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Genomic imprinting disorders often exhibit delayed neurobehavioral development, suggesting this unique
mechanism of epigenetic regulation plays a role in mental and neurological health. While major errors in imprinting
have been linked to adverse health outcomes, there has been little research conducted on how moderate variability in
imprinted gene expression within a population contributes to differences in neurobehavioral outcomes, particularly at
birth. Here, we profiled the expression of 108 known and putative imprinted genes in human placenta samples from
615 infants assessed by the Neonatal Intensive Care Unit (NICU) Network Neurobehavioral Scales (NNNS). Data
reduction identified 10 genes (DLX5, DHCR24, VTRNA2-1, PHLDA2, NPAP1, FAM50B, GNAS-AS1, PAX8-AS1, SHANK2, and
COPG2IT1) whose expression could distinguish between newborn neurobehavioral profiles derived from the NNNS.
Clustering infants based on the expression pattern of these genes identified 2 groups of infants characterized by
reduced quality of movement, increased signs of asymmetrical and non-optimal reflexes, and increased odds of
demonstrating increased signs of physiologic stress and abstinence. Overall, these results suggest that common
variation in placental imprinted gene expression is linked to suboptimal performance on scales of neurological
functioning as well as with increased signs of physiologic stress, highlighting the central importance of the control of
expression of these genes in the placenta for neurobehavioral development.

Introduction

Genomic imprinting is the monoallelic expression of a subset
of genes in a conserved, parent-of-origin fashion. This process is
regulated by epigenetic mechanisms, including DNA methyla-
tion and histone modifications.1 Complete loss of imprinting sta-
tus, leading to either functional nullisomy or biallelic expression
of specific imprinted genes, is implicated in a number of congeni-
tal syndromes, including Beckwith-Weidemann, Prader-Willi,
and Angelman, all of which are characterized by developmental
delays or impaired neurobehavioral functioning.2-4 Alterations in
DNA methylation at imprinted sites, suggestive of altered
imprinting status, have been linked to greater risk for the devel-
opment of schizophrenia in humans,5 as well as with general cog-
nitive and behavioral defects in mice.6-8

The placenta is an important mediator in the communication
between the developing fetus and the maternal environment.
This organ regulates nutrient and waste exchange, facilitates
interactions with the maternal immune system, and acts as a neu-
roendocrine organ by producing important hormones and

growth factors. Thus, it is an appropriate tissue for the investiga-
tion of fetal pathophysiology and neurobehavioral develop-
ment.9,10 Placental imprinting, uniquely, plays an important role
in the developing fetus and placenta, as imprinted genes are criti-
cal for maternal nutrient regulation, fetal growth control, and the
development of metabolic organs in utero.11,12 In addition, the
pattern of expression of imprinted genes in the placenta demon-
strates significant similarity to that observed in the developing
brain.13 Prior investigations examining placental expression of
imprinted genes have demonstrated low transcriptional noise,
highlighting the importance of the fine-tuned regulation of this
gene subset for proper infant development.14 The specific impor-
tance of placental expression of the imprinted gene IGF2 has also
been demonstrated through placental specific disruption in mice,
resulting in increased reactivity to stress stimuli; this phenotype
was not observed in total knockouts.7

A better understanding of molecular mechanisms underlying
the regulation of neurodevelopment could aid in identifying indi-
viduals who may benefit from early life interventions, when such
interventions may be most successful. Our group has previously
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explored the role of placental imprinted gene expression in neuro-
developmental outcomes.15 The current study expands upon both
the number of genes examined and the number of individuals
involved with the measurement of 108 known and putative
imprinted genes in 615 infant placental samples. We have linked
the expression patterns of these genes to outcomes quantified
through the Neonatal Intensive Care Unit (NICU) Network Neu-
robehavioral Scales (NNNS).16 The NNNS provides a compre-
hensive evaluation of the neurobehavioral status of infants from
birth to approximately one month of age and includes neurologic
and behavioral measures and signs of stress.16,17 This assessment
has demonstrated predictive validity for medical outcomes, such
as cerebral palsy, neurologic abnormalities, as well as developmen-
tal outcomes, including mental and motor functioning, behavior
problems, school readiness, and IQ through 4 1/2 years of age.18-21

This study represents the largest, to date, to examine placental
genomic imprinting and its link to newborn neurodevelopment.

Results

Characteristics of the study population are presented in
Table 1, and NNNS summary score descriptive statistics are pro-
vided in Table 2. Briefly, average maternal age was 29.5 years,

average infant gestational age was slightly over 39 weeks, and the
newborn population was comprised of 51.5% females. Based
upon the a priori design of the cohort, small for gestational age
(SGA) and large for gestational age (LGA) infants were overrep-
resented within our study population. A model-based clustering
strategy22 was used to classify infants into discrete, mutually
exclusive profiles based on the NNNS summary. Figure S1 pro-
vides a visualization of the pattern of normalized summary scores
across the 7 profiles.

The Random Forest algorithm produced a ranking of the 108
imprinted or putatively imprinted genes expressed in the placenta
in order of the importance each played in classifying infants into
their respective NNNS profile groups. Following 20,000 itera-
tions of training, the error rate for sample placement into the cor-
rect profile was 58% compared to an expected error rate of
approximately 86% due to chance alone. Using the 10 highest
ranking genes based on importance score (Table 3), k-means
clustering defined 3 expression clusters, with the assignment of
319, 77, and 219 infants into clusters 1, 2, and 3, respectively
(Fig. 1). As expected, gene expression differed by cluster (P <

0.01, ANOVA) for each of the 10 genes used for profiling (Sup-
plemental Fig. 2).

In order to more explicitly examine how gene expression
impacts particular domains of neurobehavior, we examined the
association between the 13 NNNS summary scores and gene
expression cluster membership. Average scores of infant stress
abstinence (P< 0.001), quality of movement (P < 0.001), asym-
metrical reflexes (P < 0.001), and non-optimal reflexes (P <

0.001) differed across the gene expression-based clusters (Fig. 2).
Infants in gene expression clusters 2 and 3 exhibited more signs
of stress and abstinence (Fig. 2A), reduced quality of movement
(Fig. 2B), and increased signs of asymmetrical (Fig. 2C) and
non-optimal reflexes (Fig. 2D).

To further model these relationships including covariates, we
dichotomized infants based on NNNS summary scores falling
outside the 10th or 90th percentile of the population, depending
on which would be indicative of a poor outcome for that scale;
for stress abstinence, asymmetrical reflexes, and non-optimal

Table 1. Descriptive characteristics of the study population (n D 615)

Characteristic n Frequency

Growth Status
Small for Gestational Age (SGA) 121 19.7%
Adequate for Gestational Age (AGA) 350 56.9%
Large for Gestational Age (LGA) 144 23.4%

Maternal Education
Less than high school 46 7.4%
High school 117 19.0%
Junior college/College C 452 73.5%

Maternal Marital Status
Married 385 62.6%
Single 230 37.4%

Household Income
< $25,000 135 22.0%
$25,000–$50,000 98 15.9%
$50,000-$75,000 104 16.9%
$75,000-$100,000 86 14.0%
$100,000C 128 20.8%
Not Sure/Refusal 64 10.4%

Infant Gender
Male 298 48.5%
Female 317 51.5%

NNNS Profile Membership
1 64 10.4%
2 107 17.4%
3 80 13.0%
4 98 15.9%
5 98 15.9%
6 106 17.2%
7 63 10.1%
Continuous Characteristic Mean SD
Gestational Age (Weeks) 39.04 0.95
Maternal Age 29.5 5.5

Table 2. NICU Network Neurobehavioral Scale (NNNS) score characteristics
of the study population

NNNS Summary Score Mean SD Min Max n

Arousal 4.17 0.77 2 6.33 615
Asymmetric reflexes 1.62 1.33 0 7 615
Attention 4.21 1.3 1.2 7.71 557
Excitability 4.47 2.83 0 13 615
Habituation 7.19 1.32 1 9 338
Handling 0.36 0.23 0 1 606
Hypertonicity 0.42 0.8 0 5 615
Hypotonicity 0.53 0.75 0 7 615
Lethargy 6.27 2.5 1 14 615
Non-optimal reflexes 5.91 2.11 0 11 615
Quality of Movement 4.16 0.66 1.8 5.67 614
Self-regulation 4.81 0.9 2.308 7.143 611
Stress/Abstinence 0.17 0.07 0 0.408 615

n indicates numbers of individuals within the population with that score
available.
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reflexes, scores above the 90th percentile are considered sub-opti-
mal, while for quality of movement, scores below the 10th per-
centile are sub-optimal. In a logistic regression (Table 4), with
membership in expression cluster 1 being the referent and includ-
ing covariates, membership in expression clusters 2 and 3 was
associated with an 8.36 (95% CI: 3.28–21.31) and 6.83 (95%
CI: 3.07–15.18), respectively, increased odds of having stress
abstinence scores above the 90th percentile. Membership in clus-
ter 3, but not cluster 2, led to a significant 2.1 (95% CI: 1.16–
3.83) fold increased odds for infants to have quality of movement
scores below the 10th percentile, compared to those in cluster 1.
Clusters 2 and 3 also displayed height-
ened odds of greater than 90th percen-
tile asymmetrical reflex scores. Clusters
2 and 3 also displayed elevated odds of
non-optimal reflex scores above the
90th percentile, though these risks were
not statistically significant.

Discussion

Germline alterations to imprinted
genes are linked to congenital syn-
dromes, nearly all of which include neu-
rologic, mental, and behavioral deficits
or delays.23,24 In addition, a number of
GWAS have identified genetic variation
at or near imprinted genes associated
with autism and other mental deficits.13

Importantly, the placenta and brain are
the 2 organs that have the most active
imprinted genome because both organs
are under tremendous selective pressure
to optimize growth and development,
and both are thought to have undergone
co-adaptation, leading to co-expression
of many of the same imprinted
genes.13,25 Although the expression of
imprinted genes is highly regulated, our
group and others have demonstrated
subtle variation in the expression of

these genes in the placenta of healthy newborns15,26, 27; yet, little
is known about the relationships between this variation in expres-
sion and newborn and childhood outcomes. We demonstrated
that infants with specific, coordinated profiles of expression of
subset of imprinted genes in the placenta were at increased risk
for sub-optimal performance on measures of movement quality
and for exhibiting an elevated number of signs of physiologic
stress of abstinence.

The NNNS is a validated assessment of infant neurobehav-
ior16; the results of which have been shown to be predictive of
later childhood medical, behavioral, and cognitive outcomes.18,28

Table 3. Top 10 genes by random Forest importance score for predicting an infant NNNS profile membership

Gene Symbol
Random Forest Mean

Decrease Accuracy Score

COPG2 Imprinted Transcript 1 COPG2IT1 8.04
24-dehydrocholesterol reductase DHCR24 6.28
Distal-less homeobox 5 DLX5 9.33
Family with sequence similarity 50, member B FAM50B 7.31
GNAS antisense RNA 1 GNAS-AS1 12.79
Nuclear pore associated protein 1 NPAP1 7.18
PAX8 antisense RNA 1 PAX8-AS1 8.72
Pleckstrin homology-like domain, family A, member 1 PHLDA1 7.2
SH3 and multiple ankyrin repeat domains 2 SHANK2 8.13
Vault RNA 2–1 VTRNA2–1 9.53

Figure 1. Heatmap of expression (total n D 615) for the 10 genes used to assign membership to clus-
ters 1 (n D 319), 2 (n D 77), and 3 (n D 219).
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A review of the NNNS scoring system and its prediction of out-
comes in comparison to other infant neurodevelopmental scoring
systems may be found in portions of El-Dib et al.21 Specifically,
in work by Liu et al.29 latent profile analysis was used to classify
infants into neurobehavioral profiles based on the NNNS sum-
mary scores that were able to identify infants with neurologic and
brain disease outcomes, as well as abnormal scores on measures
of behavior problems, school readiness, and IQ through 4.5 y of
age. Sucharew et al.19 also utilized a latent profiling strategy, but
among a cohort of infants with no known exposure to illicit drugs
or other significant neurobehavioral risk factors, and demon-
strated that infants whose NNNS profile was characterized as

hypotonic demonstrated a significant 2–3 standard deviation
reduction in Psychomotor Development Index scores, and 1–2
standard deviation reduction in measures of externalizing behav-
iors compared to infants in the other profiles. Although more
work is needed to examine the predictive potential of the
NNNS, as well as our derived imprinting markers, there is con-
sistent evidence of the predictive potential of these measures.

We also created profiles using the NNNS data, and then used
the random forest algorithm30 to ascertain the subset of
imprinted genes whose expression was most influential in differ-
entiating infants into these neurobehavioral profiles. Subse-
quently, using only the 10 identified genes, we grouped

Figure 2. Of the 13 NNNS summary scores analyzed, 4 yielded differential scores based upon cluster assignments, including (A) infant stress, (B) quality
of movement, (C) asymmetrical reflexes, and (D) non-optimal reflexes.
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individuals into 3 distinct clusters based upon their expression
profile. This allowed us to explore the specific domains of neuro-
behavior affected by variation in the co-expression of these
imprinted genes.

In our prior work, which investigated only a limited subset of
22 imprinted genes in »100 infants, we observed relationships
between the coordinated expression of these 22 genes and sub-
optimal performance in the NNNS quality of movement and
handling scores.15 In this study, we expanded the examination to
detect the expression of 108 known and putative imprinted genes
in a larger population of 615 infants. We used NanoString tech-
nology, which allows for direct detection of mRNA transcript
abundance, allowing for more reproducible and robust measures
of expression compared to PCR-based analyses used in prior
studies.31

Consistent with our prior results,15 we also observed that
coordinated variation of a subset of imprinted genes was associ-
ated with neurological function, defined as poor quality of move-
ment scores, as well as increased signs of asymmetrical and non-
optimal reflexes. Interestingly, we did not observe a relationship
with handling in this larger cohort, but did identify an associa-
tion with increased signs of overall stress. There may be several
reasons for discrepancies between our previous study of gene
expression and infant neurodevelopment and the current one.
Among them is the larger sample size in the study presented here,
the use of NanoString technology here rather than qPCR, along
with the data reduction method employed here, which was not
used in the prior study. Specifically, genes previously identified as
having association with neurodevelopment, including homeobox
A11 (HOXA11) and HOXD10, were included on the NanoString
array, but not on downstream analysis due to low expression lev-
els. These subtle differences between the studies may account for
aspects of the discrepancies between them.

Among the genes to be the most discriminative, several have
previously been linked to developmental disorders. This includes
the paternally expressed COPG2 imprinted transcript 1 (COP-
G2IT1), which is located within intron 20 of COPG2,32 a region
identified as a candidate for the behavioral disorder Silver-Russell
syndrome.33 While it is unclear how this gene is specifically influ-
encing disease phenotype, approximately 10% of Silver-Russell
patients display maternal uniparental disomy (mUPD) for

chromosome 7, containing this gene.34 Maternal uniparental dis-
omy for this gene would result in loss of expression, while our
results suggest that increased expression of this gene was evident
in individuals within expression cluster 2, who demonstrated
increased risks for sub-optimal performance on the NNNS. This
may suggest that within a general population, variation in both
directions could be important or that overexpression of this gene
in conjunction with altered expression of other genes within the
cluster is contributing to phenotype.

Our analysis also identified the paternally expressed nuclear
pore associated protein 1 (NPAP, previously identified as C15orf2),
which has been implicated in Prader-Willi syndrome and encodes
a protein associated with formation of the nuclear pore complex
(NPC).35,36 Several other genes associated with the formation or
maintenance of the NPC have also been linked to neurodevelop-
ment. These include nucleoporin 210 kDa (Nup210), which
appears to be integral to neuronal differentiation,37 and Nup133,
for which a loss of function inhibited nuclear progenitor cells
from terminally differentiating into neurons.38 These results are
interesting, as the NNNS domains that were most affected by
imprinted gene expression in our study are related to neurologic
functioning, and could suggest that variation to the NPC may
play a role in neurodevelopmental abnormalities.

ProSAP/Shank proteins act as major scaffolding proteins at
postsynaptic densities within the central nervous system. This
family of proteins crosslinks receptors with cytoskeletal elements
creating the necessary framework for the formation of these post-
synaptic densities.39 Our analysis identified SH3 and multiple
ankyrin repeat domains 2 (SHANK2), a gene within this family,
as a major discriminatory factor in the formation of our clusters.
SHANK2 localizes within the growth cones of developing neu-
rons,40 and mice lacking all isoforms of the gene showed a
marked reduction in glutamatergic transmission,41 demonstrat-
ing the protein’s role in neurotransmitter signaling. Mutations
within this gene have been associated with autism spectrum dis-
order and intellectual disability in humans,42,43 while loss of
function in mice has led to observable autism-like behavior and
hyperactivity.41 The observed reduction in expression in the at-
risk clusters 2 and 3 would suggest that reduced levels of this
gene may play a role in the sub-optimal neurological functioning
observed among infants in these expression clusters.

Table 4. Expression cluster membership and odds of an infant having an NNNS score within the sub-optimal 10th percentile of our population

Summary Score Considered Risk Cluster Adjusted OR (95% CI) P

Stress Abstinence Score>90th percentile within our population (> 0.265). 1 Referent
2 8.36 (3.28, 21.31) < 0.001
3 6.83 (3.07, 15.18) < 0.001

Quality of Movement Score<10th percentile within our population (<3 .33). 1 Referent
2 1.16 (0.45, 3.04) 0.75
3 2.10 (1.16, 3.83) 0.015

Asymmetrical reflexes Score>90th percentile within our population (>3 .0). 1 Referent
2 1.75 (0.98, 3.12) 0.058
3 1.60 (1.06, 2.43) 0.026

Non-optimal reflexes Score>90th percentile within our population (>9 .0). 1 Referent
2 1.72 (0.81, 3.69) 0.16
3 1.20 (0.66, 2.19) 0.55
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The results of our study are strengthened by several factors,
including the robust sample size as well as the measurement of
expression for the complete set of reported as well as putative
imprinted genes. In addition, the placenta is a key organ in the
communication between the maternal environment and the
developing brain,9 making it not only a valid proxy but likely a
key functional feature driving infant behavioral outcomes. Yet,
even with this fairly large sample size, the confidence intervals for
our estimates of risk among infants within certain expression pro-
files are wide, due to the relatively small number of infants dem-
onstrating the most sub-optimal performance on the NNNS
evaluation. Our newborn population is relatively healthy, and at
low-risk, based on classical risk factors like preterm delivery or
maternal substance abuse, for significant developmental
impairment, and so more importantly, these findings demon-
strate that there is potentially important variation in neurobehav-
ior even among a normative population, and suggests that this
may be useful in elucidating the risk for later developmental
impairment that has so far been unexplained. While this may be
the case, the data was limited by our lack of information on long-
term outcomes in these infants. Our use of term placentas also
allows us to only examine this relationship as a cross-sectional
assessment and, thus, we cannot definitively define causality or
determine if there are specific periods during development where
variation in imprinting may be even more relevant. In addition,
while we aimed to address potential confounding factors present
and assessed within the study population, it is possible that the
expression of imprinted genes is a byproduct of a distinct factor
outside of our analysis. Further investigation, particularly in
more at-risk populations, may help to determine if imprinted
gene expression is truly a mediator of some environmental factor
on neurodevelopment or if this expression is just a marker of the
environment, but does not play a causal role.

In summary, the study presented here is the most comprehen-
sive look, to date, at the expression of imprinted genes within the
placenta and the potential role of variation in the expression of
these genes in newborn neurobehavioral outcomes. We have
identified specific imprinted gene expression profiles that taken
in combination with neurobehavioral profiles at birth may allow
for the identification of at-risk infants so that early intervention
may be implemented.

Methods

Study population
The subjects involved were part of the Rhode Island Child

Health Study (RICHS), which enrolled a total of 899 mother/
infant pairs at Woman and Infant’s Hospital of Rhode Island
(Providence, RI, USA), from Sept 1, 2009 through July 31,
2014. All subjects provided written informed consent approved
by the Institutional Review Boards at Women and Infants Hospi-
tal and Dartmouth College. Mothers were between the ages of 18
and 40, free of life threatening conditions, and there were no
congenital or chromosomal abnormalities in the infant. Infants
were singleton births, with gestation to term (� 37 weeks). Term

infants born small for gestational age (SGA, <10th percentile),
or large for gestational age (LGA, >90th percentile), based on
birth weight and gestational age calculated from the Fenton
growth chart,44 were selected; infants appropriate for gestational
age (AGA, �10th percentile and �90th percentile) matched on
gender, gestational age (§3 days), and maternal age (§2 years)
were also enrolled. This design led to an overrepresentation of
SGA and LGA infants within the cohort. A structured chart
review was conducted to collect maternal inpatient information
from the delivery. Anthropometric and clinical data was collected
from the inpatient medical record from delivery, and all partici-
pants included had available data on infant birth weight, mater-
nal age, and gestational age.

Neurodevelopmental status at birth was assessed with the
NNNS, by certified psychometrists blinded to the study hypothe-
sis. The exam was administered during the newborn inpatient
stay at least 24 hours after birth but before discharge, resulting in
a total of 615 infants being examined. Norms have been devel-
oped for this exam in healthy, full-term infants.45

Items on the NNNS were reduced to 13 previously estab-
lished summary scores.16 In a prior study we utilized a latent pro-
filing approach to classify infants into 7 distinct neurobehavioral
profiles based on these summary scores22 and used these previ-
ously defined profiles to initially examine membership in these
profiles with imprinted gene expression (described below). We
further examined how membership in clusters defined by
imprinted gene expression was associated with specific summary
scores.

Placenta collection and RNA extraction
For each subject and within 2 hours of delivery, 12 samples

of placenta parenchyma, 3 samples from each of 4 quadrants
(totaling approximately 8–10 g of tissue) were excised. All
samples were taken from the fetal side of the placenta, 2 cm
from the umbilical cord insertion site, free of maternal
decidua. The samples were placed immediately in RNAlater
(Life Technologies, #AM7020) and stored at 4�C. At least
72 hours later, placenta samples were removed from RNA-
later, blotted dry, snap-frozen in liquid nitrogen, homogenized
by pulverization using a stainless steel cup and piston unit
(Cellcrusher), and stored at ¡80�C until needed for examina-
tion. RNA was extracted by using the RNeasy kit (Qiagen,
#74106) supplemented by double DNase I (Qiagen, #79254)
on column digestion in order to clear any DNA contamina-
tion. Extracted RNA was finally quantified with Nanodrop
spectrophotometer (Thermo Fisher Scientific Inc., #ND-2000)
and stored at ¡80�C.

RNA expression quantification
Placental RNA was profiled using a custom-designed code-set

that included 144 known and putative imprinting genes (Nano-
String technologies). Briefly, RNA (100 ng) was incubated in the
presence of reporter and capture probes overnight at 65�C. Fol-
lowing hybridization, unbound probes were removed, and the
purified complexes were aligned and immobilized on imaging
cartridges using an nCounter Prep Station II. Cartridges were
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then sealed and scanned in an nCounter Digital Analyzer for
code count detection.

Code count data was first normalized against the geometric
mean of spike-in controls to account for differences in hybridiza-
tion and recovery. Differences in sample content were accounted
for by normalizing the data against the geometric mean of the
housekeeping genes GAPDH, RPL19, and RPLP0. While ACTB
and B2M were also included on the array as housekeeping genes,
we did not include these within the normalization due to a high
level of variability between individuals, suggesting they are not
appropriate for use in normalization within the placenta. Finally,
the background threshold of detection was set at 2 standard devi-
ations above the mean of the included negative controls. Expres-
sion below background threshold was set to the value of the limit
of detection divided by the square root of 2 to maintain sample
variability.

The subsequent analysis was restricted to the subset of
expressed genes, with expression defined as surpassing the back-
ground threshold in a minimum of 60% of the samples. Based
on these criteria, 108 of the 144 genes included in the code-set
were determined to be expressed, and were retained for down-
stream analysis (Table S1). In total, expression of imprinted
genes was measured for 683 unique samples, of which 6 were
removed due to poor assay performance. Of the remaining 677,
NNNS data was available for 615 infants.

Statistical analysis
Expression data was available for 108 genes from 615 individ-

uals. To reduce multiple comparisons, we applied the Random
Forest algorithm, through the package randomForest, a super-
vised classification,30 to identify expression pattern similarities
most related to an infant’s NNNS profile. randomForest creates
a ranked list of factors influential within the classification, for
which we selected the top 10 influential genes to use for further
analysis. We allowed the algorithm to produce 20,000 trees with
10 genes included within each for its assessment, and used the
model to predict membership to the NNNS profiles 1–7.

Pearson correlations were calculated to determine the associa-
tion between expression levels of the selected imprinted genes.
Following the machine learning driven data reduction, individu-
als were binned into clusters using kmeans-clustering based upon
their expression profile for the 10 selected genes. We allowed
kmeans to create 3 clusters, as determined by the R package
‘nbclust’, which uses multiple tests to infer the optimal number
for a specified data set.46 Clustering analysis was also performed
using the top 5 and 15 from the randomForest; however, 10

genes yielded optimal NNNS prediction along with differential
gene expression by cluster.

Associations between cluster membership and neurobehavio-
ral outcome were tested using a one-way ANOVA for each of the
13 NNNS summary scores. For those scores demonstrating a sig-
nificant association with clustering, a logistic regression was used
to model cluster membership and odds of a poor outcome score
(falling within the 10th percentile associated with poor outcome)
while correcting for infant gender, maternal age, infant gesta-
tional age, and birth weight. All data was analyzed using the R
package version 3.1.0.
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