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PURPOSE. To determine genetic variants associated with severe retinopathy of prematurity
(ROP) in a candidate gene cohort study of US preterm infants.

METHODS. Preterm infants in the discovery cohort were enrolled through the Eunice Kennedy
Shriver National Institute of Child Health and Human Development Neonatal Research
Network, and those in the replication cohort were from the University of Iowa. All infants
were phenotyped for ROP severity. Because of differences in the durations of enrollment
between cohorts, severe ROP was defined as threshold disease in the discovery cohort and as
threshold disease or type 1 ROP in the replication cohort. Whole genome amplified DNA from
stored blood spot samples from the Neonatal Research Network biorepository was genotyped
using an Illumina GoldenGate platform for candidate gene single nucleotide polymorphisms
(SNPs) involving angiogenic, developmental, inflammatory, and oxidative pathways. Three
analyses were performed to determine significant epidemiologic variables and SNPs
associated with levels of ROP severity. Analyses controlled for multiple comparisons,
ancestral eigenvalues, family relatedness, and significant epidemiologic variables. Single
nucleotide polymorphisms significantly associated with ROP severity from the discovery
cohort were analyzed in the replication cohort and in meta-analysis.

RESULTS. Eight hundred seventeen infants in the discovery cohort and 543 in the replication
cohort were analyzed. Severe ROP occurred in 126 infants in the discovery and in 14 in the
replication cohort. In both cohorts, ventilation days and seizure occurrence were associated
with severe ROP. After controlling for significant factors and multiple comparisons, two
intronic SNPs in the gene BDNF (rs7934165 and rs2049046, P < 3.1 3 10�5) were
associated with severe ROP in the discovery cohort and were not associated with severe ROP
in the replication cohort. However, when the cohorts were analyzed together in an
exploratory meta-analysis, rs7934165 increased in associated significance with severe ROP (P
¼ 2.9 3 10�7).

CONCLUSIONS. Variants in BDNF encoding brain-derived neurotrophic factor were associated
with severe ROP in a large candidate gene study of infants with threshold ROP.

Keywords: retinopathy of prematurity, extremely low birth weight, brain-derived
neurotrophic factor, genetic associations, neurovascular

Retinopathy of prematurity (ROP) is a leading cause of

childhood blindness worldwide.1,2 Retinopathy of prema-

turity has been associated with environmental factors, includ-

ing high supplemental oxygen at birth,3 fluctuations in

oxygenation,4 oxidative stress,5 and more recently with genetic

predisposition based on racial and regional risk profiles6–9 and a

heritability estimate of 70%.10 Candidate gene analyses reported

ROP associated with gene variants in the WNT signaling

pathway (e.g., NDP, FZD4, LRP5),11–17 which is important in

development; in EPAS118 or VEGF,19 which are regulated by

hypoxia and involved in angiogenesis; and in SOD,20,21 which

transcribes the antioxidant enzyme, superoxide dismutase.

However, these studies varied as to whether significant

epidemiologic factors or multiple comparisons were taken into

account and/or whether severe, treatment-warranted ROP was

distinguished from nonsevere ROP. Severe ROP can cause
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blindness from scarring or retinal detachment if not treated,
whereas most ROP is nonsevere and resolves without
treatment. In addition, previous candidate gene studies
enrolled infants from a broad range of birth weights and
gestational ages. As ROP can develop in large preterm infants of
young gestational ages when high, unregulated oxygen is
delivered at the time of birth,22 studies of genetic variants
associated with ROP that include preterm infants in unregu-
lated oxygen may introduce variables that mask genetic
variants associated with severe ROP under regulated oxygen
conditions. Also, extreme prematurity is a strong independent
risk factor for ROP,23 and studies including older and larger
preterm infants may have failed to distinguish genetic variants
associated with severe ROP from those of preterm birth.
Therefore, a study is needed that analyzes genetic variants
associated with different levels of ROP severity in a group of
extremely premature infants and that is controlled for
significant epidemiologic variables and multiple comparisons
in order to tease out the potential role of heritability in the risk
of developing severe ROP.

To address this need, we analyzed associations between
ROP of different levels of severity, including no ROP, and
genetic variants in a unique discovery cohort restricted to US
preterm infants born at less than 1000 grams birth weight, in
whom the most severe level of ROP analyzed was ‘‘threshold’’
ROP, at which the risk of a bad outcome approached 50%.24 It
would no longer be ethical to wait for threshold ROP to
develop before treating infants with ROP, because benefit has
been found for earlier treatment.25 In addition, the cohort
comprised candidate genes that included some previously
reported in genetic studies as well as others reported to be
important in the development of biologic features of severe
ROP or in conditions associated with ROP in human preterm
infants. Candidates generally involved pathways in neurode-
velopment, angiogenesis, or inflammatory and oxidative
pathways.24 We also controlled for significant epidemiologic
factors and multiple comparisons. We report two intronic
variants in the gene encoding brain-derived neurotrophic
factor (BDNF) in association with severe ROP.

METHODS

All work was approved by Institutional Human Subjects
Committees, adhered to the Declaration of Helsinki, and was
compliant with the Health Insurance Portability and Account-
ability Act (HIPAA). The discovery cohort was a multiracial
population of 1013 related and unrelated preterm infants born
at less than 1000 grams and who had been enrolled between
1998 and 2001 as part of a study of associations between serial
cytokine levels and neurodevelopmental delay.26 Genomic
DNA was extracted from infant blood spot samples obtained
for the cytokines study and stored in an anonymized DNA
biorepository by the Eunice Kennedy Shriver National Institute
of Child Health and Human Development Neonatal Research
Network. Replication of significant findings was performed in a
separate cohort of 544 preterm infants from the University of
Iowa enrolled between 1999 and 2013 in a genetic discovery
protocol approved by the University of Iowa institutional
human subjects committee; this cohort included premature
infants of extremely low and very low birth weights (Table 1).

All infants were prospectively assessed by qualified
ophthalmologists for ROP zone and stage27 in at least one
examination prior to death or discharge. In infants who were
examined multiple times, the zone and stage were recorded for
analysis from the examination having the most severe level of
ROP. An infant was defined as having ROP when it was present
in one eye. The diagnosis of severe, treatment-warranted ROP

was made when an infant required treatment in at least one
eye. For the discovery cohort, treatment was performed for
threshold ROP, which carries a 50% risk of a poor outcome
without treatment,24 because infants were enrolled before
results of the Early Treatment for Retinopathy of Prematurity
Study (ETROP)25 had been obtained. In the replication cohort,
treatment was performed for threshold ROP or in infants
enrolled after 2003, for type 1 ROP, which carries a 15% risk of
a poor outcome, because of changes in treatment guidelines
after ETROP.25 Hereafter, severe ROP refers to ROP that
warranted treatment.

Discovery Cohort

A pathway-based approach was used to identify candidate
genes implicated in the development of the phases of severe
ROP28 or in conditions of prematurity associated with ROP.
Previously reported candidate genes11–21 and additional ones
involving pathways in neurodevelopment, inflammation, an-
giogenesis, or oxidation were included. Tagging single
nucleotide polymorphisms (TagSNPs) were chosen for geno-
typing using HapMap (provided in the public domain at http://
www.hapmap.org/) and the following criteria: minor allele
frequency greater than 10%, r2 value of at least 0.8, and TagSNP
tagged for at least six other SNPs. To represent the entire
variation within a gene, additional SNPs approximately every
3000 to 5000 base pairs were included. Whole genome
amplified DNA from stored blood spot samples was genotyped
with the Illumina GoldenGate platform (Illumina, Inc., San
Diego, CA, USA) for 1614 TagSNPs of the candidate genes. Data
cleaning and analysis were performed using PLINK v1.07
(provided in the public domain at http://pngu.mgh.harvard.
edu/~purcell/plink/).32 Single nucleotide polymorphisms
were removed that had a low genotyping pass rate (greater
than 10% of genotypes missing) and/or that were not in Hardy-
Weinberg equilibrium (HWE) in infants without ROP (HWE P

< 3 3 10�5 based on P ¼ 0.05/1614 SNPs). Individuals with
more than 10% of genotypes missing were also removed.
Predefined separate association tests were performed for
different ROP outcomes: analysis 1 (ROP versus no ROP),
analysis 2 (severe ROP versus nonsevere ROP), and analysis 3
(severe ROP versus nonsevere ROP or no ROP). Although
analysis 3 was considered the strongest to determine variants
associated with the most severe form, threshold ROP, the three
analyses were performed to detect variants associated with
visual morbidity, which also can occur with lesser levels of
severity of ROP. Single nucleotide polymorphisms with P < 3.3
3 10�5 were considered significant based on the 1494 TagSNPs
that remained after data cleaning (P¼ 0.05/1494¼ 3.3 3 10�5),
recognizing that this method may be conservative in the
presence of linkage disequilibrium.29

Continental ancestry can strongly influence variant fre-
quency at any one locus. For this reason, we used eigenvector
values30 as covariables in subsequent association analyses of
the discovery cohort, as calculated using a previous genome-
wide scan (GWAS) for 800 infants from the discovery cohort.31

Epidemiologic variables were tested for association with
ROP outcomes in each analysis using logistic regression in SAS
v9.3 (SAS Institute, Cary, NC, USA). Subsequently, stepwise
logistic regression was performed in order to determine the
most significantly associated epidemiologic risk factors. For
SNP association analyses, the minor, less frequent, allele for
each SNP was tested for association with ROP or severe ROP in
each analysis using QFAM-total in PLINK,32 which is a total
association test that uses between- and within-family compo-
nents and performs a linear regression of phenotype on
genotype. QFAM-total uses a permutation test to correct for
family relatedness; 100,000 permutations were used to correct.
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To control for significant epidemiologic factors determined
from stepwise regression and the four previously identified
eigenvector values, residuals were calculated in R statistical
software (provided in the public domain at http://www.
r-project.org/) and used in QFAM. Linkage disequilibrium
between genotyped SNPs was determined using Haploview
(provided in the public domain at http://www.broadinstitute.
org/scientific-community/science/programs/medical-and-
population-genetics/haploview/haploview).

Replication Cohort

In the replication cohort, SNP association analyses were
performed using the minor allele defined in the discovery
cohort and controlling for epidemiologic factors found
significant in the discovery cohort. For infants from related
families, conditional logistic regression was used, and for
unrelated infants, logistic regression was used. All analyses
were performed using SAS. Meta-analysis of the discovery and
replication cohorts, based on individually calculated odds
ratios and confidence intervals, was performed using Compre-
hensive Meta-Analysis v2 (Biostat, Inc., Englewood, NJ, USA).
Fixed and random effects models were used where appropriate
based on the results of Cochran’s Q test for population
heterogeneity.

RESULTS

Discovery Cohort

Infants requiring treatment for severe ROP were born younger
than 28 weeks (24.5 weeks mean gestation) (Table 1). A total
of 1614 SNPs were successfully genotyped in 1013 infants. Of
these 1013 infants, 14 were removed for major birth defects
(structural congenital heart defects, diaphragmatic hernia,
duodenal atresia or gastroschisis, obstructive uropathy and
genitourinary defects, skeletal dysplasia, defects of the central
nervous system, or other life-threatening birth defects) and 141
for incomplete eye examination data because of death before
first eye examination, transfer to another out-of-network
nursery, or having an unstable course. One infant had both
circumstances and was subsequently removed. An additional
40 infants were removed for low genotyping rate (greater than

10% of genotypes missing). After data cleaning in PLINK, 1494
SNPs were tested for association with ROP in 817 subjects; 122
were related and 695 were not related.

Forty-three epidemiologic variables were tested for associ-
ation in each of the three ROP analyses (Table 2). The related
and unrelated subjects were analyzed separately. In many
related cases there were no informative families and no
epidemiologic variables with nominal significance. In univar-
iate analysis of the unrelated subjects, 23 variables were
significantly associated with ROP (versus no ROP) in analysis 1,
20 with severe ROP (versus nonsevere ROP) in analysis 2, and
22 with severe ROP (versus nonsevere ROP or no ROP) in
analysis 3.

For each analysis, there were no informative families for
stepwise regression. Stepwise regression of the unrelated
subjects for analysis 1 showed that the most parsimonious
model included only days of ventilation within the first 28
postnatal days in association with ROP. After single SNP
analysis adjusted for ventilation days and the four eigenvector
values, 129 SNPs were nominally significant (P < 0.05), and
after correction for multiple testing, no SNPs were significantly
associated with ROP (P > 10�5). In analysis 2, the stepwise
regression model showed that the most parsimonious model
included only occurrence of seizures in association with severe
ROP. Single SNP analysis adjusted for seizure occurrence and
the four eigenvector values showed 97 SNPs to be nominally
significant (P < 0.05). After correction for multiple testing, two
SNPs in BDNF were significantly associated with severe ROP:
rs7934165 and rs2049046 (P ¼ 3 3 10�5 and 6 3 10�5,
respectively, Table 3). Stepwise regression for analysis 3
revealed that both ventilation days and seizure occurrence
were significantly associated with severe ROP after adjusting
for all other variables (P < 0.05). Single SNP analysis adjusted
for these variables and the four eigenvector values found 99
nominally significant SNPs (P < 0.05). After correction for
multiple testing, the same two SNPs in BDNF as found in
analysis 2 were significantly associated with severe ROP:
rs7934165 and rs2049046 (P ¼ 2 3 10�5 and 3 3 10�5,
respectively, Table 3). Because small for gestational age, low
birth weight, sex, and use of antenatal corticosteroids have
been associated with ROP,23 analyses were also performed after
controlling for these variables and had similar outcomes (data
not shown). The two BDNF SNPs were found to be in high

TABLE 1. Subject Characteristics

Characteristic

Discovery Cohort Replication Cohort†

No ROP,

n ¼ 264

Nonsevere ROP,

n ¼ 467

Severe ROP,

n ¼ 126

No ROP,

n ¼ 331

Nonsevere ROP,

n ¼ 195

Severe ROP,

n ¼ 14

Gestational age, wk (SD) 27.1 (1.9) 25.7 (1.7) 24.5 (1.2) 28.7 (1.9) 26.2 (2.1) 24.4 (1.0)

Birth weight, g (SD) 823.6 (126.0) 758 (133.0) 697 (125.0) 1242 (356.0) 904 (291.0) 678 (167.0)

Small for gestational age, n (%) 64 (24.3) 55 (12.1) 6 (4.8) 36 (10.9) 23 (11.8) 3 (21.4)

Male, n (%) 113 (43.0) 222 (48.8) 62 (50.0) 195 (58.9) 109 (50.0) 8 (57.1)

Mean days in ventilation (SD) 8.2 (9.2) 17.5 (10.2) 25.4 (5.7) 13.7 (18.5) 41.8 (32.2) 76.3 (24.7)

Occurrence of seizures, n (%) 13 (4.9) 43 (9.4) 25 (20.2) 2 (0.6) 3 (1.5) 3 (23.1)

Antenatal steroids, n using (%) 218 (82.9) 351 (77.1) 90 (73.2) 312 (94.3) 181 (93.3) 13 (92.9)

Race, self-reported

Black, n (%) 136 (51.5) 219 (46.9) 60 (47.6) 32 (9.7) 155 (71.1) 10 (71.4)

White, n (%) 122 (46.2) 240 (51.4) 65 (51.6) 256 (77.3) 19 (8.7) 1 (7.1)

Other,* n (%) 6 (2.2) 8 (1.7) 1 (0.7) 43 (12.9) 44 (20.1) 3 (21.4)

Ethnicity

Hispanic, n (%) 29 (11.0) 101 (21.6) 24 (19.0) 20 (6.0) 8 (3.7) 1 (7.1)

Non-Hispanic, n (%) 235 (89.0) 366 (78.4) 102 (80.9) 311 (94) 210 (96.3) 13 (92.9)

* Other, self-report of race other than non-Hispanic white or non-Hispanic black or Hispanic.
† Four infants with ROP lacked information as to whether treatment was performed and are not included.
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linkage disequilibrium (r2 ¼ 0.87, data not shown), but the
combined effect of both SNPs produced no greater association
with ROP or severe ROP than either SNP alone (data not
shown).

Replication and Meta-Analysis

The two BDNF SNPs were genotyped in the Iowa replication
cohort of 118 related and 426 unrelated infants and were in
HWE in unaffected individuals (P > 0.05). Subject character-
istics between the discovery and replication cohorts are shown
in Table 1. Both seizure occurrence and ventilation days were
significant risk factors for all analyses in the replication cohort
(data not shown). Neither rs7934165 nor rs2049046 was
significantly associated with ROP in unrelated or related infants
in any of the analyses (Table 4) in the replication cohort. In
many instances, there were no informative families. The
enrollment durations for the discovery and replication cohorts
differed, but there was overlap in the years of enrollment for
infants in the cohorts. The treatment indications for severe
ROP in the replication cohort also overlapped with the
discovery cohort in that infants were treated for threshold
disease but also for type 1 ROP. An exploratory meta-analysis33

found that BDNF SNPs remained significantly associated with
severe ROP; and in analysis 3, under a recessive model,
rs7934165 increased in associated significance with severe
ROP (P ¼ 2.9 3 10�7; Table 4). For this analysis, only the
unrelated discovery and replication cohorts contributed. In
every analysis, Cochran’s Q was not significant, confirming no
population heterogeneity; therefore, a fixed effects model was
used for meta-analysis (Table 4).

DISCUSSION

This is the largest candidate gene study to date that analyzed
SNP variants in preterm infants for associations with ROP or
severe ROP after controlling for epidemiologic factors,
continental ancestral eigenvector values, and multiple com-
parisons. Another strength was the inclusion of candidate
genes chosen for involvement in the pathomechanisms of
biologic features of ROP or with conditions in prematurity
associated with ROP, or ones that had been reported in
previous candidate gene studies.11–21 Generally the pathways
involved inflammation, oxidation, angiogenesis, and develop-
ment. Additionally, TagSNPs were chosen to represent the
entire variation within a gene and to limit testing of repetitive
signals by SNPs in high linkage disequilibrium. No SNPs were
significantly associated with the presence versus absence of
ROP. However, in the discovery cohort and after meta-analysis
with a separate cohort, two SNPs in BDNF were highly
associated with severe ROP. In addition, in the same discovery
cohort, low serum BDNF had previously been reported in
association with severe ROP, providing evidence for a plausible
functional association.34

Retinopathy of prematurity and preterm birth are highly
associated.23 Most nonsevere ROP resolves, whereas severe
ROP can lead to blindness but affects only approximately 10%
of extremely low birth weight infants. We sought to
discriminate risk of severe ROP from that of preterm birth. In
the discovery cohort, we restricted the range of birth weights
and included only preterm infants born weighing less than
1000 grams. This may have resulted in lost significance
between severe ROP and low birth weight and young
gestational age, associations previously reported with ROP.23

The analysis of severe versus nonsevere or no ROP provides
the strongest comparison between infants of extremely low
birth weight with the most severe form of ROP and thoseT
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without. In the discovery cohort and in meta-analysis with a
different cohort of preterm infants of lesser severity, intronic
variants in BDNF were significant. Study enrollment for the
discovery cohort occurred when treatment for severe ROP was
performed for threshold ROP, which if left untreated would
cause a poor outcome 50% of the time. The replication cohort
included larger infants of older gestational age and infants
enrolled after treatment guidelines had been expanded to
include ROP with an approximately 15% risk of a poor
outcome.25 The durations of enrollment overlapped but
differed between the discovery and replication cohorts.
Therefore, neonatal care had changed for some infants in the
replication cohort in ways that did not occur for infants in the
discovery cohort. Only 14 infants in the replication cohort
developed severe ROP, whereas 126 infants in the discovery
cohort developed severe ROP, and all these had threshold ROP.
These facts may account for why analysis of the replication
cohort did not find an association between severe ROP and
either SNP identified in the discovery cohort. Finally, since ROP
phenotype and incidence can vary throughout the world based
not only on gene pool but also on resources available to
regulate and monitor oxygen and the ability to diagnose ROP
accurately in preterm infants,3,22 we included only US infants
in both cohorts enrolled from neonatal units with resources to
regulate oxygen and avoid high oxygen at birth. Therefore, the
attributes of our population and analyses may have allowed us
to better discriminate between risk of severe ROP and that of
prematurity compared to previous candidate gene studies.13–17

Retinopathy of prematurity is included among rare diseases
even though it is one of the most common pediatric retinal
conditions. Retinopathy of prematurity also has different
phenotypes based on resources for prenatal and perinatal

care. Therefore, the contribution of different causal factors to
the severity of ROP has varied historically as well as by
region.3,22 For these reasons, studies can have small sample
sizes and may not be comparable. The discovery cohort in this
study is the largest one to date consisting only of extremely low
birth weight infants (<1000 grams) who were managed in the
United States prior to the adoption of early laser treatment to
prevent blindness from stage 3 ROP with intravitreal neovas-
cularization. This unique cohort represents premature infants
with an extremely severe form of ROP, threshold disease, in
which the risk of blindness approaches 50%. This cohort is
unlikely to be replicated in the future. The finding of a variant
in a neural growth factor was novel and also aligned with
several current experimental and preclinical studies showing
the importance of neurovascular interactions in retinal vascular
development and ROP.35–40

It was not ethically possible to enroll preterm infants in the
replication cohort who were similar to those in the discovery
cohort, because since the ETROP study ophthalmologists treat
infants for ROP less severe than threshold disease. Infants
enrolled in the replication cohort represented the mix seen in
many studies. We did not find significance for the same SNPs in
BDNF in the replication cohort as in discovery. The reason may
be that other factors are involved in ROP development in
infants with larger than 1000 grams birth weight or that type 1
ROP, which carries a 15% risk of blindness, would require a
much larger sample size than would threshold disease to find
significance in the same variants. Also, there were only 14
infants with severe ROP in the replication cohort. This may
reflect regional differences and a different time of enrollment
of infants experiencing improvements in neonatal care. In
countries that lack resources for optimal nutrition, prenatal

TABLE 4. Results of Meta-Analysis of Discovery and Replication Cohorts

Model SNP Gene Study Name

Analysis 2, Adjusted Analysis 3, Adjusted

Odds Ratio

(95% CI) Z Value P Value

Odds Ratio

(95% CI) Z Value P Value

rs7934165, add BDNF Discovery - Unrelated 2.0 (1.4–2.7) 4.1 4.04E-05 2.3 (1.6–3.2) 4.6 3.80E-06

rs7934165, add BDNF Discovery - Related 1.0 (0.01–15.9) 0.0 1.0000 142.4 (0.0–5070080.8) 0.9 0.3537

rs7934165, add BDNF Replication - Unrelated 0.9 (0.6–2.3) �0.2 0.8450 1.1 (0.4–3.4) 0.3 0.8021

Fixed rs7934165, add BDNF 1.8 (1.3–2.4) 3.8 0.0002 2.1 (1.5–3.0) 4.5 6.80E-06

rs7934165, dom BDNF Discovery - Unrelated 2.1 (1.2–3.8) 2.5 0.0121 2.1 (1.1–3.9) 2.5 0.0129

rs7934165, dom BDNF Replication - Unrelated 0.6 (0.1–2.3) �0.8 0.4373 0.6 (0.1–2.9) �0.7 0.5068

Fixed rs7934165, dom BDNF 1.7 (1.0–3.0) 2.0 0.0431 1.8 (1.0–3.2) 2.1 0.0359

rs7934165, rec BDNF Discovery - Unrelated 2.7 (1.7–4.3) 4.2 2.76E-05 3.6 (2.2–5.9) 5.0 5.11E-07

rs7934165, rec BDNF Replication - Unrelated 1.5 (0.3–6.5) 0.5 0.6255 2.6(0.5–13.6) 1.1 0.2670

Fixed rs7934165, rec BDNF 2.6 (1.6–4.0) 4.1 3.34E-05 3.5 (2.2–5.7) 5.1 2.91E-07

rs2049046, add BDNF Discovery - Unrelated 1.9 (1.4–2.7) 3.9 1.06E-04 2.3 (1.6–3.3) 4.5 6.33E-06

rs2049046, add BDNF Discovery - Related 1.0 (0.1–15.9) 0.0 1 142.4 (0.0–5070080.8) 0.9 0.3537

rs2049046, add BDNF Replication - Unrelated 0.9 (0.4–2.2) �0.2 0.8404 0.9 (0.3–2.6) �0.2 0.8534

Fixed rs2049046, add BDNF 1.7 (1.3–2.4) 3.5 0.0004 2.1 (1.5–2.9) 4.3 2.13E-05

rs2049046, dom BDNF Discovery - Unrelated 1.9 (1.1–3.4) 2.2 0.0270 1.9 (1.1–3.5) 2.2 0.0259

rs2049046, dom BDNF Replication - Unrelated 0.5 (0.1–2.0) �0.9 0.3469 0.4 (0.1–2.2) �1.0 0.3092

Fixed rs2049046, dom BDNF 1.6 (0.9–2.7) 1.7 0.0926 1.6 (0.9–2.9) 1.8 0.0779

rs2049046, rec BDNF Discovery - Unrelated 2.7 (1.7–4.3) 4.1 4.65E-05 3.8 (2.3–6.3) 5.1 4.00E-07

rs2049046, rec BDNF Replication - Unrelated 1.5 (0.4–5.9) 0.6 0.5529 1.8 (0.4–8.8) 0.7 0.4887

Fixed rs2049046, rec BDNF 2.5 (1.6–3.9) 4.0 5.30E-05 3.5 (2.2–5.7) 5.0 4.65E-07

Data not shown for analyses without informative observations. Analysis 2 (severe ROP versus nonsevere ROP) was adjusted for occurrence of
seizures. Analysis 3 (severe ROP versus nonsevere or no ROP) was adjusted for occurrence of seizures and number of days of ventilation within 28
days. In analysis 3, under a recessive model, rs7934165 increased in associated significance with severe ROP in meta-analysis compared to the
discovery cohort. Add, additive genetic model; dom, dominant genetic model; rec, recessive genetic model.
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care, or oxygen regulation, severe ROP occurs in infants of
greater birth weights and older gestational ages than are even
screened in the United States.3,22 It is possible that many
infants with variants in BDNF may not survive in regions
lacking resources for certain elements of prenatal and perinatal
care.

Although significance was not found in the replication
cohort alone, in an exploratory meta-analysis, one intronic SNP
in BDNF gained significance compared to findings in the
discovery cohort. This supports the hypothesis that BDNF may
be involved in protection against severe ROP.

The BDNF SNPs significant in analysis 3, rs2049046 and
rs7934165, are located within introns of the BDNF gene on
chromosome 11. Brain-derived neurotrophic factor is a neural
growth factor involved in promoting neuronal survival in
brain and retina.41 Retinopathy of prematurity develops when
retinal neurons and vasculature are developing in the preterm
infant. It is recognized that neural factors provide guidance
cues for both neurons and vascular cells, suggesting the
importance of neurovascular interactions in retinal and
vascular development.35,40 As an example related to ROP,
BDNF is important in ganglion cell maturation in the retina
and is reduced during dark rearing of mice.36 Recently, it was
found that mice in utero reared in the dark or lacking the gene
encoding melanopsin, which is involved in certain ganglion
cell responses to light,37 developed vascular anomalies that
could predispose to conditions like ROP.38 Additional clinical
evidence that higher average day length during early gestation
was associated with lower risk of ROP42 provides an
additional link among light, ganglion cell maturation, retinal
vascular development, and reduced risk of later ROP. There is
strong clinical evidence of reduced circulating BDNF levels in
severe ROP.34,43,44 Blood spot samples of infants from the
same population as the discovery cohort in this report were
analyzed for cytokines,34 and reduced serum protein BDNF
was found associated with severe ROP.34 Although low serum
BDNF in the cytokine analysis cannot be causally related to
the intronic BDNF SNP variants reported here, the finding of
reduced BDNF protein in the same cohort as the discovery
cohort supports the thinking that variants in BDNF may be
important in the pathophysiology of severe ROP. In the first
report of BDNF concentrations and ROP, Rao et al.43 found
that BDNF levels on postnatal day 60 in infants who
developed ROP were lower than in those who did not
develop ROP. In a separate study from Sweden, serum BDNF
and RANTES levels measured within 14 days of birth were
lower in preterm infants who developed severe ROP than in
those who did not.44 However, to determine if the intronic
variants we report in BDNF affect protein function and
biologic outcomes, deep sequencing of the gene in future
nonbiased human studies and studies in cultured cells and/or
animal models must be performed.

Although other studies reported significance with genes
within the WNT signaling pathway, we did not find these
associated with severe ROP. Another condition, familial
exudative vitreoretinopathy (FEVR), is caused by variants in
genes of the WNT pathway and has characteristics similar to
ROP except that it occurs in full-term infants. It is possible that
the studies reporting WNT pathway variants associated with
severe ROP included infants with FEVR who were also
premature. However, more study is needed.

Candidate gene approaches by design limit the choices of
genes analyzed, and future studies using unbiased whole
genome approaches will be important. However, our study
strengths are the TagSNP approach, which covered genes of
the candidates chosen; the focus on pathways implicated in the
pathogenesis of severe ROP or in conditions of prematurity
associated with ROP; and the discovery of the highly significant

variant in BDNF, rs7934165, in meta-analysis with a replication
cohort. The previously reported associations of reduced serum
BDNF and severe ROP in the discovery cohort population also
support a role for reduced BDNF function in severe ROP. This
work may improve our understanding of neurovascular
interactions in the pathogenesis of ROP and lead to future
therapies for prevention and treatment of ROP.
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