonly used construct in devel-
opmental research that describes the degree to which mothers are at-
tentive and responsive to infants’ needs, as well as facilitating of age-
appropriate autonomy (Ainsworth, 1967; Ainsworth, Blehar,
Waters, &Wall, 1978; De Wolff& van IJzendoorn, 1997). Although
many studies have artificially dichotomized the caregiving environment
(e.g., high vs. low parenting quality), we retained maternal sensitivity
as a continuous variable.

In keeping with developmental theories about the ontogeny of the
cholinergic orienting and dopaminergic executive attention networks
and recent work regarding genetic susceptibility, we hypothesize that
CHRNA4 rs1044396 genotype will be associated with variation in
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behaviors reflecting both orienting and attentional control, but only
through interactions with maternal sensitivity and/or COMT rs4680
genotype. In contrast, we predict that any effects of COMT rs4680
genotype, in interaction with variation in maternal sensitivity, will
uniquely associate with behaviors indicative of attentional control.

2. Methods

2.1. Participants

Participants were drawn from the Growing Up in Singapore Towards
Healthy Outcomes (GUSTO) a community-based, prospective mother-
offspring cohort study examining Asian children’s development (Soh
et al., 2013), and were selected from 473 dyads who had attended a 6-
month neurodevelopment testing session, which consisted of eye-
tracking, electrophysiological, and behavioral observation tasks. Pro-
spective mothers were recruited during their first trimester of pregnancy.
Sessions lasted approximately three hours (see Cai et al., 2014) and were
conducted when infants were most likely to be alert and awake. Parents
gave informed consent in accordance with the IRB of one of two re-
cruiting hospitals. Of the 473 infants attending the neurodevelopment
testing session, 439 were administered a VE task. As detailed in the Data
in Brief associated with this article, among the 439 infants to whom a
visual expectation task was administered, 150 cases were excluded due to
missing eye-tracker data resulting from either E-Prime video loading
difficulties or E-Prime-Tobii interface difficulties, and 11 cases were lost
due to human error. Thus, in total, 278 provided data for any portion of
the task, with 276 of these infants providing usable data for at least one
trial of one of three VE variables of interest (within 3SD of the group
mean). Of these 276 infants, 248 were born at term (≥37 weeks gesta-
tion), of normal birth weight (≥2000 g, but ≤4000 g), and were tested
no earlier than one week before, but no later than two weeks after turning
6-months of age. Finally, of these 248 infants, 217 had available ethnicity
data, genotyping data for both SNPs of interest, and maternal sensitivity
data. This final sample of 217 infants (123 females and 94 males; 53.9%
Chinese, 30.4% Malay, 15.7% Indian) had a mean age of M= 183.4 days
(SD= 4.9, range = 174–194).

2.2. Materials & procedure

2.2.1. Visual expectation (VE) task
The VE task (see Fig. 1) was administered in counterbalanced order

with two other eye-tracking tasks. Similar to the VE paradigms used by
Tamis-LeMonda and McClure (1995) and Voelker et al. (2009), infants
were shown video clips taken from musical episodes of children’s tel-
evision programs.

The first 18 trials were considered the “random phase.” In this
phase, clips were presented randomly on either the left or right side of
the screen. During this phase we calculated reactive looking to random

stimuli, which is an index of relatively pure reactive looking, or exo-
genously driven orienting. Specifically, this variable was calculated as
the mean time, in milliseconds, taken to fixate on video stimuli pre-
sented across random trials.

After the random phase, the “pattern phase” began. This phase con-
sisted of 60 clips presented in a spatial sequence (i.e., left-left-right or
right-right-left) on the monitor. During this phase we calculated reactive
looking to patterned stimuli, which is an index of pattern-influenced re-
active looking. It was calculated as the mean time, in milliseconds, prior
to fixating on stimuli presented across pattern trials. Like reactive looking
to random stimuli, reactive looking to pattern stimuli likely reflects exogenous
(i.e., reflexive, stimulus-driven) influences. However, reactive looking to
random stimuli may also be influenced by endogenous expectations con-
cerning where the stimuli are likely to occur. In addition, we also ex-
amined whether the participant demonstrated any anticipatory looking,
prior to the presentation of the video clips during the pattern phase.
Anticipatory looking is an index of anticipatory looking and is the mean
amount of time spent looking at the correct location of the next stimulus
in the pattern during the inter-stimulus intervals (ISI) of pattern trials.
Anticipatory looking was calculated as the percentage of total time spent
looking at the screen during this period. Because this variable was posi-
tively skewed, a square-root transformation was applied.

As discussed in the Statistical Analyses section, a “pre-stimulus
looking during random stimuli” variable was similarly calculated over
random trials, and was to be entered as a control variable, thereby
ensuring that our anticipatory looking variable reflected a form of ex-
ecutive attention, with the effects of attentional orienting removed. Pre-
stimulus looking during random stimuli was calculated in an identical
manner to the anticipatory looking variable.

2.2.2. Maternal sensitivity
Maternal sensitivity was assessed during 15 min of unstructured

mother-infant interaction (i.e., 5-min without toys, followed by 10-min
with toys). The interaction was recorded, and maternal sensitivity was
assessed using a shortened version of the Maternal Behavior Q-Set
adapted to video coding (mini-MBQS-V; Moran, 2009), which has been
shown to be both reliable and valid (Tarabulsy et al., 2009), including
among Asian dyads (Ding, Xu, Wang, Li, &Wang, 2012). The mini-
MBQS-V contains 25 items describing the mother’s behavior such as
“monitors child’s activities” and “builds on the focus of child’s atten-
tion” (Moran, 2009). Resultant scores range from – 1 (highly in-
sensitive) to + 1 (highly sensitive). In the overall study sample, inter-
actions were coded by three Southeast Asian coders, fluent in English
and at least one of the three Singaporean “mother tongue” languages
(i.e., Mandarin, Malay, and Tamil). Prior to coding study tapes, coders
were trained by experts in the field (S. Bento and D. Pederson). Across
roughly 15% (n= 64) of usable cases in the entirety of 6-month mo-
ther-child observation study tapes (n = 434), local coders attained an
intraclass correlation of r = 0.856.

Fig. 1. Schematic of infant demonstrating re-
active and anticipatory looking during the pattern
phase of a R-R-L paradigm (trials included in data
analysis only). Solid lines indicate reactive
looking during the 700 ms of stimuli presentation
to images on the screen (e.g., trials 1b, 3b, 4b, and
6b). Dashed lines indicate anticipatory looking
during the 700 ms ISI to the side of the screen
where upcoming stimulus will appear (e.g., trials
1a, 3a, 4a, and 6a). Gaze data from trials 2 and 5
were not included in analyses because “correct”
looking in these trials may have been influenced
by preservation at the correct location in the
preceding trial. Similarly, analyses examining

these types of looking during the 18-trial random phase excluded gaze data for trials in which stimuli appeared on the same side of the screen as in the preceding trial.
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2.2.3. Genotyping
DNA samples were obtained from participants’ umbilical cords.

Genotyping was conducted on Illumina Omni express + exome arrays.
DNA hybridization to arrays and scanning were performed by the ser-
vice provider Expression Analysis Inc. Data were processed in
GenomeStudio Genotyping Module™. Genotyping calls were made by
the GenCall software, which incorporates a clustering algorithm
(GenTrain) and a calling algorithm (Bayesian model). GenCall scores
for each SNP probe and call rates for each sample were generated. The
genotypes with a GenCall score less than 0.15 were not assigned gen-
otypes. There were no poorly performing samples as defined by a low
sample call rate or low GenCall scores. Genotype groups for CHRNA4
rs1044396 were assigned as follows: TT (n = 23), TC (n= 83), and CC
(n = 111). Genotype groups for COMT rs4680 were assigned as follows:
met/met (n= 22), met/val (n= 89), and val/val (n= 106). The dis-
tribution of genotype frequencies for each SNP did not differ sig-
nificantly from expected frequencies based on the Hardy-Weinberg
equilibrium [CHRNA4: χ2(1, n = 217) = 1.55, p = 0.213; COMT:
χ2(1, n= 217) = 0.27, p = 0.605].

2.3. Statistical analyses

Basic analyses were first conducted upon the larger dataset (i.e., all
infants to whom the VE task was administered, regardless of whether
they met criteria for the present study) to determine whether task order
related to rates of missing data or the three outcome variables and
whether reactive and anticipatory looking differed across the random
and pattern phases. Determining whether pattern performance ex-
ceeded random performance was a necessary first step, as the logic of
the anticipatory variable, as well as the logic concerning endogenous
orienting during this task, requires that infants have a rudimentary
understanding that stimuli will appear in a fixed sequence on the
screen. Thus, the pattern must be learnt before endogenous orienting or
anticipation can be expected. Finally, since the identification of a pat-
tern requires exposure, and because young infants may become easily
bored, we compared baseline performance to performance observed
during the first, middle, and last third of the pattern phase. From this
last set of analyses, we then determined whether to additionally ex-
amine performance during particular portions of the pattern phase.

The primary analyses of interest were then conducted with data
from infants who met inclusion criteria for the current study. These
analyses consisted of a series of univariate general linear models using
Type III Sum of Squares, with each of the three visual attention vari-
ables as outcomes. Custom models were specified, which included in-
fant sex, infant ethnicity, and task order as control variables. For each
outcome variable, a basic model examining only the main effects of
CHRNA4 genotype, COMT genotype, and maternal sensitivity was
conducted. Then, for each outcome variable, a second, expanded model
was conducted with the addition of all two-way interactions among
CHRNA4, COMT, and maternal sensitivity. To reduce redundancy,
when no interaction terms were significant, main effects in the inter-
action model were not re-reported as results from the simpler, more
statistically powerful, main effects model may be more accurate. When
one or more interaction terms in the interaction model was significant,
significant main effects were re-reported from the interaction model, as
main effects must be interpreted in the context of these significant in-
teractions.

In addition to the aforementioned covariates, models examining
reactive looking to patterned stimuli also included unadjusted reactive
looking to random stimuli scores as a covariate. This statistical control
was added because orienting during the pattern phase may have been
influenced by exogenous (i.e., reflexive, stimulus-driven), and more
endogenous forms of orienting (i.e., influenced by the presence of a
pattern). In contrast, orienting during the random phase could only
have been influenced by exogenous processes. Likewise, models ex-
amining anticipatory looking also included unadjusted pre-stimulus

looking during random stimuli scores as a covariate. This statistical
control was added to ensure that the outcome variable was relatively
free of systematic influences from other perceptual and/or bottom-up
processes. For example, “inhibition of return” (IOR) is often considered
a part of orienting attention (e.g., Klein, 2000; Markant et al. 2014; but
see Xie & Richards, 2017 for work suggesting that IOR does not occur
until at least the second half of the first year), and is said to occur when
someone inhibits looking towards a previously cued location. Because
IOR does not require knowledge concerning what comes next, but ra-
ther exposure to something that has already occurred (unlike antici-
pation, per se), IOR could be expected to occur in both the random and
the pattern phases of the task. With regards to the pattern phase, be-
cause pre-stimulus looking is assessed after a target appears on one side
of the monitor and before another target video appears on the opposing
side of the monitor (i.e. a left target preceeded by a right target, or a
right target preceeded by a left target) both IOR and anticipation could
result in enhanced pre-stimulus looking behavior towards the target,
and may thus be confounded. In addition, in both the random and
pattern phases infants might “perseverate” or exhibit “sticky fixation”
towards a given location. That is, they may not disengage their gaze
from a particular location (e.g., the location of the stimulus on the
preceeding trial). Within the current pattern phase, then, an infant who
exhibits increased sticky fixation/perseveration would, de facto, appear
to display decreased anticipation. Since only IOR and preseveration/
sticky attention (but not anticipation) are possible in the random phase,
controlling for pre-stimulus looking in the random phase helps con-
ceptually isolate “anticipation” in the pattern phase. In fact, antici-
patory looking to patterned stimuli and pre-stimulus looking during
random stimuli were weakly correlated (r = 0.25, p = <0.001), sug-
gesting that a portion of anticipatory looking may have been influenced
by factors other than executive attentional processing.

3. Results

3.1. Task statistics from the larger dataset

Briefly, analyses conducted with data from the larger dataset (i.e.,
all GUSTO infants who completed the VE task, but did not necessarily
meet inclusion criteria for the current study) showed that task order
was not related to the three looking behavior variables, nor missing
trials (either due to the infant looking away or due to the eye-tracker’s
inability to detect the infant’s gaze) for reactive looking to random and
patterned stimuli. However, there was a marginal task order effect on
missing trials for anticipatory looking, and thus, task order is controlled
for in all analyses.

In terms of performance, reactive looking to patterned stimuli was
significantly faster than reactive looking to random stimuli, and an-
ticipatory looking was significantly greater than pre-stimulus looking to
random stimuli. Thus, infants appeared to have acquired some knowl-
edge concerning the pattern, as its presence altered both forms of
looking behavior. Within the pattern phase, there were significant
quadratic trends in both reactive and anticipatory looking, with beha-
vior during the middle third portion significantly differing from looking
behavior in the first or third portions. Variation in infants’ looking may
therefore be most evident during the middle portion of the pattern
phase – potentially due to infants taking time to acquire the pattern at
the beginning of the pattern phase and becoming fatigued or bored at
the end. Thus, all primary analyses of interest were also run for per-
formance during this middle third of the pattern phase.

3.2. Descriptive statistics within the primary sample

Among the 217 infants included for this study, the number of trials
that had missing eye gaze data per variable were as follows: reactive
looking to random, M = 1.51 (SD = 1.8); reactive looking to pattern,
M = 14.0 (SD = 9.4); anticipatory looking, M = 12.1 (SD = 9.4). The
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mean number of missing trials for each outcome variable did not differ
significantly by CHRNA4 genotype [reactive looking to random stimuli,
F(2,214) = 1.44, p = 0.240; reactive looking to patterned stimuli, F
(2,214) = 1.18, p = 0.309; anticipatory looking, F(2,214) = 0.92,
p = 0.401], nor COMT genotype [reactive looking to random stimuli, F
(2,214) = 0.29, p = 0.749; reactive looking to patterned stimuli, F
(2,214)=0.14, p= 0.873; anticipatory looking, F(2,214) = 0.001,
p = 0.999]. The number of missing trials for each outcome variable was
also not significantly associated with maternal sensitivity scores [re-
active looking to random stimuli, r = 0.03, p = 0.653; reactive looking
to patterned stimuli: r= 0.003, p= 0.963; anticipatory looking,
r = −0.001, p= 0.986].

Table 1 shows descriptive statistics, and the three VE outcome
variables for the entire primary sample, as well as by CHRNA4 and
COMT genotype group. The sex distribution did not differ across gen-
otype groups for either CHRNA4 genotype [χ2(2, n = 217) = 0.89,
p = 0.641], or COMT [χ2(2, n = 217) = 2.63, p = 0.269]. Ethnicity
distribution did not differ across CHRNA4 genotype [χ2(4, n = 217)
= 5.83, p = 0.213]; however, it did differ significantly across COMT
genotype [χ2(4, n = 217) = 20.48, p < 0.001]. Adjusted standardized
residuals showed that the met/met group had significantly more Indian
infants than expected by chance (p < 0.001) and that the val/val
group had significantly fewer Indian infants than expected by chance
(p < 0.001). Maternal sensitivity scores did not differ significantly by
either infants’ CHRNA4 genotype [F(2,214) = 1.81, p = 0.166] or
COMT genotype [F(2,214) = 1.15, p= 0.318].

3.3. Reactive looking to random stimuli

Reactive looking during the entire random phase was not sig-
nificantly predicted by the main effects of CHRNA4 genotype [F(2,192)
= 0.54, p= 0.584, partial η2 = 0.006], COMT genotype [F(2,192)
= 0.88, p= 0.418, partial η2 = 0.009], nor maternal sensitivity [F
(1,192) = 0.18, p = 0.671, partial η2 = 0.001]. With the addition of all
interaction terms, reactive looking during the entire random phase was
not significantly predicted by the interaction between CHRNA4 and
COMT genotype [F(4,184) = 0.75, p = 0.557, partial η2 = 0.016], nor
the interaction between COMT genotype and maternal sensitivity [F
(2,184) = 0.18, p= 0.833, partial η2 = 0.002]. The interaction be-
tween CHRNA4 genotype and maternal sensitivity, however, was sig-
nificant [F(2,184) = 3.18, p= 0.044, partial η2 = 0.033]. Fig. 2 dis-
plays the relation between maternal sensitivity and predicted reactive
looking to random stimuli for each of the CHRNA4 genotype groups,
accounting for all other covariates and predictors in the model.

In order to better determine whether a specific CHRNA4 genotype
(e.g., TT) was primarily responsible for the significant interaction be-
tween maternal sensitivity and CHRNA4 genotype, we reran the GLM
on each pair of CHRNA4 genotype groups (i.e., TT vs. TC, TT vs. CC, TT
vs. CC). The interaction between CHRNA4 and maternal sensitivity was
significant when only the TT and TC groups were included [F(1,81)
= 8.83, p= 0.004], exhibited a similar, but non-significant, relation

when only the TT and CC groups were included [F(1,114) = 2.36,
p = 0.127], and was not significant when only the TC and CC groups
were included [F(1,166) = 0.82, p = 0.367]. This suggests the overall
interaction effects may have been driven by differences in the relation
between sensitivity and reactive looking to random stimuli in TT car-
riers versus the TC group, and potentially the CC group. Unfortunately,
due to the small number of TT cases (n = 23) we were not able to
determine the nature of the relation between sensitivity and this form of
attention within the TT group.

3.4. Reactive looking to patterned stimuli

Reactive looking during the entire pattern phase was not sig-
nificantly predicted by main effects of CHRNA4 genotype [F(2,180)
= 0.67, p= 0.515, partial η2 = 0.007], COMT genotype [F(2,180)
= 0.13, p= 0.880, partial η2 = 0.001], nor maternal sensitivity [F
(1,180) = 0.25, p = 0.618, partial η2 = 0.001]. With the addition of all
interaction terms, reactive looking during the entire pattern phase was
not significantly predicted by the interaction between CHRNA4 and
COMT [F(4,172) = 1.89, p= 0.115, partial η2 = 0.042], the interac-
tion between CHRNA4 and maternal sensitivity [F(2,172) = 0.08,
p = 0.920, partial η2 = 0.001], nor the interaction between COMT and
maternal sensitivity [F(2,172) = 1.56, p = 0.212, partial η2 = 0.018].

Likewise, reactive looking during the middle third of the pattern
phase was not significantly predicted by the main effects of CHRNA4
genotype F(2,170) = 0.90, p=0.407, partial η2 = 0.011], COMT geno-
type [F(2,170) = 0.09, p= 0.911, partial η2 = 0.001], nor maternal
sensitivity [F(1,170) < 0.001, p=0.995, partial η2 < 0.001]. With the
addition of all interaction terms, reactive looking during the middle third
of the pattern phase was not significantly predicted by the interaction
between CHRNA4 genotype and maternal sensitivity [F(2,162) = 1.43,
p=0.242, partial η2 = 0.017], nor the interaction between COMT gen-
otype and maternal sensitivity [F(2,162) = 0.11, p= 0.897, partial
η2 = 0.001]. There was, however, a significant interaction between
CHRNA4 genotype and COMT genotype [F(4,162) = 2.44, p= 0.049,
partial η2 = 0.057]. Because particular combined genotype groups in the
above analyses were comprised of a small number of infants (i.e., n=3
for rs104396 TT& rs4680 met/met; n= 4 for rs1044396 TC& rs4680
met/met; see Table 2 for descriptive statistics for Reactive looking to
patterned stimuli by combined genotype group), the model was rerun
excluding individuals belonging to these combined genotype groups to
confirm that this potential gene-by-gene interaction was not affected by
data with small cell sizes. Indeed, when re-run, the interaction between
CHRNA4 and COMT remained statistically significant [F(2,157) = 3.09,
p=0.048, partial η2 = 0.038]. Fig. 3 shows the estimated marginal
means for each combined genotype group included in this analysis. Post-
hoc analyses showed differences in reactive looking over the middle third
of the pattern phase were observed only among rs1044396 TT infants,
with rs4680 met/val infants (M= 275.7 ms, SE = 21.0) reacting sig-
nificantly faster than rs4680 val/val infants [M=339.0 ms, SE = 19.5; t
(16) =−2.27, p= 0.024].

Table 1
Descriptive statistics for sex, ethnicity, maternal sensitivity, and VE outcome variables for entire primary study sample and by CHRNA4 rs1044396 and COMT rs4680 genotype groups.

Genotype N Sex (F/
M)

Ethnicity (Chinese/Malay/
Indian)

Maternal Sensitivity
Score

Reactive Looking to Random
Stimuli

Reactive Looking to Patterned
Stimuli

Anticipatory Looking

CHRNA4
TT 23 15/8 13/4/6 0.06 (0.46) 331.9 ms (59.4) 311.3 ms (35.7) 1.43% (2.09)
TC 83 45/38 42/25/16 0.24 (0.44) 337.2 ms (41.6) 319.9 ms (30.2) 2.09% (2.93)
CC 111 63/48 62/37/12 0.17 (0.43) 339.7 ms (46.8) 321.6 ms (34.2) 2.21% (2.73)

COMT
met/met 22 16/6 8/4/10 0.31 (0.42) 341.8 ms (53.8) 323.0 ms (31.0) 0.79% (1.56)
met/val 89 48/41 46/27/16 0.15 (0.46) 342.9 ms (47.8) 318.6 ms (33.0) 2.27% (2.99)
val/val 106 59/47 63/35/8 0.20 (0.42) 332.9 ms (43.3) 320.4 ms (33.6) 2.19% (2.68)

Total 217 123/94 117/66/34 0.19 (0.44) 337.9 ms (46.3) 319.9 ms (33.0) 2.08% (2.75)
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3.5. Anticipatory looking

There was no significant main effect of CHRNA4 genotype [F
(2,197) = 0.59, p= 0.555, partial η2 = 0.006], nor maternal sensi-
tivity [F(1,197) = 2.38, p = 0.124, partial η2 = 0.012] upon antici-
patory looking over the entire pattern phase. There was, however, a
marginally significant main effect of COMT genotype [F(2,197) = 3.15,
p = 0.051, partial η2 = 0.030]. Fig. 4 shows the estimated marginal
mean rate of anticipatory looking (root transformed) for the met/met
(M = 0.45, SE = 0.22), met/val (M = 1.04, SE = 0.12), and val/val
(M = 1.00, SE = 0.12) groups. Pairwise comparisons showed the met/
met group had a significantly lower mean rate of anticipatory looking
than both the met/val group [t(105) = −2.41, p= 0.017], and the
val/val group [t(121) = −2.27, p= 0.024]. The difference between
the met/val and the val/val groups was not significant [t(186) = 0.22,
p = 0.825].

With the addition of all interaction terms, anticipatory looking over
the entire pattern phase was not significantly predicted by the interaction
between CHRNA4 genotype and COMT genotype [F(4,189) = 0.61,
p= 0.658, partial η2 = 0.013], the interaction between CHRNA4 geno-
type and maternal sensitivity [F(2,189) = 1.76, p= 0.175, partial
η2 = 0.018], nor the interaction between COMT genotype and maternal
sensitivity [F(2,189) = 0.62, p= 0.539, partial η2 = 0.007].

Similar to the anticipatory looking over the entire pattern phase,
anticipatory looking during the middle third of the pattern phase was
not significantly predicted by CHRNA4 genotype [F(2,189) = 1.49,
p = 0.227, partial η2 = 0.016]. There was, however, a marginally sig-
nificant main effect of COMT [F(2,189) = 2.67, p = 0.072, partial
η2 = 0.027], and pairwise comparisons showed a similar pattern of
effects as was identified over the entire pattern phase. Specifically, the
met/met group (M= 0.31, SE = 0.28) had a significantly lower mean
rate of anticipatory looking than both the met/val group [M = 0.99,
SE = 0.16; t(100)=-2.14, p = 0.033] and the val/val group
[M= 1.03, SE = 0.15; t(117) = −2.26, p= 0.025]. The difference
between the met/val and val/val groups was not statistically significant
[t(179) = −0.21, p= 0.833]. In the basic model examining main ef-
fects, there was also a marginally significant main effect of maternal
sensitivity [F(1,189) = 3.01, p = 0.084, partial η2 = 0.016].

With the addition of all interaction terms, anticipatory looking over
the middle third of the pattern phase was not significantly predicted by
the interaction between CHRNA4 genotype and COMT genotype [F
(4,181) = 0.69, p= 0.598, partial η2 = 0.015], the interaction be-
tween CHRNA4 genotype and maternal sensitivity [F(2,181) = 0.10,
p = 0.907, partial η2 = 0.001], nor the interaction between COMT
genotype and maternal sensitivity [F(2,181) = 0.55, p= 0.580, partial
η2 = 0.006].

Given that the met/met group exhibited lower levels of anticipatory
looking both over the entire pattern phase and during the middle third
of the pattern phase as compared to the met/val and val/val groups, we
examined whether this difference could, instead, be explained by gen-
otypic differences in ability to identify the pattern (i.e., that met/met
infants showed significantly less anticipatory looking during the pattern
because they simply had not recognized the presence of the pattern).
The amount of increase in anticipatory looking during the pattern phase
compared to the random phase did not differ across COMT genotypes [F
(2,206) = 1.25, p = 0.290]. The same was true for the increase in
anticipatory looking during the middle third of the pattern phase
compared to the random phase [F(2,198) = 1.51, p = 0.224].
Therefore, the three COMT genotype groups appeared to have equally
identified the pattern’s existence, and so, the observed genetic variation
in rates of anticipatory looking during the pattern phase were unlikely
to have been due solely to differences in infants’ ability to recognize the
pattern’s presence.

Fig. 2. Random phase reactive looking is predicted by the interaction be-
tween CHRNA4 rs1044396 genotype and maternal sensitivity. Covariates
include infant sex, infant ethnicity, task order, COMT rs4680 genotype, the
interaction between COMT rs4680 genotype and maternal sensitivity, and
the interaction between CHRNA4 rs1044396 genotype and COMT rs4680
genotype.

Table 2
Reactive looking to patterned stimuli values (unadjusted) during middle third of pattern
phase by combined CHRNA4 rs1044396 and COMT rs4680 genotype group.

Genotype Number of
Infants in
Primary
Sample

Number of
Infants in
Analysis

Unadjusted
Mean Reaction
Time (ms)

SD

CHRNA4
rs1044396

COMT
rs4680

TT met/met 4 3 371.3 33.8
met/val 10 9 291.2 61.0
val/val 9 9 341.3 79.7

TC met/met 7 4 357.7 40.0
met/val 35 27 318.2 44.3
val/val 41 33 320.1 56.6

CC met/met 11 10 313.2 51.8
met/val 44 41 340.2 55.8
val/val 56 46 326.4 58.4

Total 217 182 326.8 56.6
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4. Discussion

This study utilized a genetic association approach to understand the
neural underpinnings of infant orienting and executive attention.
Although Posner and colleagues (Posner et al., 2012; Rothbart et al.,
2011; Sheese et al., 2009) have suggested the cholinergic orienting
network is the predominant neuromodulator of early life attention,

prior infant CHRNA4 genetic association studies did not confirm this.
Likewise, past research is mixed regarding when the later-developing
dopaminergic executive network becomes active and begins mod-
ulating executive attention. To our knowledge, we are the first to link
laboratory-measured attention to both CHRNA4 and COMT genotype at
6 months of age. In our large-scale study of 217 preverbal infants,
cholinergic variation was observed to influence both exogenous (i.e.,
reactive, stimulus-driven) and potentially more endogenous forms of
orienting attention. In both cases, the influence of CHRNA4 was only
observed in interaction with additional sources of variance, perhaps
suggesting that, in addition to potentially reflecting cholinergic sig-
naling, rs1044396 SNP may also mark susceptibility to other factors
influencing attention development. Interestingly, we did not observe
effects of CHRNA4 on anticipatory looking during the pattern phase, the
outcome variable most conceptually likely to have been influenced by
executive attention, as opposed to simple orienting attention. Instead,
we observed a main effect of COMT (p = 0.051), which is in keeping
with smaller-scale research in older infants as well as work with adults
(Fossella et al., 2002; Opgen-Rhein et al., 2008; Voelker et al., 2009).
Thus, our results support the link between CHRNA4 and attention,
advanced by Posner and colleagues (Posner et al., 2012; Rothbart et al.,
2011; Sheese et al., 2009). Furthermore, our COMT findings suggest
that dopaminergic function may indeed play a role at 6 months – earlier
than previously shown (Markant et al., 2014).

In addition to suggesting the involvement of acetylcholine and the
posterior network in orienting attention, this work supports the idea
that CHRNA4 rs104436 genotype may influence susceptibility to other
sources of variance such as variation in the caregiving environment or
variation in other genes. The interaction between rs1044396 genotype
and maternal sensitivity upon reactive looking to random stimuli is
consistent with work by Grazioplene et al. (2013), which also identified
the same group of T-homozygotes as being particularly susceptible to
the influence of the caregiving environment, as compared to other
genotypes. Likewise, TT carriers may also be more sensitive to the ef-
fects of COMT, as we observed a CHRNA4∗COMT interaction when

Fig. 3. Reactive looking during middle third of pattern phase is predicted by the interaction between CHRNA4 rs1044396 and COMT rs4680 genotype. Values shown are estimated
marginal mean predicted reactive looking speeds. Covariates include infant sex, infant ethnicity, task order, reactive looking during random phase, CHRNA4 rs1044396 genotype, COMT
rs4680 genotype, the interaction between CHRNA4 rs1044395 and maternal sensitivity, and the interaction between COMT rs4680 genotype and maternal sensitivity. Infants with the
combined genotypes of CHRNA4 rs1044396 TT & COMT rs4680 met/met and CHRNA4 rs1044396 TC & COMT rs4680 met/met are excluded due to small cell sizes. Error bars re-
present± 1 standard error of the mean.

Fig. 4. Anticipatory looking during entire pattern phase is predicted by COMT rs4680
genotype. Values shown are estimated marginal mean predicted rates of anticipatory
looking during pattern phase. Covariates include infant sex, infant ethnicity, task order,
anticipatory looking during random phase, CHRNA4 rs1044396 genotype, and maternal
sensitivity. Error bars represent± 1 standard error of the mean.
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examining reactive looking data from the middle portion of the pattern
task. Though we did not observe this in the entirety of the pattern
portion, and so cannot rule out the possibility of chance findings, this
result is of theoretical interest. That is, although the size of certain
combined genotype groups precluded full characterization of the gene-
gene interaction, it is intriguing that an interaction between cholinergic
and dopaminergic genotype was detected specifically for reactive
looking during the pattern phase, as this measure was most likely to
have incorporated both orienting and more executive attentional pro-
cessing. Past fMRI work examining brain activity during a re-orienting
task found that CC as opposed to TT carriers exhibited greater neural
activity in a the right middle temporal cortex, an area that is part of a
sytem important to detecting violations, and so, perhaps endogenous
attention. In contrast, during this same task, TT carriers exhibited more
right superior temporal cortex activity, a region connected to a system
important to shifting attention in response to stimuli (Gießing et al.,
2012). With these fMRI findings in mind, it is interesting to consider
whether the reason TT val/val carriers displayed the slowest reactive
looking during the middle portion of the pattern phase might have been
because they were the most likely to try to perform this task via both
attentional control and reorienting, rather than relying on only one
approach. Likewise, this interactive finding is intriguing in light of
evidence suggesting that, even in adults, the executive system may not
be entirely comprised of a cingulo-opercular system, but also a fronto-
parietal system that both initiates and adjusts control of spatial atten-
tion (Dosenbach et al., 2008). Moreover, that an association between
reactive looking to patterned stimuli and COMT rs4680 genotype was
identified specifically among CHRNA4 T-homozygotes may lend sup-
port to the notion that the TT genotype confers susceptibility to other
sources of variance (Espeseth et al., 2006; Grazioplene et al., 2012).

Our findings also suggest that, as early as at 6 months of age, the
dopaminergic executive attention network, thought to come online in
early childhood (Posner et al., 2012), may be at least partially devel-
oped and influential to executive-like processes in infants. While an-
ticipatory looking behavior in early life has commonly been considered
reflective of the orienting network (Johnson, Posner, & Rothbart, 1991;
van de Weijer-Bergsma, Winjroks, & Jongmans, 2008), our observed
link with COMT challenges this assumption. Moreover, COMT was
found to be specifically related to anticipatory looking, and not either of
our measures of visual orienting behavior. Furthermore, consistent with
past adult studies that established a val allele advantage in executive
attention (Fossella et al., 2002; Opgen-Rhein, 2008), we found val-
carriers (both val/val and met/val individuals) exhibited a higher rate
of anticipatory looking than met/met individuals, after controlling for
potentially less complex forms of attentional processing and ruling out
the possibility of genotypic differences in ability to identify the pattern.
Though the val allele is not always considered advantageous to cogni-
tive outcomes (e.g., Diamond, Briand, Fossella, & Gehlbach, 2004), it
may be particularly advantageous in Asians with regards to executive
function-relevant constructs such as working memory (Wang et al.,
2013). Relevant to attention, the val allele may benefit tasks involving
executive attention as it is associated with more phasic D2 receptor
activity as opposed to tonic D1 receptor activity (Bilder, Volavka,
Lachman, & Grace, 2004). Phasic dopaminergic activity may allow for
enhanced flexibility in attention (Dickinson & Elvevag, 2009; Opgen-
Rhein et al., 2010), as would have been required in our VE task where
the expectable target location is dependent on its position within the
sequence.

Unlike Voelker et al.’s (2009) VE work with 18–20 month-old in-
fants, however, and despite our observed marginal association between
maternal sensitivity and anticipatory looking during a portion of the
pattern task, our results with COMT were not qualified by an interaction
with the caregiving environment. Although we identified individual
differences in anticipatory looking at 6 months of age, it is possible that
environmental influences may differentially interact with genetic var-
iance depending upon developmental stage. Specifically, individual

variation in the rate of brain development, which is rapid during the
first year of life (Choe et al., 2012; Li et al., 2014) may have over-
powered other sources of variance, making it difficult to detect subtle
effects of caregiving upon attentional processing. While maternal sen-
sitivity is a highly relevant construct (Bernier et al., 2012) and pre-
dictive of a variety of developmental outcomes (Niccols & Feldman,
2006; Pederson &Moran, 1996; Stams, Juffer, & van IJzendoorn, 2002),
it is possible that effects would have been observed had other aspects of
the caregiving environment been measured. Voelker et al.’s (2009)
measure of parenting quality, included behaviors typically associated
with maternal sensitivity (e.g., supportiveness, respect for autonomy,
hostility), but also other constructs such as “stimulation of cognitive
development.”

One major strength of the present study was its sample size.
Compared to other laboratory-based genetic association studies with
infants (ranging from n = 45 to n = 88), our sample size of 217 al-
lowed us to begin exploring gene-gene interactions and to compare
genotype groups separately, without needing to combine them for
analysis. We were therefore able to consider genotype as a multi-level
categorical variable, as opposed to either a continuous or a dichot-
omous variable. The latter approach assumes a dose-response re-
lationship between genotype and behavioral phenotype. While a step-
wise allele dose-neurotransmitter level relationship for rs4680, for ex-
ample, has been established (Chen et al., 2004), the relationship be-
tween level of neurotransmitters and observed cognitive performance
(i.e., behavioral phenotype) may not follow a similar step-wise pattern
(see Cools & D’Esposito, 2011 for a review of the inverted-U hypothesis
of dopamine levels on observed cognitive performance). Alternatively,
the dichotomous approach, which has been employed in infant studies
(e.g., Markant et al., 2014; Voelker et al., 2009), involves combining
the heterozygous group with one of the homozygous group and ne-
cessitates the assumption that one allele is dominant and that the het-
erozygote group should be functionally indistinguishable from the
homozygote group with which it is combined. With respect to rs4680,
however, a meta-analysis conducted by Barnett, Scoriels, and Munafo
(2008) suggests the val and met alleles are approximately co-dominant
with regards to cognitive functioning. Thus, true genetic effects that
may exist might be obscured when groups are combined.

Nevertheless, the present study had limitations. Ironically, one
limitation is tied to the study’s relatively large sample size. Unlike
smaller scale studies where eye movements were judged by trained
observers, here, in part for feasibility, we relied upon eye-trackers to
provide measures of infant eye movement. This approach allowed us to
assess a large number of infants and reduced concerns about inter-coder
reliability. However, it also limited our ability to distinguish instances
in which data was lost for technical reasons (e.g., the eye-tracker loss
contact with the infant’s eyes) versus conceptually relevant data loss
(e.g. infants looking away from the screen), which itself may be in-
dicative of infant interest (Teubert et al., 2015). However, assuming
that technical limitations occurred randomly (and therefore would have
been independent of genotypic variation), we also showed that there
were no meaningful differences in the average number of trials with
missing data across both CHRNA4 and COMT genotype. Second, while
we note that the size of our sample was advantageous in many aspects,
it was not sufficient to fully characterize the nature of observed inter-
actions between maternal sensitivity and CHRNA4 on reactive looking
to random stimuli, nor the interaction of CHRNA4 and COMT on re-
active looking to patterned stimuli. Our work, therefore, continues to
underscore the importance of employing even greater sample sizes, or,
if this is not feasible, meta-analytic techniques. Third, our study pro-
vides only a limited snapshot in time. Thus, in order to achieve a more
comprehensive understanding of attention development over the in-
fancy period, a longitudinal approach is warranted. Furthermore, al-
though our candidate gene approach was in keeping with theory and
research concerning the interplay of neuroanatomy and neuro-
transmitter systems from over the last nearly 25 years
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(Peterson & Posner, 2012), while also allowing us to investigate genetic
susceptibility to additional sources of influence, future work may wish
to augment this approach with fNIRS imaging studies. fNIRS studies
would allow for the real-time investigation of neural activity during
visual attention. In addition, though we focused on a well-established
aspect of the postnatal environment, conceptually similar to that stu-
died in previous research (Voelker et al., 2009), factors during the
prenatal period should also be considered as potential environmental
moderators of genetic effects on attention. For example, maternal an-
xiety and stress during the prenatal period have important effects on
early cognitive and neurodevelopment (e.g., Qiu et al., 2013; see Van
den Bergh, Mulder, Mennes, & Glover, 2005 for a review). Finally,
though statistically significant, the size of the effects described in the
present study were small to medium (Cohen, 1988). Future research
should therefore examine polygenetic effects, by considering other
potentially relevant SNPs or variable-number tandem repeat (VNTRs)
within the cholinergic and dopaminergic systems, especially those
found to interact with the SNPs considered in the present study (e.g.,
DRD2; Markett, Reuter, Montag, &Weber, 2011). Analyses using hap-
lotypes of multiple SNPs in either the CHRNA4 or COMT genes should
also be considered (Dickinson & Elvevag, 2009). Although effect sizes
were relatively small, that variation in just two SNPs could account for
nearly 6% of the variance in one of our outcome variables is still no-
teworthy.

5. Conclusions

The present study expands upon the understanding of human at-
tention development in several ways. First, through the use of a beha-
vioral attention paradigm for nonverbal infants, our study implicates
the early functional role of acetylcholine in both orienting and execu-
tive attention processing and dopamine in executive attention proces-
sing. Although some have asserted that the earlier developing choli-
nergic orienting network should be the predominant attention in early
life, modulating both orienting and executive attention behaviors, our
results suggest that COMT has a role in modulating executive attention
behaviors at as early as 6 months of age. Recalling that early attention
is predictive of child cognitive and emotional well-being (Cuevas & Bell,
2013; Rothbart et al., 2011), our findings may therefore underscore the
importance of beginning intervention programs, aimed at enhancing
attention control and rectifying environmental exposures linked to al-
terations in dopamine production, within the infancy period.
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