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Abstract
Preterm infants are at elevated risk for a host of neurodevelopmental problems, including disorders that appear later in life.
Gene–environment interactions and prematurity may combine to increase the risk for poor neurodevelopmental
outcomes. Increasing evidence supports a genetic link to risk for atypical development; however, no genomic risk profiles
are currently used for infants without apparent genetic disorders. The purpose of this review was to synthesize recent
evidence of genetic associations with atypical neurodevelopmental outcomes that may affect preterm infants who do not
have a rare genetic disease. Electronic and hand-search strategies were used to find relevant articles that were English-
language, peer-reviewed primary research or meta-analysis reports published between July 2009 and July 2014, involving
human participants. Articles included in the analysis (N ¼ 29) used a wide range of study designs and methodologies,
complicating the analysis. An integrative-review design was used to synthesize the data. Numerous genes (n ¼ 43) and
additional large deletion copy number variants were associated with neurodevelopmental outcomes, including cognition,
attention, perception, psychiatric disease, autism spectrum disorder, cerebral palsy, infant behavior, and alterations in brain
architecture. The creation of genetic risk profiles for complex disorders of neurodevelopment is presently hindered by
inconsistent genetic-association evidence, methodological considerations, reporting problems, and lack of replication.
However, several avenues of investigation offer promise, including large (>100 kb) copy number variants and the candidate
genes MET, NRG3, and SLC6A4, each of which were reported to have associations with neurodevelopmental outcomes in
multiple, high-quality studies.
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Prematurity affects more than 12% of all infants born in the

United States, accounting for a third of all infant deaths. Many

preterm infants who survive the neonatal period are at elevated

risk of cognitive impairment, behavioral problems, developmen-

tal delay, and disability (Centers for Disease Control and Preven-

tion, 2013). For example, individuals born preterm had increased

risk of depression, anxiety, and attention-deficit hyperactivity

disorder (ADHD; Sullivan, Msall, & Miller, 2012) and signifi-

cantly more autistic features than their classmates born at term

(Johnson et al., 2010). In addition, those born preterm have

heightened risks for psychotic disorders, organic/neuropsychia-

tric disorders, suicide attempts and completions, and addictive

disorders with comorbid psychiatric illness (Lindström, Lind-

blad, & Hjern, 2009) as well as increased risk for depression and

schizophrenia (SZ) later in life (Knud Larsen, Bendsen, Folda-

ger, & Munk-Jørgensen, 2010).

Evidence suggests that both genetic and environmental fac-

tors contribute to neurodevelopmental disorders. For example,

Wang et al. (2009) found that 10 single-nucleotide poly-

morphisms (SNPs) in cell adhesion genes clustered in a single

region of one chromosome (5p14.1) were strongly associated

with autism spectrum disorders (ASDs). SZ, long recognized

as heritable, is associated with multiple genes (Braff, Freed-

man, Schork, & Gottesman, 2007). Likewise, 76–92% of the

variance between ADHD phenotypes is explained by genetic

factors (Rietveld, Hudziak, Bartels, van Beijsterveldt, &

Boomsma, 2004).

Despite the major risk posed by preterm birth, not all

individuals born preterm exhibit atypical neurodevelopment.
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Neurodevelopmental phenotypes of children born preterm

are widely diverse. This heterogeneity may be explained

by gene–environment interactions (G � E; Caspi & Moffitt,

2006), with preterm birth and genetic risk alleles forming

multiple ‘‘hits’’ that affect outcomes in the neonatal period

and throughout life. Examining genetic risk factors may

provide a clearer picture of who is most at risk for adverse

neurodevelopmental outcomes, which may lead to the devel-

opment of risk-mitigating interventions. The purpose of this

integrative review was to synthesize recent evidence of genes

associated with atypical neurodevelopmental outcomes that

may affect preterm infants who do not have a rare, genetic

disease.

Method

We used an integrative review design, a type of systematic

review, to synthesize the diverse literature (Whittemore &

Knafl, 2005). We followed reporting guidelines from the Pre-

ferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) statement for systematic reviews, with

modification as appropriate for integrative review (Moher, Lib-

erati, Tetzlaff, Altman, & the PRISMA Group, 2009). Geno-

mics terms are defined in Table 1.

We performed electronic database searches from June

through July 2014 in PubMed and the Cumulative Index to

Nursing and Allied Health Literature with combinations of the

following search terms: (1) neurodevelopment or neurologic

and (2) genetic or gene. Searches were restricted to English-

language articles with human participants published between

June 2009 and June 2014, resulting in 189 articles. For the pur-

poses of this review, we define atypical neurodevelopment as

any functional deficit in higher order neurodevelopmental pro-

cess (e.g., emotional regulation, cognition, or perception). As

many neurodevelopmental problems do not become apparent

during the neonatal or early childhood periods, we did not limit

search criteria to infants. Articles were eligible for inclusion if

they met the following criteria, assessed using the article

abstract: meta-analysis or original research report, peer-

reviewed, and human subjects. Because the purpose of this

review was to ascertain risk factors in living individuals free

of rare genetic disorders, articles that focused exclusively on

brain tissue–specific sampling or rare genetic disease were

eliminated, resulting in 44 remaining articles. We added 10

articles after reviewing the reference lists for those 44 articles.

We included articles in which there was no evidence of corre-

lation between neurodevelopment and genes studied only if

another included article reported a correlation between those

genes and a neurodevelopmental outcome. Specific reasons for

elimination and final sample details are displayed in Figure 1.

During the full-text review phase, we recorded study design,

target genes, methodologic approach, DNA sources, sample

size, a summary of findings, and sample characteristics on data

forms, along with odds ratios and corrected p values, where

available. We collated data forms into a spreadsheet and

reviewed articles with any missing data again prior to analysis.

In addition, we assigned each included article a quality score

(no¼ 0, yes¼ 1) for each of the following criteria: (1) presence

of a comparison group; (2) appropriate statistical control for

multiple tests; (3) adequate sample, defined as attrition <

20%, response rate > 70%, and appropriately selected controls;

(4) potential confounding characteristics reported and statisti-

cally adjusted; and (5) findings of association that correspond

to gene targets in another included article. We assigned quality

scores following the selection of the sample in order to facili-

tate evaluation and report them here to clarify potential limita-

tions of the articles included.

Once we analyzed the included articles, several trends

became apparent that informed the design of this review.

First, authors used multiple approaches to examine the genetic

Table 1. Glossary.

Term Definition

Candidate gene A gene that is hypothesized to cause disease
Copy number variant (CNV) Variations in the number of copies of a gene or gene segment described in terms of deletion (fewer copies than

average) or duplication (more copies than average)
Genetics The study of particular heritable traitsa

Genomics The study of genes and gene products (e.g., proteins or messenger RNA)a

Genome-wide association
study (GWAS)

A study that examines the many common DNA variants, typically in a large sample, to identify associations
between specific variants and a particular traita

Haplotype A sequence of consecutive alleles that are close together on a strand of DNA and are likely to be inherited
together

Hardy–Weinberg equilibrium
(HWE)

A mathematical principle stating that the frequency of a particular genetic variation will remain constant across a
population from one generation to the next, assuming the population is intermingling at random, and as such is
considered a mathematical ‘‘ideal’’ rather than a practical limitation (Wittke-Thompson, Pluzhnikov, & Cox, 2005)

Oncogene A gene that is associated with the development of cancer
Phenotype Observable characteristics of the interaction between the environment and the genotype
Proto-oncogene A gene with the potential to become an oncogene with overexpression or mutation
Single nucleotide

polymorphism (SNP)
A variation in a single DNA base pair occurring in at least 1% of the population

aU.S. Department of Energy Human Genome Project (2012).
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variation, making the studies not directly comparable. Second,

researchers used a wide variety of study designs and neurodeve-

lopmental outcome measures, which also contributes complexity

to the process of synthesizing the available literature.

In addition, specific neurodevelopmental disorders such as

SZ, bipolar disorder (BPD), ADHD, and ASD share a much

larger volume of genetic literature than general neurodevelop-

mental (e.g., poor cognition) or infant-specific outcomes. How-

ever, since SZ, BPD, ADHD, and ASD are commonly

understood to be due in part to impaired neurodevelopment

(Harrison, 2007), many of the findings specific to these disor-

ders may be relevant to impaired neurodevelopment from a

broader perspective. As neurodegenerative and environmental

elements may also play key roles in the etiology of disorders

or phenotypes appearing later in life, a clear theoretical or

hypothetical statement linking genomic findings to neurodeve-

lopment was required for a disorder-specific study to be

included.

Results

Among the 29 included articles, authors used four methodolo-

gies for genetic approaches: (1) polymorphism association stud-

ies, which involved examining individual SNP or haplotypes of

2–5 consecutive nucleotides (SNP studies); (2) genome-wide

association studies (GWAS); (3) copy number variation (CNV)

evaluations; and (4) phenotype mining (PM). A single study

employed a combination of GWAS and CNV approaches.

Similarly, authors measured a wide range of neurodevelop-

mental outcomes. To facilitate analysis, we divided articles

into five categories by primary outcome: (1) infant behavioral

and developmental outcomes; (2) childhood-onset disorders;

(3) adolescent- and adult-onset disorders; (4) general mea-

sures of cognition, attention, and perception; and (5) altera-

tions to brain structure or function. The design, study

characteristics, approach, outcomes category, and findings are

presented in Table 2.

Of the 43 potential genetic markers of neurodevelopmental

risk identified in the reviewed studies, only 6 were examined

more than once. Of these, three (BDNF, COMT, and RELN)

were inconsistently associated with neurodevelopmental

outcomes of interest. The remaining three were consistently

associated with neurodevelopmental outcomes: (1) MET, a

proto-oncogene associated with SZ and facial recognition that

is also strongly linked to cancers for which SZ patients and

their first-degree relatives have decreased incidence (Burdick,

DeRosse, Kane, Lencz, & Malhotra, 2010; Lin et al., 2012);

(2) NRG3, a neuregulin gene associated with SZ, BPD, and

intelligence quotient (IQ) <75 that affects the proliferation,

migration, differentiation, and apoptosis of some neurological

cells (Kao et al., 2010; Meier et al., 2013; Tost et al., 2014); and

(3) SLC6A4 (also known as 5-HTT), a serotonin transporter

gene associated with attention and alterations in infant behavior

and levels of reelin, a protein important for neuronal migration

189
articles remaining after

duplicates removed

189
articles identified in

PubMed and CINAHL

189
article abstracts

screened for inclusion
criteria

44
full-text articles

assessed for eligibility

145
articles eliminated

25
articles excluded

10
articles identified from

reference lists of
potentially eligible

articles 

29
articles included in
integrative review

13 lacked explicit neurodevelopmental link
2 rare genetic disease
1 review
2 full-text not available in English
3 brain tissue-specific sample
1 no human participants (mouse only)
3 negative findings not applicable to this review

Figure 1. Preferred reporting items for systematic reviews and meta-analyses diagram showing the flow of information for this review.
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Table 2. Article Characteristics by Outcome Category and Quality Score.

Study Quality Approach N Sample Characteristics Target Gene(s) Outcomes

Infant behavioral and developmental outcomes
Brummelte,
Galea, Devlin,
and Oberlander
(2013)

43a CNV 86 Pregnant Canadians
with or without
exposure to SSRI

SLC6A4 Infants with two short variants had increased
reelin levels (p¼ .041, Z2¼ .074), increased
vigor and irritability (p < .008) and decreased
alertness and orientation (p¼ .03,Z2¼ .12)
compared to those with any long variants

Hill et al. (2013) 45 CNV 209 U.K. mothers and their
infants

MAOA G� E study: homogeneity of low-activity allele
þ negative prenatal life events was
associated with negative infant emotionality
at 5 weeks (p ¼ .017, CI [1.18, 1.53])

Clark et al.
(2010)

32,5 SNP 272 U.S. 2-year-olds
surviving preterm
birth following
assignment in an RCT
of antenatal
corticosteroid
exposure

IL1B-511, IL4R-148,
IL6-174, IL6-176

All four SNP variants were associated with
decreased scores on the Bayley’s at 2 years
of age (ps < .05). Increased odds of
developmental delay at age 2 among
carriers of IL1B-511 (OR ¼ 3.1, CI [1.2,
8.2]) and IL6-176 (OR ¼ 2.2, CI [1.2, 3.9])

Childhood-onset disorders
Loo et al. (2012) 45 GWAS 656 U.S. family trios with an

autistic child
KIF16B, PAX5,

ELSPBP1, AOX1,
PISD, RXRA,
CSMD2, LUZP2,
CNTN4, COL1AZ,
UCN3, CYCSP14

GWAS used sliding haplotype windows to
analyze additive effect of multiple SNPs
across genes on intelligence (within ASD
case–control design). Larger number of
minor alleles for target genes were
associated with higher IQ (p ¼ .0000005)

Toma et al.
(2013)

45 SNP 676 White Spanish ASD
patients and healthy
controls

DDC Haplotype C-T-A-T overrepresented in ASD
cases (OR ¼ 2.44, p ¼ .000099, CI [1.55,
3.83])

Bi et al. (2012) 31,5 GWAS 67 Autistic Caucasians (age
unreported)

CNVs, ANK3 Seven missense de novo mutations identified.
ANK3 CNV was present in 4 of the 67
participants

Lien et al. (2013) 33a,5 SNP 255 Norwegian children
with CP

ApoEE4 SNP variant associated with comorbid
epilepsy (OR ¼ 2.19, p ¼ .02, CI [1.13,
4.24]), presence of a gastrostomy (OR ¼
2.72, p ¼.027, CI [1.12, 6.59]), and (in
spastic unilateral CP only) severity of fine
motor impairment (OR ¼ 2.6, p ¼ .007,
CI [1.31, 6.88])

Costantine et al.
(2012)

22,4 SNP j¼ U.S. toddlers following
assignment in an RCT
of antenatal exposure
to magnesium sulfate
for risk of preterm
birth

VIP, GRIN3A, AGER,
(�) BDNF, (�)
RELN

Increased odds of CP for each copy of minor
allele (A) of VIP (OR ¼ 2.67, p ¼ .03, CI
[1.09, 6.55]) and for each minor allele (T) of
GRIN3A (OR ¼ 4.67, p ¼ .01, CI [1.36,
16.01]). Association between mental delay
and AGER was moderated by antenatal
exposure to magnesium sulfate (p ¼ .02)

Rosenfeld et al.
(2010)

21,4,5 GWAS
CNV

1,461 Laboratory database Large CNVs 180 Abnormal (113 potentially causative)
CNVs identified in samples referred for
evaluation for ASD

Sorte, Gjevik,
Sponheim, Eiklid,
and Rødningen
(2013)

23b,4,5 CNV 50 Children with autism de novo CNVs Case reports of nine large deletion CNVs
detected in eight cases

Adolescent- and adult-onset disorders
Burdick,
DeRosse, Kane,
Lencz, and
Malhotra (2010)

5 SNP 529 U.S. Caucasian SZ
patients, healthy
controls

MET Associations found betweenmultiple haplotype
variants and SZ (p ¼ .00025, CI [0.24, 0.65],
OR¼ 0.4), and cognition (ps < .001)

Meier et al.
(2013)

5 SNP 469 SZ patients and BPD
patients

NRG3 1 SNP variant of NRG3 was associated with SZ
symptom profiles (p ¼ .037) and multiple
tests of cognitive processing speed (ps < .05)

(continued)
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Table 2. (continued)

Study Quality Approach N Sample Characteristics Target Gene(s) Outcomes

Tost et al.
(2014)

5 SNP 611 Caucasians of European
descent with SZ,
their siblings,
unrelated controls

NRG3 Single SNP test, with C-carrier associated
with low IQ (p ¼ .008) in cases and greater
activation of the prefrontal cortex in
controls with a genotype-group interaction
effect (p ¼ .016)

Kao et al. (2010) 42 SNP 1,545 U.S. Caucasian SZ
probands, their
parents, unrelated
controls

NRG3 Multiple NRG3 SNP variants were associated
with SZ and symptom dimensions (ps < .05)

Kirov, Rujescu,
Collier,
O’Donovan, and
Owen (2009)

45 CNV 50,843 Pooled sample from
multiple SZ GWASs

NRXN1 Deletion CNVs > 100 kb were
overrepresented in cases (OR ¼ 4.78,
p ¼ .000013, CI [2.44, 9.37]). Those
deletions that disrupt exons, specifically,
had OR¼ 7.44, p¼ .00037, CI [3.22, 17.18]

Shaikh et al.
(2011)

43a SNP 764 Caucasian SZ patients,
family, unrelated
controls

(�)COMT,
(�)BDNF,
(�)NRG1

P50 suppression tests show no significant
results by genotype

Tosato et al.
(2012)

44 SNP 27 European SZ patients NRG1 Homogenous minor allele (C/C) associated
with superior temporal gyrus volumes
(ps < .006)

Zakharyan et al.
(2011)

44 SNP 208 Armenian SZ patients
and healthy controls

BDNF Homogenous minor allele (Met/Met)
associated with SZ diagnosis (OR ¼ 2.28,
p ¼ .006, CI [1.14, 1.98]) and lower age of
onset (p ¼ .024)

Alaerts et al.
(2009)

32,3b SNP 1,000 Adult Swedish SZ
patients and healthy
controls

NRG1 5 SNP variants across the intron were
significantly associated with SZ (p < .04).
One previously identified candidate variant
was nonsignificant

Chandler et al.
(2010)

34,5 SNP 508 Australian SZ patients,
healthy controls

NRN1 Associations of IQ with haplotype variant in
the full sample (p ≤ .01) and 1 SNP variant
with lower IQ in cases (p ¼ .0013)

Håvik et al.
(2012)

32,5 SNP 9,895 Pooled sample of
European GWASs in
SZ/BPD/ADHD
patients, healthy
controls

DCLK1 SNP variants were associated with SZ, BPD,
and ADHD individually and combined
(ps < .05), SZ þ ADHD (OR ¼ 1.32,
p¼ .00004, CI [1.17, 1.49]), BPDþ ADHD
(p ¼ .00004, OR ¼ 1.32)

Kuswanto et al.
(2012)

33a,3b,5 SNP 200 Chinese SZ patients,
hospital staff and
convenience controls

ZNF804A SNP variant was associated with volumes in
multiple brain areas for cases and right
temporal lobe only for controls (ps < .009)

General measures of cognition, attention, and perception
Beevers, Wells,
Ellis, and
McGeary (2009)

5 CNV 182 U.S. healthy college
students

SLC6A4 Short allele of 5-HTTLPR was associated with
difficulty disengaging from emotional
stimuli (p < .05, Z2 ¼ .17).

Lin et al. (2012) 5 SNP 182 Healthy Chinese Han MET, AKT MET gene variant (rs2237717 [C/T]) was
associated with improved facial recognition
(p ¼ .048)

Pietiläinen et al.
(2011)

22,4,5 PM 4,932 Subset of Finnish birth
cohort (1966) with
seven phenotypes

Large deletion
CNVs

CNVs (>500 kb) associated with IQ < 85 (OR¼
3.79, p¼ .0024,CI [1.54, 8.14]) and repeating
grade (OR¼ 2.02, p ¼ .071, CI [1.47, 4.67])

Alterations in brain architecture
Cattaneo et al.
(2010)

5 SNP 139 Amniotic fluid from
healthy, Caucasian
women at 15–17
weeks

BDNF Met variant carriers (Met/Met, Val/Met) had
decreased BDNF in amniotic fluid
compared to Val/Val (p ¼ .002)

Dutt et al.
(2011)

44 SNP 62 Adults with history of
preterm (<33 weeks)
birth, term controls

COMT Homogenous Met/Met variant associated
with greater corpus callosum volumes
(ps < .03)

(continued)
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in infancy and adult neuronal plasticity (Beevers, Wells, Ellis,

& McGeary, 2009; Brummelte, Galea, Devlin, & Oberlander,

2013; Kobiella et al., 2011). All but one of the articles that

examined MET, NRG3, and SCL6A4 received quality scores

of 4–5 per criteria established in this review.

Infant Behavioral and Developmental Outcomes

The three articles that reported data about infant behavior and

developmental outcomes used the Bayley’s Scales of Infant

Development, the Neurobehavioral Assessment of the Pre-

term Infant, or the Neonatal Behavior Assessment as their pri-

mary outcome measures. Researchers used buccal cells,

umbilical cord blood, umbilical cord blood serum, and pla-

cental tissue as sources of genetic samples. Clark et al.

(2010) reported degradation in the umbilical samples and dis-

cordant findings between serum samples and placental sam-

ples for multiple infants who had both DNA sources

available. In addition to this sample-quality limitation, Clark

et al. drew their sample of preterm infants from a randomized

controlled trial (RCT) examining antenatal exposure to sin-

gle- or multiple-dose corticosteroids. Similarly, Brummelte,

Galea, Devlin, and Oberlander (2013) examined infants

exposed prenatally to serotonin reuptake inhibitors (SRIs).

Both studies may thus have limited generalizability because

their samples were drawn from infants who experienced and

survived exogenous exposures that may have altered outcomes

compared to unexposed infants. Finally, Hill et al. (2013)

demonstrated a G � E effect between maternal stressful experi-

ences during pregnancy and high- versus low-activity variants

of the gene MAOA, which encodes the structure of monoa-

mine oxidase A, an enzyme responsible for the breakdown

of serotonin and other neurotransmitters. In high-stress prena-

tal environments, low-activity MAOA infants demonstrated

more negative emotionality, while in low-stress prenatal

environments, high-expression MAOA infants were more

emotionally negative.

Childhood-Onset Disorders

We reviewed seven articles reporting on genetic links to

childhood-onset neurodevelopmental disorders. The most fre-

quently examined subgroup of disorders (n ¼ 4) were ASDs.

These articles were primarily reports of GWAS and CNV

studies examining a relatively large number of target genes.

Rosenfeld et al. (2010) reported findings of 180 CNVs in

1,461 cases referred to one lab for genetic analysis related

to ASD diagnoses. The investigators used no controls or com-

parison groups, and the case population was poorly defined.

Similarly, Sorte, Gjevik, Sponheim, Eiklid, and Rødningen

(2013) examined 50 children with ASDs and found that those

with large deletion CNVs were at increased risk of intellectual

disability and severe behavioral phenotypes. CNVs were also

implicated in ASDs among participants in a GWAS study,

with 4 of the 67 autistic Caucasian participants exhibiting

CNV of the gene ANK3 and 7 showing de novo missense

mutations in the same gene. However, the study included no

comparison group to determine whether these variations were

associated with diagnosis (Bi et al., 2012).

In one GWAS family study, investigators used four-base

pair sliding haplotype windows over 1,000,000 SNPs to exam-

ine the cumulative effects of multiple polymorphisms on intel-

ligence in children with ADHD. They found that minor alleles

of eight genes were associated with higher intelligence, and the

effects were additive (Loo et al., 2012). A second study that

examined four-base haplotypes found that a specific combina-

tion of SNPs in the gene DDC was associated with ASD diag-

nosis (Toma et al., 2013). Additionally, two articles were

reports of neurodevelopmental outcomes related to cerebral

palsy (CP). Lien et al. (2013) reported strong associations

between apolipoprotein E (ApoE) genotype and symptom

severity in CP, with increased odds of worse fine motor control,

concurrent epilepsy, and presence of gastrostomy in children

with variant ApoEE4, which has also been implicated in risk for

late-onset Alzheimer’s disease (AD; APOE, 2014). Costantine

et al. (2012) reported increased odds of CP for each minor

Table 2. (continued)

Study Quality Approach N Sample Characteristics Target Gene(s) Outcomes

Jahanshad et al.
(2012)

31,5 SNP 615 Healthy Australian adult
twins and siblings

HFE HFE variant associated with transferrin. Low
transferrin associated with decreased
white matter fiber integrity (ps < .05)

Kobiella et al.
(2011)

32,4 CNV 54 Healthy adult smokers
and nonsmokers

SLC6A4 Short allele associated with brain volumes
(ps < .017) and left amygdala activation
(p ¼ .015). G � E effect found with
smoking (p ¼.037)

Note. In the primary sources, p values and odds ratios (OR) or Z2 are reported for positive findings related to genotype only. Confidence intervals (CIs) are
reported at 95% threshold unless otherwise noted. (�) ¼ nonsignificant findings; ADHD ¼ attention-deficit hyperactivity disorder; ASD ¼ autism spectrum dis-
order; BPD ¼ bipolar disorder; CNV ¼ copy number variant; CP ¼ cerebral palsy; G � E ¼ gene and environment interactions; GWAS ¼ genome-wide asso-
ciation study; IQ ¼ intelligence quotient; PM ¼ phenotype mining; SNP ¼ single-nucleotide polymorphism; SSRI ¼ selective serotonin reuptake inhibitor; SZ ¼
schizophrenia. ? ¼ N is indeterminate based on primary source.
Reasons for loss of quality points: 1no comparison group. 2No mention of statistical controls for multiple tests and large battery of tests. 3aSample concerns:
attrition > 20%, response rate < 70%, population not generalizable. 3bControl population dissimilar to cases in multiple ways. 4Confounders not reported
and/or not controlled. 5No other study in this review reported associations with target genes.
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allele (A) of VIP, a gene that encodes proteins active in glucose

metabolism and lowering blood pressure, and for each minor

allele (T) of GRIN3A, part of a genetic family involved in brain

plasticity and excitatory synaptic signaling. However, two fac-

tors limit generalizability of Costantine et al.’s findings: (1) the

sample included infants who were antenatal participants in an

RCT of magnesium sulfate exposure and (2) the researchers

used no statistical control for multiple testing.

Adolescent- and Adult-Onset Disorders

Studies looking at SZ as the primary neurodevelopmental out-

come comprised the largest group of articles to meet our

inclusion criteria (n ¼ 12). Burdick, DeRosse, Kane, Lencz,

and Malhotra (2010) examined SZ patients and healthy con-

trols for MET haplotype variants and found an association

with SZ and neurocognition. Kao et al. (2010) tested 1,545

SZ patients, unaffected family members, and unrelated con-

trols for NRG3 SNP variants and found associations between

SNPs and SZ and symptom dimensions. Similarly, Meier et al.

(2013) examined an NRG3 SNP variant and symptom profiles

among individuals with SZ and BPD and identified an associ-

ation between the variant and the genetic susceptibility to

cognitive deficits. Kirov, Rujescu, Collier, O’Donovan, and

Owen (2009) found that large deletion CNVs (>100 kb) of

NRXN1 were overrepresented in SZ cases. Alaerts et al.

(2009) found associations between several SNPs across the

intron of NRG1 and SZ diagnosis in Swedish adults compared

to healthy controls. Tost et al. (2014) examined a single SNP

variant of NRG3 in individuals with SZ compared to their

unaffected siblings and unrelated controls and found that

minor allele (C) carriers outperformed those with the risk

major allele (T/T) on IQ tests. Zakharyan et al. (2011) found

associations of the BDNF gene Val66Met variant with SZ

diagnosis and earlier age of onset. Håvik et al. (2012) identi-

fied significant associations of DCLK1 variants with diag-

noses of SZ alone and SZ combined with ADHD.

There were several methodological concerns with studies

in this group. For example, Tosato et al. (2012) examined

brain architecture among SZ patients with a single variant

of NRG1, a protein-encoding gene that influences growth and

development of multiple organ systems. However, only 19%
of participants completed both DNA sampling and magnetic

resonance imaging (MRI). Another group of authors reported

finding no correlations between several genes and P50 sup-

pression, a specific test of the brain’s ability to filter stimuli

that are unimportant or repetitive, but relative and healthy

controls differed significantly from SZ cases on a number of

reported measures (Shaikh et al., 2011). Kuswanto et al.

(2012), who identified an association between a variant of the

gene ZNF804A and brain regional volumes in SZ cases, used

hospital staff and community members as controls despite sig-

nificant differences from cases. Chandler et al. (2010), who

found associations between multiple variants of NRN1 and

IQ among SZ patients and healthy controls, did not report

sample demographic characteristics.

General Measures of Cognition, Attention,
and Perception

A total of three articles reported studies examining general cog-

nition, attention, or perception in individuals who were not

diagnosed with specific disorders of neurodevelopment. Mea-

sures included facial recognition tests, IQ testing, standardized

school performance measures, and disengagement of attention

in relation to emotional or neutral (i.e., not considered emotion-

ally provocative) stimuli. Study participants were primarily

healthy adults. Pietiläinen et al. (2011) reported increased odds

of low IQ and repeating school grades for individuals with

large deletion CNVs compared to unaffected cohort members.

Beevers, Wells, Ellis, and McGeary (2009) found an associa-

tion of short CNVs of 5-HTT with difficulty disengaging from

emotional stimuli. Finally, Lin et al. (2012) found associations

in 182 healthy people between facial recognition and MET

variants.

Alterations in Brain Structure and Function

Finally, four articles were reports of examinations of brain

structure and function in healthy individuals using MRI, func-

tional MRI, positron emission tomography, and BDNF in

amniotic fluid. Dutt et al. (2011) found that a COMT variant

was associated with reduced corpus callosum size in adults

born at <33 weeks’ gestation. Kobiella et al. (2011) found that

short variants of 5-HTT were associated with smaller amygdala

volumes and increased amygdala activation in response to

unpleasant stimuli in healthy adults.

The remaining two articles used indirect measures that have

been linked to neurodevelopmental outcomes. Cattaneo et al.

(2010) found that the BDNF Val66Met variant was associated

with reduced BDNF availability in amniotic fluid at 15–17

weeks of pregnancy, potentially resulting in decreased fetal

brain growth and higher risk for BPD and affective disorders.

A second study reported that variation in HFE was associated

with transferrin, a protein important in iron binding that has

been associated with decreased white matter fiber integrity

(Jahanshad et al., 2012).

Discussion

This review demonstrates that authors have used multiple

genomic approaches including GWAS, CNV studies, SNP and

haplotype studies, and PM to examine genetic factors that

influence neurodevelopment and neurodevelopmental disor-

ders. These approaches have resulted in identification of

numerous factors, including 43 genes and additional large dele-

tion CNVs, associated with neurodevelopmental outcomes

including cognition, attention, perception, psychiatric disease,

ASD, CP, infant behavior, and alterations in brain structure.

Although authors reported a wide range of genetic contri-

butions to neurodevelopmental phenotypes, readers should

consider several methodological and reporting concerns

when interpreting this literature. First, although technological
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advances have allowed genomic research to flourish, methods

to correct for errors in genotyping were highly inconsistent

across these studies. For example, multiple articles reviewed

used Hardy–Weinberg equilibrium (HWE; Table 1) as a con-

trol measure, but in only two articles did authors discuss the

potential problem with requiring HWE in cases as well as con-

trols (Wittke-Thompson, Pluzhnikov, & Cox, 2005). The

appropriateness of using HWE as a genotyping error control,

particularly among cases in a case–control design, is depen-

dent on multiple factors, including sample size and disease

prevalence. In addition, the articles reviewed reported vastly

different standards for data elimination based on genotyping

error. Perhaps even more concerning was the lack of statistical

control for multiple tests. As the number of SNPs examined

ranged from 1 to 1,000,000 in the articles reviewed, failure

to control for multiple tests could have escalated the uncor-

rected Type I error.

Multiple articles included no report of basic design features

including the number of participants, participant characteris-

tics, and collection and processing of genomic material. Failure

to clearly describe the sample and report participant character-

istics such as age, gender, and socioeconomic status can mask

confounders. Failure to report collection and processing of

genomic material is also troublesome, as different sources of

DNA are prone to differential genotyping error rates. Inap-

propriate reporting reduces replicability and generalizability

of these studies and hinders interpretation. In addition, authors

generally discussed total number of SNPs examined, but iden-

tification of nonassociation is important in this emerging field,

particularly given the often disparate findings between popula-

tions. Most of the articles reported inclusion of purposely

homogenous samples, generally of White European descent.

Although homogenous samples reduce complexity in genomic

analysis, this choice affects interpretation and generalizability.

In spite of these methodological concerns, several articles

presented results of rigorous research and identified three genes

with high potential for association with neurodevelopmental

disorders: MET, NRG3, and SLC6A4. MET, located at ch7q31,

may be relevant to neurodevelopment due to its effects on neu-

ronal migration and angiogenesis following birth (Life Map

Sciences, 2014a). While we identified no studies examining

MET specifically in preterm infants, investigators have linked

the gene to the development of autistic features, a problem far

more prevalent among former preterm infants than the general

population (Kuzniewicz et al., 2013). We also identified no

studies in preterm infants that examined NRG3 located at

ch10q22-23 (Life Map Sciences, 2014b). However, variants

of the gene have been associated with AD diagnosis and age

of onset (Wang et al., 2014), which may indicate a role for this

gene in brain plasticity. The serotonin transporter gene

SLC6A4, located at ch17q11.2, is thought to affect sudden

infant death syndrome, aggression among AD patients, and sus-

ceptibility to mood disorders (Life Map Sciences, 2014c).

Investigators have studied SLC6A4 in the fetal and neonatal

periods primarily to assess the effects of prenatal exposure to

SRIs and concurrent risk of autism (Harrington, Lee, Crum,

Zimmerman, & Hertz-Picciotto, 2013). Finally, a subset of arti-

cles demonstrated that CNVs may be important to the develop-

ment of severe phenotypes of atypical neurodevelopment,

especially large deletions (>100 kb; Brummelte et al., 2013;

Kobiella et al., 2011; Rosenfeld et al., 2010; Sorte, Gjevik,

Sponheim, Eiklid, & Rødningen, 2013).

The diversity of chromosome locations and functions exhib-

ited by these genes, as well as the range of potential neurode-

velopmental outcomes associated with them, points to the

multifactorial, complex nature of neurodevelopment. Unfortu-

nately, genomic science does not yet provide an explanation

about the pathways by which these genes may lead to adverse

neurodevelopmental outcomes or how the presence of these

genes may combine with other exposures encountered by the

preterm infant. However, further research in this area may

increase understanding of why some infants of the same birth

gestation and medical course do more poorly than others. In

particular, studies reporting interaction effects between geno-

type and environmental influences have the potential to explain

inconsistencies that have plagued association studies in com-

plex diseases or phenotypes. Additionally, haplotype studies

that examine the additive role of multiple polymorphisms on

phenotype, rather than examining each SNP individually, may

allow further development of genetic risk profiles.

The ethics and specific uses of genetic risk profiles lie out-

side the scope of this article. However, we acknowledge that

the ethical concerns surrounding such profiles is particularly

underscored in complex disease, where genetic risk may be

small compared to environmental risks. Researchers should

address the ethical implications of their findings in order to

encourage public and professional discussion. Research into

genetic associations with neurodevelopment is relatively new

and thus precludes identification of specific interventions.

However, this area of research may help identify those infants

at greatest risk and provide understanding about pathways by

which genes influence outcomes. Thus, a range of interventions

could become possible including focused assessments, specific

parent education, and referral for early intervention. Interven-

tions to manage the infants’ early environment, including the

neonatal intensive care unit, may be particularly important for

improving outcomes in infants at risk.

The purpose of this integrative review was to identify and

synthesize recent evidence of genetic factors associated with

atypical neurodevelopmental outcomes that may affect preterm

infants. The development of genetic risk profiles for complex

disorders of neurodevelopment is hindered by inconsistent

genetic association evidence, methodological considerations,

and reporting problems. However, several avenues of investi-

gation are promising, including the candidate genes MET,

NRG3, and SLC6A4. Replication of these studies in samples

of preterm infants is needed to test the validity of these genes

as risk factors.
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