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Abstract

Objective—To test associations between grades 3 or 4 (severe) intraventricular hemorrhage 

(IVH) and single nucleotide polymorphisms (SNPs) associated with coagulation, inflammation, 

angiogenesis, and organ development in an exploratory study.

Study design—Extremely low-birthweight (ELBW) infants enrolled in the Eunice Kennedy 

Shriver National Institute of Child Health and Human Development Neonatal Research Network’s 

(NRN) Cytokines Study were included if they had cranial ultrasound (CUS) and genotyping data 
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available in the NRN Anonymized DNA Repository and Database. Associations between SNPs 

and IVH severity were tested with multivariable logistic regression analysis.

Result—One hundred thirty-nine infants with severe IVH and 687 infants with grade 1 or 0 IVH 

were included. One thousand two hundred seventy-nine SNPs were genotyped. Thirteen were 

preliminarily associated with severe IVH including five related to central nervous system (CNS) 

neuronal and neurovascular development.

Conclusion—Genetic variants for CNS neuronal and neurovascular development may be 

associated with severe IVH in premature infants.

Introduction

Intraventricular hemorrhage (IVH) is a major contributor to mortality and 

neurodevelopmental morbidity in extremely low-birthweight (ELBW) infants [1]. IVH 

increases with decreasing gestational age, with overall rates of severe IVH approaching 20% 

among those born before 28 weeks gestation [2]. In 2006, Bhandari et al. provided evidence 

that inherited risk factors contribute to severe IVH risk in preterm twins [3]. Since IVH may 

occur when cerebral venous thrombosis causes venous congestion, hypertension, and tissue 

edema, investigators have hypothesized that inherited hypercoagulable states contribute to 

IVH [4]. However, associations between IVH and thrombophilia gene variants have not been 

consistently demonstrated [4–7]. In addition, it is unclear if coagulopathy or platelet 

dysfunction contribute to the etiology of IVH [8–11], or whether hemostatic agents can 

prevent IVH [12–15]. In addition, chorioamnionitis and postpartum markers of inflammation 

are also associated with increased risk of IVH in preterm infants [16, 17]. Evolving data 

have provided evidence of gene–environment interactions on the impact of coagulation, 

vascular, and inflammatory pathways on IVH [7, 18, 19].

This was an exploratory, hypothesis generating, study utilizing a Eunice Kennedy Shriver 
National Institute of Child Health and Human Development (NICHD) Neonatal Research 

Network (NRN) database to identify genetic contributions to severe IVH in a cohort of 

ELBW infants from U. S. academic tertiary centers. The objective was to evaluate the 

association between severe IVH and single nucleotide polymorphisms (SNPs) in genes 

associated with coagulation, angiogenesis, inflammation, and organ (i.e., brain, kidney, eye) 

development in this study population. We hope that this work will also serve as a resource 

for other investigators who wish to explore genetic associations in this legacy cohort.

Subjects and methods

Source of study population and materials

The source of the study population and materials was the NICHD NRN Anonymized DNA 

Repository and Database, which was constructed from samples and data used for the 

Cytokines Study. The Cytokines Study (1999–2002) was a prospective study of predictors of 

neurodevelopmental outcomes in preterm infants in 1067 infants at 17 centers of the NRN, 

which included clinical data and whole blood spots on filter paper allowing for DNA 

extraction and analysis [20]. Consent was obtained for all subjects. Whole blood spots were 

collected on days 0 (cord blood or on day 0–1), 3 ± 1, 7 ± 1, 14 ± 3, and 21 ± 3 and frozen to 
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−70 °C. To construct the NRN Anonymized DNA Repository and Database from samples 

and data used for the Cytokines study, original NRN code numbers for each infant’s data and 

their filter card samples were deleted and replaced with a new study number with no linkage 

between the new and the original study numbers. Dates were replaced with calculated 

postnatal age for specific time points, and center identification was deleted. All 17 NRN 

center IRBs and the IRB from the NRN’ s Data Coordinating Center at RTI International 

(Research Triangle Park, NC) approved development of the NRN Anonymized DNA 

Repository and Database from the Cytokines study data and samples. Development of the 

NRN Anonymized Repository and Database was also reviewed and approved by a panel of 

outside reviewers for NICHD.

Study population

The study population included preterm infants, 400–1000 g at birth, who were enrolled in 

the Cytokines Study and had available DNA and at least one cranial ultrasound (CUS) 

performed. The CUS closest to 28 days of life and 36 weeks postmenstrual age was 

included. Infants were excluded if major congenital anomalies were documented.

Clinical data

Clinical data were collected by trained research coordinators using standardized data 

collection forms. Data included gestational age, SGA (small for gestational age) status, sex, 

maternal self-declared race and ethnicity, maternal hypertension, exposure to indomethacin 

in the first 24 postnatal hours, antenatal steroids, 5-min Apgar score, and CUS results. CUS 

were read by the clinical center radiologists. IVH was graded based on Papile’s 

classification; grade I was evidence of blood confined to the subependymal germinal matrix, 

grade II was defined as the presence of blood within the ventricular lumen, grade III 

consisted of IVH with ventricular dilatation, and grade IV had parenchymal hemorrhagic 

infarction [21]. The grading was based on the most severe abnormality seen in the CUS, 

including the location of the bleed and ventricular size. For this study, cases of severe IVH 

included infants with grades III and IV, while controls included those with grades 0 and I. 

Infants with grade II IVH were excluded from this study in an attempt to only evaluate 

extreme phenotypes without overlap. Based on sample size, we would not have enough 

power to detect associations with smaller subgroups such as comparing grades III versus IV 

IVH. At the time of this study brain magnetic resonance imaging (MRI) was not routinely 

performed for evaluation of IVH; therefore, no data on MRI are included.

Selection of candidate genes and SNPs

A list of SNPs in candidate genes involved with coagulation, angiogenesis, inflammation, 

and organ development was generated, as we hypothesized that these processes are 

important in multiple organ systems at risk for morbidities of prematurity, including severe 

IVH.

The full list of genes is listed in Supplementary information Table 1. SNPs were prioritized 

based on function (coding vs. non-coding), potential regulatory role, and repetitive score 

(SNPs in non-repetitive regions are ranked higher than those in repetitive regions).
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Our study was not powered to detect genetic effects which varied substantially by ancestry. 

The purpose of this study, therefore, was to identify genetic variants which influenced IVH 

risk on a background of multiple genetic ancestries. To maximize power, therefore, our 

priority was to identify those SNPs with the highest overall minor allele frequency (MAF) 

across multiple ancestries. In addition to high MAF, SNPs providing the best coverage of 

gene haplotypes were used as secondary criteria.

We had a goal of genotyping 20 SNPs per candidate gene. For two of the coagulation 

pathway genes (factor V and factor VIII), more than 200 SNPs are required for complete 

coverage (one has 25 exons, the other covers more than 160 kb). For these two large genes, 

we attempted to genotype SNPs with previous associations, recognizing that these two genes 

would not be fully interrogated. For three “smaller” coagulation-related genes (prothrombin, 

methylene tetra-hydrofolate reductase (MTHFR including C667T and A1298C), and factor 

VII), we attempted to test 20 SNPs each.

DNA amplification and genotyping

Whole-genome DNA was amplified from the filter card samples using Qiagen’s Repli-G 

system (Qiagen N.V. Netherlands). Whole-genome amplified DNA (WGA DNA) was 

genotyped with an Illumina GoldenGate assay (Illumina Inc., San Diego, CA) at the Duke 

Center for Human Genetics. In this study X, Y markers were not included for sex check. A 

manual of operations provided detailed protocol for handling samples in order to avoid 

sample swaps.

Statistical analysis

Categorical baseline clinical characteristics were compared between the control group and 

IVH group with logistic regression, adjusted for ancestry using the first ten eigenvalues. 

Ancestry eigenvalues were calculated by principal components (PC) calculated from the 

linkage disequilibrium-pruned full SNP list.

P values and false discovery rate (FDR) for SNPs were calculated from multivariable 

analyses using gestational age, small for gestational age, antenatal steroids, ancestry, sex, 

use of early indomethacin, and 5 min Apgar score <5 as covariables for tests of association 

for all SNPs, comparing those with grades 0 and 1 IVH with infants with grades III and IV 

IVH. SNPs with p values <0.01 and FDR <0.75 were considered informative, consistent 

with the exploratory nature of this study. The criteria were selected to allow for some control 

of false positive results, but also allowing for the ability to discover findings for follow up in 

a study with moderate power.

For these analyses, the genes are named by using the official Guidelines for Human Gene 

Nomenclature symbol. Genetic association testing was performed using PLINK v1.07, PC 

analysis was performed using EIGENSTRAT [22], and regional association plots (Fig. 1 and 

Supplementary information Fig. 1) were produced using LocusZoom [23].
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Results

Of the 1067 ELBW infants enrolled in the Cytokines study, 899 with available CUS results 

and adequate DNA amplification and genotyping were included in the final study cohort. 

One hundred and thirty-nine infants had grades III–IV IVH, 73 had grade II IVH, and 687 

had grades 0–I. Clinical characteristics and frequency of IVH are shown in Table 1. One 

thousand two hundred seventy-nine of the 1634 proposed candidate SNPs were successfully 

genotyped with the GoldenGate assay in the 899 samples. SNPs that were called in >90% of 

samples were included in our analyses (21.8% removed). The SNPs for Factor V Leiden 

(rs6025) and the MTHFR 1298A>C SNP (rs1801131) were not successfully genotyped by 

the GoldenGate assay but were successfully genotyped using TaqMan® SNP Genotyping 

Assays (Life Technologies, Grand Island, NY).

In multivariable analysis with covariables for gestational age, SGA status, sex, ancestry, 

maternal hypertension, exposure to indomethacin in the first 24 postnatal hours, antenatal 

steroids and a 5-min Apgar score ≤5, 35 of the 36 successfully genotyped SNPs from 

coagulation factor genes: prothrombin (F2), MTHFR, Factor V (F5), Factor 13A1 (F13A1), 

and Factor 7 (F7) had a p value of > 0.01. Factor V Leiden (rs6025) was quite similar in 

frequency between cases and controls, with a relatively high p value (0.94) in the 

multivariable analysis. The association between the missense variant SNP in the MTHFR 

gene (rs1801131) was also weak in the multivariable analysis (p = 0.92). One intronic 

variant SNP in F7, rs488703, had a MAF of 22% among infants with severe IVH, while 

~15% of control infants had the minor allele (p < 0.003).

The other 12 SNPs with p values <0.01 in the multivariable analyses were from genes 

involved with organ development and cell function, except one SNP (rs4240872) in the gene 

for IL6 receptor (IL6R). The 13 SNPs with p values < 0.01 and FDR estimates < 0.75 are 

presented in Table 2, with MAFs among cases and controls included. In addition, we have 

included Supplementary information Table 1, which lists all the p values and FDRs for each 

successfully genotyped SNP.

IGF1R has a number of informative SNPs including SNPs rs12442623, rs1513643, and 

rs1810225. Figure 1 is a LocusZoom plot of IGF1R, which include local association results 

and information about the location and orientation of the gene, linkage disequilibrium 

coefficients, and local estimates of recombination rates. Plots of the rest of the genes in 

Table 2 are included as Supplementary information Fig. 1.

We have added a scatterplot matrix of all ten PC, color-coded by self-declared race/ethnicity, 

as Supplemental Fig. 2a, to demonstrate that the ten PC sufficiently describe ancestry. As 

seen in the PC1 vs PC3 panel, shown in greater detail in Supplemental Fig. 2b, self-

identified race/ethnicity is largely concordant with clusters of subjects. For this analysis, 

race/ethnicity is grouped into non-Hispanic Black, non-Hispanic White, Hispanic, and other/

missing.
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Discussion

We describe a candidate gene analysis of severe IVH using samples and data from the NRN 

Cytokines Study cohort of ELBW infants. Our results identified 13 SNPs associated with 

severe IVH. Eleven SNPs were associated with organ development and cell function, one 

was associated with coagulation (F7), and one was associated with inflammation (IL6R). 

However, overall, no association was found among most inflammatory cytokines, and 

coagulation pathway or vascular associated SNPs were not associated with severe IVH.

Coagulation and vascular structures

Consistent with prior investigations of hemostatic genes reported by Hartel et al. and Aden 

et al. [24, 25], we did not find strong associations between severe IVH and common variants 

in clotting factor genes. We did identify an association between one SNP in F7, rs488703, 

and severe IVH. The risk allele SNP has been associated with lower levels of circulating 

factor VII in healthy children [26], and in adults with heart disease [27]. Future genomic and 

proteomic studies may focus on validating this F7 association, as well as assessing other 

components of the hemostatic system including the platelet function and structure, 

microparticles, endothelium and the underlying collagen structure of blood vessels, such as 

the rare variant in COL4A1 identified in dizygotic twins with severe IVH [28]. Consistent 

with prior findings by Aden et al. [25], we found no association between severe IVH and our 

tested SNPs in COL4A1. However, more extensive sequencing may reveal rare variants 

(variants found in less than 1% of the population) associated with IVH.

Genes related to inflammation

Inflammation plays a key role in the pathophysiology of neonatal disease and is a likely 

contributor to IVH risk [16, 17, 29, 30]. Baier reported preliminary evidence that cytokine 

gene variants are risk factors for IVH and periventricular leukomalacia [30]. In our cohort, 

we did not identify associations between the evaluated inflammatory gene SNPs and IVH. 

As with the coagulation factor genes, common variants in inflammation genes were not 

associated with severe IVH in this cohort. The intronic SNP in IL6R with higher prevalence 

among infants with severe IVH is not projected to be pathogenic with relation to protein 

structure and function [31]. Of interest, however, IL6 has been associated with preterm birth 

and neurocognitive outcomes, and amniotic fluid levels of IL6 seem to be influenced by both 

IL6 and IL6R polymorphisms [32]. In addition, the IL6R polymorphism has been previously 

associated with psychomotor delay in preterm infants [33]. Examination of allele frequency 

in larger cohorts and genotyping inclusive of rare variants may be necessary to identify if 

genetic variants in inflammatory pathway genes are associated with IVH and related 

outcomes.

Genes related to cellular growth

In this cohort, SNPs associated with several proteins that mediate cell growth and survival 

were associated with IVH. Our analyses identified a SNP, rs10847980, in the intragenic 

region on chromosome 12 between ABCB9 and VPS37B on chromosome 12, which was 

more commonly noted among infants with severe IVH (29%) compared with those without 

severe IVH (20%). ABCB9 is an ATP-dependent low-affinity peptide transporter, which 
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translocates peptides from the cytosol to the lysosomal lumen. VPS37B, vacuolar protein 

sorting 37 homolog B, is a component of a complex that regulates vesicular trafficking and 

may be involved in cell growth and differentiation. This SNP has not been reported to be 

clinically significant [34].

Other SNPs with p values < 0.01 are also in or close to genes related to cell functions and 

organ development (Table 3). All are intronic variants. Of particular interest are NAA15, 

IGF1R (Fig. 1), and NOS2, which are linked to coordinated neuronal, and possibly 

neurovascular development. IGF1R has also been previously linked to preterm birth in a 

Finnish cohort [35]. Since we have a significant difference in gestational ages between our 

controls and cases, we cannot exclude the possibility that this finding could represent as 

association with gestational length, small for gestational age, or gestational age rather than 

IVH.

Strengths of our study include a well characterized and ethnically diverse study cohort. 

Clinical data were prospectively collected, and the data collected allowed for multivariate 

adjustment controlling for clinical factors and quantitative ancestry variables.

Limitations to the study included the genetic epidemiology approach, including the 

challenge of multiple comparisons with modest sample sizes. The statistical analysis results 

were not corrected for multiple comparisons since the study was designed as exploratory and 

hypothesis generating, although we did apply a more stringent cutoff of 0.01 for additional 

discussion. Due to the modest sample size, grades 0/I and grades III/IV IVH were compared 

which limits genetic associations along a continuum and limits evaluation of genetic 

contributions to potentially different underlying pathophysiology between grades of IVH. 

Also, in this targeted genetic evaluation, we did not evaluate for all previously described 

SNPs associated with IVH and were not able to evaluate for gene–environment interactions.

In addition, CUS was used instead of MRI for evaluation of IVH based on clinical practice 

at the time and feasibility in VLBW. It is possible that low-grade IVH were missed in this 

VLBW population and future study could include MRI in VLBW at older age [36]. Also, 

CUS were read locally by clinical site radiologists rather by central review.

While the candidate gene and SNP approach may identify valid associations, due to the 

complexity of the interactions of brain development, angiogenesis, coagulation, and 

inflammation, as well as the interactions with the Neonatal Intensive Care Unit (NICU) 

environment, the odds of identifying a causative allele among more than 20,000 genes and 

over 300 million common (and uncommon) variants [37] with our modest sample size are 

low. Ment et al. conducted a multicenter genome-wide association study (GWAS) in inborn 

infants with birthweights 500–1250 g and either severe IVH or normal CUS and a 

replication study using a NRN validation cohort to evaluate determinants of IVH [7]. No 

significant SNPs were identified. In order to identify and validate genetic variants associated 

with disorders of prematurity, multicenter data and sample collection, with sample sizes in 

the many thousands, will be necessary. Alternatively, whole-exome or whole-genome 

sequencing plus transcriptomics may disclose rare variants of large impact with more 

modest sample numbers.
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Conclusion

Thirteen SNPs were tentatively associated with severe IVH including five related to neuronal 

and neurovascular development (NAA15, IGF1R, and NOS2) that may contribute to the risk 

of severe IVH in premature infants. More generally, the findings suggest links between 

genetic variants that contribute to brain development and development of the neurovascular 

system that, when superimposed on the NICU environment, influence an individual infant’s 

risk of severe IVH. Because of the limitations in our cohort and analysis, and the high FDRs, 

these findings need both epidemiologic and physiologic validation. If the findings are 

validated, then they can inform risk-based interventions to prevent IVH in this vulnerable 

population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We are indebted to our medical and nursing colleagues and the infants and their parents who agreed to take part in 
this study. Data collected at participating NRN sites were transmitted to RTI International, the data coordinating 
center (DCC) for the NRN, which stored, managed, and analyzed the data for this study. On behalf of the network, 
AD (DCC PI) and GPP (DCC Statistician) had full access to all the data in the study and take responsibility for the 
integrity of the data and accuracy of the data analysis.

Funding The study was supported by the Children’s Miracle Network (CT). The National Institutes of Health 
(General Clinical Research Center grants M01 RR30, M01 RR32, M01 RR39, M01 RR70, M01 RR80, M01 
RR633, M01 RR750, M01 RR997, M01 RR6022, M01 RR7122, M01 RR8084, M01 RR16587, UL1 RR24979) 
and the Eunice Kennedy Shriver National Institute of Child Health and Human Development (grants U01 
HD36790, U10 HD21364, U10 HD21373, U10 HD21385, U10 HD21397, U10 HD21415, U10 HD27851, U10 
HD27853, U10 HD27856, U10 HD27871, U10 HD27880, U10 HD27881, U10 HD27904, U10 HD34216, U10 
HD40461, U10 HD40492, U10 HD40498, U10 HD40689, U10 HD53109) provided grant support for the Neonatal 
Research Network’s Glutamine trial and Genomics secondary study. JCM received assistance for the GENEVA 
study from the National Human Genome Research Institute (U01 HG4423). MEH received funding from the 
National Eye Institute (2R01EY015130, 5R01EY017011) and a Department Grant from Research to Prevent 
Blindness to the Department of Ophthalmology and Visual Science. The funding agencies provided overall 
oversight for study conduct, but all data analyses and interpretation were independent of the funding agencies.

References

1. Sherlock RL, Anderson PJ, Doyle LW, Victorian Infant Collaborative Study G. Neurodevelopmental 
sequelae of intraventricular haemorrhage at 8 years of age in a regional cohort of ELBW/very 
preterm infants. Early Hum Dev. 2005;81:909–16. [PubMed: 16126353] 

2. Stoll BJ, Hansen NI, Bell EF, Walsh MC, Carlo WA, Shankaran S, et al. Trends in care practices, 
morbidity, and mortality of extremely preterm neonates, 1993–2012. JAMA. 2015;314:1039–51. 
[PubMed: 26348753] 

3. Bhandari V, Bizzarro MJ, Shetty A, Zhong X, Page GP, Zhang H, et al. Familial and genetic 
susceptibility to major neonatal morbidities in preterm twins. Pediatrics. 2006;117:1901–6. 
[PubMed: 16740829] 

4. Petaja J, Hiltunen L, Fellman V. Increased risk of intraventricular hemorrhage in preterm infants 
with thrombophilia. Pediatr Res. 2001;49:643–6. [PubMed: 11328946] 

5. Ramenghi LA, Fumagalli M, Groppo M, Consonni D, Gatti L, Bertazzi PA, et al. Germinal matrix 
hemorrhage: intraventricular hemorrhage in very-low-birth-weight infants: the independent role of 
inherited thrombophilia. Stroke. 2011;42:1889–93. [PubMed: 21597013] 

Thornburg et al. Page 8

J Perinatol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. Gopel W, Gortner L, Kohlmann T, Schultz C, Moller J. Low prevalence of large intraventricular 
haemorrhage in very low birthweight infants carrying the factor V Leiden or prothrombin G20210A 
mutation. Acta Paediatr. 2001;90:1021–4. [PubMed: 11683190] 

7. Ment LR, Aden U, Bauer CR, Bada HS, Carlo WA, Kaiser JR, et al. Genes and environment in 
neonatal intraventricular hemorrhage. Semin Perinatol. 2015;39:592–603. [PubMed: 26516117] 

8. Kenet G, Kuperman AA, Strauss T, Brenner B. Neonatal IVH-mechanisms and management. 
Thromb Res. 2011;127 Suppl 3: S120–2. [PubMed: 21262430] 

9. Piotrowski A, Dabrowska-Wojciak I, Mikinka M, Fendler W, Walas W, Sobala W, et al. Coagulation 
abnormalities and severe intraventricular hemorrhage in extremely low birth weight infants. J 
Matern Fetal Neonatal Med. 2010;23:601–6. [PubMed: 19757338] 

10. McDonald MM, Johnson ML, Rumack CM, Koops BL, Guggenheim MA, Babb C, et al. Role of 
coagulopathy in newborn intracranial hemorrhage. Pediatrics. 1984;74:26–31. [PubMed: 6739216] 

11. Setzer ES, Webb IB, Wassenaar JW, Reeder JD, Mehta PS, Eitzman DV. Platelet dysfunction and 
coagulopathy in intraventricular hemorrhage in the premature infant. J Pediatr. 1982;100:599–605. 
[PubMed: 7062211] 

12. Fulia F, Cordaro S, Meo P, Gitto P, Gitto E, Trimarchi G, et al. Can the administration of 
antithrombin III decrease the risk of cerebral hemorrhage in premature infants? Biol Neonate. 
2003;83:1–5. [PubMed: 12566675] 

13. Dani C, Poggi C, Ceciarini F, Bertini G, Pratesi S, Rubaltelli FF. Coagulopathy screening and early 
plasma treatment for the prevention of intraventricular hemorrhage in preterm infants. Transfusion. 
2009;49:2637–44. [PubMed: 19682341] 

14. Tran TT, Veldman A, Malhotra A. Does risk-based coagulation screening predict intraventricular 
haemorrhage in extreme premature infants? Blood Coagul Fibrinolysis. 2012;23:532–6. [PubMed: 
22627584] 

15. Beverley DW, Pitts-Tucker TJ, Congdon PJ, Arthur RJ, Tate G. Prevention of intraventricular 
haemorrhage by fresh frozen plasma. Arch Dis Child. 1985;60:710–3. [PubMed: 3899020] 

16. Poralla C, Hertfelder HJ, Oldenburg J, Muller A, Bartmann P, Heep A. Elevated interleukin-6 
concentration and alterations of the coagulation system are associated with the development of 
intraventricular hemorrhage in extremely preterm infants. Neonatology. 2012;102:270–5. 
[PubMed: 22906886] 

17. Villamor-Martinez E, Fumagalli M, Mohammed Rahim O, Passera S, Cavallaro G, Degraeuwe P, et 
al. Chorioamnionitis is a risk factor for intraventricular hemorrhage in preterm infants: a 
systematic review and meta-analysis. Front Physiol. 2018;9:1253. [PubMed: 30271352] 

18. Ryckman KK, Dagle JM, Kelsey K, Momany AM, Murray JC. Replication of genetic associations 
in the inflammation, complement, and coagulation pathways with intraventricular hemorrhage in 
LBW preterm neonates. Pediatr Res. 2011;70:90–5. [PubMed: 21659962] 

19. Szpecht D, Szymankiewicz M, Seremak-Mrozikiewicz A, Gadzinowski J. The role of genetic 
factors in the pathogenesis of neonatal intraventricular hemorrhage. Folia Neuropathol. 2015;53:1–
7. [PubMed: 25909869] 

20. Carlo WA, McDonald SA, Tyson JE, Stoll BJ, Ehrenkranz RA, Shankaran S, et al. Cytokines and 
neurodevelopmental outcomes in extremely low birth weight infants. J Pediatr. 2011;159:919–25 
e913. [PubMed: 21798559] 

21. Papile LA, Burstein J, Burstein R, Koffler H. Incidence and evolution of subependymal and 
intraventricular hemorrhage: a study of infants with birth weights less than 1,500 gm. J Pediatr. 
1978;92:529–34. [PubMed: 305471] 

22. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal components 
analysis corrects for stratification in genome-wide association studies. Nat Genet. 2006;38:904–9. 
[PubMed: 16862161] 

23. Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, et al. LocusZoom: regional 
visualization of genome-wide association scan results. Bioinformatics. 2010;26:2336–7. [PubMed: 
20634204] 

24. Hartel C, Konig I, Koster S, Kattner E, Kuhls E, Kuster H, et al. Genetic polymorphisms of 
hemostasis genes and primary outcome of very low birth weight infants. Pediatrics. 2006;118:683–
9. [PubMed: 16882823] 

Thornburg et al. Page 9

J Perinatol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Aden U, Lin A, Carlo W, Leviton A, Murray JC, Hallman M, et al. Candidate gene analysis: severe 
intraventricular hemorrhage in inborn preterm neonates. J Pediatr. 2013;163:1503–6. [PubMed: 
23896193] 

26. Guerrero JA, Rivera J, Quiroga T, Martinez-Perez A, Anton AI, Martinez C, et al. Novel loci 
involved in platelet function and platelet count identified by a genome-wide study performed in 
children. Haematologica. 2011;96:1335–43. [PubMed: 21546496] 

27. Ken-Dror G, Drenos F, Humphries SE, Talmud PJ, Hingorani AD, Kivimaki M, et al. Haplotype 
and genotype effects of the F7 gene on circulating factor VII, coagulation activation markers and 
incident coronary heart disease in UK men. JTH. 2010;8:2394–403. [PubMed: 20735728] 

28. Bilguvar K, DiLuna ML, Bizzarro MJ, Bayri Y, Schneider KC, Lifton RP, et al. COL4A1 mutation 
in preterm intraventricular hemorrhage. J Pediatr. 2009;155:743–5. [PubMed: 19840616] 

29. Volpe JJ, Inder T, Darras B, de Vries LS, du Plessis A, Neil J, et al. Volpe’s neurology of the 
newborn. In: Volpe J, editor. 6th ed. Philadelphia, PA: Elsevier; 2017.

30. Baier RJ. Genetics of perinatal brain injury in the preterm infant. Front Biosci. 2006;11:1371–87. 
[PubMed: 16368523] 

31. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variations [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.gov/snp/rs4240872#frequency_tab.

32. Velez DR, Fortunato SJ, Williams SM, Menon R. Interleukin-6 (IL-6) and receptor (IL6-R) gene 
haplotypes associate with amniotic fluid protein concentrations in preterm birth. Hum Mol Genet. 
2008;17:1619–30. [PubMed: 18276608] 

33. Clark EAS, Weiner SJ, Rouse DJ, Mercer BM, Reddy UM, Iams JD, et al. Genetic variation, 
magnesium sulfate exposure, and adverse neurodevelopmental outcomes following preterm birth. 
Am J Perinatol. 2018;35:1012–22. [PubMed: 29510423] 

34. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variations [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.gov/snp/rs10847980#publications.

35. Haataja R, Karjalainen MK, Luukkonen A, Teramo K, Puttonen H, Ojaniemi M, et al. Mapping a 
new spontaneous preterm birth susceptibility gene, IGF1R, using linkage, haplotype sharing, and 
association analysis. PLoS Genet. 2011;7:e1001293. [PubMed: 21304894] 

36. Parodi A, Morana G, Severino MS, Malova M, Natalizia AR, Sannia A, et al. Low-grade 
intraventricular hemorrhage: is ultrasound good enough? J Matern Fetal Neonatal Med. 2015;28 
(Suppl 1):2261–4. [PubMed: 23968243] 

37. Electronic Databased online: U.S. National Library of Medicine, National Institutes of Health. 
NCBI Insights [database]. National Center for Biotechnology Information: Bethesda, MD https://
ncbiinsights.ncbi.nlm.nih.gov/2017/05/08/dbsnps-human-build-150-has-doubled-the-amount-of-
refsnp-records/.

38. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variations [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.gov/snp/rs367024#clinical_significance.

39. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variations [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.gov/snp/rs747004#clinical_significance.

40. Electronic Database online: Crown Human Genome Center. GeneCards [database]. Weizmann 
Institute of Science: Israel https://www.genecards.org/cgi-bin/carddisp.pl?gene=IGF1R.

41. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variations [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.gov/snp/rs12442623#clinical_significance.

42. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variations [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.gov/snp/rs1513643#clinical_significance.

43. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variations [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.goV/snp/rs1810225#clinical_significance.

Thornburg et al. Page 10

J Perinatol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncbi.nlm.nih.gov/snp/rs4240872#frequency_tab
https://www.ncbi.nlm.nih.gov/snp/rs10847980#publications
https://ncbiinsights.ncbi.nlm.nih.gov/2017/05/08/dbsnps-human-build-150-has-doubled-the-amount-of-refsnp-records/
https://ncbiinsights.ncbi.nlm.nih.gov/2017/05/08/dbsnps-human-build-150-has-doubled-the-amount-of-refsnp-records/
https://ncbiinsights.ncbi.nlm.nih.gov/2017/05/08/dbsnps-human-build-150-has-doubled-the-amount-of-refsnp-records/
https://www.ncbi.nlm.nih.gov/snp/rs367024#clinical_significance
https://www.ncbi.nlm.nih.gov/snp/rs747004#clinical_significance
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IGF1R
https://www.ncbi.nlm.nih.gov/snp/rs12442623#clinical_significance
https://www.ncbi.nlm.nih.gov/snp/rs1513643#clinical_significance
https://www.ncbi.nlm.nih.goV/snp/rs1810225#clinical_significance


44. Electronic Database online: e!Ensembl West [database]. European Molecular Biology Laboratory’s 
European Bioinformatics Institute: Hinxton, UK http://useast.ensembl.org/Homo_sapiens/
Variation/Citations?
db=core;r=17:83257441-83257441;v=rs8072199;vdb=variation;vf=362660739.

45. Salam MT, Bastain TM, Rappaport EB, Islam T, Berhane K, Gauderman WJ, et al. Genetic 
variations in nitric oxide synthase and arginase influence exhaled nitric oxide levels in children. 
Allergy. 2011;66:412–9. [PubMed: 21039601] 

46. Folsom TD, Fatemi SH. The involvement of Reelin in neurodevelopmental disorders. 
Neuropharmacology. 2013;68:122–35. [PubMed: 22981949] 

47. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. Gene 
[database]. National Center for Biotechnology Information: Bethesda, MD https://
www.ncbi.nlm.nih.gov/gene/?term=5649.

48. Chen N, Bao Y, Xue Y, Sun Y, Hu D, Meng S, et al. Metaanalyses of RELN variants in 
neuropsychiatric disorders. Behav Brain Res. 2017;332:110–9. [PubMed: 28506622] 

49. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variations [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.gov/snp/rs1886233#publications.

50. Electronic Database online: Crown Human Genome Center. GeneCards [database]. Weizmann 
Institute of Science: Israel https://www.genecards.org/cgi-bin/carddisp.pl?gene=GRIN3A.

51. Electronic Database online: U.S. National Library of Medicine, National Institutes of Health. 
dbSNP, Short genetic variataions [database]. National Center for Biotechnology Information: 
Bethesda, MD https://www.ncbi.nlm.nih.gov/snp/rs13298667#publications.

52. Electronic Database online: Crown Human Genome Center. GeneCards [database]. Weizmann 
Institute of Science: Israel https://www.genecards.org/cgi-bin/carddisp.pl?gene=TFAP2B.

53. Waleh N, Hodnick R, Jhaveri N, McConaghy S, Dagle J, Seidner S, et al. Patterns of gene 
expression in the ductus arteriosus are related to environmental and genetic risk factors for 
persistent ductus patency. Pediatr Res. 2010;68:292–7. [PubMed: 20581741] 

54. Dagle JM, Ryckman KK, Spracklen CN, Momany AM, Cotten CM, Levy J, et al. Genetic variants 
associated with patent ductus arteriosus in extremely preterm infants. J Perinatol. 2019; 39:401–8. 
[PubMed: 30518802] 

Thornburg et al. Page 11

J Perinatol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://useast.ensembl.org/Homo_sapiens/Variation/Citations?db=core;r=17:83257441-83257441;v=rs8072199;vdb=variation;vf=362660739
http://useast.ensembl.org/Homo_sapiens/Variation/Citations?db=core;r=17:83257441-83257441;v=rs8072199;vdb=variation;vf=362660739
http://useast.ensembl.org/Homo_sapiens/Variation/Citations?db=core;r=17:83257441-83257441;v=rs8072199;vdb=variation;vf=362660739
https://www.ncbi.nlm.nih.gov/gene/?term=5649
https://www.ncbi.nlm.nih.gov/gene/?term=5649
https://www.ncbi.nlm.nih.gov/snp/rs1886233#publications
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GRIN3A
https://www.ncbi.nlm.nih.gov/snp/rs13298667#publications
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TFAP2B


Fig. 1. LocusZoom plot of IGFR1.
The plot includes the local association results including rs1810225, rs1513643, and 

rs12442623; information about the location and orientation of the gene on chr15; linkage 

disequilibrium with rs12442623 (r2 color-coded according to inset legend); and local 

estimates of recombination rates (cM/Mb, blue line).
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Table 1

Patient characteristics comparing controls (grades 0/I IVH) to cases (grades III/IV IVH).

Controls Grades 0/I N = 687 Cases Grades III/IV N = 139 p value

Gestational age (weeks), mean (SD) 26.1 (1.9) 24.9 (1.8) <0.001

Small gestational age, N (%)   119 (17.3)   11 (7.9)   0.008

Male gender, N (%)   318 (46.3)   78 (56.1)   0.043

Non-Hispanic Black N (%)   135 (19.7)   31 (22.3)   0.552

Non-Hispanic White N (%)   293 (42.6)   66 (47.5)   0.340

Hispanic ethnicity N (%)  92 (13.4)   17 (12.2)   0.817

Other/Unknown Race/Ethnicity N (%)   167 (24.3)   25 (18.0)   0.134

Antenatal steroids, N (%)   544 (79.2)   98 (70.5)   0.033

Apgar <5, N (%)  70 (10.2)   30 (21.6) <0.001
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