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Attention is vital to success in all aspects of life (Meck and Benson, 2002; Erickson
et al., 2015), hence it is important to identify biomarkers of later attentional problems
early enough to intervene. Our objective was to determine if any of 11 genes (APOE,
BDNF, HTR4, CHRNA4, COMT, DRD4, IGF2, MAOA, SLC5A7, SLC6A3, and SNAP25)
predicted the trajectory of attentional development within the same group of children
between infancy and childhood. We recruited follow up participants from children who
participated as infants in visual attention studies and used a similar task at both time
points. Using multilevel modeling, we associated changes in the participant’s position in
the distribution of scores in infancy to his/her position in childhood with genetic markers
on each of 11 genes. While all 11 genes predicted reaction time (RT) residual scores,
only Monoamine oxidase A (MAOA) had a significant interaction including time point.
We conclude that the MAOA single nucleotide polymorphism (SNP) rs1137070 is useful
in predicting which girls are likely to develop slower RTs on an attention task between
infancy and childhood. This early identification is likely to be helpful in early intervention.
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INTRODUCTION

Because attention is vital to success in all aspects of life (Meck and Benson, 2002; Erickson et al.,
2015), it is important to identify biomarkers of later problems with attention early enough to
intervene. Doing so may alleviate the development of attentional problems in psychological
disorders such as attention-deficit disorder (ADHD; Abed, 2014), anxiety (Bar-Haim et al., 2011),
autism spectrum disorders (Camarata, 2014), and depression (Mueller et al., 2012). Longitudinal
studies are especially important because they allow us to determine which early symptoms actually
lead to later problems. Making an early identification and intervening are consistent pursuits
among those researching developments (Moss et al., 1982; Webb and Jones, 2009; Camarata, 2014;
DuPaul and Stoner, 2014). Early identification is possible with some biomarkers.
Genes are a logical choice for early biomarkers because they control the availability of

neurotransmitters. The biological pathway from a particular gene to attentional behavior
is often hypothesized to include interference with normal neural messaging across a
synapse as neurotransmitter availability is affected. The varying availability of these
neurotransmitters due to genetic differences could make behaviors like attending less
efficient in some individuals, and this, in turn, could be captured by various measures of
attention, including outcomes from computer tasks. Based on observing associations between
specific genes and early visual attention, some researchers have called for studies on the
developmental course of genotypic differences from infant attention (Holmboe et al., 2010).

Abbreviation: SC, spatial cueing.
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Identifying genetic influences on the development of
attentional deficits will allow interventions to be created.
However, first we must identify early individual differences in
behavior to which genetic differences can be associated. One
aspect of attention that can be studied in infancy is reflexive
attention. Reflexive attention is a component of overall attention
that deals with the stimulus-driven information processing. It
can be contrasted to sustained attention, the other component
of attention. Some studies suggest that reflexive and sustained
attention are independent components of overall attention
(Barry et al., 2001; Berger et al., 2005; Andrade et al., 2009;
Underbjerg et al., 2013; Dye and Hauser, 2014).

Studies using habituation and paired comparisons (Fantz,
1961; Fagan, 1970; Bornstein and Sigman, 1986) have found
that infant measures of information processing can predict
child information processing (Fagan and Singer, 1983; Rose and
Wallace, 1985; Dougherty and Haith, 1997; Rose and Feldman,
1997; Rose et al., 2003; Kavsek, 2004). Note that information
processingmeasures are oftenmore related at the two time points
than infant IQ (which relies on motor skills) and child IQ (which
relies on cognitive skills; Colombo, 1993; McCall, 1994; Sigman
et al., 1997; Tucker-Drob et al., 2013).

For our information processing task, we use a forced-choice
preferential looking task with a left or right moving bar in a field
of static bars (Dannemiller, 1998). When movement captures
attention, there is ‘‘selection’’ of the moving bar from among
the other static bars on the display and the infant looks at the
moving bar. This task provides percent correct (PC) and latency
(RT) for the adult observer to make left-right looking judgments
that reflect the speed and clarity of signals the infant sends
(Teller, 1997).

We could find no studies using infant forced-choice
preferential looking to predict future cognitive outcomes. The
task has, however, been used to classify toddlers with autism
or developmental delays (Pierce et al., 2011). This suggests that
preferential looking may be useful to predict risk for future
attention related disorders. Our interest in reaction time (RT)
trajectory is to determine at an early age, which children might
develop problems with attention and need intervention. Such
results would be the first to our knowledge to demonstrate
genetic influence on the trajectory of the development of reflexive
attention.

Several genes have been identified as associated with poor
attention at one point or another during development (Frank
et al., 2004; Brookes et al., 2006; Ribasés et al., 2008; English et al.,
2009; Nobile et al., 2010; Bidwell et al., 2011; Nymberg et al., 2013;
Gálvez et al., 2014). Dopamine genes are often associated with
attentional deficits (Smith et al., 2003; Li et al., 2006; Genro et al.,
2008; Holmboe et al., 2010).

In addition to dopaminergic genes, other genes are plausibly
associated with attentional development. For example,
APOE, SLC5A7, and CHRNA4 are all associated with the
neurotransmitter acetylcholine, which has been associated
with cognitive development (McKinnon and Nathanson, 1995)
and with visuospatial attention, ADHD, and distractibility
(Manuck et al., 2000; Manor, 2002; Störmer et al., 2012;
Markant et al., 2014). Likewise, BDNF, HTR4, and Monoamine

oxidase A (MAOA) are associated with serotonin, although
MAOA and BDNF also influence dopamine availability (Yu
et al., 2005; Razgado-Hernandez et al., 2015; Voigt et al.,
2015; Parikh et al., 2016). Serotonin has been associated with
brain and attentional development (Binder and Scharfman,
2004; Shim et al., 2008; Faraone and Mick, 2010) and with
ADHD (Poirier, 1996; Greenwood et al., 2000; Fisher et al.,
2002; Parasuraman et al., 2002; Walitza et al., 2005; Winterer
et al., 2007). Overall, the likelihood of genetic influence on
the trajectory of attentional development is high because these
genes influence such developmental processes as axon guidance,
neuronal cell mobility, synaptic function, and chromosomal
remodeling (Gilman et al., 2012; Douet et al., 2014). While the
‘‘snapshot’’ associates described above are useful, it would be
even more useful to be able to predict the likelihood of declining
attentional performance over development to determine who
might most need intervention to prevent the development of
more serious problems.

Trajectory research is essentially a longitudinal research with
an emphasis on individual differences. Studying the trajectory
of specific outcomes based on earlier risk factors has been
especially important in health research (Henly et al., 2011).
A recent study used the concept of trajectory of development and
determined that children with a Williams Syndrome diagnosis
are not simply delayed in development, but show a distinctly
different path of development (Annaz et al., 2009). Other
researchers have found trajectory research useful in studying
genetic influences on cognitive development (Torgersen, 1981;
Plomin et al., 1993; Sigman et al., 1997; Tucker-Drob et al., 2013).
Because it tracks the same children at two or more time points
(Farrington, 1991; Selig and Little, 2012; Grammer et al., 2013),
trajectory research could indicate if genetic variation is associated
with developmental change in attention. Such influences on
development are plausible because genes influence neuronal and
synaptic changes from infancy to childhood.

In particular, we are asking whether genes influence the
trajectory of reflexive attention development. To answer this
question, we recruited participants from a follow up sample of
children who participated as infants in visual attention studies
(Dannemiller, 2004).We use RT and PC to index performance on
a reflexive attention task. Better reflexive attention orients more
quickly and accurately to a moving bar.

MATERIALS AND METHODS

To determine if genetic variation is associated with
developmental change in attention, we selected genetic markers
based on their biological and functional effects. There are
a very large number of genes related to brain development
and the function of the majority of these genes is poorly
understood (Dixon-Salazar and Gleeson, 2010). Exploring the
influence of several candidate genes with a plausible biological
influence on attention to determine if that influence alters
the trajectory of development can be useful. We focused our
selection on genes that had already been mentioned in the
literature as related to some aspect of attention, cognition,
growth, or brain development and that had a plausible biological
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explanation for their potential influence on reflexive attention.
For example, some genes were selected for study because
they are related to growth generally. Others were selected
because they are related to brain growth more specifically.
Insulin-like genes are one example of a growth-related gene and
there has been some suggestion that these may also influence
cognition (Borenstein et al., 2006). In addition, APOE is
highly expressed during development and is associated with
both epilepsy and schizophrenia (Ziats and Rennert, 2011).
Another way to select genes related to brain development is
by examining the stage at which the gene is likely to affect
cortical development. For example, defects in genes involved in
controlling neurogenesis are likely to cause more severe brain
disorders (such as autosomal recessive primary microcephaly,
which involves reduced neuronal numbers) than genes that
control the developmentally later process of circuit formation
(such as CHRNA4 associated with epilepsy; Dixon-Salazar
and Gleeson, 2010). MAOA is a gene on the X chromosome
whose gene product is a mitochondrial enzyme that degrades
monoamines in the central nervous system (Seif and De Maeyer,
1999). More specifically, the enzyme catalyzes the oxidative
deamination (removal of an amine group) of dopamine and
serotonin (Caspi et al., 2002) and has been associated with
ADHD and impulsivity (Manuck et al., 2000; Lawson et al.,
2003). The rationale behind the selection of each candidate gene
is described in Table 1.

In particular single nucleotide polymorphisms (SNPs) on
each gene were selected based on several attributes including
citation in the cognitive literature, minor allele frequency (MAF),
block structure, and distance between markers. The markers
that we have in the current data set include 39 SNPs and
two VNTRs on 11 genes. The genes were selected based
on evidence in the literature that the gene was related to
attentional deficits or a disorder with an attentional component
(see Table 1 for illustrative literature). COMT, DRD4, IGF2,
SLC6A3, and SNAP25 are related to the availability of dopamine.
APOE, CHRNA4, and SLC5A7 are related to the availability of
acetylcholine. BDNF and HTR4 are related to the availability
of serotonin while MAOA is related to the availability of both
dopamine and serotonin. Knowledge about how these markers
affect attentional development is sparse (Konrad et al., 2005; Dye
and Bavelier, 2010) and so a study with a longitudinal component
is likely to be helpful.

Participants
Participants were recruited after Institutional Review Board
(IRB) approval from Rice University (IRB-Human subjects) and
the University of Wisconsin-Madison (the Social and Behavioral
Sciences IRB). Additional data analysis was performed under
IRB approval from Brigham Young University (the IRB
for Human Subjects). We invited 345 eligible children who
lived in the Madison, Wisconsin area to participate in the
computer task study from a population of children who
had participated in studies in the Dannemiller lab at the
University of Wisconsin-Madison between 1996 and 2001 when
they were infants (ages 2–5 months). The infants were full

term (±2 weeks) and had normal birthweight (>2500 g).
The children were 9–16 years old at the time of our second
contact.

Of the 345 invited to participate, 203 participated. All
parents gave written informed consent in accordance with the
Declaration of Helsinki. Children signed assent forms. The
children completed two computer tasks while their parents
filled out a questionnaire. The children also provided a saliva
sample. The leukocytes (white blood cells) and buccal epithelial
cells (from the inner cheek) found in saliva were then used to
obtain DNA suitable for genotyping. Two children were excluded
for neurological diagnoses and two children were excluded for
uncorrected vision diagnoses. After exclusions, we have complete
data at two time points for 199 children: one task in infancy and
another with the same subjects in childhood.

Infant Task
Infants were shown a display (Dannemiller, 1998) with vertical
bars in various configurations (see Figure 1). One of these bars
(either on the right or the left side of the screen) oscillated
in place horizontally through a visual angle of approximately
0.5–1◦ at a rate from 1.2 to 2.4 Hz. The rest of the bars
remained static. An observer who was unaware of the location
of the moving bar made a forced choice of the location of the
moving bar (right vs. left) based on the infant’s initial orienting
behaviors (e.g., eye movement, facial expression, head or body
movements). The judgments were made quickly after the onset
of the display with the average judgment taking less than 2 s.
Infants who looked selectively at the side of the display with the
moving bar were judged (in an age-adjusted manner) to have
better reflexive attention since reflexive attention is captured by
moving stimuli.

Child Task
The child task is similar to the infant task except that the bars
were monochromatic because contrast and not color were found
to be important in the infant task. The static bars are expected
to exert potentially distracting effects on eye movements but the
moving bar is expected to capture attention most of the time.
E-Prime (Psychology Software Tools, Sharpsburg, PA, USA) was
used to present stimuli for this task. Participants were digitally
recorded with a low-light video camera in a semi-darkened
room while performing the task. There were eight practice trials
and 16 actual trials. All trial types (display conditions with a
moving bar on either the left or right side of fixation and with
various placements of distractor bars) were presented in the same
order for each participant. All participants were instructed to
initially look at a fixation cross (presented as black on a white
background) and told that a field of bars would appear (we used
a medium gray background with lighter and darker gray bars;
see Figure 1). Each child was instructed to look directly at the
moving bar as soon as he/she saw it begin to move. The E-Prime
code to initiate the onset ofmovement in one of the bars triggered
the initiation of a time stamp imprinted on the digital video file
by a FOR-A timer (Tokyo, Japan). The timer is accurate to the
nearest 1/100th of a second, but was recorded to the nearest
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TABLE 1 | Candidate genes with their biological effects and functional effects.

Gene Biological effect Functional effect

APOE The ε4 haplotype reduces acetylcholine receptor number (Parasuraman
et al., 2002) and possibly diminishes synthesis of acetylcholine via impaired
regulation of phospholipid and/or fatty acid transport (Poirier, 1996).

APOE has been associated with visuospatial skills in children
(Bloss et al., 2010) and appears to have a protective role in
cognitive development (Oriá et al., 2010).

BDNF This gene is involved in the serotonergic system (Juckel et al., 2010) as well
as nerve growth (Nair and Mishra, 1995).

Related to impulsive-aggressive behaviors in children (Oades
et al., 2008).

CHRNA4 This gene encodes a nicotinic acetylcholine receptor that can bind
acetylcholine and open an ion-conducting channel across the plasma
membrane. The protein can interact with either nAChR beta-2 or nAChR
beta-4 to form a functional receptor (Winterer et al., 2007).

Associated to with ADHD in children (Faraone and Mick,
2010)

COMT G at rs4680 produces valine which is more active in catabolizing dopamine
making dopamine less available (Axelrod and Tomchick, 1958).

COMT has been associated with working memory and brain
activity during development (Dumontheil et al., 2011).

DRD4 Risk alleles lead to fewer dopamine receptors via reduced transcription (Lowe
et al., 2004).

There is an association between DRD4, cortical
development, and ADHD (Shaw et al., 2007).

HTR4 A member of the family of serotonin receptors; the gene product modulates
various neurotransmitters (Lambe et al., 2011).

Associated with depression, autism, and ADHD (Faraone
and Mick, 2010).

IGF2 This gene encodes a member of the insulin family of polypeptide
growth factors, which are involved in development (including DA neuron
development) and growth (Riikonen et al., 2010). It is an imprinted gene,
expressed only from the paternal allele (Kopsida et al., 2011).

Epigenetic changes at this locus are associated with
developmental growth disorders such as Beckwith-
Wiedemann syndrome (Nativio et al., 2011). Normal
intelligence is possible if long term neonatal hypoglycemia is
avoided (Obias et al., 1992).

MAOA This gene is on chromosome X. It encodes an enzyme that degrades amine
neurotransmitters, such as dopamine and serotonin (Xu et al., 2007).

Abnormal regulation of MAOA has been associated with
depression, substance abuse, and sexual maturation
(Biederman et al., 2008).

SLC5A7 (aka CHT) The presynaptic choline transporter (CHT, SLC5A7) is the major rate-limiting
determinant of ACh production in the brain and periphery (Neumann et al.,
2005).

Upregulated during tasks that require sustained attention
(English et al., 2009).

SLC6A3(aka DAT1) Controls the number of dopamine transporter and therefore less dopamine in
the synapse (Giros et al., 1992) and this terminates the dopaminergic signal
transmission (Rommelse et al., 2008).

Less dopamine has been associated with greater attentional
costs for targets in the left hemifield of children (Bellgrove
et al., 2007).

SNAP25 This gene product is a presynaptic plasma membrane protein involved in
the regulation of neurotransmitter release, including dopamine (Feng et al.,
2005).

SNAP25 has been associated with ADHD (Feng et al., 2005).

Note: Biological effects include changes to the gene that alter the way the protein it codes for is produced (e.g., changes in a synaptic receptor, enzyme, or

neurotransmitter). Function effects include associations between this genetic variation and behaviors, including symptoms of disorders associated with attention.

4/100th of a second during video conversion (required for use
of the video editing program described under Preparation of
Child EyeMovement Data, below). Two raters coded the 16 trials
of each subject for latency (RT) and eye movement direction.
Information about eye movement direction was used to later
determine PC scores.

Questionnaire
While the children completed the computer task, the parents
completed a questionnaire that included the McArthur Health
and Behavior Questionnaire-Parent Version (HBQ-P; Essex
et al., 2002; Armstrong et al., 2003). We used a modified form
of the HBQ-P that asks parents to use a three-point Likert scale
(0–2) to indicate agreement with statements about the behavior
of their children. The modified version has been successfully
used in a variety of studies (Lemery-Chalfant et al., 2008;
Burghy et al., 2012). We examined only the summary scores for
Inattention as a follow up to trajectory analyses by genotype. The
questionnaire also included demographic information (including
family income and family size, which we used to approximate

SES) and a modified version of the Epworth Sleepiness Scale
that is appropriate for children. The Epworth is a simple
rating of sleepiness during certain hypothetical, common events
(Melendres et al., 2004). In the data analysis, we attempted to

FIGURE 1 | Monochromatic representation of infant visual display. The
actual presentation had red and green bars.
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determine if either SES or sleepiness (which is associated with not
getting enough sleep; Saarenpää-Heikkilä et al., 2000), changed
the significance of the model in whichMAOA predicted changes
in RT from infancy to childhood.

Genotyping Methods
Participants produced a saliva sample of approximately 2 ml
in an Oragene-500 kit (DNA Genotek, Kanata, ON, Canada),
which was used for genotyping. The Oragene-500 is a plastic test
tube with a preservative that is released when the lid is closed.
Genotyping for the study was performed using the GoldenGate
assay on the BeadXpress system (Illumina, Inc., San Diego, CA,
USA). Briefly, the GoldenGate assay involves biotin-labeling of
genomic DNA followed by the capture of the labeled DNA
onto streptavidin-coated sepharose beads. Streptavidin has a
very high affinity and specificity for biotin and thus aids in
labeling. Sepharose is a form of agarose that is commonly used
in chromatographic separations of biomolecules. An artificial
nucleotide-based molecule that contains universal priming
sequences on either end and is complimentary to the target DNA
sequence of interest is then created, amplified and hybridized to
holographically-labeled silica bars that form arrays with up to
30-fold redundancy of each target to be interrogated. Once the
array has been visualized with the BeadXpress reader, wavelength
and intensity values of the fluorescence are used to determine
the genotype. A custom Laboratory Information Management
System is used to track both samples and laboratory throughput.
Allele detection and genotype calling were performed using
GenomeStudio software v2011.1 (Illumina, Inc.).

Statistical Procedures
Preparation of Infant Scores
In the infant data set there is a PC score for each infant,
which indicates the percentage of trials that a single observer
determined that the infant oriented to the side with the moving
bar. Each infant also has an average latency to orient to the
moving bar that represents the RT of the observer to make a
decision concerning orientation. PC scores are proportions and
therefore received a logit transform. Infant scores were corrected
for gestational age and study conditions by saving standardized
residual scores after regressing the variables on the transformed
PC and RT values. These two residual measures were used
separately in analyses.

Preparation of Child Eye Movement Data
Because the child eye movement data was coded by multiple
video coders, we used inter-rater reliability (IRR) analyses to
determine if it was reasonable to aggregate data from two raters.
We used a video editing software (Pinnacle, Corel Corporation,
Mountain View, CA, USA) to analyze the latency and direction
of the eye movements. Video coders worked independently
and each video was coded twice. Video coders were trained
to code the very first eye movement for direction and latency
even if the child self-corrected for direction after this first look.
Focusing on the first eye movement captures distractibility in
the children and provides variability in the data. Raters advanced

each trial frame-by-frame beginning with the presentation of the
stimulus until the first eye movement was noted. Latency was
recorded based on the time stamp at this initial eye movement.
Training continued until acceptable IRR (set at 0.80). After
averaging raters’ data codes, the eye movement direction was
compared to the stimulus presentation side and coded as correct
or incorrect.

Agreement on eye direction was very high. Discrepancies
(where one rater coded left and one coded right) occurred in
3% of trials. An additional 3% could not be coded and are
considered missing data. Overall IRR across all dyads was 0.95
for RT and 0.93 for eye movement direction. Therefore, the
two ratings were averaged. For each subject, PC was calculated
and RT for correct trials were aggregated (averaged) per person.
After averaging across raters, all the RTs for left targets and
all the RTs for right targets are again averaged within each
subject and these are not meaningfully skewed (0.96), making the
observations normal enough to use in statistical procedures that
require normal data.

Raw PC and RT scores were adjusted for age and (in the case
of infant scores) study number by saving standardized residual
scores after regressing the variables on the transformed PC and
RT values. Residual PC and RT scores were used separately
in analyses. We examined trajectory using mixed (multilevel)
modeling in SPSS 22 (IBM, 2013) using the MIXED command.
Multilevel modeling accounts for the nested nature of the data
(i.e., that trials can be attributed to individuals). We used this
method because the intraclass correlation indicated that 75%
of the variance came from the individual-level data (level 2)
and we needed to take the nested nature of the data into
account when analyzing time point data (level 1). Each gene
had two to seven genetic markers (SNPs or VNTRs) that were
included as predictors because they were not closely linked
with other available markers on that gene. We used separate
analyses per gene because a longitudinal study with only two
time points has difficulty with more complex models with
more predictors and it was important that we be able to test
interactions with time point to answer our research questions.
We performed 11 sets of analyses using a backwards design
similar to backwards regression. Each set of analyses included
an empty model (with no predictors), a full model (with all
predictors and interactions as described below), and a reduced
model with no interactions. Final models were determined
by comparison to an empty model with no predictors and
to the full model with the following predictors: all markers
on a given gene, time point, lag time, and (in the case
of MAOA, which is on the X chromosome) sex. The only
interactions that were included were between genetic markers
and time point and (in the case of MAOA) between genetic
marker, time point and sex. Essentially, the multilevel model
is fitting a line for each person through the transformed
scores of each person and then the interaction between time
point and genotype indicates if the trajectory is affected by
genotype.

We entered each set of markers and each markers interaction
with the time component (time 1 for infancy and time 2 for
childhood) and the lag time between infant testing and child
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TABLE 2 | Dependent variables after controlling for age by time point and sex.

AGE (months) Residual PC Residual RT

Mean SD Mean SD Mean SD

Time 1 (Infancy) Male 3.61 0.83 0.11 0.97 0.06 1.21
Female 3.64 0.73 0.08 1.12 −0.05 1.07
Combined 3.62 0.79 0.10 1.05 0.00 1.14

Time 2 (Childhood) Male 154.11 21.69 −0.06 1.01 −0.10 0.63
Female 155.06 20.23 0.11 1.00 −0.06 0.63
Combined 154.57 20.95 0.02 1.00 −0.08 0.63

Abbreviations: PC, percent correct; RT, reaction time.

testing as predictors of (in turn) residual RT and residual PC.
The interaction between time point and genetic marker indicates
different trajectories depending on genotype. The output of
interest when examining outcome trajectories over the course of
a task is the interaction between the genetic marker and time
point. We are looking for time point by marker interactions by
modeling transformed RT and PC separately as the dependent
variables (the outcome in the multilevel model). We used the lag
time as a covariate to account for variability between participants’
two age point differences. A participant in this study was tested
once as an infant and once as a child, so we calculated lag time by
subtracting age corrected for gestational age (age at the first time
they were tested), from the age of the child (age at the second time
they were tested). We kept lag time in units of days, as days in the
life of a small child can play a major role in physical and cognitive
maturity. Then we used the lag time as a covariate to take into
account the role of time and hence increases the potential to
view with more clarity the influence that genes play in reflexive
attention over time.

RESULTS

Hardy-Weinberg Equilibrium
We performed chi-square tests to determine if alleles and
genotypes were present in the expected proportions according
to the Hardy-Weinberg principle (Hardy, 1908). Non-significant
results indicate the absence of increased evolutionary influence
such as genetic drift, mutation, or biases in mate selection.
These tests were performed using the whole sample, prior
to excluding subjects. All SNPs were in Hardy-Weinberg
equilibrium (all Ps > 0.39) indicating no cause for concern.

Behavioral Results
Fifty-one percent (n = 102) of the sample was male. Infants
ranged in age from 1.51 to 5.39 months (M = 3.63) and had raw
PC scores from 42 to 98% (M= 0.72) and rawRT from 1080.52 to
3180.00 ms (M = 1804.92 ms). The children ranged in age from
10.58 to 16.55 years (M = 12.93) and had raw PC scores from
44 to 100% (M = 0.84) and raw RT from 274.52 to 500.71 ms
(M = 361.74). There was a significant correlation between infant
and child standardized residual RT scores (r = 0.29, p < 0.001).
This indicates that the infant and the child constructs for RT are
similar. However, infant and child PC scores were not correlated
(r = 0.05, p = 0.48). Note that prior to creating the residual

PC scores, we adjusted raw PC scores downward so that perfect
(100%) scores were converted to 99% scores. This allowed us to
take the logit transform and to perform linear-based regression.
Ages by sex and residual PC and RT scores are shown in Table 2.

Multilevel Analysis
All genetic models with interactions with time point were better
than models without interactions with time point (Ps < 0.001).
All models with interactions were significant after correcting
for multiple comparisons using a sequential Bonferroni
procedure (Benjamini and Hochberg, 1995). Adjusted alpha
levels ranged from 0.005 to 0.05. We examined Schwarz’s
Bayesian Information Criterion (BIC) to compare models using
chi-square statistics. Smaller BIC values are better and the
chi-square value indicates if a model is significantly better.
Once the best model was determined, individual predictors
and interactions were examined for significance using the
fixed effects output. Only the MAOA model had a significant
interaction of interest that included time point.

As can be seen in Table 3, theMAOAmodel with interactions
between genetic markers, time point, and sex had the smallest
BIC at 705.38 and was significantly better than the empty model
(BIC = 1015.65), χ2

(20,N = 398) = 246.55, p < 0.001. This p-value
(5.66 × 1041) is substantially less than the family-wise alpha
of 0.004. The model with fewer interactions (BIC = 705.83)
was a little worse than this model. Neither the model with SES
(BIC = 712.76) nor the model with sleepiness (BIC = 706.76)
were better than the model with interactions between theMAOA
markers, time point and sex.

Examining the best model, we see that an interaction of
interest is significant, F(2,188.50) = 12.50, p < 0.001. Multilevel
modeling is regression based, and so this indicates that even after
controlling for all other predictors and interactions in the model,
the trajectory of residual RT varies according to sex and genotype
on the rs1137070 SNP ofMAOA (see Figure 2). This information
is also presented in tabular form in Table 4, which includes the
genotype counts by sex.

There were also main effects for lag time (F(1,188) = 860.64,
p < 0.001), sex (F(1,209.61) = 4.98, p = 0.03), and time point
(F(1,374.08) = 488.92, p < 0.001)—but not for the other MAOA
SNPs (Ps > 0.21) or their interactions with time point and/or sex
(Ps > 0.22). In the interaction with rs1137070, boys in either the
zero (T genotype) or one (C genotype) risk-allele group improved
their position in the distribution of boys and girls (because the
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TABLE 3 | Parameter estimates from models predicting residual RT with MAOA.

Empty Full Simplified Add Sleep Add SES

Parameter Mean SE Mean SE Mean SE Mean SE Mean SE

Fixed Effects

Intercept −0.06 0.04 −6.36∗∗ 0.60 −6.36∗∗ 0.60 −6.23∗∗ 0.59 −10.16∗∗ 0.75
Level 1 (time point)

Infant 4.78∗∗ 1.53 4.76∗∗ 1.53 4.56∗∗ 1.53 5.72∗∗ 0.98
Child 0a 0.00 0a 0.00 0b 0.00 0b 0.00

Level 2 (individual)
rs1137070 (0 risk) 0.27 0.57 0.27 0.56 0.35 0.56 3.91∗∗ 0.50
(1 risk) 0.05 0.31 0.05 0.31 0.08 0.31 1.87∗∗ 0.30
(2 risk) 0a 0.00 0a 0.00 0b 0.00 0b 0.00
rs12843268 (0 risk) 2.21∗∗ 0.34 2.21∗∗ 0.34 2.17∗∗ 0.33 4.01∗∗ 0.44
(1 risk) 2.06∗∗ 0.21 2.06∗∗ 0.20 2.00∗∗ 0.20 2.04∗∗ 0.20
(2 risk) 0a 0.00 0a 0.00 0b 0.00 0b 0.00
rs909525 (0 risk) 0.13 0.18 0.13 0.16 0.10 0.18 0.16 0.18
(1 risk) 0.13 0.14 0.13 0.14 0.11 0.14 0.16 0.14
(2 risk) 0a 0.00 0a 0.00 0b 0.00 0b 0.00
lag time 0.00∗∗ 0.00 0.00∗∗ 0.00 0.00∗∗ 0.00 0.00∗∗ 0.00
sex 0.22 0.32 0.22 0.27 0.25 0.27 2.05∗∗ 0.25
sleepiness 0.02∗∗ 0.01
SES 0.00∗ 0.00
time 1 ∗ rs1137070 (0 risk) 2.01 1.47 1.57 1.42 2.00 1.46 1.12 0.91
(1 risk) 0.58 0.70 0.54 0.70 0.60 0.70 0.50 0.69
(2 risk) 4.20 1.56 0a 0.00 0a 0.00 0b 0.00
time 2 ∗ rs1137070 (0 risk) 0a 0.00 0a 0.00 0a 0.00 0b 0.00
(1 risk) 0a 0.00 0a 0.00 0a 0.00 0b 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0b 0.00
time 1 ∗ rs12843268 (0 risk) −1.07 1.48 −1.06 1.48 −1.02 1.47 −1.89∗ 0.89
(1 risk) −1.88∗ 0.86 −1.84∗ 0.86 −1.80∗∗ 0.86 −1.89∗ 0.85
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
time 2 ∗ rs12843268 (0 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(1 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
time 1 ∗ rs909525 (0 risk) −0.94 0.79 −0.49 0.70 −0.95 0.79 −0.99 0.78
(1 risk) −0.32 0.62 −0.30 0.62 −0.33 0.62 −0.34 0.61
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
time 2 ∗ rs909525 (0 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(1 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
time 1 ∗ rs1137070 (0 risk) ∗ sex −1.00 1.08 −0.26 0.87 −1.02 1.07 −2.84∗∗ 1.05
(1 risk) 0.80 1.20 0.82 1.20 0.77 1.20 0a 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
time 2 ∗ rs1137070 (0 risk) ∗ sex 1.83∗∗ 0.38 1.83∗∗ 0.34 1.72∗∗ 0.38 0a 0.00
(1 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
time 1 ∗ rs12843268 (0 risk) ∗ sex 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(1 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
time 2 ∗ rs12843268 (0 risk) ∗ sex 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(1 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00 0a 0.00
time 1 ∗ rs909525 (0 risk) ∗ sex 0.77 0.65 −0.95 0.79 0.79 0.65 0.80 0.64
(1 risk) 0a 0.00 −0.33 0.62 0a 0.00 0a 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00
time 2 ∗ rs909525 (0 risk) ∗ sex 0.00 0.15 0.03 0.15 −0.01 0.15
(1 risk) 0a 0.00 0a 0.00 0a 0.00
(2 risk) 0a 0.00 0a 0.00 0a 0.00

Repeated Time point 1 1.30 0.13 1.33 0.14 1.34 0.14 1.32 0.14 1.28 0.13
Measures Time point 2 0.40 0.04 0.72 0.01 0.07 0.01 0.07 0.01 0.07 0.01
Num. of Parameters 3.00 23 21 24 22
Schwarz’s BIC 1015.65 705.38 705.83 706.76 712.76

∗∗Significant at p < 0.01. ∗Significant at p < 0.05. Significant values indicate that the estimate is different from zero. We report results under tests of fixed effects for

gene by trial interactions to determine if trajectories differ by genotype. aThis parameter has been set to zero. Note that this Table shows model parameters when testing

residual RTs.
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FIGURE 2 | Mean residual reaction time (RT; controlling for age) represents the subject’s position in the distribution of infant or child scores at each
time point. Because Monoamine oxidase A (MAOA) is on the X chromosome, it is only possible for boys to have one of two genotypes. Boys with either genotype
decrease (improve) in their relative RT between infancy and childhood. Girls with the CT genotype decrease in their relative RT but girls with the CC genotype
increase in their relative RT.

residual RT scores can be interpreted as z-scores controlling
for age with lower RTs indicating increased speed). Girls with
zero risk alleles (the TT genotype) approximately retained their
position in the distribution. Those with one risk allele (the
TC genotype) improved their position in the distribution, and
those with two-risk alleles (the CC genotype group) sharply
increased (worsened) their position in the distribution. It is
interesting that girls with TT or CT genotypes start out

TABLE 4 | Means and standard deviations of RT and residual RT scores by
time point and sex.

Raw RT Residual RT

Count Mean SD Mean SD

Infancy Male T 67 1840.75 418.98 0.12 1.33
C 35 1784.86 293.76 −0.06 0.93

Female TT 48 1763.96 303.61 −0.12 0.97
CT 38 1834.21 391.54 0.09 1.25
CC 11 1728.18 259.92 −0.24 0.82

Childhood Male T 67 364.10 45.20 −0.01 0.66
C 35 352.60 27.89 −0.29 0.54

Female TT 48 364.52 39.55 −0.09 0.60
CT 38 365.49 37.97 −0.06 0.66
CC 11 351.30 29.73 0.06 0.72

Note. Age was controlled by residualizing RT within time point and saving the

standardized scores. Residual RT can be interpreted as a Z-score.

differently, but converge on similar RTs. This finding is unusual;
however, it possibly indicates heterozygote disadvantage (aka
underdominance). This phenomenon concerns situations where
homozygotes are associated with amore beneficial phenotype but
heterozygotes with a less desirable phenotype. This is the reverse
situation to that of sickle cell anemia, in which heterozygotes are
at an advantage. Two possible human examples of heterozygote
disadvantage in humans are Rh factor incompatibility, which
can lead to hemolytic anemia in a fetus (Cavalli-Sforza and
Bodmer, 1971), and polymorphisms in the MTHFR gene, which
influence embryo implantation (Enciso et al., 2016). While less
fit heterozygotes may eventually become rarer, this is likely to
take at least 100 generations (O’Fallon and Adler, 2006; Peischl
and Bürger, 2008) and takes longer under certain conditions.
For example, the stable heterozygote disadvantage is more
likely when the heterozygote state has a weak influence on
survival, the same allele leads to both non-advantageous and
advantageous traits (i.e., is pleiotropic), and it is linked to other
loci (Wilson and Turelli, 1986; Eppstein et al., 2009; Lawson
et al., 2011). This is interesting because MAOA is a gene with
high linkage between loci. In addition, the change we witnessed
in the distributional position of RT does not appear to have
strong influence on survivability, and (due to the action of the
MAOA enzyme) there may be some biological advantage to
having a slightly more dopamine available in some situations
(Cools and D’Esposito, 2011). Nevertheless, this explanation
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should be treated with caution until this study is replicated and
shows a pattern suggesting heterozygote disadvantage for RT
distributional position on a similar attention task.

As a follow up analysis, we examined if the girls in the
CC genotype group had more symptoms of inattention as
measured by theHBQ-P. There weremore inattention symptoms
(F(2,97) = 3.29, p = 0.04). This indicates that girls in the CC
genotype group are being identified by parents as having trouble
with attention and are declining in task performance between
infancy and childhood relative to their peers.

DISCUSSION

Summary and Implications of Results
We found evidence that the SNP rs1137070 onMAOA predicted
poorer developmental course in RT such that girls with the
CC genotype show an increase in (slowing of) RT between two
time points (infancy and childhood) on a reflexive attention
task. In contrast, the analogous genotype on MAOA was not
associated with slowing RT across development in boys. The
effect of genotype on RT remained even when controlling
for SES and sleepiness. We also note that our findings are
unlikely to be related to IQ because the children’s academic
reading scores (which are frequently used to approximate IQ;
Manolakes and Sheldon, 1955; Kaufman et al., 2012) were not
associated with their positional change in the distribution of
scores from infancy to childhood. We also note that a trend
for this significant interaction (p = 0.12) remained when we
removed likely prepubertal children (males younger than 11.66
years; all females had likely already begun puberty [i.e., were
older than 9.86 years]; Lee and Styne, 2013). The drop in
significance probably represents a loss of power with a smaller
sample size. Thus, we do not believe that the prepubertal children
are driving significance.

Growing evidence suggests that the MAOA genotype may
play a role in attention and cognition (Guinmarães et al., 2009;
Wargelius et al., 2012; Ernst et al., 2013; Nymberg et al., 2013;
Piton et al., 2014). However, to gain confidence in these findings,
the behavioral phenotype needs to make sense with biological
actions of MAOA. The MAOA gene encodes an enzyme
that degrades amines such as dopamine, norepinephrine and
serotonin (Garrett and Soares-da-Silva, 1990). The rs1137070
SNP (formerly rs1801291 and aka codon 1460) is in exon 14. T
alleles have been found to be associated with increased MAOA
activity (Hotamisligil and Breakefield, 1991), and may therefore
regulate gene expression (Zhang et al., 2010). Increased levels
of MAOA (the enzyme) lead to decreased levels of dopamine.
Also, the serotonin system inhibits the firing of the dopaminergic
system at the midbrain (Jacobs and Azmitia, 1992), therefore
decreasing the likelihood of activating the frontal dopamine
system.

We gain confidence in our finding because it is consistent with
previous longitudinal studies showing an association between
MAOA and negative outcomes that could have a cognitive
component (Edwards et al., 2010; Enoch et al., 2010; Belsky
and Beaver, 2011; Daw and Guo, 2011; Fergusson et al., 2011;
Lee, 2011; Hill et al., 2013; Pickles et al., 2013; Priess-Groben

and Hyde, 2013; Haberstick et al., 2014; Whelan et al., 2014).
Such findings establish heterotypic continuity (Putnam et al.,
2008; Miller et al., 2009; Lavigne et al., 2014) between the infant
reflexive attention task and later child behavior.

To the best of our knowledge, however, there has only
been one other longitudinal molecular genetic studies of
attention children that included MAOA (Zohsel et al., 2015).
This study found that the MAOA VNTR plays a role in
determining continuity of parent-rated attention problems
during adolescence. Attention problems during early adolescence
(at 11 years old) were found to be strong predictors of attention
problems in middle adolescence (at 15 years old). However,
stability of attention in carriers of the low-activity variant
(MAOA-L) was higher than in carriers of the high-activity
variant (MAOA-H).

Our finding that MAOA (but not the other genes tested)
is associated with RT changes between infancy and childhood
suggests that MAOA has a particular role in the development
of attention. This role might involve MAOA’s function in
the pre-synaptic membrane release of dopamine (Yu et al.,
2005). In addition, the role could involve MAOA’s involvement
in degrading monoamines such as dopamine in the central
nervous system (Seif and De Maeyer, 1999). These roles could
change developmentally over the age range we examined. For
example, if dopamine drives axon guidance, cell mobility, and
synapse formation early in life, but shifts to synapse function
and messaging later in childhood (Gilman et al., 2012; Douet
et al., 2014), then the change in roles could lead to individual
differences in attentional trajectory, which might be adequate at
one stage of development but not at another.

Examining the positional changes in the distribution is
important because of the large developmental differences
between infancy and childhood. For example, note in Table 4
that the absolute magnitude of the differences between infancy
and childhood is large in terms of raw RT (the range is from
1377 to 1467 ms, depending on genotype groups compared).
This is expected because children are much faster at responding
than infants (or, in this case, an observer who is judging
infant responses). The large difference is one reason we used
standardized residual values as the dependent variable. However,
the difference in improvement (infant RT—child RT) is much
smaller (varying from 23 to 90ms depending on genotype groups
compared). Note that these values are in the range of noticeable
differences (Shackleton et al., 2003).

Also in Table 4, it is apparent that the CC genotype group
is small (11 girls). This might suggest one possible reason for
the group differences in standardized residual RT. However,
small group size generally increases variability and decreases the
ability to detect a significant difference. In addition, notice that
the CC group is the least variable of the three genotype groups
for girls.

Our finding that the SNP rs1137070 on MAOA predicted
poorer developmental course in girls with the CC genotype
does not detract from the relevance for the other genes in
association at a single time point with attention or cognition.
Several of the genes we tested, including BDNF, CHRNA4,
COMT, DRD4, HTR4, SLC6A3, SLC5A7, and SNAP25, have
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been associated with ADHD. In our study, all 11 genes were
associated with task performance in terms of RT. They simply
were not associated with trajectory, which is the interaction
between time point and genetic marker that we set out to
test. It appears, therefore, that these genes do not influence
the development of change in position in a distribution of RT
scores after controlling for age. Another possibility is that these
genes do influence RT score position, but that our sample size
was not sufficient to detect the size of the effect. If this is
true, it is still important to note that the effect was stronger
withMAOA.

In addition to explicating the mechanisms by which
symptoms of inattention emerge in a general population of
children, there are some intriguing clinical implications of
our findings. First, if young girls with the CC genotype on
rs1137070 can be identified early, they can be monitored in
a new longitudinal study to determine more precisely the
course of their development and concomitant risk factors
such as those involved with various life experiences at home
and school. This study should involve many time points and
verify the genes involved in predicting risk and the eventual
development of inattentive symptoms. Although it is unclear
how reflexive attention and sustained attention are related
(Hikosaka et al., 1993; Suzuki and Cavanagh, 1997; Barry et al.,
2001; Berger et al., 2005; Andrade et al., 2009; Henderickx
et al., 2010; Carrasco, 2011; Macaluso and Doricchi, 2013;
Underbjerg et al., 2013; Dye and Hauser, 2014; Anderson,
2015), my previous work has indicated that reflexive attention is
related to day-to-day attentional performance (Lundwall, 2013).
Second, in conjunction with the above, several comparison
intervention programs could be targeted earlier to determine
which are most effective. An intervention study would also
move our knowledge from observational to causal. Clinical
resources such as the type and intensity of intervention
ideally need to be tailored according to individual differences.
Predictors, both clinical and developmental, could shape
resources to become more effective. In addition, identifying
genetic and environmental risk factors that influence the
developmental course of inattentive symptoms is important
because it identifies the mechanisms that lead to poorer clinical
outcomes.

Information on the development of attentional pathways and
other cognitive development comes from studies of children
with ADHD. Marx et al. (2010) tested the domains of working
memory (prefrontal cortex) interference control (frontocortical
circuits), time perceptions (frontostriatal-cerebellar circuits)
and delay aversion (striatal-limbic circuits) in male children,
adolescents, and young adults. Although the study was cross-
sectional, the authors conclude that cognitive deficits in the
domains tested tended to persist across the lifespan. Others
have noted that cognitive symptoms of ADHD tend to persist
even when the behavioral symptoms resolve (Biederman, 1998;
Biederman et al., 2009) and that clinical improvements tend to
parallel brain volume normalization (Giedd and Rapoport, 2010).
Because ADHD symptoms exist on a continuum in the general
population, this suggests the possibility of similar patterns to
those described above in children from the general population,

which seems to be confirmed by the persistence of the influence
of MAOA on attention in a general population of children
(Zohsel et al., 2015). There were no studies extending these
findings into young adulthood, and this an important goal of
future research.

Study Limitations and Future Directions
Our study has several limitations. For example, three time
points would provide more certainty in the time trends we
found. We do note that multilevel modeling of two time
points has been used successfully by other researchers in other
fields (Bere et al., 2011; Hearst et al., 2012; Normand et al.,
2012; Murray et al., 2013; Nicholson et al., 2014). However,
future replication attempts should include more time points
and it would be especially helpful to continue this study into
young adulthood. In addition, both time points and sample
size matter in determining the complexity of the models that
can be tested with the data. The sample size (N = 199) was
somewhat small once genetic subgroups are formed. Scherbaum
and Ferreter (2009) discusses several factors related to power
in multilevel modeling, which suggest that a minimum of 30
individuals each with 30 time points be used for power to
detect cross-level interactions (the kind of interactions we are
testing), but indicates that a larger number of individuals can
compensate for a smaller number of time points. Because we
found an association, this suggests sufficient power. Nevertheless,
additional subjects would increase confidence in the results of
any replication.

Another limitation concerns the possibility of measurement
variance. Measurement invariance is sometimes an issue because
the construct of reflexive attention has different meanings given
the rapid physical, cognitive, and socio-emotional development
between infancy and childhood (Glück and Indurkhya, 2001;
Bontempo et al., 2012). For example, the development of
language means we can give instructions to children that infants
cannot follow. In this case, the measurement variance (or
construct shift) refers to the lack of similarity between PC
measures of attention at the two ages. Infant and child RT
scores were correlated. This is, admittedly, a very basic look
at establishing that the constructs were substantively similar.
A more complete analysis would involve multiple measures of
the construct of attention at each age and structural equation
modeling. This was not possible with the available data. Tracking
construct shift at multiple ages would allow for more through
interpretation of any shifts that do occur, such as those that
seem likely for the PC scores. Another possibility is to use a
few different age-appropriate tasks at each time point in an
overlapping design and use structural equationmodeling to track
constructs through time. This method was successfully used by
Petersen et al. (2015). Thus, there are ways to investigate the
meaning of the constructs across development in future studies.

It is also important for future studies to expand on our
Caucasian sample. This was intentional to avoid issues with
population stratification, which is simply confounding between
genotype and phenotype that can occur when ancestral heritage
influences both. However, using only Caucasians does limit
generalizability to other groups. The best way to handle this is by
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replicating this study in each of the other ethnic groups available
in a researcher’s region.

Future replication efforts that identify genetic and other risk
factors that influence the developmental course of attention is
important for several reasons. First, it is important to identify
the mechanisms that lead to poorer clinical outcomes. Second,
clinical resources such as intensity of followup ideally need
to be tailored according to need. Predictors, both clinical and
etiological, could thus help target resources more effectively.
The identification of non-genetic factors and how they may
interact with genetic variants in influencing the developmental
course is also an important area for future research, although
larger longitudinal samples will be needed when testing for
Gene× Environment interactions.

CONCLUSION

In conclusion, we find evidence that MAOA is associated with
different developmental patterns from infancy to childhood (over
a rather long time span of 15 years). Importantly, we also find
evidence that the effect of this gene on attention can vary as
a function of sex. Identifying how specific risks are associated
with identified genes will be necessary to advance our ability to
design more effective prevention and intervention programs for
individuals at risk. These analyses underscore the importance of
studying genetic effects across development and of identifying
factors that influence risk.
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