
CLINICAL RESEARCH ARTICLE

Prediction of short-term neonatal complications in preterm
infants using exome-wide genetic variation and gestational age:
a pilot study
William C. L. Stewart1,2,3, Komla M. Gnona1,4,5, Peter White2,6, Ben Kelly2,6, Mark Klebanoff2,4, Irina A. Buhimschi4,7 and Leif D. Nelin2,4

BACKGROUND: Preterm birth is the leading cause of mortality and morbidity in young children, with over a million deaths per year
worldwide arising from neonatal complications (NCs). NCs are moderately heritable although the genetic causes are largely
unknown. Therefore, we investigated the impact of accumulated genetic variation (burden) on NCs in non-Hispanic White (NHW)
and non-Hispanic Black (NHB) preterm infants.
METHODS: We sequenced 182 exomes from infants with gestational ages from 26 to 31 weeks. These infants were cared for in the
same time period and hospital environment. Eighty-one preterm infants did not develop NCs, whereas 101 developed at least one
severe complication. We measured the effect of burden at the single-gene and exome-wide levels and derived a polygenic risk
score (PRS) from the top 10 genes to predict NCs.
RESULTS: Burden across the exome was associated with NCs in NHW (p= 0.05) preterm infants suggesting that multiple genes
influence susceptibility. In a post hoc analysis, we find that PRS alone predicts NCs (AUC= 0.67) and that PRS is uncorrelated with
GA (bρ= 0.05; p= 0.53). When PRS and GA at birth are combined, the AUC is 0.87.
CONCLUSIONS: Our results support the hypothesis that genetic burden influences NCs in NHW preterm infants.
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INTRODUCTION
Preterm birth is the leading cause of mortality and morbidity in
young children (age <5 years) worldwide, with more than a million
deaths per year arising from neonatal complications (NCs).1–3

Therefore, to improve the health outcomes of preterm infants in
the era of precision medicine and to reduce medical costs, we
need to develop better predictive models for NCs. One attractive
approach is to combine well-established risk factors (e.g.,
gestational age (GA) at birth) with genetic risk factors (e.g., exonic
mutations) into a single predictor of NC.
Based on evidence from twin studies, we know that genes play

a role in individual NC like bronchopulmonary dysplasia (BPD) and
retinopathy of prematurity (ROP). In particular, Bhandari et al.4

estimated the heritability of BPD at 53% in a multicenter twin
study using logistic regression with mixed effects; and in a
retrospective twin study of ROP, Bizzaro et al. estimated the
heritability at 70%.5 However, pinpointing the specific genes that
account for the impact of sex and race on susceptibility for NCs
has been much more difficult.
Epidemiological studies demonstrate that NCs may also be

influenced by GA, sex, and race. For example, Draper et al.6

showed that GA is negatively correlated with risk for NC. In
addition, Trembath et al.7 and Peelen et al.8 showed that preterm
males have increased risk for NCs relative to preterm females.

Finally, Loftin et al.9 and Ryan et al.10 showed that, conditional on
GA, non-Hispanic White infants have increased risk relative to non-
Hispanic Black infants.
The objective of this study is to test the hypothesis that, among

preterm infants, the accumulation of genetic variation across
coding regions of the genome (i.e., the exome) influences risk for
NCs. As a corollary, we sought to determine whether any observed
sex and race disparities in NCs relate to the burden as defined by
the gene-specific accumulation of minor alleles found by whole-
exome sequencing (WES). Our study was partially motivated by
several promising examples in the study of complex traits for adult
diseases and morbidities (e.g., schizophrenia, Parkinson’s disease,
and obesity), where investigators have found associations with the
accumulation of minor alleles.11–13 Lastly, in a post hoc analysis,
we compared the predictive power of a burden-based polygenic
risk score (PRS) and a composite biomarker that combines PRS and
GA into a single predictor of NCs. Overall, we (1) demonstrate that
NCs are influenced by the accumulation of minor alleles found by
WES in non-Hispanic White preterm infants, (2) did not detect an
effect of burden on NCs in non-Hispanic Black preterm infants, (3)
confirm the effects of previously reported traditional risk factors
(e.g., GA) and show that the impact of minor allele accumulation is
independent of GA (at least within the GA range studied), and (4)
show that susceptibility to NCs can be accurately predicted by a
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composite biomarker that combines GA and PRS into a single
predictor of NCs.

METHODS
Study design, patient population, and samples
This study was approved by the Institutional Review Board at
Nationwide Children’s Hospital (NCH). The study utilized the
Perinatal Research Repository (PRR), which is a data and biospeci-
men repository of preterm neonates admitted to the neonatal
intensive care unit (NICU) at NCH. Parents of infants eligible for
inclusion in the PRR (i.e., infants <37 completed weeks of
gestation) were approached to provide written informed consent
for their participation and for the participation of their child. Once
consent was obtained, blood or buccal swabs were obtained for
DNA extraction. Samples were processed for DNA extraction at the
NCH Biopathology Center and stored at −80 °C until analysis.
Clinical data were abstracted from the electronic medical record
upon death or discharge by research personnel who were not
directly involved in the present study.
Of the infants enrolled in PRR, eligible preterm infants for this

study were singletons with GA at birth between 26 and 31 weeks,
inclusive. Infants with known chromosomal abnormalities or
congenital anomalies were a priori excluded. GA range was
chosen on the rationale that, for infants with GA <26 weeks,
extreme immaturity could potentially overwhelm any genetic
component. Conversely, severe NCs are far less common in infants
born at ≥32 weeks’ gestation. Because both outcomes tend to
reduce statistical power, restricting GA to the range of
26–31 weeks would likely provide the greatest power to detect
genetic factors influencing NC.

Clinical phenotype of relevant NCs and study groups
Among eligible infants with samples and data available as of
December 2015, we defined as “susceptible” (SUS) those infants
who were diagnosed at death or discharge with at least one of the
of the following severe short-term neonatal outcomes.

BPD was defined as a requirement for oxygen and/or positive
airway pressure at 36 weeks postmenstrual age.14

NEC was defined as Bell’s stage ≥2.15

ROP was defined as stage ≥2 according to the ICROP.16

Severe IVH was defined as grade ≥3 according to the Papile
classification.17

We defined “resilient” (RES) as those infants who had none of
the NCs listed above. For each group, we recorded the following:
GA at birth, the birth weight, Apgar scores (at 1 and 5min), race,
sex, delivery route, any exposure to antenatal steroids, whether
surfactant was given, and maternal characteristics initiating birth.
We used Wilcoxon rank-sum tests to compare quantitative

variables and chi-squared tests to compare categorical variables. A
p value ≤ 0.05 was considered significant.

Sequencing
WES was performed on each infant using the SureSelectXT Target
Enrichment System for Illumina Paired End Sequencing Protocol
(Agilent Technologies, CA). DNA libraries were captured and
enriched for exons using the SureSelect Clinical Research Exome
Version 1 Kit (Agilent). Paired-end 96 base pair reads were
generated for exome-enriched libraries sequenced across eight
Illumina HiSeq 2500 runs. Samples were sequenced to an average
of 76× depth of coverage, with a minimum depth of 50× targeted
region coverage.
Following sequencing, primary data analysis consisted of using

Illumina’s Real-Time Analysis software to perform base calling and
quality scoring from the raw intensity files. The resulting base call
format files were then converted and demultiplexed using

Illumina’s bcl2fastq2 Conversion Software into the standard
FASTQ file format appropriate for secondary analysis.
Secondary analysis was performed using Churchill, a pipeline

developed in house for the discovery of human genetic variation
that implements a best practice workflow for variant discovery
and genotyping.18 Churchill utilizes the Burrows–Wheeler Aligner
to align sequence data to the GRCh37/hg19 reference genome.
Duplicate sequence reads were removed using PicardTools
(version 1.104). Local realignment was performed on the aligned
sequence data using the Genome Analysis Toolkit (version 3.3-0)
Churchill’s own deterministic implementation of base quality
score recalibration was used. The GATK’s HaplotypeCaller was
used to call variants. All analysis was performed by uploading
FASTQ files to GenomeNext LLC, which automated execution of
the Churchill pipeline for the entire dataset. Resulting VCF files
were downloaded from GenomeNext for subsequent analysis. We
used GRCh37/hg19 from the University of California at Santa Cruz
database19–21 and the 1000 Genome project phase 322 for
reference human genome annotation.

Assessment of genetic burden
Burden can be tested on multiple levels (i.e., at the level of
individual genes, the whole exome, and across a selected set of
selected genes).

Single-gene burden
We defined single-gene burden as the total count of minor alleles
across a given region that includes 7.5 kilobases upstream and
downstream flanking sequences. Gene regions were further
filtered to remove genes with excessive amounts of missing data
(i.e., genes with >90% missing sequence data), variants with
extremely low reads (i.e., number of reads <1), and variants with
extremely high reads (i.e., number of reads >2.5 standard
deviations from the median). These analyses were conducted for
each infant and for all genes in the human genome.
However, because our sequence data are organized around the

count of alternate alleles at polymorphic sites, and because
alternate alleles are not necessarily minor alleles, computing
the single-gene burden is not trivial. Specifically, we scored the
number of minor alleles at each site as follows:

0 if the site is homozygous for the alternate allele and the
alternate allele is major (i.e., no minor alleles are present).
1 if the site is heterozygous (site carries exactly 1 minor allele).
2 if the site is homozygous for the alternate allele and the
alternate allele is minor (i.e., both alleles present are minor).

Note, in our data, sites which are homozygous for the reference
allele are not recorded. That said, if we index infants by i, genes by
j, and polymorphic sites by k, then the single-gene burden of the
jth gene in the ith infant is Bij≡

P
k Mijk . For each gene, we use a

logistic regression (with GA as covariate) to test single-gene
burden for association to NC; SUS is coded as 1 (i.e., high risk) and
RES is coded as 0 (i.e., low risk). To correct for the number of
multiple tests, we implemented a Bonferroni procedure.

Exome-wide burden
In contrast to our single-gene test (described above), we also
assessed the joint effect of all genes by looking for an excess of
low p values (i.e., p < 0.05) among the observed burden p values.
(Note, burden p values were corrected for heteroscedasticity23,24).
Because burden is discrete, the distribution of burden p values is
not uniform under the null hypothesis of “no association.”
Therefore, to determine the statistical significance of the observed
burden p values, we performed a permutation test.25,26 Specifi-
cally, we first computed the observed area under the curve (AUC)
from the cumulative distribution of the burden p values. Then we
permuted preterm infant status (e.g., RES and SUS) 10,000 times to
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obtain a permutation distribution for AUC. Because a large
observed AUC is evidence for an excess of low p values, we used
the proportion of permutations with AUC larger than (or equal to)
the observed AUC to estimate the permutation p value.

Burden-based PRSs
Using the results of our whole-exome association study (WEAS) of
NCs in non-Hispanic Whites, we derived a PRS based on burden.
Specifically, for the ith infant we computed the PRS27 as

P
i
cβikBik ,

where for the kth gene, bβk is the estimated coefficient for burden
and Bik is the observed burden in the kth infant. The summation is
taken over the burden of ten genes showing the strongest
evidence for association. We then used the “ROCR” package in R28

to compute the Receiver Operating Characteristic (ROC) curve29

and the corresponding AUC for PRS alone. For comparison, we
also computed the ROC curve and AUC for GA alone and for our
proposed composite biomarker, where the estimated coefficients
from a logistic regression were used to combine PRS and GA into
a single predictor of NC. Then we averaged the AUC over a
tenfold cross-validation procedure30 to mitigate the negative
effects of over-fitting. Finally, we used the average AUC and 95%

confidence interval (CI) to compare the predictive power of each
predictor.

RESULTS
Clinical characteristics of the study groups
The workflow of the subjects with inclusion and exclusion criteria
is summarized in Fig. 1. There were 287 eligible babies of which 94
fulfilled SUS criteria and 125 were classified as RES, after excluding
for multiple births. Of these 219 infants, high-quality exome
sequencing data was successfully generated on 209 newborns
(SUS: n= 90, RES: n= 119). In anticipation of future meta-analyses,
we did not exclude eligible candidates based on race or sex.
However, owing to analytical limitations of understanding the
clinical significance of burden in admixed populations with small
sample sizes, we restricted our analyses to non-Hispanic White
(n= 131) and non-Hispanic Black (n= 51) infants. Two infants in
our study died as a result of their complications. Table 1
summarizes the clinical outcomes, and Table 2 summarizes the
clinical characteristics of the SUS and RES groups limited to non-
Hispanic Whites and non-Hispanic Blacks.

CONSORT diagram

• Singletons
• GA at birth 260/7–316/7

• Short term outcomes abstracted

• Allocation
n = 219

n = 125

n = 119

• No or mild morbidity
(IVH gr< 3;NEC gr<2;ROP<2;BPD<3)

• No severe morbidity
(IVH gr≥ 3;NEC gr≥2;ROP≥2;BPD≥3)

• At least one severe morbidity
(IVH gr≥ 3;NEC gr≥2;ROP≥2;BPD≥3)

• At least one severe morbidity
(IVH gr≥ 3;NEC gr≥2;ROP≥2;BPD≥3)

• GA at birth 260/7–316/7

Excluded
• DNA failed quality check

n = 4

Excluded
• Other admixed race/ethnicities

n = 9

• Genetically classifiable* as
NHW or NHB
• Unambiguous genetic sex M or F

Analytically eligible
resilient babies(RES)

• Sample in in PRR as of december 2015
n = 287

Eligible newborns

Neat case-control study

Clinically eligible cases
(susceptible babies)

Excluded
Multiple births

n = 68

Excluded
DNA did not pass quality check

n = 6

Excluded
• Other admixed race/ethnicities

n = 18

Aanlytically eligible
susceptible babies(SUS)

genetically classifiable* as NHW or
NHB

unambiguous genetic sex M or F
n = 101

Clinically eligible controls
(resilient babies)

n = 90

Sequenced resilient babies

n = 81

Sequenced susceptible babies
• GA at birth 260/7–316/7

n = 94

Fig. 1 Flow diagram of our whole-exome association study (WEAS) for NC. From a total sample of 287 preterm infants, only 182 were
retained for the final analysis. Exclusion criteria included: DNA control check, multiple births, and unknown race of the preterm infants.

Table 1. Clinical outcomes of our study group.

Outcomesa Susceptible (SUS) Resilient (RES)

Infants completing
evaluation (N)

Prevalence, n (%) Infants completing
evaluation (N)

Prevalence, n (%)

Comorbiditya

Bronchopulmonary dysplasia (BPD)b 101 90 (89.1%) 81 0 (0%)

Retinopathy of prematurity (ROP)b 101 23 (22.8%) 81 0 (0%)

Intraventricular hemorrhage (IVH) 101 8 (8%) 81 0 (0%)

Necrotizing enterocolitis (NEC) 101 5 (5%) 81 0 (0%)

aIndividual morbidities not mutually exclusive. Seventeen non-Hispanic White and 6 non-Hispanic Black children had multiple morbidities.
bTwo susceptible infants died before BDP and ROP could be assessed; BPD is the most frequently encountered at the gestational age bracket (26–31 years) and
Nationwide Children’s Hospital is a BPD referral site, which could explain the high prevalence of BPD among SUS infants.
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As anticipated, the SUS group had a much lower birth
weight (p < 0.001) and GA (p < 0.001) at birth. The SUS
group also had more (p < 0.05) male newborns than did
the RES group. In addition, the Apgar scores at 1 and 5 min
also were statistically different (p < 0.009 and p < 0.03, respec-
tively) between the two groups of infants, with SUS group
having somewhat lower scores. There was no significant
difference in delivery route (p < 0.38), in antenatal steroids
(p < 0.20), or surfactant administration (p < 0.96) between the
two groups.

Confirmation of known risk factors in our study groups
Several authors have previously reported associations between
NCs and GA,31 between NC and sex,1,32 and between NCs and
race.32,33 Therefore, we sought to confirm these findings in our
sample of 182 preterm infants. First, we found that GA is
associated with NCs in non-Hispanic Whites [odds ratio (OR)GA=
0.43; 95% CI: (0.31, 0.56)] and non-Hispanic Blacks [ORGA= 0.42;
95% CI: (0.24, 0.63)]. Second, we tested for an association between
sex and NCs with GA as a covariate. Although the evidence for
association was not statistically significant, the effect of male sex
may be stronger in non-Hispanic Blacks [ORSex= 3.6; 95% CI: (0.84,
17.3)] than in non-Hispanic Whites [ORSex= 1.9; 95% CI: (0.77,
4.83)].
Within each race, male preterm infants appear to have higher

risk of NCs than female preterm infants. Third, we found
suggestive evidence for an association between race and NCs
with GA as a covariate (ORRace= 2.2; 95% CI: (0.98, 5.22)], implying
that non-Hispanic White preterm infants may be more susceptible
to NCs than non-Hispanic Black preterm infants.

Exome-wide burden associates with NCs in non-Hispanic White
infants
Using the human genome reference annotations (GRCh37/hg19)
from the University of California at Santa Cruz database19–21 we
identified a total of 27,939 gene regions. After filtering the WES
data, we retained a total of 23,854 gene regions for our analysis of
data from non-Hispanic White infants and 20,232 gene regions for
analysis of non-Hispanic Black infants. On average, each infant
provided sequence data at about 273,168 variants.
In our study, burden was not statistically significant for any gene

at the exome-wide level in either cohort (i.e., non-Hispanic White
and Black preterm infants; Fig. 2). However, after permuting infant
status (i.e., SUS and RES) 10,000 times and using AUC as our test
statistic, we did find an excess of low p values across all genes in
non-Hispanic Whites (p= 0.05; Fig. 3). The excess of low p values
suggests that burden influences NCs through multiples genes of
small effect, especially since no single gene was statistically
significant at the exome-wide level.

Evaluating various predictors of NC
We compared the ROC curves of PRS alone and our composite
biomarker (PRS+GA) in terms of AUC (Fig. 4). Recall that our
composite biomarker combines GA and PRS into a single predictor
of NC, where PRS is computed from the top ten genes (Table 3) of
the exome-wide analysis for non-Hispanic White infants. However,
this comparison does not account for over-fitting. To compare the
predictive power of PRS alone and PRS+GA without over-fitting,
we averaged the AUC of each predictor in a tenfold cross-
validation procedure (see “Methods”). The average AUC for PRS
alone was 0.67 (p < 0.003) and increased to 0.87 (p < 0.001) when
GA was combined with PRS (Table 4). Note that the average AUC
based on PRS+GA is significantly larger than the average AUC
based on PRS alone (p= 0.0012). Moreover, for each gene in the
PRS gene set, the average burden was higher among SUS preterm
infants than among RES preterm infants (data not shown). This
suggests that large values of PRS are associated with increased risk
of NC. Interestingly, PRS and GA were not correlated [ρ̂= 0.05; p=
0.53]. This may explain why the predictive power of our composite
biomarker, which combines PRS and GA into a single predictor of
NC, is so high compared to the predictive power of PRS alone.

DISCUSSION
Preterm infants are at increased risk for NC, and as such,
predicting the health outcomes of preterm infants could have a
tremendous impact on their outcomes, and furthermore could be
extremely useful in the development of preventative therapies by
identifying high-risk populations. In this study, we confirm that GA

Table 2. Clinical characteristics of our study group.

Clinical characteristics Resilient (RES)
infants, n (%)

Susceptible
(SUS) infants,
n (%)

p Value

Race

Non-Hispanic White 56 (69.1%) 75 (74.3%) 0.45

Non-Hispanic Black 25 (30.9%) 26 (25.7%)

Sex

Male 44 (54.3%) 70 (69.3%) 0.04

Female 37 (45.7%) 31 (30.7%)

Surfactant

Yes 30 (38.0) 38 (38.4) 0.96

No 49 (62) 61 (61.6)

Maternal characteristic initiating birth

Spontaneous labor 25 (32.9%) 36 (37.1) 0.45

PROM 18 (23.7%) 29 (29.8)

Induction/Cesarean
without labor

33 (43.4%) 32 (33.0)

Antenatal steroids

Yes 85 (57.8%) 14 (45.2%) 0.20

No 62 (42.2%) 17 (54.8%)

Delivery route

Vaginal 33 (41.8%) 35 (0.35%) 0.38

Cesarean 46 (58.2%) 64 (0.65%)

Pre-pregnancy diabetes

No 72 (92.3%) 88 (88.9%) 0.44

Yes 6 (7.7%) 11 (11.1%)

Hypertensive disorders of pregnancya

No 58 (75%) 73 (74.5%) 0.90

Yes 19 (25%) 25 (25.5%)

Type of conception

ART or ovulation
stimulation

4 (5.4%) 6 (6.1%) 0.78

Unassisted 74 (95.6%) 92 (93.9%)

Gestational age at
birth (days),
median (IQR)

213 (202, 220) 194 (188, 204) <0.001

Birth weight (g),
median (IQR)

1360 (1084, 1568) 998 (864, 1168) <0.001

Apgar score, median (IQR)

APGAR score at 1
min

6 (3.5, 8) 4 (2, 6) 0.009

APGAR score at 5
min

8 (7, 8) 7 (6, 8) 0.03

aGestational hypertension, preeclampsia, or HELLP (hemolysis, elevated
liver enzymes, low platelet count).
Bold p-values are statistically significant.
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is an important predictor of NC, and we find suggestive evidence
for an effect of race. Our data also indicate that male sex may play
a stronger role in non-Hispanic Blacks than in non-Hispanic
Whites. Furthermore, we show that the combination of traditional
risk factors and genetic risk factors can substantially improve
prediction. In what follows, we discuss each of these findings, their
implications, and any relevant limitations of our study.

Genetic predictors of NC
We demonstrate that in aggregate (i.e., across genes) the
accumulation of variants found by WES is positively correlated
with NC, but as with most whole-exome association studies, there
are potential limitations. First, there is always the question of how
should one summarize variation across potentially overlapping,
nested, and alternatively spliced genomic regions. Here we took
the simplest possible approach and assessed burden at the gene

level, where the start and end positions of each gene were given
by the UCSC GRCh38/hg38 annotation file (see “Data description”
for more details). Second, because exons are highly conserved,
exonic variation in human populations is typically low.34 As such,
WEAS often require large sample sizes to detect an association.35

Because it is often difficult to collect large samples of preterm
infants,36 most WEAS studies of preterm infants are under-
powered. For example, given the size of the genetic effects that
we see in our non-Hispanic White infants, our non-Hispanic Black
sample (n= 51) is probably too small to detect an association at
either the single-gene level or at the exome-wide level.
Similarly, in non-Hispanic Whites, we investigated the role of

intronic variants by comparing genes with “little or no” evidence
for association (i.e., p values > 0.1) to genes with “suggestive”
evidence for association (i.e., p values < 0.1). In genes with “little or
no” evidence, 87% of all variants were intronic, whereas in genes
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with “suggestive” evidence 89% of all variants were intronic. While
intronic variation could play an important role in the genetics of
NCs, we would need many more preterm infants to ensure that
the observed increase of 2% is, in fact, statistically significant.
In a post hoc analysis, we tested our newly discovered PRS gene

set, which contains ten genes showing the largest evidence for
association. There is almost always some difficultly in deciding
exactly how many genes to include in a PRS risk score.27,37

Nevertheless, we decided to use the top ten genes because the
degree of over-fitting seemed acceptably small (data not shown).
To further mitigate the potentially negative effects of over-fitting,
we chose to implement a tenfold cross-validation procedure.
Interestingly, our PRS does not appear to be correlated with GA,
which likely stems from the fact that our logistic regression
included GA as a covariate, but may also suggest that NCs and
prematurity have different genetic etiologies.

Race and sex as predictors of NCs
To date, the strongest predictors for NCs are GA [Manuck
(2016)],38 birth weight,39,40 sex,41 and race.10 While the evidence
for an association between race and NCs is only suggestive in our
data (p= 0.06), when we imputed the percentage of African
ancestry in each preterm infant from the available exome
sequence data, we found that imputed African ancestry was
negatively correlated with risk for NCs (p= 0.049; data not shown).
This suggests that preterm infants of African descent may be less
likely to develop NCs. Furthermore, our results (and the results of
Morse et al.32) suggest that the effect of sex may depend on race.
Lastly, our PRS gene set predicted NCs poorly in non-Hispanic
Black infants. Here the PRS was computed from the PRS gene set
(and the corresponding regression coefficients) identified in non-
Hispanic Whites and from the observed burden of non-Hispanic
Black infants. Although the relatively small number of non-
Hispanic Black infants in our study (n= 51) could explain our
inability to detect an association, another possible explanation is
that NCs in non-Hispanic Blacks and non-Hispanic Whites are
influenced by different genes.

Study limitations
To the best of our knowledge, this is the first-ever WES study of
NC, and as such, there are limitations that we describe below. First,
although we have “lumped” several complications together into a
single trait (i.e., NC), the genetic heterogeneity in our sample of
preterm infants is mitigated (to some degree) by the fact that
more than 90% of our SUS infants have BPD (see Table 1). Second,
our study is in some sense a study of extreme phenotypes
because we have RES (resilient) infants that are very preterm (i.e.,
GA between 26 and 31 weeks); and relative to a standard case-
control design, using extreme phenotypes in this way increases
our power to detect genetic factors associated with NC.

Candidate genes and improved biomarkers for NC
Among the ten genes composing our PRS score for NC, the top
score was assigned to RANBP2 (Ran-binding protein-2), a protein
located on the cytoplasmic surface of the nuclear pore complex
that plays a role in intracellular trafficking.42 Although additional
studies need to investigate the mechanistic role of RANBP2 in the
pathogenesis of NCs, there is some biologically plausibility based
on what is known so far about this protein. First, the mouse
RANBP2 knockout is embryonic lethal suggesting that RANBP2
plays an important role in development. And studies on
conditional knockout mice linked the cause of lethality to
inadequate nuclear import, although whether this affected a
broad spectrum of proteins or a small subset remains to be
determined.43 Second, several RANBP2 mutations in children are
known to cause acute necrotizing encephalopathy, a disorder
where previously normal children develop encephalopathy in
response to a common viral infection. Therefore, the possible
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Fig. 4 ROC curves are shown for three predictors of NC: polygenic
risk score (PRS)+gestational age (GA) (solid), GA alone (dashed),
PRS alone (dot–dashed), and random (dotted), with their
corresponding AUCs 96%, 84%, 78%, and 50%, respectively.
After correcting for over-fitting, the average AUC of PRS+GA
dropped to 87%, and the average AUC of PRS alone dropped to
67%. The difference in predictive power between PRS+GA and PRS
alone is significant (p= 0.0012).

Table 3. Top 10 genes used to construct PRS.

Rank Gene ID p Values Chromosome

1 RANBP2 7.96E−05 2

2 CCDC138 1.96E−04 2

3 GUCY1A3 2.26E−04 4

4 RNU6-66P 3.23E−04 19

5 SPINK1 3.23E−04 5

6 ZCCHC2 3.92E−04 18

7 DQ579288 4.96E−04 1

8 FAM47E-STBD1 6.30E−04 4

9 RSL24D1 6.58E−04 15

10 FTL 6.65E−04 19

The top 10 genes from our exome-wide burden-based association study in
non-Hispanic White preterm infants; p values are also shown.

Table 4. AUC averaged over 10 cross-validation sets.

Predictive power 95% CI p value

PRS alone 0.67a (0.56, 0.77) <0.003

GA alone 0.84a (0.83, 0.90) <0.001

PRS+GA 0.87a (0.82, 0.92) <0.001

Summary of the ROC curve analysis for each risk factor: PRS alone
(polygenic risk score, which is based on burden), GA (gestational age)
alone, and the combination of PRS and GA (denoted PRS+GA). We
measured the predictive power (PP) of each risk factor, where PP is defined
as the standard AUC (area under the ROC curve) for GA alone but is
defined as athe average AUC across 10 cross-validation sets (to mitigate the
negative effects of over-fitting) for PRS alone and PRS+GA. We used a non-
parametric bootstrap procedure to compute 95% confidence intervals (CIs)
and p values for testing whether PP was better than chance.
Bold p-values are statistically significant.
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involvement of RANBP2 in a broader adaptive response such as
the ones required by premature newborns in the context of a
NICU environment needs to be studied.44

Another gene among the top ten with direct biological
plausibility is GUCY1A3. This gene encodes for the α1 subunit of
the soluble guanylyl cyclase (sGC) enzyme, and it is important in
the nitric oxide/cGMP signaling pathway—a pathway that
regulates sensitivity to nitric oxide. Note that nitric oxide is an
established mediator of newborn lung development, and when
inhaled, it has been proposed to exert therapeutic benefit to
prevent BPD. While randomized clinical trials have yielded
conflicting results on the protective effect of inhaled nitric oxide
in the general population, there is the suggestion of a possible
subgroup benefit in non-white infants. Furthermore, a polymorph-
ism in GUCY1A3 has been previously associated with decreased
risk for pulmonary hypertension in a high-altitude population.45

Although we limited our candidate gene discussion to RANBP2
and GUCY1A3, future mechanistic investigations of NCs should be
extended to other genes as well, especially because genetic
burden could have additive effects in genes with seemingly
unrelated function. Furthermore with regard to BPD specifically, it
would be interesting to determine whether the accumulation of
minor alleles in GUCY1A3 modulates the therapeutic response to
inhaled nitric oxide.46

Interestingly, while the burden-based PRS predicts NCs in non-
Hispanic Whites, it is a poor predictor of GA. This implies (and our
AUC analyses confirm) that our composite predictor of NC—which
combines information from both PRS and GA—should perform
better than a predictor based on PRS alone. Overall, we believe that
our composite predictor could facilitate the design of individualized
treatments for preterm infants that, in turn, could substantially
improve health outcomes and reduce hospitalization costs.

CONCLUSIONS
This work demonstrates clearly our ability to predict NCs among
non-Hispanic White preterm infants using information from both
genetic risk factors (e.g., burden) and traditional risk factors (e.g.,
GA). Provided that future studies of NCs continue to collect
genetic data on preterm infants from under-represented popula-
tions—where the chance of preterm birth is higher—then more
efficacious composite biomarkers could be developed and
implemented for members of these extremely vulnerable and
historically understudied populations.
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