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ABSTRACT   
Hypertension is an established risk factor for cardiovascular disease, which is the leading cause 

of premature death and preventable morbidity and disability. With one in three adults worldwide 

registering elevated blood pressure (BP) levels there is an increasing need to intervene, to halt 

and possibly prevent and remedy further disease progression.  

 

Implementing such intervention strategies during the “programming” stages of life to optimise 

their beneficial effects is known as Developmental Origins of Health and Disease (DOHaD). 

Many studies have suggested that precursors of hypertension and cardiovascular disease begin 

during childhood but few have assessed the involvement of genetic variants during early life.  

 

This thesis aims to identify potential genetic influences that underlie the developmental origins 

of hypertension by: 

1) Identifying the association between genetic variants of a key DOHaD pathway: the 

insulin-like growth factor (IGF) axis with patterns of developmental growth and early 

predictors of hypertension and 

2) Identifying any genetic variants [from genome-wide data] that may potentially underlie 

the developmental origins of hypertension 

 

This thesis reviews five major themes: genetic epidemiology, DOHaD, IGF-axis, 

BP/hypertension and gene-networks. It utilises genotypic data on children aged 4-20 years 

combined with phenotypic measures of growth and BP.  
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The primary cohort studied is the Western Australian Pregnancy Cohort (Raine), with replication 

from two similar pregnancy and birth cohorts: Avon Longitudinal Study of Parents and Children 

(ALSPAC) and The Generation R Study Group (GenerationR). Different approaches are utilised 

to understand the genetic influence of hypertension, ranging from the candidate gene-approach, 

gene-networks, allelic spline models and an international consortium genome-wide association 

study (GWAS). Four studies comprise the experimental work detailed in this thesis: 

1. Candidate gene-approach modelling IGF-axis single nucleotide polymorphisms (SNPs) 

against developmental growth  

Genetic variants in the IGF-axis play a significant role in antenatal and postnatal growth. From a 

total of 145 SNPs within the 9 IGF-axis genes; 39 SNPs were associated with antenatal growth, 

the majority in receptors IGF1R (n=28) and IGF-2R (n=7). Associations were significant between 

36 of the IGF-axis SNPs and postnatal BMI; 22 SNPs in IGF1R and 7 SNPs in IGF2R. Twelve 

SNPs were significantly associated with both antenatal and postnatal growth and 11 with 

discordant growth patterns consistent with the lower end of the U-shaped curve between antenatal 

growth and postnatal obesity. 

 

2. Gene-network method to model the IGF-axis SNPs against BP 

The ligands (IGF1 and IGF2) were observed to have the most significant influence on this gene-

network, involved in both increasing and reducing SBP in males and females. IGF2 appeared to 

influence SBP at younger ages whilst IGF1 was more influential at older ages. The influence of 

IGFBP1 could differ depending on the gene it was interacting. The association of IGFBP2 with 

SBP was influenced by sex. Gene interactions with IGFBP3 or IGFBP4 were consistently 

associated with reduced SBP. This gene-network is modified with age with the most significant 

effects observed post-puberty.  

 

 



 VII 

3. Genetic influences on trajectories of systolic BP across childhood and adolescence 

Data from ALSPAC and Raine were pooled to examine the associations of allelic scores of 29 

SNPs for adult BP, 180 height-associated SNPs and 32 BMI-associated SNPs, with trajectories 

of SBP from age 6-17 years, using linear spline multilevel models. Allelic scores of BP- and BMI-

associated SNPs demonstrated associations with SBP at age 6 of a similar magnitude, but were 

not strongly associated with changes in SBP with age between 6-17 years. 

 

4. Meta-analysis of genome-wide association studies (GWAS) to identify novel genetic variants 

as precursors of hypertension.  

Genetic variants associated with variation in adult blood pressure (BP) have been identified in 

large scale GWAS. Using data from participating European ancestry cohorts of the EAGLE 

(EArly Genetics and Lifecourse Epidemiology) Consortium, I investigated which genetic 

variants were associated with BP in childhood and adolescence. Two novel loci were identified 

as having genome-wide associations with SBP across specific age epochs; rs1563894 (ITGA11) 

-0.093SD (95%CI: -0.126, -0.060), p=2.86 x 10-8) during pre-puberty and rs872256 (Unknown) 

0.096SD (95%CI: 0.063, 0.129), p = 8.67 x 10-9) during puberty. Several SNP ‘clusters’ were 

also associated with childhood BP. Variants in known adult BP genes were found to have 

significant associations with BP across childhood and adolescence.  Our results are consistent 

with the hypothesis that genetic determinants of adult susceptibility to hypertension act from 

childhood, develop over the life course, and show age-specific effects.  

 

Conclusions 

A variety of methodologies were applied across projects to ideally represent and analyse each 

chapter’s distinct hypothesis. Overall the results found as part of this thesis are interesting and 

relevant.  
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A number of IGF-axis SNPs were significantly associated with discordant patterns of growth, 

providing evidence towards Barker’s hypothesis, in that reduced growth in utero was likely to 

result in adverse growth during post-natal life. The gene-network approach utilised here provided 

further evidence towards the known association between variants of the IGF-axis and 

hypertension.  

 

I have shown novel genetic variants affecting BP during childhood that do not appear to carry 

over to adulthood. The genes (or nearby genes) found to be associated with SBP and DBP differed 

by age at measurement of BP, supporting the concept that genetic determinants of adult 

susceptibility to hypertension act from childhood and develop over the life course, and show time-

specific effects. Further investigation is warranted around the environmental and epigenetic 

interactions regarding the relationship of these genetic variants in early elevation of BP, which 

has potential implications in determining when and how interventions to prevent or lower BP are 

implemented.  

Key words: IGF-axis, BP, DOHaD, genetic epidemiology, SNPs, GWAS, hypertension 
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GLOSSARY 
 

23andMe A genomics and biotechnology company which provides a genetic testing and 

analysis service. 

Additive genetic 

model 

The additive genetic effect is an estimate of the quantitative change in a trait. In a 

disease association study, the heterozygote arises as an intermediate in phenotype 

between the two homozygotes (dominant and recessive) due to a lack in 

dominance. Therefore the risk conferred by an allele is an increase in r-fold for 

heterozygotes and 2r-fold for homozygotes recessive.  

Allele An allele is one of two or more versions of a gene. An individual inherits two 

alleles for each gene, one from each parent.  

AKT/PKB ‘AK’ (term for a certain breed of mouse) thymoma, also known as Protein Kinase 

B (PKB) is a serine/threonine-specific protein kinase that plays a key role in 

multiple cellular processes such as glucose metabolism, apoptosis, cell 

proliferation, transcription and cell migration 

Antenatal Occurring or present before birth; during pregnancy.  

Baumanometer Precisely calibrated clinical sphygmomanometer used to measure blood pressure. 

BRLMM-P A genotype calling algorithm. 

Codon A codon is a trinucleotide sequence of DNA or RNA that corresponds to a 

specific amino acid. The genetic code describes the relationship between the 

sequence of DNA bases (A, C, G, and T) in a gene and the corresponding protein 

sequence that it encodes.  

CEPH 

CEU 

A population of Utah residents with ancestry from northern and western Europe. 

Used in HapMap to reflect both the ancestral geography of each population and 

the geographic location where the samples from that population were collected. 

DINAMAP A device to measure blood pressure. 
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EIGENSTRAT A software package, based on principal components analysis, detects and corrects 

for population stratification in genome-wide association studies. 

Gene The gene is the basic physical unit of inheritance. Genes are passed from parents 

to offspring and contain the information needed to specify traits.  

Genotype A genotype is an individual’s collection of genes. The term also can refer to the 

two alleles inherited for a particular gene.  

GRIMP Tool for high-speed analysis of large-scale genome-wide association using 

imputed data. 

HapMap An international project that aims to describe and relate common genetic 

variations with genes associated with health in humans.  

Haplotype A group of alleles of linked genes contributed by either parent. This combination 

of alleles or genetic variants such as SNPs come from a group of linked genes that 

are located closely together (at one or several loci) on the same chromosome and 

tend to be inherited together.  

Heterozygosity The presence of two different alleles of the same gene (or for a single trait).  

HWE A fundamental principle in population genetics stating that that allele, genotype 

frequencies and gene frequencies of a large, randomly mating population remain 

constant from one generation to the next provided immigration, mutation, and 

selection do not take place.  

Illumina Arrays An efficient and powerful toolset for examining a range of genetic variation such 

as large-scale GWAS. 

IMPUTE A software program designed for estimating (or "imputing") unobserved 

genotypes in SNP association studies.  

LD The non-random association of alleles at two or more loci, that may or may not be 

on the same chromosome. Meaning that certain combinations of alleles are more 

likely to occur together on a chromosome than other combinations of alleles.  
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Linkage Linkage is the close association of genes or other DNA sequences on the same 

chromosome. The closer two genes are to each other on the chromosome, the 

greater the probability that they will be inherited together.  

MACH Markov Chain based haplotyper. Designed to resolve long haplotypes or infer 

missing genotypes in samples of unrelated individuals.  

MACH2DAT Takes MACH output (after imputation has been conducted) to assess association 

for quantitative and qualitative traits in unrelated individuals.  

MACH2QTL Mach2qtl performs analysis of qualitative trait loci based on imputed dosages 

and/or posterior probabilities.  

MAPK Mitogen-activated protein kinases regulate proliferation, gene expression, 

differentiation, mitosis, cell survival, and apoptosis 

MEK Mitogen-activated protein kinase/ extracellular-signal-regulated kinase are a type 

of protein kinase inhibitor which blocks proteins needed for cell growth and may 

kill also cancer cells.  

METAL A program that facilitates the meta-analysis of GWA scans.   

MERLIN Performs common pedigree analyses using linkage analysis tests for co-

segregation of a chromosomal region and a trait of interest.  

mTOR Mammalian target of rapamycin is a serine/threonine protein kinase that regulates 

cell growth, cell proliferation, cell motility, cell survival, protein synthesis, and 

transcription.  

Ocsillometric 

sphygmomanometer 

A device to measure arterial blood pressure using an inflatable cuff to restrict 

blood flow, and a mercury or mechanical manometer.  

Phenotype  A phenotype is an individual’s observable traits, such as height, eye colour, and 

blood type.  

P13K Phosphatidylinositide 3-kinases are a family of enzymes that transmit signals 

involved in controlling cellular functions such as cell growth, proliferation, and 

differentiation.  

Postnatal Stage of life occurring after birth. Usually with reference to new born.   
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Prenatal Previous to birth or to giving birth.  

Principal 

components 

A mathematical procedure that uses an orthogonal transformation to convert a set 

of observations of possibly correlated variables into a set of values of linearly 

uncorrelated variables. Commonly used to detect and correct for population 

stratification of a GWAS.  

ProAbel A software package for the genome-wide analysis of imputed data. 

Ras A family of genes that may cause cancer when they are mutated (changed). They 

make proteins that are involved in cell signaling pathways, cell growth, and 

apoptosis (cell death). 

Raf Proto-oncogene serine/threonine-protein kinase plays an important role in the 

control of gene expression involved in the cell division cycle, apoptosis, cell 

differentiation, and cell migration 

REACTOME An online database of biological pathways.  

SIFT A computer algorithm that predicts whether an amino acid substitution affects 

protein function.  

SNPTEST A software program to analyse the single SNP association in genome-wide 

studies.  

SWISSProt A high-quality, manually annotated, non-redundant protein sequence database. 

Provides all known relevant information about a particular protein.  
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CHAPTER ONE 

INTRODUCTION 

 

Education is just a means.  

If it is not accompanied by truthfulness, firmness, patience and other virtues it remains 

sterile, and sometimes does harm instead of good. The object of education is not to be 

able to earn money, but to improve oneself and serve the country 

Mahatma Gandhi 

 

1.1 Impact and importance of hypertension  

Hypertension is a poorly understood complex polygenic non-communicable disease. 

Hypertension contributes to premature mortality [1, 2] as the leading cause of morbidity and 

mortality from several non-communicable diseases such as stroke, heart failure, coronary heart 

disease and renal failure [3-6]. Furthermore, it is a very common disease, affecting 1 in every 3 

adults worldwide [5]. 

 

There are several reasons as to why (complex diseases such as) hypertensions still have not been 

successfully understood despite several attempts. One of the main reasons is that the development 

of hypertension involves multiple mechanisms interplaying genetic and environmental effects [7-

10]. It is this premise, that gene and environmental effects underlie the onset of hypertension that 

underpins the main theme and motivation for this thesis’ research project.   

http://www.goodreads.com/author/show/4467789.Mahatma_Gandhi
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Hypertension-related non-communicable diseases are of great concern due to the hefty burden 

they place on public health care services, related to their escalating costs and associated resources 

[11, 12]. The World Health Organisation (WHO), particularly the Global Burden of Disease a 

specialised agency within the United Nations is aiming to reduce the stress that has been placed 

upon public health care systems in both developed and more recently, developing nations which 

are combating the epidemic of chronic common complex diseases. This had become even more 

important over the past few years as nations struggle to cope with financial and economic 

instability in light of the current global fiscal climate, the Global Financial Crisis.  

 

The Global Financial Crisis has permeated all areas of human livelihood and well-being. The 

ever-rising cost of basic necessities such as food, fuel and housing has meant that populations are 

now at an increased susceptibility of diseases associated with poor environments. The increase in 

non-communicable diseases is due to the simultaneous increase in obesity in almost all countries, 

which seems to be driven mainly by changes in the global food system. This has become 

increasingly relevant over the past decade with many developing countries adopting a more 

Western lifestyle. This is largely due to the rising middle class arising from synchronised global 

technological industrialisation and ‘luxury’ innovations. Increased time consumption due to 

globalised ways of employment (longer working hours and stress induced work force) has meant 

less time for physical exercise. This production of heavily processed, easily affordable, accessible 

food, in addition to a lack of physical activity, has affected both sexes and all ages and incomes 

but is disproportionately greater in socioeconomically disadvantaged groups [13].   

1.2 Aim of this thesis 

The overall goal of this thesis is to provide an original, substantive contribution to research by 

enhancing and expanding current knowledge and expertise in the fields of medical research 

known as the Developmental Origins of Health and Disease (DOHaD) and genetic epidemiology.  
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The main objective is to identify genetic variants that are associated with precursors of 

hypertension in children, with the hope being that these variants could possibly be used as 

potential targets for intervention strategies in future studies.  

I aim to achieve this objective using two hypotheses: 

3) Identify the association between genetic variants of a key DOHaD pathway: the insulin-

like growth factor (IGF) axis with patterns of developmental growth and early predictors 

of hypertension and 

4) Identify any genetic variants [from genome-wide data] that may potentially underlie the 

developmental origins of hypertension 

 

1.3 Relevance of this thesis 

Genetic aspect 

Not all individuals exposed to hazardous environments, such as poor diet, lack of physical activity 

and high stress develop these [diseased] conditions, which suggest that an individual’s genotype 

may contribute to the eventual outcome [13, 14]. Only a small percentage (~ 10%) of human 

genes is actually associated with diseases, which makes discovery of these disease genes all the 

more important. The implication is that these disease genes may be responsible for contributing 

to several different disorders [13, 14].   

 

DOHaD aspect 

Whilst hypertension (and associated non-communicable diseases) are predominately adult 

diseases, pathophysical and epidemiological evidence suggest that hypertension and precursors 

of cardiovascular disease start during childhood [15, 16]. Studies have also shown that early 

elevated levels of blood pressure (BP) are likely to eventually become hypertension [17-19], 

hence act as an ideal predictor of elevated blood pressure, hypertension and the metabolic 

syndrome later in life [20, 21].  
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As genes and early life determinants have been shown to be important in the development of 

hypertension, the concepts of DOHaD and genetic epidemiology are used collaboratively to 

identify underlying genetic and environmental effects as early life predictors of hypertension.  

1.4 Paradigms underpinning this thesis 

DOHaD 

DOHaD is an incredibly important and relevant concept in the study of human health and 

progression to disease. It is an attempt to increase our understanding of adult diseases by relating 

evolutionary biology to contemporary health issues [22]. DOHaD also acts as a means to help us 

understand why diseases remain prevalent in the global populous. This understanding of disease 

could potentially provide us with the ability to intervene, to halt and possibly prevent and remedy 

this progression of hypertensive disease.   

 

Interest in DOHaD has accelerated since 2007 [23-31] and the field has advanced rapidly since 

this time. DOHaD research is considered to be of great importance in the 21st century. It has been 

recognized as offering important new insights into solving the burgeoning epidemic of chronic 

disease affecting such significant proportions of the human population and pressuring existing 

healthcare systems. In order to understand how DOHaD and genetic epidemiology interact we 

must first appreciate how studying genetics has dramatically changed our approach towards 

identifying ways of improving human health and well-being.   

 

Genetics 

I will first discuss genetics and the impact it has had on this generation. Genetics, in the broadest 

sense of the word, has represented the biological inheritance bestowed upon us by our parental 

lineage. It is an area of continued fascination when studying the human race, stemming from the 

ancient world to the present day. The concepts of heredity can be traced not only through time 

but across the globe, from the ancient Greek philosophers to the Institutes of Manu in India and 

classical Iranian physicians [32, 33].  
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Some of our most popular notions come from renowned English naturalist Charles Darwin, 

Silesian scientist Gregor Mendal and Swiss physician Friedrich Miescher in the mid-1800s. The 

last century illustrates the great progress made in the field of genetics with arguably the most 

well-known Nobel Prize winning discovery of the structure of DNA by James Watson, Francis 

Crick and Rosalind Franklin in 1953 [34] to the highly publicised Human Genome project in 2001 

[35-39]. 

 

Knowledge of inherited genetic variation has had a fundamental impact on understanding human 

disease [40]. While genetics explains the phenomenon of much of these observed inherited traits, 

for example, the reason why we resemble our parents. It can also explain how and why undesired 

traits (such as disease) arise.   

 

Genetic variants have been identified as being associated with particular disease outcomes. Much 

of this variation has been found over the last 20 years. During this time medical research has 

expanded at a phenomenal rate, particularly with the completion of the human genome project 

[39, 41, 42]. One important aim of the Human Genome Project was to discover the key to curing 

the many diseases that affect human health on a global scale. It has been more than 10 years since 

the first drafts of the human genome were published [35-39] and yet to date, the human genome 

project has created more questions than solutions and progress not quite meeting original 

expectations.  

 

Thousands of publications have attempted to describe the missing heritability factor or ‘genetic’ 

component of a particular disease. The diseases themselves have ranged widely from the common, 

complex metabolic diseases such as: coronary heart disease [43-45], cancer [46, 47], stroke [48], 

insulin resistance [49], type II diabetes  [50, 51], hypertension [52-55], dyslipidemia [56], 

metabolic syndrome [57], obesity [58, 59], and neurologic disorders and mental illnesses [60, 61], 

to the purely genetic single-gene disorders such as sickle cell anaemia [62], cystic fibrosis [63], 

haemophilia [49], Tay sachs [64] and Huntington’s disease [65]. 
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Despite the monumental advances in genetic research (particularly over the past few years) our 

understanding of the functional significance of many inherited genetic variants is limited [40]. 

Even though more risk genotypes have been confirmed there has been little direct clinical impact 

on most human diseases [66]. Those variants identified so far together only explain a small 

fraction of the overall inherited risk of each disease (for example, ∼10% of the variance for 

Crohn's disease and ∼5% for type 2 diabetes) [67] and ~1% for blood pressure [54, 68]. This 

implies that gene-gene and gene-environmental interactions may be responsible for several 

different disorders [13, 14].  

1.5 Biomedical research exploring new methodologies 

The field of biomedical research has undergone substantial progression since publication of the 

Human Genome Project. Public health research has now realised the great potential gene-based 

research contains and has advocated for, and now articulated the translation of human genomic 

discoveries into health benefits using multiple population disciplines.  

 

By trying to understand the molecular and physiopathological mechanisms of diseases in order to 

design new preventive and therapeutic strategies, biomedical researchers have had to use more 

computationally complex methods [69]. There is a growing need for multi-disciplinary trained 

researchers who not only possess a fundamental understanding of biology and genetics but who 

also have the ability to take the exponentially increasing accumulation of human health-related 

data and analyse it using advanced statistical and mathematical methodologies. This thesis will 

employ a multitude of different methods of statistical analyses across large datasets of genetic 

and cohort information in order to identify likely precursors of hypertension. 

 

These disciplines are encompassed within the stratum of genetic epidemiology to assess the 

impact of genomic factors and their interactions with environmental and social factors on 

population health [70]. It is expected that this will lead to better identification of environmental 

causes of diseases when using studies on gene–environment interaction [71].   
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Modelling how genes interact with early life growth will allow us to improve health in later life 

by significantly reducing the number of people who actually present and suffer symptoms of 

complex diseases. Achieved by identifying those at most risk and providing lifestyle and 

therapeutic remedies during the early, (highly) influential stages of life and development.  

1.6 Organization of this thesis 

In this chapter I describe the rationale of my research topic and how it is relevant in the current 

global climate of financial instability. In chapter two I will define concepts and topics related to 

genetic epidemiology, the developmental origins of health and disease (DOHaD), IGF-axis, 

hypertension, and genetic networks.   

 

In chapter three I will outline the sources of data analysed, from Western Australia’s unique 

longitudinal birth cohort to the European counterparts, providing comparable phenotypes. 

Different types of genetic data will also be highlighted. I will briefly discuss current 

methodologies and techniques utilized to study genetic and phenotypic data and the importance 

of modeling gene-gene and gene-environment interactions. Chapters’ four to seven will describe 

the projects completed as part of this thesis. Chapter eight will be the final chapter discussing the 

main findings, and summarizing the overall achievements of this thesis. Appendices (I-III) will 

follow. Here additional analyses as well as published and prepared manuscripts can be found.  

 

1.7 Studies performed 

Here I will elaborate on how I aim to contribute to public health research by describing the four 

project chapters of this thesis. Figure 1.1 summarises these projects and links them back to the 

overall aim of the thesis. 
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1.7.1 Polymorphisms in Genes within the insulin-like Growth Factor Axis Influence 

Antenatal and Postnatal Growth  

It is widely accepted that genetic and epigenetic pathways mediate much of the relationship 

between the environment and fetal growth. Both genetic and epigenetic mechanisms likely 

contribute to the variation seen in an individual’s response to the environment. Complex 

interactions between genes and the early environment modulate developmental programming of 

adult disease [12]. Genetic differences not only regulate gene-environment interactions 

underlying the onset of disease but also regulate disease susceptibility following changes to the 

environment [12]. In light of the growing evidence that the relationship between 

antenatal/postnatal growth and disease is mediated by genetic variants in the IGF-axis [72-80], I 

chose to investigate the association between SNPs in genes within the IGF-axis and antenatal and 

postnatal growth from birth to adolescence in the Raine Cohort. Here I adjusted for common 

environmental influences on IGF levels as a preliminary step into understanding how the IGF-

axis functions as a complex pathway to influence developmental human health and disease.  
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Figure 1.1: Thesis project overview 

Here is an outline of the four project chapters of this thesis. For each chapter the main themes relating to the overall aim of the thesis are listed.  

PhD Thesis 

To understand the 
developmental 

origins for the onset 
of hypertension with 
respect to the IGF-

axis

Chapter Four

• IGF-axis
• Developmental growth

• Comparing antenatal growth in two 
pregnancy cohorts

Chapter Five

• IGF-axis
• Systolic Blood Pressure

• Genetic networks
• Single cohort analysis

Chapter Six

• Allelic scores
• Systolic Blood Pressure

• Comparing measures in children/ 
adolescence in two similar cohorts
• Comparing children and adults

Chapter Seven

• Systolic and Diastolic Blood 
Pressure

• Time-specific onset of effects during 
childhood and adolescence

• Comparing results across multiple 
cohorts: meta-analysis

• Comparing children and adults
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1.7.2 Analyzing the IGF genetic network. Model and worked example against 

developmental growth and blood pressure 

Genes of the IGF network have been shown to be associated with blood pressure and 

health [81-93]. Here in this chapter I aim to further current knowledge about DOHaD 

molecular mechanisms and account for some genetic complexity of SBP by modelling 

the IGF-Axis (a key DOHaD pathway) as a gene-network. 

 

Characterizing the association between multiple genes and disease outcomes will offer 

new insight into disease aetiology whilst providing tools for making individualized 

treatment decisions [94].This project will analyse the insulin-like growth factor pathway-

related genes as a gene network to improve our understanding of how IGF genes behave 

at the network level and how their subsequent interactions influence Systolic Blood 

Pressure (SBP). This may be predictive of early onset hypertension in growing children 

using longitudinal data from Raine on developmental growth and blood pressure across 

childhood and adolescence (5-18 years).  

 

1.7.3 Genetic influences on trajectories of systolic blood pressure across childhood and 

adolescence 

Genome wide association studies (GWAS) have identified genetic variants associated 

with blood pressure (BP) in adulthood. The association between these variants and BP in 

childhood and adolescence has not been studied. Height and body mass index (BMI) are 

strong determinants of BP in children. This project with assess the extent to which these 

genetic variants are associated with BP in childhood and adolescence whilst adjusting for 

height and BMI. Here I pooled data from children aged 6-17 years from two cohorts, (the 

Avon Longitudinal Study of Parents and Children and the Raine Study) and examined 

their trajectories of SBP using linear spline multilevel models.  
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1.7.4 Cross-sectional Blood Pressure Analyses in Children: Results from a Genome-wide 

Association Study 

2 Genetic variants associated with variation in adult blood pressure have been identified in large 

scale genome-wide association studies (GWAS). Whether these or other novel variants are 

related to blood pressure in childhood, when blood pressure levels are different to those seen 

in adults, is unclear. Here GWAS data is analysed from participating cohorts of the EAGLE 

(EArly Genetics and Lifecourse Epidemiology) Consortium. GWAS analyses are conducted 

separately in males and females and in three age ‘epochs’ over childhood: pre-puberty [4 to 

7 years], puberty [8 to 12 years] and post-puberty [13 to 20 years]. Systolic and diastolic 

blood pressure measures are converted to Z-scores within each epoch, and analysed using an 

additive genetic regression model. Results from children and adolescents across seven 

participating cohorts over three distinct epochs are meta-analysed using the inverse-variance 

weighting method in METAL. The aim here is to identify genes associated with blood 

pressure in childhood and adolescence.  
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CHAPTER TWO 

LITERATURE REVIEW 

 

Persistent questioning and healthy inquisitiveness are the first requisite for acquiring 

learning of any kind.  

Mahatma Gandhi 

2.1 Chapter overview 

In this chapter I aim to comprehensively review current and relevant literature relating to the 

major themes analysed and discussed in project chapter’s four to seven. Broadly, the main areas 

of study focused on here are: genetic epidemiology, the Developmental Origins of Health and 

Disease (DOHaD), the Insulin-like Growth Factor (IGF) Axis, hypertension and genetic 

networks.  

 

Types of genetic data and epidemiological studies will be detailed here, particularly those on the 

subject of genetic and environmental factors influencing DOHaD. Publications regarding the 

developmental origins underlying adult hypertension as well as the influence of the IGF Axis on 

developmental growth are discussed here. I will also discuss the known interplay of this thesis’s 

four cornerstone paradigms genetic epidemiology, DOHaD, IGF-Axis and hypertension with the 

support of accepted studies by well-known researchers and published experiments.  

 

Because this thesis encompasses several different areas of research expertise, it is important to 

identify and define these as appropriate to aid understanding. 

http://www.goodreads.com/author/show/4467789.Mahatma_Gandhi
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2.2 Genetics overview 

I briefly described genetics in the introductory chapter to provide an indication of how ‘genetics’ 

has drastically impacted not only the biomedical research field but globally. The term genetics 

has become a very broad notion and is represented in all areas of human life. The meaning of 

genetics can differ considerably depending on the discipline it is being applied to. Genetics is 

relevant to the prevention, detection and cure of human and animal disease. It has been vital in 

understanding human evolution, genealogy, paternity testing, criminology; particularly forensics 

and for growing existing and new resources (such as food crops and forestry).  

 

New and innovative occupations have arisen in research, science and technology. Genetics has 

opened us up to a whole new world of health research but has not been without controversy. 

Genetic engineering, bio-fuels, biomedical weapons, genetic pre-screening for life insurance, risk 

management and job applications, cloning, genetically modified foods and stem-cell research are 

merely the tip of the iceberg but it is this constant advancement in methodology and understanding 

that has allowed such a rate of progress. Genetics is an area of research that will continue to push 

the boundaries of human understanding and ethical considerations. The ultimate goal of genetic 

research is to yield health benefits that can be translated back to the general population.  

 

In this genetics section of the literature review I will define and discuss only terms relevant to my 

project topics. These themes will cover a more in-depth explanation of the type of ‘genetics’ being 

used here and why it is important for health research. This will then lead into the study known as 

genetic epidemiology. The interplay between genetics and DOHaD will be detailed in the DOHaD 

section of this literature review (section 2.3).    
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2.2.1 Defining genetics 

Genetics is defined as the biological data inherited from an individual’s parents. The genomes of 

an individual encapsulate their unique background of ancestrally inherited traits. Genetics can be 

defined at several different levels from nucleotides to genes to proteins to pathways. The term 

‘genetics’ is used variably, and is often used to describe the many components that together make 

up the genome of a species. The information (‘code’) contained in the genome forms the basic 

language which programs the overall look and functionality of all living entities on Earth. The 

traits that genes code for can be dominant or recessive.  

 

In this thesis the term ‘genetic’ is used to represent the effect of single nucleotide polymorphisms 

or SNPs. There are a number of categories of SNPs which I will describe (section 2.2.4). There 

are two main types of genetic association studies which are central to efforts to identify and 

characterise genomic variants underlying susceptibility to multi-factorial disease [95]. I will 

define these in this section as they are relevant to project chapters four to seven. Basic genetic 

terminology is not defined here but instead can be found in the glossary.  

 

2.2.1.1 Environmental effects 

The environment can play a larger role in controlling the outcome of observed phenotypes. The 

Organisation for Economic Co-operation and Development (OECD) states an environmental 

effect is the result of environmental impacts on human health and welfare. The WHO defines 

environmental health as all the physical, chemical, and biological factors external to a person, and 

all factors impacting behaviours. This excludes behaviour not related to environment as well as 

behaviour related to the social and cultural environment, and genetics [6]. Such environmental 

effects that are commonly adjusted for in research include: tobacco smoke, alcohol, availability 

of resources, chemical carcinogens, infectious agents and UV radiation [96, 97].  
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It is the gene-environment effects (detailed in gene-environment interplay section 2.2.3) that have 

become increasingly important in determining the risk of onset of disease. These gene-

environmental effects are known to increase an individual’s predisposition to diseases such as 

obesity [98, 99], type 2 diabetes [100, 101], depression [102, 103], cancer [104, 105], heart 

disease/CVD [106, 107], hypertension [108, 109] and stroke [110, 111].  

 

2.2.2 Genetic Epidemiology 

Genetic epidemiology is the general term to summarise and describe the novel approaches used 

to find genetic variant precursors predisposing individuals to chronic disorders. Genetic 

Epidemiology is defined simply as the study of the role of genetics in human disease. As a 

discipline closely allied to traditional epidemiology it deals with the aetiology, distribution, and 

control of disease in groups of relatives and inherited causes of disease in populations [112], with 

particular genetic determinants of disease and the joint effects of genes and non-genetic 

determinants [113-115].  

 

Genetic Epidemiology is an ever-expanding branch of medical research focussing on population 

health, growth and disease from pre-conception to antenatal growth, birth, childhood, adolescence 

and early adulthood through to middle age and the elderly. It is an area of study attempting to 

broaden current knowledge and to understand the biological basis of diseases from simple genetic 

mutations to the complexities of cancer, heart disease, diabetes, and obesity and even how to stop 

our biological systems from aging. Genetic epidemiology spans many regions of scientific 

knowledge ranging from family based studies to population cohorts; familial aggregation of 

disease to its molecular origin; the developmental origins of health and disease to cancer genetics; 

infectious diseases to monogenic disorders and complex multi-factorial diseases. It includes 

identification of susceptible communities through public health risk genomics [114].  
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It is encompassed by many disciplines aiming to address the same objective, including but not 

limited to: molecular biology, computational programming and engineering, highly advanced 

mathematics and statistics, human genetics, population genetics, clinical genetics, molecular 

genetics, molecular epidemiology, statistical genetics, genomics and bioinformatics [116].  

2.2.3 Interplay of genetic and environmental effects 

The environment includes effects other than the genome which have the ability to influence a 

subject’s outcome. The type/quality/quantity of available resources, such as nutrition for example, 

can have a large influence on an individual’s weight, whereas it would not directly influence ones 

natural eye colour. Inherited differences in DNA sequence contribute to phenotypic variation, 

influencing an individual’s anthropometric characteristics, risk of disease and response to the 

environment. A central goal of genetics is to pinpoint the DNA variants that contribute most 

significantly to population variation in each trait [117].  

 

Current research and literature explains variance in almost all phenotypic traits as an amalgam of 

genetics and the environment. For certain traits such as natural eye and hair colour the 

environment plays a minor role in their outcome. This trait variability, irrespective of whether it 

is molecular, cellular, physiological, morphological, or behavioural, is the leading edge of 

evolution [118]. Gene-environment interactions are detailed with respect to the DOHaD paradigm 

in section 2.3.  

2.2.4 Single Nucleotide Polymorphisms 

A SNP is a single nucleotide polymorphism. A polymorphism is a genetic variant which arises 

from new mutations. A mutation is a permanent change to the DNA sequence. The simplest type 

of polymorphism is a single base mutation (of a nucleotide: adenine (A), thymine (T), cytosine 

(C) or guanine (G)), which substitutes one nucleotide for another [119]. These variants consist of 

two alternate forms (alleles) at each particular locus and may also include single base insertions 

or deletions that lead to missense or silent mutations [120].  
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SNPs may be present in all areas of the genome including coding (exon) and non-coding (intron) 

gene regions. There are numerous types of SNPs which I detail in the following section. There 

are many rare genetic variants which exist in the human population and the number of SNPs 

identified continues to grow. SNPs account for approximately 90% of the variation within the 

human genome. In 2005 just over 4 million SNPs were reported within the human genome [121]. 

By 2009 this number had more than quadrupled to 18 million unique SNPs. Presently more than 

187 million SNPs have been listed on dbSNP and over 14 million of these are ‘true’ or mapped 

reference SNPs (refSNP) allocated with a unique ‘rs’ number [122]. However, most of the 

heterozygosity in the population is attributable to common alleles; those present at a frequency of 

more than 1% in the general population [123].  

 

SNPs are important in biomedical research not only due to their sheer quantity but because they 

have become essential for understanding common diseases where most human variation that is 

influenced by genes can be traced to SNPs. This is especially important for determining how 

likely a person is to become afflicted with a particular disease, or how they might respond to a 

particular pharmaceutical treatment [124]. All projects of this thesis use SNP data to represent the 

genetic effect in analyses. The many possible approaches to mapping the genes that underlie 

common disease and quantitative traits fall broadly into two categories: candidate-gene studies, 

which use either association or re-sequencing approaches, and genome-wide studies, which 

include both linkage mapping and genome-wide association studies [125]. Both modes are 

detailed in section 2.2.5.  

2.2.4.1 Types of SNPs  

Although vast in number, only a small fraction of SNPs actually cause a change in gene expression. 

This is known as a functional variant [126]. Often a SNP (particularly those commonly observed 

in the general population) are located in non-coding regions of the genome.  
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The effect of an intronic or intergenic SNP on the function and expression of the genome is still 

unknown. Typically, SNPs occurring in functional genomic regions, such as protein coding or 

regulatory regions, are more likely to cause functional distortion and, as such, are more likely to 

underlie disease-causing variations [127].  

 

Another reason why only a small number of SNPs have an observed functional impact is because 

there are 61 (of 64) codons which code for 20 amino acids. The remaining three are stop codons, 

used to signify the end of an amino acid sequence. Due to this redundancy (multiple codons 

coding the same amino acid) the effect of the gene and the resulting protein produced are likely 

to remain unchanged [128]. This is a favourable mechanism acting on humans when we consider 

the total number of mutations that can potentially affect an individual’s genome (the average 

mutation rate was estimated to be ~2.5 × 10−8 mutations per nucleotide site) and the number of 

SNPs which have been reported [129].  

 

I will now detail the main types of changes a SNP can make. The simple single base change (also 

known as a point mutation) resulting in a SNP can result in a variety of outcomes.  

A silent (sense or synonymous) mutation occurs when the base substitution codes for a different 

codon which produces the same amino acid, which does not change the peptide sequence (string 

of amino acids). In the genome these silent mutations signify genetic variation but do not encode 

any trait variability.  

A missense (non- synonymous) mutation occurs when the point mutation changes a codon to one 

that now produces a different amino acid. The magnitude of a missense mutation depends on 

whether the new amino acid is similar to the original amino acid. If so, a relatively small overall 

effect may be observed. If the amino acid is drastically different then a substantial effect may be 

seen. Examples of missense mutations include sickle cell anaemia and Alzheimer’s disease.  
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For sickle cell anaemia the single nucleotide mutation produces the amino acid valine instead of 

glutamic acid [130]. This change in amino acid produces a significant effect on the structure of 

haemoglobin [131]. In Alzheimer’s disease isoleucine is produced instead of asparagine [132]. It 

has been proposed that the accumulation of mildly deleterious missense mutations in individual 

human genomes may provide the genetic basis for complex diseases such as hypertension [133].  

 

The most dangerous point mutation is a nonsense mutation. Here the single base substitution 

produces a stop codon instead of the normal amino acid. When this happens, the peptide sequence 

is terminated early, usually deeming the resulting protein non-functional. Examples of this are 

cystic fibrosis [134] and thalassemia [135]. These SNPs resulting in a missense or nonsense 

mutation are classified as 'damaging' or 'altering', particularly if predicted to be in structurally or 

functionally important sites of the three dimensional structure of the protein [121].  

 

Above I explained that not all SNPs are functional, usually because they are located in non-coding 

gene regions. Evidence has been building which suggests that SNPs located in non-coding regions 

could have an influence on the coding gene regions. A SNP can still be biologically meaningful 

depending on its position and flanking sequence in a gene. SNPs may have varied functional 

effects on protein sequence, transcriptional regulation (at promoter sites), RNA splicing or in 

conserved sequences [136, 137].  

 

In chapter three I recognise the in silico computational classification programs (SIFT, PolyPhen 

and SWISSProt) which are used to identify missense and nonsense mutations and predict how the 

mutation has affected the structure and function of resulting protein. Details regarding functional 

SNPs are described in section 2.2.5.1 (candidate gene-approach).  
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2.2.5 Association studies 

A genetic association study aims to determine whether specific genetic variants are associated 

with a disease, examine how they interact with the environment and to determine how they affect 

population health [120]. Mapping the genetic basis of phenotypic variation by comparing the 

genetic variation between individuals with a disease or trait of interest aims to identify variants 

enriched amongst suffers of the disease or presenting with certain traits [96].  

 

Association studies are similar to traditional epidemiological studies and can be more powerful 

than other genetic analyses (such as linkage studies) for detecting genes of modest effect making 

them an attractive approach for studying complex disorders involving multiple genes of relatively 

small individual effect [120].  

 

There are two types of association studies: 

(1) A cross-sectional study in which a population is surveyed at a fixed point in time and 

current disease status is recorded [96]. This is useful in showing associations in providing 

early clues to aetiology [120].  

 

(2) A longitudinal study (also known as a prospective study or cohort) is where a population 

of subjects, initially free of disease is followed for a defined period of time and new 

disease occurrence recorded [96]. A longitudinal observation typically consists of a 

sequence of measures made on a single subject over time whereby the longitudinal study 

or dataset is the collection of these subjects [138]. They are useful for providing stronger 

evidence of causality and less subject biases due to errors of recall or measurement [120]. 

Here data is ‘balanced’ meaning all subjects are measured the same number of times and 

usually with equally spaced time intervals [138]. 
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Table 2.1 Main study designs in genetic epidemiology. Adapted from [139].  

 

Research question/problem Type of study Unit of study Type of measurement Aim 

Is there evidence of phenotypic 
aggregation within families? Familial aggregation 

Case-parent 
Case-parent-grandparent 
 

Recurrence risk ratio , Correlation , Odds 
ratio , Conditional regression logistic 

Identifying new 
disease genes 

Is the pattern of aggregation 
reliable with an effect of genes? 

Heritability Twin study Variance component heritability 
Identifying new 
disease genes 

Is there evidence of a gene with 
subnational enough effects to 
justify expensive studies? 

Segregation Familial pedigree Maximum likelihood estimation , 
Binomial distribution 

Identifying new 
disease genes 

Where in the genome is a 
causative gene most likely to lie? 

Linkage 
Case; disease of interest and 
control group; disease-free 

Parametric: maximum likelihood , 
Nonparametric: mean, proportion, chi 
square, likelihood test 

Identifying new 
disease genes 

Is there a causative 
polymorphism? 

Association  
Linkage 
disequilibrium 
Cohort  
Case only study 
 

Related—case control  
Unrelated-case control  
Exposure and non-exposure 
group  
Case groups 
 

Transmission disequilibrium test , Chi 
square independence , Odds ratio , 
Conditional regression logistic, 
Correlation , Lewontine’s D prime , 
Relative risk, Attributable risk, Exposure 
odds ratio estimate 

Characterizing known 
disease genes 

Estimate allele frequency Cross-sectional  Prevalence , Correlation 
Characterizing known 
disease genes 

Estimating penetrance Association  
Cohort 

Related—case control  
Familial cohort 

Odds ratio , Conditional regression 
logistic , Risk ratio , Attributable risk 

Characterizing known 
disease genes 

Evaluating strategies for 
prevention of genetic diseases 

Experimental  
Clinical trial (intervention 
and control group)  

Risk ratio , Attributable risk  
Characterizing known 
disease genes 

Retrospective cohort 
Exposure and non-exposure 
groups Risk ratio , Attributable risk 
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Study design Details Advantages Disadvantages Statistical analysis 
method Genetic model 

Cross-sectional 

Genotype and phenotype (ie, note 
disease status or quantitative trait 
value) a random sample from 
population 

Inexpensive. Provides 
estimate of disease 
prevalence 

Few affected 
individuals if 
disease rare 

Logistic regression, 
χ2 tests of association 
or linear regression 

Genetic 
association, gene-
interaction 

Cohort 
Genotype subsection of population and 
follow disease incidence for specified 
time period 

Provides estimate of 
disease incidence 

Expensive to 
follow-up. Issues 
with drop-out 

Survival analysis 
methods 

Genetic 
association, gene-
interaction, 
genetic-trajectory 

Case-control 

Genotype specified number of affected 
(case) and unaffected (control) 
individuals. Cases usually obtained 
from family practitioners or disease 
registries, controls obtained from 
random population sample or 
convenience sample 

No need for follow-up. 
Provides estimates of 
exposure effects 

Requires careful 
selection of 
controls.                              
Potential for 
confounding (eg, 
population 
stratification) 

Logistic regression, 
χ2 tests of association 

Genetic 
association 

Extreme values 

Genotype individuals with extreme 
(high or low) values of a quantitative 
trait, as established from initial cross-
sectional or cohort sample 

Genotype only most 
informative 
individuals hence save 
on genotyping costs 

No estimate of 
true genetic effect 
sizes 

Linear regression, non-
parametric, or 
permutation 
approaches 

Genetic 
association 

Case-parent 
triads 

Genotype affected individuals plus 
their parents (affected individuals 
determined from initial cross-sectional, 
cohort, or disease-outcome based 
sample) 

Robust to population 
stratification. Can 
estimate maternal and 
imprinting effects 

Less powerful 
than case-control 
design 

Transmission/ 
disequilibrium test, 
conditional logistic 
regression or log-
linear models 

Genetic 
association 

Table 2.2a: Study designs for genetic association studies. Adapted from [140].  
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Study design Details Advantages Disadvantages Statistical analysis 
method Genetic model 

Case-parent-
grandparent 
septets 

Genotype affected individuals plus 
their parents and grandparents 

Robust to population 
stratification. Can 
estimate maternal and 
imprinting effects 

Grandparents rarely 
available Log-linear models Genetic 

association 

General 
pedigrees 

Genotype random sample or disease-
outcome based sample of families 
from general population. Phenotype 
for disease trait or quantitative trait 

Higher power with 
large families. Sample 
may already exist from 
linkage studies 

Expensive to 
genotype. Many 
missing individuals 

Pedigree 
disequilibrium test, 
family-based 
association test, 
quantitative 
transmission/disequil
ibrium test 

Genetic 
association 

Case-only 

Genotype only affected individuals, 
obtained from initial cross-sectional, 
cohort, or disease-outcome based 
sample 

Most powerful design 
for detection of 
interaction effects 

Can only estimate 
interaction effects. 
Very sensitive to 
population 
stratification 

Logistic regression, 
χ2 tests of association 

Genetic 
association 

DNA-pooling 

Applies to variety of above designs, 
but genotyping is of pools of anywhere 
between two and 100 individuals, 
rather than on an individual basis 

Potentially 
inexpensive compared 
with individual 
genotyping (but 
technology still under 
development) 

Hard to estimate 
different 
experimental 
sources of variance 

Estimation of 
components of 
variance 

Genetic 
association 

Table 2.2b: Study designs from genetic association studies. Adapted from [140].  
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There are several different study designs to analyse genetic associations (Table 2.1) and a 

magnitude of ways in which to analyse them (Tables 2.2a and 2.2b). Such studies are used to 

identify new disease genes, which is commonly achieved by using data from families where 

designs include; familial aggregation, heritability and segregation studies. Genetic association 

studies can also be used to characterise known disease genes, which are identified using an 

association linkage disequilibrium, cohort, cases-only study, cross-sectional, association cohort, 

experimental or retrospective cohort study designs [139, 140]. This thesis uses the data from both 

cross-sectional and cohort studies. In chapter three, and subsequent project chapters, I show how 

we maximise repeated measures data collected from contributing cohort studies, which allow for 

the ability to run more complex models by fitting gene-interactions and estimating SNP-specific 

trajectories. There are two major types of genetic association studies that are used in this thesis; 

candidate-gene association analyses (CGA) and genome-wide association analyses (GWAS). 

These approaches are detailed here.  

 

2.2.5.1 Candidate gene approach 

The genetic basis of many human diseases has been elucidated by the candidate gene approach 

[141]. This is a form of genetic association study aiming to correlate differences in disease 

frequencies between groups (or in trait levels for continuously varying characters) with 

differences in allele frequencies at a SNP [119]. Candidate genes are generally the genes with 

known biological function directly or indirectly regulating the developmental processes of the 

investigated traits (Table 2.3), which could be confirmed by evaluating the effects of the causative 

gene variants in an association analysis [142]. The candidate causal variant is a SNP where a 

mutation has occurred in a codon leading to an amino acid change [140]. Variants in biologically 

plausible candidate genes (in a pathway known to be involved with said disease or near 

chromosomal regions previously linked to the outcome of interest [120]) are usually selected for 

study on the basis of both variant allele frequency and the functional effect of the variant on 

relevant traits [40].  



25 
 

 

The candidate-gene approach can be defined as the study of the genetic influences on a complex 

trait by generating hypotheses about and identifying candidate genes that might have a biological 

role in the aetiology of the disease; identifying precise disease-causing DNA variant(s) in a region 

in or near those genes that might either cause a change in the protein or its expression, or be in 

Linkage Disequilibrium (LD) wit functional changes; genotyping the variants in a population; 

and using the frequencies of the two variant forms (alleles) of an SNP in statistical analyses to 

determine whether there is a relationship between those variants and the phenotype [119, 143-

145].  

 

The first critical step in conducting candidate gene studies is the choice of a suitable candidate 

gene that may plausibly play a relevant role in the process, or is functionally implicated in the 

disease under investigation [40, 146]. The rationale is to state a major component of quantitative 

genetic variation of the phenotype under investigation caused by functional mutation of a putative 

gene [142] by identifying a statistical correlation between specific genetic variants and complex 

disease traits [144]. The candidate gene approach has been proven to be extremely powerful for 

studying the genetic architecture of complex traits [147], which is a far more effective and 

economical method for direct gene discovery. Considerable candidate genes have already been 

identified [142] because they can have greater statistical power to detect several genes of small 

effect [144].  

 

However, the knowledge of gene and SNP function is crucial to direct the appropriate design and 

interpretation of candidate gene association studies. Involving functionally significant genetic 

variants could reduce the likelihood of Type I errors, increase reproducibility of results and 

facilitate interpretation of positive associations [40].  
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The criticisms of candidate-gene approaches are rooted in a fundamental challenge to the study 

of the genetics of complex diseases. Analysing multiple risk factors in the absence of proven, 

effective techniques and balancing the use of available data about candidate genes and 

polymorphisms whilst minimising the chances of false positives and false negatives [144].  

 

Another problem with candidate gene analysis is that apparently excellent candidates are usually 

highly abundant and this surfeit of ‘good’ candidates is often difficult to rationalize [145]. The 

traditional candidate gene approach is easiest to analyse and the most powerful, but the difficulty 

is the identification of candidate polymorphisms [140]. It is this reliance on existing knowledge 

about the known or presumed biology of the phenotype under investigation that limits the 

practicability of this association study, as detailed molecular anatomy of most biological traits 

remains unknown [142].  

 

2.2.6 Genome-wide association studies 

Whole genome-wide association studies have been widely recognized as having great potential 

to identify genetic polymorphisms contributing to complex human disease [96]. The genome-

wide association approach is defined as an association study that surveys most of the genome for 

causal genetic variants. Because no assumptions are made about the genomic location of the 

causal variants, this approach could exploit the strengths of association studies without having to 

guess the identity of the causal genes [125].  
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Criteria Strong support for functional significance Moderate support for functional significance Evidence against functional 
significance 

Nucleotide sequence Variant disrupts a known functional or structural 
motif 

Variant is a missense change or disrupts a 
putatitive functional motif; changes to protein 
structure might occur 

Variant disrupts a non-coding region 
with no known functional or structural 
motif 

Evolutionary conservation 
Consistent evidence from multiple approaches for 
conservations across species and multigene 
families 

Evidence for conservation across species or 
multigene families 

Nucleotide or amino-acid residue not 
conserved 

Population genetics 
In the absence of laboratory error, strong 
deviations from expected population frequencies 
in cases and/or controls in a particular ethnicity 

In the absence of laboratory error, moderate to 
small deviations from expected population 
frequencies in cases and/or controls; effects are 
not well characterized by ethnicity 

Population genetics data indicates no 
deviations from expected proportions 

Experimental evidence 
Consistent effects from multiple lines of 
experimental evidence; effect in human context is 
established; effect in target tissue is known 

Some (possibly inconsistent) evidence for 
function from experimental data; effect in human 
context or target tissue is unclear 

Experimental evidence consistently 
indicates no functional effect 

Exposures (for example, 
genotype–environment 
interaction studies) 

Variant is known to affect the metabolism of the 
exposure in the relevant target tissue 

Variant might affect metabolism of the exposure 
or one of its components; effect in target tissue 
might not be known 

Variant does not affect metabolism of 
exposure of interest 

Epidemiological evidence Consistent and reproducible reports of moderate 
to large magnitude associations 

Reports of association exist; replication studies 
not available Prior studies show no effect of variant 

 

Table 2.3: Criteria for assessing the functional significance of a genetic variant in candidate gene association studies. Adapted from [40].  
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The underlying rationale for GWAS differs to that of the candidate-gene approach as the 

‘common disease, common variant’ hypothesis captures most, although not all, of the common 

variation in the genome [148]. Broadly, candidate gene studies tend to have rather high statistical 

power but are incapable of discovering new genes or gene combinations [149]. Comparatively 

GWA studies can pinpoint genes regardless of whether their function was known before, but they 

have low power owing to the number of independent tests performed [150, 151].  

 

GWAS represents an important advance compared to candidate gene studies, in which sample 

sizes are generally smaller and the variants assayed are limited to a selected few, providing an 

unbiased yet fairly comprehensive option that can be attempted even on the basis of imperfect 

understanding of biological pathways and often yields associations that are difficult to replicate 

[40, 125, 148, 152]. In this thesis, chapters four and five use SNPs selected from a CGA to analyse 

both cross-sectional and longitudinal data. Chapter six uses a selection of SNPs taken from a 

GWAS for longitudinal analyses. Chapter seven is an illustration of repeated cross-sectional 

GWAS.  

2.2.7 Common disease common variant hypothesis 

The common disease common variant (CDCV) hypothesis is a concept describing the 

phenomenon believed to underlie many common, complex disorders that I mentioned in the 

introductory chapter of this thesis. This paradigm hypothesises that common diseases are 

attributable in part to allelic variants present in >5% of the population [148, 153, 154].  

2.3 DOHaD: Developmental Origins of Health and Disease   

In this DOHaD section of the literature review I will define the DOHaD hypothesis and outline 

the history of the DOHaD paradigm. The original concepts and experiments put forward by 

Francis Zeman to David Barker’s highly popular theory and the more recent publications from 

Peter Gluckman highlight the need for a more complex approach to further our understanding of 

DOHaD research.  
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There are several mechanisms fundamental for the understanding of DOHaD which will be 

discussed. Here I will cover developmental plasticity, the predictive adaptive response, the thrifty 

phenotype hypothesis and the Haig parental conflict hypothesis. Finally I will describe the 

significance of the role of genetics, and more importantly gene-environment interactions and 

epigenetic regulation in current DOHaD research.  

 

In this thesis, DOHaD is an underlying theme for all four project chapters. Although chapter four 

actually analyses antenatal and postnatal measures, the remaining chapters (five to seven) analyse 

data on children from early childhood to adolescence. This early life growth represents the early 

life events incorporated in the definition of DOHaD.  

2.3.1 Defining DOHaD  

DOHaD stands for the Developmental Origins of Health and Disease. The hypothesis is defined 

as early life events (prior to conception until well after birth) such as those experienced in utero 

having the ability to shape the phenotype of an individual in an effort to prepare the fetus for 

extrauterine life [155]. These events include environmental factors, particularly maternal under 

nutrition that act in early life to programme the risks for adverse health outcomes, such as 

cardiovascular disease, obesity and the metabolic syndrome in adult life [156, 157].  

 

The notion of fetal programming implies that during critical periods of prenatal growth, changes 

in the nutritional and hormonal milieu of the conceptus may alter the full expression of the fetal 

genome, leading to permanent effects on a range of physiological functions and structures [158] 

(Figures 2.1 and 2.2). Similarly to the field of genetic epidemiology, DOHaD is an area of 

research that combines and traverses information from a variety of branches of knowledge, 

predominately from the biological sciences and the area of health. The questions and hypotheses 

are investigated with a variety of scientific approaches, including epidemiological, experimental, 

clinical and translational studies [29].  
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Human DOHaD research covers multiple fields from human analyses in population epidemiology 

and genetic associations. The experimental studies cover a range of several animal species, such 

as mice, guinea pigs and sheep. These landmark studies and relevance towards the overall 

understanding of human health and disease are detailed in the following sub-section (2.3.2).  

 

2.3.2 History of the Developmental Origins of Health and Disease 

The idea that adult diseases may originate prior to birth is by no means a novel suggestion. The 

best example of this is termed the ‘Barker Hypothesis’[28, 159]; essentially a well-supported 

working principle of fetal programming or the thrifty phenotype hypothesis [160]. Barker’s 

studies dating back decades [161-163] have suggested that diseases such as obesity, hypertension 

and diabetes are being influenced by something other than their external environment. It has been 

established that a child’s outcome at birth (representing growth in utero) can profoundly dictate 

their health in adulthood [164-166]. Barker and colleagues developed his concept of early or ‘fetal 

origins of adult disease' (FOAD) or 'fetal programming' to describe the relationship between birth 

size and  subsequent risks of cardiovascular disease and insulin resistance/Type 2 diabetes 

mellitus [155].  

 

The term ‘fetal origins of adult disease’ has since been replaced with 'developmental origins of 

adult disease' (DOHaD) to take into account its influence over an expanded developmental time-

frame rather than just concentrating on fetal life. It has been suggested that adult disease risk may 

well be influenced by events that occur prior to conception until well after birth, and that there is 

an interaction between the prenatal and postnatal environments (Figures 2.1-2-2) [155]. This 

suggests that adverse uterine environments can “permanently” alter the metabolic, endocrine, and 

immune function parameters of individuals well into adulthood [157]. 
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Figure 2.1: Diagram of the DOHaD concept. Adapted from [155]. The offspring’s genome inherited from both parents is subjected to a range of environmental 

influences in early life, which determine its phenotype. These include epigenetic processes and utilize the normal processes of developmental plasticity. Some of these 

effects may have predictive advantage in the postnatal environment. The processes involved can be categorized as changes in cell allocation and differentiation, tissue 

and organ growth and homeostatic control, and to an extent these occur sequentially as shown. If the environmental effects are severe (e.g., famine, excess, maternal 

or placental disease), they may induce clear disruption of development (equivalent to teratogenesis; highlighted by the dotted line in the figure) of reductions in 

developmental trajectory such that the offspring only copes and is at risk both pre and postnatally. Even within the normal physiological range of adaptive responses, 

the risk of health vs. disease in the post-reproductive period depends on the extent of matching between the prenatal and the postnatal environments, or between the 

predicted and the actual environment in the post-plastic phase.  
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Figure 2.2: Overview of the DOHaD concept 

Adapted from [167]. Here the IGF-axis and hypertension have been highlighted as important areas of consideration and research in DOHaD.   
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Figure 2.3: Timeline of authors’ first publications relating to the field of DOHaD. Here are details of the earliest epidemiological and experimental studies 

through to present day analyses which incorporate multiple co-authors, data from consortium and genetic/epigenetic influences in addition to the initial environmental 

effects that were investigated. For simplicity only the first-author for each publication is listed (with the exception of Frost all other papers are joint with multiple 

co-authors).  

 

Early 
epidemiological 

studies
•1934 Kermack
•1939 Frost
•1962 Neel

Early experimental 
studies

•1968 Zeman
•1977 Forsdahl

Epidemiological studies 
1980-2000

•1985 Larsson
•1989 Barker
•1990 Trichopoulos
•1994 Whincup
•1995 Adami
•1996 Law, Leon
•1997 Churchill, Nilsson, 
Stanner, Wadsworth

•1998 Ekbom, Pettitt
•1999 Dodic, Flanagan, Rich-
Edwards, Schroeder

Experimental studies 
providing evidence for the 

theory of DOHaD
•1992 Persson
•1995 Croew
•1996 Woodall
•1999 Kind

2000-present day studies
Gluckman and Hanson

Genetic analyses
Pregnancy and birth consortium
Study of epigenetic mechanisms



36 
 

 

Figure 2.3 provides a timeline of the earliest to most recent studies relating to the DOHaD 

paradigm - identifying studies that pre-date Barker, Gluckman and even Neel’s 1962 publication 

of the thrifty phenotype hypothesis.  

 

Barker has become known as the ‘ambassador’ for DOHaD with his prolific research beginning 

in the early 1990’s; however, there were other researchers before him and concurrently proposing 

that many adult (human) diseases originated in utero [168-183]. The earliest known study relating 

to the concept of DOHaD was published in 1934 by Kermack and colleagues [184]. Here they 

described their results as showing that the health and expectation of a child’s life were determined 

by the environmental conditions they were exposed to from birth to 15 years of age [185]. In 1939 

Frost published his findings on mortality resulting from tuberculosis, stating that the high rates 

observed in old age were the residuals of higher rates in earlier life [186].  

 

The earliest experiments relating to the concept of DOHaD were published by Francis Zeman in 

1968. He investigated pregnant rats to determine the influence of maternal environment on health 

and well-being of their progeny [187-189] making associations between early life events and 

onset of adult disease (particularly relating to CVD risk). A few years later in 1977 Forsdahl 

described how poverty in childhood and adolescence followed by prosperity was a risk factor for 

arteriosclerotic heart disease [190]. Whilst Barker constructed his hypotheses based on 

epidemiological studies, in the years following the publication of this theory several experimental 

studies were published which provided further evidence towards this hypothesis of FOAD. 

Persson and Jansson, Kind, Woodall and Crowe conducted studies in guinea-pigs [191, 192] and 

rats [193, 194] illustrating that maternal under nutrition and restricted fetal growth increased 

cardiovascular risk through heighted cholesterol [192] and blood pressure [191, 193, 194] in their 

progeny [195].  
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More recently population studies on pregnancy and birth cohorts have been published with further 

correlations being made with adult diseases. Gluckman and Hanson are another set of industrious 

researchers in the field of DOHaD, building onto the existing studies and contributing with his 

own theories of developmental plasticity and the predictive adaptive response. These mechanistic 

properties of DOHaD along with Haig’s parental conflict hypothesis and overlap with Neel’s 

thrifty phenotype hypothesis will be detailed in sections (2.3.4.4-2.3.4.5). Present studies relating 

to the DOHaD paradigm illustrated an increase in the complexity of methodology employed. The 

integration of genetic data into these analyses has amplified the need for larger sample sizes and 

the collaboration of many similar cohorts: a consortium. The types of genetic association studies 

have been detailed in sections (2.2.5).  

 

Over the past 10 years studies and hypotheses relating to DOHaD have been published in a range 

of scientific journals including leading peer-reviewed journals; Science [196], Nature Genetics 

[197, 198], British Medical Journal [199, 200], American Journal of Human Genetics [201, 202], 

the Lancet [203-206] and Journal of the American Medical Association [207-209]. This further 

highlights the importance of DOHaD in the realms of public health and scientific research.  

2.3.3 Importance and relevance of DOHaD 

The rationale as to why DOHaD has become increasingly important not only in the field of 

biomedical research but for the overall population was described in the introductory chapter. I 

discussed not only the health benefits that the human population will attain but the economic 

implications as well. DOHaD acts as a means to help us understand why diseases are prevalent in 

the global populous. This understanding of NCDs may potentially provide us with the ability to 

intervene, to halt and possibly prevent remedy this disease progression. Intervention at an early 

stage such as during adolescence, childhood or even at the prenatal level will reduce much of the 

global burden and costs associated with advanced disease care.   
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DOHaD can be used to provide an understanding as to why leading causes of mortality (due to 

disease) in Westernised civilisations may not be exclusively due to the unhealthy lifestyles 

engaged in by its citizens [210]. These different mechanisms are detailed here.  

 

2.3.4 DOHAD mechanisms 

There are multiple mechanisms thought to affect fetal programming and influence developmental 

growth. In this section of the literature review I choose to focus on four of these mechanisms: 

plasticity, the predictive adaptive response, the thrifty phenotype hypothesis and the Haig parental 

conflict hypothesis. All of these mechanisms are similar in that they attempt to explain the 

underlying rationale as how and why certain ‘effects’ can influence growth and risk adult disease 

in early life events. I will begin with Barker’s hypothesis and work my way through the 

mechanisms from here.  

 

2.3.4.1 Barker’s Hypothesis 

I described this hypothesis briefly in the previous section. Barker [161-163, 166, 210-220] has 

researched and published extensively over the past 20 years on the developmental origins of 

common diseases affecting the present population. He has extended the theory of fetal 

programming to explain the origins of chronic disorders such as cardiovascular disease, coronary 

heart disease, stroke, hypertension and type-2 diabetes that affect adult human health and well-

being. His most prominent work gave rise to the ‘Barker Hypothesis’ [28, 159]. This hypothesis 

underpins the DOHaD research field and states that stress-inducing environmental conditions, 

such as under-nutrition during fetal growth and very early childhood, can increase the risk of 

common chronic diseases by a process known as ‘developmental plasticity’ – the variety of 

phenotypic states (be they physiological and morphological) induced by varying environmental 

conditions by the same given genotype [118, 216, 221, 222].  
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2.3.4.2 Developmental plasticity 

Plasticity is defined as the method of how the environment influences the earliest stages of the 

developmental origins of health and disease. This is a theory of fetal programming indicating that 

the fetus adjusts and adapts both morphologically and metabolically in response to the external 

environment which they experience via their maternal link [118].  

 

Major changes occur (responses such as small or disproportionate size at time of birth) 

representing sacrificial fetal growth in favour of brain development [223]. Children who had poor 

growth in utero are believed to become more likely to be insulin-resistant, have increased blood 

pressure and be more susceptible to type-2 diabetes, stroke, coronary heart disease and obesity as 

a consequence of the environment in which they were pre-programmed [216]. This has been 

comprehensively investigated and peer-reviewed. Gluckman and colleagues outlined three major 

ways the environment can influence early developmental plasticity: developmental disruption, 

immediately adaptive and predicatively adaptive [224] please refer to Table 2.4.  

 

Gluckman et al. highlight that those environmental influences that cause disruptions to nutrition 

or radically alter the environment during the highly vulnerable period of embryonic development 

(developmental disruption) are likely to cause the most impact on the growing fetus. This could 

possibly induce irreversible structural changes to the fetus, which will be evident immediately (at 

time of birth). Immediately adaptive and predictive adaptive responses are changes observed 

which are more likely to influence health and disease in later life [224].  

2.3.4.3 Predictive adaptive response 

The predictive adaptive response is defined as the activation (or inhibition) of certain 

developmental pathways in utero which may not necessarily ‘match’ the external postnatal 

environment to which it will be exposed. This ‘mismatch’ in embryonic predictive adaptive 

response may in fact lead to an increased risk of diseases in adulthood (Figure 2.4).  
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Table 2.4: Types of developmental response to environmental influences. Adapted from [224]. An overview of the types of developmental plasticity responses 

with expected outcomes and explanatory examples.  

Nature of the response 
Time of conferred 

advantage 
Outcome Examples 

Developmental 

disruption 
Nil 

Survivors may be severely 

dysfunctional 
Neural tube defect owing to maternal folate deficiency [225] 

Immediately adaptive Immediate 
Survival but with possible long term 

costs (“coping”) to Darwinian fitness 

Premature delivery following maternal infection – benefit is 

leaving infected intrauterine environment early while cost is 

permanent stunting[226-228] 

Predictively adaptive 

Not necessarily 

immediate, anticipated to 

be advantageous at a later 

period 

Advantageous if predicted future and 

actual future environments match 

Disadvantageous if predicted and 

future actual environments mismatch 

Coat thickness in meadow vole pup[229]; low sweat gland 

innervations in a hot environment[230, 231] 

Impaired metabolic responses to a nutritionally rich adult 

environment of prenatally constrained individuals within the 

normal birth weight range [165] 
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Figure 2.4: Pre-adult periods of adaptive plasticity in the transition between life-history 

phases (double arrows). Adapted from [118]. Prenatal growth affects adult health and disease. 

The transition from infancy to childhood confers a predictive adaptive response that determines 

adult height. The transition from childhood to juvenility bestows an adaptive response that 

resolves adult body composition and metabolic consequences. The transition from juvenility to 

adolescence establishes longevity and the age of reproduction and fecundity. IC = Infancy 

childhood (transition).  

An explanatory example provided by Newnham et al [12] describes a fetus that adapts to its 

mother’s poor environment by restricting its growth and undergoing a series of metabolic and 

behavioral adaptations that would be beneficial in its expected postnatal world of thrift but in a 

world of plenty, may predispose the individual to obesity and diabetes, i.e. the thrifty-phenotype 

hypothesis/fetal programming (section 2.3.4.4).    
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Whilst the maternal environment plays a vital role in the health and well-being of the child in 

utero, as well as into early childhood growth and later life diseases, the external environment also 

influences the propensity to certain diseases. It is clear that the genome of the fetus has a large 

effect on early life growth; however, the external environment of the mother may also affect the 

functioning of the placenta and the in-utero environment (both nutritionally and hormonally) 

[232]. An example of an adaptive survival mechanism as a result of the maternal environment is 

where those individuals with intrauterine growth restriction (IUGR) may experience “catch-up” 

growth when exposed to an abundance of nutrition, which may increase the individuals’ 

predisposition to certain adult metabolic diseases [157].   

 

2.3.4.4 Thrifty phenotype hypothesis 

The thrifty phenotype hypothesis is defined as the result of problems which arise when 

developmental programming does not match the environment in which the individuals are to live 

[157] (Figure 2.5). This has more recently been termed the ‘Predictive Adaptive Response’ 

hypothesis by Gluckman et al [224]. In 1962 Neel proposed that certain populations had a greater 

propensity towards insulin resistance, both due to selection and to genetic aspects [29, 233]. 

“Thrifty” genes were selected during evolution at a time when food resources were scarce, thus 

suggesting that when the fetal environment is poor, there is an adaptive response, which optimizes 

the growth of key body organs to the detriment of others and leads to an altered postnatal 

metabolism. This is designed to enhance postnatal survival under conditions of intermittent or 

poor nutrition. [167].   
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Figure 2.5: The thrifty phenotype hypothesis in relation to longevity. Adapted from [234]. 

Here is a summary of the key components [160] of the thrifty phenotype hypothesis: 1) if the 

growing fetus is malnourished during gestation due to suboptimal maternal nutrition, placental 

dysfunction, stress or other factors, the fetus will adapt in utero to increase the chance of survival 

if the conditions of poor nutrition were continued postnatally; and 2) the fetus will maximise 

metabolic efficiency regarding the storage and usage of nutrients. This would be advantageous if 

the programmed fetus was born into a poor nutritional postnatal environment. [234].  
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2.3.4.5 Haig parental conflict hypothesis 

Another process thought to influence developmental growth is known as the Haig parental conflict 

hypothesis. This hypothesis outlines the required conflicting duo effects of the paternal and 

maternal genome with respect to fetal growth and development. The paternal genome is required 

for placental growth (to enhance the fetal growth and development at the expense of the mother. 

The maternal genome is required for fetal growth but acts to control and minimise this 

development to improve her own survival and reproducibility [232, 235].  

 

Another example of poor fetal growth leading to increased predisposition to adult diseases is 

intrauterine growth restriction (IUGR), defined as the failure of an infant to achieve their genetic 

growth potential in utero (Figure 2.6). Those fetuses that experience IUGR are not only at a 

greater risk of perinatal mortality, but those that survive and manage catch-up growth are also at 

a greater risk of developing hypertension, type 2 diabetes and coronary heart disease during 

adulthood [232].  

 

The increasing number of available data and studies supporting the developmental origins of 

health and disease hypothesis suggests that the effects of fetal growth can extend into adulthood. 

Indeed, the influences may actually stem from as early as the peri conceptual period [236]. In this 

thesis I intend to explore the extent to which these underlying mechanisms can be dissected by 

investigating genetic and environmental associations [237].  

 

2.3.5 Epigenetics 

This thesis does not focus on the numerous epigenetic mechanisms potentially influencing 

DOHaD. However, epigenetics is an important molecular mechanism in this field of research by 

determining an individual’s predisposition to disease through both inherited states and early life 

triggers [118].     
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Figure 2.6: Framework of ideas in the fetal origins hypothesis linking fetal under-nutrition 

with later abnormalities.  

Adapted from [222]. The Barker Hypothesis proposes that those with poor fetal and infantile 

growth are at greater risk of developing diseases as an adult such as coronary heart disease [159] 

(Barker’s hypothesis), stroke [222] or type 2 diabetes [237]. Details as to how these are associated 

with adverse fetal environments are detailed here.   
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Epigenetics is an additional layer of complexity to the already multifaceted understanding of 

common diseases (e.g. the interplay of genes with environmental effects, discussed further in 

section 2.5.1 (hypertension), section 2.2.3 (gene-environment interactions) and section 2.6 

(genetic network analyses). Epigenetics underlies genomic imprinting, programming, and 

reprogramming in early life and the increased susceptibility to disease in later life [118].   

 

Historically, the word “epigenetics” was used to describe events that could not be explained by 

genetic principles [238]. The research branch relating to epigenetics is termed epigenetic 

epidemiology, the study of the associations between epigenetic variation and risk of disease [97]. 

Epigenetic variation refers to the information that is potentially stable and, ideally, heritable 

change in gene expression, cellular phenotype and core histones resulting in changes to the final 

outcome of a locus or chromosome without changing the underlying DNA sequence (that is 

requiring no changes to the actual ‘Watson-Crick nucleotide base pairing of DNA) [167, 238, 

239] (Figure 2.7).   

 

There are numerous and diverse sources of epigenetic variation. These include age, genetic and 

epigenetic inheritance, developmental stochasticity and environmental influences (tobacco 

smoke, alcohol, chemical carcinogens, infectious agents, UV radiation) [96, 97]. Nutritional 

manipulations can also epigenetically mark the genome and affect gene expression over the life 

course [12]. Later in this section, I outline the importance of gene-environment interactions in 

DOHaD. Fundamentally the gene-environment interaction is vital to our understanding of 

observed phenotypes (disease susceptibility) as a potential explanation as to why these traits 

cannot be determined by genetics or environmental influences alone. Epigenetics (or rather 

epigenetic regulation) is now understood to be the mediating factor in gene-environment 

interactions, modifying disease risk by altering genotype resulting from environmental factors 

[97].   
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Figure 2.7: The epigenome at the intersection between environment and genetic variation.  

Adapted from [239]. According to the common disease genetic and epigenetic hypothesis, the 

epigenome may modulate the effect of genetic variation (example shown is the large nucleotide 

in gene A, which could be C or G), either by affecting the gene’s expression through the action 

of chromatin proteins or DNA methylation, or by modulating protein folding of the gene product 

of the variant locus or chromatin protein. The epigenome may, in turn, be affected by sequence 

variation in the genes encoding chromatin or chaperone proteins (genes B and C, respectively). 

Environmental factors can affect the genome and the epigenome [239]. In eukaryotes, DNA is 

wrapped around an octamer of histone proteins that consists of two copies of the core histones, 

H2A, H2B, H3, and H4. These core particles or nucleosomes are the basic unit of chromatin. The 

nucleosome compacts the DNA-histone complex, and the degree of compaction creates an added 

layer of regulatory control of the genome [118].   
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Much of this epigenetic change occurs during early life developmental processes as different cell 

types maintain their fate during cell division even though their DNA sequences are essentially the 

same [239]. This thesis does not focus on the numerous epigenetic mechanisms potentially 

influencing DOHaD.  

 

The main known epigenetic mechanisms include: DNA methylation; histone modifications; 

chromatin variation: covalent and noncovalent mechanisms; noncoding RNAs; and DNA-binding 

proteins [118, 238] [97]. It is important to note that DNA methylation status is an important role 

in inhibiting and activating IGF-axis genes (described further in Pathway of interest: IGF-axis). 

Epigenetics relates to many areas of research relevant to DOHaD [240]. In this literature review 

these topics are discussed: developmental plasticity (section 2.3.4.2), imprinting (section 2.3.6), 

disease susceptibility (section 0) and gene-environment interactions (section 2.3.8). 

 

2.3.6 Imprinted genes 

Imprinted genes are a result of epigenetic regulation, differing from epigenetic modification by 

way of DNA methylation which affects the entire genome [239]. There are two types of 

imprinting; metabolic imprinting which describes phenomena in which both the exposure and 

outcome are specific and measurable and exhibit a dose-response or threshold relation compared 

to genomic imprinting: an epigenetic phenomenon resulting in gene expression depending upon 

parent-of-origin [97]. There has been a debate on the appropriateness of both programming 

(because this term could be misconstrued as referring to events which are reversible, rather than 

irreversible) and metabolic imprinting (because this term implies early events are exclusively 

metabolic in origin and because of the possible confusion between metabolic imprinting and 

“imprinted” genes) [167].  
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2.3.7 HPA-axis importance in DOHaD/programming mechanisms 

The hypothalamic-pituitary-adrenal axis (HPA, HPAA or HTPA axis) is of great interest in the 

DOHaD field of research. The HPA axis responds to chronic stressors with sustained cortisol 

elevation [241] and can be altered or ‘programmed’ during early life. A contributing stressor may 

present itself in one of many forms; restriction of nutrients, perturbed hormonal status (exposure 

to maternal or synthetic glucocorticoids) during gestation, prematurity, multiple births, maternal 

parity, mode of delivery or neonatal handling in addition to infection, cold, trauma, illness and 

surgery at the postnatal level [29, 242-245].  

 

The resulting stress-induced abnormal HPA axis activity during these vulnerable periods of 

development is thought to be related to the programming of an individual's pattern of health by 

determining neurochemical and behavioral alterations that can be observed throughout life [29]. 

Here, under the conditions of stress, the increased levels of circulating glucocorticoids inhibit 

HPA axis activity by preventing excessive production of stress hormones diminishing HPA 

activity through a reduced negative feedback [245-247]. This neuroendocrine programming may 

be a common pathway where a wide variety of adverse external influences have long-term effects 

on the fetus (Figure 2.8) [242].  

 

The IGF-axis belongs to the HPA-axis which is itself an important pathway in DOHaD research 

as glucocorticoids regulate the fetal expression of insulin-like growth factors, their receptors and 

many binding proteins potentially affecting fetal growth through this pathway [158]. The 

importance of the IGF pathway, influence on developmental health and adult diseases are detailed 

in literature review sections 2.4 and chapters four and five. Epigenetic regulation, in particular 

DNA methylation is also important for turning on and off genes in the IGF pathway. This is also 

discussed in those sections stated above.  
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Figure 2.8: A variety of stressors experienced during pregnancy may result in lifelong 

alterations in autonomic and HPA axis activity in the developing fetus. Adapted from [242]. 

The fetal and maternal genetic backgrounds, the maternal diet and early environment, the trans-

generational effects in combination with adult psychosocial stressors may predispose to metabolic 

and cardiovascular disease.  

 

2.3.8 Genetic and Environmental influences on DOHaD 

Genetic and epigenetic pathways mediate much of the relationship between the environment and 

human development in utero and in early life (see Figure 2.9). Complex interactions between 

genes and the early environment likely modulate developmental programming of adult disease 

[12].  Genetic differences not only regulate gene-environment interactions underlying disease 

onset but also regulate disease susceptibility following environmental alterations [12, 66, 101, 

106].  
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However, determining the extent of environmental influence on the genome, how the environment 

interacts with genes and the importance of timing are still relatively unknown.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Summary of gene regulatory mechanisms affected by environmental exposures. 

Adapted from [12, 248, 249] an illustration of how the onset of adult diseases can be due to the 

complex interactions between genetic and environmental factors. 

 

Whilst genes have an undeniable role in determining health and well-being, it has also become 

increasingly apparent that the predisposition to many common diseases affecting the human 

population in general (such as obesity, hypertension, type 2 diabetes and cardiovascular disease) 

are produced not due to a single gene but as the result of the interaction of multiple genes; where 

each contributes just a small portion towards the total phenotypic variability.  
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The occurrence of each gene (or polymorphism within the gene) acts to modify an individual’s 

susceptibility by increasing their risk of developing characteristics leading to the onset of certain 

diseases [250]. Although adverse antenatal and postnatal environments are known to increase the 

risk of particular adult diseases, not all individuals exposed to these environments develop these 

conditions, suggesting that an individual’s genotype may contribute to the eventual outcome. 

There is increasing evidence to suggest that genes and gene: environment interactions underlie 

the developmental origins of health and disease (DOHaD). Erudition of these gene: gene and gene: 

environment interactions and investigating when, how and why certain proteins and metabolites 

interact via the millions of metabolic reactions in our bodies would undoubtedly increase our 

overall understanding of the underlying working mechanisms of human health and disease.  

 

Parental diet and other exposures can also influence fetal DNA methylation patterns which can 

also permanently affect health outcomes in later life [249, 251] by activating or inhibiting 

segments of metabolic pathways. This is particularly important for the genes in the IGF pathway 

which can be ‘turned off or on’ depending on their methylation status. Further detail regarding 

this phenomenon is located in section 2.4. Only a small percentage (~ 10%) of human genes are 

actually associated with diseases, which makes discovery of these disease genes all the more 

important.  

 

The implication is that these disease genes are not placed randomly on the interactome but that 

there are detectable correlations in their location topology. This in turn may be responsible for 

their contribution to several different disorders [14]. This thesis aims to identify potential 

underlying genetic and where possible environmental influences that underlies the developmental 

origins of hypertension.  
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2.4 Insulin-like growth factor pathway 

As discussed in the DOHaD section of this literature review, the IGF-axis (interchangeably 

referred to as the IGF pathway or IGF network). like all neuroendocrine systems, functions 

through hypothalamic, pituitary, and target organ interactions [252]. The HPA-axis has been 

previously described section 2.3.7 for its significance in DOHaD research. The IGF-axis is known 

to influence developmental growth; therefore it is an ideal pathway for DOHaD research for 

determining an individual’s predisposition to disease. Published studies illustrating IGF-axis 

function typically only show a few individual elements of the IGF-axis (these may be genetic 

variants within IGF genes or concentrations of observed levels) with an outcome. This approach 

tends to contradict common sense (see diagram of IGF-axis, Figure 1.10) which makes one 

consider that the IGF Axis (factor-receptor-binding protein) should be examined as a functioning 

unit rather that singling out certain components of the system with respect to phenotypic outcomes 

of interest.  

Here I will detail the role of the major components of the IGF-axis (ligands, receptors, binding 

proteins and proteases) with their role on developmental growth and adult diseases. This will aid 

the overall understanding of project chapters within this thesis where I illustrate how genetic 

variants within the IGF-axis influence developmental growth (chapter four). In this section of the 

literature review I also highlight how IGF-axis genes interact. This is a necessary foundation for 

chapter five where I use a different type of statistical analysis to model the IGF pathway as a 

network to identify how it may influence the early onset of hypertension.  

 

2.4.1 Insulin-like growth factors 

There are two ligands in the IGF-axis referred to as Insulin-like growth factors (IGF-1, IGF-2). 

Also referred to as mitogens, they play a role in regulating cell proliferation, differentiation and 

apoptosis [253]. IGFs are significantly structurally homologous with insulin [254] with both rapid 

insulin-like effects and slower growth-promoting, anabolic effects [255].  
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Here I will detail the role of each ligand in the IGF-pathway and their influence on developmental 

growth and adult diseases where applicable. The regulation of fetal and postnatal growth depends 

on multiple hormones, including insulin, IGF-1, IGF-2 and GH (growth hormone)[256]. IGF-1 

and IGF-2 are essential for regulating growth in early embryonic and fetal development [75, 257-

260].  

2.4.1.1 Insulin-like growth factor 1 

IGF-1 (also referred to as IGF1, IGFI, IGF-I, IGF-1A and somatomedin C) is one of two ligands 

in the IGF-axis. This gene is located on chromosome 12 (12q23.2) and has detailed associations 

with several pathways including apoptosis, diabetes, dilated and hypertrophic cardiomyopathy, 

glioma, melanoma, transcriptional regulation of cancer, Mammalian Target of Rapamycin 

(mTOR) and protein 53 or tumor protein 53 ( p53) signalling by REACTOME 

(http://www.reactome.org), KEGG (http://www.genome.jp/kegg/), WikiPathways 

(http://www.wikipathways.org) and NCBI (http://www.ncbi.nlm.nih.gov/gene).  

 

IGF-1 is a single chain (70 amino acid) polypeptide hormone produced mainly by the liver in 

response to the endocrine GH (growth hormone) stimulus and is secreted by multiple tissues for 

autocrine/paracrine purposes [261-264]. IGF-1 is the tertiary hormone in the somatotropic axis 

that plays key roles in somatic growth [252]. The biological functions of the IGFs are mediated 

by a family of transmembrane receptors. These include insulin, two IGF receptors, but primarily 

through IGF-1R [79]. IGF-1 exerts all known physiological effects by binding to receptor IGF-

1R (with higher affinity than to the insulin receptor) [265]. It stimulates bone formation, protein 

synthesis, glucose uptake in muscle, and neuronal survival and myelin synthesis [266]. Many 

variables, such as age, sex, nutritional status, and growth hormone secretion affect serum IGF-1 

concentrations. In recent studies there has been evidence of a strong positive correlation between 

IGF-1 levels and birth weight [75]; however, the effect of maternal smoking during pregnancy 

tends to override factors that increase birth weight [267].  

http://www.reactome.org/
http://www.genome.jp/kegg/
http://www.wikipathways.org/
http://www.ncbi.nlm.nih.gov/gene
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Despite the detrimental effect of maternal smoking during pregnancy, little is known of the 

underlying mechanism(s) constraining growth [268]. These mechanisms thought to be involved 

are detailed in the DOHaD section of this literature review. IGF-1 concentrations are low at birth 

and increase substantially during childhood and puberty [269, 270]. It is well established that 

IGF-1 is considered highly important in human growth as it affects almost every cell in the body 

including muscle, bone and organs as well as regulating the growth of nerve cells and DNA 

synthesis [77]. IGF-1 appears to have the predominant role in regulating growth after birth [269] 

acting as an important mediator between growth hormone and growth throughout fetal and 

childhood development [80, 271]. Expression of the IGF-1 gene and insulin are shown to be 

important determinants of growth during the fetal period [259].  

 

The interaction of IGF and their receptors (in particular IGF-1 with IGF-1R) plays a critical role 

in promoting and regulating embryonic growth from mid-gestation onwards [79, 272]. They do 

not have a major role in regulation of bodyweight in postnatal life [259]. IGF-1 is important for 

growth and development of insulin-producing β-cells in the pancreas [259]. IGF-1 reverses 

negative nitrogen balance during underfeeding and inhibits protein degradation in muscle [269]. 

IGF-1 in utero is produced by the fetal liver as well as other tissues and acts as the dominant fetal 

growth regulator in late gestation [273]. There are several disorders associated with abnormal 

IGF-1 activity. Most can be categorised as IGF-I deficiencies.   

 

In children this is advanced liver cirrhosis and ranges from cardiovascular to neurological diseases 

associated to aging in adults [262]. A well-known disease associated with the absence or poor-

functioning of IGF-1 is Laron Syndrome. This is caused by a genetic defect of the GH receptor 

leading to GH resistance and the inability to generate IGF-I [274, 275]. Significant associations 

between low IGF-1 and IGFBP-3 serum levels and Alzheimer's disease in men have been 

identified [276]. It has been suggested that metabolic syndrome prevalence is the lowest when 

both Hypovitaminosis D and IGF-1 are high [277].  
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Low serum IGF-1 levels are associated with diabetes among individuals aged under 65 years [278] 

and in a general population (without pituitary or cardiovascular diseases) [83]. Increasing levels 

of serum IGF-1 were positively associated with chronic kidney disease in a representative sample 

of adults from the United States of America [279].  

 

 

Polymorphisms in the IGF-1 gene have been associated with a nearly twofold increase in risk of 

colon cancer in Whites [280]. IGF-1 has been shown to be an important predictor of 

cardiovascular health with IGF-1 concentration illustrating a positive indication for severity of 

coronary artery disease [281]. High IGF-1 levels were associated risk of development of chronic 

heart failure [82]. There is evidence of IGF-1 having vascular protective qualities [81, 84, 88, 89]. 

Low intrauterine IGF-I serum levels are thought to account for thinner and stiffer umbilical 

arteries in IUGR infants (in comparison to those infants who have an appropriate size for their 

gestational age). 

 

This provides a potential link to arterial hypertension in adulthood [282]. Lower IGF-1 levels 

have been associated with increased prevalence of severe hypertension [83, 93]. A recent gene-

based GWAS study in a Chinese population has identified IGF-1 as a hypertension susceptibility 

gene [283].  
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Figure 2.10: Elements of the insulin-like growth factor (IGF)-axis Adapted from multiple source [79, 244, 254, 255, 264-266, 269, 284-295]. The interaction 

between ligands (IGF-1, IGF-2), receptors (IGF-1R, IGF-2R) and the binding proteins (IGF-BPs 1-6) with binding protein proteases and Insulin receptors are illustrated 

here. Definitions regarding Ras, Raf, MEK, MAPK, P13K, AKT and mTOR can be found in the glossary.   
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2.4.1.2 Insulin-like growth factor 2 

IGF-2 (also referred to as IGF2, IGFII, IGF-II, PP9974, C11orf4 and somatomedin A) is the 

second ligand of the IGF-axis. This gene is 67 amino acids long [263], belongs to chromosome 

11 (11p15.5) and binds to both receptors; IGF-1R and IGF-2R [296]. IGF-2 exerts biological 

action by binding to IGF-1R [236]. This gene has detailed associations with several pathways 

including apoptosis and diabetes by REACTOME (http://www.reactome.org), WikiPathways 

(http://www.wikipathways.org) and NCBI (http://www.ncbi.nlm.nih.gov/gene).  

 

It is believed that IGF-2 is primarily responsible for intra-uterine growth [272, 273, 297, 298] 

with its strong association with IGFBP-3 (positively correlated with fetal growth) and low 

dissociation to IGFBP-1 (negatively correlated with fetal growth) [294]. Genetic variants of IGF-

2 have been shown to play a vital role in early developmental growth [299, 300] with the knockout 

of IGF-2 leading to poor fetal embryonic growth [236]. This gene has been shown to be expressed 

in later life with polymorphisms within the IGF-2 gene and circulating levels of IGF-2 found to 

influence body weight, BMI and the development of obesity in adults aged 45-65 years [250, 301, 

302]. Polymorphisms in IGF-2 have been shown to influence regulation of blood pressure in obese 

children [85].  

 

IGF-2 appears to be involved in the progression of many tumours. In comparing the two classes 

of gastric adenocarcinoma, IGF-2 peptide levels were observed to be much higher in diffuse 

compared to intestinal types of cancer [303]. An inverse association between the IGF-2 variants 

and colon cancer risk has also been observed [280]. IGF-2 is a mediator of prolactin-induced 

alveologenesis - prolactin and cyclin D1, all of which are overexpressed in breast cancers [304]. 

Furthermore, significant breast cancer risk modifiers have been associated with haplotypes in 

IGF-2 for both BRCA1 and BRCA2 mutation carriers [305].  

http://www.reactome.org/
http://www.wikipathways.org/
http://www.ncbi.nlm.nih.gov/gene
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Bi-allelic expression of IGF2 has been observed in association with loss of methylation in IGF-2 

in  Wilms tumour and colorectal cancer [306]. Epigenetic modifiers (defined in section 2.3.5) 

such as differences in methylation of IGF-2 have been associated with prenatal famine [307].  

 

2.4.2 Insulin-like growth factor receptors 

There are two receptors in the IGF-axis. They mediate much of the activity within the pathway 

by acting as an interface through which the IGF axis ligands perform. Details of receptor influence 

and behavior are detailed here. Both insulin receptors and IGF-1 receptors are necessary for 

optimal pre- and postnatal growth and development. While insulin receptors predominantly signal 

IGF-2 and insulin effects, IGF-1 receptors are primary targets for IGF-1 and IGF-2 [79].  

 

2.4.2.1 Insulin-like growth factor receptor 1 – association with fetal growth 

IGF-1R (also referred to as IGFR; CD221; IGFIR and JTK13) is one of two receptors in the IGF-

axis. This gene is located on chromosome 15 (15q26.3) and has detailed associations with several 

signalling pathways including hypoxia-inducible factor 1 (HIF-1), inhibitor of DNA binding (Id), 

insulin, phosphatidylinositol 3' -kinase(PI3K)-Akt, glioblastoma, prostate cancer, estrogen 

receptor, thyroid stimulating hormone (TSH), as well as endocytosis, focal adhesion, glioma, 

melanoma and long-term depression by REACTOME (http://www.reactome.org), KEGG 

(http://www.genome.jp/kegg/), WikiPathways (http://www.wikipathways.org) and NCBI 

(http://www.ncbi.nlm.nih.gov/gene). IGF-1R is a transmembrane tyrosine kinase receptor which 

dominates IGF-2R in its ability in acting as the primary receptor to both IGF-1 and IGF-2. It is 

principally responsible for mediating mitogenic responses of the cell but is also capable of 

affecting metabolic responses from tissue [269] necessary for the anabolic actions of both IGF-1 

and IGF-2 [299, 308]. Studies have found that mutations in IGF-1R are uncommon causes of 

intrauterine and postnatal growth failure [72].  

http://www.reactome.org/
http://www.genome.jp/kegg/
http://www.wikipathways.org/
http://www.ncbi.nlm.nih.gov/gene
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As illustrated by the IGF-axis diagram (Figure 2.10) the binding of IGF-1 with IGF-1R leads to 

a cascade of several biological outcomes including glucose uptake, cell differentiation, 

proliferation, growth and survival [309]. The IGF-1 system is sensitive to maternal nutrition and 

fetal tissues and placenta are easily distressed by IUGR [236]. IGF-1R mediates IGF-1 and IGF-

2 action on prenatal growth and IGF-1 action on postnatal growth [296]. Findings show that SNPs 

of the IGF-1 receptor gene are related to left ventricular hypertrophy in patients with essential 

hypertension [86]. Genetic variants in IGF-1R have been associated with individual susceptibility 

to metabolic syndrome-related phenotypes, in particular on the risk of having insulin resistance 

and arterial hypertension [89].  

 

2.4.2.2 Insulin-like growth factor receptor 2 

IGF-2R (also referred to as IGF2R, MPR1, MPRI, CD222, CIMPR and M6P-R) is the second 

receptor in the IGF-axis pathway. This gene is located on chromosome 6 (6q26) and has detailed 

associations with membrane trafficking, lysosome and golgi vesicle activity by REACTOME 

(http://www.reactome.org), KEGG (http://www.genome.jp/kegg/) and NCBI 

(http://www.ncbi.nlm.nih.gov/gene). IGF-2R has been found to be associated with fetal growth 

[299]. Whilst I have established that IGF-2R acts as a secondary receptor for the processing of 

metabolic effects of IGF-2 (behind IGF-1R and insulin-receptor), it has been shown that IGF-2 

acts as a growth enhancer and is imprinted and expressed from the paternal allele in both humans 

and mice.  

 

However, IGF-2R acts to regulate IGF-2 function (i.e. as a growth regulator) imprinted and 

expressed from the maternal allele (in mice only) [232, 236]. This functioning reiterates the Haig 

Parental Conflict Hypothesis [235] outlined in section 2.3.4.5..  

 

http://www.reactome.org/
http://www.genome.jp/kegg/
http://www.ncbi.nlm.nih.gov/gene
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The action of IGF-2R adhering to IGF-2 fulfils the role of IGF-2R as a clearance receptor, 

reducing the levels of circulating IGF-2 in the cell. Here the impediment of IGF-2R function 

impairs IGF-2 clearance and results in embryonic overgrowth [236]. It is believed that 

mechanisms which restrain fetal growth (and protect maternal survival) may be inherited on 

mitochondrial DNA or maternally expressed genes such as IGF-2R [167]. IGF-2R mRNA 

expression was much higher in the intestinal type of cancer than in the diffuse type [303].  

 

2.4.3 Insulin-like growth factor binding proteins 

Whilst several IGF binding proteins are known to exist, most studies tend to focus on 6 IGFBP 

which tightly regulate IGF function [254, 265, 287, 293]. Overall IGFBPs are known to affect 

cell motility and adhesion, apoptosis, survival and cell cycle by aiding IGF (-1 and -2) transport 

and modulating their interactions with IGF receptors [260, 287].  IGFBP-1 (IGFBP1, AFBP; IBP1; 

PP12; IGF-BP25; hIGFBP-1) of chromosome 7 (7p13-p12) binds to IGF-1 with higher affinity 

than IGF-2 [294] and IGF-1R [310]. IGFBP-1, which is comparatively small, has been proposed 

to be the pivotal acute regulator of IGF-I activity [311].  

 

IGFBP-1 has the ability to either inhibit or potentiate the effects of IGFs, depending upon its state 

of phosphorylation. The non-phosphorylated state induces DNA synthesis in smooth muscle cells 

[254, 287] by stimulating IGF activity, whilst the phosphorylated state inhibits IGF action [271, 

284, 287, 289, 295, 310]. In studies involving pregnant women it has been observed that cord 

serum concentrations of IGFBP-1 were significantly negatively correlated with placental weight 

(in non-diabetic pregnancies) and both placental weight and birth weight (in diabetic pregnancies), 

which supports the idea that IGFBP-1 acts as a growth inhibitor in fetus of diabetic pregnancies 

[312].   
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The opposite is observed for IGFBP-2 (IGFBP2, IBP2; IGF-BP53) of chromosome 2 (2q33-q34) 

which binds to IGF-2 with a much higher affinity than IGF-1[254, 289]. The main function of 

IGFBP-2 is to inhibit IGF-2 function in vivo and in vitro [288, 313]. this has been illustrated with 

negative correlation with birth weight [75]. The dysregulation of IGFBP-2 has also been 

associated with a number of diseases and pathological alterations [313]. An intron of IGF2BP2 

has been identified as being a loci associated with type-2 diabetes [314].  

 

Both IGFBP-3 (IGFBP3, IBP3; BP-53) of chromosome 7 (7p13-p12) and IGFBP-4 (IGFBP4, 

BP-4; IBP4; IGFBP-4; HT29-IGFBP) of chromosome 17 (17q12-q21.1) bind to IGF-1 and IGF-

2 similarly[254]. However, IGFBP-3, like IGFBP-1, has the ability to either inhibit or augment 

IGF activity by controlling the binding of IGF-1 and IGF-1R [291]. IGF-BP3 are also known to 

maintain circulating IGF-1 levels in blood [309]. IGFBP-3 is a large protein forming a complex 

that is unable to cross the endothelium [311] to which the IGF-1 predominately binds [78]. It is 

interesting to note that cord serum concentrations of IGFBP-3 were significantly positively 

correlated with birth weight and placental weight in diabetic pregnancies when this was not 

evident in non-diabetic pregnancies. A negative correlation between IGFBP-1 and IGFBP-3 cord 

serum concentrations was apparent for those women that were diabetic throughout the duration 

of their pregnancies [312].  

 

Previous studies show a high correlation between IGFBP3 with IGF-1 and gestational age [315]. 

IGFBP-3 has also been found to increase with pubertal maturation [254] and levels of IGFBP-1 

and IGFBP-3 are found in heighted levels in taller children and lower levels in children of a 

shorter stature [316]. IGFBP1 has been shown to be inversely correlated to adiposity  [317]. 
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IGFBP-4 (of chromosome 17) has been shown to have an inhibitory effect in preventing the 

binding of IGF-1 with IGF-1R [289, 292]. Although not a great deal is known about the effects 

of IGFBP-4 it is believed that IGFBP-4 levels are greater amongst children with slower growth 

compared to children with normal growth [76]. IGFBP-5 (IGFBP5, IBP5) of chromosome 2 

(2q33-q36) has indicated having a stimulatory rather than an inhibitory effect on IGFs [254]. All 

IGF- binding proteins are associated with Myometrial Relaxation and diabetes and Contraction 

Pathways by REACTOME (http://www.reactome.org), WikiPathways 

(http://www.wikipathways.org) and NCBI (http://www.ncbi.nlm.nih.gov/gene).  

 

2.4.4 Insulin-like growth factor binding protein proteases 

The IGF-pathway also has IGF-binding protein proteases. These are not analysed as part of this 

PhD thesis so I will not expand on their function in detail. Broadly, IGFBP proteases do assist in 

overall functioning of the IGF-pathway. Several groups of proteases capable of cleaving specific 

IGFBPs have been identified, including kallikreins, cathepsins, and matrix metalloproteinases 

(MMPs) [318].  

 

2.5 Diseases 

It is relevant to recognize that disease prevalence is a consequence of the intersection of the 

genetic variation that represents a population with the possible histories of environmental 

exposures that each member of that population might have experienced [107]. For the purpose of 

this thesis the disease of interest is hypertension. Three project chapters in this thesis are dedicated 

to analysing blood pressure (BP) using a variety of approaches to elucidate the driving force 

behind hypertension predisposition. From reading literature on the IGF-axis I found that genes 

within this pathway have been associated with blood pressure [82, 85-87, 89, 91, 93, 282, 283, 

319-325].  

http://www.reactome.org/
http://www.wikipathways.org/
http://www.ncbi.nlm.nih.gov/gene
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Using a novel genetic network model I aim to find how the IGF axis as a functional unit potentially 

influences changes in blood pressure in children and adolescents (chapter five). Several genetic 

variants have been shown to influence adult blood pressure (and hypertension).  

 

 

I investigate these SNPs in children by fitting splines to model the non-linear blood pressure 

patterns (chapter six). Finally, using a GWAS in a consortium of cohorts with dedicated childhood 

measures I aim to identify the common genetic variants potentially responsible for the early onset 

of hypertension and if these variants are time and gender specific (chapter seven). In this section 

of the literature review I define hypertension. I also describe the importance of hypertension at 

the global scale and how it has been associated with DOHaD research, developmental growth and 

several other adult diseases. I provide a broad overview of the known association between BP and 

children.  

 

2.5.1 Disease outcome of interest: Hypertension 

Hypertension is a poorly understood complex polygenic non-communicable disease. On 16th May 

2012 the World Health Organisation released the World Health Statistics 2012 report which 

revealed that one in three adults worldwide has raised blood pressure. Hypertension contributes 

to premature mortality [1, 2] as the leading cause of morbidity and mortality from stroke, heart 

failure, coronary heart disease and renal failure [3-5, 9, 326]. The development of hypertension 

involves multiple mechanisms interplaying genetic and environmental effects [7-10]. 

Hypertension has been identified as an established risk factor for cardiovascular diseases [1, 15, 

327] and the most common risk factor, after diet, in developed and developing nations (Figure 

2.11). The term cardiovascular disease (CVDs) encompasses several diseases including coronary 

heart disease (CHD), strokes, rheumatic heart disease (RHD), cardiomyopathy as well as other 

heart diseases [328] together representing the leading cause of death (Figure 2.12) and disability 

in the world [329, 330].  
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Figure 2.11: Top 5 risk factors for global cause of death in (A) developing and (B) developed nations in 2010  [331] 
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Figure 2.12: Proportion of global NCD deaths under the age of 70 years, by cause of death, 
2008 [330] 

 

There are several reasons why complex diseases such as hypertension have still not been 

successfully understood despite numerous attempts. The first is the difficulty in defining an 

appropriate population to study when onset of severity of disease symptoms fluctuate with age. 

They may vary in their aetiological mechanisms, and involve different 

biological/metabolic/genetic pathways. This is important due to the fact that the complexity is 

likely to be caused by a large number of genes which singularly contribute little to overall relative 

risk [144]. Further reasons why hypertension still eludes researchers are detailed in Tables 2.3a 

and 2.3b.   

 

 

     Cancers      Cardiovascular disease

     Chronic respiratory diseases      Diabetes

     Digestive diseases      Other noncommunicable diseases
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2.5.2 The Developmental Origins of elevated blood pressure as a precursor for 

Hypertension 

A major aim of this thesis is to use the DOHaD paradigm as a means to better understand elevated 

blood pressure as a precursor of hypertension. Hypertension (raised or elevated blood pressure 

[BP]) is the leading cause of adult death and disability in the world [329, 330, 332]. Measured as 

Systolic Blood Pressure [SBP] and Diastolic Blood Pressure [DBP], conventional hypertension 

is defined as BP which exceeds 140[SBP]/90[DBP] mmHg respectively [333, 334]. Blood 

pressure is a complex trait regulated by an intricate network of physiological pathways involving 

extracellular fluid volume homeostasis, cardiac contractility and vascular tone through renal, 

neural or endocrine systems [335]. Untreated high BP, or hypertension is associated with 

increased mortality, and thus a better understanding of the pathophysiological and genetic 

underpinnings of BP regulation will have a major impact on public health [335]. Pathophysical 

and epidemiological evidence suggests hypertension and precursors of cardiovascular disease 

start at childhood [15, 16]. Studies illustrated that those individuals with low birth weight and 

small size as a product of reduced fetal growth (not due to premature birth) were at an increased 

risk of coronary heart disease with corresponding trends identified for hypertension [162, 222, 

336]. Studies have shown that early elevated levels of BP are likely to eventually become 

hypertension [17-19], hence act as an ideal predictor of elevated blood pressure, hypertension and 

the metabolic syndrome later in life [20, 21]. Other studies have shown the inverse relationship 

present between blood pressure and birth weight [163, 337].  

 

Barker showed low birth weight to be associated with raised blood pressure in childhood and 

adult life [162, 211]. Blood pressure (SBP and DBP) were highest amongst those who had been 

small babies with large placentas (and lowest in those who were large babies with small placentas). 

Such discordance between placental and fetal size may lead to circulatory adaptation in the fetus, 

altered arterial structure in the child, and hypertension in the adult.  
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Factor  Description 

Regression 

dilution 

Caused by the deviation in the observed value of a measured trait from its true ‘usual’ value. Traits such as blood pressure that are highly 

variable within an individual are particularly prone to regression dilution (sometimes termed ‘attenuation’). For these traits, a single measurement 

of the trait is unlikely to represent its true usual value. Achieving an accurate estimate requires that repeated measurements of the trait are 

obtained and averaged. An example of a trait that is not prone to regression dilution is height.  

Medication 

bias 

Occurs when effective treatments are used more frequently in persons carrying the high-risk alleles for a disease trait than in those who carry the 

low-risk alleles. Medication bias can potentially mask (or even reverse) the association between a genotype and the disease trait.  

Population 

stratification 

A type of confounding that occurs in genetic association studies when the frequencies of specific alleles and a disease trait differ between 

subgroups of the cohort being studied. Unless an accurate marker of these subgroups (such as ethnicity) is available as a covariate in analysis, it 

is possible that a genetic association with a disease trait could be falsely detected in pooled analyses. In genetic association studies involving 

different ethnic groups, it is common that data from these groups are meta-analysed to help overcome population stratification.  

Survival bias 

In ageing populations, those who carry the high-risk alleles for diseases such as hypertension may die sooner than those carrying the low-risk 

alleles. This phenomenon could potentially lead to a decline in the high-risk allele frequencies within the population and changes in the 

characteristics of the subgroup carrying the high-risk allele(s). As the penetrance of most genotypes for complex traits is less than complete, 

those who survive in the high-risk genotype group may be selectively protected from the disease trait and its adverse consequences (for example, 

death).  

Table 2.5a: Factors that potentially hinder the detection of genetic associations for primary hypertension [66] 
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Factor  Description 

Gene-gene 

interaction 

Interactions relate to the dependency of one exposure on another exposure for it to exert its effects. A statistical interaction is defined by 

the departure from additivity when the combined effects of the two exposures on an outcome are determined. When the exposures are both 

genes, the term ‘epistasis’ is often applied. The concept arises when the product of one gene (designated the modifier gene) either 

promotes or inhibits the transcription or translation of another gene.  

Gene- 

environment 

interaction 

Gene–environment interactions occur when the magnitude of the effect of an environmental exposure on the disease trait differs in 

magnitude by genotypes at a specific locus. As with epistasis, the interaction effect reflects the dependency of an environmental exposure 

on a genotype or vice versa. The word ‘environment’ is used liberally in this context to mean any factor to which the cell is exposed that 

cannot be directly classified as genetic.  

Common Disease- 

rare variants 

Although many subscribe to the view that most complex disease traits result from the collective action of a few common disease-

predisposing alleles, it is likely that the combination of rarer alleles also influences the development of disease traits. The tendency of the 

field to focus on common variants is partly owing to the difficulties of studying very large cohorts, which are necessary to study the effects 

of rare alleles with small effects.  

 

Table 2.5b: Factors that potentially hinder the detection of genetic associations for primary hypertension [66] 
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Maternal diabetes (with no paternal diabetes association ascertained) has also been found to be 

an important determinant of a child’s blood pressure, indicating that blood pressure could be 

affected while the child is still in utero [20]. Prevention of hypertension may depend on improving 

the nutrition and health of mothers [162, 211]. Average SBP and DBP increases with BMI as well 

as alcohol consumption. However, placental and birth weight had a much more sizeable 

relationship with blood pressure and hypertension independently of BMI and alcohol 

consumption [162]. Elevated blood pressure was also found in those children whose mothers also 

had high blood pressure; however, no such correlation was observed between child and father 

[162].    

 

Persistent elevation of blood pressure appears to be associated with interference with growth at 

any stage of gestation. This is thought to be due to the kidney by regulating fluid homeostasis and 

blood pressure. This major organ is proposed to be influenced by suboptimal nutrition in utero 

and consequently impacts on risk of hypertension [234].  

 

2.5.3 Association of blood pressure in children 

High BP has been shown to be a strong predictor of adolescent hypertension [7, 327] increasing 

with age [338]. The effects of elevated BP across childhood and adolescence have been shown 

previously [1-4, 7-10, 15-21, 327, 338-356]. For this thesis blood pressure is represented by 

Systolic and Diastolic blood pressure (SBP and DBP). These measures are complex phenotypes, 

with known environmental (age, body mass index, physical activity, dietary salt intake) and 

genetic risk factors [54, 68].   

 

In the study by Bao et al.  [7] comparing 1505 individuals two cross-sectional studies 15 years 

apart, found that children (aged between 5-14 years at the first study) had high correlation between 

their childhood and adult BP measures (r = 0.36 to 0.50 for systolic BP and r = 0.20 to 0.42 for 

diastolic BP), varying by race, sex, and age).  
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Despite the study participants being relatively young adults at the time of the second study (aged 

between 20-31 years) the prevalence of clinically diagnosed hypertension was much higher in 

subjects whose childhood BP was in the top quintile: 3.6 times (18% versus 5%) as high in systolic 

BP and 2.6 times (15% versus 5.8%) as high in diastolic BP, compared to subjects in every other 

quintile. They also found that of the 116 subjects who developed hypertension, 48% and 41% had 

elevated childhood systolic and diastolic BP, respectively. Which led the researchers to conclude 

that elevated BP levels persist over time and progress to adult hypertension [7].  

 

 

A more recent study based on the Bogalusa Heart Study published in 2010 by Chen et al. [357] 

found that adult hypertension was significantly associated with the standard deviation of 

childhood SBP (odds ratio) (95% confidence intervals) = 1.28 (1.09, 1.51), P = 0.002) and the 

standard deviation of childhood diastolic BP (DBP; 1.36 (1.16, 1.58), p-value < 0.001). When 

using adulthood BP levels as continuous dependent variables in linear regression models, 

adjusting for the same covariates, adulthood SBP and DBP levels were significantly associated 

with the standard deviation of childhood SBP (standardized regression coefficient beta = 

0.086, P < 0.001) and the standard deviation of childhood DBP (beta = 0.105, p-value < 0.001), 

respectively. This lead the researchers to conclude BP variations as well as levels in early life are 

predictive of adult hypertension, which underscore the childhood origin of the natural history of 

essential hypertension [357] - in agreement with the underlying hypothesis of this thesis.  

 

 

To avoid repetition and to remain focused on how blood pressure relates directly to the themes of 

this thesis I direct the reader to the introductory sections of chapters five to seven. Here literature 

and consistent findings of an association between BP with respect to the IGF-axis (chapter five) 

and children and adolescence (chapters six and seven) are summarized.   
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2.6 Genetic Networks 

Complex diseases such as hypertension, while common in the population, are also the more 

challenging to investigate [358]. I aim to identify potential predictors of elevated BP as a 

precursor of hypertension through several different techniques that will be detailed in chapter 

three.  

 

 

Namely these are meta-analyses of serial cross-sectional GWAS, spline models and gene-

networks. The latter present an analytic challenge due to the large number of SNPs and the 

complex, uncharacterized relationships among them [94]. I use gene-networks to model the 

relationship between IGF-pathway and systolic blood pressure (detailed in chapter five). In this 

section of the literature review I find it necessary to first state the importance of analysing a 

genetic network. Here I aim to provide a thorough review of the published literature which details 

the current approaches to analysing genetic networks. Considering these types of analyses are 

relatively novel, the current available literature is sparse so I will also address the many issues 

that arise when dealing with multiple SNPs of a single pathway.   

 

2.6.1 Genetic interactions 

A genetic interaction commonly refers to either a gene-gene or gene-environment interaction. 

Although it is said that genes are interacting, in the context of this thesis this could be referring 

to either gene-gene interactions or the interactions of SNPs. This may be where SNPs are 

interacting with other SNPs that are either in the same or different genes. The gene-environment 

interaction is usually a SNP of a certain gene of interest or a gene interacting with an 

environmental factor (section 2.2.3).   
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In statistical terms, this type of interaction relies on the concept of a linear model that describes 

the relationship between an outcome variable and a predictor variable or variables [359]. In 

epidemiological terms, an interaction is defined as a joint effect of one or more genes (or SNPs) 

with one or more environmental factors that cannot be readily explained by their separate 

marginal effects where the relative risk of disease in individuals with both the genetic and 

environmental risk factors is the product of the relative risks of each separately [358].   

2.6.1.1 Importance of genetic interactions 

Investigations into genetic interactions (gene-gene and/or gene environment interactions) are 

fundamentally important for understanding the genetic architecture of common complex traits 

and diseases [360-364]. Genetic interactions can be considered the logical next-step for following 

on from a GWAS. Whilst the genome-wide analyses have been a successful method of identifying 

SNPs associated with diseases of interest akin to ‘finding a needle in a haystack’ [365] individual 

genetic variants (SNPs) alone may have little or no effect on risk of disease, even for real 

associations. However, by assessing genetic variants together, as an interaction, they may carry 

more information about the disease phenotype and increase the risk substantially [366-371].  

 

 

Genetic factors function through a complex mechanism that involves a number of susceptibility 

genes and multiple environmental determinants [359, 372, 373]. Ignoring these interactions 

means the underlying effect might be missed [374] when the gene is examined in isolation without 

allowing for its potential interactions with other unknown factors [359]. Furthermore, due to the 

low or at best modest information content of individual SNPs, incorporating intrinsic connections 

among and between genes may improve the predictive accuracy of models [375, 376].   
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2.6.1.2 Current methods for analysing genetic interactions 

Several methods have been developed for identifying gene-gene and/or gene-environment 

interactions [364]. Statistical models of interaction include: linear, multiple and logistic 

regression [359].  

 

Traditional analysis approaches (such as logistic regression) have been commonly and widely 

used to test for main effects and simple pair wise interactions [358, 377, 378]. Data-mining 

approaches for detecting gene-gene interactions have been developed and listed previously [358, 

359, 364] including a random forest [379, 380] or tree-based approach (Monte Carlo logistic 

regression) inferring the relationship between disease status and a Boolean combination of SNPs 

[381], combinatorial partitioning method [382], stochastic search variable selection [383], the 

recursive partitioning methods [384-386], penalized logistic regression [387, 388], multifactor 

dimensionality reduction [389-391] and Bayesian networks [392].  

 

2.6.2 Multi-SNP analyses 

Most genetic association studies have used a single-locus analysis strategy, in which each variant 

is tested individually for association with a specific phenotype [359]. Simple single-marker tests 

used in genome-wide association studies (GWAS) have provided unparalleled opportunities for 

investigating the genetic architecture of complex diseases and have contributed to the discovery 

of many loci responsible for the variation observed in complex traits or disorders [393-395].  

 

However, most of the statistical methods that are recently being used consider only individual-

level predictors (i.e. SNPs and covariates) and ignore the hierarchical structure of the data and 

existence of interactions between loci/genes or pathway-level information. This contributes to the 

overall lack in success in genetic studies of complex diseases [360, 362]. The main effects of the 

identified genetic variants explain only a small proportion of the heritability of most complex 

diseases, motivating research interest in finding the remaining ‘missing’ heritability [148]. 
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Single SNP analysis is often criticized for its stringent significance threshold [150] and disregard 

of prior knowledge, which might lead to the detection of spurious effects (Type II errors) [396]. 

Risk factors found to be associated with a complex disease in one study often fail to replicate in 

another [358, 368]. This may be due to different linkage disequilibrium patterns with the true 

causal SNP(s) among different study populations [368]. Replication may not necessarily be better 

for gene-gene interactions, and this requirement for replication across studies may mean that 

important, potentially ‘real’ genetic effects are being missed or ignored [397]. Plausible 

interactions are sometimes ignored because traditional techniques break down as dimensionality 

increases [358]. However, modelling gene-gene and gene-environment interactions can increase 

the power to detect additional variants or genes and more accurately characterize observed genetic 

effects [360].  

 

There are a variety of multi-SNP analyses. Here two major types of multi-SNP analyses; (1) 

pathway-based analyses and (2) causal gene networks will be compared. For the purpose of this 

thesis I will focus on gene-networks upon which chapter five analyses are founded. I have defined 

both pathway-based analyses and gene-networks so that I can clearly distinguish between the two 

methods.  

 

2.6.3 Pathway-based analyses  

A pathway-based approach looks at sets of genes instead of one gene at a time. The collection of 

predefined gene sets for pathways are based on prior biological knowledge, usually defined by 

gene ontology [398] or from data relating to curated pathways (KEGG 

(http://www.genome.jp/kegg/)). The significance of each pathway can be summarized based on 

the disease association of markers in or near genes that are components of that pathway and 

verification of the functional pathway by enrichment analysis of gene expressions (microarray 

data) [395]. Biological pathway-based analysis is a complementary approach to single-point 

analyses [399].  

http://www.genome.jp/kegg/)
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Pathway-based or gene set enrichment analysis of GWAS datasets has emerged as an alternative 

but potentially powerful approach to searching for disease causal genes, assuming a complex 

disease might have resulted from a number of genes which disrupt one or more pathways or 

protein complexes [400].  

 

Gene Set Enrichment Analysis (GSEA) represents one of the initial approaches to assign 

biological meaning to a set of genes from a biological pathway rather than to individual genes to 

help functionally characterize large gene lists, by finding functionally coherent gene-sets, such as 

pathways, using gene expression data that are associated with phenotypes of interest [399, 401]. 

These analyses have been developed at the Broad Institute, MIT 

[http://www.broadinstitute.org/gsea/index.jsp] as an interactive software package which enables 

users to analyse, annotate and interpret gene enrichment results [402].  

 

Genome-wide association study pathway analyses (GWASPA) is another pathway-based 

approach analysing GWAS data by testing for association of a pathway rather than testing 

individual genes in order to identify multiple variants associated with disease in multiple related 

genes. Here variants individually do not necessarily meet the GWAS genome-wide significance 

threshold [399, 403].  

 

Grouping the SNPs by biological pathways allows for a biologically meaningful interpretation of 

the results [368]. As gene-gene and gene-environment interactions are known to play a crucial 

role in complex diseases, analysis methods that focus on pathways and incorporate prior 

biological knowledge can ultimately improve detection of true interaction [358].  

 

Detection and characterization of genetic interactions will help elucidate the biological and 

biochemical pathways that underpin disease. Including significant interactions in risk prediction 

models can have important implications for disease risk prediction and personalized medicine 

[360].  Most SNPs are either annotated or of unknown biological function, making it difficult to 

link putative associations with disease in a biological context [368].  

http://www.broadinstitute.org/gsea/index.jsp
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The integration of the modern high dimensional statistical methods and the specific form of 

genetic data and external biological knowledge will further improve the power to detect complex 

interactions [360]. Accounting for interactions among SNPs may explain a larger portion of this 

heritability [404], expanding our understanding of the genomics of human disease and 

personalized medicine [405]. It is biologically expected that genetic variants within a gene would 

influence the phenotype more similarly than those in different genes [371].  

 

2.6.4 Genetic networks 

A gene-network can be characterised in a magnitude of ways. For the purpose of this thesis I 

define a gene-network as the interaction between genes or the interaction of SNPs within the same 

or different genes.  

 

A gene-network differs from a pathway-based approach in that all genes in a gene-network do not 

necessarily have to come from the same underlying metabolic pathway. For example they could 

be a series of different genes which have all been shown to be associated with a particular outcome 

of interest [406]. Most human diseases and complex traits are highly heritable, where the 

aetiology of complex diseases is believed to involve a combination of biological, genetic and 

environmental factors which by themselves cannot cause a disease [358, 360, 407].  

 

Whilst these common, complex diseases tend to aggregate in families, they differ from monogenic 

disorders as there is no clear Mendelian mode of inheritance, with the disease unlikely to result 

from the effect of only one or a few genes [368, 407, 408]. However, environmental exposures 

often play an important role in susceptibility [408] where finding the relevant genes out of a large 

number of suspicious genes is difficult, especially since the expressions of genes are regulated in 

complex pathways that are influenced by many extra- and intracellular factors [407].  
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Gene-network analyses are relatively novel and complex. There is no standard approach or set 

protocol that has yet been established for generating a gene-network model. In broad terms, a 

gene-network analysis aims at supporting the identification of the regulatory interactions between 

genes in the hope to significantly contribute to identifying sets of genes linked by a particular 

phenotype of interest, in a potential cause-effect relationship [409-411]. Network analyses can be 

considered as a useful tool to provide novel biological hypotheses that can be specifically tested 

by biological experiments [409].  

 

There have been many different mathematical frameworks applied to model genetic interactions. 

Gene networks aim at representing and analysing potential regulatory interactions between genes. 

Gene networks are graphically represented as a set of nodes (nodes connected to each other by 

edges, which represent a biological interaction [412]) associated with gene expression levels, 

connected by edges representing the existence of an interaction between the connected nodes[409]. 

Such mathematical models are used to describe gene relationships, which distinguishes this model 

based network inference approach from association networks. Mathematical models allow using 

the inferred network for simulations aimed at predicting different scenarios, thus effectively 

enabling in silico experiments [409].  

 

2.6.4.1 Overview of methods used in gene-network analyses 

The publication by Chiang et al [413] used a combination of structural equation modelling and 

hierarchical clustering along with GWAS results to identify a genetic network topology in which 

the association between intellectual performance and brain microstructure was modelled. The 

recent study by Han et al. which used results from GWAS to assign the smallest p-value associated 

with a SNP in a given gene to give the ‘gene-level p-value’ to construct a gene-subnetwork 

underlying alcohol dependence.  
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The authors carried out an association analysis of the subnetwork and further validated their 

findings through functional analysis (of human protein-interaction data) [414]. Jia et al. [415] 

provided an overview of another type of gene-network analysis; network assisted analysis of 

GWAS data is to search for subnetworks that are both enriched with association signals and 

contain functional relationships [415]. The general method of the network-assisted analysis is to 

utilise the results from a GWAS (i.e. the SNP or gene-based p-values resulting from their 

association to a particular disease or phenotype of interest) and overlaying these on to a network. 

The network analyses is then performed to explore the characteristics of the network, search for 

subnetworks and identify important connections between genes of interest. This in itself can differ 

substantially depending on the available data and the type of interactions being assessed e.g. 

binary vs. quantitative, global vs. local or direct vs. indirect gene interactions or topological vs. 

genetic orientation or prioritisation vs. combination. [415].  Prioritisation is often formulated 

using network knowledge to analyse candidate disease genes. These genes are ranked in their 

likelihood to be associated with a certain disease and further validated via functional annotation, 

linkage and association data and published literature [416]. The resulting network is then 

evaluated using statistical tests and verified using functional analyses [415, 416].  

 

The logistic kernel machine test is another variation on the gene-network model, using prior 

biological pathway knowledge from KEGG[417], HAPGEN2[418] to help analyse GWAS data 

by converting genomic information from two individuals into a quantitative value representing 

their genetic similarity [419]. Genetic variants and their corresponding case-control status was 

simulated for all individuals and a pathway structure created by assigning genetic variants to 

genes (similar to chapter five). The network-based kernel is then applied to the simulated dataset 

[419].  

 

New software (such as GeneMANIA) has also been developed to model gene-networks using 

available functional data [420].  
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Another example, is the gene network study revealing the association between ADIPOR2 and 

CDH13 with ADIPOQ[410] where no formal mathematical or statistical analyses was used but 

rather the gene network was derived from functional databases such as (the Database on 

Interacting Proteins (DIP) [421], the Biomolecular Interaction Network Database (BIND) [422], 

the BioGRID interaction database (BIOGRID) [423], the Human Protein Reference Database 

(HPRD) [424], the IntAct Modelcular Interaction Database [425], KEGG [417], Reactome [426], 

Protein Interaction Network Analysis (PINA) [427], A gene network visualisation and analysis 

tool (BisoGenet)[428] and HumanNet [429])  producing a functional gene network based on 

known physical interactions between genes.  

 

2.6.5 Dealing with correlated data 

Despite the numerous benefits of multi-SNP analyses listed above, there are several disadvantages. 

The most common is the issue of correlated or multi-collinear data, where genetic variants are not 

independent of one another, causing further complications to analyses as detailed here. One 

primary limitation of analysing genetic networks is the high dimensionality with highly correlated 

features/SNPs that can hinder the power of the identification of small to moderate genetic effects 

in complex diseases[430]. Even with large sample sizes, these studies lack the statistical power 

to detect high order interactions using traditional methods [358].  

 

The most common way of analysing a pathway is by the linear model approach (as linear 

combination of individual gene effects). This method is generally considered insufficient to 

capture the relationship between these genes because activities of genes within a pathway are 

often complicated with genes within a pathway tended to interact with each other [431]. Again, 

the linear or logistic model encounters issues around multicollinearity, caused by neighbouring 

SNPs which are in linkage disequilibrium (LD). Logistic regression has some possibilities of 

misleading inference when dealing with empty or sparse cells [364].  
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These highly correlated SNPs are said to predict the outcome of one another and other nearby 

sites where alternate methods are required which are capable of automatically grouping these 

correlated SNPs prior to analysis rather than eliminating all but one SNP in highly correlated 

datasets [430]. Removing correlated SNPs is an option. This is employed in candidate gene 

approach/ principal component analysis where select subsets of correlated SNPs that capture 

multiple genotype variability in the region [432, 433] are utilized instead of the entire range of 

available genetic data.  

 

Large sample sizes are also needed for estimating parameters in order to avoid sparseness 

problems for modelling high-order interactions  [364]. By associating multiple datasets containing 

information about a patient’s phenotypic and genetic details, common features can be captured 

and an underlying genetic background of the complex disease (i.e. its molecular mechanism) will 

be revealed [407]. Prior biological knowledge can be incorporated into the model (for example, 

if the SNP is in the exon of a gene or a regulatory region) of association analysis, using 

hierarchical, mixed or multi-level models [434-436]. In this project the focus is on adaptive ridge 

regression analyses, which provide a natural and efficient way of integrating the external 

information about candidate genes into the analysis by allowing pooling of the information in the 

same genes and thus would provide more effective inference about the genetic effects  [360].  

 

2.7 Chapter summary 

In this chapter I have described the rationale of my research topic and how it is relevant in the 

current global climate of financial instability. I have comprehensively reviewed current and 

relevant literature relating to this thesis’s four cornerstone paradigms: genetic epidemiology, 

DOHaD, IGF-Axis and hypertension, highlighting linkages between themes where appropriate. 

The following chapter provides a summary of the methods and data (relating to both genetic and 

phenotypic information) used in this thesis.  
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 CHAPTER THREE 

MATERIALS AND METHODS 

 

3 There can be no knowledge without humility and the will to learn. 

Mahatma Gandhi 

3.1 Chapter overview 

The projects described in chapters’ four to seven are similar in that they each fundamentally use 

genetic and phenotypic outcomes to address the overall underlying hypothesis for this thesis - 

identifying genetic determinants of developmental origins of health and disease. However, it is 

important to note that the analyses differ substantially for each chapter. This is due to the type of 

genetic data used as well as the availability of phenotypes of interest, and cohorts they were 

subsequently analyzed in. A full recount of the methodology employed for each project is detailed 

in each chapter. However, there is an overlap in materials, particularly for all cohorts which are 

part of the EAGLE consortium as well as measures of BP which are used several times. All 

statistical models used in this thesis are versions or incarnations of the linear model, which are 

defined in this chapter.  

To prevent reiteration of information throughout this thesis and chapter I have divided this chapter 

into the following major components: 

(1) Study cohorts, collaborations and consortia  

(2) EAGLE: wiki, cohorts, BP working group, genetic data 

(3) An overview of statistical approaches applied in this thesis 

Firstly I detail the main study cohorts utilized. Here the main study cohorts listed in section 3.2 

were all used for candidate gene approach analyses (projects in chapters four, five and six). 

http://www.goodreads.com/author/show/4467789.Mahatma_Gandhi
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Cohorts involved in the meta-analysis of GWA studies are detailed in section 3.4. I have 

previously described the two major types of genetic analyses; candidate gene approach and 

genome-wide association studies (GWAS) in chapter two.  

 

The EAGLE Consortium comprises a massive reservoir of material for this thesis. I created the 

EAGLE wiki so detail its configuration here. I also played a large role in EAGLE BP project and 

delineate the cohorts that were used for the meta-analysis project (chapter seven). How systolic 

and diastolic blood pressure was recorded across the different cohorts of EAGLE along with 

technical summaries relating to genetic data (CGA and GWAS) collection and pre-processing are 

detailed in this chapter. Growth phenotypes may be briefly discussed in this chapter; however, 

this is detailed in-depth for each project chapter respectively. Finally, an overview of the diverse 

statistical methods used within this thesis is defined.  

 

3.2 Main study cohorts 

The main study cohort used in this thesis was the Western Australian Pregnancy Cohort (Raine) 

Study. This cohort was utilised as the discovery cohort in chapters four and five, as part of 

analogous analyses in chapter six and constituted a major component in meta-analyses of chapter 

seven.  

 

The Generation R cohort was used as the replication cohort in chapter four and again in meta-

analyses in chapter seven. The Avon Longitudinal Study of Parents and Children (ALSPAC) was 

utilised in Chapter six for parallel analysis of systolic blood pressure in children of Raine and 

ALSPAC. This cohort was again used in the meta-analyses of chapter seven.  
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3.2.1 Raine 

The Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia  

The Western Australian Pregnancy (Raine) Cohort Study, Perth, Australia, is an ongoing 

prospective study originally established to investigate how events during pregnancy and at the 

time of birth subsequently influence postnatal health, previously described in detail [437]. 

Between 1989 and 1991 2900 pregnant European women were recruited prior to 18-weeks 

gestation into a randomized controlled trial to evaluate the effects of repeated ultrasound in 

pregnancy. Recruitment predominantly took place at King Edward Memorial Hospital (Perth, 

Western Australia). Ninety percent of eligible women agreed to participate in the study[438].  

 

Women were randomized either to intensive ultrasound assessment (ultrasound biometry in 

addition to umbilicoplacental and uteroplacental Doppler flow velocity waveforms measurements 

at 18, 24, 28, 34 and 38 weeks gestation) or to a regular ultrasound assessment at 18-weeks with 

subsequent scans at the clinician’s discretion. Gestational age was based on the date of the last 

menstrual period unless there was discordance of more than seven days with ultrasound 

measurements at <18-weeks; in those cases (29.7%) the estimate was based on ultrasound 

biometry at 18-weeks gestation[437]. Maternal and paternal characteristics were self-reported by 

questionnaire. Research midwives recorded concurrent maternal medical conditions during 

pregnancy at recruitment and 34 weeks gestation.  

 

The study was conducted with appropriate institutional ethics approval, and written informed 

consent was obtained from all mothers. The cohort has been comprehensively phenotyped 

through pregnancy, childhood and adolescence. Information about fetal growth and its main 

determinants were repeatedly collected during pregnancy and at birth. Childhood follow-up 

measurements on anthropometrics, cardiovascular risk factors, medical conditions and behavioral 

and cognitive outcomes have frequently been performed until the age of 17 years.  
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Biological materials, including DNA, from the children have been collected during postnatal 

follow-up studies.  

3.3 Collaborations – Replication Cohorts 

Currently biomedical genetic research is able to take advantage of the abundance of data which 

is available at both the local and global level. In order to exploit these resources and make the 

research community aware of our findings one must collaborate with many cohorts. Replication 

is one of the more popular methods of collaboration between researchers, serving as a useful 

measure of validation. Association studies need to follow the standard principles of experimental 

design (match conditions of initial/discovery study as much as possible). This means the same 

SNPs, statistical tests and phenotypes need to be used in both the discovery and replication cohorts 

[96].  

 

The two replication cohorts used in this thesis are Generation R and ALSPAC. Generation R, to 

our knowledge, was the only cohort with several antenatal measures recorded during pregnancy 

comparable to those recorded in Raine. Hence, it provides the replication data for antenatal growth 

in this thesis. ALSPAC provides replication data on postnatal measures of growth. Whilst there 

are several European cohorts with postnatal outcomes on children available (such as those in 

EAGLE section 3.4.1) ALSPAC was the optimal collaborative cohort here. ALSPAC has a large 

sample size, had participants recruited at a similar time to Raine (therefore the children are of 

similar age), frequent follow-ups and similar phenotypes collected. Details for these cohorts are 

as follows.  
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3.3.1 Generation R 

The Generation R Study Group, Rotterdam, The Netherlands 

The Generation R Study Group (Rotterdam, The Netherlands) is a population-based prospective 

cohort study with assessments from fetal life up to age four years. Recruitment of the Generation 

R cohort has previously been described in detail [439-441]. Following local ethics board approval, 

9778 mothers with a delivery date between April 2002 and January 2006 were recruited from two 

hospitals, eight midwifery practices and 16 child health centers in Rotterdam (The Netherlands) 

to identify early environmental and genetic causes of normal and abnormal growth, development 

and health.  

Detailed assessments were performed using ultrasound and physical examinations, fetal 

ultrasound examinations, questionnaires, detailed hands on measurements and behavioural 

observations, biological samples and advanced imaging techniques. DNA from both parents has 

been collected during pregnancy and from the children at birth. The study has been approved by 

the Medical Ethics Committee of the Erasmus Medical Center, Rotterdam. Written informed 

consent was obtained from all participants or their parent(s). The cohort has been shown to be 

representative of the antenatal population in Rotterdam [442].  

  

3.3.2 ALSPAC 

The Avon Longitudinal Study of Parents and Children Bristol, UK  

ALSPAC is a longitudinal population-based birth cohort that recruited pregnant women residing 

in Avon, UK, with an expected delivery date between 1st April 1991 and 31st December 1992. 

This is a geographically defined population from the West of England, collected as part of the 

European Longitudinal Study of Pregnancy and Childhood (ELSPAC). The cohort has been 

followed since the 8th gestational week and at various ages. The cohort, including its 

representativeness, is described in detail on the website http://www.alspac.bris.ac.uk and 

elsewhere [443, 444].  
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Detailed data on pregnancy (clinical and biological markers including maternal blood samples), 

birth, child growth, socioeconomic circumstances and outcome (blood pressure, lipids, weight 

and height) are available. More detailed nutritional data are available for about 1,000 children. 

Ethical approval was obtained from the ALSPAC Law and Ethics committee and relevant local 

ethics committees.  

 

3.4 Collaborations – International Consortia 

The arrival of GWA data has meant there is much more data to contend with (2.5 million SNPs 

per outcome for GWAS conducted in this thesis). This has increased the need for larger sample 

sizes to identify true genetic effects. Networks of collaborative GWA studies involving different 

study samples and multiple phenotypes have been established to pool data to achieve similar aims 

[445], simultaneously increasing opportunities to create and develop novel methods to analyze 

GWAS data. Here EAGLE, an early life consortium and two adult consortia; CHARGE (Cohorts 

for Heart and Aging Research in Genomic Epidemiology) and ICBP (International Consortium 

of Blood Pressure) will be discussed.  

 

3.4.1 EAGLE 

The EArly Genetics and Lifecourse Epidemiology (EAGLE) Consortium is an international 

consortium of pregnancy and birth cohorts. EAGLE was organised as a way to combine efforts 

from multiple similar European cohorts that aim to collaborate to investigate the genetic basis of 

phenotypes in antenatal, early life and childhood. Here EAGLE, an early life consortium 

established to address several hypotheses underlying the DOHaD paradigm will be detailed. 

EAGLE covers a broad range of pathways and phenotypes which are detailed in Appendix A.I.ii. 

Despite EAGLE being a relatively new consortium many publications have been produced, some 

of which have recently accepted by Nature Genetics [198, 446].  
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3.4.1.1 Inclusion criteria 

Cohort selection is primary based on the availability of genome wide association (GWA) data. 

EAGLE is open to participation of cohorts without GWA data for replication and other purposes. 

The criteria adopted for membership of the core strategic alliance were that: cohorts should be 

birth or pregnancy cohorts, be population-base and have GWAS data available by July 1st 2009. 

As other cohorts acquire GWA data, they can participate in EAGLE.  The criteria for membership 

were flexible and reviewed regularly.  

 

3.4.1.2 Overview 

The EAGLE Consortium was divided into working groups each encompassing a phenotype or 

disease outcome of interest (Figure 3.1). In some cases multiple phenotypes were summarized 

under a single working group (for example, Early Growth Genetics (EGG) included fetal, infant 

and pubertal growth outcomes). Each working group was allocated one to three leaders who were 

experts in their respective field with the provision of a statistical or analytic c lead. Each 

participating cohort provided two contacts that represented their cohort and acted as the first point 

of contact for collaborative purposes.  

 

3.4.1.3 Participating Cohorts 

1) The Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia 

2) The Generation R Study Group, Rotterdam, the Netherlands 

3) The Avon Longitudinal Study of Parents and Children (ALSPAC), Bristol, UK 
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4) Lisa Plus, Influence of life-style factors on the development of the immune system and 

allergies in East and West Germany Plus the influence of traffic emissions and genetics, 

Neuherberg, Germany 

5) The Cardiovascular Risk in Young Finns Study (YFS), Turku, Finland 

6) Spanish INMA—INfancia y Medio Ambiente—(Environment and Childhood), Barcelona, 

Catalonia, Spain 

7) Australian Twin Register (ATR), Brisbane, Queensland, Australia 

8) The 1958 British Birth Cohort, London, United Kingdom (1958BC)  

9) The Copenhagen Study on Asthma in Childhood, Copenhagen, Denmark (COPSAC) 

10) The Helsinki Birth Cohort Study, Helsinki, Finland (HBCS) 

11) The Netherlands Twin Register, Amsterdam, the Netherlands (NTR) 

12) The Northern Finland Birth Cohort Study 1966, London, United Kingdom (NFBC66) 

13) The Norwegian Mother and Child Cohort Study, Oslo, Norway (Moba) 

Details on participating cohorts 1-7 who contributed GWAS data are found in section 3.4.1.3 and 

EAGLE Blood Pressure working groups 3.4.2. Details on those EAGLE cohorts who were 

involved with the Blood Pressure working group (8-13) but did not contribute data can be found 

in appendix A.I.i.  
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3.4.1.4 Working groups 

The EAGLE consortium was modelled closely on the CHARGE consortium model [447] and 

essentially provides a framework for collaboration. The governance structure of EAGLE includes 

a management committee co-Chaired by Lyle Palmer and Cornelia van Duijn; however all of the 

actual research and collaboration takes place within working groups.  

 

Several major working groups were established, with sub-groups being contained within each. A 

table relating to working groups and their leaders is in appendix A.I.ii. It was important to allow 

each group leader to take control of their working group sub-page embedded in the EAGLE wiki. 

As administrator I allocated usernames and passwords at the level of working group member and 

working group leader (Table 3.1).  

 

Figure 3.1: EAGLE working groups  
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3.4.1.5 My role in EAGLE 

I had two significant roles within EAGLE. I was appointed as the EAGLE wiki site developer and 

administrator. I was also one of the project leaders for the EAGLE Blood Pressure working group. 

My role as the EAGLE wiki developer was to create a fully functional and interactive webpage 

which serviced both EAGLE members and the general public. This required multiple levels of 

security (section 3.4.1.6). As administrator I was continually in communication with several 

parties, from project leaders and data analysts to administration staff of each cohort. In this role I 

circulated important information regarding steering committee meetings, conferences and 

working group protocols.  

 

Developing the wiki site enabled me to become familiar with the cohorts which joined EAGLE. 

Here I constructed summaries about the cohort which were displayed on the main wiki page. I 

also become familiar with the type of data each cohort collected. Many of them also contributed 

to the EAGLE Blood Pressure project. My role as a project lead for the EAGLE Blood Pressure 

working group included being the key administrator and analyst for the group. I organised and 

facilitated communication within the group in the form of emails, teleconferences, meeting 

agendas and minutes. All GWAS files were sent to me (via secure depository sites) from which I 

conducted a meta-analysis. I also summarised the results of these meta-analyses and produced a 

complete manuscript draft which was circulated to the BP working group members.  

 

3.4.1.6 EAGLE wiki 

The EAGLE wiki was originally developed in Confluence (http://www.atlassian.com) a 

collaborative software package which enables multiple users to edit and manipulate pages within 

each self-contained wiki site. Code for this site can be found in appendices section A.I.iii.  

http://www.atlassian.com/
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This proved to be an ideal package to use for the numerous working groups that were established 

within the EAGLE Consortium. This allowed me to manipulate accessibility to ‘internal’ wiki 

pages to those who were members of certain groups and restrict those who were not.  

 

Further detail is provided in Table 3.1. The wiki page had a global front page which was accessible 

by the general public. Its purpose was to provide general knowledge about the consortium and 

state key working groups and contact representatives for international groups to collaborate with. 

A generic username and password was then sent to individuals associated with a cohort who met 

the requirements to join EAGLE. These members were entitled to see consortium documentation 

such as working group principles. They were also provided with updates about the consortium 

with regards to steering meeting outcomes and upcoming meetings and conferences.  

 

Table 3.1 above highlights the differences in accessibility of the wiki site. In order to differentiate 

between the different working groups each group was given a unique username and password. In 

addition to the same privileges as a general EAGLE member these individuals had access to their 

working group sub-page and any documentation put on this page. These members could not 

remove or edit their wiki subpage but were able to upload relevant documents if their working 

group leaders enabled their page to do so.  

 

Leaders of working groups were able to edit their own project subpage embedded within the wiki 

site as if it were a stand-alone webpage. The site was capable of uploading documentation 

including agendas, minutes, relevant publications, study protocols and analytic plans.  
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Online editing of documents with the wiki including excel spreadsheets (which could be amended 

by anyone within the working group) allowed for fast and efficient sharing of simple cohort 

statistics and manuscript outlines. Actual data (genetic or phenotypic) was not encouraged to be 

uploaded to the wiki (despite the website belonging to a secure and private domain) due to the 

sensitivity of the data. The wiki was organized in the form of a hierarchy, with main ‘front’ pages 

available to the public and subpages sequentially becoming more private (Figure 3.2).  

 

3.4.2 EAGLE Blood Pressure Working Group 

The EAGLE Blood Pressure Working Group utilises GWAS data from the following studies: The 

Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia; The Generation R 

Study Group Rotterdam, the Netherlands; The Avon Longitudinal Study of Parents and Children 

(ALSPAC), Bristol, UK; Lisa Plus, Neuherberg, Germany: The Cardiovascular Risk in Young 

Finns Study (YFS), Turku, Finland; Spanish INMA—INfancia y Medio Ambiente—

(Environment and Childhood) Barcelona, Catalonia, Spain; Australian Twin Register (ATR), 

Brisbane, Queensland, Australia All of these cohorts are well established studies on children of 

European descent from the United Kingdom, Europe and Australia. Further details can be found 

via the EAGLE webpage http://research.lunenfeld.ca/eagle/ which I initially developed and 

maintained. Raine, Generation R and ALSPAC have all been described in section 3.2. Here the 

remaining cohorts; Lisa Plus, YFS, INMA and ATR are described.  

 

 

 

 

 

http://research.lunenfeld.ca/eagle/
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Personnel Privileges 

EAGLE wiki 
developer/administrator 

Priya Parmar 

[June 2009 – June 2011] 

Access to entire wiki and subpages. 

Ability to upload/download, edit and remove documentation on 
any page within the EAGLE wiki. 

Has total control over the wiki. Able to grant access privileges 
to any EAGLE member. Ultimately monitors the site to ensure 

functionality and flexibility of wiki pages for all project 
groups. 

EAGLE Chairperson 

Lyle Palmer and 

Cornelia van Duijn 

Provided with the ability to access EAGLE wiki and all 
subpages. 

Able to upload documentation to the main wiki pages 
(principles, inclusion criteria) 

EAGLE Working group 
leader 

Provided with the ability to access EAGLE wiki, general 
internal pages and control their specific subpage. 

Able to upload/download, link to external sources, edit and 
manipulate documentation on their working group wiki page 

and create subpages within this project page. 

EAGLE Working group 
member 

Provided with the ability to access EAGLE wiki, general 
internal pages and view their specific subpage. 

Able to download documentation on their working group wiki 
page and view subpages created within this project page. 

Unable to upload, edit or manipulate any documentation on or 
within the wiki. 

General EAGLE member 

Provided with the ability to access EAGLE wiki internal pages. 

No access to working group subpages until contact is made 
with EAGLE administrator or working group leader about 

joining that respective group. Collaborative purpose and cohort 
data availability for contribution would have to be stated. 

General public 

Access to front ‘global’ page only. 

Attempts to view wiki subpages or EAGLE documentation 
would result in a block site stating access to internal pages 

within the wiki was only available to EAGLE members and 
presented details on how to become an EAGLE member. 

Table 3.1: EAGLE wiki site access and privileges by membership type  
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Figure 3.2: Illustration of EAGLE wiki page user access and privileges  

Levels of security are defined by color with green indicating general access, orange indicating working group member access and red indicating the 

highest level of security reserved for the EAGLE administrator (originally this was myself during 2009-2011) and working groups leaders. Full names 

for cohorts can be found in the Abbreviations section of this thesis.  
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3.4.2.1 Lisa Plus 

Influence of life-style factors on the development of the immune system and allergies in East and 

West Germany Plus the influence of traffic emissions and genetics, Neuherberg, Germany 

The influence of Life-style factors on the development of the Immune System and Allergies in 

East and West Germany PLUS the influence of traffic emissions and genetics (LISAplus) Study 

is a population based birth cohort study. A total of 3097 healthy, full term neonates were recruited 

between November 1997 and January 1999 from 4 German cities: Munich, Leipzig, Wesel, and 

Bad Honnef [448]. Questionnaire data were obtained shortly after delivery and subsequently at 

regular time intervals during early life. Main outcomes are asthma, atopy, anthropometrics and 

metabolic phenotypes, with measurements currently until the age of 10 years. Blood samples for 

both phenotype measurements and DNA collection have been collected at the age of 2 years. The 

study was conducted with appropriate institutional ethics approval, and written informed consent 

was obtained from parents at follow-ups.  

 

3.4.2.2 YFS 

The Cardiovascular Risk in Young Finns Study, Turku, Finland  

Cardiovascular Risk in Young Finns (YFS) is an ongoing collaborative study between five 

Finnish university medical schools (Helsinki, Turku, Oulu, Kuopio, and Tampere) of risk factors 

for atherosclerosis. The baseline cross-sectional study was carried out in 1980, including 3596 

subjects at ages 3, 6, 9, 12, 15, and 18. Between 1980 and 1992, these subjects were followed up 

at 3-year intervals, and then as adults in 2001 and 2007 [449]. Informed consent was collected 

from all study participants. The study design was approved by the local ethics committee. Further 

details about this study can be found at the study website http://youngfinnsstudy.utu.fi/.  

 

http://youngfinnsstudy.utu.fi/


98 
 

3.4.2.3 INMA 

Spanish INMA—INfancia y Medio Ambiente, Barcelona, Catalonia, Spain  

The INMA Project is a prospective population-based birth cohort study examining associations 

between pre- and post-natal environmental exposures and growth, health and development of 

children from early life through adolescence ([450], www.proyectoinma.org). INMA is a multi-

site study, and the present proposal is focused in INMA Valencia. Mothers were eligible for 

participation based on the following inclusion criteria: (i) residency in one of the study areas, (ii) 

at least 16 years of age at time of enrolment, (iii) having a singleton pregnancy, (iv) to not have 

followed any program of assisted reproduction, (v) a plan to deliver in the reference hospital, and 

(vi) had the ability to communicate with study personnel.  

 

Recruitment took place during the first pre-natal visit (10–13 weeks of gestation) in the main 

public hospital or health centre of each study area from 2003 to 2005.A recruitment questionnaire 

in the first trimester of pregnancy was followed by additional questionnaires and in-person 

evaluations completed during the third trimester, at birth, at 1 year, and at 4.5 years. DNA was 

obtained from cord blood using the Chemagen protocol at the Spanish National Genotyping 

Centre (CEGEN) Barcelona-node.   

3.4.2.4 ATR 

Australian Twin Register, Brisbane, Queensland, Australia 

Twins were initially recruited through the ongoing Australian Twin Register (1992-2012) where 

twins were evaluated for melanoma risk factors [451] at ages twelve and fourteen, and for 

cognitive variables [452] at age sixteen. Data were also gathered from non-twin siblings, with 

families comprising up to four non-twin siblings. The participants are ascertained from schools 

in south-east Queensland and are of mainly European extraction, most with Anglo-Celtic 

ancestry. Blood samples are obtained for zygosity confirmation and DNA extraction.  
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Ethics approval for this study was received from the Human Research Ethics Committee of the 

Queensland Institute of Medical Research. Written informed consent was obtained from each 

participant and their parent/guardian (if younger than 18 years) prior to testing and participants 

agreed to donate a blood sample for DNA isolation and genotyping.  

 

3.5 Genetic data 

Genetic data is featured heavily throughout this thesis, contributing to every project chapter. 

Chapters’ four to six utilize SNPs using the candidate-gene approach where chapters four and five 

use SNPs from the insulin-like growth factor pathway only. Chapter seven used GWAS data. 

Here I detail data collection and pre-processing protocols implemented in each cohort.  

 

3.5.1 Genotyping of candidate genes from the IGF-axis 

Genetic associations between polymorphisms of genes of the IGF-axis comprise two out of four 

project chapters in this thesis. IGF-axis SNPs were selecting using the candidate-gene approach. 

These are outlined in detail in the following sections (3.5.1.1-3.5.1.2) for Raine and Generation 

R respectively.  

3.5.1.1 Raine 

DNA was purified from peripheral blood using standard protocols in both cohorts. Nine candidate 

genes were selected in the IGF-axis: two ligands, IGF-1 and IGF-2; two IGF receptors, IGF-1R 

and IGF-2R; and five IGF binding proteins, IGFBP1 to IGFBP5.  IGFBP6-10 were not selecting 

for genotyping as this stage. A multistep process was used to select SNPs in these genes.  In brief, 

this gene-based approach entails (a) the selection of common tagging SNPs that best describe the 

haplotype diversity of the human genome in our population and (b) the selection of SNPs that are 

functionally relevant in the IGF-axis pathway.  
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Computational programs such as SIFT, PolyPhen and SWISSProt (thresholds are listed in Table 

3.5) were then utilised to characterize and model the consequences of SNPs to ensure sensitivity 

of evolutionary conservation, protein alignment and function. The Promoalign tool was used to 

identify upstream regulatory regions of genes and NetPhos to find SNPs potentially altering the 

phosphorylation patterns of proteins. Using this process, 165 SNPs were identified in the nine 

candidate genes in the IGF-axis. Genotyping was performed at Centre for Applied Genomics 

(Toronto, Ontario, Canada). SNPs were uploaded to Illumina's Assay Design Tool (ADT) 

(http://www.illumina.com/) for probe design resulting in a custom panel.  A total of 5 μl of 

50ng/μl in 10mM Tris-HCL pH 8.0, 1mM EDTA of genomic DNA underwent an allele specific 

oligonucleotide hybridization followed by extension and ligation.  

 

A universal PCR step for all 1,536 loci followed with primers labelled with either Cy3 (primer 1) 

or Cy2 (primer 2). The amplified products were then hybridized to a sentrix array matrix (SAM) 

and scanned using the Illumina BeadArray Reader (BAR) (Illumina, San Diego, CA).  The 

resulting data was analyzed with Beadstudio v.3.0 using the default parameters.  Only SNPs with 

GenCall scores >0.25 were called and samples were discarded if call rates were below 85%.  

 

3.5.1.2 Generation R 

Cord blood for DNA isolation was available in 59% of all live-born participating children. Sex-

mismatch rate between genome based sex and midwives’ record based sex was low (<0.5%), 

indicating that possible contamination of maternal DNA was extremely low. Missing cord blood 

samples were mainly due to logistical constraints at the delivery. Individual genotype data were 

extracted from the genome-wide Illumina 610 Quad Array. Genotype data were imputed against 

Hapmap phase2 build 36 release 22 using MACH after quality control (MAF>1%, HWE>1x10-6, 

call rate per SNP and person >95%). Genome-wide association analysis of the systolic and 

diastolic blood pressure phenotype was carried out in MACH2QTL. 
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Prediction tools Score thresholds 

Human dataset 

References 
Sensitivity Specificity Accuracy* Balanced  

accuracy** No prediction 

PROVEAN 
-2.282 78.39 79.11 78.85 78.75 

0 Choi et al., 2012 [453] 
http://provean.jcvi.org/index.php  -1.5 86.65 68.84 75.27 77.74 

Mutation Assessor 
0.8 96.54 40.59 60.9 68.57 317 Reva et al., 2011 [454] 

http://mutationassessor.org/  1.9 85.29 71.02 76.2 78.15 -0.55% 

SIFT 0.05 85.03 68.95 74.77 76.99 
1147 Kumar et al., 2009 [455] 

http://sift.jcvi.org/  -1.99% 

PolyPhen-2 0.432 88.68 62.45 72 75.56 
2279 Adzhubei et al., 2010 [456]  

http://genetics.bwh.harvard.edu/pph2/   -3.95% 

Condel web server 0.469 93.84 46.23 64.67 70.04 
7194 González-Pérez and López-Bigas, 

2011 [457]  
http://bg.upf.edu/fannsdb/  

-12.48% 

Table 3.2: Prediction accuracy of PROVEAN, Mutation Assessor, SIFT, PolyPhen-2, and Condel for the Uniprot human protein variant datasets. Adapted 
from http://provean.jcvi.org/about.v1.0.php  

*Accuracy=(TP + TN)/(TP + TN + FP + FN); affected by potential unequal sizes of deleterious and neutral datasets 
**Balanced Acurracy=(Sn + Sp)/2; unaffected by potential unequal sizes of deleterious and neutral datasets 
 

http://provean.jcvi.org/index.php
http://mutationassessor.org/
http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://bg.upf.edu/fannsdb/
http://provean.jcvi.org/about.v1.0.php
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3.5.2 Cohorts with GWAS data 

Descriptions of GWAS collected across EAGLE BP working group are listed here and tabulated 

in Tables 3.2a and 3.2b.  

3.5.3 Raine 

DNA was collected at the year 14 (74% of all adolescents) and year 17 (additional 5% of all 

adolescents) follow-ups using standardized procedures. High throughput genome-wide SNP 

genotyping using the genome‐wide Illumina 660 Quad Array was performed for each individual. 

Genotype data were imputed against Hapmap phase2 build 36 release 22 using MACH v1.0.16 

after quality control (MAF>1%, HWE>5x10-7, call rate per SNP and person >95%). Genome-

wide association analysis of the systolic and diastolic blood pressure phenotype was carried out 

in mach2dat. Principal components analysis of genome-wide SNP data with EIGENSTRAT [458] 

has revealed evidence of population stratification in the Raine sample, and so the first two 

principal components were included as cofactors in all analyses, unless stated elsewhere.  This 

procedure has been used previously in genetic analyses of the Raine cohort [459, 460].  

3.5.4 Generation R 

Analyses were restricted to Caucasian individuals with genome-wide data, see description in 

section 3.5.1.2.  

 

3.5.5 ALSPAC 

Within ALSPAC, subjects were genotyped using the Illumina HumanHap550 quad genome-wide 

SNP genotyping platform by 23andMe subcontracting the Wellcome Trust Sanger Institute, 

Cambridge, UK and the Laboratory Corporation of America, Burlington, NC, US. Individuals 

were excluded on the basis of having incorrect gender assignments; minimal or excessive 

heterozygosity (<0.32 and >0.345 for the Sanger data and <0.31 and >0.33 for the LabCorp data).  
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Disproportionate levels of individual missingness (>3%); evidence of cryptic relatedness (>10% 

IBD) and being of non-European ancestry (EIGENSTRAT analysis revealed no additional 

obvious population stratification and genome-wide analyses with other phenotypes indicate a low 

lambda). The resulting dataset consisted of 8,365 individuals. SNPs with a minor allele frequency 

of <1% and call rate of <95% were removed. Furthermore, only SNPs which passed an exact test 

of HWE>5x10-7) were considered for analysis. Genotypes were subsequently imputed with 

MACH 1.0.16 Markov Chain Haplotyping software; using CEPH individuals from phase 2 of the 

HapMap project as a reference set (release 22).  

3.5.6 Lisa Plus 

DNA was collected at the age 6 and 10 years from the Munich subgroup using standardised 

procedures and analysed using the Affymetrix Human SNP Array 5.0 for each individual. 

Genome-wide genotypes were called using BRLMM-P algorithm and imputed in IMPUTE [461] 

against Hapmap phase2 build 36 release 22 after quality control (MAF>1%, HWE>1x10-2, call 

rate per SNP and person >95%). Children were included in the analysis, if they had participated 

in the follow-up examination at age 10 years in and had valid measurements of blood pressure, 

height, and weight as well as genome-wide data available. Blood pressure was transformed to z-

scores and genome-wide association analysis was conducted using SNPTEST assuming an 

additive genetic effect.  

3.5.7 YFS 

High throughput genome-wide SNP genotyping using the genome‐wide Illumina 670K SNP chip 

at the Wellcome Trust Sanger Centre was performed for each individual. Genotype data were 

imputed against Hapmap phase2 build 36 release 22 using MACH after quality control (MAF>1%, 

HWE>1x10-6, call rate per SNP and person >95%). Genome-wide association analysis of the SBP 

and DBP phenotype was carried out in ProAbel. This cohort contributed to the pre-pubertal epoch 

(N = 400, mean age = 6 years) and the pubertal epoch (N = 842, mean age = 10.5 years).  
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3.5.8 INMA 

Children whose parents reported to be white and to be born in Spain or in European countries 

were selected for genotyping. Genome-wide genotyping was performed using the HumanOmni1-

Quad Beadchip (Illumina) at CEGEN. Genotype calling was done with the GeneTrain2.0 

algorithm based on HapMap clusters implemented in the Genome Studio software. The following 

initial quality control thresholds were applied: sample call rate>98% and/or LRR SD<0.3 

(excluded: N=4 from INMA-Valencia). PLINK was used for the genetic data quality control. Data 

checks were conducted for sex, relatedness, heterozygosity and population stratification. All 

subjects grouped in one cluster. Genetic variants were filtered for SNP call rate>95%, MAF>1% 

and HWE>1x10-6, prior to imputation with IMPUTE v.2 using HapMap CEU release 22. Imputed 

data was not filtered by imputation quality. Analyses were performed with the SNPTEST program.   

 

3.5.9 ATR 

High throughput genome-wide SNP genotyping using the genome‐wide Illumina Human610-

Quadv1 Array was performed for each individual. Genotype data were imputed against HapMap 

phase2 build 36 release 22 using MACH v1.0 after quality control (MAF>1%, HWE>1x10-6, call 

rate per SNP and person >95%).  

 

Genome-wide association analysis of the SBP and DBP phenotype was carried out in MERLIN 

v1.1.2. Prior to the GWAS, 12 ethnic outliers were excluded using Principal components analysis 

of genome-wide SNP data with Eigenstrat. Zygosity was assessed using nine polymorphic DNA 

microsatellite markers (AmpF1STR Profiler Plus Amplification Kit, Applied Biosystems, Foster 

City, CA, USA) and three blood groups (ABO, MNS and Rh), giving a probability of correct 

assignment >99.99%[462]. This cohort contributed to the pubertal epoch (N = 298, mean age = 

12.1 years) and post-pubertal epoch (N = 117, mean age = 16.0 years).  
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3.5.10 Sequencing 

Prior to the advent of next-generation sequencing technology, genomics initially was concerned 

with studying genomes that were tractable from the standpoint of size and repetitive content (e.g., 

viruses and bacteria) and with characterization of single genes associated with disease[463]. Next-

generation sequencing machines can now sequence the entire human genome in a few days, and 

this capability has inspired a flood of new projects that are aimed at sequencing the genomes of 

thousands of individual humans[464].  

 

Recent advances in next-generation sequencing technology now provide the first cost-effective 

approach to large-scale resequencing of human samples for medical and population genetics [465] 

where many novel computational tools have been developed to map next-generation sequencing 

reads to genomes and to reconstruct genomes and transcriptomes [464, 466-469]. Analytical 

approaches are equally critical for successful interpretation of those data as the techniques to 

produce the next-generation sequencing data that address biological questions [463]. Such 

analytical methods are tested and presented in this PhD thesis, particularly the implementation of 

the novel two-stage gene-network model (chapter five). 

 

3.6 Disease outcome of interest; elevated blood pressure as a precursor for Hypertension 

To measure early onset hypertension in children I used systolic and diastolic blood pressure from 

children in both the Raine study and the EAGLE Consortium. The ages when this data was 

collected as well as the number of measures taken, machinery used and protocol employed (where 

available) for each study is listed here.  
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Table 3.3a: Technical Details of Genotyping and SNP Exclusion by study 

Raine; The Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia. GenR; The Generation R Study Group, Rotterdam, The Netherlands. ALSPAC; 
The Avon Longitudinal Study of Parents and Children Bristol, UK. Lisa Plus; Influence of life-style factors on the development of the immune system and allergies 
in East and West Germany Plus the influence of traffic emissions and genetics, Neuherberg, Germany. YFS; The Cardiovascular Risk in Young Finns Study, Turku, 
Finland . INMA; Spanish INMA—INfancia y Medio Ambiente, Barcelona, Catalonia, Spain. ATR; Australian Twin Register  

Study Raine Generation R ALSPAC Lisa Plus YFS INMA ATR 
GENOTYPING 

Array type/ 
Genotyping 
platform & 
SNP panel 

Illumina 
Human660W 
Quad Array 

Illumino 610k 
Quad array 

Illumina 
HumanHap550 

Affymetrix 
Human SNP 

Array 5.0 

Illumina 670k 
custom 

HumanOmni1-
Quad Beadchip 

(Illumina) 

Illumina 
Human610-

Quadv1 Array 

In silico/de novo In silico In silico In silico In silico In silico In silico In silico 

Genotyping 
centre 

Centre for 
Applied 

Genomics, 
Toronto 

Genetic 
Laboratory-Dept 
Internal Medicine 

- Erasmus MC 
The Netherlands 

WTSI, UK, 
Laboratory 

Corporation of 
America, 

Burligton, NC, 
USA 

Helmholtz 
Center Munich 

Wellcome Trust 
Sanger Institute 

Spanish 
National 

Genotyping 
Center 

(CEGEN) 

deCODE 
Genetics,  

Reykjavik, 
Iceland 

Genotype calling 
algorithm 

Illumina 
Beadsation 
Genotyping 

Solution 

Genomestudio 
2009 V.1.1.9 

 
Illumina BRLMM-P Illuminus GeneTrain2.0 

Illumina 
GenomeStudio 

v2.0 

SAMPLE QC 
SNP call rate (%) 95 95 95 95 95 98 97 

Ethnic outliers 
excluded 

Adjusted for 
principal 

components 

Based on principal 
component 

analysis 

HAPMAP 
scaled MDS & 
EIGENSTRAT 

Ethnic outliers 
excluded 

Ethnic outliers 
excluded 

Adjusted for 
principal 

components 

Ethnic outliers 
excluded 
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Study Raine Generation R ALSPAC Lisa Plus YFS INMA ATR 

SNP QC (prior to imputation) 
Exclusion of 

SNPs used for 
imputation 

Call rate > 95% 
HWE < 5.7x10-7 

MAF > 0.10 

Call rate > 95% 
HWE < 1x10-6 

MAF >0.01 

Call rate >95% 
HWE < 5x10-7 

MAF >0.01 

Call rate >95% 
HWE < 0.01 
MAF > 0.01 

Call rate > 95% 
HWE > 1x10-6 
MAF > 0.01 

Call rate >98% 
HWE > 1x10-6 

MAF > 0.01 

Call rate ≥ 95% 
HWE < 1x10-6 
MAF ≥ 0.10 

HWE threshold < 1 x 10-6 < 1 x 10-6 <5 x 10-7 > 0.01 < 1 x 10-6 < 1 x 10-6 < 1 x 10-6 
Imputation 

Software MACH MACH MACH IMPUTE MACH IMPUTE v2 MACH 1.0 

Analysis Software MACH2DAT 
MACH2QTL 
implemented 
on GRIMP 

MACH2QTL SNPTEST ProbAbel SNPTEST MERLIN-
OFFLINE 

Imputation 
Backbone (NCBI 

build) 

Hapmap CEU 
release 22 build 

36 

Hapmap CEU 
release 22 build 

36 

Hapmap CEU 
release 22 build 

36 

Hapmap CEU 
release 22 build 

36 

HapMap 2 
CEU, release 
22, build 36 

Hapmap CEU 
release 22 build 

36 

Hapmap CEU 
release 22 build 

36 
Filtering of 

imputed 
genotypes 

None None None None None None MAF ≥ 0.1, 
r2 hat ≥ 0.3 

Data handling 
and statistical 

tests 
PLINK and R 

MACH2QTL 
implemented 
on GRIMP 

Stata/Unix/MA
CH2QTL R SAS, R PLINK and R MERLIN 1.1.2 

Table 3.3b: Technical Details SNP Imputation Methods by study 

Raine; The Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia. GenR; The Generation R Study Group, Rotterdam, The Netherlands. ALSPAC; 
The Avon Longitudinal Study of Parents and Children Bristol, UK. Lisa Plus; Influence of life-style factors on the development of the immune system and allergies 
in East and West Germany Plus the influence of traffic emissions and genetics, Neuherberg, Germany. YFS; The Cardiovascular Risk in Young Finns Study, Turku, 
Finland . INMA; Spanish INMA—INfancia y Medio Ambiente, Barcelona, Catalonia, Spain. ATR; Australian Twin Register 
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3.6.1 Raine 

Follow-up examinations and measures of blood pressure on these children have been taken at 

ages 1, 2, 3, 5, 8, 10, 14 and 17 years. The study was conducted with appropriate institutional 

ethics approval, and written informed consent was obtained from mothers at all follow‐ups and 

participants at the year 17 follow-up.    

 

Blood pressure was measured on individuals who rested in a seated position for 5 minutes. Right 

arm circumference was measured and the appropriate cuff size was used. Measurements were 

recorded using an oscillometric sphygmomanometer (DINAMAP vital signs monitor 8100, 

DINAMAP XL vital signs monitor, or DINAMAP ProCare 100) automating readings per 2 

minute intervals. At earlier ages; 1-10 years three recordings were taken. Post-puberty; at 14 and 

17 years, six blood pressure recordings were taken. The first blood pressure measure was 

discarded and the average of the remaining measures used for SBP and DBP respectively. 

Children who had height and weight taken during a school visit had weight taken on scales 

accurate to 0.5kg and height measured by a steady stadiometer accurate to 0.5 cm. Children who 

were assessed at the assessment clinic had weight measured using a sit down scale (Wedderburn) 

accurate to 0.01 kg, and height measured to an accuracy of 0.1 cm (Holtan Limited).  

 

3.6.2 Generation R 

The child was lying quietly, while systolic and diastolic blood pressure was measured at the right 

brachial artery in supine position, four times with one minute intervals, using the validated 

automatic sphygmanometer Datascope Accutor Plus TM (Paramus, NJ, USA)[470]. Blood pressure 

measurements in childhood were performed in a dedicated research centre in the Erasmus Medical 

Center, Rotterdam, the Netherlands. A cuff was selected with a cuff width approximately 40% of 

the arm circumference and long enough to cover 90% of the arm circumference.  
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More than 90% of the children who visited the research centre had four successful blood pressure 

measurements available. The first blood pressure measure was discarded and the mean of the 

remaining measures were converted to a Z-score used in GWAS analyses. Analyses were 

restricted to Caucasian individuals with genome-wide data and blood pressure measurements 

available. This cohort contributes to the pre-pubertal (n=1847 mean age = 6.09 years).  

 

3.6.3 ALSPAC 

At each clinic, SBP and DBP were measured twice with the child sitting and at rest with their arm 

supported, using a cuff size appropriate for the child’s upper arm circumference.  The mean of 

the two measures is used in our analyses.  A Dinamap 9301 Vital Signs Monitor (Morton Medical, 

London) was used at the 7, 9 and 11 year clinics and a Dinamap 8100 Vital Signs Monitor (Morton 

Medical, London) was used at the 13, 15 and 17 year clinics. A maximum of 6 measures of SBP 

and DBP were available for ALSPAC participants from research clinics held when the 

participants were approximately 7, 9, 10, 11, 13, 15 and 17 years old.  

 

For each participant we took a measure of BP from any clinic relevant to each epoch to maximise 

participation and sample size. For example, for the pre-pubertal epoch we predominantly used the 

7 year clinic results, but for any child with no measurement at that clinic but who had a BP 

measure at the 9 year follow-up that was taken when they were less than 8 years we used that. 

This resulted in measures of SBP and DBP that were contributed to the following epochs: pre-

pubertal (N = 3019, mean age 7.5 years), pubertal (N = 3130, mean age = 9.8 years) and post-

pubertal (N = 2345, mean age = 15.4 years).  
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3.6.4 Lisa Plus 

SBP and DBP was measured twice (the second measurement was used) in a sitting position from 

the right arm after five minutes of rest during the clinical examination at the study centre. BP 

measured on the right arm, except in the case of injuries or other obstacles (e.g., gypsum) when 

it was measured on the left arm. The measurement was performed with the child in a sitting 

position after 5 min rest. The elbow was relaxed, at heart level, and slightly bent, and the upper 

arm was bare during testing. A second measurement was taken after sitting for a further 2 min.  

 

An automatic blood pressure monitor (Omron M5 Professional) was used for the blood pressure 

measurements. The cuff size was selected according to the length and circumference of the upper 

arm of each child: the width was at least 2/3 the length and the pressure bladder covered at least 

half of the circumference of the upper arm. The average of the two measurements was used 

throughout this analysis; regardless of the difference between the two records (we excluded 11 

subjects who had only one measurement).  

 

3.6.5 YFS 

BP was measured by using a standard mercury sphygmomanometer at baseline and a random zero 

sphygmomanometer (Hawksley&Sons Ltd, Lancin, UK) at follow-up. All measurements were 

taken on the right arm, before venipuncture (among adults after venipuncture), and after the 

participant had been seated for 5 minutes. Readings to the nearest even number of millimeters of 

mercury were performed at least 3 times on each participant. The mean of these 3 measurements 

was used in the analyses.  
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3.6.6 INMA 

During the 4.5 years follow-up visit, blood pressure was measured on children in a sitting position 

after a 5 minute child rest. Two or three measurements were taken at intervals of 2 min with an 

OMRON M4-I monitor (digital readings) using the appropriate cuff size. The first blood pressure 

measure was discarded and the average of the remaining measures or the second measurement 

when a third measurement was not taken was converted to a Z-score for analyses.  

 

 

3.6.7 ATR 

At each visit, blood pressure was measured once with the subject sitting, with either a 

Baumanometer Wall Unit (prior to December 2010) or an Omron HEM-907 Digital Blood 

Pressure Monitor. Blood pressure measures were converted to a Z-score used in GWAS analyses. 

Three individuals exceeding four standard deviations from the mean were identified and excluded 

from analysis.  

 

 

3.7 Comparative adult blood pressure GWAS Consortiums 

Whilst the overall purpose of this thesis is to find evidence for DOHaD, particularly for early 

predictors of hypertension it was equally important to compare findings with published adult BP 

GWAS. Two of the largest and well known adult cohorts relating to cardiovascular health are 

described briefly here.  
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3.7.1 CHARGE 

Cohorts for Heart and Aging Research in Genomic Epidemiology 

The CHARGE Consortium [447] (http://web.chargeconsortium.com/) was formed to facilitate 

genome-wide association study meta-analyses and replication opportunities among multiple large 

and well-phenotyped longitudinal cohort studies. Results from analysis of GWAS on blood 

pressure and hypertension for several participating CHARGE adult cohorts [54] are used here to 

make comparisons with EAGLE.  

 

3.7.2 ICBP 

International Consortium of Blood Pressure 

Most of the studies contributing to the ICBP-GWAS were general population samples, and were 

recruited for classical or genetic epidemiological purposes. All participants provided written 

informed consent and studies were approved by their local Research Ethics Committees and/or 

Institutional Review Boards.  Blood pressure, height, and weight were directly measured in all 

participants.  Sex and age were also recorded for all individuals.  

 

 

All studies with GWAS data performed genotyping using commercially available arrays with 

>300,000 SNPs.  Each study undertook quality-control procedures and excluded individual 

problematic samples and SNPs, using criteria such as excessive rates of genotyping error, a large 

proportion of missing genotypes, or marked deviations from Hardy-Weinberg equilibrium [68].  

 

 

 

 

http://web.chargeconsortium.com/


113 
 

3.8 Overview of statistical methods used 

There are four major projects comprising this thesis. Each chapter employed a different statistical 

approach towards identifying the missing genetic heritability of either developmental growth or 

predisposition towards hypertension in children. There are several different types of genetic 

association analyses; the candidate gene-approach and GWAS (which have been described 

previously) are two of the most popular and commonly used. Several other types of genetic 

association analyses include: familial aggregation, segregation analysis, linkage analyses, fine 

mapping and cloning, microarray analyses, these methods will not be used or detailed in this 

thesis.  

 

Statistical evidence for the type of association between an allele and a phenotype comes from one 

of three situations. First, the allele itself might be functional and directly affect expression of the 

phenotype. Second, the allele might be correlated with, or be in linkage disequilibrium with, a 

causative allele located nearby. Third, the association could be attributable to chance or artifact—

e.g., confounding or selection bias [119].  

 

Meta-analyses of these single-SNP genetic association tests have become increasingly popular. 

By pooling the results from several different cohorts I was able to provide strength in the overall 

effect observed (through increasing overall sample size and providing a simultaneous replication 

analysis). However, as computational complexity has increased so has depth of the genetic data 

we are presented with (GWAS) and the overall complexity of our analyses has also evolved. No 

longer are single-SNP analyses the only type of genetic association we can test for. The 

importance of testing the combinatory effect of several SNPs has now proved important with 

novel approaches towards multi-SNP analyses recently being published (section Error! 

eference source not found.). I have described previously the main study designs for genetic 

association studies and their main statistical analysis method (section 2.2.5 and Tables 2.2a and 

2.2b).  
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Statistical test Approach Software URL 

Logistic regression Model log odds of disease as linear 
function of underlying genotype variables 

Standard statistical package 
(eg, Stata, SAS, S-Plus, R) 

http://www.stata.com/  
http://www.sas.com/  
http://www.insightful.com/products/splus/  
http://www.r-project.org/  

χ2 test of association Test for independence of disease status and 
genetic risk factor Standard statistical package See above  

Linear regression Model quantitative trait as linear function 
of underlying genotype variables Standard statistical package See above 

Survival analysis Model survivor function or hazard as 
function of underlying genotype variables Standard statistical package See above  

Transmission/disequilibrium 
test 

Test departure of transmission of alleles 
from heterozygous parents to affected 
offspring from null hypothesis of half 

Various (eg, Genehunter, RC-
TDT, Genassoc, Transmit, 
Unphased 

http://fhcrc.org/labs/kruglyak/Downloads/i
ndex.html 
http://www.uni-bonn.de/~umt70e/soft.htm  
http://www-
gene.cimr.cam.ac.uk/clayton/software/  
http://www.mrc-
bsu.cam.ac.uk/personal/frank/  

Conditional logistic 
regression 

Calculate conditional probability of 
affected offspring genotypes, given parental 
genotypes 

Genassoc 
http://www-
gene.cimr.cam.ac.uk/clayton/software/  
http://www.mrc-
bsu.cam.ac.uk/personal/frank/  Unphased 

Log linear models Model counts of genotype combinations for 
mother, father, and affected offspring Standard statistical package See above  

Table 3.4: Statistical methods for genetic association studies. Adapted from  [140].  

http://www.stata.com/
http://www.sas.com/
http://www.insightful.com/products/splus/
http://www.r-project.org/
http://fhcrc.org/labs/kruglyak/Downloads/index.html
http://fhcrc.org/labs/kruglyak/Downloads/index.html
http://www.uni-bonn.de/~umt70e/soft.htm
http://www-gene.cimr.cam.ac.uk/clayton/software/
http://www-gene.cimr.cam.ac.uk/clayton/software/
http://www.mrc-bsu.cam.ac.uk/personal/frank/
http://www.mrc-bsu.cam.ac.uk/personal/frank/
http://www-gene.cimr.cam.ac.uk/clayton/software/
http://www-gene.cimr.cam.ac.uk/clayton/software/
http://www.mrc-bsu.cam.ac.uk/personal/frank/
http://www.mrc-bsu.cam.ac.uk/personal/frank/
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Table 3.5: Summary of analysis over the four project chapters.  
 

Chapter Study 
Time 
frame Outcomes± N* 

Time points of data 
collection Variants MAF HWE Model 

Four 

Raine Antenatal Head Circumference, Abdominal 
Circumference, Femur Length 

588 18, 24, 28, 34, 38 weeks 
gestation 

145 IGF SNPs 

>0.10 <5.7x10-7 
Linear mixed-effects 

model Raine Postnatal Height, Weight and BMI 1162 1, 2, 3, 4, 8, 10, 14, 17 years 

GenR Antenatal 
Head Circumference, Abdominal 

Circumference, Femur Length 
2642 12, 20, 30 weeks gestation >0.01 <1.0x10-6 

Five Raine Postnatal SBP and DBP 2279 5, 8, 10, 14, 17 years 165 IGF SNPs >0.10 <5.7x10-7 
Two-stage gene-
network model 

Six 
ALSPAC 

Postnatal SBP 
7013 7, 9, 10, 11, 13, 15, 17 years Total of 241 SNPs (29 

BP SNPs, 180 Height 
SNPs, 32 BMI SNPs) 

>0.01 <5x10-7 Linear spline multi-
level model 

Allelic gene risk score 
Raine 1459 5, 8, 10, 14, 17 years >0.10 <5.7x10-7 

Seven 

Raine 

Postnatal SBP and DBP 

1276 5, 8, 14 years 

~ 2.5 million SNPs 

>0.10 <5.7x10-7 

Individual cohort 
GWAS (linear 

regression model) 

Meta-analyses of 
combined GWAS 

GenR 1847 5 years >0.01 <1.0x10-6 

ALSPAC 5967 7, 11, 17 years >0.01 <5x10-7 

LisaPlus 282 10 years >0.01 <0.01 

YFS 842 12 years >0.01 <1.0x10-6 

INMA 600 4 years >0.01 <1.0x10-6 

ATR 298 12, 16 years >0.10 <1.0x10-6 
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*maximum number of unique participants collected over the study, and is the largest collection at a particular time point. Number of data points (participants) analysed 

per time point is listed in each project chapter.  ±SBP and DBP outcomes were normally distributed. Antenatal outcomes were not-normal but outcomes were not 

transformed as it would be difficult to interpret findings based on back-transformed results of very small effect sizes. BMI has a known non-normal distribution, 

however was not the primary outcome for the thesis so the outcome was not transformed.  
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3.8.1 Linear mixed effects modeling  

In Table 3.3 I detail the standard approach and software system to carry out each of these statistical 

analyses. Whilst the four chapters of this thesis all utilize different methods of analysis, each 

method is some derived form of a linear regression (general linear) model. In this section I will 

define the main types of statistical methods used in this thesis; ranging from simple linear 

regression models through to hierarchical models, gene-network models and meta-analyses. A 

summary of the actual models used for each project is tabulated in Table 3.5, more detail will be 

listed in the methods section of their respective project chapter. Chapters four and seven use linear 

mixed effects modeling (lme). Chapter four uses lme to assess the association between candidate 

SNPs selected from genes of the IGF-Axis with antenatal and postnatal growth. In chapter seven 

GWAS SNPs are analyzed using lme against systolic and diastolic blood pressure in multiple 

cohorts and their results combined. The natural statistical tools for continuous (or quantitative) 

traits are linear regression and analysis of variance (ANOVA). Linear regression achieves a 

reduction in degrees of freedom from 2 to 1 by assuming a linear relationship between mean value 

of the trait and genotype [471]. 

 

 

 

 

 

Figure 3.3: Defining the simple linear regression model. Adapted from [120] 

A linear mixed effects model also known as a ‘mixed effects model’ is termed as such to describe 

two major components of the model, being fixed and random effects [472]. It generalizes the 

simple linear regression model (Figure 3.3) by allowing for many terms in a mean function rather 

than just one intercept and one slope [473]. SNPs are included in these models as fixed effects.  

Simple linear regression model: 

𝑦 = 𝑎 + 𝑏𝑋 

𝑦 = vector of observational (dependent) data  

𝑎 is the intercept 

𝑏 = is the slope, indicating the rate of change in 𝑦 per unit change in 𝑋 

𝑋 is a vector of regressors (independent variables) 
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Figure 3.4: Defining a linear mixed effects model (lme). Adapted from [472].  

In the statistical package R 2.12.1 the linear mixed effects model is called using ‘lme’ from the 

library package (nlme).  

3.8.2 Spline models 

Spline models are a version of the linear mixed effects model. A spline model deviates from a 

general lme by fitting one or more knot points. These knot points are used to indicate why the 

relationship of a phenotype over time may change because of a change in time itself is significant. 

An example is how the trajectory for growth or blood pressure in children may change once the 

child reaches puberty. To account for this we fit a knot point at the approximate time of puberty. 

Project chapter six discusses this model and its application in more detail.   

Linear mixed effects model: 

𝑦 = 𝑋𝛽 + 𝑍𝛾 +  𝜖 

Where: 

𝑋 is a (n by p) matrix of regressors relating to the vector of observations 𝑦 to 𝛽  

𝑦 = vector of observational data with mean 𝐸(𝑦) =  𝑋𝛽 

𝛽 = vector (length p) of fixed effects 

𝜖 = vector of normal errors,  𝐸(𝜖) =  0, 𝑉𝑎𝑟(𝜖) =  𝑅.  

The fixed effects model with normal errors is defined as: 

𝑦 = 𝑋𝛽 +  𝜖 

The random effects of a mixed effects model are: 

𝑍 = a (n by q) matrix of regressors relating the observations in 𝑦 to 𝛾 

𝛾 = a vector (length q) of random effects which are identically and independently normally 

distributed. 𝐸(𝛾) =  0, 𝑉𝑎𝑟(𝛾) =  𝐺.  
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3.8.3 Hierarchical models 

In chapter five the analyses used employs an lme, albeit it is in the form of a hierarchical model 

(or multi-level clustering analyses). Here we extend the general linear model over multiple levels 

of nesting (or clustering) where the standard generalized linear model then becomes the level-1 

model [474]. A simple two-level hierarchical model is described (Figure 3.5).  

 

In this thesis hierarchical modelling is used as a method for analysing the IGF pathway as a 

genetic network. The hierarchical structure is a very common phenomenon with data in almost 

every area of research involving this configuration. Examples include social data relating to 

people, businesses, communities, economics, workplaces, towns and countries in addition to those 

in the educational (schools and universities) and health sectors (medical practices/hospitals) all 

existing within organisational structures [474, 475]. The procession of genetic data to phenotypic 

outcome can also be modelled under this system, broadly falling into the following categories: 

DNA, genes, proteins, physiology and phenotype thus forming their own multi-level arrangement 

(Figure 3.6).  

 

3.8.4 Adjusting for multiple testing 

Across the four main chapters of this thesis multiple SNPs are being assessed ranging from 145 

SNPs (using a candidate gene approach in chapters four and five) to ~ one million SNPs using 

the GWAS approach (chapter seven). To adjust for the issue if multiple testing I have used the 

two methods; 1) modified threshold for statistical significance of p ≤ 0.00041 was utilized as 

described by the simpleM method [476] for analyses with highly correlated outcomes in chapter 

four and Bonferroni’s correction (for chapters five-seven), which takes α = 0.05 (the nominal 

value representing statistical significance) and divides this by the number of outcomes being 

assessed (ninformative).  
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𝛼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =  
𝛼

𝑛𝑖𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑣𝑒
 

Despite several outcomes being assessed (such as antenatal head and abdominal circumference, 

BMI, SBP and DBP) I am only adjusting for the number of SNP comparisons being made, with 

the exception of chapter five where I also adjust for the number of interactions being fit in the 

gene-network model. Further details regarding study-specific Bonferroni-corrected p-values are 

described in the methods section of each chapter.  

 

3.8.5 Dealing with missing data 

The predominant data source for this thesis was contributed by the Raine study (details in section 

3.2.1). An advantage of this cohort study was the repeated measures which were collected every 

two-three years. This maximized our dataset and there was not a great proportion of missing data 

(<10%) particularly amongst the outcomes being assessed here (such as SBP and DBP). Other 

studies that contributed data, such as ALSPAC was another cohort study with a large, and 

reasonably complete dataset [insert refs]. Other cohorts that contributed their data to the EAGLE 

Consortium sent through their complete data and no outcome data imputed for derived for the 

analyses presented in this thesis.  
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Figure 3.5: General hierarchical (two-level) model; definition, notation and terminology 

summary adapted from [474].  

General hierarchical model: 

𝑌𝑖𝑗 =  𝛾00 +  𝛾10𝑋𝑖𝑗 +  𝛾01𝑊𝑗 +  𝛾11𝑋𝑖𝑗𝑊𝑗 +  𝑢0𝑗 + 𝑢1𝑗𝑋𝑖𝑗 +  𝑟𝑖𝑗 

Where we assume that: 

                 E(𝑟𝑖𝑗) = 0,                                      Var(𝑟𝑖𝑗) =  𝜎2,  

             E [
𝑢0𝑗

𝑢1𝑗
] =  [

0
0

],                             Var [
𝑢0𝑗

𝑢1𝑗
] =  [

𝜏00 𝜏01

𝜏10 𝜏11
] = T, 

𝐶𝑜𝑣(𝑢0𝑗 , 𝑟𝑖𝑗) =  𝐶𝑜𝑣(𝑢1𝑗 , 𝑟𝑖𝑗) =  0 

There are 𝑖 = 1, …, 𝑛𝑗 level-1 units nested with 𝑗  = 1, …, 𝐽 level-2 units 

Where: 

𝛾00,…,𝛾00 are level-2 coefficients (also known as fixed effects) 

𝑋𝑖𝑗 is a level-1 predictor 

𝑊𝑗is a level-2 predictor 

𝑟𝑖𝑗 is a level-1 normally distributed random effect 

𝑢0𝑗  , 𝑢1𝑗 are level-2 normally distributed random effects 

𝜎2is the level-1 variance 

𝜏00, 𝜏01, 𝜏11 are level-2 variance-covariance components 
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Figure 3.6: Overview of how genetic information determines phenotype using an organised 

structure. Adapted from [477]. 

Chapter five models the hierarchical structure based on SNPs within genes of the IGF-axis 

pathway, Figure 3.7. Hierarchical models are well suited to genetic analysis [435].  To clarify the 

contribution of genetic factors and decipher the relationship between genes, environment and 

disease outcome association studies are used, which are generating much genetic information 

[371].  
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Figure 3.7: An illustration of the IGF-axis as a hierarchy 

A primary motivation for using hierarchical  modelling and stochastic variable selection is to 

describe the  joint distribution of the underlying genetic  structure and biological mechanism  

represented by the data and, notably, the uncertainty in representing that structure  and mechanism 

[383]. The hierarchical model is discussed in greater detail in chapter five: IGF Network analyses.  

3.8.6 Meta-analyses 

A meta-analysis is a quantitative method of summarizing results across a series of individual 

studies; a “study of the studies” where each study is related to each other by conducting tests of 

the same hypothesis [474]. Meta-analyses differs from a replication analyses in that more studies 

are used and attempts are made to proactively account for inconsistencies between studies [474] 

(for example, by standardizing results – see 3.8.6.1: Z-scores for further detail). Now meta-

analysis is routinely used for pooling the results from GWA studies [478]. Genetic effects 

underlying complex traits are likely to be small such that large sample sizes will be required to 

achieve power, often more than would be collected by any one single cohort [96].  
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I use the term meta-analysis to refer to the summarization of GWAS results collated at a 

consortium level. Several studies have been published recently; including two consortia detailed 

in this thesis (section 3.6) CHARGE [54] and ICBP [68]. The software program METAL [479] 

is used to meta-analyse results from GWAS. In meta-analysis of GWAS a p-value of 5 x 10-8 is 

used to indicate significance.  

 

Here I used the EAGLE consortium blood pressure working group which each conducted a 

GWAS on the same phenotypes; SBP and DBP. The members of the consortium have the 

opportunity to work together to ensure the comparability of their quality control and primary 

analyses and to collaborate on more detailed follow-up analyses should interesting effects be 

observed [480].  

 

3.8.6.1 Z-scores  

Z-scores are one way of standardizing results across multiple studies in a meta-analysis. 

Combining Z-scores across studies has been found to be a powerful method when studies were 

simulated under the same model [96].  

 

I employed this method in the meta-analyses of EAGLE Cross-sectional Blood Pressure GWAS 

(chapter seven). Here each study’s results are converted to a common scale to ensure 

comparability across several international cohorts and three time-frames. The BP z-scores are 

then analysed using lme (see: Figure 3.4). A Z-score comes from the standardized normal 

distribution where mean = 0 and standard deviation = 1 (Figure 3.8).  
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Figure 3.8: Z-score definition, notation and terminology summary adapted from [120].  

 

3.9 Chapter summary 

Overall this chapter acts as a reservoir of statistical methods and sources of data that are used in 

this thesis. I will refer back to this chapter when discussing data in project chapters four through 

to seven. This will be minimal for chapter four which is quite self-contained but greatest for 

chapter seven which uses data from the EAGLE Consortium.   

Z-score: 

𝑍 =
𝑥 −  𝜇 

𝜎
 

 

Where: 

𝑍 is the standard Z-score informing how many standard deviations (𝜎) away from the mean 

a particular score is  

𝑥 is the observed score (in this case an individual’s SBP or DBP measure taken at a certain 

time point, for example at the 5 year collection) 

𝜇 is the mean score, here it is the population average of all SBP or all DBP measures 

recorded per age (for example at the 5 year collection) 

𝜎 is the standard deviation of all scores, here it is the population standard deviation for all 

SBP or all DBP measures recorded per age (for example at the 5 year collection) 
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CHAPTER FOUR 

POLYMORPHISMS IN GENES WITHIN THE IGF-AXIS 

INFLUENCE ANTENATAL AND POSTNATAL GROWTH 

 

And whilst he may not claim superiority by reason of learning, I myself must not 

withhold that meed of homage that learning, wherever it resides, always commands.   

Mahatma Gandhi 

 

4.1  Introduction 

The insulin-like growth factor (IGF) pathway is fundamental in cell proliferation, differentiation 

and transformation across all stages of growth and development [77, 266]. IGFs are part of a 

complex system promoting cellular communication with the physiologic environment often 

denoted the IGF “axis” [254]. The IGF-axis comprises two cell-surface receptors (IGF-1R, IGF-

2R), two ligands (IGF-1, IGF-2), a family of ten IGF-binding proteins (IGFBP 1-10) and 

associated IGFBP degrading enzymes known collectively as proteases.  The ligands interact with 

IGF-1R more readily than IGF-2R [79]. The IGFBPs and proteases play a vital role in controlling 

and modulating the effects of IGFs [77, 255, 265, 313].  

 

 

 

http://www.goodreads.com/author/show/4467789.Mahatma_Gandhi
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The regulation of fetal and postnatal growth depends on multiple hormones including insulin, 

IGF-1, IGF-2 and growth hormone (GH)[256].  IGF-1 and IGF-2 are essential for fetal growth   

[75, 257, 258, 260, 481]. IGF-1 is the predominant regulator of postnatal growth [269], acting as 

an important mediator between GH and growth during childhood [80]. IGF-2 has been shown to 

be primarily responsible for early development, particularly intra-uterine growth [272, 297, 298].  

 

The interaction of IGFs and their receptors plays a critical role in promoting and regulating growth 

from mid-gestation onwards optimising pre- and post-natal growth and development [79, 272]. 

Although 10 IGFBPs are known to exist, most studies (including this one) have focused on 

IGFBPs 1 to 5, which have a high affinity towards the ligands and tightly regulate IGF function 

[254, 265, 287, 293]. Overall, IGFBPs are known to affect cell motility and adhesion, apoptosis, 

survival and cell cycle by aiding IGF-1 and IGF-2 transport and modulating their interactions 

with IGF receptors [260, 287]. Further detail regarding the IGF-axis can be found in the literature 

review (chapter two) and illustrated in Figure 2.10. 

 

4.2  Aim 

The aim of the current study was to investigate the association between SNPs in genes within the 

IGF-axis and antenatal and postnatal growth from birth to adolescence in the Raine Cohort 

adjusting for common environmental influences on IGF levels. Analyses were replicated where 

possible in the Generation R Pregnancy Cohort.  
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4.3 Methods 

4.3.1 Study cohorts 

Discovery cohort 

Recruitment of the Western Australian Pregnancy (Raine) cohort has previously been described 

in this thesis (section 3.2.1) and published in detail [437]. For the purpose of this chapter I focus 

on a subset of 1162 individuals within the Raine cohort who were Caucasian, singleton 

pregnancies with at least one ultrasound measure during pregnancy.  

 

Fetal head circumference (HC), abdominal circumference (AC), femur length (FL) and 

umbilicoplacental and uteroplacental Doppler flow velocity waveforms were measured at 18, 24, 

28, 34 and 38 week’s gestation in triplicate using standard techniques. More than 95% of day-2 

measures were taken by a single observer, the remainder by a consultant pediatrician using 

standardized protocols[437]. Postnatal weight and height were measured by trained researchers 

to the nearest 100g and 0.1cm respectively[438]. From here on the Raine study is referred to as 

the discovery cohort in this chapter.  

 

Replication cohort 

Detail regarding recruitment of the Generation R cohort can be found in section 3.3.1 of this thesis 

and in the following publications [439, 441]. In order to adequately replicate analyses in this 

chapter I focused on a subset of 2642 individuals within the Generation R cohort who were 

Caucasian, singleton pregnancies with at least one ultrasound measure during pregnancy. Fetal 

HC, AC and FL were recorded from repeat ultrasound measurements made at 12, 20 and 30 weeks 

gestation. For the remainder of this chapter I refer to Generation R as the replication cohort. 
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4.3.2 Genotyping 

Genotyping of IGF-axis SNPs has been described previously in section 3.5.1. There were 165 

IGF SNPs genotyped using the candidate gene approach in the discovery cohort. DNA was 

purified from peripheral blood using standard protocols in both cohorts. Nine candidate genes 

were selected in the IGF-axis: two ligands, IGF-1 and IGF-2; two IGF receptors, IGF-1R and 

IGF-2R; and five IGFBP, IGFBP1 to IGFBP5. IGFBP6–10 were not selecting for genotyping as 

this stage. A multistep process was used to select SNPs in these genes. In brief, this gene-based 

approach entails (a) the selection of common tagging SNPs that best describe the haplotype 

diversity of the human genome in our population and (b) the selection of SNPs that are 

functionally relevant in the IGF-axis pathway. 

 

Computational programs such as SIFT, PolyPhen and SWISSProt were then utilized to 

characterize and model the consequences of SNPs to ensure sensitivity of evolutionary 

conservation, protein alignment and function. The Promoalign tool was used to identify upstream 

regulatory regions of genes and NetPhos to find SNPs potentially altering the phosphorylation 

patterns of proteins. Using this process, 165 SNPs were identified in the nine candidate genes in 

the IGF-axis. Genotyping was performed by specialised technicians at Centre for Applied Geno 

mics (Toronto, Ontario, Canada). 

 

SNPs were uploaded to Illumina’s Assay Design Tool (http://www.illumina.com/) for probe 

design resulting in a custom panel. A total of 5 mlof 50ng/M l in 10mM Tris-HCL pH 8.0, 1mM 

EDTA of genomic DNA underwent an allele-specific oligonucleotide hybridization followed by 

extension and ligation. A universal PCR step for all 1536 loci followed with primers labelled with 

either Cy3 (primer 1) or Cy2 (primer 2). The amplified products were then hybridized to a sentrix 

array matrix and scanned using the Illumina BeadArray Reader (BAR) (Illumina, San Diego, CA, 

USA).  
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The resulting data were analyzed with Beadstudio v.3.0 using the default parameters. Only SNPs 

with GenCall scores above 0.25 were called and samples were discarded if call rates were below 

85%. SNPs with a minor allele frequency of <10% were excluded from analyses. SNPs that did 

not pass the Hardy–Weinberg equilibrium test were also excluded. Thus, a total of 145 (of 165 

genotyped) SNPs were used in analyses. In the replication cohort, cord blood for DNA isolation 

was available in 59% of all live-born participating children. Further data on genotyping is in 

section 3.5.1.  

 

4.3.3 Statistical analysis 

I have utilized previously published models as a basis to analyze antenatal growth [482, 483]. 

Covariates considered in these multivariate models included: parental height, weight, BMI, age, 

socioeconomic status; maternal smoking status, parity, gestational age (GA) at birth; placental 

weight and function; and gender of the child. Parity was factored to reflect the effect plateau in 

the higher categories. BMI was modeled longitudinally using linear mixed effect models from 

childhood to adolescence adjusting for the age that BMI was measured and the mothers smoking 

status during pregnancy. All continuous covariates were mean-centered to remove potential 

correlations between model coefficients.  

4.3.3.1 Modelling of genetic variants 

The SNPs tagging the IGF-axis were coded according to the number of minor alleles (0, 1 or 2) 

using SimHap [484] and analyzed under an additive model. The same analyses were performed 

where possible in the replication cohort (GenerationR).  
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4.3.4 Analysis of antenatal measures 

In the discovery cohort of 1,162 subjects, antenatal analyses focused on 588 subjects with 

repeated ultrasound measures at 18, 24, 28, 34 and 38 weeks gestation.  This enabled both cross 

sectional and longitudinal analyses to be performed on the same subset of the discovery cohort. 

Fetal AC and HC were analyzed using linear mixed effects models[485] including intercept and 

gestational age (GA) as random effects.  

 

SNPs significantly associated with these measures of antenatal growth (either intercept or change 

with time; trajectory) within the discovery cohort (data 18-38 weeks gestation) were analyzed 

longitudinally in the replication cohort (data 12-30 weeks gestation, n=2,642) and in cross-

sectional format using multivariate linear regression for the following three timeframes: 16-24 

weeks, 26-32 weeks inclusive and >32 weeks for discovery cohort and >12 weeks, 16-24 weeks 

and 26-32 weeks in the replication cohort study to explore the time of onset of significant 

associations.  

 

4.3.5 Analysis of postnatal measures 

Height and weight were utilized as the primary predictors and determinants of postnatal growth 

within the discovery cohort. BMI was additionally analyzed. A maximum of 1162 subjects with 

height and weight data collected at ages one, two, three, five, eight, ten, 14 and 17 years were 

analyzed longitudinally using linear mixed effects modeling.  
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These models adjusted for repeated measures over time. The BMI model used here was analogous 

to those chosen for height and weight analyses and therefore did not adjust for the non-linear 

relationship of BMI over time. The statistical software package R version 2.8.0[486] was used to 

conduct all analyses. All SNPs selected have a minor allele frequency of >10% in the discovery 

cohort.  

 

All analyses were performed in males and females separately as well as the combined dataset. P-

values less than 0.05 indicate statistical significance. To adjust for multiple testing, a modified 

threshold for statistical significance of p ≤ 0.00041 was utilized as described by the simpleM 

method [476].  

 

 

4.3.6 Power calculations 

Assuming an additive model, total heritability = 5%, experiment-wise error rate = 5x10-5 (0.05/ 

(145 SNPs x 6 outcomes ≈ 1000)) we were powered at 93% at the ‘single-stage’ (for N = 588 

samples were genotyped during this phase) for the longitudinal antenatal trajectory analyses. We 

were powered at 99% for both the ‘single-stage’ and replication phase for cross-sectional 

antenatal analyses for total N = 3804 [N = 1162 (for Raine, the discovery cohort) and N = 2642 

(for GenerationR, the replication cohort)]. We were powered at 99% for the longitudinal postnatal 

analyses conducted for Raine (single-stage level). Power calculations we conducted using 

interactive power calculators for genetic association studies; QpowR 

(https://msu.edu/~steibelj/JP_files/QpowR.html) and CaTS [487]  

(http://csg.sph.umich.edu/abecasis/CaTS/) 

https://msu.edu/~steibelj/JP_files/QpowR.html
http://csg.sph.umich.edu/abecasis/CaTS/
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4.4 Results 

4.4.1 Population characteristics 

The demographic data for the discovery and replication cohort are presented in Tables 4.1a and 

4.1b. The maternal demographic and obstetric data were similar between the two cohorts. 

Offspring of the replication cohort had, on average, a longer gestation (~5 days) and birth length 

(~1cm), higher birth order and had greater placental weights (~50g) and birth weights (~200g) 

than members of the discovery cohort. Further, mothers in the replication cohort were observed 

to be slightly older (~3years), and with more tertiary education and had lower smoking rates than 

mothers in the discovery cohort. There were also fewer women with pregnancy complications, 

including anaemia, diabetes and hypertension, during pregnancy in the replication cohort than the 

discovery cohort. Maternal characteristics were similar for both genders within a cohort; however, 

birth weight and length were significantly greater in male compared to female offspring in both 

the discovery and replication cohorts.  

 

In the discovery cohort, the subset that was randomly selected to undergo repeated ultrasound 

measures (n=588) was compared against those who did not undergo repeated ultrasounds during 

pregnancy (n=541) Table 4.2. Here only birth length appeared to be significantly different 

between the two groups (p = 0.040). Furthermore, the subset that was randomly selected to 

undergo repeated ultrasound measures (n=588) was representative of all discovery cohort 

members with genetic data (n = 1,162, Appendix II Table 2).  
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4.4.2 Genetic associations 

4.4.3 Antenatal 

A summary of the associations between SNPs in genes in the IGF-axis and antenatal growth is 

presented in Figure 4.1. Utilizing a p-value threshold of 0.05, there were 58 significant 

associations identified, more than expected for the total number of SNPs analyzed. Almost half 

of the number of SNPs analyzed in each IGF-axis gene (34 of the 73 SNPs genotyped for IGF-

1R and 13 of the 34 SNPs genotyped for IGF-2R) demonstrated significant associations with 

antenatal growth in the discovery cohort. Twenty-six of these SNPs were also significantly 

associated with postnatal growth (detailed later in this section). Similar patterns were observed 

with the replication data with 11 SNPs from IGF-2R also exhibiting significant associations with 

antenatal growth in the replication cohort. Tables 4.3a and 4.3b summarizes the longitudinal 

analyses of fetal HC and AC in the discovery cohort (five biometry measures between 18 and 38 

weeks gestation). Of the 19 SNPs which had significant associations with longitudinal analyses 

(p≤0.010), 15 of these SNPs had p-values ≤0.005. After adjusting for multiple testing (p ≤ 0.00041, 

Tables 4.3a and 4.3b) four SNPs in IGF-1R and one SNP in IGF-2R remained statistically 

significant.  
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Variable 
Discovery Cohort 

Raine 
Replication Cohort 

Generation R 
 
 

All 
N=1162 

Female 
N=548 

Male 
N=613 

All 
N= 2642 

Female 
N= 1290 

Male 
N= 1352 

Maternal Data during pregnancy 

Age (years) 28.4(5.8) 28.3(5.9) 28.4(5.7) 31.6(4.2) 31.6(4.1) 31.5(4.3) 

Height (cm) 
164.4 
(6.5) 164.6 (6.6) 164.2 (6.4) 

170.9 
(6.4) 

170.9 
(6.7) 

170.9 
(6.1) 

BMI (kg/m2) 22.6(4.4) 22.5(4.3) 22.6 (4.4) 23.1 
(3.8) 

23.1 
(3.6) 

23.2 
(3.9) 

Parity     0 47.5 46.2 48.8 59.2 58.4 60.0 
1 30.0 32.5 27.9 31.6 32.1 31.2 
2 15.1 13.3 16.5 7.7 7.8 7.6 
3 5.7 6.2 5.2 1.2 1.4 1.0 

4+ 1.7 1.8 1.6 0.3 0.4 0.1 
Smoker 25.6 27.9 23.5 23.2 21.9 24.4 

Anaemic 26.6 28.3 25.1 1.2 1.4 1.0 
Diabetes 3.8 3.6 3.9 0.7 0.8 0.7 

Hypertension 27.5 27.4 27.6 4.0 4.5 3.5 
Preeclampsia 3.8 4.0 3.6 1.3 1.6 1.0 
Preterm birth 8.4 8.8 8.2 3.1 3.3 2.9 

 

Table 4.1a: Cohort demographic data - Maternal, pregnancy Presented as mean and (standard deviation) for continuous variables and percentages for categorical 

variables in the discovery cohort (Discovery) and replication cohort (Replication). *Indicates that a statistically significant difference (p<0.05) was observed between 

males and females within each individual cohort.  
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Variable Discovery Cohort 
Raine 

Replication Cohort 
Generation R 

 All 
N=1162 

Female 
N=548 

Male 
N=613 

All 
N= 2642 

Female 
N= 1290 

Male 
N= 1352 

Birth Data 
Gestational Age (days) 275.2(14.9) 274.8(15.3) 275.5(14.6) 280.9(10.6) 280.8(10.4) 280.9(10.8) 
Placental Weight (g) 594.2(125.6) 594.3(127.1) 594.1(124.4) 644.6 (144.6) 647.8(144.5) 641.5(144.6) 

Birth Weight (g) 3359(576) 3291(564) 3419(580)* 3549(517) 3496(500) 3599(528)* 
Birth Length 

(cm) 49.1(2.7) 48.6(2.6) 49.5(2.7)* 50.6(2.3) 50.2(2.3) 50.9(2.3)* 

Ponderal index (kg/m3) 27.3(2.7) 27.4(2.8) 27.1(2.7) 27.5(3.2) 27.7(3.3) 27.3(3.2)* 
Postnatal Data 

BMI(kg/m2) 
Year 1 17.1(1.4) 16.9(1.3) 17.4(1.4)* 17.4 (1.3) 17.2 (1.3) 17.6 (1.3)* 

Year 2 16.0(1.3) 15.7(1.2) 16.2(1.3)* 16.6 (1.3) 16.5 (1.3) 16.7 (1.4)* 
Year 3 16.2(1.3) 16.0(1.3) 16.3(1.2)* 16.0 (1.2) 15.9 (1.2) 16.1 (1.2)* 
Year 5 15.9(1.8) 15.8(1.8) 16.0(1.7)    
Year 8 16.9(2.5) 17.0(2.6) 16.9(2.5)    
Year 10 18.8(3.4) 18.8(3.4) 18.7(3.4) No data No data No data 
Year 14 21.5(4.3) 21.8(4.3) 21.3(4.3)*    
Year 16 23.3(4.5) 23.4(4.5) 23.1(4.5)    

 

Table 4.1b: Cohort demographic data - birth and postnatal data Presented as mean and standard deviation for continuous variables and percentages for categorical 

variables in the discovery cohort (Discovery) and replication cohort (Replication). *Indicates that a statistically significant difference (p<0.05) was observed between 

males and females within each individual cohort.  
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 Variable 
All REPEATED 

Antenatal 
Discovery Subjects 

All NON-REPEATED 
Antenatal Discovery 

Subjects 
p-value 

  N = 588 N = 541   
Maternal Data during pregnancy 

Age  (Years) 28.3 (5.8) 28.4 (5.8) 0.73 
BMI  (kg/m2) 22.4 (4.4) 22.7 (4.3) 0.19 
Height  (cm) 164.4 (6.5) 164.3 (6.4) 0.85 

Parity     
 0 

 
47.1 [277] 

 
48.1 [260]   

1 30.1 [177] 30.1 [163] 0.80 
2 14.3 [84] 15.5 [84]   
3 6.5 [38] 5.0 [27]   

4+ 2.0 [12] 1.3 [7]   
Maternal Smoker 25.0 [147] 25.9 [140] 0.84 

Anaemic 27.6 [162] 25 [135] 0.30 
Diabetes 3.4 [20] 1.7 [9] 0.82 

Hypertension 27.7 [163] 74.1 [401] 0.95 
Preeclampsia 4.3 [25] 1.3 [15] 0.25 

Preterm 8.7 [51] 2.8 [15] 0.25 
Further Education     

School 48.6 [284] 44.5 [241] 0.37 
Trade College/TAFE 41.3 [241] 43.3 [234]   

University 10.1 [59] 12.2 [66]   
Mothers Job Type     

Unemployed/unskilled 43.5 [256] 43.4 [235] 0.68 
Shop Assistant 14.6 [86] 12.4 [67]   
Trades/ Clerical 20.6 [121] 20.3 [110]   

Para-professional 9.7 [57] 11.1 [60]   
Manager/Professional 11.6 [68] 12.8 [69]   

Paternal data during pregnancy 
Age  (Years) 30.6 (6.7) 30.5 (6.7) 0.90 

BMI  (kg/m2) 24.7 (3.3) 24.5 (3.3) 0.49 
Height  (cm) 178.7 (7.0) 178.3 (7.0) 0.43 

Birth Data 
Gestational Age  (days) 275.0 (14.7) 276.1 (14.0) 0.39 
Placental Weight  (g) 588.2 (124.6) 599.8 (125.6) 0.10 

Birth Weight  (g) 3349.1 (588.7) 3375.5 (546.6) 0.53 
Birth Length  (cm) 48.9 (2.7) 49.3 (2.5) 0.04 

BMI  (kg/m2) 13.6 (1.5) 13.6 (1.5) 0.86 
Head Circumference  (cm) 34.6 (1.7) 34.7 (1.5) 0.26 
Chest Circumference  (cm) 32.2 (2.2) 32.3 (2.1) 0.30 

Abdominal Circumference  (cm) 31.1 (2.5) 31.3 (2.4) 0.31 

Foot Length  (cm) 8.1 (0.5) 8.1 (0.5) 0.99 
Ponderal Index 27.3 (2.7) 27.2 (2.9) 0.43 

Table 4.2: Comparison of all subjects of the discovery cohort that had multiple ultrasound 

measures during pregnancy (N = 588) to those that had single ultrasound measures during 

pregnancy.  

Means and (standard deviations) presented for all continuous outcomes. Percentages [N] 

presented for categorical outcomes. 
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Figure 4.1: Significant associations between antenatal and postnatal growth for the IGF 

Axis IGF SNPs significantly associated with antenatal (abdominal circumference and/or head 

circumference and/or fetal length) growth and postnatal height and/or weight are summarised here. 

Data from the Discovery cohort are presented in Fig 4.1A. There are more SNPs than expected 

with significant associations with antenatal and postnatal growth, especially in IGF-1R and IGF-

2R. Data from the replication cohort are presented in 4.1B showing a similar pattern of association 

with the discovery cohort. 
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Gene SNP Increasing 
allele MAF 

ANTENATAL HC LONGITUDINAL ANALYSES ANTENATAL AC LONGITUDINAL ANALYSES 

Intercept Trajectories Intercept Trajectories 

Beta (SE) p Beta (SE) p Beta (SE) p Beta (SE) p 

IGF-1R 

rs1879612 A/G 0.41 -1.042 (0.378) 0.0100 -0.044 (0.039) 0.2501 -0.710 (0.387) 0.0670 -0.132 (0.051) 0.0095 

rs2684781 A/T 0.23 -1.604 (0.460) 0.0001 -0.026 (0.046) 0.5829 -1.263 (0.465) 0.0070 -0.089 (0.061) 0.1435 

rs1521481 T/C 0.44 -0.951 (0.380) 0.013 -0.060 (0.039) 0.1225 -0.943 (0.385) 0.0146 -0.144 (0.051) 0.0052 

rs4966035 T/C 0.31      -1.603 (0.612) 0.0090 0.006 (0.080) 0.9436 

rs1879613 A/C 0.20      -0.589 (0.487) 0.2265 -0.141 (0.066) 0.0331 

rs12910200 G/A 0.27 0.020 (0.413) 0.961 0.128 (0.041) 0.0018 0.408 (0.421) 0.3323 0.202 (0.055) 0.0002* 

 

Table 4.3a: Significant associations between longitudinal measures of antenatal growth and the IGF Axis in the discovery cohort (gender-combined) 
 

IGF SNPs significantly associated (p-values ≤ 0.005) with antenatal head circumference (HC) or antenatal abdominal circumference (AC) from linear mixed-effects 

analyses are listed here. Beta represents the regression coefficients for both the intercept and change with time (trajectory) within the discovery cohort (data 18-38 

weeks gestation). P-values ≤0.010 are highlighted in bold text. * denotes p-values that remain statistically significant after adjusting for multiple testing (p ≤ 0.00041). 

Omitted from the table are values for AC or HC where intercept and trajectory have been found to be non-significant. 

Models adjusted for parental height, weight, BMI, age, socioeconomic status; maternal smoking status, parity, gestational age (GA) at birth; placental weight and 

function; and gender of the child. 
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Gene Subset SNP Increasing 
allele MAF 

ANTENATAL HC LONGITUDINAL ANALYSES ANTENATAL AC LONGITUDINAL ANALYSES 

Intercept Trajectories Intercept Trajectories 
Beta (SE) p Beta (SE) p Beta (SE) p Beta (SE) p 

IGF-1 
Females rs1520220 C/T 0.19      0.148 (0.746) 0.8429 0.245 (0.089) 0.0061 
Females rs10860865 C/G 0.26         -0.132 (0.634) 0.8353 0.204 (0.078) 0.0092 

IGF-1R 

Males rs2684777 G/C 0.23      0.549 (0.590) 0.352 -0.223 (0.078) 0.0044 
Males rs1879612 A/G 0.41      -0.306 (0.513) 0.5514 -0.265 (0.068) 0.0001* 
Males rs2670504 C/T 0.19      0.721 (0.639) 0.2593 -0.277 (0.086) 0.0014 
Males rs8030777 C/A 0.31      0.341 (0.566) 0.5479 -0.286 (0.076) 0.0002* 
Males rs2684781 A/T 0.23 -1.647 (0.658) 0.0127 -0.013 (0.067) 0.8487 -2.038 (0.626) 0.0012 -0.063 (0.084) 0.4510 
Males rs1521481 T/C 0.44      -0.605 (0.514) 0.2399 -0.259 (0.069) 0.0002* 
Males rs4966035 T/C 0.31 -0.801 (0.572) 0.1623 -0.119 (0.059) 0.0436 -0.271 (0.548) 0.6203 -0.230 (0.072) 0.0015 

Females rs4966035 T/C 0.31      -1.603 (0.612) 0.0091 0.006 (0.080) 0.9436 
Males rs1357112 C/T 0.35 -0.025 (0.566) 0.9651 0.163 (0.058) 0.0051 0.136 (0.541) 0.802 0.179 (0.073) 0.0155 
Males rs1879613 A/C 0.20      0.321 (0.655) 0.6242 -0.273 (0.090) 0.0024 
Males rs7165875 T/G 0.25      0.153 (0.598) 0.798 -0.233 (0.082) 0.0046 

Females rs7165875 T/G 0.25      -1.777 (0.666) 0.0079 0.062 (0.088) 0.4819 
Males rs12910200 G/A 0.27 0.250 (0.579) 0.6659 0.179 (0.059) 0.0022 0.619 (0.556) 0.2667 0.272 (0.074) 0.0003* 
Males rs2684811 A/G 0.24 -1.151 (0.651) 0.0775 -0.150 (0.066) 0.0236 -0.144 (0.631) 0.8192 -0.262 (0.085) 0.0020 
Males rs9920651 G/A 0.19      1.022 (0.651) 0.117 0.263(0.087) 0.0026 

Females rs2684791 A/C 0.31 1.551 (0.559) 0.0058 -0.046 (0.054) 0.4014 0.340 (0.613) 0.5798 0.220 (0.076) 0.0036 
IGF-2R Males rs3777421 G/A 0.32 1.522 (0.579) 0.0088 0.008 (0.059) 0.8996         
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Table 4.3b: Significant associations between longitudinal measures of antenatal growth and the IGF Axis in the discovery cohort (gender-stratified)  

Most significant IGF SNPs associated with antenatal head circumference (HC) or antenatal abdominal circumference (AC) from linear mixed-effects analyses for the 

Raine study. Beta represents the regression coefficients for both the intercept and change with time (trajectory) within the discovery cohort (data 18-38 weeks gestation). 

P-values ≤0.010 are highlighted in bold text. * denotes p-values that remain statistically significant after adjusting for multiple testing (p ≤ 0.00041). Omitted from 

the table are values for AC or HC where intercept and trajectory have been found to be non-significant.Models adjusted for parental height, weight, BMI, age, 

socioeconomic status; maternal smoking status, parity, gestational age (GA) at birth; placental weight and function; and gender of the child. 
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Gene Subset SNP Increasing 
allele MAF 

ANTENATAL HC LONGITUDINAL ANALYSES ANTENATAL AC LONGITUDINAL ANALYSES 
Intercept Trajectory Intercept Trajectory 

Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p 

IGF-1 
Females rs1520220 G/C 0.18       -0.214 (0.354) 0.5455 0.021 (0.054) 0.6988 
Females rs10860865 T/G 0.26         0.094 (0.297) 0.7513 0.055 (0.045) 0.2180 

IGF-1R 

Males rs2684777 T/C 0.20       0.193 (0.358) 0.5889 0.048 (0.055) 0.3827 
Everyone rs1879612 C/T 0.37 -0.149 (0.137) 0.2776 -0.031 (0.019) 0.1020 0.050 (0.199) 0.8025 -0.020 (0.030) 0.4975 

Males rs1879612 C/T 0.37       0.138 (0.283) 0.6259 0.007 (0.043) 0.8702 

Males rs2670504 G/A 0.18       0.002 (0.369) 0.9954 0.017 (0.056) 0.7572 
Males rs8030777 T/C 0.26       0.027 (0.318) 0.9324 0.012 (0.048) 0.8049 

Everyone rs2684781 C/T 0.18 -0.200 (0.178) 0.2625 -0.016 (0.025) 0.5171 -0.125(0.256) 0.6252 -0.049 (0.039) 0.2047 

Males rs2684781 C/T 0.18 -0.207 (0.251) 0.4100 -0.068 (0.035) 0.0535 -0.015  (0.354) 0.9669 -0.029 (0.054) 0.5976 

Everyone rs1521481 C/A 0.39 -0.186 (0.136) 0.1725 -0.022 (0.019) 0.2347 -0.115 (0.197) 0.5605 -0.015(0.030) 0.6232 

Males rs1521481 C/A 0.39       -0.078 (0.282) 0.7833 0.013 (0.043) 0.7595 

Males rs4966035 A/G 0.30 -0.065 (0.208) 0.7541 -0.018 (0.029) 0.5348 0.112 (0.298) 0.7066 -0.001 (0.045) 0.9782 

Females rs4966035 A/G 0.30       -0.160 (0.294) 0.5854 -0.037 (0.046) 0.4067 

Everyone rs1879613 C/T 0.19       0.046 (0.247) 0.8537 0.029 (0.037) 0.4342 

Males rs1879613 C/T 0.19       0.066  (0.359) 0.8552 0.038 (0.055) 0.4884 

Males rs7165875 G/C 0.23       0.060 (0.336) 0.8582 -0.008 (0.051) 0.8834 

Females rs7165875 G/C 0.23       0.148 (0.319) 0.6424 -0.004 (0.048) 0.9315 

Everyone rs12910200 A/T 0.33 0.076 (0.143) 0.5931 0.054 (0.020) 0.0060 -0.051 (0.206) 0.8038 0.038 (0.031) 0.2294 

Males rs12910200 A/T 0.33 -0.191 (0.206) 0.3534 0.064 (0.029) 0.0250 -0.224 (0.296) 0.4495 0.026 (0.045) 0.5627 

Males rs2684811 T/C 0.20 0.061 (0.242) 0.8017 -0.017 (0.034) 0.6095 0.183 (0.348) 0.599 -0.013 (0.053) 0.8076 
Males rs9920651 T/C 0.20       -0.338 (0.335) 0.3123 -0.015 (0.052) 0.7724 

Females rs2684791 C/T 0.34 0.280 (0.195) 0.1521 0.011 (0.027) 0.6883 -0.010 (0.282) 0.9722 0.087 (0.043) 0.0420 
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Table 4.4: Associations between longitudinal measures of antenatal growth and the SNPs of the IGF Axis in the replication cohort  

Significant SNPs associated in the discovery cohort (Table 4.3a, b) are analysed in GenerationR across antenatal head circumference (HC) or antenatal abdominal 

circumference (AC) from linear mixed-effects analyses in either gender-combine or gender-stratified (‘Males’/Females’). Beta represents the regression coefficients 

for both the intercept and change with time (trajectory) within the discovery cohort (data 18-38 weeks gestation). Omitted from the table are values for AC or HC 

where intercept and trajectory have been found to be non-significant in both the discovery and replication cohorts. P-values ≤0.05 are highlighted in bold text. No 

SNP remained statistically significant after adjusting for multiple testing (p ≤ 0.00041). No data was available for SNPs rs1357112 and rs3777421. Models adjusted 

for parental height, weight, BMI, age, socioeconomic status; maternal smoking status, parity, gestational age (GA) at birth; placental weight and function; and gender 

of the child. 
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IGF-SNPs were evaluated in the replication cohort (three biometry measures between 12-30 weeks gestation) 

and only four SNPs were significantly associated (p≤0.05) with HC/AC or FL intercept or trajectory (Table 

4.4). To explore the timing of onset of the effects on fetal growth, I focused on six IGF-1R SNPs (rs1879612, 

rs8030777, rs1521481, rs2684781, rs2684791 and rs12910200) that were significant to: p≤0.005 in the 

discovery cohort.  

 

A summary of the cross-sectional analyses of these SNPs is presented in Table 4.5a (antenatal head 

circumference) and Table 4.5b (antenatal abdominal circumference). Results from cross-sectional analyses 

suggested that for the majority of these SNPs, the effects on fetal growth became statistically significant in the 

mid to late third trimester; hence, it is to be expected that smaller effect sizes were seen in replication cohort 

where their last ultrasound assessment was at 30 weeks gestation.  

 

It is interesting to note that the direction of effect was analogous between the discovery and replication cohorts 

in those cross-sectional time frames where numerous measures were available (16-24 weeks), Tables 4.5a and 

4.5b. As a form of secondary analyses, femur length (FL) was analysed (Tables 4.6a and 4.6b) and compared 

to postnatal height to assess the influence of IGF SNPs on developmental linear growth.  

 

The majority of SNPs affecting antenatal FL across gender-combined datasets of the discovery cohort belonged 

to IGF-2R whilst male FL tended to be influenced by SNPs in IGF-1. Two SNPs, rs9347380 and rs9456497 

(all in IGF-2R) replicated effects across both cohorts.  
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Subset SNP Increasing 
allele MAF Cohort 

≤Week 12 Weeks 16 - 24 Weeks 26 - 32 ≤32 Weeks 

Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p 

Everyone 

rs1879612 A/G 0.41 Discovery    -0.541 (0.420) 0.1983 -1.375 (0.734) 0.0617 -1.328 (0.794) 0.0951 

rs1879612 C/T 0.37 Replication -0.008 (0.436) 0.9853 -0.046 (0.180) 0.7974 -0.461 (0.269) 0.0872    

rs2684781 A/T 0.23 Discovery    -1.288(0.511) 0.0119 -2.570 (0.892) 0.0042 -1.296 (0.947) 0.1722 

rs2684781 C/T 0.18 Replication -0.602 (0.597) 0.3146 -0.173 (0.233) 0.4574 -0.244 (0.350) 0.4867    

rs12910200 G/A 0.27 Discovery    -0.897 (0.453) 0.0482 0.598 (0.798) 0.4541 1.690 (0.833) 0.0432 

rs12910200 A/T 0.33 Replication 0.154 (0.473) 0.7454 -0.017 (0.186) 0.9272 0.739 (0.282) 0.0087     

Males 
rs12910200 G/A 0.27 Discovery    -0.697 (0.633) 0.2715 1.297 (1.160) 0.2647 2.861 (1.140) 0.0128 

rs12910200 A/T 0.33 Replication -0.101 (0.685) 0.883 -0.230 (0.269) 0.3929 0.667 (0.418) 0.1103     

Females 
rs2684791 A/C 0.31 Discovery    1.656 (0.626) 0.0085 1.489 (1.040) 0.1537 0.777 (1.172) 0.5083 

rs2684791 C/T 0.34 Replication 0.767 (0.587) 0.1939 0.149 (0.256) 0.5616 0.238 (0.370) 0.5215     

Table 4.5a: Cross-sectional antenatal head circumference analyses of IGF-1R SNPs in Discovery and Replication  

Cross-sectional analyses demonstrate that effects in fetal head circumference occur late in third trimester, with cross-sectional data at [26-32 weeks] demonstrating 

similar beta coefficients in the discovery and replication cohorts for antenatal head circumference. Replication do not have serial ultrasound scans at 34 and 38 weeks 

gestation; hence, limiting ability to replicate Raine’s mid and late third trimester associations. Bold text indicates effects observed to be statistically significant (p≤0.05) 

whilst effects going in the same direction in both cohorts are highlighted in italics. Models adjusted for parental height, weight, BMI, age, socioeconomic status; 

maternal smoking status, parity, gestational age (GA) at birth; placental weight and function; and gender of the child. 
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Subset SNP Increasing 
allele MAF Cohort 

≤Week 12 Weeks 16 - 24 Weeks 26 - 32 >32 Weeks 

Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p 

Everyone 
rs1879612 A/G 0.41 Discovery    -0.403 (0.419) 0.3354 -2.309 (0.839) 0.0062 -2.110 (1.036) 0.0421 

rs1879612 C/T 0.37 Replication 0.464 (0.517) 0.3715 -0.071 (0.243) 0.7717 0.009 (0.392) 0.9825     

Males 

rs1879612 A/G 0.41 Discovery    -0.196 (0.558) 0.7257 -1.518 (1.142) 0.1853 -5.103 (1.397) 0.0003 

rs1879612 C/T 0.37 Replication 0.543 (0.711) 0.4485 0.038 (0.352) 0.9131 0.449 (0.570) 0.4312    

rs8030777 C/A 0.31 Discovery    0.616 (0.611) 0.3133 -1.871 (1.247) 0.1347 -4.507 (1.580) 0.0047 

rs8030777 T/C 0.26 Replication 0.665 (0.688) 0.3380 0.007 (0.400) 0.9870 0.037 (0.644) 0.5660    

rs1521481 T/C 0.44 Discovery    -0.415 (0.558) 0.4566 -2.283 (1.145) 0.0473 -5.089 (1.422) 0.0004 

rs1521481 C/A 0.39 Replication 0.263 (0.743) 0.7251 -0.089 (0.350) 0.7998 0.218 (0.564) 0.6985     

Everyone 
rs12910200 G/A 0.27 Discovery    -0.151 (0.454) 0.7397 2.107 (0.916) 0.0218 3.535 (1.116) 0.0016 

rs12910200 A/T 0.33 Replication 0.260 (0.523) 0.6198 -0.102 (0.253) 0.6876 0.294 (0.410) 0.4731     

Males 
rs12910200 G/A 0.27 Discovery    0.357 (0.603) 0.5545 3.112 (1.232) 0.0122 5.604 (1.498) 0.0002 

rs12910200 A/T 0.33 Replication -0.049 (0.762) 0.5236 -0.170 (0.369) 0.6449 0.106 (0.597) 0.8591     

Table 4.5b: Cross-sectional antenatal abdominal circumference analyses of IGF-1R SNPs in Discovery and Replication  

Cross-sectional analyses demonstrate that effects in fetal abdominal circumference occur in the second trimester [16-24 weeks] but are much more pronounced late in 

third trimester, with cross-sectional data at [32 weeks] demonstrating similar beta coefficients in the discovery and replication cohorts for antenatal head circumference. 

Replication do not have serial ultrasound scans at 34 and 38 weeks gestation; hence, limiting ability to replicate Raine’s mid and late third trimester associations. Bold 

text indicates effects observed to be statistically significant (p≤0.05) whilst effects going in the same direction in both cohorts are highlighted in italics. Models 

adjusted for parental height, weight, BMI, age, socioeconomic status; maternal smoking status, parity, gestational age (GA) at birth; placental weight and function; 

and gender of the child. 
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Subset Gene SNP Increasing 
allele MAF 

Antenatal Femur Length   Postnatal growth 

Intercept Trajectory Outcome Intercept Trajectory 

Beta (SD) p Beta (SD) p   Beta (SD) p Beta (SD) p 

Everyone 

IGF-2R rs609207 G/T 0.41 -0.332 (0.088) 0.0002* 0.0071 (0.0089) 0.4259        

IGF-2R rs9456497 T/C 0.20 0.341 (0.109) 0.0017 -0.0071 (0.0112) 0.5273        

IGF-2R rs416572 T/C 0.30 -0.292 (0.094) 0.0019 0.0065 (0.0094) 0.4886        

IGF-2R rs687088 C/T 0.31 -0.280 (0.093) 0.0025 0.0015 (0.0095) 0.8714 Height -0.004 (0.002) 0.009 -0.0004(0.0002) 0.0133 

 rs687088 C/T 0.31 -0.280 (0.093) 0.0025 0.0015 (0.0095) 0.8714 Weight 0.570 (0.173) 0.001 0.0980(0.0379) 0.0097 

IGF-2R rs9347380 A/G 0.31 -0.249 (0.093) 0.0075 0.0019 (0.0093) 0.841        

 rs1521481 C/A 0.39 -0.029 (0.046) 0.5230 0.0147 (0.0050) 0.0030        

IGF-1R rs11247369 G/T 0.18 0.182 (0.116) 0.1192 0.0372 (0.0115) 0.0013           

 

Table 4.6a: Associations between antenatal femur length and postnatal height and weight in gender-combined groups (Discovery cohort)  

Longitudinal analyses of antenatal femur length, FL (18-38 weeks gestation) are compared with longitudinal analyses of postnatal height and weight were performed 

using data from 1-17 years of age in the discovery cohort. Beta represents the regression coefficients for both the intercept and change with time (trajectory). P-values 

≤0.010 are highlighted in bold text. *denotes p-values that remain statistically significant after adjusting for multiple testing (p ≤ 0.00041). Omitted from the table are 

values for antenatal FL or postnatal height or weight analyses where intercept and trajectory have been found to be non-significant.  

Antenatal models adjusted for parental height, weight, BMI, age, socioeconomic status; maternal smoking status, parity, gestational age (GA) at birth; placental weight 

and function; and gender of the child. Postnatal models adjusted for age, sex of the child at each follow-up time-point.  
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Subset Gene SNP Increasing 
allele MAF 

Antenatal Femur Length Postnatal growth (weight) 

Intercept Trajectory Intercept Trajectory 

Beta (SD) p Beta (SD) p Beta (SD) p Beta (SD) p 

Females IGF-2R rs609207 G/T 0.41 -0.447 (0.122) 0.0003 0.006 (0.012) 0.6314       

Females IGF-2R rs416572 T/C 0.30 -0.424 (0.131) 0.0013 0.015 (0.013) 0.2583       

Females IGF-1R rs4966035 T/C 0.31 -0.373 (0.131) 0.0046 -0.005 (0.013) 0.7296 0.658 (0.248) 0.0084 0.113 (0.053) 0.0327 
Females IGF-2R rs687088 C/T 0.31 -0.353 (0.131) 0.0071 -0.005 (0.013) 0.7141       

Females IGF-1R rs7165875 T/G 0.25 -0.382 (0.141) 0.0071 0.007 (0.014) 0.6398 0.682 (0.267) 0.0109 0.105 (0.057) 0.0644 
Females IGF-2R rs8191745 A/C 0.15 -0.443 (0.166) 0.0080 -0.012 (0.017) 0.5100       

Females IGF-1 rs2946834 C/T 0.32 0.342 (0.131) 0.0095 -0.003 (0.013) 0.8254       

Females IGF-1R rs1521481 T/C 0.44 -0.302 (0.123) 0.0144 -0.003 (0.012) 0.8417 0.508 (0.233) 0.0299 0.098 (0.049) 0.0484 
Females IGF-1R rs1879613 A/C 0.20 -0.359 (0.154) 0.0201 0.009 (0.016) 0.5742 0.784 (0.290) 0.0071 0.123 (0.062) 0.0450 
Females IGF-1R rs1568501 C/T 0.41 0.248 (0.125) 0.0486 0.006 (0.012) 0.6333 -0.537 (0.238) 0.0241 -0.105 (0.050) 0.0381 

Males IGF-2R rs9347381 C/T 0.14 -0.493 (0.182) 0.007 0.011 (0.019) 0.5790       

Males IGF-1R rs875686 A/T 0.33 0.367 (0.136) 0.0072 0.014 (0.014) 0.3001       

Males IGF-2R rs9456497 T/C 0.20 0.359 (0.148) 0.0157 -0.031 (0.015) 0.0373 -0.617 (0.279) 0.0274 -0.102 (0.063) 0.1031 
   Replication A/G 0.19 0.158 (0.078) 0.0440 -0.020 (0.009) 0.0230       

Males IGF-2R rs9347380 A/G 0.31 -0.312 (0.133) 0.0194 0.005 (0.013) 0.7046       

   Replication A/G 0.01 -0.090 (0.065) 0.1670 0.020 (0.007) 0.0050       

Males IGF-1R rs11247369 G/T 0.18 0.286 (0.167) 0.0868 0.051 (0.017) 0.0023       

Males IGF-1 rs2195239 C/T 0.24 -0.099 (0.142) 0.4836 -0.050 (0.014) 0.0004       

Males IGF-1 rs10735380 G/C 0.25 0.046 (0.135) 0.7292 -0.039 (0.013) 0.0036       

Males IGF-1 rs17727841 G/A 0.17 -0.049 (0.156) 0.7545 -0.042 (0.015) 0.0063         
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Table 4.6b: Associations between antenatal femur length and postnatal weight in gender-stratified groups (Discovery cohort)  

Longitudinal analyses of antenatal femur length, FL (18-38 weeks gestation) are compared with longitudinal analyses of postnatal height and weight were performed 

using data from 1-17 years of age in the discovery cohort. Beta represents the regression coefficients for both the intercept and change with time (trajectory). P-values 

≤0.010 are highlighted in bold text. *denotes p-values that remain statistically significant after adjusting for multiple testing (p ≤ 0.00041). Omitted from the table are 

values for antenatal FL or postnatal height or weight analyses where intercept and trajectory have been found to be non-significant. Postnatal height was not statistically 

significantly associated with any of these SNPs (p<0.05) therefore results are not presented in this table.  

Antenatal models adjusted for parental height, weight, BMI, age, socioeconomic status; maternal smoking status, parity, gestational age (GA) at birth; placental weight 

and function; and gender of the child. Postnatal models adjusted for age, sex of the child at each follow-up time-point.  
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4.4.4 Postnatal 

The longitudinal analyses of associations between SNPs in the IGF-axis and postnatal height and 

weight (using eight measures recorded over 17 years of life) are summarised in Table 4.7. 

 

Additional longitudinal postnatal analyses using BMI as an outcome are detailed in Table 4.8. 

These measures were not available in the replication cohort due to the cohort’s age. Similar to 

antenatal growth, the vast majority of the significant associations were in SNPs in the IGF 

receptors.  

 

The majority of IGF-1R SNPs associated with postnatal growth are significantly associated with 

weight (Table 4.7) and subsequently BMI (Table 4.8). These associations with weight appeared 

to be more prevalent in females, where six out of eight IGF-1R SNPs produced significant 

associations in female subsets with only one each for males and gender-combined datasets 

respectively.  

 

To illustrate the magnitude of effect of these SNPs on postnatal growth I use IGF-1R SNP 

rs3784605 which was significantly associated with reducing weight in females, decreasing weight 

0.72kg for the intercept and a further 0.18kg for the trajectory effects.   

 

Several SNPs in IGF-2R were significantly associated with both weight gain and linear growth 

across children of the discovery cohort. Six out of ten SNPs significantly associated with postnatal 

height analyses (Table 4.7, p<0.01) belonged to IGF-2R, where 5 SNPs were produced from 

analyses in the gender-combined dataset.  
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  Gene Subset SNP Increasing 
allele MAF 

Weight (kg) 
Intercept Trajectory 

Beta (SD) p Beta (SD) p 

IGF-1 
Males rs10860861 T/C 0.50 0.557 (0.230) 0.0159 0.140 (0.051) 0.0065 

Everyone rs6214 T/A 0.40 0.118 (0.166) 0.4757 0.053 (0.036) 0.1464 
Males rs6214 T/A 0.40 0.430 (0.231) 0.0624 0.117 (0.052) 0.0237 

IGF-1R 

Males rs12442093 C/G 0.18 0.041 (0.289) 0.8888 0.051 (0.065) 0.4309 
Females rs1879613 A/C 0.20 0.784 (0.290) 0.0071 0.123 (0.062) 0.0450 
Females rs2272037 T/C 0.40 0.370 (0.240) 0.1238 0.125 (0.051) 0.0137 
Females rs2670504 C/T 0.19 0.872 (0.312) 0.0054 0.168 (0.066) 0.0125 
Females rs3784605 A/G 0.31 -0.712 (0.254) 0.0052 -0.176 (0.054) 0.0011 
Females rs4966035 T/C 0.31 0.658 (0.249) 0.0084 0.113 (0.053) 0.0327 
Females rs7169544 A/G 0.43 -0.563 (0.235) 0.0170 -0.151 (0.050) 0.0024 

Everyone rs907801 C/A 0.17 -0.603 (0.222) 0.0068 -0.116 (0.049) 0.0172 

IGF-2R 

Everyone rs2297363 C/T 0.14 0.619 (0.236) 0.0089 0.144 (0.052) 0.0053 
Males rs399919 C/T 0.31 0.696 (0.239) 0.0038 0.099 (0.054) 0.0658 

Everyone rs4709393 A/C 0.26 0.591 (0.184) 0.0013 0.123 (0.040) 0.0022 
Females rs4709393 A/C 0.26 0.381 (0.267) 0.1541 0.074 (0.057) 0.1928 
Males rs4709393 A/C 0.26 0.744 (0.254) 0.0035 0.153 (0.057) 0.0074 

Everyone rs635551 A/G 0.16 0.397 (0.221) 0.0724 0.081 (0.048) 0.0936 
Everyone rs687088 C/T 0.31 0.570 (0.173) 0.0010 0.098 (0.037) 0.0097 
Everyone rs7746102 C/A 0.23 -0.408 (0.192) 0.0333 -0.084 (0.042) 0.0444 

IGF-BP4 Everyone rs1009728 T/C 0.32 -0.453 (0.173) 0.0092 -0.097 (0.038) 0.0106 
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Table 4.7a: Associations between postnatal weight with SNPs of the IGF Axis (Discovery cohort)  

Longitudinal analyses of postnatal weight and height were performed using data from 1-17 years of age. Effects observed to be statistically significant (p≤0.01) are 

detailed here. SNPs significantly associated with antenatal growth (antenatal head circumference or antenatal abdominal circumference) are highlighted in italics. P-

values ≤0.010 are highlighted in bold text.  Postnatal models adjusted for age, sex of the child at each follow-up time-point.  
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  Gene Subset SNP Increasing 
allele MAF 

Height (cm) 
Intercept Trajectory 

Beta (SD) p Beta (SD) p 

IGF-1 

Males rs10860861 T/C 0.50 0.100 (0.210) 0.5726 -0.030 (0.020) 0.1936 
Everyone rs6214 T/A 0.40 -0.070 (0.140) 0.6438 -0.040 (0.020) 0.0099 

Males rs6214 T/A 0.40 -0.020 (0.210) 0.9259 -0.040 (0.020) 0.0656 

IGF-1R 

Males rs12442093 C/G 0.18 0.800 (0.260) 0.0024 0.050 (0.030) 0.0555 
Females rs1879613 A/C 0.20 -0.300 (0.250) 0.2339 -0.040 (0.030) 0.1536 
Females rs2272037 T/C 0.40 0.170 (0.210) 0.4177 -0.030 (0.020) 0.2303 
Females rs2670504 C/T 0.19 -0.370 (0.270) 0.1702 -0.040 (0.030) 0.1793 
Females rs3784605 A/G 0.31 0.030 (0.220) 0.8981 0.040 (0.020) 0.1214 
Females rs4966035 T/C 0.31 -0.190 (0.210) 0.3831 -0.030 (0.020) 0.2488 
Females rs7169544 A/G 0.43 0.030 (0.20) 0.8852 0.010 (0.020) 0.5568 

Everyone rs907801 C/A 0.17 0.010 (0.190) 0.9574 0.030 (0.020) 0.1655 

IGF-2R 

Everyone rs2297363 C/T 0.14 -0.320 (0.210) 0.1223 -0.070 (0.020) 0.0054 
Males rs399919 C/T 0.31 -0.430 (0.220) 0.0529 -0.060 (0.020) 0.0073 

Everyone rs4709393 A/C 0.26 -0.250 (0.160) 0.1245 -0.050 (0.020) 0.0048 
Females rs4709393 A/C 0.26 -0.510 (0.230) 0.0264 -0.070 (0.030) 0.004 
Males rs4709393 A/C 0.26 0.120 (0.230) 0.6244 0.001 (0.020) 0.9836 

Everyone rs635551 A/G 0.16 -0.290 (0.190) 0.1263 -0.060 (0.020) 0.0067 
Everyone rs687088 C/T 0.31 -0.40 (0.150) 0.0090 -0.040 (0.020) 0.0133 
Everyone rs7746102 C/A 0.23 0.430 (0.170) 0.0097 0.060 (0.020) 0.0017 

IGF-BP4 Everyone rs1009728 T/C 0.32 0.010 (0.150) 0.9592 0.010 (0.020) 0.6621 
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Table 4.7b: Associations between postnatal height with SNPs of the IGF Axis (Discovery cohort) Longitudinal analyses of postnatal weight and height were 

performed using data from 1-17 years of age. Effects observed to be statistically significant (p≤0.01) are detailed here. SNPs significantly associated with antenatal 

growth (antenatal head circumference or antenatal abdominal circumference) are highlighted in italics. P-values ≤0.010 are highlighted in bold text.  

Postnatal models adjusted for age, sex of the child at each follow-up time-point.  
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Gene Effect Subset SNP Increasing 
allele MAF 

Intercept Trajectory 

Beta (SE) p Beta (SE) p 

IGF-1R 

Decrease 

Everyone rs907801 C/A 0.17 -0.325 (0.115) 0.0050 -0.022 (0.018) 0.2005 

IGF-1R Females rs7169544 A/G 0.43 -0.275 (0.126) 0.0293 -0.067 (0.019) 0.0004 

IGF-1R Females rs3784605 A/G 0.31 -0.343 (0.135) 0.0116 -0.070 (0.021) 0.0007 

IGFBP4 Everyone rs1009728‡ T/C 0.32 -0.244 (0.090) 0.0071 -0.040 (0.014) 0.0034 

IGF-1 

Increase 

Males rs10860861 T/C 0.50 0.283 (0.117) 0.0159 0.054 (0.018) 0.0021 

IGF-1 Males rs6214 T/A 0.40 0.255 (0.118) 0.0304 0.055 (0.118) 0.0017 

IGF-1R Females rs4966035‡ T/C 0.31 0.371 (0.133) 0.0053 0.039 (0.020) 0.0568 

IGF-1R Females rs2272037 T/C 0.40 0.151 (0.128) 0.2376 0.057 (0.019) 0.0065 

IGF-2R Males rs399919 C/T 0.31 0.341 (0.122) 0.0054 0.026 (0.019) 0.1635 

IGF-2R Everyone rs687088 C/T 0.31 0.298 (0.090) 0.0010 0.035 (0.014) 0.0101 

IGF-2R Males rs4709393 A/C 0.26 0.369 (0.129) 0.0045 0.042 (0.020) 0.0319 

 

Table 4.8: Associations between postnatal BMI and SNPs within genes in the IGF Axis (Discovery cohort)  

Longitudinal analyses of postnatal BMI were performed using data from 1-17 years of age. Decreased effect represents those IGF SNPs associated with reduced 

regression coefficients for both intercept and trajectory. An ‘increased’ effect represents those IGF SNPs associated with increased regression coefficients for both the 

intercept and the trajectory. ‡ IGF SNPs associated with both antenatal growth and postnatal growth (p≤0.05). Postnatal models adjusted for age, sex of the child at 

each follow-up time-point.  
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4.4.5 Comparing antenatal and postnatal growth 

The number of SNPs with significant associations with both antenatal growth and postnatal 

growth was similar for each of the ligands, receptors and binding proteins. Figure 4.2 illustrates 

26 SNPs that were significantly associated with both antenatal and postnatal growth in the 

discovery study; 17SNPs, (13 in IGF-1R,) were associated with discordant growth patterns 

consistent with the developmental origins of health and disease (DOHaD) hypothesis.  

 

IGF-1R SNPs rs4966035, rs7165875, rs1521481, rs1879613 and IGF-2R SNP rs687088 were all 

associated with reduced antenatal AC, FL and increased weight gain. Nine SNPs were associated 

with concordant growth patterns, binding proteins rs9658238 (IGF-BP1) consistently associated 

with increased growth and rs1009728 of IGF-BP4 consistently associated with decreased growth. 

4.4.6 Comparing candidate gene and haplotype association results 

Antenatal 

Haplotype analyses identified 35 Haplotype blocks for the 145 SNPs across the nine IGF-Axis 

genes. Analysing the combinations of SNPs within the haplotype blocks against antenatal growth 

trajectories found several significant associations for antenatal abdominal circumference 

measures but not for antenatal head circumference and femur length. The haplotype of 

rs1521481:rs4966035 was significantly associated with antenatal abdominal circumference (β = 

-0.011, p =0.0036, Appendix II Table 4). These SNPs individually were shown to be associated 

with either the intercept of antenatal abdominal circumference (rs1521481 β = -0.144, p =0.0052) 

or trajectory of antenatal abdominal circumference (rs4966035 β = -1.603, p =0.0090), Table 4.3a. 

Rs2684811 in the haplotype block with rs2715471 was significantly associated with reduced 

antenatal abdominal circumference (β =-0.044, p = 3.14x10-5, Appendix II Table 4), only 

rs2684811 was shown to influence antenatal abdominal circumference from the candidate gene 

analysis (males β = -0.262, p = 0.0020, Table 4.3b).  

 



 
 

157 
 

Postnatal  

The haplotype association of rs1009728 and rs535058 was associated with reduced BMI (β = -

0.328, p = 0.0002, Appendix II Table 5), only rs1009728 showed significant associations from 

the candidate gene analyses (BMI intercept β =-0.244, p =0.0071 and trajectory β =-0.040, p 

=0.0034, Table 4.8). The haplotype combination of rs7169544 and rs3784605 was associated with 

reduced BMI (β = -0.066, p = 0.0195, Appendix II Table 5); however, these two SNPs separately 

were significantly associated with reduced BMI (of similar magnitude) for females, (rs7169544 

β = -0.067, p = 0.0004 and rs3784605 β = -0.070, p =0.0007, Table 4.8). The haplotype analysis 

identified the combination of SNPs from IGF2R (rs8191745, rs9347380, rs9456497, and 

rs399919) which were associated with increased BMI (β = 9.572, p =2.54x10-16, Appendix II 

Table 5). From the candidate gene analysis however, only rs399919 was associated with increased 

BMI (intercept β = 0.341, p =0.0054, Table 4.8).  

4.5 Discussion  

The aim of the current study was to investigate the association between SNPs in genes within the 

IGF-axis and antenatal and postnatal growth from birth to adolescence in the discovery and 

replication cohorts adjusting for common environmental influences on IGF levels. 

 

I have shown that 40% (58/145) of the SNPs in genes within the IGF-axis were associated with 

measures of fetal growth.  The majority of these SNPs were in the genes for the two cell-surface 

receptors, IGF-1R and IGF-2R (23% (34) and 9% (13) respectively). Of the eight SNPs within 

the two ligands, IGF-1 had more SNPs associated with antenatal growth, accounting for a small 

proportion of the significant associations (4%; 6 SNPs respectively) with the remaining two SNPs 

found in IGF-2. Three SNPs from the five IGF-binding proteins assessed (IGFBP 1-5) constituted 

a further 2%.  
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Figure 4.2: IGF SNPs significantly associated with both antenatal and postnatal growth. Of 

the 39 SNPs associated with antenatal growth, seven SNPs have demonstrated a U-shaped 

association relating antenatal growth restriction and postnatal BMI. This is consistent with one of 

the underlying hypotheses of the Developmental Origins of Health and Disease paradigm which 

describes how fetal programming may operate across differing stages of nutrition with a U-shaped 

curve relating prenatal growth and nutrition to adult obesity and metabolic disease. SNPs listed 

here were significantly associated (p-values ≤ 0.05) with both antenatal measures of growth (head 

circumference; HC, abdominal circumference; AC, or femur length; FL) and postnatal growth 

(height, weight or BMI).  
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Of the 39 SNPs associated with developmental growth, it was identified that rs4966035 (IGF-1R) 

was associated in children of small for gestational age [488]. Rs6124 (IGF1) located in the 

functional area (3’-UTR) being directly in the section of mRNA that follows the translation of a 

termination codon has been shown to be associated with age at menarche in Caucasian females 

[489]. Also from IGF1 was SNP rs2195239 which was shown to be associated with childhood 

immunoglobulin A nephropathy [490]. 

 

This study also suggests a potentially important role of genetic variants in IGF-1R (and to a lesser 

extent IGF-2R) in the regulation of fetal growth.  This finding is consistent with the observation 

that both IGF-1R and insulin receptors are necessary for optimal pre- and post-natal growth and 

development, with the interaction of IGF’s and their receptors playing a critical role in promoting 

and regulating embryonic growth from mid-gestation onwards[79, 272]with IGF-1 and IGF-2 

acting via IGF-1R to promote growth [79, 491].  

 

In addition to playing an important role in antenatal growth the data here suggest that SNPs in 

genes within the IGF-axis may also play a role in postnatal growth with associations identified 

with   38% (55/145) of the SNPs investigated and longitudinal height and/or weight from one to 

17 years. Similar to antenatal growth, the majority of these associations were in the genes for the 

two cell surface receptors, with 21% in IGF-1R (31SNPs) and 9% in IGF-2R (13 SNPs). Results 

from this study illustrated that SNPs from IGF-2R were associated with reduced antenatal FL but 

increased postnatal weight gain/BMI. Further the associations identified between SNPs in IGFBP-

4 were consistent with published literature which states that it has an inhibitory effect on growth 

by preventing the binding of IGF-1 with IGF-1R [243]. Here is has been shown that rs1009728 

in IGF-BP4 was significantly associated with reducing both antenatal growth and postnatal weight 

(and BMI) in males and females.  
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4.5.1 Relevance to the DOHaD paradigm 

The underlying principle of DOHaD is founded upon decades of research in both human and 

animal studies illustrating the relationship between antenatal growth and postnatal obesity, where 

early life growth restriction predisposes individuals to diseases such as obesity, diabetes, 

metabolic syndrome, stroke and cardiovascular disease during adulthood [161, 163, 210, 213, 215, 

216].  

 

It is widely accepted that genetic and epigenetic pathways mediate much of the relationship 

between the environment and the DOHaD paradigm where both mechanisms likely contribute to 

the variation seen in an individual’s response to the environment as complex interactions between 

genes and the early environment modulate developmental programming of adult disease[12]. 

Genetic differences not only regulate gene-environment interactions underlying disease onset but 

also regulate disease susceptibility following environmental alterations[12].  

 

There is growing evidence that the relationship between antenatal/postnatal growth and disease 

is mediated by genetic variants in the IGF-axis [72-80]. Here it has been demonstrated that a large 

number of SNPs from the IGF Pathway were significantly associated with anthropomorphic 

measures taken from ultrasounds and postnatal growth. Further, the findings identified suggesting 

that 12 SNPs in the IGF-axis were associated with both antenatal and postnatal growth patterns 

are consistent with the DOHaD hypothesis. Eleven SNPs were associated with discordant growth 

patterns consistent with the lower end of the U-shaped curve described between antenatal growth 

and postnatal obesity [12, 197, 492].  
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4.5.2 Highlighting the need for analytically complex methods  

Genetic variants in the IGF receptors accounted for the majority of the associations with growth 

observed in this study. The next step in understanding the mechanism responsible for the 

association between variants in the IGF pathway and early human growth and development is to 

investigate the interactions between insulin-like factors, their receptors and their associated IGF 

binding proteins which fundamentally control the factor-receptor interaction [77, 79, 254, 255, 

260, 265, 272, 287, 313, 491]. Further investigations of the entire IGF pathway and the 

interactions within genetic components of the pathway and the environment would provide 

greater detail as to the underlying function and influence on growth and metabolic diseases.  

Investigating SNPs individually (i.e., one-by-one) may miss important information regarding 

essential biological pathways [493, 494].  

 

This is highlighted by publications detailing genetic analyses utilising both candidate gene 

approaches and GWAS where single SNPs account for only a small amount of the genetic 

variation in obesity and diabetes[197, 483]. Therefore new analytic methods are required in order 

to better analyse and understand this key metabolic pathway to include how the IGF SNPs work 

in conjunction.  This is particularly important as levels of phosphorylation and methylation of 

these SNPs also contribute heavily to the overall functioning of the pathway affecting 

anthropomorphic outcomes by activating, mediating or inhibiting the interaction between insulin-

like growth factors and receptors.  

4.6 Strengths and weaknesses 

The discovery cohort (Raine) and the replication cohort (GenerationR) have been shown to be 

representative of the populations in Western Australia and Holland respectively. Both cohorts 

have multiple measures of growth that have enabled longitudinal analyses, increasing the power 

and uniqueness of this study.  
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The large number of available covariates associated with fetal growth has allowed me to focus on 

the effects due to genetic variants as were able to account for ~ 72% of the variance observed 

using epidemiologic data.  

 

I do; however, note important limitations of this study, including the limited sample size and 

concomitant modest statistical power to detect small genetic effects and the lack of multiple 

ultrasound scans in the third trimester for the replication cohort. The younger age of the 

replication cohort has also meant that we are unable to replicate our postnatal findings in this 

cohort.   

 

4.6.1 Future studies 

Future research will need to be conducted in larger and ethnically diverse studies where growth 

has been measured on multiple occasions across the life-course. Further investigation into the 

association between IGF SNPs and growth will need to emphasise not only the genetic influence 

but also the complexities of environmental exposures and gene-environment interactions. Such 

exposures include diet and nutrition of mother and child as well as the level of physical activity 

by the children and its subsequent influence on postnatal growth measures. In the future, the hope 

is for lifestyle modifications to be implemented following the identification of those children 

whose antenatal growth patterns and individual genetic variation predispose them to the 

development of obesity. Further research is required to evaluate targeted interventions (including 

diet, exercise and medication) for those at the greatest risk of obesity.  
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CHAPTER FIVE 

ANALYSING THE IGF GENETIC NETWORK: MODEL AND 

WORKED EXAMPLE AGAINST DEVELOPMENTAL GROWTH 

AND BLOOD PRESSURE 

 

Whatever you do will be insignificant, but it is very important that you do it.  

Mahatma Gandhi 

5.1 Introduction 

It is well accepted that lifestyle and environmental factors play an important role toward causation 

of elevated blood pressure (BP) levels [1-3]. High BP (defined in literature review) and discussed 

further in chapters six and seven, is a major modifiable risk factor for cardiovascular diseases 

(CVD) [4]. The prevalence of high BP (or essential/primary hypertension) is recognised to be due 

to epistasis [5-8] and the interplay of gene-gene and gene-environment interactions [9] which is 

correlated with genomic complexity [10].  
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Genes of the IGF network have been shown to be associated with BP. IGF-1 has been shown to 

be an important predictor of cardiovascular health. IGF-1 concentrations are indicative of positive 

associations of severity of coronary artery disease [11] and risk of chronic heart failure [12]. There 

is also evidence of IGF-1 having vascular protective qualities [13, 14]. Lower IGF-1 levels have 

been associated with increased prevalence of severe hypertension [13, 15]. This is thought to 

potentially account for the link between thinner and stiffer umbilical arteries in individuals with 

intrauterine growth restriction (IUGR) and arterial hypertension in adulthood [16]. 

 

Children of lower birth weight develop higher circulating concentrations of IGF-1 than expected 

for their height and weight where these high IGF-1 concentrations may be one of the mechanisms 

linking reduced fetal growth and high blood pressure in later life [17]. A mechanistic link has 

been established from observations of individuals with higher blood pressure and low serum IGF-

1 concentrations [18]. Furthermore, a recent gene-based GWAS study in a Chinese population 

has identified IGF-1 as a hypertension susceptibility gene [19]. Polymorphisms in IGF-2 have 

been shown to influence regulation of blood pressure in obese children [20]. SNPs of IGF-1R are 

related to left ventricular hypertrophy in patients with essential hypertension [21]. Genetic 

variants in IGF-1R have also been associated with the risk of arterial hypertension [22].  

 

IGF-BP1 has been associated with cardiovascular pathophysiology and inversely associated with 

cardiovascular risk [23] as well as reducing BP in mice [24, 25]. Low circulating levels of IGF-

BP1 are associated with the well-known risk factors of cardiovascular disease [26] whilst high 

circulating IGF-BP1 level may be a congestive heart failure risk factor among older adults [27]. 

The relationship between IGF1 and IGFBP1 is known to be involved in the larger architecture of 

gene-networks involved in BP[28].  
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There is also compelling evidence to suggest that abnormalities in IGF-1 and one of its binding 

proteins IGF-BP1 occur in insulin-resistant states and may be significant factors in the 

pathophysiology of cardiovascular disease (CVD). This leads to the idea that the insulin/IGF-

I/IGF-BP1 and IGF-axis system represents an interesting and novel therapeutic target in the 

prevention of CVD [29] but needs to be analyzed as a functioning unit rather than as individual 

SNPs or genes.  

 

 

An IGF gene-network analysis has the potential to provide insight and advance our understanding 

about the relationship between IGF genes and hypertension. Many genetic association analyses 

have been published. It has been known (and stated for many years) that genes do not generally 

act alone but through networks involving complex gene-gene interactions [30]. However, in the 

current large scale genome-wide framework, high-order SNP-SNP interaction analysis is not 

appropriate for handling the millions of SNPs generated by GWA studies, coupled with potential 

longitudinal phenotypic data collected for these studies. It is practically impossible to model this 

data due to space and heavy computational constraints [31]. Therefore, there is a growing need to 

develop sophisticated statistical approaches that can aggregate the high dimensional data into  

gene- or pathway-level data and make inferences about the complex gene-gene relationships[32, 

33]. Here in this chapter, I aim to better account for the genetic complexity of SBP by modelling 

the IGF-Axis pathway (a key DOHaD pathway) as a gene-network. Characterizing the joint 

association between a gene network and disease outcome will offer new insights into disease 

aetiology while providing tools for making individualized treatment decisions [34]. 
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Age  
Subset N 

SBP (mmHg) Weight (kg) Height (cm) BMI (kg/m2) 

(years) Mean (SD) p-value Mean (SD) p-value Mean (SD) p-value Mean (SD) p-value 

5 

Gender-
combined 1947 103.25 (8.86)   21.36 (3.44)   115.81 (5.02)   15.83 (1.79)   

Males 1010 103.24 (8.57) 
0.6910 

21.62 (3.50) 
0.0002 

116.50 (5.19) 
1.11x10-8 

15.86 (1.76) 
0.3863 

Females 937 103.27 (9.18) 21.07 (3.36) 115.28 (4.76) 15.79 (1.83) 

8 

Gender-
combined 1918 103.72 (10.11)   28.14 (5.60)   129.03 (6.05)   16.80 (2.49)   

Males 986 103.63 (9.54) 
0.4965 

28.34 (5.54) 
0.2935 

129.67 (6.15) 
0.0002 

16.76 (2.43) 
0.2995 

Females 932 103.82 (10.69) 27.92 (5.65) 128.35 (5.87) 16.84 (2.56) 

10 

Gender-
combined 1758 106.57 (9.86)   38.65 (8.82)   143.68 (6.73)   17.45 (4.25)   

Males 914 106.90 (9.73) 
0.0840 

38.58 (8.86) 
0.5479 

143.71 (6.83) 
0.9396 

17.44 (4.21) 
0.4289 

Females 844 106.22 (9.99) 38.72 (8.77) 143.64 (6.63) 17.47 (4.29) 

 

Table 5.1a: Descriptive analysis of the Raine participants aged 5-10 years cross-sectional analyses  

Mean and standard deviation for SBP, weight, height and BMI across gender-stratified and gender-combined data. P-values reported are for differences between males 

and females. Bold text represents statistically significant associations (p≤0.05) 



 
 

167 
 

 

 

Age 
Subset N 

SBP (mmHg) Weight (kg) Height (cm) BMI (kg/m2) 

(years) Mean (SD) p-value Mean (SD) p-value Mean (SD) p-value Mean (SD) p-value 

14 

Gender-
combined 1583 111.30 (10.11)  57.69 (13.19)  164.21 (8.09)  21.30 (4.15)  

Males 810 113.79 (10.42) 5.7 
x10-24 

58.65 (14.12) 
0.0025 

166.27 (9.02) 9.7 
x10-29 

21.07 (4.14) 
0.0200 

Females 773 108.70 (9.09) 56.67 (12.06) 162.02 (6.28) 21.54 (4.15) 

17 

Gender-
combined 1249 113.21 (10.31)  68.03 (14.64)  172.17 (9.28)  22.91 (4.40)  

Males 631 117.80 (9.55) 3.29 
x10-63 

72.30 (14.63) 6.71 
x10-27 

178.31 (7.30) 3.4 
x10-163 

22.70 (4.22) 
0.1069 

Females 618 108.53 (8.86) 63.66 (13.32) 165.80 (6.48) 23.12 (4.58) 

 

Table 5.1b: Descriptive analysis of the Raine participants aged 14-18 years cross-sectional analyses  

Mean and standard deviation for SBP, weight, height and BMI across gender-stratified and gender-combined data. P-values reported are for differences between males 

and females. Bold text represents statistically significant associations (p≤0.05) 
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5.2 Aim 

The goal of this chapter is to analyse the insulin-like growth factor (IGF) pathway-related genes 

as a gene network to improve our understanding of how IGF genes behave at the network level 

and how their subsequent interactions influence Systolic Blood Pressure (SBP) and may be 

predictive of early onset hypertension in growing children.  

 

5.3 Methods 

This study used data collected from the Western Australian Pregnancy (Raine) cohort, described 

previously (chapter three). Techniques for genotyping have also been described in detail in 

chapter three (section 3.5.1.1) and chapter four (section 4.3.2). Postnatal data recorded for 

individuals at follow-up ages of 5-18 years are used here. This dataset comprised of 2,279 

individuals who had at least one SBP measure recorded between five and 17 years of age, with 

the most being recorded at age five (1947 individuals) and the least at the 17 year follow-up (1249 

individuals) Tables 5.1a and 5.1b. 

 

5.3.1 Overview of the Raine SBP dataset 

This section provides an overview of the distribution of the Raine SBP data used for the gene-

network approach. Descriptive statistics relating to these variables are reported for the Raine 

dataset elsewhere in this thesis (chapters six and seven). The data analysed in this chapter differ 

from chapters six and seven in that utilised all repeated measures of SBP collected on average 

every two years on Raine participants from childhood (aged 5 years) through to adolescence (aged 

18 years).  
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Very similar distributions were observed for each variable (SBP, height, weight and BMI) across 

each subgroup (males, females and gender-combined) at ages five, eight and ten (Table 5.1a). 

Datasets analysed post-puberty (i.e. at ages 14 and 17, Table 5.1b) show marked differences in 

all variables between males and females with greater SBP, height and weight in males and higher 

BMI values in females becoming more diverse with increases in age. There was no statistically 

significant difference in mean SBP between males and females at ages five (difference = 

0.03mmHg higher in females, p = 0.6910), eight (difference = 0.19mmHg higher in females, p = 

0.4965) and ten (difference = 0.68mmHg higher in males, p = 0.0840), Table 5.1a.  

Statistically significant sex-differences in SBP were observed post-puberty, at ages 14 (difference 

= 5.09mmHg higher in males, p = 5.7x10-24) and 17 years (difference = 9.27mmHg higher in 

males, p = 3.29x10-63), Table 5.1b.  

 

Similar to SBP, differences in weight and height were small between males and females under 

the age of 14, i.e. before and during puberty. At age five (difference = 0.55kg higher in males, p 

= 0.0002), eight (difference = 0.51kg higher in males, p = 0.2935) and at age ten (difference = 

0.14kg higher in females, p = 0.5479). Weight gain by age 14 (1.98kg higher in males, p = 0.0025) 

and magnified further by age 17 (8.64kg higher in males, p = 6.71x10-27), Table 5.1b.  

 

In terms of height, males were observed to be consistently taller than females, 1.22cm (p = 

1.11x10-8) at age five and 1.32cm (p = 0.002) at age eight, Table 5.1a. Non-significant differences 

in height difference were observed at onset of puberty, at ten years of age (males only 0.07cm 

taller than females, p=0.9396, Table 5.1a). Differences post-puberty were again the greatest with 

males being on average 4.25cm taller than females at 14 years (p = 9.7x10-29) and 12.41cm at 17 

years of age (p = 3.4x10-163), Table 5.1b.  
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The longitudinal models used for analysis included BMI to represent the relationship between 

height and weight (which themselves are highly correlated 0.90, Table 5.2). Mean difference in 

BMI between males and females were small during pre-teen ages; 0.07kg/m2 higher in males at 

age five, 0.08kg/m2 higher in females at eight years of age and 0.03kg/m2 higher in males by year 

ten measures. Post-puberty females were observed to have greater BMI values (0.47kg/m2 higher 

at age 14 and 0.42kg/m2 by age 17) reflecting their shorter statues. Statistically significant 

differences in BMI between males and females were only observed at 14 years of age, Table 5.1b. 

Age, weight, height, BMI, SBP and DBP are all significantly correlated (p<0.0001, Table 5.2) 

with age, weight and height all very highly correlated with each other (ρ > 0.85). SBP was 

moderately correlated with age, weight, height, BMI and DBP (0.36 ≤ ρ ≤ 0.45), Table 5.2.  

 

ρ Age Height Weight BMI SBP 

Age       

Height 0.94      

Weight 0.87 0.90     

BMI 0.62 0.62 0.88    

SBP 0.36 0.40 0.45 0.41   

DBP 0.21 0.22 0.21 0.18 0.45 

Table 5.2: Correlation between age, height, weight, BMI, SBP and DBP in the Raine 

dataset 

All correlations were significant at p≤0.0001 
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5.3.1.1 IGF axis gene based analysis  

Assigning SNP genotypes to their associated genes is a common practice to reduce the 

dimensionality of SNP data and to perform a network analysis at the gene level.  These genotype 

groups are defined as groups of individuals with similar multi-locus genotypes [37]. In the models 

(described in section 5.3.2.3) the SNPs were grouped per gene, as previously described in chapters 

three and four. An illustration of the number of SNPs within each gene that is used in these models 

is detailed in Table 5.3 below.  

 

Gene Number of SNPs Percentage of SNPs 

IGF-1 14 10 

IGF-1R 74 51 

IGF-2 6 4 

IGF-2R 32 22 

IGFBP1 4 3 

IGFBP2 3 2 

IGFBP3 4 3 

IGFBP4 3 2 

IGFBP5 5 3 

Total 145 100 

Table 5.3: Distribution of SNPs across IGF-axis genes 
 

The dataset originally comprises of 8,832 observations (over 2,279 unique individuals with at 

most five repeated SBP measures, recorded at 5, 8, 10, 14 and 17 years) with 165 SNPs for each 

observation (Table 5.4). Grouping these SNPs into their associated genes (Table 5.3) is used as a 

data reduction technique, supporting the fact that variants in the same gene may work 

systematically synergistically as a unit [38]. A description of how the model was able to recognise 

and group SNPs based on their gene is detailed in the data matrix (Table 5.5). 
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 Row ID age SEX Height Weight BMI SBP DBP RS1019731 RS3770473 … RS7426116 

1 10010 5.62 M 113.80 23.05 17.80 106.00 39.00 0 1 … 0 
2 10010 8.55 M 131.90 33.40 19.20 102.00 54.00 0 1 … 0 
3 10010 10.62 M 144.80 49.70 23.70 112.00 60.00 0 1 … 0 
4 10010 13.69 M 167.00 76.40 27.39 135.40 68.00 0 1 … 0 
5 10010 16.72 M 178.20 87.90 27.68 125.60 56.80 0 1 … 0 
. . . . . . . . . . . . . 
. . . . . . . . . . . . . 
. . . . . . . . . . . . . 

8828 54602 6.13 M 116.40 18.70 13.80 96.00 43.00 NA 1 … 0 
8829 54602 7.51 M 124.00 21.30 13.85 98.00 48.00 NA 1 … 0 
8830 54602 10.47 M 143.70 31.65 15.33 92.00 51.00 NA 1 … 0 
8831 54602 14.05 M 176.00 55.80 18.05 109.00 58.60 NA 1 … 0 
8832 54602 17.02 M 187.40 72.80 20.73 128.60 58.60 NA 1 … 0 

 

Table 5.4: Example of the longitudinal Raine dataset 
Presented are the first and last five rows of the data matrix. This data matrix had the dimension of  8,832 rows (2,279 individuals with one or more BP measure 

recorded at 5 different time points [5, 8, 10, 14 and 17 years]) by 173 columns (for variables listed above including ID, age, sex, height, weight, BMI, SBP and DBP 

in addition to the 165 SNPs). Each SNP column is coded in an additive format (0, 1, and 2).  
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Row ID age SEX Height Weight BMI SBP DBP Additive SNP 
coding Gene SNP 

1 10010 5.62 M 113.80 23.05 17.80 106.00 39.00 0 IGF1 RS1019731 
2 10010 8.55 M 131.90 33.40 19.20 102.00 54.00 0 IGF1 RS1019731 
3 10010 10.62 M 144.80 49.70 23.70 112.00 60.00 0 IGF1 RS1019731 
4 10010 13.69 M 167.00 76.40 27.39 135.40 68.00 0 IGF1 RS1019731 
5 10010 16.72 M 178.20 87.90 27.68 125.60 56.80 0 IGF1 RS1019731 
. . . . . . . . . . .  
. . . . . . . . . . .  
. . . . . . . . . . .  

1421948 54602 6.13 M 116.40 18.70 13.80 96.00 43.00 0 IGFBP5 RS7426116 
1421949 54602 7.51 M 124.00 21.30 13.85 98.00 48.00 0 IGFBP5 RS7426116 
1421950 54602 10.47 M 143.70 31.65 15.33 92.00 51.00 0 IGFBP5 RS7426116 
1421951 54602 14.05 M 176.00 55.80 18.05 109.00 58.60 0 IGFBP5 RS7426116 
1421952 54602 17.02 M 187.40 72.80 20.73 128.60 58.60 0 IGFBP5 RS7426116 

Table 5.5: Data matrix for the two stage model 
Presented are the first and last five rows of the data matrix. This data matrix had the dimension of 1,421,952 rows (8,832 rows [2,279 individuals] with one or more 

BP measure recorded at 5 different time points [5, 8, 10, 14 and 17 years] by 165 SNPs, as shown in the table above (Table 5.4). There are 12 columns, each 

referring to the individual ID and sex then their height, weight, BMI, SBP and DBP measure at each time. This table differs from Table 5.4 in that each SNP in now 

reported in one single column rather than across 165 different columns. These are: ‘SNP’ = the name of the SNP and ‘Additive SNP coding’ the additive format of 

(0, 1 or 2) for each SNP for each individual, ‘Gene’ = the gene each ‘SNP’ belongs to. Each SNP can only belong to one gene (Table 5.3). 
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5.3.2 Statistical analyses 

Our main statistical framework is based on the linear mixed effects model (introduced in chapters 

three (section 3.8.1) and four (section 4.3.3)) to infer the role of IGF-axis SNPs analysed as a 

genetic network, on systolic blood pressure. Our work is based on an extension of the lme 

proposed by Tsonaka et al [495]. The main covariates considered in our multivariate models 

included: age, BMI and sex of the child. Descriptive statistics for these variables are listed in 

Tables 5.1a and 5.1b.  

5.3.2.1 Modelling of genetic variants 

The SNPs tagging the IGF-axis genes were coded in an additive way, i.e. counting the number of 

minor alleles (0, 1 or 2) using SimHap [36] and grouped by gene in the network analysis. A total 

of 2279 individuals with at least one measure of SBP recorded between the ages of 5 and 17 years 

was used in our analyses to identify the influence of IGF-axis genes and gene interactions on 

blood pressure in the Raine study. Data collected at ages five, eight, ten, 14 and 17 years were 

analyzed using linear mixed effects models [485].  

 

5.3.2.2 Linear mixed effects model for longitudinal data 

Prior to introducing the two stage mixed-effects model (section 0) I feel it is important to first 

summarise the conventional approach used for analyzing data from genetic epidemiological 

studies and link these two methodologies.  

                                                              𝑦𝑖 = 𝑋𝑖𝛽 + 𝑍𝑖𝑏𝑖 +  𝜀𝑖                                           Equation (A)  

 

The gene network model is an extension of the classical linear mixed effects model, lme (equation 

A). Here 𝑦𝑖 represents the response vector (in our case SBP) for each individual 𝑖.  
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A lme also known as a ‘mixed effects model’ is termed as such to describe two major components 

of the model, being a vector of fixed (𝛽) and a vector of random effects (𝛾) [472]. With a matrix 

of regressors, 𝛸 (relating to the vector of fixed effects observations,𝛽) and 𝛧 (relating to the 

vector of random effects observations,𝛾) and where 𝜀 is the vector of normal errors. It generalizes 

the simple linear regression model (Figure 3.3) by allowing for many terms in a mean function 

rather than just one intercept and one slope (Figure 3.4) [473]. When modelling genetic variants 

in an lme, the SNPs are included in the model as fixed effects or random effects, or both [495, 

496].   

 

Alternatively, SNPs can also be considered as the response observed in individuals in a first stage 

of the analysis, and a random effect can be introduced in the model to capture the effect of multiple 

SNPs within a gene and estimate a “global” effect of the gene on individuals. In the second state 

of the analysis, a more standard lme for longitudinal data is fitted where the specific gene-based 

random effects obtained in stage one are now included in the longitudinal lme [495]. This 

approach can provide a gene-network interface because a correlation structure can be estimated 

for the genes in stage two.  

 

The gene network model is an extension of the classical lme (equation A). We applied the lme 

model to longitudinal data (antenatal and postnatal) in chapter four (sections 4.3.3-4.3.5). 

However, rather than fitting a different model for each of the IGF-axis SNPs (i.e. 145 lme models) 

in order to assess the relationship with SBP, I summarized the effects of all SNPs within a single 

gene (in the first stage of the model) and assessed the relationship between each of the nine IGF-

axis genes and the SBP outcome (in the second stage of the model).  



 
 

176 
 

5.3.2.3 Two-stage mixed-effects model 

Following Tsonaka et al[495], we used a two-stage mixed effects model to estimate a gene 

interaction network involving the nine genes of the IGF axis and model their association with the 

longitudinal SBP outcome. As age and sex are known to be major predictors of SBP [40, 41], 

they will be included as fixed effects in the longitudinal SBP model.  

 

First-stage analysis: the gene-based lme model  

 

The first stage analysis models the probability of having a specific genetic variant (minor allele 

of the SNP) as a function of fixed and random effects in the lme. A logistic model is used to 

specify the probability to carry at least one rare allele (dominant model) or two rare alleles 

(recessive model) as a Bernouilli trial. The inclusion of random effects into this lme allows 

specific gene effects to be estimated. The gene-based model will return the empirical Bayes (EB) 

estimates of the gene-specific random effects that are subsequently used in the second stage of 

the longitudinal lme.   

 

 

Let 𝜋𝑖𝑗 be the probability for an individual 𝑖 (𝑖 = 1, … , 𝑛)t o carry a variant in the 𝑆𝑁𝑃𝑗. The 

gene-based lme can be written as: 

𝐥𝐨𝐠
𝝅𝒊𝒋

𝟏 − 𝝅𝒊𝒋
=   𝑿′ 𝒊𝒋𝛽 + 𝒃𝒊 + 𝒃𝒊𝒋 + 𝒃𝒊𝒋𝒈 

 

Where 

𝛽′ is a vector of regression coefficients on specific covariates 𝑋𝑖𝑗′𝑠that could account for 

specific SNP characteristics, if any is included. 
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𝑏𝑖0~ 𝑁(0, 𝜎2)  is a random intercept effect for each individual 𝑖. 

𝑏𝑖𝑔~ 𝑁(0, 𝜎𝑔
2) is a random effect for each gene g within individual 𝑖. It is assumed independent 

for each individual 𝑖 and independent of 𝑏𝑖0 but the big’ s are correlated across genes.  

5.3.3 Hypothesis testing 

1. To analyse the insulin-like growth factor (IGF) pathway-related genes as a gene network to 

improve our understanding of how IGF genes behave at the network level 

2. Model how the subsequent interactions influence Systolic Blood Pressure (SBP) and may be 

predictive of early onset hypertension in growing children 

 

5.3.4 Adjustment for multiple testing 

Bonferroni-correction was applied to adjust for all possible gene by gene by sex by age group 

interactions that were run in the models, consistent with the approach defined in chapter three  

(section  3.8.4 Adjusting for Multiple Testing). The corrected-alpha (corrected significance level) 

was 0.05/324 tests (9 genes * 9 genes * 2 sexes * 2 age groups) = 0.00015. 

𝑏𝑖𝑗𝑔~ 𝑁(0, 𝜎𝑔
2) is a random effect for each gene g within individual 𝑖. It is assumed 

independent for each individual 𝑖 and independent of 𝑏𝑖 𝑎𝑛𝑑 𝑏𝑖𝑗. 

For each individual and each gene, an empirical estimate can be obtained from the gene-

based lme by adding the three random effects: 

𝑒�̂�𝑖𝑔 = �̂�𝑖 + �̂�𝑖𝑗 + �̂�𝑖𝑗𝑔 

In our application with have nine genes, so  𝑔 = (1, … , 9) 
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Table 5.6: Empirical Bayes estimates of the gene-specific random effects  

Presented are the first ten and the last five rows of the data matrix of the Empirical Bayes estimates of the genetic random effects, as generated by the first stage 

analyses. This data matrix had the dimension of 1,394 rows (unique individuals with genotyped data) by 9 columns (genes).    

ID IGF1 IGF2 IGF1R IGF2R IGFBP1 IGFBP2 IGFB 
P3 

IGFBP4 IGFBP5 

1 -1.1012 -0.0872 0.2388 -0.3094 0.8863 -0.4029 1.0386 -0.6115 -0.2416 
2 0.2493 0.1649 0.2108 -0.4885 -1.4460 -0.4029 -0.1266 -0.6115 0.2062 
3 0.9739 -0.0851 -0.0563 0.0707 -1.3123 -1.2088 -0.1210 0.0409 0.1986 
4 -0.3162 -0.0872 -0.1860 0.3318 -1.4460 -0.4029 -0.7057 -0.6115 0.2062 
5 -0.2323 -1.0490 -0.1529 -0.0719 -1.4460 -1.3385 -0.1266 0.0432 0.2062 
6 0.3945 -0.3385 0.4260 0.3268 1.7931 0.2004 0.2954 0.5301 0.5431 
7 -1.0726 -0.0819 -0.1845 0.2651 0.8116 0.6517 -0.1127 0.5301 -0.2155 
8 1.5592 -0.0872 -0.0252 0.0009 0.4944 0.7263 -0.1266 -0.6115 -0.2416 
9 -0.1071 0.1612 0.0055 0.3908 0.8569 0.2166 0.6906 0.5720 -0.2310 

10 1.6178 0.5997 -0.0251 -0.0707 -1.1478 -0.3418 0.2954 0.5301 0.1872 
. . . . . . . . . . 
. . . . . . . . . . 
. . . . . . . . . . 
. . . . . . . . . . 
. . . . . . . . . . 

1390 -0.5519 0.1649 0.2388 0.2051 0.8863 -0.4029 0.7142 -0.6115 0.5925 
1391 0.0776 -0.3626 0.0055 0.2051 -1.4460 -0.4029 0.7142 0.0432 -0.2416 
1392 0.5134 0.8628 0.2855 0.7376 1.5951 0.2275 -1.5630 -0.6115 0.2062 
1393 0.1708 -0.0872 0.5333 -0.5865 -1.4460 -0.4029 -0.7057 0.6004 -0.2416 
1394 0.2739 -0.0872 0.5333 -0.5553 -1.4460 -0.4029 -0.7057 0.6004 -0.2416 
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 𝐶𝑜𝑟𝑟(𝜌) ebIGF1 ebIGF2 ebIGF1R ebIGF2R ebIGFBP1 ebIGFBP2 ebIGFBP3 ebIGFBP4 

ebIGF2 -0.013         

ebIGF1R -0.008 0.002        

ebIGF2R -0.005 0.002 0.041       

ebIGFBP1 -0.015 -0.030 -0.049 -0.029      

ebIGFBP2 -0.002 0.001 0.018 0.011 -0.013     

ebIGFBP3 -0.013 -0.023 -0.029 -0.017 -0.015 -0.007    

ebIGFBP4 -0.003 -0.001 0.015 0.009 -0.013 0.004 -0.008   

ebIGFBP5 -0.004 0.001 0.033 0.021 -0.025 0.009 -0.014 0.008 

Table 5.7: Correlation matrix of random effects from the IGF axis genes from the genotype model 

The correlation of the empirical Bayes estimates of the random effects are summarised here from a mixed-effects logistic regression with a general random-effects 

structure to model the correlation within and between all SNPs within all genes in the dataset.  
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Second stage analysis: The longitudinal lme  

To model the longitudinal outcome, a linear mixed-effects model with random intercept and 

random slope was used. A model fitting procedure was implemented to identify the optimal set 

of variables that should be included in this model. The empirical Bayes estimates of the gene 

specific effects for each individual are plugged into the longitudinal lme in terms of fixed effects 

covariates included in the model.  

 

It is known that BP changes with age [42], but we did not find any significant associations with 

age when used as a continuous variable. Therefore age was modelled as a categorical variable 

representing three distinct time-frames or ‘epochs’ which reflect the three main stages of 

developmental growth; pre-puberty (<10 years), puberty (11-14 years) and post-puberty (15+ 

years). These ‘epochs’ are consistent with those employed in analyses of chapter six and seven 

where further justification for their use and validity can be found.  For an individual i and time 

point t, the longitudinal lme for SBP can be written as:  

 

𝑺𝑩𝑷𝒊𝒕 ~ 𝑿′𝒊𝒕𝜷

+ ∑ ∑ {𝒆𝒃𝒊𝒈
∗̂ }

𝑮

𝒈′>𝒈

{𝒆�̂�𝒊𝒈′
∗ }𝜸

𝑮

𝒈=𝟏

+ ∑ ∑ {𝒆𝒃𝒊𝒈
∗̂ }

𝑮

𝒈′>𝒈

{𝒆�̂�𝒊𝒈′
∗ }(𝑨𝒈𝒆𝒊𝒕 ∗ 𝑺𝒆𝒙𝒊)𝜼 + 𝒖𝒊 + 𝜺𝒊𝒕

𝑮

𝒈=𝟏
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This is the ‘linear mixed effects’ aspect of the model; where the probability of each SNP carrying 

the rare allele (which was summarised per IGF-axis gene - from the first stage of the model) is 

now modelled as a covariate (along with age and sex) against SBP (the outcome of interest, which 

was recorded repeatedly over time, from ages 5 to 17 years).  

 

𝑡  (= 1, … , 5) represents the number of follow-up visits at approximately (1) 5 years, (2), 8 years, 

(3) 10 years, (4) 14 years and (5) 17 years 

�̂�𝑖𝑔
∗  = gene-specific empirical Bayes random effects estimated from stage 1 

𝑋𝑖𝑡 = Design matrix for the fixed effect covariates which include; BMI, sex and age𝛽 = Vector 

of regression coefficients on the fixed effects variables; BMI, sex and age  

𝑢i ~ 𝑁(0, 𝜎2) = random intercept for each individual 𝑖 

𝛾 = vector of regression coefficients on the gene-gene specific effects. It quantifies the effect of 

the pathway on the longitudinal SBP outcome. 

= regression coefficients that capture variation of gene by gene interactions with age (as a 

discrete variable) interaction and sex on  𝑆𝐵𝑃. 

It quantifies the age-specific effect of the pathway on the longitudinal SBP outcome. 

𝐴𝑔𝑒𝑖𝑡 = 5-10 years (pre-pubertal epoch), 11-14 years (pubertal epoch), 15+ years (post-pubertal 

epoch). In brief, these timeframes were chosen to reflect dramatic changes in developmental 

growth. Further justification surrounding these ‘epochs’ can be found in chapters six and seven.  

𝑆𝑒𝑥𝑖 = Males or Females  

𝐵𝑀𝐼𝑖 = per unit (kg/m2) increase in year of age 

𝜖𝑖𝑡  ~ 𝑁 (0, 𝜎𝜖
2) = Error term with within individual variance 𝜎𝜖

2 

The 𝑢𝑖
′𝑠 are assumed correlated and independent from the 𝜀𝑖′𝑠. 
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5.3.5 Model fit 

A model fitting procedure was carried out by generating the residuals from both stage one and 

stage two of the gene-network model. Normalised residuals were plotted against their fitted values 

from the genetic model (stage one) and appeared to be reasonably normally distributed (Figure 

5.1). A slight departure from normality is present from the QQplot (Figure 5.2) for stage two of 

the model (the phenotypic model) representing the occurrence of low and high SBP values 

respectively.  

 

Figure 5.1: Diagnostic plots for genetic model fit 
This plot of residuals against fitted values shows a distribution of points centred around zero, 

indicating that the genetic model fit here has accounted for the level of variability around the data 

appropriately.  
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Figure 5.2: QQ-plot of the fitted outcomes from the second stage of the model (phenotypic 
model)  
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Gene Interaction Sex Age Estimate Std. Error 
Bonferroni 

adjusted  
p-values 

ebIGF1 

ebIGF1R Male 15+ years -5.3506 1.4753 0.0193 
ebIGF2 Female 15+ years -4.3229 0.8961 0.0001 

ebIGF2R Female 15+ years -6.6737 0.9578 3.18 x 10-10 
ebIGFBP1 Male 15+ years 1.0707 0.2897 0.0130 
ebIGFBP2 Female 15+ years 1.9648 0.5506 0.0241 
ebIGFBP2 Male 15+ years -2.8384 0.5143 2.61 x 10-6 
ebIGFBP3 Male 15+ years -1.9629 0.4233 0.0003 
ebIGFBP4 Male <10 years 2.3718 0.4829 6.57 x 10-5 
ebIGFBP4 Male 15+ years -3.8997 0.4873 1.59 x 10-13 
ebIGFBP5 Male 15+ years 5.0641 0.8442 1.63 x 10-7 

ebIGF2 

ebIGF2R Male 15+ years -5.8379 1.7458 0.0448 
ebIGFBP3 Female 15+ years -5.5595 0.9483 3.65 x 10-7 
ebIGFBP3 Male <10 years 4.1133 0.9012 0.0004 
ebIGFBP3 Male 15+ years -5.526 0.9085 9.88 x 10-8 
ebIGFBP4 Male 15+ years 4.2797 1.0406 0.0027 
ebIGFBP5 Male <10 years 6.2887 1.7716 0.0259 

ebIGF1R 
ebIGF2R Male 15+ years 11.268 3.0356 0.0139 

ebIGFBP4 Female 15+ years -6.3247 1.788 0.0271 

ebIGF2R 

ebIGFBP1 Male 15+ years -2.4555 0.5722 0.0012 
ebIGFBP2 Male 15+ years -6.1378 1.069 7.41 x 10-7 
ebIGFBP3 Female 15+ years -5.2896 0.977 4.67 x 10-6 
ebIGFBP3 Male 15+ years 3.8526 0.8993 0.0013 

ebIGFBP1 ebIGFBP4 Female 15+ years -1.4153 0.3912 0.0200 

ebIGFBP2 
ebIGFBP3 Female 15+ years -1.9435 0.5543 0.0304 
ebIGFBP4 Male 15+ years -3.5157 0.6681 1.07 x 10-5 
ebIGFBP5 Male 15+ years 4.6914 1.0216 0.0148 

ebIGFBP3 ebIGFBP5 Female 15+ years -3.3769 0.8446 0.0065 

Table 5.8: Output from two-stage mixed-effects model  

The significant gene-gene interaction effects by age group (<10 years, 11-14 years, 15+ years) 

and sex (males and females) are presented in this table (Bonferroni-corrected p-values significant 

at p<0.05; Effects p<0.0001 are highlighted in bold text). Bonferroni-correction was applied to 

adjust for all possible gene by gene by sex by age group interactions that were run in the models.  

 



 

185 
 

 

Figure 5.3: Significant interactions presented in Table 5.8 for children aged less than 15 

years by direction of effect. The lines (edges) represent the significant gene: gene interactions. 

These are coloured blue for males and red for females, with solid lines representing reduced SBP 

and dashed lines for increased SBP. Here nodes represent the nine IGF axis genes, coloured blue 

for ligands (IGF1, IGF2), green for receptors (IGF1R, IGF2R) and orange for binding proteins 

(IGFBP1, IGFBP2, IGFBP3, IGFBP4, IGFBP5). Each line connecting nodes is termed an ‘edge’. 

Only significant associations (Bonferroni-corrected p<0.05) are presented in the figure. The 

thickness of each edge represents the significance of the association (-log (p-value)) so thicker 

lines indicate stronger statistical significance for the association between two nodes (genes).  
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Figure 5.4: Significant interactions presented in Table 5.8 for children aged 15 years and 

over by direction of effect. The lines (edges) represent the significant gene: gene interactions. 

These are coloured blue for males and red for females, with solid lines representing reduced SBP 

and dashed lines for increased SBP. Here nodes represent the nine IGF axis genes, coloured blue 

for ligands (IGF1, IGF2), green for receptors (IGF1R, IGF2R) and orange for binding proteins 

(IGFBP1, IGFBP2, IGFBP3, IGFBP4, IGFBP5). Each line connecting nodes is termed an ‘edge’. 

Only significant associations (Bonferroni-corrected p<0.05) are presented in the figure. The 

thickness of each edge represents the significance of the association (-log (p-value)) so thicker 

lines indicate stronger statistical significance for the association between two nodes (genes).  
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5.3.5.1 Results from Two-stage mixed-effects model 

The best model identified included BMI, age as a discrete variable (<10 years, 11-14 years, 15+ 

years) and sex, and some interactions between these latter two variables (age and sex) and all 

gene-gene interactions. The IGF axis has been depicted as a visual ‘dynamic’ gene network in 

Figures 5.3-5.4, illustrating how the network topology changes with age. It is clear that different 

genes within the IGF axis interact to influence longitudinal SBP and these interactions differ by 

sex and age epoch. As expected, most significant effects were observed in adolescents (post-

puberty 15+ years) as the children enter adulthood. Few significant effects observed in the 

younger age groups (<10 years and 11-14 years).  

 

There were 27 gene-gene interactions that were significant at p<0.05 after adjusting for 

Bonferroni-correction. Only three gene-gene interactions remained significant after adjusting for 

Bonferroni-correction for multiple comparisons among the younger group of individuals (Figure 

5.3 as <15 years) where these effects are driven by the <10 year olds. Significant gene-gene 

interaction effects were observed between IGF1-IGFBP4, IGF2-IGFBP3 and IGF2-IGFBP5. All 

these effects impacted elevated SBP and were only observed in males. The most significant effect 

was observed for the IGF1-IGFBP4 interaction (p=6.57x10-5, Table 5.8). No significant effects 

were observed at the pubertal age (11-14 years). No significant influence toward SBP was 

observed for females aged <15years.  

 

Twenty four significant gene-gene interactions were observed for both males (15) and females (9) 

aged >15 years (p<0.05, Figure 5.4). Nine gene-gene interactions were significant at p<0.0001, 

twice as many in males (six) compared to females (three). All gene-gene interactions in females 

were involved in reducing SBP with the exception of IGF1-IGFBP2 which showed an association 

with increased SBP.  
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Of interest, two out of the three significant interactions observed in males aged less than 15 years 

were also observed in males aged over 15 years. In both cases, the direction of the effect was 

opposite to that observed in the <15 year olds (IGF1-IGFBP4 and IGF2-IGFBP3, p<0.0001, Table 

5.8). There were three overlapping significant (p<0.05) gene-gene interactions observed in both 

males and females; IGF1-IGFBP2, IGF2-IGFBP3 and IGF2R-IGFBP3). In all cases the effects 

were in different directions for males and females except for the interaction between IGF2-

IGFBP3 where the effect was observed to be a consistent reduction in SBP (p<0.0001, Table 5.8).  

 

5.4 Discussion  

This gene-network analysis confirms previous findings from current literature; whereby the 

ligands (IGF1 and IGF2) appeared to have the most significant influence on this gene-network, 

involved in increasing and reducing SBP in males and females. This appears to be reasonable 

given what is that IGF1, in particular its previous association with hypertension [38, 39], coronary 

artery disease[43]  and chronic heart failure[44] in adults. There is also an abundance of evidence 

for IGF-1 having vascular protective qualities [45-48]. It could be postulated that the association 

of IGF1 via IGF2R be associated with these ‘protective vascular properties’ by reducing SBP and 

by mediating the following IGF1-IGFBP2-IGF2R-IGFBP4 pathway amongst males and the 

IGF1-IGF2R-IGFBP3-IGF2 pathway amongst in females.  

 

Like IGF1, IGFBP1 has been shown to have both positive and negative effects towards SBP 

(depending on the ligand or receptor it is associated with) leading to inverse associations with 

cardiovascular risk [54] as well as reducing BP in mice [55, 56], whereas circulating levels of 

IGFBP1 are associated with the well-known risk factors of cardiovascular disease [57].  
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Gene-gene interactions with IGFBP2 lead to reduced SBP in males and increased SBP in females. 

Increased SBP was observed for the interaction of IGFBP2-IGFBP5 in males. In post-pubertal 

individuals IGF-axis gene interactions with IGFBP3 or IGFBP4 lead to reduced SBP in both 

males and females, with the exception of the IGF2R-IGFBP3 and IGF2-IGFBP4 interactions 

which both resulted in increased SBP.  This suggests specific roles of gene-gene interactions 

within the IGF gene network in modulating SBP throughout childhood epochs.  

 

5.5 Relevance to DOHaD paradigm 

Prevention of hypertension can be attributed to lifestyle and genetic factors [35, 39]. These 

preventative efforts should be life-long and put in place before birth [36, 37]. The gene-network 

approach here has highlighted that different genes within the IGF axis interact with each other to 

influence SBP and these interactions differ by sex and age epoch.  

 

IGF ligands were identified for having the most significant influence on SBP. Whilst IGF1 

appeared to be more prolific in children aged 15 years and over, IGF2 appears to have more 

significant associations in females and males aged less than 15 years. This may be more readily 

explained by the important role IGF2 plays in early growth (as detailed in the literature review 

and chapter four). It is believed that IGF-2 is primarily responsible for intra-uterine growth [49-

52] with its strong association with IGFBP-3, which we have seen very clearly for both males and 

females[53]. Additionally, polymorphisms within IGF-2 have been shown to influence regulation 

of blood pressure in obese children [52].  

 



 

190 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Functional gene-network of the IGF-Axis and associated genes. Adapted from GENEMANIA [http://genemania.org/]

http://genemania.org/
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5.6 Functional gene network 

New online bioinformatics software allow the visual display of a functional gene network, 

examples include Genes2FANS [http://actin.pharm.mssm.edu/genes2FANs/], 

Genes2NETWORKS [http://actin.pharm.mssm.edu/genes2networks/], and GENEMANIA 

[http://genemania.org/]. This illustrates the genes belonging to different metabolic pathways that 

are also intergrated in the IGF-Axis pathway. By constructing a ‘functional’ gene-network online 

using resources such as GENE2FANS and GENEMANIA, I was able to identify several genes 

that are associated with the IGF-Axis gene-network. These included the following genes: KPNB1, 

ADAM12, PAPPA, PAPPA2, AP15, NTRK3, GIG44, TF, IGFALS, CTGF, VTN, NOV, IDE, 

IGFBP6, IGFBP7, WISP2, CTSD, IRSD, EPCAM, TACSTD2, INS, ASM1, CD74, INSL3, 

INSL5, INSL6, RLN1, RLN2, RLN3, INS0IGF2. These genes could be included as possible 

candidates for future gene-network models.  

 

5.7 Strengths and weaknesses 

Network-based approaches have both advantages and limitations in analysing high throughput 

datasets [58]. With the increased availability of the experimental technology, decrease of its costs 

and emerging techniques, such as high-throughput sequencing platforms [59, 60] for SNPs, 

epidemiologists can thoroughly evaluate the genetic component of complex diseases via pathway-

driven approaches or systematic genome-wide association scans [61]. Here I have analysed the 

IGF network using a two-stage mixed effects gene-set analyses for candidate SNPs which appears 

to meet the need to develop sophisticated approaches that model the multilevel variation 

simultaneously and incorporate gene or pathway-level data into the model whilst not being 

technologically exhausting [62, 63].  

 

 

http://actin.pharm.mssm.edu/genes2FANs/
http://actin.pharm.mssm.edu/genes2networks/
http://genemania.org/
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Overall, the results attained are reasonable and align logically with current literature. This gene-

network is modified with age; this in itself may be due to a number of reasons including diet, 

hormones and developmental growth over time, particularly post-puberty.  

 

5.8 Future studies 

Further investigation using this method and new techniques to statistically analyse gene-networks 

in cohort and large consortium data would be ideal to validate our findings and improve accuracy 

surrounding the estimates produced from these models. It is the development of this type of 

software that needs to address critical issues such as computational speed and appropriate 

statistical treatment, in order to deal with both large (GWAS) and small sample sizes [49]. The 

integration of the modern high dimensional statistical methods, increased genetic data and 

external biological knowledge (such as exonic, regulatory gene information and the influence of 

hormones) will further improve the power to detect complex interactions [64].  
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CHAPTER SIX 

GENETIC INFLUENCES ON TRAJECTORIES OF SYSTOLIC 

BLOOD PRESSURE ACROSS CHILDHOOD AND ADOLESCENCE 
A science to be a science must afford the fullest scope for satisfying the hunger of the 

body, mind and soul.  

Mahatma Gandhi 

6.1 Introduction 

Although cardiovascular disease generally manifests in later life, blood pressure (BP) in early life 

is important. Evidence from autopsies suggests that the process of atherosclerosis (one 

consequence of high BP) starts in adolescence[497], and epidemiological evidence has 

demonstrated that levels of BP track from childhood into adulthood[498] and that BP in young 

adulthood is associated with carotid intima-media thickness [16]and mortality from 

cardiovascular events later in life [269]. Within children and adolescents, BP tends to increase 

with age, with some studies demonstrating a constant rise with age across adolescence [499, 500] 

but others observing early increases followed by levelling off or even decreases (particularly in 

females) in older adolescence [15, 501-504]. The causes of these age-related changes in BP are 

largely unexplored. Some age-related changes are likely to be due to height growth, since height 

is a major determinant of BP in childhood and adolescence, with taller height associated with 

higher blood pressure[504].  

 

Other influences on age-related changes in BP in children and adolescents are likely to include 

the development of adiposity and related behaviours [505]. Genetic factors may also be important. 

Genome wide association studies (GWAS) have identified genetic variants associated with BP 

http://www.goodreads.com/author/show/4467789.Mahatma_Gandhi
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and hypertension in adults. The International Consortium of Blood Pressure (ICBP) identified 29 

single nucleotide polymorphisms (SNPs) (residing in 28 loci, 16 of which were novel) reaching 

genome-wide levels of significance [68]. After accounting for the major non-genetic determinants 

of blood pressure: age, age-squared, gender, and body mass index (BMI), the 29 SNPs explain 

approximately 0.9% of the variance in both systolic and diastolic BP (SBP, DBP), and were 

shown to be associated with BP-related organ damage and clinical cardiovascular disease [68].  

 

The age at which these BP SNPs begin to show associations with BP is not known. Height and 

BMI are positively associated with BP at all ages, but particularly in children and adolescents 

[506]. In adults BMI related SNPs have been shown to be associated with BP to the extent 

predicted by their relationship to BMI [507, 508]. However, I am unaware of any studies that 

have examined whether SNPs associated with height in adults[509] (previously also shown to be 

associated with child height growth[510]) or SNPs associated with BMI in adults [511] are 

associated with BP and patterns of age-related BP change in childhood and adolescence. 

Understanding genetic influences on patterns of change in BP across childhood and adolescence 

could provide insight into the physiology of BP development across the life course.  

 

The aim of this chapter is to analyse the influences of known genetic variants for BP and for two 

of the main influences on childhood BP (height and BMI) on trajectories of systolic blood pressure 

(SBP) across childhood and adolescence in pooled data from two prospective cohort studies; the 

Avon Longitudinal Study of Parents and Children (ALSPAC) and The Western Australian 

Pregnancy Cohort (Raine).  

I describe the associations of i) an allelic score of 29 BP SNPs, ii) an allelic score of 180 height 

SNPs, iii) an allelic score of 32 BMI SNPs, and iv) each of the 29 BP SNPs individually with 

SBP trajectories modelled using linear spline multilevel models.  
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6.2 Materials and Methods 

6.2.1 Cohorts 

Both cohorts used for these analyses were detailed in depth in chapter three (sections 3.2.1 and 

3.3.2). Below is a very brief descriptor of each study.  

 

6.2.1.1 The Avon Longitudinal Study of Parents and Children (ALSPAC)  

ALSPAC is a longitudinal population-based birth cohort that recruited pregnant women residing 

in Avon, UK, with an expected delivery date between 1st April 1991 and 31st December 1992. 

14,541 women were enrolled, with 14,062 children born, of which 13,988 were alive at 1 year 

(13,617 singletons). The cohort, including its representativeness, is described in detail on the 

website http://www.alspac.bris.ac.uk and elsewhere [443, 444]. Ethical approval was obtained 

from the ALSPAC Law and Ethics committee and relevant local ethics committees.  

 

6.2.1.2 The Western Australian Pregnancy Cohort (Raine) 

Recruitment of the Western Australian Pregnancy (Raine) cohort has previously been described 

in detail [437]. Between 1989 and 1991 2,900 pregnant women were recruited at King Edward 

Memorial Hospital (Perth, WA) prior to 18-weeks gestation into a randomized controlled trial to 

evaluate the effects of repeated ultrasound in pregnancy. The study was conducted with 

appropriate institutional ethics approval, and written informed consent was obtained from mothers 

at all follow‐ups and participants at the year 17 follow-up. Further details about this study can be 

found at the study website http://www.rainestudy.org.au 

http://www.rainestudy.org.au/
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6.2.2 Genotyping 

Within ALSPAC, subjects were genotyped using the Illumina HumanHap550 quad genome-wide 

SNP genotyping platform by 23andMe subcontracting the Wellcome Trust Sanger Institute, 

Cambridge, UK and the Laboratory Corporation of America, Burlington, NC, US.  

 

Individuals were excluded on the basis of having incorrect gender assignments; minimal or 

excessive heterozygosity (<0.32 and >0.345 for the Sanger data and <0.31 and >0.33 for the 

LabCorp data); disproportionate levels of individual missingness (>3%); evidence of cryptic 

relatedness (>10% IBD) and being of non-European ancestry (EIGENSTRAT analysis revealed 

no additional obvious population stratification and genome-wide analyses with other phenotypes 

indicate a low lambda). The resulting dataset consisted of 8,365 individuals. SNPs with a minor 

allele frequency of <1% and call rate of <95% were removed. Furthermore, only SNPs which 

passed an exact test of Hardy-Weinberg equilibrium (p<5x10-7) were considered for analysis. 

Genotypes were subsequently imputed with MACH 1.0.16 Markov Chain Haplotyping software, 

using CEPH individuals from phase 2 of the HapMap project as a reference set (release 22).  

 

Within Raine, DNA was collected at the year 14 (74% of all adolescents) and year 17 (additional 

5% of all adolescents) follow-ups using standardized procedures. High throughput genome-wide 

SNP genotyping using the genome‐wide Illumina 660 Quad Array was performed for each 

individual. Genotype data were imputed against Hapmap phase2 build 36 release 22 using MACH 

v1.0.16 after quality control (MAF>1%, HWE>5x10-7, call rate per SNP and person >95%). 

Principal components analysis of genome-wide SNP data with EIGENSTRAT [458] has revealed 

evidence of population stratification in the Raine sample, and so the first four principal 

components were included as cofactors in all analyses. This procedure has been used previously 

in genetic analyses of the Raine cohort [459, 460].  
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6.2.3 Blood Pressure Measurement 

A maximum of 7 measures of SBP were available for ALSPAC participants from research clinics 

held when the participants were approximately seven, nine, ten, 11, 13, 15 and 17 years old (mean 

ages at clinic attendance of 7.5 years, 9.9 years, 10.6 years, 11.7 years, 12.8 years, 15.4 years and 

17.8 years). At each clinic, SBP was measured twice with the child sitting and at rest with their 

arm supported, using a cuff size appropriate for the child’s upper arm circumference.  

 

The mean of the two measures is used in these analyses. A Dinamap 9301 Vital Signs Monitor 

(Morton Medical, London) was used at the seven, nine and 11 year clinics, an Omron MI-5 was 

used at the 10 year clinic, a Dinamap 8100 Vital Signs Monitor (Morton Medical, London) was 

used at the 13 year clinic, and an Omron IntelliSense M6 (Omron Healthcare, Kyoto, Japan) was 

used at the 15 and 17 year clinics.  

 

Within Raine, a maximum of 5 measures of SBP were available from research clinics held when 

the participants were approximately six, eight, ten, 14 and 17 years old (mean ages at clinic 

attendance of 6.0, 8.1, 10.6, 14.1, 17.1 years). BP was measured by trained research assistants, on 

participants rested in a seated position for 5 minutes. Right arm circumference was measured and 

the appropriate cuff size was used. Measurements were recorded using an oscillometric 

sphygmomanometer (DINAMAP vital signs monitor 8100, DINAMAP XL vital signs monitor, 

or DINAMAP ProCare 100) automating readings per 2 minute intervals. Earlier ages (6-10 years) 

each took 3 recordings, older ages; 14 years and 17 had 6 BP recordings taken. The first BP 

measure was discarded and the mean of the remaining measures was used to represent SBP.   
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6.2.4 Statistical analysis 

Multilevel models are an appropriate tool for the analysis of longitudinal data; they allow for the 

change in scale and variance of measures over time and use all available data from all eligible 

children under a missing at random assumption [512]. The models allow for individual variation 

in trajectories, since random effects allow a separate trajectory to be estimated for each individual.  

6.2.4.1 Modeling trajectories of systolic blood pressure 

Individual trajectories of SBP were estimated using linear spline multilevel models (two levels: 

measurement occasion and individual). These models estimate an intercept (SBP at age 6; note 

that for ALSPAC this is an extrapolation since the first available measure was at age 7 years) and 

different linear slopes between 6-11 years, 11-15 years and 15-17 years. The patterns of SBP 

change across childhood and adolescence, however, follow a complex pattern; the raw data 

revealed that for most individuals, SBP increased in early childhood, increased at a faster rate in 

later childhood and early adolescence, and then levelled off or even decreased later in adolescence.  

 

Exploratory analysis demonstrated that these patterns were not accurately represented by a simple 

polynomial curve. For this reason, individual trajectories of SBP were estimated using linear 

spline multilevel models (two levels: measurement occasion and individual). These models 

estimate an intercept and different linear slopes between each of a series of ‘knot points’; ages 

between which SBP change is approximately linear [513]. Examination of the raw data (Figure 

6.5) suggested that two knot points, i.e. three linear slopes, would sufficiently describe the pattern 

of change, with knot points placed in late childhood (approximately age 11) and in mid-

adolescence (approximately age 15). Models with one or three knot points were also fitted in each 

cohort, but these models had considerably poorer fit to the data. It was decided to place knot 

points at whole years, and at planned clinic ages.  
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The final model selection resulted in knot points at ages 11 and 15 (Figures 6.1, 6.2 and 6.3). Thus 

the model estimates: average and individual SBP at age 6 (intercept), and average and individual 

linear changes in SBP between 6-11, 11-15 and 15-17 years (linear slopes). Average intercepts 

and linear slopes were allowed to differ between males and females, and between ALSPAC and 

Raine, and measurement error was allowed to vary with age and across cohorts. A binary indicator 

for the 10 year clinic in ALSPAC was included as a fixed effect to allow for the different 

measuring device.  

 

Four principal components, and their interactions with the linear slopes, were included in the 

models to account for population stratification in Raine. The trajectories were modelled in 

MLwiN version 2.25 [514], which was called from Stata version 12 [515]using the runmlwin 

command [516].  

 

6.2.4.2 Modelling of genetic variants 

For the 29 individual BP SNPs [68], dosages (number of BP-increasing alleles) were derived from 

imputed data. An allelic score of the BP SNPs was constructed by summing all dosages of BP-

increasing alleles across all 29 SNPs. Allelic scores of 180 height SNPs [509] and 32 BMI SNPs 

[511] were also constructed by summing the number of height/BMI-increasing alleles.  

 

Genetic differences in trajectories of SBP were estimated by including a statistical interaction 

between age and genotype (each of the three allelic scores and each of the 29 individual BP SNPs) 

in the linear spline multilevel model. I estimated whether there were differences in the intercept 

(SBP at 6 years) and each linear change in SBP (6-11 years, 11-15 years and 15-17 years). The 

coefficients represent the mean difference in SBP (mmHg) at 6 years or the mean difference in 

the rate of SBP change (mmHg/year) per allele, with genotypes modelled on an additive scale.  
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I tested for whether genotype effects of each allelic score differed by cohort or gender, but no 

differences were observed (all p values for gender differences>0.1; for cohort differences one p 

value of 0.06 was observed and all 11 other p values (differences for one intercept and three slopes 

for each of the three allelic scores were tested) were >0.4) so all genotype associations are 

presented for males and females and ALSPAC and Raine combined.  

 

Average SBP trajectories were plotted for simulated individuals with the 10th and 90th percentile 

of the weighted allelic score for BP and the height allelic score. I also assessed the proportion of 

the variance in SBP explained by each allelic score at the first and last clinics for each cohort, and 

assessed the associations of each individual SNP and each allelic score with SBP at the final clinic 

for each cohort. To place the genetic results in context, assessment of the relationships of height 

and BMI with SBP at the first and last clinics, and the associations of the height and BMI allelic 

scores with height and BMI respectively at the first and last clinics.  

 

6.2.4.3 Additional analyses 

Using the 29 allelic BP scores detailed in section 6.2.4, an additional set of analyses was run 

adjusting for variables relating to nutrition, physical activity, pubertal maturation status and oral 

contraception. The data for these variables was not consistent across the two cohorts so these 

analyses and the subsequent results presented are specific to the Raine study (presented in 

Appendix III).  

 

6.3 Results 

At least one SBP measure and genetic data were available for 7,013 ALSPAC participants and 1, 

459 Raine participants, with some indication that included participants tended to be of higher 

socioeconomic position than the full cohorts (Tables 6.1a-6.1b).  
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Amongst these individuals, the median number of SBP measures was 6 in ALSPAC and 5 in 

Raine, and the interquartile range was 4 to 7 measures in ALSPAC and 4 to 5 in Raine. Most 

participants contributed to all linear spline periods of the multilevel model (6-11, 11-15 and 15-

17 years).  

 

The model demonstrated good fit in both cohorts, with the differences between observed and 

predicted measurements falling within a reasonable range given the inherent measurement error 

in blood pressure (Table 6.2). Average SBP was higher at age 6 in Raine than in ALSPAC, but 

average rates of SBP increase in childhood were higher in ALSPAC than in Raine. In both cohorts, 

an increase in SBP was observed between ages 6 and 11 years, followed by a steeper rate of 

increase between 11 and 15 years.  

 

The average pattern between 15 and 17 years in females from both cohorts was a decrease, 

whereas little change was seen in ALSPAC males between these ages and an increase was seen 

in males from Raine (Table 6.2 and Figure 6.1). There was no evidence of gender or cohort 

differences in genetic effects, so pooled analyses were conducted with adjustment for gender, 

cohort and four principal components to control for the population stratification present in Raine.  
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(A)  ALSPAC 
Included 

N=7,013 

Excluded 

N=7,049 

P value comparing 
included and 

excluded 

Maternal education; (%) 

Less than O-Level 

O-Level 

A-Level 

Degree 

N=6,406 

1,460 (23%) 

2,234 (35%) 

1,662 (26%) 

1,050 (16%) 

N=6,087 

2,293 (37%) 

2,096 (34%) 

1,141 (19%) 

557 (9%) 

 

 

 

 

<0.001 

Household social class; (%) 

I (professional/managerial) 

II 

IIInm 

IIIm 

IV/V (manual unskilled) 

N=6,123 

960 (16%) 

2,745 (45%) 

1,492 (24%) 

660 (11%) 

266 (4%) 

N=5,454 

579 (11%) 

2,092 (38%) 

1,455 (27%) 

909 (17%) 

419 (8%) 

 

 

 

 

 

<0.001 

Birth weight, kg, Mean (SD) 

 

N=6,582 

3.44 (0.53) 

N=7,319 

3.33 (0.62) 

 

<0.001 

Birth length, cm, Mean (SD) 
N=5,249 

50.74 (2.44) 

N=5,328 

50.41 (2.65) 

 

<0.001 

Table 6.1a: Comparing participants included and excluded in these analyses in ALSPAC 

Of the 14,062 ALSPAC participants, 9,886 have at least 1 systolic blood pressure measure. Of 

the 14,062 participants, 8,365 have genetic data (after genetic quality control filters excluding 

individuals with incorrect gender assignments, minimal or excessive heterozygosity, and 

disproportionate levels of missingness, cryptic relatedness and being of non-European ancestry). 

7,013 individuals (6,919 singletons and one randomly selected individual from 94 twin pairs) 

have both genetic data and at least 1 systolic blood pressure measure, and form the core sample 

for these analyses. Note numbers in the above table are smaller than this due to missing data on 

baseline characteristics.    
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(B) RAINE 
 

Included 

N=1,459 

Excluded 

N=1409 

P value 
comparing 

included and 
excluded 

Maternal education; (%) 

School 

Trade/ apprenticeship/ Profession 
registration (non-degree) 

Degree or diploma 

Other 

N=1,439 

687 (47.7) 

279 (19.4) 

 

397 (27.6) 

76 (5.3) 

N=1360 

759 (55.8) 

200 (14.7) 

 

330 (21.3) 

71 (5.2) 0.0001 

Household social class; (%) 

Professional/Managerial 

Para-professional 

Clerical/retail 

Trade/labour 

Domestic duties 

Student/unemployed 

N=1,439 

136 (9.5) 

148 (10.3) 

448 (31.1) 

131 (9.1) 

429 (29.8) 

147 (10.2) 

N=1360 

77 (5.6) 

81 (5.9) 

376 (27.7) 

131 (9.6) 

457 (33.6) 

238 (17.5) < 0.0001 

Birth weight, kg, Mean (SD) 

 

N=1,451 

3.35 (0.58) 

N=1401 

3,22 (0.65) <0.0001 

Birth length, cm, Mean (SD) 

 

N=1,435 

49.07 (2.67) 

N=1385 

48.57 (3.23) <0.0001 

Table 6.1b: Comparing participants included and excluded in these analyses in Raine 

Of the 2868 Raine participants, 2485 have at least 1 systolic blood pressure measure. Of the 2868 

participants, 1494 have genetic data (after genetic quality control filters excluding individuals 

with incorrect gender assignments, minimal or excessive heterozygosity, and disproportionate 

levels of missingness, cryptic relatedness and being of non-European ancestry). 1459 individuals 

(all singletons) have both genetic data and at least 1 systolic blood pressure measure. 
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Number of contributing individuals and 
measurements 

Assessment of model fit 

Total number of 
observations 

Number of individuals 
contributing at least 1 

measure 

Mean observed 
SBP, mmHg (SD) 

Mean predicted SBP, 
mmHg (SD) 

Mean difference 
(observed – predicted), 

mmHg 

95% level of agreement 
between observed and 

predicted, mmHg 

ALSPAC 

Overall 

  

    

34,951 7,013 

6 years 6,012* 6,012* 98.85 (9.18)* 99.10 (5.44)* -0.26* -11.36 to 10.84* 

6-11 years 16,552 6,753 101.22 (8.99) 100.96 (5.67) +0.26 -10.79 to 11.31 

11-15 years 10,958 5,843 108.19 (9.39) 108.87 (6.39) -0.68 -13.07 to 11.71 

15-17 years 7,441 4,586 120.97 (11.12) 120.59 (7.26) +0.38 -12.76 to 13.52 

RAINE       

Overall 6,073 1,459     

6 years 1,275* 1,275* 103.21 (8.73)* 102.85 (5.70)* +0.36* -10.33 to 11.05* 

6-11 years 2,811 1,377 104.92 (10.13) 105.16 (5.70) -0.24 -12.87 to 12.39 

11-15 years 1,294 1,263 113.11 (10.96) 113.05 (6.53) +0.06 -12.40 to 12.53 

15-17 years 1,009 1,009 115.00 (10.71) 115.07 (7.25) -0.07 -13.04 to 12.91 

Table 6.2: Model details for systolic blood pressure trajectories for participants included in the analysis of known SNP associations                                    
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* Refers to the 7 (ALSPAC) or 6 (Raine) year clinic (first available clinic for each cohort), at which participants had a mean (SD) age of 7.5 (0.3) or 5.9 (0.2) years 

respectively. All other values refer to exact ages.  



 

206 
 

6.3.1 Associations of an allelic score and 29 BP SNPs with trajectories of SBP 

Using an allelic score of BP SNPs, each additional BP-increasing allele was associated with 

0.097mmHg higher SBP at age 6 (SE=0.039, p=0.013; equivalent to a 0.017 standard deviation 

(SD) increase in SBP) (Table 6.4). There was little evidence of an association between the allelic 

score and change in SBP between 6-11 years. There was weak evidence of an association between 

the allelic score and SBP change between 11-15; the magnitude of the effect was similar to the 

association with SBP at 6 years but it was estimated with lower precision, each BP-increasing 

allele increased the rate of change in SBP by 0.015 SD, SE=0.008, p=0.062.  

 

There was no evidence of an association between the BP allelic score and SBP changes between 

15-17 years. Since the allelic score was associated with starting SBP at ages 6, but only very 

weakly with changes in SBP between ages 6-17, the difference between individuals of high and 

low genetic risk remained fairly stable across this age range (Figure 6.2). Cross-sectional analysis 

at age 17 showed that each additional BP-increasing allele was associated with a 0.163 mmHg 

increase in SBP (SE=0.050, p=0.001) (Table 6.5).  

 

The allelic score explained very little of the variation in SBP – 0.06% at the first clinic (6/7 years) 

and 0.23% at the 17 year clinics (Table 6.6). The highest quintile of the BP allelic score had, on 

average, a higher SBP than the lowest quintile by 1.23 mmHg (SE=0.34) at the first clinic (age 

6/7), and by 1.37 mmHg (SE=0.51) at the last clinic at age 17 (Table 6.7). Four of the 29 single 

SNPs demonstrated an association with SBP at age 6 at p<0.05 (rs1173771, rs1378942, 

rs17608766, rs1813353) (Table 6.8a-6.8d). A small number of SNPs also demonstrated 

associations of p<0.05 with change in SBP across childhood and adolescence. 
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Rs1813353 showed strong positive associations with SBP at age 6 and with SBP changes between 

11-15 years, and then a strong negative association with SBP change between 15-17 years. None 

of these associations would be significant under Bonferoni corrections; so are reported here as 

exploratory findings. 

 

6.3.2 Associations of an allelic score of 180 height SNPs with trajectories of SBP 

Height is strongly associated with SBP in childhood, explaining 5 and 15% of the variance in SBP 

at the first and last clinics respectively. The allelic score of height SNPs is strongly associated 

with height, with the association increasing with age – the proportion of variation in height 

explained by the allelic score increases from 0.9% to 5% between the first and last clinics.  

 

Despite height being an important determinant of SBP, there is little evidence of associations 

between the allelic score of 180 height SNPs and trajectories of SBP (Table 6.4, Figure 6.3). There 

is no evidence of association before age 15, but some evidence that the height allelic score is 

associated with SBP changes between 15 and 17 years, with each increasing allele associated with 

a 0.015 SD increase in the rate of SBP change (SE=0.007SD, p=0.029).  

 

Cross-sectionally at age 17, each additional height-increasing allele is associated with a 0.045 

mmHg increase in SBP (SE=0.019, p=0.020) (Table 6.5), with the allelic score explaining 0.03% 

of the variance in SBP at the first clinic and 0.12% at the last clinic (Table 6.6). The SBP 

difference between the top and bottom quintiles of the height allelic score increases from age 6 to 

age 17 – from 0.38 mmHg (SE=0.34, representing a 0.04 SD increase in SBP) to 1.47 mmHg 

(SE=0.51, representing a 0.13 SD increase in SBP). This difference at age 7 is of similar 

magnitude to the comparison between the top and bottom quintile of the BP allelic score (Table 

6.7).  
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6.3.3 Associations of an allelic score of 32 BMI SNPs with trajectories of SBP 

BMI is strongly associated with SBP in childhood, explaining 9 and 8% of the variance at the first 

and last clinics. The BMI allelic score explains approximately 1% of the variation in BMI at the 

first clinic, rising to 2% at the final clinic. The allelic score of 32 BMI SNPs was associated with 

baseline SBP, but not with changes in SBP between 6-11 or 11-15 years (Table 6.4, Figure 6.4). 

Each additional BMI-increasing allele was associated with a 0.107 mmHg increase in SBP at age 

6 (0.019SD, SE=0.006SD, p=0.004).  

 

 Mean predicted (SD) intercept 
(mmHg) and slopes (mmHg/year) 

Mean predicted (SD) intercept 
(mmHg) and slopes 

(mmHg/year) 

ALSPAC Females Males 

Overall N=3,496 N=3,517 

6 years 97.48 (5.47) 97.71 (5.32) 

6-11 years 1.21 (0.15) 1.34 (0.15) 

11-15 years 4.40 (0.56) 5.99 (0.54) 

15-17 years -2.47 (0.49) -0.92 (0.47) 

RAINE   

Overall N=711 N=748 

6 years 103.27 (5.69) 102.57 (5.33) 

6-11 years 0.72 (0.18) 0.86 (0.18) 

11-15 years 1.22 (0.55) 2.81 (0.57) 

15-17 years -0.74 (0.48) 0.81 (0.53) 

 

Table 6.3: Mean predicted trajectories of systolic blood pressure by cohort and sex  

*Note that in ALSPAC the earliest BP measurement was at age 7; we extrapolated the multilevel 

model back to age 6 to match the earliest measurement available in Raine.  
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Higher values of the BMI allelic score (greater number of BMI-increasing alleles) were associated 

with slower rates of SBP increase between ages 15 and 17, although this association was 

imprecisely estimated (each increasing allele associated with a 0.030 SD slower rate of SBP 

increase or faster rate of SBP decrease, SE=0.017, p=0.076).  

 

Cross-sectional analysis at age 17 shows that the BMI allelic score is associated with SBP to 

approximately the same magnitude as the BP allelic score; each additional BMI-increasing allele 

is associated with a 0.124 mmHg (SE=0.048, p=0.010) increase in SBP (Table 6.5) with a greater 

proportion of the variation in SBP explained by the BMI allelic score at the first clinic, but a 

similar proportion at the final clinic (0.16% by the BMI score compared with 0.23% by the BP 

score) (Table 6.6). The SBP of individuals in the top quintile of the BP allelic score is, on average, 

1.51 mmHg (SE=0.34) higher than the bottom quintile at the first clinic, with the magnitude of 

this difference reducing very slightly (to 1.21 mmHg, SE=0.51) between ages 7 and 17 (Table 

6.7).  
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Figure 6.1: Average predicted trajectories of systolic blood pressure with age for males 
and females in ALSPAC and Raine 

 

Figure 6.2: Average predicted trajectories of systolic blood pressure with age for individuals 

with the 10th and 90th percentiles of the blood pressure allelic score   

Figure 6.2 represents the mean predicted trajectory for ALSPAC females with the 10th and 90th 

percentile of the blood pressure allelic score.  

95
10

0
10

5
11

0
11

5
12

0
12

5
13

0

S
ys

to
lic

 b
lo

od
 p

re
ss

ur
e,

 m
m

H
g

6 7 8 9 10 11 12 13 14 15 16 17
Age, years

ALSPAC females Raine females
ALSPAC males Raine males



 

211 
 

 

 SBP at age 7 (mmHg) 7-11 years 
(mmHg/month) 

11-15 years 
(mmHg/month) 

15-17 years 
(mmHg/month) 

Mean SBP, mmHg (SD) or rate of 
SBP change, mmHg per month (SD) 98.51 (5.77) 1.19 (0.25) 4.65 (1.54) -1.39 (1.13) 

BP allelic score (mmHg) 0.097 (0.039) 
p=0.013 

0.002 (0.009) 
p=0.862 

0.023 (0.012) 
p=0.062 

-0.010 (0.020) 
p=0.619 

BP allelic score (SD) 0.017 (0.007) 0.008 (0.036) 0.015 (0.008) 0.009 (0.018) 

Height allelic score (mmHg) 0.007 (0.015) 
p=0.668 

0.001 (0.004) 
p=0.713 

-0.006 (0.005) 
p=0.231 

0.017 (0.008) 
p=0.029 

Height allelic score (SD) 0.001 (0.003) 0.004 (0.016) -0.004 (0.003) 0.015 (0.007) 

BMI allelic score (mmHg) 0.107 (0.037) 
p=0.004 

0.012 (0.009) 
p=0.174 

0.008 (0.012) 
p=0.470 

-0.034 (0.019) 
p=0.076 

BMI allelic score (SD) 0.019 (0.006) 0.048 (0.036) 0.005 (0.008) -0.030 (0.017) 

 

Table 6.4: Associations between the blood pressure, height and BMI allelic scores and systolic blood pressure trajectories.  

Results are from pooled data from ALSPAC and Raine, adjusted for cohort, gender, and population stratification within Raine. Coefficients (standard error) are reported 

as the mean difference per ‘risk’ allele (increasing blood pressure, height or BMI) for systolic blood pressure at age 7, change in systolic blood pressure between 7-11 

years and 11-15 and 15-17 years; coefficients and standard errors are reported both in terms of mmHg/mmHg per month and in terms of standard deviations and are 

predicted values from the multilevel models.   



 

212 
 

 

Figure 6.3: Average predicted trajectories of systolic blood pressure with age for individuals 
with the 10th and 90th percentiles of the height allelic score  

 

Figure 6.4: Mean predicted trajectories of systolic blood pressure with age for individuals 
with the 10th and 90th percentiles of the body mass index allelic score  
These figures represent the mean predicted trajectory for ALSPAC females with the 10th and 90th 

percentile of the height allelic score (Figure 6.3) and body mass index allele score (Figure 6.4). 

For figures 6.2-6.4 ALSPAC females were chosen for illustrative purposes only, no evidence of 

heterogeneity in genetic effects was found across genders or cohorts.  
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a. ALSPAC 

 

 

b. Raine 

 

Figure 6.5: Observed systolic blood pressure measurements for a random subsample of 
participants from ALSPAC and Raine 
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a. ALSPAC 

 

 

b. Raine 

 

Figure 6.6: Predicted systolic blood pressure trajectories for a random subsample of 
participants from ALSPAC and Raine 
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SNP Chr: position Gene 

BP 

increasing 

allele 

Allele 

frequency 
beta SE p 

BP allelic score N/A N/A N/A N/A 0.163 0.050 0.001 

Height allelic score N/A N/A N/A N/A 0.045 0.019 0.020 

BMI allelic score N/A N/A N/A N/A 0.124 0.048 0.010 

rs10850411 12:5964326 Unknown T 0.5774 -0.172 0.256 0.501 

rs11191548 10:55650642 Unknown T 0.8654 -0.245 0.397 0.536 

rs1173771 5:32805028 Unknown G 0.6543 0.449 0.239 0.060 

rs11953630 5:2656675 Unknown C 0.7834 0.053 0.240 0.824 

rs12940887 17:12676959 ZNF652 T 0.2331 -0.235 0.239 0.324 

rs13082711 3:27477909 Unknown C 0.1200 -0.050 0.272 0.856 

rs13107325 4:27736430 SLC39A8 C 0.9657 -0.014 0.452 0.975 

rs13139571 4:81193234 GUCY1A3 C 0.7912 -0.058 0.273 0.832 

rs1327235 20:10909030 Unknown G 0.4675 0.527 0.233 0.024 

rs1378942 15:45867924 CSK C 0.6703 0.359 0.244 0.142 

rs1458038 4:5712444 Unknown T 0.2514 0.404 0.256 0.114 

rs17249754 12:52203892 Unknown G 0.7990 0.286 0.308 0.353 

rs17367504 1:7867510 MTHFR A 0.8901 0.159 0.315 0.614 

rs17608766 17:10287423 GOSR2 C 0.0728 0.630 0.323 0.051 

rs1799945 6:26031179 HFE G 0.0838 -0.278 0.338 0.411 

rs1813353 10:18647448 CACNB2 T 0.7610 0.184 0.258 0.475 

rs2521501 15:6402915 FES T 0.2157 0.343 0.272 0.207 

rs2932538 1:83188461 MOV10 G 0.7917 -0.311 0.279 0.264 

rs3184504 12:2461138 SH2B3 T 0.2179 0.277 0.231 0.232 

rs3774372 3:41817414 ULK4 C 0.1795 0.122 0.318 0.702 

rs381815 11:16842268 PLEKHA7 T 0.2560 0.066 0.259 0.798 

rs419076 3:75596032 MECOM T 0.4162 -0.465 0.233 0.046 

rs4373814 10:18359972 Unknown C 0.5147 0.583 0.233 0.012 

rs4590817 10:14272017 C10orf107 G 0.8933 0.153 0.315 0.627 

rs6015450 20:27947209 Unknown G 0.1058 0.775 0.375 0.039 

rs633185 11:4155954 ARHGAP42 C 0.6520 0.508 0.252 0.044 

rs7129220 11:10290538 Unknown A 0.0728 0.008 0.376 0.982 

rs805303 6:31556366 BAG6 G 0.5549 -0.266 0.243 0.273 

rs932764 10:46700404 PLCE1 G 0.4460 0.666 0.236 0.005 

Table 6.5: Cross-sectional associations of the blood pressure allelic score, height allelic 

score, BMI allelic score and individual blood pressure SNPs with systolic blood pressure at 

the 17 year clinics 
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Allelic score SBP at first clinic SBP at last clinic 

Blood pressure 0.0006 0.0023 

Height allelic 0.0003 0.0012 

BMI allelic 0.0015 0.0016 

Table 6.6: Proportion of the variance in systolic blood pressure explained by the blood 

pressure, height and BMI allelic scores at the first and last clinics (ages 7 and 17 (ALSPAC) 

or 6 and 17 (Raine)) 

 

Mean difference (SE) in systolic blood pressure  

comparing top quintile of allelic score to bottom quintile of allelic score 

(mmHg) 

 first clinic last clinic 

Blood pressure 1.23 (0.34) 1.37 (0.51) 

Height 0.38 (0.34) 1.47 (0.51) 

BMI 1.51 (0.34) 1.21 (0.51) 

Mean difference (SE) in standard deviations of systolic blood pressure  

comparing top quintile of allelic score to bottom quintile of allelic score 

 first clinic last clinic 

Blood pressure 0.13 (0.04) 0.12 (0.05) 

Height 0.04 (0.04) 0.13 (0.05) 

BMI 0.16 (0.04) 0.11 (0.05) 

Table 6.7: Systolic blood pressure difference comparing top and bottom quintiles of the 

blood pressure, height and BMI allelic scores at the first and last clinics (ages 7 and 17 

(ALSPAC) or 5 and 17 (Raine)) 
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SNP Chr:position Gene Increasing 
allele 

Allele 
frequency Age 6 6-11 years 11-15 years 15-17 years 

rs10850411 12:5964326 Unknown T 0.5774 
0.207 

(-0.180 to 0.594) 
p=0.294 

-0.046 
(-0.136 to 0.045) 

p=0.323 

0.024 
(-0.098 to 0.146) 

p=0.698 

-0.034 
(-0.233 to 0.165) 

p=0.738 

rs11191548 10:55650642 Unknown T 0.8654 
-0.021 

(-0.608 to 0.565) 
p=0.943 

0.056 
(-0.082 to 0.194) 

p=0.428 

-0.056 
(-0.251 to 0.140) 

p=0.576 

-0.126 
(-0.454 to 0.202) 

p=0.452 

rs1173771 5:32805028 Unknown G 0.6543 
0.445 

(0.083 to 0.807) 
p=0.016 

-0.044 
(-0.129 to 0.041) 

p=0.307 

0.056 
(-0.059 to 0.170) 

p=0.340 

0.014 
(-0.172 to 0.199) 

p=0.886 

rs11953630 5:2656675 Unknown C 0.7834 
-0.080 

(-0.448 to 0.287) 
p=0.668 

0.010 
(-0.076 to 0.096) 

p=0.824 

0.024 
(-0.092 to 0.140) 

p=0.683 

0.000 
(-0.188 to 0.188) 

p=1.000 

rs12940887 17:12676959 ZNF652 T 0.2331 
0.184 

(-0.181 to 0.550) 
p=0.323 

-0.016 
(-0.102 to 0.069) 

p=0.706 

0.004 
(-0.112 to 0.119) 

p=0.952 

-0.179 
(-0.367 to 0.008) 

p=0.061 

rs13082711 3:27477909 Unknown C 0.12 
-0.272 

(-0.688 to 0.144) 
p=0.199 

0.044 
(-0.052 to 0.141) 

p=0.368 

0.009 
(-0.120 to 0.139) 

p=0.887 

-0.103 
(-0.316 to 0.109) 

p=0.341 

rs13107325 4:27736430 SLC39A8 C 0.9657 
0.261 

(-0.411 to 0.932) 
p=0.447 

-0.102 
(-0.259 to 0.056) 

p=0.206 

0.205 
(-0.010 to 0.419) 

p=0.061 

-0.079 
(-0.433 to 0.275) 

p=0.661 

Table 6.8a: Associations between blood pressure SNPs and systolic blood pressure trajectories  

Coefficients (95% CI) represent the mean difference in systolic blood pressure (mmHg) or rate of change in systolic blood pressure (mmHg per month) per ‘increasing’ 

allele. Coefficients with p<0.05 are highlighted in bold.  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=22834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=64116
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SNP Chr:position Gene Increasing 
allele 

Allele 
frequency Age 6 6-11 years 11-15 years 15-17 years 

rs13139571 4:81193234 GUCY1A3  C 0.7912 
-0.144 

(-0.562 to 0.273) 
p=0.498 

0.063 
(-0.035 to 0.160) 

p=0.208 

-0.054 
(-0.185 to 0.077) 

p=0.419 

0.030 
(-0.184 to 0.243) 

p=0.786 

rs1327235 20:10909030 Unknown G 0.4675 
0.178 

(-0.178 to 0.534) 
p=0.328 

-0.045 
(-0.129 to 0.038) 

p=0.284 

0.137 
(0.025 to 0.249) 

p=0.016 

-0.035 
(-0.218 to 0.147) 

p=0.704 

rs1378942 15:45867924 CSK  C 0.6703 
0.439 

(0.066 to 0.812) 
p=0.021 

-0.034 
(-0.121 to 0.053) 

p=0.441 

-0.009 
(-0.126 to 0.109) 

p=0.886 

0.047 
(-0.144 to 0.239) 

p=0.628 

rs1458038 4:5712444 Unknown T 0.2514 
0.022 

(-0.366 to 0.410) 
p=0.911 

-0.003 
(-0.094 to 0.088) 

p=0.952 

0.081 
(-0.042 to 0.203) 

p=0.196 

0.104 
(-0.095 to 0.304) 

p=0.306 

rs17249754 12:52203892 Unknown G 0.799 
0.266 

(-0.204 to 0.736) 
p=0.267 

-0.056 
(-0.166 to 0.054) 

p=0.318 

0.046 
(-0.101 to 0.194) 

p=0.538 

0.064 
(-0.179 to 0.307) 

p=0.605 

rs17367504 1:7867510 MTHFR A 0.8901 
0.078 

(-0.404 to 0.559) 
p=0.752 

0.003 
(-0.109 to 0.116) 

p=0.956 

-0.006 
(-0.156 to 0.144) 

p=0.937 

0.013 
(-0.232 to 0.259) 

p=0.916 

rs17608766 17:10287423 GOSR2  C 0.0728 
0.644 

(0.140 to 1.147) 
p=0.012 

-0.032 
(-0.149 to 0.085) 

p=0.592 

-0.013 
(-0.170 to 0.143) 

p=0.868 

-0.059 
(-0.313 to 0.195) 

p=0.648 

Table 6.8b: Associations between blood pressure SNPs and systolic blood pressure trajectories  

Coefficients (95% CI) represent the mean difference in systolic blood pressure (mmHg) or rate of change in systolic blood pressure (mmHg per month) per ‘increasing’ 

allele. Coefficients with p<0.05 are highlighted in bold.  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=4524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9570
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SNP Chr:position Gene Increasing 
allele 

Allele 
frequency Age 6 6-11 years 11-15 years 15-17 years 

rs1799945 6:26031179 HFE G 0.0838 
-0.160 

(-0.695 to 0.376) 
p=0.559 

0.055 
(-0.069 to 0.179) 

p=0.385 

-0.080 
(-0.241 to 0.082) 

p=0.334 

-0.064 
(-0.326 to 0.198) 

p=0.632 

rs1813353 10:18647448 CACNB2  T 0.761 
0.469 

(0.080 to 0.858) 
p=0.018 

-0.057 
(-0.148 to 0.034) 

p=0.219 

0.155 
(0.032 to 0.277) 

p=0.014 

-0.211 
(-0.412 to -0.010) 

p=0.040 

rs2521501 15:6402915 FES  T 0.2157 
0.061 

(-0.355 to 0.478) 
p=0.773 

0.019 
(-0.078 to 0.117) 

p=0.696 

0.015 
(-0.115 to 0.146) 

p=0.817 

0.057 
(-0.156 to 0.270) 

p=0.600 

rs2932538 1:83188461 MOV10  G 0.7917 
-0.209 

(-0.631 to 0.212) 
p=0.330 

0.031 
(-0.068 to 0.130) 

p=0.537 

-0.045 
(-0.178 to 0.087) 

p=0.502 

0.094 
(-0.122 to 0.310) 

p=0.393 

rs3184504 12:2461138 SH2B3 T 0.2179 
0.185 

(-0.167 to 0.537) 
p=0.303 

0.061 
(-0.021 to 0.143) 

p=0.146 

-0.071 
(-0.182 to 0.040) 

p=0.209 

0.039 
(-0.142 to 0.219) 

p=0.676 

rs3774372 3:41817414 ULK4  C 0.1795 
-0.301 

(-0.786 to 0.183) 
p=0.223 

0.103 
(-0.010 to 0.217) 

p=0.074 

0.113 
(-0.039 to 0.265) 

p=0.146 

-0.056 
(-0.303 to 0.192) 

p=0.659 

rs381815 11:16842268 PLEKHA7 T 0.256 
0.208 

(-0.190 to 0.607) 
p=0.305 

-0.053 
(-0.147 to 0.040) 

p=0.262 

0.048 
(-0.077 to 0.173) 

p=0.447 

-0.096 
(-0.300 to 0.108) 

p=0.355 

rs419076 3:75596032 MECOM  T 0.4162 
0.077 

(-0.278 to 0.431) 
p=0.672 

0.005 
(-0.078 to 0.088) 

p=0.899 

-0.002 
(-0.113 to 0.109) 

p=0.972 

-0.100 
(-0.282 to 0.082) 

p=0.281 

Table 6.8c: Associations between blood pressure SNPs and systolic blood pressure trajectories  

Coefficients (95% CI) represent the mean difference in systolic blood pressure (mmHg) or rate of change in systolic blood pressure (mmHg per month) per ‘increasing’ 

allele. Coefficients with p<0.05 are highlighted in bold.   

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=4343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=10019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=54986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2122
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SNP Chr:position Gene Increasing 
allele 

Allele 
frequency Age 6 6-11 years 11-15 years 15-17 years 

rs4373814 10:18359972 Unknown C 0.5147 
0.084 

(-0.274 to 0.442) 
p=0.645 

0.012 
(-0.072 to 0.095) 

p=0.783 

-0.018 
(-0.130 to 0.094) 

p=0.748 

0.100 
(-0.082 to 0.283) 

p=0.282 

rs4590817 10:14272017 C10orf107 G 0.8933 
0.090 

(-0.386 to 0.567) 
p=0.711 

-0.054 
(-0.165 to 0.057) 

p=0.343 

0.032 
(-0.117 to 0.182) 

p=0.670 

0.186 
(-0.059 to 0.431) 

p=0.136 

rs6015450 20:27947209 Unknown G 0.1058 
-0.123 

(-0.699 to 0.453) 
p=0.675 

0.107 
(-0.028 to 0.241) 

p=0.120 

0.017 
(-0.163 to 0.196) 

p=0.854 

-0.079 
(-0.370 to 0.212) 

p=0.594 

rs633185 11:4155954 ARHGAP42  C 0.652 
0.041 

(-0.348 to 0.430) 
p=0.835 

0.006 
(-0.085 to 0.097) 

p=0.904 

0.058 
(-0.064 to 0.181) 

p=0.349 

-0.043 
(-0.241 to 0.155) 

p=0.667 

rs7129220 11:10290538 Unknown A 0.0728 
0.306 

(-0.268 to 0.880) 
p=0.296 

0.017 
(-0.117 to 0.151) 

p=0.803 

0.052 
(-0.129 to 0.234) 

p=0.572 

-0.287 
(-0.584 to 0.011) 

p=0.059 

rs805303 6:31556366 BAG6  G 0.5549 

-0.450 
(-0.824 to -

0.077) 
p=0.018 

0.023 
(-0.064 to 0.110) 

p=0.605 

-0.042 
(-0.158 to 0.075) 

p=0.483 

0.142 
(-0.047 to 0.332) 

p=0.142 

rs932764 10:46700404 PLCE1  G 0.446 
0.206 

(-0.154 to 0.566) 
p=0.262 

0.028 
(-0.056 to 0.112) 

p=0.511 

0.051 
(-0.062 to 0.164) 

p=0.376 

0.078 
(-0.107 to 0.262) 

p=0.409 
 

Table 6.8d: Associations between blood pressure SNPs and systolic blood pressure trajectories  

Coefficients (95% CI) represent the mean difference in systolic blood pressure (mmHg) or rate of change in systolic blood pressure (mmHg per month) per ‘increasing’ 

allele. Coefficients with p<0.05 are highlighted in bold.  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=219621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=143872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=51196
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6.3.3.1 Additional analyses in Raine 

Overall significant associations were identified between SBP and the following variables; SBP is 

higher in males, increases with BMI, is greater for those with lower birth weight and increases 

slightly with heightened levels of physical activity. SBP is also higher in those females that take 

oral contraception. Levels of diet (healthy and unhealthy) were not significantly associated with 

SBP.  

 

Of the 29 SNPs assessed, four produced significant associations. Rs12940887 was also shown to 

be showing a similar trend associated with SBP in the combined analyses of ALSPAC and Raine, 

particularly for the rate of change in systolic blood pressure (mmHg per month) per ‘increasing’ 

allele in the 15-17 year old age group (β = -0.179, p = 0.061 Table 6.8a) for combined analyses 

and (p = 0.0392, Appendix IV Table 6a) for Raine.  

 

Rs1813353 demonstrated an association with SBP at age 6 at p<0.05 (Table 6.8a-6.8d for 

combined ALSPAC and Raine analyses) and was associated with reduced SBP in the 11-15 year 

old age group for Raine (p = 0.0223, Appendix I Table 6). Rs7129220 was associated with 

increased SBP in males (aged 15-18 years) in Raine (p=0.0345, Appendix IV Table 6) but with 

reduced SBP trajectories in the 15-18 year (β = -0.287, p = 0.059, Table 6.8d).  

 

6.3.4 Power 

Post-hoc power calculations demonstrate these analyses had ≥80% power at the 5% level to detect 

observed associations of the allelic scores with SBP trajectories, but power was low for single 

SNP analyses (Table 6.9).  
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SBP 
Individual SNP minor allele frequency Allelic scores 

0.1 0.2 0.3 0.4 0.5 BP Height BMI 

At 6 years 
 0.426 0.314 0.275 0.259 0.252 0.055 0.021 0.051 

Change between 
6-11 years 

 
0.018 0.014 0.012 0.011 0.010 0.002 0.001 0.002 

Change between 
7-15 years 

 
0.114 0.084 0.073 0.069 0.067 0.015 0.006 0.014 

Change between 
15-17 years 0.083 0.061 0.054 0.051 0.049 0.011 0.004 0.010 

 
Table 6.9: Minimal detectable effects with a sample size of 8,472 with 80% power and 

alpha=0.05.  

Minimal detectable effect is 0.031 SD of Y, per SD of X. The corresponding ‘mmHg per allele’ 

minimal detectable effects are shown in the table for the allelic scores and individual SNPs with 

a minor allele frequency of 0.1, 0.2, 0.3, 0.4, and 0.5. SDs of allelic scores is 3.26 for BP, 8.42 

for height, and 3.48 for BMI.   

 

6.4 Discussion 

Blood pressure is influenced by height, adiposity, and other environmental factors, as well as by 

genetics. On average, BP tends to increase with age across childhood and adolescence [15, 501-

504]with some studies showing that BP in females then decreases in late adolescence and then 

increases with age in adulthood in both males and females in most Western populations [517].  

 

In children and adolescents, age-related changes in SBP are poorly understood. Some of these 

changes are likely to represent normal growth and development – SBP would be expected to 

increase as children got taller. Weak associations between an allelic score of height SNPs and 

trajectories of SBP between 6 and 17 years have been demonstrated in this study, although the 

association did increase with age.  
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The inability of the allelic score of currently identified height variants to explain much of the age-

related changes in SBP suggests that there are likely to be additional genetic variants associated 

with growth and development that underlie some of the age-related SBP changes during childhood 

and adolescence. Some of the age-related changes in SBP in this age range may also be 

attributable to environmental factors such as increasing adiposity, worsening quality of diet and 

reducing levels of physical activity.  

 

However, in this study, whilst a strong association between an allelic score of BMI SNPs and 

SBP at age 6 was observed, this association did not strengthen with age. Thus whilst BMI, and 

genetic variants related to BMI, is an important determinant of SBP, the findings would suggest 

that it is largely not driving age-related changes in SBP during childhood and adolescence. In 

addition to the longitudinal analyses, linear regression was used in the observed data to estimate 

the cross-sectional associations between each allelic score and SBP at the first (age 6 in Raine 

and age 7 in ALSPAC) and last (age 17 in both cohorts) clinics.  

 

6.5 Relevance to the DOHaD paradigm 

From this data, it would appear that these SNPs are associated with BP from a very early age, but 

are not responsible for the changes in BP through childhood and adolescence. The percentage of 

the variance of SBP explained by the allelic score was 0.2% at age 17, compared with the 0.9% 

explained in the discovery sample of adults [68]. It is noteworthy that, although not reaching 

statistical significance, both the BMI and BP allelic scores demonstrated negative associations 

with SBP changes between 15-17 years. SBP tends to decrease across this age range (particularly 

amongst females), such that higher numbers of BP- and BMI-increasing alleles are associated 

with more rapid decreases in SBP in adolescents.  
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In contrast, the height allelic score demonstrated a positive (and statistically significant) 

association with SBP changes between 15-17 years, such that a greater number of ‘tall’ alleles are 

associated with slower rates of SBP decrease in adolescents. Thus there may be competing 

influences on SBP changes across adolescence.  

 

6.6 Strengths and weaknesses 

Here data has been combined from two large prospective cohort studies with multiple measures 

of SBP per child, with linear spline multilevel models used to estimate trajectories of SBP across 

childhood and adolescence. Whilst the piecewise linear structure of the model clearly represents 

an implausible simplification of the nature of SBP changes with age, the models demonstrated 

good fit to the data and facilitated easily interpretable analyses of whether the associations 

between genetic variants and SBP trajectories differ during various periods of childhood and 

adolescence.  

 

The methods allow all individuals to be included in the analyses if they contribute one or more 

measure of SBP, under a missing at random assumption – i.e. assuming that the value of 

unmeasured SBP, once measured values are accounted for, is not the reason driving missing-ness, 

missing data will not have biased these analyses.  

 

Using allelic scores of known variants for height, BMI and BP enabled us to examine overall 

associations between variants related to these traits and trajectories of SBP across childhood and 

adolescence. The analysis using the scores makes the assumption of uniform strength, direction 

and timing of associations between each SNP and SBP trajectories.  
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Whilst this assumption is not likely to hold, the scores provide a useful tool to explore the overall 

effect of variants related to adult height, BMI and BP on trajectories of SBP in childhood and 

adolescence. This study has focused on trajectories of SBP; however associations of known 

genetic variants for BP were similar for SBP and DBP [68].  

 

6.7 Conclusions and future studies 

The association between an allelic score of height SNPs and SBP strengthened across adolescence 

– although the association remained weak at all ages. This suggests that some of the rise in SBP 

with age in childhood and adolescence may be due to normal growth and development, but that 

genetic variants related to growth and development outside of the 180 SNPs currently known to 

be related to height may influence these age-related BP changes in childhood and adolescence.  

 

I showed that an allelic score of 32 BMI-related SNPs was associated with overall level of SBP, 

but not with SBP changes with age. The 29 SNPs identified as being associated with BP in adults 

are also associated with overall levels of SBP in childhood, from as young as 6 years, but these 

SNPs are not associated with age-related changes in SBP in childhood and adolescence. Further 

study is therefore required to identify genetic and environmental factors related to the increases 

in BP observed during childhood and adolescence.  
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CHAPTER SEVEN 

INTERNATIONAL GWAS CONSORTIUM IDENTIFIES NOVEL 

GENES ASSOCIATED WITH BLOOD PRESSURE IN CHILDREN 

AND ADOLESCENTS 

 

Strength does not come from physical capacity. It comes from an indomitable will.  

Mahatma Gandhi 

7.1 Introduction 

Systolic and diastolic blood pressure (SBP and DBP respectively) are complex phenotypes, with 

known environmental (e.g., age, body mass index, physical activity, dietary salt intake) and 

genetic risk factors[518]. Recent genome-wide association studies (GWAS) have identified 

genetic variants associated with adult hypertension and with variation in SBP and DBP [68, 519-

529]. Several of these loci are in biologically plausible candidate genes, for example those that 

influence the rennin-angiotensin system [530]. Genetic variation is present from conception, but 

identifiable associations with a phenotype may vary over the lifecourse due to interactions with 

environmental characteristics that change with age. For example, considering known 

environmental characteristics related to BP, the effects of variants that have downstream 

influences on appetite affecting total energy intake and hence body mass or salt intake might not 

be observable until an age when individuals can influence their own food intake, and those with 

influences on alcohol intake or cigarette smoking will not be observed until ages that these 

exposures are first experienced.  

http://www.brainyquote.com/quotes/quotes/m/mahatmagan160755.html
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For genetic variants that directly modulate childhood BP, effects may change with age, may differ 

between developmental periods (early life, childhood and adolescence), and may also differ to 

those variants that act in adulthood.  

 

SBP and DBP increase with age, with SBP increasing across childhood to a peak at around age 

15/16 years; thereafter it levels off with DBP increasing monotonically across childhood to late 

adolescence/early twenties [531, 532]. The rate of increase in SBP from childhood to early 

adolescence is greater in males compared to females, so that by adolescence/early adulthood mean 

SBP is substantially greater in males compared to females. By contrast, the rate of increase in 

DBP from childhood to adolescence is similar in males and females and there is little evidence of 

differences in levels across childhood and adolescence [531, 532].  

 

Given the observed age-related changes in BP, it is plausible that genetic variants that are 

associated with variation in SBP and DBP in childhood differ from those that operate in adulthood. 

Furthermore, children and adolescents are rarely treated with anti-hypertensives, whereas from 

middle age onwards an increasing proportion of adults are using such medications [531]. 

Consequently, it is possible to examine genetic variants that are associated with untreated SBP 

and DBP in childhood, whereas in adults this is more difficult. Variation in SBP, and to a lesser 

extent DBP, in adolescence and early adulthood is associated with subsequent adult risk of 

coronary heart disease and stroke, with magnitudes of association that are similar to those seen 

for the association of SBP measured in middle-age with these outcomes [506, 533]. 

Understanding risk factors, including genetic variation, that are robustly associated with SBP and 

DBP through childhood and into adolescence may therefore inform an improved understanding 

of the pathogenesis of adult hypertension. GWA studies of BP in children to date have been 

limited to investigations of cross-sectional BP in individual cohorts [534], often in non-European 

populations [535, 536]. The current study is the first to use GWAS data to identify variants 

influencing BP across the three main stages (‘epochs’) of developmental growth in a large 

consortium of European-ancestry childhood cohorts.  
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Correlations over time across an average period of 7.1 years (tracking) were between 0.41 and 

0.70. Multivariate genetic analyses showed that blood pressure tracking was entirely explained 

by the same genetic factors being expressed across time. It was concluded that whole genome 

scans for resting blood pressure can safely pool data from males and females, laboratory and 

ambulatory recordings, and different age cohorts[537].  

 

7.2 Aim 

The principal aim of this study was to identify genes that are associated with SBP and DBP in 

childhood and adolescence. This was to be undertaken by analysing already collected phenotypic 

and genome-wide association study (GWAS) data from participating cohorts of the EAGLE 

(EArly Genetics and Lifecourse Epidemiology) Consortium.  

 

7.3 Methods 

7.3.1 Study samples 

Seven pregnancy/birth or childhood cohorts of European ancestry from the EAGLE Consortium 

BP working group (described previously, section 3.2.3.1) with completed genome-wide 

genotyping and measures of SBP and DBP on participants between the ages of four and twenty 

years contributed to this study. Each study was conducted with appropriate institutional ethics 

approval, and written informed consent was obtained from all participants. Each study conducted 

their own genome-wide association which was later pooled for later meta-analysis. The 

methodology for recruitment of participants and measurement of BP for each cohort are described 

in chapter three and Appendix IV.  
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Table 7.1: List of participating cohorts with GWAS and SBP and DBP data available in children. 

Number of subjects per cohort per timeframe used in analyses 

 

Raine; The Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia. GenR; The 

Generation R Study Group, Rotterdam, The Netherlands. ALSPAC; The Avon Longitudinal 

Study of Parents and Children Bristol, UK. Lisa Plus; Influence of life-style factors on the 

development of the immune system and allergies in East and West Germany Plus the influence 

of traffic emissions and genetics, Neuherberg, Germany. YFS; The Cardiovascular Risk in Young 

Finns Study, Turku, Finland . INMA; Spanish INMA—INfancia y Medio Ambiente, Barcelona, 

Catalonia, Spain. ATR; Australian Twin Register, Brisbane, Queensland, Australia 

 
 

Cohort 
  
  

Timeframes (epochs) 

Pre-pubertal Pubertal Post-pubertal 

[4-7 years] [8-12 years] [13-20 years] 

Raine 1,276 1,251 1,009 

GenerationR 1,847    

ALSPAC 5,967 5,750 4,050 

Lisa Plus  282   

YFS 400 842   

INMA 600    

ATR  298 117 

Total 10,090 8,423 5,176 



 

230 
 

7.3.2 Inclusion/Exclusion Criteria 

Only those participants who had at least one BP measurement at, or before, 20 years of age were 

included in analyses. With the exception of the Australian Twin Register (ATR), all analyses were 

restricted to children from singleton pregnancies, the first born (with relevant genotype and 

phenotype data) from cohorts that included siblings, or a randomly selected child from those that 

included twins. ATR, which included all twins and siblings, took into account both zygosity and 

relatedness using the statistical package Merlin[538] during their GWAS.  

 

7.3.3 Genotyping and Imputation 

SNPs were genotyped on one of the following platforms: Affymetrix, Illumina or Perlegen. 

Predefined marker filters were applied prior to imputation (Hardy-Weinberg Equilibrium >10-6, 

MAF <0.01, SNP call rate >95%). Each study imputed SNPs by combining their study’s 

genotyped SNPs with HapMap Phase II CEU SNPs samples, preferably using release 22 of 

HapMap, build 36. Imputation results are summarized as an ‘allele dosage’ defined as the 

expected number of copies of the minor allele at that SNP (a fractional value between 0.0 and 

2.0) for each genotype. Further details are provided in Tables 3.2a and 3.2b.  

 

7.3.4 Statistical analysis 

Cross-sectional associations were performed for SBP and DBP in three age ‘epochs’ over 

childhood/adolescence. These ‘epochs’ were chosen based on previous evidence of longitudinal 

changes in BP over childhood and in part pragmatically, as the epochs chosen related to available 

data in the participating studies and the need to have a suitable sample size to represent different 

periods of development related to puberty: pre-puberty [4 to ≤7 years], puberty [8 to ≤12 years] 

and post-puberty [13 to ≤20 years].  
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A total of seven cohorts contributed to these meta-analyses, a total of 10,090 individuals for the 

pre-pubertal epoch 8,423 individuals for the pubertal epoch and 5,176 individuals with BP data 

during the post-pubertal epoch (Figure 7.1, Appendix IV Table 1).  

7.3.4.1 Modelling of genetic variants 

Genetic analyses assumed an additive model for SNP based main effects. All analyses were 

adjusted for age, height and weight, consistent with analyses used in GWAS of BP in adults 

(adjusted for BMI)[54, 523, 526, 528, 539]. Each cohort calculated a Z-score (scaled by SD) for 

SBP and DBP in order to compare measures across differing time frames and between cohorts. 

Each cohort ran their individual GWAS on this regression model for SBP and DBP. Each 

individual’s measures were analysed only once per ‘epoch’, however participants could contribute 

measures to one, two or all three of the epochs.   

 

7.3.4.2 Meta-analysis 

Separate genome-wide meta-analyses were run for SBP and DBP for each epoch using the 

inverse-variance weighting method in METAL. Prior to meta-analysis, rare variants were 

excluded (MAF > 0.01). Genomic control correction was applied and heterogeneity assessed 

during meta-analysis. Further filtering based on N-effectives > 70% was also employed. QQ-plots 

for the meta-analysis of each BP outcome, across each epoch and dataset are presented in 

Appendix IV Figures 44-46. A threshold of p≤5x10-8 was used to define genome-wide levels of 

significance. A ‘suggestive’ association or cluster was defined as two or more variants reaching 

a threshold of p≤5x10-3.   

 

Software 

Meta-analyses were conducted in METAL (www.sph.umich.edu/csg/abecasis/metal[479]. The 

statistical software package R version 2.12.1[540] was utilised to produce all Manhattan Plots. 

Regional Association plots were produced using LocusZoom[541].  

http://www.sph.umich.edu/csg/abecasis/metal
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Study 
Year(s) of 

birth 
Epoch 

 

Subset 

Age (years) 

Mean [range] 

SBP (mm Hg) 

Mean (SD) 

DBP (mm Hg) 

Mean (SD) 

Weight (kg) 

Mean (SD) 

Height (m) 

Mean (SD) 

BMI (kg/m2) 

Mean (SD) 

ATR 1985-1995 

Puberty 

 

Sex-combined 

Males 

Females 

12.15  [12.01  - 12.95] 

12.14  [12.01  - 12.95] 

12.15  [12.01  - 12.95] 

108.23 (9.91) 

108.00 (10.68) 

108.45 (9.14) 

64.93 (7.89) 

64.90 (8.62) 

64.97 (7.13) 

44.79 (10.11) 

44.75 (10.40) 

44.83 (9.84) 

1.52 (0.08) 

1.51 (0.07) 

1.53 (0.08) 

19.21 (3.34) 

19.42 (3.54) 

19.01 (3.14) 

Post-puberty 

Sex-combined 

Males 

Females 

16.04  [13.61  - 21.29] 

15.99  [14.01  - 21.29] 

16.08  [13.61  - 20.79] 

112.85 (10.81) 

115.59 (10.77) 

110.18 (10.18) 

68.93 (7.61) 

69.67 (7.86) 

68.20 (7.29) 

62.37 (13.94) 

66.47 (14.81) 

58.38 (11.76) 

1.68 (0.10) 

1.73 (0.09) 

1.64 (0.07) 

21.86 (3.87) 

22.05 (4.01) 

21.67 (3.72) 

YFS 1968-1974 

Puberty 

 

Sex-combined 

Males 

Females 

6.00     [6.00   - 6.00] 

6.00     [6.00   - 6.00] 

6.00     [6.00   - 6.00] 

106.18 (8.29) 

106.26 ( 7.36) 

106.12 (8.93) 

65.49 (8.68) 

65.11 ( 8.33) 

65.78 (8.93) 

22.54 (3.81) 

23.11 ( 3.98) 

22.13 (3.64) 

1.20 (0.06) 

1.21 ( 0.06) 

1.19 (0.05) 

15.59 (1.76) 

15.66 ( 1.76) 

15.54 (1.75) 

Post-puberty 

Sex-combined 

Males 

Females 

10.51   [9.00  - 12.00] 

10.45   [9.00  - 12.00] 

10.56   [9.00  - 12.00] 

111.61 (9.38) 

111.08 (9.00) 

112.07 (9.68) 

68.63 (9.35) 

69.13 (9.55) 

68.20 (9.17) 

37.00  (9.69) 

36.38  (9.11) 

37.53 (10.15) 

1.45 (0.11) 

1.44 (0.11) 

1.45 (0.11) 

17.37 (2.55) 

17.26 (2.34) 

17.47 (2.72) 

Lisa Plus 1998-1999 Puberty 

Sex-combined 

Males 

Females 

10.19    [9.84  - 10.91] 

10.18    [9.84  - 10.91] 

10.20    [9.95  - 10.81] 

107.96   (8.61) 

108.16   (8.76) 

107.68   (8.43) 

63.36  (7.25) 

62.16  (6.88) 

62.64  (7.75) 

35.05 (6.89) 

35.48 (7.11) 

34.49 (6.57) 

1.43 (0.06) 

1.44 (0.06) 

1.42 (0.07) 

17.00 (2.51) 

17.10 (2.66) 

16.84 (2.28) 

INMA 2004-2006 Pre-puberty 

Sex-combined 

Males 

Females 

4.30     [3.98   - 4.94] 

4.31     [4.01   - 4.94] 

4.29     [3.98   - 4.82] 

98.40 (12.16) 

98.84 (12.27) 

97.90 (12.07) 

61.77 (14.17) 

60.79 (12.84) 

62.90 (15.56) 

17.99 (2.55) 

18.20 (2.65) 

17.76 (2.42) 

1.05 (0.04) 

1.06 (0.04) 

1.04 (0.04) 

16.28 (1.69) 

16.23 (1.70) 

16.34 (1.68) 
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Table 7.2a: Averages for age, SBP and DBP across cohort, sex and epoch  

 

ATR; Australian Twin Register, Brisbane, Queensland, Australia. YFS; The Cardiovascular Risk in Young Finns Study, Turku, Finland. Lisa Plus; Influence of life-

style factors on the development of the immune system and allergies in East and West Germany Plus the influence of traffic emissions and genetics, Neuherberg, 

Germany. INMA; Spanish INMA—INfancia y Medio Ambiente, Barcelona, Catalonia, Spain.  
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Study 
Year(s) of 

birth 
Epoch 

 

Subset 

Age (years) 

Mean [range] 

SBP (mm Hg) 

Mean (SD) 

DBP (mm Hg) 

Mean (SD) 

Weight (kg) 

Mean (SD) 

Height (m) 

Mean (SD) 

BMI (kg/m2) 

Mean (SD) 

GenerationR 2002-2006 Pre-puberty 

Sex-combined 

Males 

Females 

6.09     [4.89   - 8.62] 

6.09     [4.89   - 8.62] 

6.09     [4.97   - 8.22] 

102.34 (8.05) 

101.64 (7.75) 

103.06 (8.29) 

60.32 (6.83) 

59.74 (6.91) 

60.91 (6.70) 

22.72 (3.27) 

22.86 (3.15) 

22.56 (3.39) 

1.19 (0.05) 

1.20 (0.05) 

1.19 (0.06) 

15.87 (1.38) 

15.87 (1.31) 

15.86 (1.45) 

ALSPAC 1991-1992 

Pre-puberty 

Sex-combined 

Males 

Females 

7.50     [6.80   - 9.38] 

7.50     [6.80   - 9.38] 

7.50     [6.97   - 9.38] 

  97.74   (9.51) 

 97.71   (9.44) 

 97.76   (9.58) 

55.50 (7.361) 

55.07   (7.39) 

55.95   (7.30) 

25.86   (4.60) 

25.85     (4.41) 

25.87   (4.78) 

1.26 (0.06) 

1.26 (0.06) 

1.25 (0.06) 

16.23 (2.04) 

16.11  (1.89) 

16.34  (2.16) 

Puberty 

 

Sex-combined 

Males 

Females 

9.83    [8.72   - 11.62] 

9.83    [8.72   - 11.54] 

9.83    [8.80   - 11.62] 

 101.71  (9.55) 

 101.49   (9.34) 

 101.93   (9.75) 

56.72   (6.85) 

56.40   (6.90) 

57.03   (6.80) 

34.66   (7.32) 

34.41   (7.05) 

34.90   (7.58) 

1.40 (0.06) 

1.40 (0.06) 

1.39 (0.06) 

17.67 (2.82) 

17.48  (2.71) 

17.87  (2.92) 

Post-

puberty 

Sex-combined 

Males 

Females 

15.38   [14.19 - 17.35] 

15.30   [14.44 - 17.26] 

15.40   [14.19 - 17.35] 

122.28 (11.38) 

125.02  (10.64) 

119.79  (11.45) 

67.06   (9.81) 

67.71 (10.31) 

66.46   (9.29) 

61.47   (11.74) 

64.15   (12.30) 

59.04   (10.63) 

1.69 (0.08) 

1.74 (0.08) 

1.65 (0.06) 

21.39  (3.50) 

21.01  (3.37) 

21.74  (3.58) 

Raine 1989-1991 

Pre-puberty 

Sex-combined 

Males 

Females 

5.93     [5.14   - 6.76] 

5.92     [5.14   - 6.76] 

5.93     [5.53   -  6.03] 

103.18   (8.86) 

102.98   (8.59) 

103.37   (9.13) 

54.50  (7.32) 

54.14  (7.33) 

54.88  (7.30) 

21.49  (3.37) 

21.76  (3.42) 

21.20  (3.30) 

1.16 (0.05) 

1.17 (0.05) 

1.15 (0.04) 

15.86 (1.75) 

15.88 (1.68) 

15.84 (1.82) 

Puberty 

 

Sex-combined 

Males 

Females 

10.60   [9.42   - 12.38] 

10.60   [10.00 - 12.38] 

10.59   [9.42   - 11.66] 

106.98   (9.91) 

107.13 (10.05) 

106.81   (9.75) 

56.59  (6.74) 

56.52  (6.90) 

56.68  (6.57) 

39.04  (9.04) 

38.86  (9.09) 

39.25  (8.98) 

1.44 (0.07) 

1.44 (0.07) 

1.44 (0.06) 

18.70 (3.41) 

18.60 (3.37) 

18.81 (3.46) 

Post-

puberty 

Sex-combined 

Males 

Females 

17.05   [16.02 - 18.33] 

17.01   [16.02 - 18.25] 

17.03   [16.60 - 18.33] 

115.03 (10.75) 

119.79 (10.05) 

110.16   (9.16) 

59.46  (6.41) 

59.15  (6.44) 

59.79  (6.37) 

69.05 (14.94) 

73.73 (15.30) 

64.18 (12.88) 

1.73 (0.09) 

1.79 (0.07) 

1.66 (0.06) 

23.13 (4.44) 

22.97 (4.41) 

23.29 (4.47) 
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Table 7.2b: Averages for age, SBP and DBP across cohort, sex and epoch 

 

ALSPAC; The Avon Longitudinal Study of Parents and Children Bristol, UK, ; Raine; The Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia. 

GenerationR; The Generation R Study Group, Rotterdam, The Netherlands  
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7.3.5 Look-up of genetic findings in adults 

A look-up of all variants identified as at least suggestively associated with SBP or DBP (i.e., 

reached a significance level of p≤5 x 10-3) in any age epoch in children was performed in adult 

participants from the ICBP. A reverse-lookup was also performed, investigating ‘suggestive’ 

SNPs discovered (p≤5 x 10-3) in meta-analyses of ICBP adults in the EAGLE childhood meta-

analyses. Those SNPs suggestively associated with SBP or DBP in both ICBP (p≤5 x 10-3) and 

our study (p≤5 x 10-3) are listed in Table 4. This more liberal statistical significance level (p≤5 x 

10-3) was used to ensure the inclusion of variants that could potentially have been identified in 

larger samples of children. This was to acknowledge the substantially larger sample sizes in the 

published adult GWAS of BP.   

 

7.4 Sex-combined results 

7.4.1 Systolic Blood Pressure 

7.4.1.1 Genome-wide significance 

Two SNPs reached genome wide levels of significance (p<5x10-8) for childhood SBP (Table 7.3). 

In the pre-pubertal epoch, rs1563894 (chromosome position: 15. 66422829, gene: ITGA11) (per 

allele mean difference in SBP = -0.093SD (95%CI: -0.126, -0.060), p=2.86 x 10-8), Table 7.3-7.4, 

Appendix IV Figure 14c. During the pubertal epoch, rs872256 (chromosome position: 9.2496480, 

gene: unknown) beta = 0.096SD (95%CI: 0.063, 0.129), p = 8.67 x 10-9), Table 7.3. No SNPs 

reached genome-wide levels of significance in SBP for the post-pubertal analyses.  
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7.4.1.2 Suggestive SNP clusters 

Clusters of variants in several genes were suggestively associated with SBP (p<5 x 10-4, Table 

7.4, Figure 7.1, Appendix IV Figure 11): ITGA11 (pre-puberty), ANLN and OR51V1 (puberty) 

and C1GALT1 and UGP2 (post-puberty). A cluster of SNPs was also identified surrounding SNP 

rs1563894 (ITGA11), highlighted above for showing genome wide levels of significance with 

pre-pubertal SBP. We demonstrate this significant SNP cluster in more depth (Figure 7.2).  

 

 

The SNPs associated with the largest positive increases in SBP across these epochs were; 

rs3735398 of (chromosome position: 7.36412646, gene: ANLN) during the pubertal epoch (beta 

= 0.116SD, 95% CI [0.073, 0.159], p = 1.28 x 10-7, Table 7.4, Appendix IV figure 40). A cluster 

surrounding SNP rs3901287 (chromosome position: 8.23240509, gene: LOXL2), (beta = 0.108SD, 

95% CI = [0.059, 0.157], p = 1.24 x 10-5, Table 7.4, Appendix IV figure 43) was associated with 

post-pubertal SBP.  

7.4.1.3 Look-up of childhood SBP results in adult GWAS consortia 

None of the SNPs found to be at least suggestively associated with childhood SBP were associated 

with adult SBP in the ICBP (Table 7.4). A number of loci previously found to be associated with 

adult BP in ICBP were also associated with SBP in at least one epoch of childhood in EAGLE 

children (Table 7.5): (i) B3GNTL1 and KLHL1(pre-puberty); (ii) DOK6, NKAIN2, ARGHGEF10 

and MECOM (puberty) and (iii), FGD5 and CSMD2 (post-puberty).  

7.4.2 Diastolic Blood Pressure 

7.4.2.1 Genome-wide significance 

No SNPs reached genome wide levels of significance (p<5x10-8) for childhood DBP, Table 7.3.  
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7.4.2.2 Suggestive SNP clusters 

Clusters of variants in seven loci were suggestively associated with childhood DBP (p<5 x 10-3, 

Table 7.4) and were investigated further using LocusZoom[541]. Regional associations for all of 

these ‘suggestive’ associations are presented in Appendix IV Figures 8-10. SNPs associated with 

the largest positive increases in DBP per epoch included a pre-pubertal epoch cluster led by 

rs1714524 (chromosome position: 3.159755790, gene: LOC100996447) (beta = 0.154SD, 95% 

CI [0.081, 0.227], p = 8.32x10-5, Figure 7.2, Appendix IV Figure 14c). For the pubertal epoch, a 

cluster led by rs1387977 (chromosome position: 12.71307607, gene: TRHDE) (beta = 0.127SD, 

95% CI [0.064, 0.190], p = 6.92x10-5, Appendix IV Figure 15c). For the post-pubertal epoch 

clusters led by rs6949619 (chromosome position: 7.24396900, gene: unknown, near NPY) (beta 

= -0.092SD, 95% CI [-0.133,-0.051]. p = 1.13x10-5, Appendix IV Figure 16c).  

 

 

7.4.2.3 Look-up of childhood DBP results in adult GWAS consortia 

None of the SNPs found to be at least suggestively associated with childhood DBP were 

associated with adult BP in the ICBP (Table 7.4). A number of loci previously found to be 

associated with adult BP in ICBP were also associated with DBP in at least one epoch of 

childhood in EAGLE children (Table 7.5): (i) USP4 and GRK5(all pubertal).  
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Time 

frame 

SBP DBP 

SNPs  
p< 5 x 10-8 

Most significant finding 
SNPs  

p< 5 x 10-8 
Most significant finding 

Pre-puberty 1 

rs1563894 
Beta= -0.093 
95%CI = [-0.126, -0.060] 
P= 2.86 x 10

-8
  

Chromosome: 15  
Gene: ITGA11 
Nearby genes: FEM1B, 
CORO2B, CALML4 
MAF = 0.19 

0 

rs13040824 
Beta= -0.902 
95%CI = [-0.127, -0.054] 
P= 9.33 x 10-7  
Chromosome: 20 
Gene: Unknown 
Nearby genes: None 
MAF = 0.30 

Puberty 1 

rs872256  
Beta= 0.096 
95%CI = [0.063,0.129] 
P= 8.67 x 10

-9
  

Chromosome: 9  
Gene: Unknown  
Nearby genes: 
SMARCA2, VLDLR.  
MAF = 0.41  

0 

rs7897969 
Beta= -0.749 
95%CI = [-1.001,-0.496] 
P= 4.82 x 10

-7
 

Chromosome: 10 
Gene: Unknown 
Nearby genes: None  
MAF = 0.15 

Post-
puberty 0 

rs1010366 
Beta= 0.098 
95%CI = [0.057,0.139] 
P= 3.31 x 10

-6
  

Chromosome: 7  
Gene:  C1GALT1 
Nearby genes: None  
MAF = 0.39  

0 

rs12365302  
Beta= 0.139 
95%CI = [0.086,0.192] 
P= 3.96 x 10

-7
  

Chromosome: 2  
Gene: Unknown  
Nearby genes: SLC35C1, 
CHST1  
MAF = 0.17  

 

Table 7.3: Most significant findings per timeframe, dataset and BP outcome measure (sex-

combined) 

SBP: Systolic blood pressure. DBP: Diastolic blood pressure. The sum of the number of SNPs 

reaching genome-wide levels of significance (p≤5 x 10-8) where all SNPs had a MAF > 0.10 and 

all cohorts contributed to each SNP analyses (post-pubertal) and at least 4 cohorts contributed to 

GWAS findings for the  pre-pubertal and pubertal epochs. Beta values are in terms of Z-scores, 

the number of standard deviations away from the mean.  
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 Systolic Blood Pressure 

Timeframe Marker 
Name Allele CHR POS MAF Gene Beta (95%CI) p Direction ICBP 

p 
N 

effective 
Pre-pubertal rs1563894 A/G 15 66422829 0.19 ITGA11 -0.093(-0.126,-0.060) 2.86E-08* ----- 0.46 10,090 

Pubertal 
rs3735398 A/G 7 36412646 0.12 ANLN 0.116(0.073,0.159) 1.28E-07 +++++ 0.75 8,423 
rs3787159 T/C 20 56252573 0.46 PPP4R1L -0.064(-0.091,-0.037) 8.76E-06 --+-- 0.46 8,423 
rs9667878 T/C 11 5180326 0.22 OR51V1 0.135(0.0740,0.196) 9.74E-06 +++++ 1 8,423 

Post-
pubertal 

rs1010366 T/C 7 7196351 0.39 C1GALT1 0.098(0.057,0.139) 3.31E-06 -++ 0.9 5,176 
rs4538187 A/G 2 63957245 0.16 UGP2 0.102(0.057,0.147) 5.96E-06 +++ 0.7 5,176 
rs3901287 A/T 8 23240509 0.28 LOXL2 0.108(0.059,0.157) 1.24E-05 +++ 0.68 5,176 

Diastolic Blood Pressure 

Timeframe Marker 
Name Allele CHR POS MAF Gene Beta (95%CI) p Direction ICBP 

p 
N 

effective 

Pre-pubertal 

rs241264 T/C 1 4518898 0.31 
Between 

LOC284661  
and AJAP1 

-0.082(-0.12,-0.043) 2.95E-05 ----- 0.48 10,090 

rs1714524 T/C 3 159755790 0.44 LOC100996447 0.154(0.081,0.227) 8.32E-05 ----+ 0.99 10,090 

rs16875222 A/T 8 107955966 0.11 Near ABRA, 
OXR1 -0.119(-0.179,-0.06) 8.21E-05 ----- 0.72 8,423 

rs12237240 T/G 9 28329306 0.19 LINGO2 0.068(0.034,0.102) 8.71E-05 ++-+- 0.89 8,423 
rs1387977 T/G 12 71307607 0.14 TRHDE 0.127(0.064,0.190) 6.92E-05 ++-++ 0.9 8,423 

Post-
pubertal 

rs6949619 T/C 7 24396900 0.19 Near NPY -0.092(-0.133,-0.051) 1.13E-05 --- 0.45 5,176 
rs229038 C/G 21 27127300 0.22 ADAMTS1 0.213(0.115,0.311) 2.26E-05 +++ 0.77 5,176 

 
Table 7.4: Top SNP clusters from Systolic Blood Pressure and Diastolic Blood Pressure meta-analyses in EAGLE for sex-combined datasets (corresponds to 
sex-stratified results in Appendix IV Tables 4 and 5). Bold text highlights SNPs represented in regional association plots shown in Appendix IV Figures 6-8. Beta 
values are in terms of Z-scores, the number of standard deviations away from the mean. * indicate SNPs which have reached genome-wide levels of significance (p < 
5 x 10-8).  
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Systolic Blood Pressure 

Timeframe Marker Name CHR POS Gene MAF 
ICBP EAGLE 

p Beta (95%CI) p 

Pre-pubertal 
rs4986146 17 78534809 B3GNTL1 0.30 1.77x10-3 -0.055(-0.086,-0.024) 5.98x10-4 
rs17810777 13 69385636 KLHL1 0.11 3.17x10-3 0.066(0.031,0.101) 2.05x10-4 

Pubertal 

rs8096788 18 65451861 DOK6 0.31 2.80x10-4 -0.095(-0.146,-0.044) 2.61x10-4 
rs38627 7 76275543  0.27 6.89x10-4 0.077(0.034,0.120) 3.72x10-4 

rs4943826 11 80730697  0.23 2.36x10-3 0.075(0.032,0.118) 5.65x10-4 
rs332607 6 124765053 NKAIN2 0.25 3.19x10-3 0.054(0.025,0.083) 3.55x10-4 

rs3824137 8 1808899 ARHGEF10 0.23 3.87x10-3 0.058(0.023,0.093) 9.13x10-4 
rs11711274 3 170597773 MECOM 0.01 4.42x10-3 -0.400(-0.606,-0.194) 1.40x10-4 
rs17033041 4 156610757  0.14 4.47x10-3 -0.066(-0.105,-0.027) 9.66x10-4 

Post-pubertal 
rs293927 3 14907160 FGD5 0.13 5.42x10-4 -0.082(-0.125,-0.039) 2.06x10-4 

rs1687304 3 14929257 FGD5 0.13 9.75x10-4 0.089(0.046,0.132) 6.21x10-5 
rs625757 1 33922472 CSMD2 0.07 5.43x10-4 -0.104(-0.163,-0.045) 4.93x10-4 

Diastolic Blood Pressure 

Timeframe Marker Name CHR POS Gene MAF 
ICBP EAGLE 

p Beta (95%CI) p 
Pre-pubertal rs6760458 2 42938973  0.23 4.63x10-3 0.055(0.022,0.088) 8.67x10-4 

Pubertal 

rs7578149 2 20175919  0.46 9.08x10-4 -0.05(-0.079,-0.021) 9.83x10-4 
rs11713251 3 49315011 USP4 0.01 2.19x10-3 0.213(0.093,0.333) 5.03x10-4 
rs7914808 10 120991173 GRK5 0.31 4.20x10-3 0.091(0.038,0.144) 9.07x10-4 
rs1951930 6 33890633  0.15 7.15x10-3 0.066(0.027,0.105) 7.49x10-4 

Post-pubertal 
rs4650447 1 80256759  0.41 1.18x10-3 -0.063(-0.1,-0.026) 9.63x10-4 
rs17064088 5 174293917  0.05 2.90x10-3 0.122(0.051,0.193) 6.71x10-4 

  



 

242 
 

 

 

 

Table 7.5: Comparing Systolic and Diastolic Blood Pressure meta-analyses in childhood (EAGLE) and adulthood (ICBP) for sex-combined datasets corresponds 

to sex-stratified results in Appendix IV Table 6. Beta values are in terms of Z-scores, the number of standard deviations away from the mean.  
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Figure 7.1: Regional Association Plots for significant ‘SNP clusters’ –log10 (p-values) are 

shown for all SNPs in the region and colour of circles indicates degree of LD with the most 

associated SNP in the region. SNPs correspond to those highlighted in bold text in Table 3. 

Plots shown on left represent Systolic Blood Pressure, plots shown on right represent Diastolic 

Blood Pressure. Rows represent: (A) Pre-pubertal, (B) Pubertal and (C) Post-pubertal. For 

regional association plots for all significant ‘SNP’ clusters presented in Table 3 refer to 

Appendix IV Figure 6 and 7.  

(A) 

SBP 

(B) 

(C) 

DBP 
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Figure 7.2: Most significant SNP clusters resulting from the gender-combined meta-

analysis GWAS. From top to bottom: forest plot, regional association plot (–log10 (p-values)), 

linkage disequilibrium plots (LOD scores) and Manhattan plots (–log10 (p-values)).  

 

SBP            DBP 
    Effect of rs1563894 [A]                 Effect of rs1714524 [T] 

      (ITGA11)                                                                 (LOC10996447) 
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7.4.3 Discussion of sex-combined results 

 

7.4.3.1 Systolic Blood Pressure 

This large meta-analysis of children from seven well-characterized childhood cohorts over three 

distinct age periods is the first consortium project to examine BP both cross-sectionally and across 

childhood and adolescence in European populations in a GWAS setting. This builds on our 

previous work in which we found that an allelic score summing the established adult GWAS hits 

for SBP was associated with SBP at mean age six years but not with age related change in SBP 

between age six and 17 (chapter six/manuscript two[542]).  

 

In the current study, we have identified a number of novel SNPs associated with SBP or DBP in 

children of pre-pubertal, pubertal and post-pubertal ages, that have not been identified in previous 

adult GWAS of SBP and DBP. We found some overlap between SNPs associated with childhood 

BP and those that have been found by previous GWAS to be associated with adult BP.  

 

ITGA11 which was associated with SBP during the pre-pubertal epoch of our study has been 

shown to be associated with hypertrophic cardiomyopathy [543]. The following variants were 

significantly associated with SBP during the pubertal epoch; rs872256 (chromosome position 

9.2496480) which was located in an unknown gene region but was in proximity to two genes; 

SMARCA and VLDLR. SMARCA is a member of the SWI/SNF family of proteins and is highly 

similar to the brahma protein, where it has been hypothesized that cardiac hypertrophy and the 

fetal gene expression program are associated with distinguishable binding of brahma and 

SMARCA4 on genes[544]. From animal studies, brahma gene expression is restricted to 

mesodermal tissues involved in early vasculogenesis and heart morphogenesis [545].  
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VLDLR has been shown to be associated with obesity from both animal studies [546-548]  and 

human GWAS [549]. Recently a pathway analyses based on results from a genome-wide 

association study has identified plausible biological links between VLDR with vascular 

endothelial growth factor, which is known to affect angiogenesis and atherosclerosis [550].  

 

 

ANLN, which was associated with SBP during pubertal ages in our study, has recently been shown 

to be associated with carotid intimal-media thickness[551], a predictor of atherosclerosis. Clusters 

of SNPs surrounding rs3787159 (chromosome position: 20.56252573, gene: PPPR41L) and 

rs9667878 (chromosome position: 11.5180326, gene: OR51V1) had no previous known biological 

associations with BP or cardiovascular related outcomes. C1GALT1, UGP2 and LOXL2 were all 

associated with post-pubertal SBP.  

 

C1GALT1 has been shown to be associated with IgA nephropathy in Chinese [552, 553] and 

European populations [554]. Whilst the LOX/LOXL domain which includes LOXL1-LOXL4 

proteins has been shown to be important to the stability of the vessel wall from studies in mice 

with development of abdominal aortic aneurysms[555]. LOXL2, in particular has been shown to 

be associated with vascular elastogenesis[556]. No known plausible biological function between 

BP and vascular health was identified for UGP2, Appendix IV Table 5.  

 

Subsequent investigation of significant childhood SBP loci found in the EAGLE consortium in 

the ICBP consortium adult dataset was undertaken. Significant associations between pre-pubertal 

SBP SNPs and adult BP [68] were observed between rs17810777 (chromosome position: 

13.69385636, gene: KLHL1), which has been shown to be specifically expressed in cardiac 

muscle in animal studies [557]. The variant rs4986146 (chromosome position 17.78534809, gene: 

B3GNTL1) was not associated with any BP related outcomes. For the pubertal epoch, the variant 

rs3824137 (chromosome position: 8.1808899) in the ARHGEF10 gene – a known risk factor for 

atherothrombotic stroke in East Asian populations [558-560].  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=4017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9639
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The SNP rs11711274 (chromosome position 3.170597773) also associated with pubertal SBP and 

adult BP was located in the MECOM gene, which has been shown to belong to the transcriptional 

regulatory network that controls heart development (formation of heart tube, atrio-ventricular 

canal) in mice[561].  

 

The following variants which we found to be significantly associated with pubertal SBP and ICBP 

results had no previous published association with BP or vascular related outcomes: rs8096788 

(chromosome position: 18.65451861, gene: DOK6), rs38627 (chromosome position: 7.76275543, 

gene: LOC100505767), rs4943826 (chromosome position: 11.80730697, gene: unknown), 

rs332607 (chromosome position: 6.124765053, gene: NKAIN2), rs17033041 (chromosome 

position: 4.156610757, gene: unknown). Variants in the FGD5 gene were significantly associated 

with both post-pubertal SBP and adult BP; SNP rs293927 (chromosome position: 3.14907160) 

and rs1687304 chromosome position (3.14929257). Animal studies have shown that FGD5 is a 

regulator of vascular pruning [562] whilst human cell-studies have suggested FGD5 regulates 

angiogenesis [563]. Another variant associated with post-pubertal SBP was rs625757 

(chromosome 1.33922472) in CSMD2. Variants in proximity to this gene have been associated 

with sudden cardiac arrest amongst patients with coronary artery disease [564], Appendix IV 

Table 6.  

 

7.4.3.2 Diastolic Blood Pressure 

For DBP, suggestive associations around rs241264 (chromosome position: 1.4518898, gene: 

between LOC284661 and AJAP1) and rs1714524 (chromosome position: 3.159755790, gene: 

LOC100996447) were significantly associated within the pre-pubertal epoch and adult BP but 

had no previous published association with BP or vascular related outcomes. 
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For the pubertal epoch, the following significant SNP clusters were identified: rs16875222, 

(chromosome position: 8.107955966, gene: near ABRA and OXR1), rs12237240 (chromosome 

position: 9.28329306, gene: LINGO2), rs1387977 (chromosome position: 12.71307607, gene: 

TRHDE). Of these genes only ABRA has been implicated in cardiac development and postnatal 

cardiac function/homeostasis [565].  

 

Animal studies have illustrated that an ABRA deficiency severely disrupts cardiac development 

and function in vivo and revealed a novel ABRA-SRF feed-forward auto-regulatory loop that could 

play an essential role in ABRA regulation and cardiac function [566]. Repression of ABRA within 

embryonic, neonatal, and adult hearts via gene GATA4 has shown major implications for MRTF-

SRF signaling in the context of cardiac development and disease [565]. Fluid sheer stress-induced 

ABRA expression during arteriogenesis is triggered by NO and leads to stimulation of collateral 

growth by smooth muscle cell proliferation [567].  

 

A SNP cluster around rs6949619 near NPY was associated with DBP in the post-pubertal epoch. 

Polymorphisms within this gene have previously been shown to be associated with obesity-related 

hypertension and abnormal myocardial growth [568-570]. There is also evidence of linkage 

between this gene and any posture-related phenotype which is thought to contribute to BP 

variability [571]. Another SNP cluster around associated with DBP in the post-pubertal epoch 

was rs229038 (ADAMTS1).  

 

Polymorphisms with the ADAMTS1 gene have been shown to be associated with an increased risk 

of coronary heart disease (particularly those homozygous for 227Pro allele)[572]. Modifications 

to this gene expression are associated with markedly changed blood vessel morphology [573]. 

Variants within the ADAMTS1 gene have been shown to influence the effectiveness of statins in 

reducing the risk of myocardial infarction [572, 574], Appendix IV Table 7.  
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From investigating significant DBP loci found in the EAGLE consortium in the ICBP consortium 

adult dataset[68] we only identified rs7914808 in the GRK5 gene, previously shown to be 

associated with elevated gene expression levels and hypertension in mice studies[575, 576] 

exhibited significant associations with both pubertal-epoch DBP in childhood and adult DBP.  

 

All other variants, pre-pubertal SNPs; rs6760458(chromosome position: 2.42938973, gene: 

unknown), pubertal SNPs; rs7578149 (chromosome position: 2.20175919, gene: unknown), 

rs11713251 (chromosome position: 3.49315011, gene: USP4), rs1951930 (chromosome position: 

6.33890633, gene: unknown) and post-pubertal SNPs; rs4650447 (chromosome position: 

1.80256759, gene: unknown) and rs17064088 (chromosome position: 5.174293917, gene: 

FLJ16171) we did not identify any previous associations with BP or BP-related outcomes, 

Appendix IV Table 8.  

 

7.4.4 Discussion of sex-stratified results 

7.4.4.1 Systolic Blood Pressure in Females 

7.4.4.1.1 Genome-wide significance 

No SNPs reached genome wide levels of significance (p<5x10-8) for female SBP (Table 7.6).  

 

7.4.4.1.2 Suggestive SNP clusters 

Clusters of variants in several genes were suggestively associated with SBP (p<5 x 10-4 Appendix 

IV Figure 8): ALK and ATPRI (pre-puberty), LRRIQ3 and near SNX7 (puberty) and near GUF1, 

GNPDA2 and RPS6KC1 (post-puberty).  

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2869
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During the pre-pubertal epoch, rs2339469 (chromosome position: 2.29392364, gene: ALK, beta 

= -0.102SD, 95% CI [-0.142, -0.061], p = 1.13x10-6). Raised ALK levels found amongst cases of 

preeclampsia [577] and closely related genes, such as ALK-1 are considered as a determinant for 

pulmonary arterial hypertension [578-581]. Rs6798160 (chromosome position: 3.4832780, gene: 

ITPR1, beta = -0.096SD, 95% CI-0.137, -0.054], p = 6.22x10-6). Variants within ITPR1 have been 

associated with BP and SBP in response to mental stress in sex-specific analyses[582].  

 

Furthermore, the up-regulation of ITPR1 may be important in modulating intracellular 

Ca2+homeostasis and initiating or perpetuating atrial fibrillation [583]. It is also been shown to 

modulate the electromechanical properties of the human myocardium and its propensity to 

develop arrhythmias [584]. Rs10506710 (chromosome position: 12.71736584, gene: near 

TRDHE, beta = -0.098SD, 95% CI [-0.139, -0.056], p = 3.24x10-6) had no previously published 

association with BP or BP related outcomes. During the pubertal epoch, rs6946404 (chromosome 

position: 7.89672869, gene: between DPY19L2P4 and STEAP2, beta = 0.193SD, 95% CI [0.107, 

0.279], p = 1.40x10-5), Table 7.8.  

 

It has been suggested that STEAP2 plays a critical role in adipogenesis (studies of both mouse 

and human cells)[585]. All other pubertal variants; rs6033063 (chromosome position: 

20.11160307, gene: near LOC339593, beta = -0.084SD, 95% CI [-0.121, -0.047], p = 1.61x10-5), 

rs7527591 (chromosome position: 1.98841095, gene: near SNX7, beta = 0.093SD, 95% CI [0.050, 

0.136], p = 1.84x10-5) and rs138488 (chromosome position: 1.74271874, gene: LRRIQ3, beta = 

0.159SD, 95% CI [0.086, 0.232], p = 1.84x10-5) were not associated with any vascular related 

phenotypes. During the post-pubertal epoch, rs996004 (chromosome position: 4.44773765, gene: 

near GUF1 and GNPDA2, beta = 0.256SD, 95% CI [0.154, 0.358], p = 9.35x10-7), Table 7.8.   
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GNPDA2 associated with DBP and hypertension risk in a population of Chinese children [586]. 

Variants in GNPDA2, BDNF and FAIM2 combined have a significant effect on risk of metabolic 

syndrome (these associations above were mediated by adiposity) among Chinese children [587]. 

GNPDA2 is also associated with BMI in European children n[588]. Rs11120167 (chromosome 

position: 1.211839047, gene: near RPS6KC1, beta = -0.118SD, 95% CI [-0.171, -0.065], p = 

1.29x10-5) was not associated with any vascular phenotypes, Table 7.8 and Appendix IV Table 9.  

 

7.4.4.1.3 Look-up of childhood SBP results in adult GWAS consortia 

None of the SNPs found to be at least suggestively associated with childhood SBP were associated 

with adult SBP in the ICBP (Table 7.8). A number of loci previously found to be associated with 

adult BP in ICBP were also associated with SBP in at least one epoch of childhood in EAGLE 

children (Table 7.10). (i) PKNOX2 and ZNF831 (pre-puberty); (ii) USHBP1 and GALNTL4 

(puberty) and (iii), DCP2 (post-puberty). Only ZNF831 was previously associated with human 

hypertension [529], Appendix IV Table 10.  

 

7.4.4.2 Diastolic blood pressure (DBP) in Females 

7.4.4.2.1 Genome-wide significance 

No SNPs reached genome wide levels of significance (p<5x10-8) for females DBP, Table 7.7.  

7.4.4.2.2 Suggestive SNP clusters 

Clusters of variants in several genes were suggestively associated with DBP (p<5 x 10-4, 

Appendix IV Table 7.9, Appendix IV Figure 11): TRHDE (puberty) and TLL1, KIAA1797 (post-

puberty).   
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During the pre-pubertal epoch, rs850892 (chromosome position: 2.185917555, gene: unknown, 

beta = 0.101SD, 95% CI [0.060, 0.142], p = 9.98x10-7) and rs2820475 (chromosome position: 

1.68472956, gene: near WLS, GNG12-AS1, MIR1262, RPE65 and DEPDC1, beta = 0.247SD, 

95% CI [0.142, 0.352], p = 4.30x10-6) were not associated with any BP-related phenotype. During 

the pubertal epoch, rs17774123 (chromosome position: 12.52527546, gene: near ATP5G2, 

CALCOCO1, HOCC (4-6, 8-12, AS5), beta = -0.136SD, 95% CI [-0.191, -0.081], p = 9.69x10-7), 

Table 7.9.  

 

ATP5G2 (which is a subunit of mitochondrial ATP synthase) has been shown to be down-

regulated in calorie-restricted mice which reduced the ATP content in AMPKα2 knock-out hearts, 

but not the wild/type hearts demonstrating that calorie-restriction can trigger adverse effects that 

can lead to cardiac dysfunction, suggesting that AMPK signaling pathway is indispensible for 

energy homeostasis and myocardial adaptation to calorie-restriction, a dietary intervention that 

normally produces beneficial cardiac effects[589]. The 3'flanking sequence of HOXC5 gene is 

associated with simple congenital heart disease, in Chinese populations [590].  HOXC9 

overexpression in zebra-fish negatively regulated vascular development which can be rescued by 

exogenous interleukin-8[591]. HoxC9 showed preferential mRNA expression in fetal human 

smooth muscle (plasticity is considered a prerequisite for atherosclerosis and restenosis) cells that 

appeared to correlate with the age of the donor [592]. The HOXC@-complex has recently been 

shown to be associated with human BP [593], , Table 7.9 and Appendix IV Table 11.  

 

All other pubertal variants; rs12370001 (chromosome position: 12.71330889, gene: TRHDE, beta 

= 0.204SD, 95% CI [0.114, 0.294], p = 7.52x10-6) were not associated with any vascular related 

phenotypes. During the post-pubertal epoch, rs12646597 (chromosome position: 4.167169368, 

gene: TLL1, beta = -0.117SD, 95% CI [-0.170, -0.064], p = 1.68x10-5), Table 7.9.   
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TLL1 gene mutation with an insertion mutation of base A in exon 10 is often in Chinese patients 

with sporadic congenital heart disease [594] involved in cardiac morphogenesis [595], Table 7.9 

and Appendix IV Table 11.  

 

Further studies in mice have revealed that TLL1 plays multiple roles in formation of the 

mammalian heart and is essential for formation of the interventricular septum [596]. Rs10757157 

(chromosome position: 9.20911025, gene: KIAA1797, beta = 0.110SD, 95% CI [0.057, 0.163], p 

= 5.23x10-6). KIAA1797 exhibited highly significant differential allelic and expressed 

distributions between hypertensive patients and normotensive controls in Chinese patient s[597]. 

Expression levels of KIAA1797 were significantly associated with Heart Rate in Mexican 

Americans [598]. Rs9968204 (chromosome position: 3.25938544, gene: near LINC00692, beta = 

0.218SD, 95% CI [0.116, 0.320, p = 2.59x10-5) was not associated with any vascular phenotypes, 

Table 7.9 and Appendix IV Table 11.  

 

7.4.4.2.3 Look-up of childhood DBP results in adult GWAS consortia 

None of the SNPs found to be at least suggestively associated with female DBP were associated 

with adult DBP in the ICBP (Table 7.9). A number of loci previously found to be associated with 

adult BP in ICBP were also associated with DBP in at least one epoch of childhood in EAGLE 

females (Table 7.11): (i) TRIP12 (puberty), CPEB4 and PHB (post-puberty). Variants in CPEB4 

were shown to be associated with waist-to-hip ratio and BMI in a large GWAS study [599]. No 

other variants were associated with BP related outcomes, Appendix IV Table 12.  

7.4.4.3 Systolic Blood Pressure in Males 

7.4.4.3.1 Genome-wide significance 

No SNPs reached genome wide levels of significance (p<5x10-8) for male SBP (Table 7.7).  
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7.4.4.3.2 Suggestive SNP clusters 

Clusters of variants in several genes were suggestively associated with SBP (p<5 x 10-4, Table 

7.8, Appendix IV Figure 8): ITGA11 (pre-puberty), ANLN and KIAA1530 (puberty) and DNAH14, 

SENP2 (post-puberty).  

 

During the pre-pubertal epoch, rs7179228 (chromosome position: 15. 66409401, gene: ITGA11, 

beta = 0.121SD, 95% CI 0.077, 0.166], p = 1.10x10-7). ITGA11 is associated with hypertrophic 

cardiomyopathy [543]. Rs12339966 (chromosome position: 1.98841095, gene: unknown, beta = 

0.134SD, 95% C [0.085, 0.184], p = 1.18x10-7). ANLN is associated with carotid intimal-media 

thickness[551], a predictor of atherosclerosis. During the pubertal epoch, rs3735398 

(chromosome position: 7.36412646, gene: ANLN, beta = 0.159SD, 95% CI [0.100, 0.218], p = 

1.42x10-7), rs4974559 (chromosome position: 4.1370848, gene: KIAA1530, beta = -0.117SD, 

95% CI [-0.168,-0.066], p = 7.21x10-6) and rs7011049 (chromosome position: 8.553996565, 

gene: unknown, beta = -0.125SD, 95% CI [-0.180,-0.070], p = 7.07x10-6) were not associated 

with any vascular related phenotypes, Table 7.8 and Appendix IV Table 13.  

 

During the post-pubertal epoch, rs1905116 (chromosome position: 1.223258306, gene: DNAH14, 

beta = 0.108SD, 95% CI [0.059, 0.157], p = 1.36x10-5) was not associated with any BP related 

phenotype. Rs13095912 (chromosome position: 3.186784792, gene: SENP2, beta = -0.114SD, 

95% CI [-0.163, -0.065], p = 7.44x10-6). Cardiac overexpression of SENP2in the mice with 

Nkx2.5 haploin-sufficiency promoted embryonic lethality and severity or congenital 

heart diseases indicating the functional interaction between SENP2 and Nkx2.5 in vivo [600], 

Table 7.8 and Appendix IV Table 13.  

 

Atherosclerotic lesions was observed in SENP2 (+/-) /Ldlr(-/-) mice[601]. Small ubiquitin-like 

modifier 1 (SUMO-1) binds with SENP2 effectively reducing Prox1 sumoylation and Prox1-

induced vascular endothelial growth factor receptor 3 (VEGFR3) expression [602], Table 7.8 and 

Appendix IV Table 13.   
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The SUMO-specific proteases SENP2 and Ulp1 efficiently deconjugate SUMO from Kv1.5 in 

vivo and in vitro, and disruption of the two identified target motifs results in a loss of the major 

SUMO-conjugated forms of Kv1.5 (the voltage-gated potassium (Kv) channel Kv1.5 mediates 

repolarizing current in human atrial myocytes and regulates vascular tone in multiple 

peripheral vascular beds. Therefore, by understanding Kv1.5 function could be a potential target 

for the treatment of atrial fibrillation and hypoxic pulmonary hypertension) [603], Table 7.8 and 

Appendix IV Table 13.  

 

7.4.4.3.3 Look-up of childhood SBP results in adult GWAS consortia 

None of the SNPs found to be at least suggestively associated with childhood SBP were associated 

with adult SBP in the ICBP (Table 7.8). A number of loci previously found to be associated with 

adult BP in ICBP were also associated with SBP in at least one epoch of childhood in EAGLE 

children (Table 7.10): (i) KCTD1 and MAP3K14 (pre-puberty); (ii) PRKG1 and NKAIN2 (puberty) 

and (iii), ANK3  and CSMD2 (post-puberty).  

 

Only the pubertal and post-pubertal variants had been previously associated with vascular related 

outcomes. Blood pressure is controlled primarily by salt and water balance because of the infinite 

gain property of the kidney to rapidly eliminate excess fluid and salt. A cluster of SNPs located 

in the first introns of PRKG1 gene associated with variation in diastolic blood pressure after acute 

salt load in  newly discovered never treated before, essential hypertensives[604]. Left ventricular 

systolic radial function was associated with common polymorphisms in PRKG1 [605]. In animal 

studies, PRKG1 risk alleles associate with salt-sensitivity related to a loss of the inhibitory control 

of renal Na(+) reabsorption, suggestive of a blunt pressure-natriuresis response – which has been 

associated with the development of hypertension[606].   
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Lungs from mice with low or absent PKGI (Prkg1(+/-) and Prkg1(-/-) mice) exhibited impaired 

BMP (bone morphogenetic proteins) signaling, decreased contractile gene expression, and 

abnormal vascular remodelling, Table 7.10 and Appendix IV Table 14.  

 

Conversely, cGMP stimulation of PKGI restored defective BMP signaling in rats with hypoxia-

induced PAH, consistent with cGMP-elevating agents reversing vascular remodeling[607]. PKG-

I deficiency induces pulmonary hypertension through Rho A/Rho kinase activation-mediated 

vasoconstriction and pulmonary vascular remodeling[608]. In studies of mice with a selective 

mutation in the N-terminal protein interaction domain of PKGIalpha display 

inherited vascularsmooth muscle cell abnormalities of contraction, abnormal relaxation of large 

and resistance blood vessels, and increased systemic blood pressure[609]. PKGI-alpha binds to, 

phosphorylates and activates RGS-2, attenuating receptor-mediated vascular contraction; RGS-2 

has been shown to be required for normal vascular function and blood pressure [610], , Table 7.10 

and Appendix IV Table 14.  

 

Cardiomyocytes with reduced ANK3 display reduced Na(v)1.5. (Na(v) 1.5 is a predominant 

voltage-gated channel which regulates rapid upstroke of the cardiac action potential. ANK3 is 

required for Na(v)1.5 targeting in the heart. Cardiomyocytes with reduced ANK3 display reduced 

Na(v)1.5 expression, abnormal Na(v)1.5 membrane targeting, and reduced Na(+) channel current 

density[611]. By disrupting the ANK3-KIF5 binding with small interfering RNA or dominant-

negative constructs markedly reduced Nav channel levels at the axon initial segment (AIS) and 

along entire axons, thereby decreasing action potentials firing[612]. ANK3 is a key functional 

component of the intercalated disc at the intersection of 3 complexes often considered 

independent: the voltage-gated sodium channel, gap junctions, and the cardiac desmosome which 

may have some implications to the pathophysiology of inherited arrhythmias (such as 

arrhythmogenic right ventricular cardiomyopathy)[613]. Variants in proximity to CSMD2 were 

associated with sudden cardiac arrest amongst patients with coronary artery disease [564] , Table 

7.10 and Appendix IV Table 14.   



 

257 
 

7.4.4.4 Diastolic blood pressure in Males 

7.4.4.4.1 Genome-wide significance 

Two SNPs reached genome wide levels of significance (p<5x10-8) for males DBP, Table 7.7. 

Both were from the pubertal epoch; rs7226968 (p = 2.62 x 10-8).   

7.4.4.4.2 Suggestive SNP clusters 

Clusters of variants in several genes were suggestively associated with DBP (p<5 x 10-4, Table 

7.9, Appendix IV Figure 11): near ODZ4 (pre-puberty), KIAA1211L and IQCK (puberty) and 

CARS2, DLC1 and EYS (post-puberty).  

 

During the pre-pubertal epoch, rs305460 (chromosome position: 1.87964818, gene: unknown, 

beta = 0.115SD, 95% CI [0.066, 0.164], p = 4.77x10-6) and rs1114504 (chromosome position: 

11.78915535, gene: near ODZ4, beta = -0.123SD, 95% CI [-0.178,-0.068], p = 6.25x10-6) were 

not associated with any BP-related phenotype. During the pubertal epoch, rs12712036 

(chromosome position: 4.167169368, gene: KIAA1211L, beta = -0.088SD, 95% CI [-0.132, -

0.044], p = 7.72x10-5) and rs1021865 (chromosome position: 16.19692192, gene: IQCK, beta = 

0.114SD, 95% CI [0.059, 0.170], p = 5.02x10-5) were not associated with any vascular related 

phenotypes. During the post-pubertal epoch, rs10822407 (chromosome position: 10.66454106, 

gene: unknown, beta = -0.149SD, 95% CI [-0.206,-0.092], p = 2.07x10-7), rs2119480 

(chromosome position: 13.110141889, gene: CARS2, beta = -0.131SD, 95% CI [-0.186, -0.076], 

p = 2.41x10-6), rs1146942 (chromosome position: 13.79717730, gene: unknown, beta = 0.136SD, 

95% CI [0.077, 0.195], p = 4.95x10-6), rs17192454 (chromosome position: 8.13213767, gene: 

DLC1, beta = 0.261SD, 95% CI [0.145, 0.377], p = 1.11x10-5) and rs9354187 (chromosome 

position: 6.65657839, gene: EYS, beta = 0.231SD, 95% CI [0.127, 0.335], p = 1.42x10-5).   
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With the exception of DLC1, which has been suggested to be associated with congenital heart 

disease in Chinese populations [614], all other variants were not associated with any vascular 

phenotypes, Table 7.9 and Appendix IV Table 15.  

7.4.4.4.3 Look-up of childhood DBP results in adult GWAS consortia 

None of the SNPs found to be at least suggestively associated with female DBP were associated 

with adult DBP in the ICBP (Table 7.9). A number of loci previously found to be associated with 

adult BP in ICBP were also associated with DBP in at least one epoch of childhood in EAGLE 

males (Table 7.11): (i) DNER and RCOR1 (pre-puberty); DNER has been implicated as a 

susceptibility gene for T2DM in American Indians[615].  

 

During the pubertal epoch; SOX6, NT5C2 and ACCN1/ SOX6 associated with BP from a genome-

wide association study of African American adults [616], SBP in European adults using gene-

centric array analysis [617, 618]. Studies in mice have shown that aldosterone inhibits the fetal 

program and increases cardiac hypertrophy in hypertensive mice where the original aldosterone-

dependent inhibition of miR-208a in hypertension, results in the inhibition of β-myosin heavy 

chain expression through the induction of its transcriptional repressor SOX6. This increased 

aldosterone in the heart inhibits the induction of atrial natriuretic peptide expression, via the 

mineralocorticoid receptor, which worsens cardiac hypertrophy without changing blood pressure 

[619]. Other studies in mice have shown that SOX6 is within the Bone Morphogenic Protein 

pathway in cardiac differentiation and interacts with the Proline-rich transcript of the brain protein 

and may play a critical role in the regulation of a cardiac L-type Ca2+ channel[620]. Mutations 

to the SOX6 gene have been considered as a candidate for heart block in a study of adult mice 

[621]. SOX6 gene within the bone morphogenic protein pathway is considered a candidate for 

carotid plaque in Caribbean Hispanics [622], Table 7.11 and Appendix IV Table 16.   
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NT5C2 variants have been associated with mean arterial and pulse pressure in an East Asian 

genome-wide association study [623]. Polymorphisms in the NT5C2 genes have been suggested 

to influence a reduction in both visceral and subcutaneous fat mass in Japanese women [624]. 

Variants in proximity to NT5C2 have shown modest association with hypertension amongst 

European diabetic patients [625]. 

 

NT5C2 associated with both ischemic stroke and coronary heart disease in European adults [626]. 

ACCN1 encodes a member of the degenerin/epithelial sodium channel (DEG/ENaC) superfamily 

is involved in blood pressure regulation [627-631]. In studies of mice, it has been suggested that 

suggest that DEG/ENaC proteins are required for vascular macho sensory (vessel responses to 

pressure)[632]. Further mice studies have revealed than ACCN1 is a determinant of autonomic 

circulatory control and of baroreceptor sensitivity, Appendix IV Table 16.  

 

The genetic disruption of ACCN1 recapitulates the pathological dysautonomia seen in heart 

failure and hypertension and defines a molecular defect that may be relevant to its development 

[529]. ACCN1 mediates the store-operated Ca(2+) entry pathway in pulmonary vascular smooth 

muscle regulation[633]. During the post-pubertal epoch, TNXB and DDHD1; a haplo--

insufficiency or deficiency of TNXB may provide some benefits against adverse cardiovascular 

events, including heart attack and stroke, by lowering levels of arterial stiffness associated with 

aging, as well as by enhancing accommodation of accrued atherosclerotic plaques[634]. No other 

variants were associated with BP related outcomes, Appendix IV Table 16.  
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Timeframe 
SBP DBP 

SNPs  
p < 5 x 10-8 

Most significant finding 
SNPs  

p< 5 x 10-8 
Most significant finding 

Pre-puberty 0 

Rs1943214 
Beta = 0.145 
95%CI = [0.087, 0.203] 
P= 9.33 x 10

-7
  

Chromosome: 18 
Gene: Unknown 
Nearby genes: MC4R 
MAF = 0.27 

0 

Rs748179 
Beta= -0.433 
95%CI = [-0.602, -0.266] 
P= 4.43 x 10

-7
  

Chromosome: 10 
Gene: ZMIZ1 
Nearby genes: ZCCHC24, 
LOC283050, PPIF 
MAF = 0.22 

Puberty 0 

rs3736625 
Beta= -0.238 
95%CI = [-0.326,-0.150] 
P= 9.25 x 10

-8
  

Chromosome: 12  
Gene: Unknown 
Nearby genes: KRR1, 
GLIPR1 
MAF = 0.20 

0 

rs17774123 
Beta= -0.136 
95%CI = [-0.191,-0.081] 
P= 9.69 x 10

-7
  

Chromosome: 12  
Gene: Unknown 
Nearby genes: 
CALCOCO1, HOXC13 
MAF = 0.10 

Post-puberty 0 

rs996004  
Beta= 0.256 
95%CI = [0.154,0.358] 
P= 9.35 x 10

-7
  

Chromosome: 4  
Gene: Unknown  
Nearby genes: GNPDA2, 
GUF1 
MAF = 0.03 

0 

rs933525  
Beta= 0.158 
95%CI = [0.095,0.221] 
P= 9.18 x 10

-7
  

Chromosome: 2  
Gene: Unknown  
Nearby genes: FANCL, 
VRK2  
MAF = 0.14  

 

Table 7.6: Most significant findings per timeframe, dataset and blood pressure outcome 

measure for females  

SBP: Systolic blood pressure. DBP: Diastolic blood pressure. The sum of the number of SNPs 

reaching genome-wide levels of significance (p≤5 x 10-8) where all SNPs had a MAF > 0.10 and 

all cohorts contributed to each SNP analyses (post-pubertal) and at least 4 cohorts contributed to 

GWAS findings for the  pre-pubertal and pubertal epochs.   
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Timeframe 
SBP DBP 

SNPs  
p< 5 x 10-8 

Most significant finding 
SNPs  

p< 5 x 10-8 
Most significant finding 

Pre- 
puberty 0 

Rs7179228 
Beta= 0.121 
95%CI = [0.077, 0.166] 
P=  1.10 x 10

-7
  

Chromosome: 15 
Gene: ITGA11 
Nearby genes: FEM1B, 
CORO2B, CALML4 
MAF = 0.28 

0 

Rs2418508 
Beta= 0.271 
95%CI = [0.157, 0.387] 
P= 3.69 x 10

-6
  

Chromosome: 1 
Gene: Unknown 
Nearby genes: None 
MAF = 0.23 

Puberty 0 

rs3735398 
Beta= 0.159 
95%CI = [0.100,0.218] 
P= 1.42x 10

-7
  

Chromosome: 7  
Gene: ANLN 
Nearby genes: None  
MAF = 0.11 

2 

Rs7226968 
Beta= 0.532 
95%CI = [0.352, 0.712] 
P= 2.62 x 10

-8
  

Chromosome: 18  
Gene: Unknown 
Nearby genes: None 
MAF = 0.20 

Post-
puberty 0 

rs6138069  
Beta= 0.341 
95%CI = [0.200,0.482] 
P= 1.89 x 10

-6
  

Chromosome: 20  
Gene:CSTP2 (Pseudo)  
Nearby genes: CST 
(1,2,4)  
MAF = 0.07 

0 

rs10822407  
Beta= -0.149 
95%CI = [-0.204,-0.094] 
P= 2.07 x 10

-7
  

Chromosome: 10  
Gene: Unknown  
Nearby genes: NEK4P3  
MAF = 0.30  

Table 7.7: Most significant findings per timeframe, dataset and blood pressure outcome 

measure for males  

SBP: Systolic blood pressure. DBP: Diastolic blood pressure. The sum of the number of SNPs 

reaching genome-wide levels of significance (p≤5 x 10-8) where all SNPs had a MAF > 0.10 and 

all cohorts contributed to each SNP analyses (post-pubertal) and at least 4 cohorts contributed to 

GWAS findings for the  pre-pubertal and pubertal epochs.   
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Systolic Blood Pressure 

Timeframe Subset Marker 
Name Allele CHR POS MAF Gene Beta (95%CI) p Direction ICBP 

p 
N-

effective 

Pre-pubertal 

Females 
rs2339469 A/G 2 29392364 0.37 ALK -0.102(-0.142,-0.061) 1.13X10-6 ----+ 0.71 5,008 
rs6798160 T/C 3 4832780 0.39 ITPR1 -0.096(-0.137,-0.054) 6.22X10-6 ----- NA 5,008 

rs10506710 C/G 12 71736584 0.49  -0.098(-0.139,-0.056) 3.24X10-6 ----- 0.39 5,008 

Males 
rs7179228 T/G 15 66409401 0.30 ITGA11 0.121(0.077,0.166) 1.10X10-7 +++++ 0.59 5,082 

rs12339966 A/T 9 11631243 0.18  0.134(0.085,0.184) 1.18X10-7 +++++ 0.38 5,082 

Pubertal 

Females 

rs6946404 C/G 7 89672869 0.03  0.193(0.107,0.279) 1.40X10-5 ++++- 0.09 4,238 
rs6033063 A/T 20 11160307 0.44  -0.084(-0.121,-0.047) 1.61X10-5 ---+- 0.98 4,238 
rs7527591 A/G 1 98841095 0.16 Near SNX7 0.093(0.050,0.136) 1.84X10-5 +++++ 0.25 4,238 
rs1384882 T/C 1 74271874 0.16 LRRIQ3 0.159(0.086,0.232) 1.84X10-5 ++-++ 0.22 4,238 

Males 
rs3735398 A/G 7 36412646 0.11 ANLN 0.159(0.100,0.218) 1.42X10-7 +++++ 0.75 4,185 
rs4974559 A/G 4 1370848 0.43 KIAA1530 -0.117(-0.168,-0.066) 7.21X10-6 ----- 0.28 4,185 
rs7011049 A/C 8 53996565 0.12  -0.125(-0.180,-0.070) 7.07X10-6 ----- 0.62 4,185 

Post-
pubertal 

Females 
rs996004 A/G 4 44773765 0.03 Near: GUF1, 

GNPDA2 0.256(0.154,0.358) 9.35X10-7 +++ 0.12 2,680 

rs11120167 T/G 1 211839047 0.41 Near: RPS6KC1 -0.118(-0.171,-0.065) 1.29X10-5 --- 0.89 2,680 

Males 
rs1905116 T/C 1 223258306 0.24 DNAH14 0.108(0.059,0.157) 1.36X10-5 +++ 0.53 2,496 
rs13095912 A/G 3 186784792 0.35 SENP2 -0.114(-0.163,-0.065) 7.44X10-6 --- 0.16 2,496 

Table 7.8: Top SNP clusters from Systolic Blood Pressure meta-analyses in EAGLE.  

Bold text highlights SNPs represented in regional association plots shown in Appendix IV Figures 6-8. P-values from ICBP are listed for reference. Beta values are in 

terms of Z-scores, the number of standard deviations away from the mean.   
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Diastolic Blood Pressure 

Timeframe Subset Marker 
Name Allele CHR POS MAF Gene Beta (95% CI) p Direction ICBP 

p 
N-

effective 

Pre-
pubertal 

Females 
rs850892 T/C 2 185917555 0.50  0.101(0.06,0.142) 9.98X10-7 ++++- 0.55 5,008 
rs2820475 A/G 1 68472956 0.04  0.247(0.142,0.352) 4.30X10-6 +++++ NA 5,008 

Males 
rs305460 A/T 1 87964818 0.20  0.115(0.066,0.164) 4.77X10-6 ++++- 0.66 5,082 

rs1114504 T/C 11 78915535 0.25 Near: ODZ4 -0.123(-0.178,-0.068) 6.25X10-6 ----+ 0.34 5,082 

Pubertal 
Females 

rs17774123 T/G 12 52527546 0.10  -0.136(-0.191,-0.081) 9.69X10-7 ----- NA 4,238 
rs12370001 T/C 12 71330889 0.06 TRHDE 0.204(0.114,0.294) 7.52X10-6 +++++ 0.80 4,238 

Males 
rs12712036 T/C 2 98829143 0.43 KIAA1211L -0.088(-0.132,-0.044) 7.72X10-5 ---+- NA 4,185 
rs1021865 A/G 16 19692192 0.32 IQCK 0.114(0.059,0.170) 5.02X10-5 -+++- 0.41 4,185 

Post-
pubertal 

Females 

rs12646597 T/C 4 167169368 0.44 TLL1 -0.117(-0.170,-0.064) 1.68X10-5 --+ 0.30 2,680 
rs10757157 A/G 9 20911025 0.38 KIAA1797 0.110(0.057,0.163) 5.23X10-5 ++- 0.70 2,680 

rs9968204 C/G 3 25938544 0.08  0.218(0.116,0.320) 2.59X10-5 +++ 0.20 2,680 

Males 

rs10822407 T/C 10 66454106 0.30  -0.149(-0.206,-0.092) 2.07X10-7 --- 0.25 2,496 
rs2119480 T/C 13 110141889 0.49 CARS2 -0.131(-0.186,-0.076) 2.41X10-6 --- 0.53 2,496 
rs1146942 A/G 13 79717730 0.31  0.136(0.077,0.195) 4.95X10-6 +++ 0.68 2,496 

rs17192454 A/G 8 13213767 0.04 DLC1 0.261(0.145,0.377) 1.11X10-5 +++ 0.73 2,496 

rs9354187 T/C 6 65657839 0.17 EYS 0.231(0.127,0.335) 1.42X10-5 +++ 0.03 2,496 
 

Table 7.9: Top SNP clusters from Diastolic Blood Pressure meta-analyses in EAGLE. Bold text highlights SNPs represented in regional association plots shown 

in Appendix IV Figures 6-8. P-values from ICBP are listed for reference. Beta values are in terms of Z-scores, the number of standard deviations away from the mean.   
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Systolic Blood Pressure 

Timeframe Subset Marker Name CHR POS MAF Gene 
ICBP EAGLE 

p Beta (95%CI) p 

Pre-pubertal 
Females 

rs7928369 11 124600431 0.16 PKNOX2 6.73X10-4 0.076(0.033,0.119) 4.83X10-4 
rs767312 12 27487246 0.35  6.84X10-4 0.079(0.036,0.122) 2.80X10-4 
rs183777 20 57244560 0.33 ZNF831 7.30X10-4 0.066(0.027,0.105) 9.97X10-4 

rs7942878 11 124609079 0.17 PKNOX2 7.39X10-4 0.077(0.032,0.122) 6.36X10-4 
rs9358742 6 24143021 0.45  7.95X10-4 -0.064(-0.101,-0.027) 9.17X10-4 

Males 
rs10502471 18 22360961 0.05 KCTD1 2.73X10-3 -0.239(-0.349,-0.129) 2.33X10-5 
rs7207549 17 40715911 0.17 MAP3K14 4.63X10-3 0.070(0.029,0.111) 9.45X10-4 

Pubertal 

Females 
rs11671659 19 17228092 0.01 USHBP1 8.88X10-5 0.233(0.104,0.362) 4.47X10-4 
rs12417023 11 11565498 0.12 GALNTL4 1.28X10-3 0.084(0.035,0.133) 9.17X10-4 

Males 
rs6989152 8 84876961 0.02  1.34X10-3 -0.365(-0.577,-0.153) 7.57X10-4 

rs10740411 10 53460631 0.35 PRKG1 2.10X10-3 -0.076(-0.121,-0.031) 9.34X10-4 
rs332607 6 124765053 0.25 NKAIN2 3.19X10-3 0.084(0.043,0.125) 6.55X10-5 

Post-pubertal 

Females 
rs12475465 2 18191492 0.05  9.72X10-4 0.185(0.075,0.295) 9.02X10-4 
rs4705530 5 112362756 0.23 DCP2 2.59X10-3 -0.095(-0.150,-0.040) 6.85X10-4 
rs162064 3 109306751 0.27  4.89X10-3 0.093(0.042,0.144) 3.90X10-4 

Males 
rs10994438 10 62059162 0.31 ANK3 3.86X10-4 0.082(0.033,0.131) 9.62X10-4 

rs625757 1 33922472 0.07 CSMD2 5.43X10-4 -0.162(-0.244,-0.080) 1.03X10-4 
rs2480244 1 33925781 0.07 CSMD2 6.13X10-4 -0.164(-0.246,-0.082) 8.61X10-5 

 

Table 7.10: Comparing SBP meta-analyses in EAGLE and ICBP. Beta values are in terms of Z-scores, the number of standard deviations away from the mean.  
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Diastolic Blood Pressure 

Timeframe 

Subset Marker Name CHR POS MAF Gene 
ICBP EAGLE 

p Beta (95%CI) p 

Males 
rs12473885 2 230277834 0.15 DNER 3.63X10-4 -0.113(-0.176,-0.05) 3.53X10-4 
rs17820659 12 13580175 0.1  1.03X10-3 -0.131(-0.2,-0.062) 1.53X10-4 
rs11847932 14 102255188 0.26 RCOR1 1.05X10-3 0.094(0.041,0.147) 4.61X10-4 

Pubertal 

Females 
rs6687 2 230340512 0.15 TRIP12 3.93X10-4 -0.187(-0.289,-0.085) 3.20X10-4 

rs11229833 11 58653760 0.44  2.12X10-3 0.128(0.061,0.195) 2.00X10-4 
rs6502882 17 5642773 0.43  4.58X10-3 0.127(0.056,0.198) 4.75X10-4 

Males 

rs1595373 11 16223316 0.24 SOX6 1.31X10-5 0.092(0.039,0.145) 7.27X10-4 
rs10786736 10 104839106 0.15 NT5C2 3.83X10-5 0.123(0.052,0.194) 7.64X10-4 
rs6882088 5 173226782 0.17  5.58X10-4 0.079(0.034,0.124) 6.57X10-4 
rs9900677 17 28944267 0.23 ACCN1 7.15X10-4 0.094(0.039,0.149) 9.23X10-4 

Post-pubertal 

Females 
rs1564823 5 173315800 0.16 CPEB4 1.17X10-4 0.09(0.037,0.143) 7.25X10-4 
rs2898883 17 44837952 0.2 PHB 1.23X10-3 -0.087(-0.138,-0.036) 9.59X10-4 

rs12664699 6 127249944 0.48  1.30X10-3 0.084(0.035,0.133) 6.51X10-4 

Males 
rs944452 14 52554313 0.19  7.23X10-4 -0.122(-0.195,-0.049) 9.24X10-4 

rs2269426 6 32184477 0.34 TNXB 1.36X10-3 -0.093(-0.148,-0.038) 9.69X10-4 
rs10151030 14 52576159 0.22 DDHD1 1.60X10-3 -0.12(-0.193,-0.047) 9.80X10-4 

 

Table 7.11: Comparing DBP meta-analyses in EAGLE and ICBP. Beta values are in terms of Z-scores, the number of standard deviations away from the mean.  
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7.5 Relevance to the DOHaD paradigm 

Whilst these findings suggest variants associated with SBP and DBP vary by age in childhood 

and adolescence, I note that there was modest power to robustly observe sex-specific differences. 

However, little evidence exists to support sex differences from SNPs identified as being 

associated with BP from adult GWAS[68, 528] or BP trajectories of adult BP GWAS SNPs across 

childhood/adolescence[542]. Further replication of these findings is required.  

 

The current study is the first to conduct a GWAS for BP measures across an international 

consortium of European children. The major strength of this study is the novelty and depth of the 

phenotypes measured at multiple time points across childhood. However, I do acknowledge that 

the data on children, whilst unique, does not reach the sample sizes collected for adult BP GWAS. 

The genes (or nearby genes) found to be associated with SBP and DBP differed by age at 

measurement of BP, supporting the concept that genetic determinants of adult susceptibility to 

hypertension act from childhood and develop over the life course, and show time-specific effects. 

I have also shown that there are also loci affecting BP during development that do not appear to 

carry over to adulthood.  

 

7.6 Conclusions 

The discovery of SNPs found to be associated with childhood BP and located within gene regions 

of previously known adult BP functional genes suggests that the effects observed in childhood 

may be genuine. Both pathophysiological and epidemiological evidence suggests that 

hypertension and precursors of cardiovascular disease begin in childhood [15, 16]. The observed 

genetic associations with no previous history of association with adult BP may also be true novel 

effects. These findings require further investigation and replication.  
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CHAPTER EIGHT 

DISCUSSION AND CONCLUSION 

 

Satisfaction lies in the effort, not in the attainment; full effort is full victory. 

Mahatma Gandhi 

8.1 Chapter overview 

In this chapter, I will provide an overview of the results obtained from this thesis’s research. I 

will also list the important contributions and implications the research this thesis has made to the 

broad spectrum of biomedical research and the fields of DOHaD and genetic epidemiology, and 

where possible how these findings can be translated to clinical applications. I will then highlight 

and emphasize the strengths and limitations of this thesis, noting the original and novel aspects 

of this thesis from the use of unique datasets, collaborative projects through the application of 

innovative statistical techniques of analysis. Finally, I will detail how this thesis may potentially 

provide directions for future research. 

8.2 Discussion of main findings 

The purpose of this thesis was to contribute knowledge and understanding for the genetic 

developmental origins of elevated blood pressure as a precursor for hypertension through two key 

hypotheses.  

 



 

268 
 

The first hypothesis was to identify if genetic variants within a key DOHaD pathway (the IGF 

axis) were associated with patterns of developmental growth and were important predictors for 

the early onset of hypertension. The second hypothesis was to identify any genetic variants that 

may possibly underlie the developmental origins of hypertension. These hypotheses were 

contextualised within each project chapter to optimise use of available genetic and phenotypic 

data and utilise a variety of statistical methods. At the end of each chapter, a summary of the 

major findings was given and related back to the original project hypothesis.  

  

Several contemporary European birth and early life cohort studies were utilised in this thesis 

making the results found here are meaningful and relevant to a large proportion of the current 

global population. This thesis’ findings can be directly related back to these populations who tend 

to live similar Westernised lifestyles across most developed countries. The main findings are 

summarised here.   

 

Firstly, I identified that genetic variants within the IGF axis significantly influenced both antenatal 

and postnatal growth. Some of these variants were associated with discordant growth patterns 

consistent with the lower end of the U-shaped curve which links small growth in utero with 

postnatal obesity – aligning with key DOHaD paradigms (chapter four). Secondly, I showed that 

a gene-network approach for modelling the relationship between multiple variants in the IGF-axis 

with SBP reproduced previously identified associations (chapter five). The ligands (IGF1 and 

IGF2) were the most significant components of the axis, with prevalent associations with SBP in 

post-pubertal children for IGF-axis genes interacting with IGF1. The binding proteins were 

significantly associated with both increased and reduced SBP where the direction effect altered 

depending on which ligand or receptor the binding protein was interacting with.   
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Of most interest was the finding that the gene-network changed with age, with more significant 

associations evident in adolescents compared to younger children (aged less than 15 years). This 

is thought to be influenced by changes in development due to hormones and diet at this phase. 

This is consistent with the age-related BP findings found in chapters six and seven (discussed 

below).   

 

Thirdly, the allelic scores of SNPs known to influence BP and BMI revealed significant 

associations with SBP during early childhood (at age 6) but not to changes in SBP across 

childhood (ages 6 through to 17 years), chapter six. The lack of known adult BP variants 

demonstrating significant associations with BP across childhood and adolescence here further 

indicated that other genetic variants and environmental factors are influencing age-related BP 

changes.  

 

In light of the findings from chapters five and six, a full GWAS was conducted to detect genetic 

variants associated with BP across the developmental stages of life (ages 4 to 20 years). This 

study (chapter seven) identified novel variants associated with SBP during childhood which were 

not previously associated with adult BP. Several variants were also identified for being 

significantly associated with either adult BP (or BP-related outcomes such as stroke, heart 

development, obesity and diabetes) and at different stages of childhood and adolescence. This 

indicated that determinants of adult susceptibility to hypertension begins at childhood, develops 

over the lifecourse and shows age-specific effects.  
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8.2.1 Clinical implications 

The IGF SNPs identified as being associated with discordant growth patterns (chapter four) 

should be explored in future studies to replicate these associations. Investigating these SNPs in 

adults will also help further ascertain the negative impact these variants in early life can have on 

adult health. 

 

 Identifying individuals with these variants early in life may provide an opportunity to ‘intervene’ 

with diet and exercise regimes so as to reduce the risk of poor adult health outcomes. 

 

8.2.2 Strengths and Limitations 

With this thesis I have tried to present good quality, robust, comprehensive analyses that 

contribute to the current understanding of hypertension. Here I will discuss the strengths and 

limitations of this thesis. In identifying the weaknesses in this study I provide notions to better 

future research in the fields of genetic epidemiology and DOHaD. 

 

Failure to replicate genetic association studies is a genuine concern [143]. It was evident from 

chapter four that replication between studies is incredibly important to validate the results 

observed from a single study. This is a difficult task, especially when dealing with antenatal data. 

To my knowledge there currently does not exist a cohort similar to Raine with regards to its 

repeated ultrasound measures recorded during pregnancy. Generation R was the closest known 

cohort with repeated antenatal growth measures.  
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However, the fact that their measures were recorded predominately earlier than Raine and lacked 

measures during the third trimester meant I was unable to appropriately and adequately replicate 

associations identified between antenatal growth and polymorphisms from the IGF Axis. 

Therefore, it would be optimal to design future cohort studies with the ability to replicate across 

similar outcomes and time points in mind. International collaborative efforts at this level could 

potentially increase the likelihood of identifying ‘true’ effects at a much faster rate and on a much 

more sound and scientific basis. I will elaborate on this idea later on in this chapter.  

 

In this thesis, we find ourselves contrasting the single cohort candidate gene approach with 

international GWAS collaborative efforts. The latter has further stressed the benefits of pooling 

data, with increasing sample size we are in a better position to observe true genetic effects [445]. 

The Raine study has shown that consistent, repeated high quality data is perhaps of more 

importance than quantity [12, 28] especially when considering concerns regarding adjusting for 

multiple testing for the number of false positives that are likely to arise from GWAS analyses.  

 

Gene networks provide a novel and logical new approach for combining the stringency of 

statistical methodology with the flexibility that comes with increased computational power to 

model genetic data. The gene-network model demonstrated in this thesis produced results which 

echoed published literature for the relationship between the IGF-axis and BP. This approach 

shows promise and would benefit from further investigation.   
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In my collaborative efforts for modelling and analysing BP in chapters six and seven, a very 

generic set of variables were adjusted for in the model (namely age, sex, height, weight or BMI). 

This was used to ensure that I was maximising comparability of data collected within each cohort 

as well as with the numerous adult publications. Variables, such as BMI whilst important may 

not accurately reflect the health status for a particular individual. This is because environmental 

factors and variables such as fitness, diet, nutrition, fat content, pubertal status (age of menarche 

and tanner stage), and oral contraceptive use are all associated with BP and would be ideal if these 

could be considered in future BP models as they may account for some of the unknown variability 

surrounding onset of hypertension. An illustration of such analyses can be found in Appendix III. 

In adding these new predictors to a gene-network based model along with multiple variants and 

their interactions, could be another approach to identify how and why different genetic variants 

influence BP at different stages of life (chapters five, six and seven).   

 

8.3 Future considerations 

The fields of genetic epidemiology and the developmental origins of health and disease will 

continue to grow independently and collaboratively in the field of biomedical research. This is 

evidenced by the increase in the number of genetic association longitudinal observational birth 

cohorts being followed on a global scale. Accompanying the evolution in the type of genetic data 

being collected is the complex and computationally intense analytic methodology being utilised 

to investigate relationships between genetic and developmental phenotypic data.  

 

Based on the results presented in this thesis, I find that changes to statistical methodology and 

study design are the two major factors that could improve DOHaD inspired genetic association 

studies. I have highlighted several times throughout this thesis the real need to develop new and 

innovative models. Such models need to be statistically and biologically viable to assess gene-

gene and gene-environment interactions.  
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Only a small percentage (~ 10%) of human genes are actually associated with diseases, yet most 

of these variants are in present in the population (>5%). According to the common disease 

common variant (CDCV) hypothesis, these disease genes may contribute to several different but 

inter-linked disorders such as hypertension, CVD, obesity, metabolic syndrome, coronary heart 

disease, type 2 diabetes and stroke [13, 14]. This indicates that the assessment of only singular 

genetic variants with a single disease outcome will no longer suffice. New models which can 

analyse the combinatory interaction of multiple variants with several disease outcomes will need 

to be developed. Improvements to analytical methodology are also driven by an increase in the 

amount of data the models must now handle.  

 

The GWAS analyses of chapter seven are one example that large quantitative datasets being 

analysed are now becoming the norm. The size of a dataset is not the only change we observe in 

modern research of genomic information. The type of data is constantly varying. While genetic 

information used here was a SNP, there are several alternate methods of quantifying genetic data. 

Of interest (but major analytical concern) is the overlaying of several sources of data relating to 

expression, coding and function of genetic variants.  

 

 

As mentioned earlier in this chapter, there is a lack of replication with genetic associations. This 

is due to a large number of issues, namely poor study design and execution, sampling, ethnic 

disparities, population stratification and geographic differences as well as bias due to multiple 

testing, laboratory and other measurement error, and positive publication and investigator-

reporting biases in data collection [119]. To adjust for these inherent differences between studies 

an ‘ideal’ study design needs to be agreed upon and adhered to across the multiple cohorts.  
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Moving forwards, it is clear that a large-scale international collaborative multi-generational 

longitudinal pregnancy and birth cohort is required to identify ‘true’ genetic and epidemiological 

effects. This will be achieved through increasing the likelihood of replicating associations 

between cohorts. Cardon and Bell [143] provide a good set of guidelines for designing future 

genetic association studies. Replication is an absolute must and should be further validated 

through assessment of functional and linkage data. Studies need to be appropriately powered with 

consideration of allele frequencies within the different populations, genetic heterogeneity and 

population substructures. The most practical and efficient way to acquire large enough sample 

sizes to map the allelic association of many complex human diseases is by the collection of very 

large case-control or cohort samples [119].  

 

The underlying DOHaD paradigm must underpin the study design. Data should optimally be 

collected pre-conception, repeated measures during pregnancy, including but not limited to 

measures of maternal physical, social, mental, hormonal and metabolic health as well 

environmental data from smoking status to diet, fitness and nutrition. Repeated antenatal 

anthropomorphic measures of the fetus from ultrasounds need to be recorded at the same 

gestational age.  

 

To illustrate the effects of timing, continued repeated genetic and phenotypic data on the child’s 

environmental, geographical, physical, behavioural and developmental outcomes need to be 

recorded. Familial genetic data, phenotypic measures, particularly history of predisposition for 

hypertension, CVDs, metabolic syndrome, diabetes and stroke should be recorded. Completing 

this simultaneously over several cohorts in different countries ensures a much more detailed 

assessment can be made as well as a higher ability to replicate findings and validate observed 

associations.  
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Gene/SNP or microarray data will no longer be enough. It will be important to overlay the 

different types of genetic information such as methylation status, regulatory data, with proteomic 

information, histones and intronic control regions and epigenetic processes and markers. This is 

likely to achieve a greater understanding of the processes of developmental plasticity and its 

potential reversibility [155].  

 

As the pace of innovation in analytical approaches to genome-wide data analysis continues to 

engage and excite the computational biology community as the number of technical applications 

from next-generation sequencing continues [463], it is this creation of complex analytic 

techniques to utilise these all of the different components of biological and genetic data that 

appears to be the next logical step in bridging the gap between biological knowledge and statistical 

analysis. By constantly evolving the methodologies and approaches used in both DOHaD and 

genetic epidemiology to improve our understanding of hypertension or any disease, we will be in 

a better position to implement intervention strategies to halt and possibly prevent further disease 

progression.  
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APPENDIX I 

EAGLE 

 

A.I.i Additional cohort descriptions 

The 1958 British Birth Cohort London, United Kingdom (1958BC). This cohort, which is also 

referred to as the National Child Development Study, comprises 17,638 participants originally 

enrolled in the Perinatal Mortality Survey, who were all born during 1 week in March 1958 in 

England, Scotland, and Wales and subsequently interviewed in childhood (ages 7, 11, and 16 

years) and adulthood (23, 33, 42, and 45 years)[635].  At the age of 45 years, a total of 12,069 

cohort members who had not died or emigrated, were invited to a biomedical assessment. In total 

9377 subjects participated in these visits, which include several hands on assessments and DNA 

collection.  

The Copenhagen Study on Asthma in Childhood, Copenhagen, Denmark (COPSAC) is a 

prospective birth cohort study of 411 children of asthmatic mothers [636]. All children were born 

between 1998 and 2001. Detailed measurements have been performed on asthma and atopy 

related outcomes and determinants from birth onwards every 6 months and when acute symptoms 

manifest until the age of 7 years. Also, data on anthropometrics and body composition have been 

collected. Until the age of 4 years, response rates for the follow up visits are higher than 90%. 

Current follow up assessments are performed at the ages of 9 and 13. DNA has been collected 

from parents and children. 

The Helsinki Birth Cohort Study, Helsinki, Finland (HBCS) includes 13345 adults who were 

born between 1934 and 1944 in Helsinki, and who attended child welfare clinics in the city and 

were still living in Finland in 1971, by which time a unique personal identification number had 

been assigned to each resident of the country[637]. This data has been linked with data obtained 

from national health care registers and with data from Statistics Finland.  
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Main outcomes are anthropometrics, cardiovascular disease and its risk factors, cognitive function, 

psychological and behavioral outcomes.  Detailed clinical examinations including collection of 

blood samples for DNA has been performed in a subgroup of more than 4000 participants.  

The Netherlands Twin Register, Amsterdam the Netherlands (NTR) was established in 1980 

by recruiting young twins and multiples at birth and by approaching adolescent and young adult 

twins through city councils [638]. The Adult NTR includes twins, their parents, siblings, spouses 

and their adult offspring. The number of participants in the ANTR who take part in survey or 

laboratory studies is over 22,000 subjects. In the Young NTR, data on more than 50,000 young 

twins, and their siblings have been collected. Participants in YNTR and ANTR have been 

phenotyped every 2 to 3 years in longitudinal survey studies, since 1986 and 1991, respectively. 

Biological samples have been for genotyping, expression analysis, and metabolomics studies. 

The Northern Finland Birth Cohort Study 1966, London United Kingdom (NFBC66) is a 

study of 12,058 live births born in the two northern-most provinces of Finland to women with 

expected dates of delivery in 1966[639]. Extensive data were collected on parental environment, 

pregnancy progress, and outcomes, and early growth phenotypes. At the age of 31 years, all 

individuals still living in northern Finland or the Helsinki area (n 8,463) were recontacted and 

invited for clinical examinations and DNA sampling. 

The Norwegian Mother and Child Cohort Study, Oslo, Norway (Moba) is an ongoing, long-

term prospective cohort study that includes 108 000 pregnant women and their infants [640]. The 

cohort was established in Western Norway in 1999 and has gradually expanded to a national level. 

Pregnant women were recruited to the study through a postal invitation after they had signed up 

for the routine ultrasound examination at their local hospital (around 17–18 wk of gestation). 

Participating women and their partners were asked to donate biological specimens. After delivery, 

a blood sample was collected from the umbilical cord and a second blood sample was taken 

from the mother. Additional information was collected by questionnaires during pregnancy and 

early childhood. The cohort is also linked to the Medical Birth Registry of Norway to 

include registered outcomes.   
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A.I.ii Working groups and project leaders 

Project leaders Main Outcomes 

Asthma, allergy and atopy 

Hans Bisgaard 

Joachim Heinrich 

Klaus Bonnelykke 

Asthma 

Allergic sensitization 

Bronchial hyperreactivity 

Eczema 

Fractional Exhaled Nitric Oxide 

Spirometry 

Wheezing symptoms 

Behaviour and Cognition 

Henning Teimeier 

Beate Glaster  

Camilla Stoltenberg  

Autism spectrum disorders 

Attachment 

Attention deficit and hyper reactivity disorder 

Cognition 

Internalizing and Externalizing behavior 

Language development 

Maternal and pregnancy outcomes 

Debbie Lawlor 
Preeclampsia 

Gestational diabetes 

Musculoskeletal health 

Nicholas Timpson 

Fernando Rivadeneira  
Bone mineral density 

Cardiovascular risk factors 

Vincent Jaddoe 

Lyle Palmer 

 

 

Endothelial function 

Pulse wave velocity 

Left cardiac structures 

Lipid levels 

Lawrie Beilin and Priya Parmar Blood pressure 

Metabolic Syndrome 

mailto:b.glaser@bristol.ac.uk
mailto:Camilla.Stoltenberg@fhi.no
mailto:f.rivadeneira@erasmusmc.nl
mailto:lyle@oicr.on.ca
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Mark McCarthy 

Tim Frayling 

Inga Prokopenko 

 

Growth (Early Growth Genetics Consortium) 

Mark McCarthy 

Tim Frayling  

Marjo-Riita Jarvelin 

Body mass index 

Fetal growth and birth anthropometrics 

Infant growth patterns 

Obesity 

Puberty timing and growth 

Infectious diseases 

 Hans Bisgaard  

Bacterial carriage 

Bronchiolitis 

Croup 

Gastro-enteritis 

Herpes 

Impetigo 

Otitis media 

Pneumonia 

Tonsillitis 

Urticaria 

Seizures 

Cornelia van Duijn  

Struan Grant  

Febrile seizures 

Epilepsia 

Appendix I Table 1: EAGLE working groups with their respective leaders. Working groups 
are listed in italics 

 

 

mailto:tim.frayling@pms.ac.uk
mailto:bisgaard@copsac.dk
mailto:c.vanduijn@erasmusmc.nl
mailto:grants@chop.edu
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A.I.iii Wiki Confluence Code 

nbsp; [!eagle3.JPG!|http://wiki.genepi.org.au/display/EAGLE/EAGLE] 

nbsp;_Welcome to the home page of the EAGLE Consortium hosted by_ 

nbsp; [!GENEPI Logo3.jpg!|http://www.genepi.org.au/] 

{pagetree}(*y)(*y)(*y) &nbsp; IMPORTANT INFORMATION \!\!\! &nbsp;(*y)(*y)(*y) 

(*b) [EAGLE Meeting in Oslo: 15-17 June 2010| 

http://wiki.genepi.org.au/download/attachments/852012/Oslo+meeting+June+2010+programme050510.pdf] 

h1. [{color:#000000}Description{color}|http://wiki.genepi.org.au/display/EAGLE/Description] 

 

The EArly Genetics and Lifecourse Epidemiology (EAGLE) Consortium is a consortium of pregnancy and birth cohorts that aims to 

collaborate to investigate the genetic basis of phenotypes in antental and early life and childhood. EAGLE covers a broad range of 

pathways and phenotypes, and will integrate closely with the DOHaD (developmental origins of health and disease) community. 

h1. [{color:#000000}Inclusion Criterion{color}|http://wiki.genepi.org.au/display/EAGLE/Inclusion+Criterion] 

 

The criteria adopted for membership of the core strategic alliance were that: cohorts should be birth or pregnancy cohorts, be 

population-based, and have GWAS data available by July 1{^}st^ 2009. 

h1. [{color:#000000}Consortium Documentation{color}|http://wiki.genepi.org.au/display/EAGLE/Consortium+Documents] 

(+) Click [here|http://wiki.genepi.org.au/display/EAGLE/Consortium+Documents]&nbsp;to access secure consortuim 

documentation. &nbsp; 

(-) Click [here|http://wiki.genepi.org.au/pages/viewpage.action?pageId=1278485]&nbsp;if you do +not+ have a password to 

access this site. 

h1. [{color:#000000}Principles{color}|http://wiki.genepi.org.au/display/EAGLE/Principles] 

(*y) &nbsp;[General 

Principles|http://wiki.genepi.org.au/download/attachments/852130/EAGLE+GeneralPrinciples2a.doc?version=1] 

(*y) &nbsp;[Working Group 

Principles|http://wiki.genepi.org.au/download/attachments/852130/EAGLE+WorkingGroupPrinciples1a.doc?version=1] 

h1. [{color:#000000}Working Groups{color}|http://wiki.genepi.org.au/display/EAGLE/Working+Groups] 

[+Asthma, allergy and atopy+|http://wiki.genepi.org.au/display/EAGLE/Asthma%2C+allergy+and+atopy] 

[+Behaviour and cognition+|http://wiki.genepi.org.au/display/EAGLE/Behaviour+and+cognition] 

[+Blood pressure+|http://wiki.genepi.org.au/display/EAGLE/Blood+pressure] 

[+Bone health+|http://wiki.genepi.org.au/display/EAGLE/Bone+health] 

[+Cardiovascular risk factors+|http://wiki.genepi.org.au/display/EAGLE/Cardiovascular+risk+factors] 

[+Early Growth Genetics+|http://wiki.genepi.org.au/display/EAGLE/Early+Growth+Genetics] 

* [+Antenatal growth+|http://wiki.genepi.org.au/display/EAGLE/Antenatal+growth] 

* [+Postnatal growth+|http://wiki.genepi.org.au/display/EAGLE/Postnatal+growth] 

* [+Puberty+|http://wiki.genepi.org.au/display/EAGLE/Puberty] 

[+Febrile seizures+|http://wiki.genepi.org.au/display/EAGLE/Febrile+seizures] 

[+Infectious disease+|http://wiki.genepi.org.au/display/EAGLE/Infectious+disease] 

[+Insulin and metabolic syndrome+|http://wiki.genepi.org.au/display/EAGLE/Insulin+and+metabolic+syndrome] 

h1. Participating Cohorts 

h4. 1958 British Birth Cohort 

[!1958Cohort_1.jpg!|http://www.cls.ioe.ac.uk/studies.asp?section=000100020002] 

[{color:#666699}{*}Perinatal Mortality Survey (1958)*{color}|http://www.cls.ioe.ac.uk/studies.asp?section=000100020002] 

*London, UK*&nbsp; 

NCDS (National Child Development Study) has its origins in the Perinatal Mortality Survey. Sponsored by the National Birthday 

Trust Fund, this was designed to examine the social and obstetric factors associated with stillbirth and death in early infancy 

among the 17,000 children born in Great Britain in that one week. It was the second in a series of four such perinatal studies, the 

others being based on a week's births in 1946 and 1970, and on births in selected wards in 2000/01. Each has formed the basis of 

a continuing longitudinal study. 

The questionnaire used for the birth survey was designed to be completed by the midwife in attendance at delivery, with 

reference to all available records and after an interview with the mother. Information recorded included: social and family 

http://wiki.genepi.org.au/display/EAGLE/EAGLE
http://www.genepi.org.au/
http://wiki.genepi.org.au/download/attachments/852012/Oslo+meeting+June+2010+programme050510.pdf
http://wiki.genepi.org.au/display/EAGLE/Description
http://wiki.genepi.org.au/display/EAGLE/Inclusion+Criterion
http://wiki.genepi.org.au/display/EAGLE/Consortium+Documents
http://wiki.genepi.org.au/display/EAGLE/Consortium+Documents%5d%26nbsp%3bto
http://wiki.genepi.org.au/pages/viewpage.action?pageId=1278485%5d&nbsp%3bif
http://wiki.genepi.org.au/display/EAGLE/Principles
http://wiki.genepi.org.au/download/attachments/852130/EAGLE+GeneralPrinciples2a.doc?version=1
http://wiki.genepi.org.au/download/attachments/852130/EAGLE+WorkingGroupPrinciples1a.doc?version=1
http://wiki.genepi.org.au/display/EAGLE/Working+Groups
http://wiki.genepi.org.au/display/EAGLE/Asthma%2c+allergy+and+atopy
http://wiki.genepi.org.au/display/EAGLE/Behaviour+and+cognition
http://wiki.genepi.org.au/display/EAGLE/Blood+pressure
http://wiki.genepi.org.au/display/EAGLE/Bone+health
http://wiki.genepi.org.au/display/EAGLE/Cardiovascular+risk+factors
http://wiki.genepi.org.au/display/EAGLE/Early+Growth+Genetics
http://wiki.genepi.org.au/display/EAGLE/Antenatal+growth
http://wiki.genepi.org.au/display/EAGLE/Postnatal+growth
http://wiki.genepi.org.au/display/EAGLE/Puberty
http://wiki.genepi.org.au/display/EAGLE/Febrile+seizures
http://wiki.genepi.org.au/display/EAGLE/Infectious+disease
http://wiki.genepi.org.au/display/EAGLE/Insulin+and+metabolic+syndrome
http://www.cls.ioe.ac.uk/studies.asp?section=000100020002
http://www.cls.ioe.ac.uk/studies.asp?section=000100020002
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background, details of past obstetric history,antenatal care and abnormalities during pregnancy, length and abnormalities of 

labour, analgesia and anaesthesia as well as sex, weight, progress, management and outcome of the infant. This information 

was supplemented, in the case of stillbirths or neonatal deaths, with a clinical summary by the midwife and medical attendants. 

\\ 

Contacts: 

* [{color:#000000}Chris Power{color}|nbsp; 

[{color:#0000ff}c.power@ich.ucl.ac.uk{color}|mailto:c.power@ich.ucl.ac.uk]&nbsp; 

* [{color:#000000}Elina 

Hypponen{color}|http://www.ucl.ac.uk/slms/people/show.php?personid=11705]&nbsp;[{color:#0000ff}e.hypponen@ich.ucl.a

c.uk{color}|mailto:e.hypponen@ich.ucl.ac.uk]&nbsp; 

[Publications|http://www.cls.ioe.ac.uk/publications.asp?section=000100010006] 

h4. ALSPAC 

[!alspac.jpg!|http://www.bristol.ac.uk/] 

[{color:#666699}{*}ALSPAC{*}{color}|http://www.bristol.ac.uk/alspac/] 

*Bristol, UK* 

The Avon Longitudinal Study of Parents and Children (ALSPAC) - which is also known as Children of the 90s - is a long-term health 

research project. More than 14,000 mothers enrolled during pregnancy in 1991 and 1992, and the health and development of 

their children has been followed in great detail ever since. The ALSPAC families have provided a vast amount of genetic and 

environmental information over the years. This resource is assisting scientists all over the world with research into a wide range 

of health problems. 

Contacts: 

* [{color:#000000}George Davey-Smith{color}|http://www.epi.bris.ac.uk/staff/gdaveysmith.htm]&nbsp;&nbspsnbsp;&nbsp; ; 

&nbsp;[{color:#0000ff}George.Davey-Smith@bristol.ac.uk{color}|mailto:George.Davey-Smith@bristol.ac.uk] 

* [{color:#000000}Nicholas 

Timpson{color}|http://www.epi.bris.ac.uk/staff/ntimpson.htm]{color:#000000}&nbsp;{color}{color:#0000ff}n.j.timpson@bri

stol.ac.uk{color}|mailto:n.j.timpson@bristol.ac.uk]&nbsp; 

[Publications|http://www.bristol.ac.uk/alspac/sci-com/pubs/]&nbsp; 

h4. CHOP 

[!chop.jpg!|http://www.chop.edu/consumer/jsp/division/generic.jsp?id=84930] 

[{color:#666699}{*}CHOP{*}{color}|http://www.chop.edu/consumer/jsp/division/generic.jsp?id=84930] 

*Philadelphia, USA* 

Contacts: 

* [{color:#000000}Hakon 

Harkonarson{color}|http://www.chop.edu/consumer/jsp/division/generic.jsp?id=87176]{color:#000000}&nbsp;{color}[{color:

#0000ff}hakonarson@chop.edu{color}|mailto:hakonarson@chop.edu] 

[Publications|http://www.chop.edu/service/applied-genomics/publications.html]&nbsp; 

h4. COPSAC 

[!copsac_1.jpg!|http://www.copsac.com/?q=node/224] 

[{color:#666699}{*}COPSAC{*}{color}|http://www.copsac.com/?q=node/224] 

*Copenhagen, Denmark* 

The COPSAC cohort is a prospective clinical birth cohort study of 411 children of asthmatic mothers. The study is designed to 

assess gene-environment interactions in the origin of atopic diseases with an aim to identify early-life exposures that can be 

modified to improve preventive strategies. The children attend the COPSAC clinical research unit from birth till adolescence at 

six-monthly intervals for scheduled clinical investigations according to standard operating procedures, and additional visits are 

arranged at onset of any respiratory or skin symptom. Clinical outcomes comprise preasthma, asthma, eczema, allergic rhinitis, 

allergy, lung function and bronchial responsiveness .Exposure assessments comprise respiratory, intestinal and skin 

microbiology; the child's diet; indoor and outdoor air quality; allergens; and indicators of life style .Genetics of probands and 

parents is assessed.  

Contacts: 

* [{color:#000000}Hans Bisgaard{color}|http://www.copsac.com]{color:#000000} 

[{color:#0000ff}bisgaard@copsac.com{color}|mailto:bisgaard@copsac.com] 

[Publications|http://www.copsac.com/?q=biblio] 

h4. DNBC 

http://www.ich.ucl.ac.uk/ich/academicunits/Paediatric_Epidemiology_and_Biostatistics/StaffList/Chris_Power.pdf%5d%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp%3b%26nbsp
mailto:0000ff%7Dc.power@ich.ucl.ac.uk
mailto:c.power@ich.ucl.ac.uk
http://www.ucl.ac.uk/slms/people/show.php?personid=11705%5d&nbsp;%5b%7bcolor:#0000ff}e.hypponen@ich.ucl.ac.uk{color}|mailto:e.hypponen@ich.ucl.ac.uk]&nbsp
http://www.ucl.ac.uk/slms/people/show.php?personid=11705%5d&nbsp;%5b%7bcolor:#0000ff}e.hypponen@ich.ucl.ac.uk{color}|mailto:e.hypponen@ich.ucl.ac.uk]&nbsp
http://www.cls.ioe.ac.uk/publications.asp?section=000100010006
http://www.bristol.ac.uk/alspac/
http://www.epi.bris.ac.uk/staff/gdaveysmith.htm%5d&nbsp;&nbspsnbsp;&nbsp;
mailto:0000ff%7DGeorge.Davey-Smith@bristol.ac.uk
mailto:George.Davey-Smith@bristol.ac.uk
mailto:0000ff%7Dn.j.timpson@bristol.ac.uk
mailto:0000ff%7Dn.j.timpson@bristol.ac.uk
mailto:n.j.timpson@bristol.ac.uk
http://www.bristol.ac.uk/alspac/sci-com/pubs/%5d%26nbsp
http://www.chop.edu/consumer/jsp/division/generic.jsp?id=84930
http://www.chop.edu/consumer/jsp/division/generic.jsp?id=84930
mailto:0000ff%7Dhakonarson@chop.edu
mailto:hakonarson@chop.edu
http://www.chop.edu/service/applied-genomics/publications.html%5d%26nbsp
http://www.copsac.com/?q=node/224
http://www.copsac.com/?q=node/224
http://www.copsac.com/
mailto:0000ff%7Dbisgaard@copsac.com
mailto:bisgaard@copsac.com
http://www.copsac.com/?q=biblio


 

324 
 

[!dnbc.jpg!|http://www.ssi.dk/sw9314.asp] 

[{color:#666699}{*}Danish National Birth Cohort{*}{color}|http://www.ssi.dk/sw9314.asp] 

*Copenhagen, Denmark* 

During the years 1997-2002 pregnant women in Denmark have been invited to participate in the DNBC. The aim of this study is to 

provide us with more information about the period from conception to early childhood and how this period influences health 

conditions that reach into later stages of life. 

Contacts: 

* [{color:#000000}Anne Marie Nybo 

Andersen{color}|http://www.sdu.dk/staff/anandersen.aspx]{color:#0000ff}anandersen@health.sdu.dk{color}|mailto:anand

ersen@health.sdu.dk] 

[Publications|http://www.ssi.dk/sw35497.asp] 

h4. Exeter Family Study 

[!exeter.jpg!|http://projects.exeter.ac.uk/diabetesgenes/research/efsoch/index.htm] 

[{color:#666699}{*}Exeter Family Study of Childhood 

Health{*}{color}|http://projects.exeter.ac.uk/diabetesgenes/research/efsoch/index.htm] 

*Exeter, UK* 

In Exeter, we are trying to understand what determines the growth of babies in the womb and in early life.&nbsp; Recently, we 

have shown that the genes the baby has inherited from its mother and father and the mother's health are important.&nbsp; We 

believe that genes that are important in controlling blood sugar play a crucial role in the baby's growth and the aim of the Exeter 

Family Study of Childhood Health is to try and test this. 

Contacts: 

* Rachel Freathy; [{color:#0000ff}rachel.freathy@pms.ac.uk{color}|mailto:rachel.freathy@pms.ac.uk]&nbsp; 

* Tim Frayling;[{color:#0000ff}tim.frayling@pms.ac.uk{color}|mailto:tim.frayling@pms.ac.uk] 

[Publications|http://wiki.genepi.org.au/display/EAGLE/%28Exeter Family Study%29] 

h4. Generation R 

{color:#000000}[!GenR_1b.png|width=79,height=71!|http://www.generationr.nl/index.php?option=com_content&task=vie

w&id=70]{color} [{color:#666699}{*}Generation 

R{*}{color}|http://www.generationr.nl/index.php?option=com_frontpage]{color:#666699}&nbsp;{color} 

*Rotterdam, The Netherlands* 

{color:#000000}The Generation R Study is a prospective cohort study from fetal life until young adulthood in a multi-ethnic 

urban population. The study is designed to identify early environmental and genetic causes of normal and abnormal growth, 

development and health from fetal life until young adulthood. Eventually, results forthcoming from the Generation R Study have 

to contribute to the development of strategies for optimizing health and healthcare for pregnant women and children.{color} 

{color:#000000}Areas of research{color} 

{color:#000000}The study focuses on four primary areas of research:{color} 

{color:#000000}1 growth and physical development{color} 

{color:#000000}2 behavioral and cognitive development{color} 

{color:#000000}3 diseases in childhood{color} 

{color:#000000}4 health and healthcare&nbsp;{color} 

Contacts: 

* [{color:#000000}Cornelia van 

Duijn{color}|http://www.onderzoekinformatie.nl/en/oi/nod/onderzoeker/PRS1241720/][{color:#0000ff}c.vanduijn@erasmus

mc.nl{color}|mailto:c.vanduijn@erasmusmc.nl] 

* [{color:#000000}Vincent Jaddoe{color}|http://www.epib.nl/faculty/jaddoe.html]; 

[{color:#0000ff}v.jaddoe@erasmusmc.nl{color}|mailto:v.jaddoe@erasmusmc.nl] 

[Publications|http://www.ncbi.nlm.nih.gov/sites/entrez?term=%28Drooger%20JC%20%5BAuthor%20Name%5D%20AND%20

Moll%20HA%20%5BAuthor%20Name%5D%29%20OR%20%28Rours%20GI%20%5BAuthor%20Name%5D%20AND%20pregn

ant%20%5BTitle%5D%29%20OR%20%28Gabriele%20C%20%5BAuthor%20Name%5D%20AND%20Moll%20HA%20%5BAuth

or%20Name%5D%29%20OR%20%28Verburg%20BO%20%5BAuthor%20Name%5D%20AND%20Jaddoe%20VW%20%5BAuth

or%20Name%5D%29%20OR%20%28Generation%20%5BAll%20fields%5D%20AND%20Jaddoe%20V%20%5BAuthor%20Na

me%5D%29&cmd=search&db=pubmed] 

[{color:#666699}{*}Helsinki Birth Cohort 

Study{*}{color}|http://www.ktl.fi/portal/english/research__people___programs/health_promotion_and_chronic_disease_p

http://www.ssi.dk/sw9314.asp
http://www.ssi.dk/sw9314.asp
http://www.sdu.dk/staff/anandersen.aspx%5d%7bcolor:#0000ff}anandersen@health.sdu.dk{color}|mailto:anandersen@health.sdu.dk
http://www.sdu.dk/staff/anandersen.aspx%5d%7bcolor:#0000ff}anandersen@health.sdu.dk{color}|mailto:anandersen@health.sdu.dk
http://www.ssi.dk/sw35497.asp
http://projects.exeter.ac.uk/diabetesgenes/research/efsoch/index.htm
http://projects.exeter.ac.uk/diabetesgenes/research/efsoch/index.htm
mailto:0000ff%7Drachel.freathy@pms.ac.uk
mailto:rachel.freathy@pms.ac.uk
mailto:0000ff%7Dtim.frayling@pms.ac.uk
mailto:tim.frayling@pms.ac.uk
http://wiki.genepi.org.au/display/EAGLE/%28Exeter
http://www.generationr.nl/index.php?option=com_content&task=view&id=70%5d%7bcolor%7d
http://www.generationr.nl/index.php?option=com_content&task=view&id=70%5d%7bcolor%7d
http://www.generationr.nl/index.php?option=com_frontpage%5d%7bcolor:#666699%7d&nbsp%3b%7bcolor%7d
mailto:0000ff%7Dc.vanduijn@erasmusmc.nl
mailto:0000ff%7Dc.vanduijn@erasmusmc.nl
mailto:c.vanduijn@erasmusmc.nl
mailto:0000ff%7dv.jaddoe@erasmusmc.nl
mailto:v.jaddoe@erasmusmc.nl
http://www.ncbi.nlm.nih.gov/sites/entrez?term=%28Drooger%20JC%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Rours%20GI%20%5bAuthor%20Name%5d%20AND%20pregnant%20%5bTitle%5d%29%20OR%20%28Gabriele%20C%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Verburg%20BO%20%5bAuthor%20Name%5d%20AND%20Jaddoe%20VW%20%5bAuthor%20Name%5d%29%20OR%20%28Generation%20%5bAll%20fields%5d%20AND%20Jaddoe%20V%20%5bAuthor%20Name%5d%29&cmd=search&db=pubmed
http://www.ncbi.nlm.nih.gov/sites/entrez?term=%28Drooger%20JC%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Rours%20GI%20%5bAuthor%20Name%5d%20AND%20pregnant%20%5bTitle%5d%29%20OR%20%28Gabriele%20C%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Verburg%20BO%20%5bAuthor%20Name%5d%20AND%20Jaddoe%20VW%20%5bAuthor%20Name%5d%29%20OR%20%28Generation%20%5bAll%20fields%5d%20AND%20Jaddoe%20V%20%5bAuthor%20Name%5d%29&cmd=search&db=pubmed
http://www.ncbi.nlm.nih.gov/sites/entrez?term=%28Drooger%20JC%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Rours%20GI%20%5bAuthor%20Name%5d%20AND%20pregnant%20%5bTitle%5d%29%20OR%20%28Gabriele%20C%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Verburg%20BO%20%5bAuthor%20Name%5d%20AND%20Jaddoe%20VW%20%5bAuthor%20Name%5d%29%20OR%20%28Generation%20%5bAll%20fields%5d%20AND%20Jaddoe%20V%20%5bAuthor%20Name%5d%29&cmd=search&db=pubmed
http://www.ncbi.nlm.nih.gov/sites/entrez?term=%28Drooger%20JC%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Rours%20GI%20%5bAuthor%20Name%5d%20AND%20pregnant%20%5bTitle%5d%29%20OR%20%28Gabriele%20C%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Verburg%20BO%20%5bAuthor%20Name%5d%20AND%20Jaddoe%20VW%20%5bAuthor%20Name%5d%29%20OR%20%28Generation%20%5bAll%20fields%5d%20AND%20Jaddoe%20V%20%5bAuthor%20Name%5d%29&cmd=search&db=pubmed
http://www.ncbi.nlm.nih.gov/sites/entrez?term=%28Drooger%20JC%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Rours%20GI%20%5bAuthor%20Name%5d%20AND%20pregnant%20%5bTitle%5d%29%20OR%20%28Gabriele%20C%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Verburg%20BO%20%5bAuthor%20Name%5d%20AND%20Jaddoe%20VW%20%5bAuthor%20Name%5d%29%20OR%20%28Generation%20%5bAll%20fields%5d%20AND%20Jaddoe%20V%20%5bAuthor%20Name%5d%29&cmd=search&db=pubmed
http://www.ncbi.nlm.nih.gov/sites/entrez?term=%28Drooger%20JC%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Rours%20GI%20%5bAuthor%20Name%5d%20AND%20pregnant%20%5bTitle%5d%29%20OR%20%28Gabriele%20C%20%5bAuthor%20Name%5d%20AND%20Moll%20HA%20%5bAuthor%20Name%5d%29%20OR%20%28Verburg%20BO%20%5bAuthor%20Name%5d%20AND%20Jaddoe%20VW%20%5bAuthor%20Name%5d%29%20OR%20%28Generation%20%5bAll%20fields%5d%20AND%20Jaddoe%20V%20%5bAuthor%20Name%5d%29&cmd=search&db=pubmed
http://www.ktl.fi/portal/english/research__people___programs/health_promotion_and_chronic_disease_prevention/units/diabetes_unit/idefix_study
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revention/units/diabetes_unit/idefix_study] 

*Helsinki, Finland* 

The HBCS study is a longitudinal birth cohort study on subjects born 1934-44 in Helsinki, Finland. The epidemiological cohort 

consists of over 20 000 subjects. 

One of the primary aims of the HBCS is to study how fetal and childhood growth and the living conditions affect adult health 

status from a life course perspective. We are particularly interested in cardiovascular diseases and their risk factors, such as 

type 2 diabetes and obesity, psychological outcomes and the aging process. 

Data from birth records, child welfare and school health care records have been collected for growth data and combined with data 

from nationwide registries for epidemiological studies. 

An essential part of the research project is a detailed clinical examination, which has been conducted in over 2000 subjects on 

whom genotypic data is also available. Adult phenotypes assessed include glucose and lipid metabolism, body composition, 

personality, psychological outcomes, dietary and exercise habits. 

Contacts: 

* Johan Eriksson; [{color:#0000ff}johan.eriksson@helsinki.fi{color}|mailto:johan.eriksson@helsinki.fi] 

* Elisabeth Widen; [{color:#0000ff}elisabeth.widen@helsinki.fi{color}|mailto:elisabeth.widen@helsinki.fi] 

 

&nbsp;[Publications|^helsinkipublications.docx] 

h4. LISA\+ 

[!lisa.jpg!|http://www.helmholtz-muenchen.de/en/epi/research-units/environmental-epidemiology/projects-projekte/lisa-

plus/index.html] 

[{color:#666699}{*}LISA PLUS{*}{color}|http://www.helmholtz-muenchen.de/en/epi/research-units/environmental-

epidemiology/projects-projekte/lisa-plus/index.html] 

*Munich, Germany* 

LISA PLUS is a study of the influence of life-style factors on the development of the immune system and allergies in East and 

West Germany Plus the influence of traffic emissions and genetics carried out on a prospective cohort study in 4 regions of 

Germany (Munich, Leipzig, Wesel, Bad Honnef) to find regional differences (East/West Germany) in humoral and cellular immune 

parameters and in the prevalence of allergic diseases detectable in children, differences in exposures early in infancy between 

the study regions (e.g. infections, exposure to allergens, health-related behaviour of the parents), quantitative influence of 

pollutants, and indoor and outdoor allergens on the development of allergies, the genetic influences on allergies and other 

illnesses of the immune system or respiratory tract and how these genetic factors and environmental factors (nutrition, 

pollutants) interact. 

Contacts: 

* [{color:#000000}Joachim Heinrich{color}|http://www.helmholtz-

muenchen.de/epi/arbeitsgruppen/umweltepidemiologie/staff-mitarbeiterinnen/heinrich-joachim/index.html]p; 

[{color:#0000ff}joachim.heinrich@helmholtz-muenchen.de{color}|mailto:joachim.heinrich@helmholtz-muenchen.de] 

* Chih-Mei Chen; [{color:#0000ff}chih-mei.chen@helmholtz-muenchen.de{color}|mailto:chih-mei.chen@helmholtz-

muenchen.de] 

[Publications|http://www.helmholtz-muenchen.de/en/epi/research-units/environmental-epidemiology/publications-

publikationen/index.html] 

h4. MoBa 

[!moba.jpg!|http://www.niehs.nih.gov/research/atniehs/labs/epi/studies/moba/index.cfm] 

*[{color:#666699}MoBa{color}|http://www.niehs.nih.gov/research/atniehs/labs/epi/studies/moba/index.cfm]* 

*Oslo, Norway* 

The Norwegian Mother and Child Cohort Study (MoBa) is an ongoing pregnancy cohort study, aiming to include 100&nbsp;000 

pregnancies by 2008. The study is based on questionnaires to the mother and father, with biological specimens&nbsp;being 

collected from mother, father and child. The main purpose of the study is to find causes of serious diseases in mothers and 

children. These pages&nbsp;contain information for researchers wanting to use the data for research and for&nbsp;participants 

in the&nbsp;study. Approximately 100 subprojects with specific research questions have been proposed. The questions cover 

environmental factors, such as medication, nutrition, infection and work exposure. Genetic factors and the interplay between 

genes and the environment will be studied. Blood samples from as many fathers as possible will also be collected, enabling 

association studies between genes and diseases. 

{color:#646d9b}*&nbsp;*{color}&nbsp;Contacts:&nbsp; 

http://www.ktl.fi/portal/english/research__people___programs/health_promotion_and_chronic_disease_prevention/units/diabetes_unit/idefix_study
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mailto:0000ff%7Delisabeth.widen@helsinki.fi
mailto:elisabeth.widen@helsinki.fi
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mailto:0000ff%7Djoachim.heinrich@helmholtz-muenchen.de
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http://www.helmholtz-muenchen.de/en/epi/research-units/environmental-epidemiology/publications-publikationen/index.html
http://www.niehs.nih.gov/research/atniehs/labs/epi/studies/moba/index.cfm
http://www.niehs.nih.gov/research/atniehs/labs/epi/studies/moba/index.cfm%5d%2a
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* [{color:#000000}Per 

Magnus{color}|http://www.fhi.no/eway/default.aspx?pid=238&trg=MainArea_5811&MainArea_5811=5884:0:15,3893:1:0:0::

:0:0&MainLeft_5982=5983:0:]{color:#000000}&nbsp;{color}{color:#666699}; 

[{color:#0000ff}per.magnus@fhi.no{color}|mailto:per.magnus@fhi.no]; 

* [{color:#000000}Camilla 

Stoltenberg{color}|http://www.fhi.no/eway/default.aspx?pid=238&trg=MainArea_5811&MainArea_5811=5884:0:15,3893:1:

0:0:::0:0&MainLeft_5982=5983:0:]{color:#666699}; 

&nbsp;[{color:#0000ff}Camilla.Stoltenberg@fhi.no{color}|mailto:Camilla.Stoltenberg@fhi.no] 

[Publications|http://wiki.genepi.org.au/display/EAGLE/%28MoBa%29]\\ 

h4. NTR 

[!twinregister.jpg!|http://www.tweelingenregister.org/index_uk.html] 

[{color:#666699}{*}Netherlands Twin Register{*}{color}|http://www.tweelingenregister.org/index_uk.html] 

*Amsterdam, The Netherlands* 

The *Netherlands Twin Register* (NTR) was established in 1987 at the Vrije Universiteit in Amsterdam for scientific research 

purposes. The study of twins and their family members can provide insight into what extent the causes of differences between 

individuals are determined by genetic and environmental influences. With the continuous help of the participating twins and their 

families, the NTR examines the influence of genes and environment on the development of the brain, intelligence, problem 

behavior in children, health and life styles, anxiety and depression, personality and aging&nbsp; 

Contacts: 

* Jouke Jan Hottenga; [{color:#0000ff}jj.hottenga@psy.vu.nl{color}|mailto:jj.hottenga@psy.vu.nl] &nbsp; 

* Dorret Boomsma; [{color:#0000ff}DI.Boomsma@psy.vu.nl{color}|mailto:DI.Boomsma@psy.vu.nl]&nbsp;&nbsp; 

[Publications|http://www.tweelingenregister.org/index_uk.html] 

&nbsp; 

h4. NFBC 66 

[!nfbc.jpg!|http://www.fhi.no/eway/default.aspx?pid=238&trg=MainArea_5811&MainArea_5811=5903:0:15,3046:1:0:0:::0:0] 

[{color:#646d9b}{*}Northern Finland Birth Cohort (NFBC 

66)*{color}|http://www.fhi.no/eway/default.aspx?pid=238&trg=MainArea_5811&MainArea_5811=5903:0:15,3046:1:0:0:::0:0

]{color:#646d9b}&{color} 

*London Imperial, UK* 

{color:#000000}The Northern Finland Birth Cohort Studies is the epidemilogical and longitudinal research program which aims to 

promote health and well-being of the population.{color} The study was started by professor Paula Rantakallio in the two 

Northernmost provinces in Finland (Oulu and Lapland) already in the year 1965 when the mothers were pregnant. Data on the 

individuals born into this cohort was collected since the 24th gestational week as well as their mothers and, to a lesser extent, 

fathers. The cohort included 12055 mothers and they had 12068 deliveries (13 women delivered twice). {color:#000000}The 

prospective data collected from the{color} Northern Finland {color:#000000}forms an unique resource, allowing to study the 

emergence of diseases which can be based on genetic, biological, social or behavioural risk factors.{color} 

Contacts; 

* [{color:#000000}Marjo-Riita 

Jarvelin&nbsp;{color}|http://www1.imperial.ac.uk/medicine/people/m.jarvelin/];{color:#0000ff}&nbsp;{color};[{color:#0000ff

}m.jarvelin@imperial.ac.uk{color}|mailto:m.jarvelin@imperial.ac.nz]; 

* [{color:#000000}Ulla 

Sovio{color}|http://www1.imperial.ac.uk/medicine/people/u.sovio/];[{color:#0000ff}u.sovio@imperial.ac.uk{color}|mailto:u.

sovio@imperial.ac.uk]; 

[Publications|http://kelo.oulu.fi/NFBC/pub/publications_sorted_by_date_A.htm]&nbsp;&nbsp; 

h4. Project Viva 

[!viva.jpg!|http://www.dacp.org/viva/index.html] 

[{color:#666699}{*}Project Viva{*}{color}|http://www.dacp.org/viva/index.html]{color:#666699}&nbsp;{color} 

*Boston, USA* 

Project Viva is a ground breaking longitudinal research study of women and children. The goal of Project Viva is to find ways to 

improve the health of mothers and their children by looking at the effects of mother's diet and other factors during pregnancy on 

her health and the health of her child. The information we collect enables us to investigate, for example, the effects of diet on 

child development and obesity, how diet and the environment influence the development of asthma in children, and how a 

woman's pregnancy is affected lifetime experiences of racism or violence.; 

mailto:0000ff%7Dper.magnus@fhi.no
mailto:per.magnus@fhi.no
mailto:0000ff%7DCamilla.Stoltenberg@fhi.no
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http://www.fhi.no/eway/default.aspx?pid=238&trg=MainArea_5811&MainArea_5811=5903:0:15,3046:1:0:0:::0:0%5d%7bcolor:#646d9b}&{color}
http://www1.imperial.ac.uk/medicine/people/m.jarvelin/%5d;%7bcolor:#0000ff}&nbsp;{color};[{color:
http://www1.imperial.ac.uk/medicine/people/m.jarvelin/%5d;%7bcolor:#0000ff}&nbsp;{color};[{color:
http://www1.imperial.ac.uk/medicine/people/u.sovio/%5d;%5b%7bcolor:#0000ff}u.sovio@imperial.ac.uk{color}|mailto:u.sovio@imperial.ac.uk]
http://www1.imperial.ac.uk/medicine/people/u.sovio/%5d;%5b%7bcolor:#0000ff}u.sovio@imperial.ac.uk{color}|mailto:u.sovio@imperial.ac.uk]
http://kelo.oulu.fi/NFBC/pub/publications_sorted_by_date_A.htm%5d%26nbsp%3b%26nbsp
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;Contacts: 

* Helen Lyon; [{color:#0000ff}Helen.Lyon@childrens.harvard.edu{color}|mailto:Helen.Lyon@childrens.harvard.edu] &nbsp; 

* Matthew 

Gillman;[{color:#0000ff}matthew_gillman@hms.harvard.edu{color}|mailto:matthew.gillman@hms.harvard.edu]&nbsp;&nbs

p; 

[Publications|http://www.dacp.org/viva/publications.htm] 

h4. Raine 

[!rainestudy.JPG!|http://www.rainestudy.org.au/] 

[{color:#666699}{*}The Raine Study{*}{color}|http://www.rainestudy.org.au/]{color:#666699}*&nbsp;*{color} 

*Perth, Australia* 

{color:black}The Raine Study started in 1989 when pregnant women were recruited into a research study at{color} King Edward 

Memorial Hospital {color:black}to examine ultrasound imaging. The mothers were assessed at 18 weeks of pregnancy, then 

again at 24, 28, 34 and 38 weeks of pregnancy. During this time information was collected on the mother and the father, for 

example diet, exercise, work, health, etc.&nbsp;After the children were born, they were assessed at birth, at one year, then two, 

three and five years of age. Information on their height, weight, eating, walking, talking, eating, behaviour, any medical 

conditions or illness etc was collected.{color} 

 

{color:black}Further follow ups of the cohort have been conducted at eight, ten, fourteen, and now&nbsp;seventeen years of age. 

At each follow-up information is collected from the parents and the child.{color} 

Contacts:p; 

* [{color:#000000}Lyle 

Palmer{color}|http://www.genepi.org.au/team/lpalmer.html]{color:#0000ff};{color} [{color:#0000ff}lyle@cyllene.uwa.edu.a

u{color}|mailto:lyle@cyllene.uwa.edu.au]&nbsp; 

* [{color:#000000}Craig Pennell{color}|https://www.socrates.uwa.edu.au/Staff/StaffProfile.aspx?Person=craigpennell]; 

[{color:#0000ff}cpennell@obsgyn.uwa.edu.au{color}|mailto:cpennell@obsgyn.uwa.edu.au]&nbsp; 

[Publications|http://www.rainestudy.org.au/studies/publications] 

h3. {color:#000000}{+}EAGLE Analytic Committee{+}{color}\\ 

_Formed in order to work on the complex statistical issues around pooling/meta-analysis of quantitative traits and modelling 

trajectories in antenatal and postnatal life in GWAS context_\\ 

{color:#000000}{*}Chair{*}{color}{color:#000000}&nbsp;{color} 

[{color:#000000}David 

Balding{color}|http://www.zebfontaine.eclipse.co.uk/djb.htm]&nbsp;([{color:#0000ff}d.balding@imperial.ac.uk{color}|mailt

o:d.balding@imperial.ac.uk]) 

[{color:#000000}Imperial College London{color}|http://www3.imperial.ac.uk/]\\ 

*Members* 

|| *Name* || *e-mail* || *Cohort* || *Institute/Centre/Department* || *University* || 

| [{color:#000000}Yurii Aulchenko{color}|http://mga.bionet.nsc.ru/~yurii/]&nbsp; | 

[{color:#0000ff}i.aoultchenko@erasmusmc.nl{color}|mailto:i.aoultchenko@erasmusmc.nl] | 

[{color:#000000}GenerationR{color}|http://www.generationr.nl/index.php?option=com_content&task=view&id=3] | 

[{color:#000000}Department of Epidemiology and 

Biostatistics{color}|http://www.onderzoekinformatie.nl/en/oi/nod/organisatie/ORG1237012/] | [{color:#000000}Erasmus 

University{color}|http://www.erasmusmc.nl/] | 

| [{color:#000000}Laurent Briollais{color}|http://www.lunenfeld.ca/researchers/briollais] | 

[{color:#0000ff}laurent@lunenfeld.ca{color}|mailto:laurent@lunenfeld.ca] | 

[{color:#000000}Raine{color}|http://www.rainestudy.org.au/] | [{color:#000000}Samuel Lunenfeld Research{color} 

{color:#000000}Institute{color}|http://www.lunenfeld.ca/] | [{color:#000000}University of 

Toronto{color}|http://www.utoronto.ca/] || [{color:#000000}David Clayton{color}|http://www-

gene.cimr.cam.ac.uk/clayton/] | 

[{color:#0000ff}david.clayton@cimr.cam.ac.uk{color}|mailto:david.clayton@cimr.cam.ac.uk] | | [{color:#000000}Diabetes 

and Inflammation Laboratory (CIMR){color}|http://www-gene.cimr.cam.ac.uk/todd/] | [{color:#000000}University of 

Cambridge{color}|http://www.cam.ac.uk] | 

| [{color:#000000}David Conti{color}|http://www-hsc.usc.edu/~dconti/Site/Home.html] | 

[{color:#0000ff}dconti@usc.edu{color}|mailto:dconti@usc.edu] | | [{color:#000000}Department of Preventative 

mailto:0000ff%7DHelen.Lyon@childrens.harvard.edu
mailto:Helen.Lyon@childrens.harvard.edu
mailto:0000ff%7Dmatthew_gillman@hms.harvard.edu
mailto:matthew.gillman@hms.harvard.edu
http://www.dacp.org/viva/publications.htm
http://www.rainestudy.org.au/
http://www.rainestudy.org.au/%5d%7bcolor:#666699%7d%2a%26nbsp%3b%2a%7bcolor%7d
http://www.genepi.org.au/team/lpalmer.html%5d%7bcolor:#0000ff};{color}
mailto:0000ff%7Dlyle@cyllene.uwa.edu.au
mailto:0000ff%7Dlyle@cyllene.uwa.edu.au
mailto:lyle@cyllene.uwa.edu.au
https://www.socrates.uwa.edu.au/Staff/StaffProfile.aspx?Person=craigpennell%5d
mailto:0000ff%7Dcpennell@obsgyn.uwa.edu.au
mailto:cpennell@obsgyn.uwa.edu.au
http://www.rainestudy.org.au/studies/publications
http://www.zebfontaine.eclipse.co.uk/djb.htm%5d%26nbsp%3b%28%5b%7bcolor:#0000ff%7dd.balding%40imperial.ac.uk%7bcolor%7d%7cmailto:d.balding%40imperial.ac.uk
http://www.zebfontaine.eclipse.co.uk/djb.htm%5d%26nbsp%3b%28%5b%7bcolor:#0000ff%7dd.balding%40imperial.ac.uk%7bcolor%7d%7cmailto:d.balding%40imperial.ac.uk
http://www3.imperial.ac.uk/
http://mga.bionet.nsc.ru/~yurii/%5d%26nbsp
mailto:0000ff%7Di.aoultchenko@erasmusmc.nl
mailto:i.aoultchenko@erasmusmc.nl
http://www.generationr.nl/index.php?option=com_content&task=view&id=3
http://www.onderzoekinformatie.nl/en/oi/nod/organisatie/ORG1237012/
http://www.erasmusmc.nl/
http://www.lunenfeld.ca/researchers/briollais
mailto:0000ff%7Dlaurent@lunenfeld.ca
mailto:laurent@lunenfeld.ca
http://www.rainestudy.org.au/
http://www.lunenfeld.ca/
http://www.utoronto.ca/
http://www-gene.cimr.cam.ac.uk/clayton/
http://www-gene.cimr.cam.ac.uk/clayton/
mailto:0000ff%7Ddavid.clayton@cimr.cam.ac.uk
mailto:david.clayton@cimr.cam.ac.uk
http://www-gene.cimr.cam.ac.uk/todd/
http://www.cam.ac.uk/
http://www-hsc.usc.edu/~dconti/Site/Home.html
mailto:0000ff%7Ddconti@usc.edu
mailto:dconti@usc.edu
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Medicine{color}|http://www.usc.edu/schools/medicine/departments/preventive_medicine/index.html] | 

[{color:#000000}University of South Carolina{color}|http://www.usc.edu/] | 

| [{color:#000000}Heather Cordell{color}|http://www.staff.ncl.ac.uk/heather.cordell/] | 

[{color:#0000ff}heather.cordell@newcastle.ac.uk{color}|mailto:heather.cordell@newcastle.ac.uk] | | 

[{color:#000000}Institute of Human Genetics{color}|http://www.ncl.ac.uk/ihg/] | [{color:#000000}Newcastle 

University{color}|http://www.ncl.ac.uk/] | 

| [{color:#000000}Cornelia van Duijn{color}|http://www.onderzoekinformatie.nl/en/oi/nod/onderzoeker/PRS1241720/] | 

[{color:#0000ff}c.vanduijn@erasmusmc.nl{color}|mailto:c.vanduijn@erasmusmc.nl] | 

[{color:#000000}GenerationR{color}|http://www.generationr.nl/index.php?option=com_content&task=view&id=3] | 

[{color:#000000}Department of Epidemiology and 

Biostatistics{color}|http://www.onderzoekinformatie.nl/en/oi/nod/organisatie/ORG1237012/] | [{color:#000000}Erasmus 

University{color}|http://www.erasmusmc.nl/] | 

| [{color:#000000}David Evans{color}|http://www.bris.ac.uk/clinicalsciencenorth/neonatal/bnng/de.html] | 

[{color:#0000ff}Dave.Evans@bristol.ac.uk{color}|mailto:Dave.Evans@bristol.ac.uk] | | {color:#ffffff}Paul O'Gorman 

Lifeline Centre{color} | [{color:#000000}University of Bristol{color}|http://www.bristol.ac.uk/] | 

| [{color:#000000}Julie   

{color}|http://www.genepi.org.au/team/jmarsh.html] | 

[{color:#0000ff}marshj02@student.uwa.edu.au{color}|mailto:marshj02@student.uwa.edu.au] | 

[{color:#000000}Raine{color}|http://www.rainestudy.org.au/] | [{color:#000000}Centre for Genetic Epidemiology and 

Biostatistics{color}|http://www.genepi.org.au/] | [{color:#000000}University of Western 

Australia{color}|http://www.uwa.edu.au/] || [{color:#000000}Andrew 

Morris{color}|http://www.ndm.ox.ac.uk/researcher/andrew-morris] | 

[{color:#0000ff}andrew.morris@well.ox.ac.uk{color}|mailto:andrew.morris@well.ox.ac.uk] | | [{color:#000000}Nuffield 

Department of Clinical Medicine{color}|http://www.ndm.ox.ac.uk/] | [{color:#000000}University of 

Oxford{color}|http://www.ox.ac.uk/] | 

| [{color:#000000}Lyle Palmer{color}|http://www.genepi.org.au/team/lpalmer.html] | 

[{color:#0000ff}lyle@cyllene.uwa.edu.au{color}|mailto:lyle@cyllene.uwa.edu.au] | 

[{color:#000000}Raine{color}|http://www.rainestudy.org.au/] | [{color:#000000}Centre for Genetic Epidemiology{color} 

{color:#000000}and Biostatistics{color}|http://www.genepi.org.au/] | [{color:#000000}University of Western 

Australia{color}|http://www.uwa.edu.au/] | 

| Priya Parmar | [{color:#0000ff}parmap01@student.uwa.edu.au{color}|mailto:parmap01@student.uwa.edu.au] | 

[{color:#000000}Raine{color}|http://www.rainestudy.org.au/] | [{color:#000000}Centre for Genetic Epidemiology{color} 

{color:#000000}and Biostatistics{color}|http://www.genepi.org.au/] | [{color:#000000}University of Western 

Australia{color}|http://www.uwa.edu.au/] | 

| Samuli Ripatti | [{color:#0000ff}samuli.ripatti@ktl.fi{color}|mailto:samuli.ripatti@ktl.fi] | 

[{color:#000000}NFBC66{color}|http://kelo.oulu.fi/NFBC/] | | [{color:#000000}University of 

Helsinki{color}|http://www.helsinki.fi/university/] | 

| [{color:#000000}Nicholas Timpson{color}|http://www.epi.bris.ac.uk/staff/ntimpson.htm] | 

[{color:#0000ff}n.j.timpson@bristol.ac.uk{color}|mailto:n.j.timpson@bristol.ac.uk]{color:#0000ff}&nbsp;{color} | 

[{color:#000000}ALSPAC{color}|http://www.bristol.ac.uk/alspac/]{color:#000000}&nbsp;{color} | 

[{color:#000000}Department of Social Medicine{color}|http://www.epi.bris.ac.uk/] | [{color:#000000}University of 

Bristol{color}|http://www.bristol.ac.uk/] | 

| [{color:#000000}Ulla Sovio{color}|https://www1.imperial.ac.uk/medicine/people/u.sovio/] | 

[{color:#0000ff}u.sovio@imperial.ac.uk{color}|mailto:u.sovio@imperial.ac.uk]{color:black}&nbsp;&nbsp;&nbsp;&nbsp;&nbs

p;&nbsp;&nbsp;{color} | [{color:#000000}NFBC66{color}|http://kelo.oulu.fi/NFBC/] | [{color:#000000}Division of 

Epidemiology{color}|https://www1.imperial.ac.uk/medicine/about/divisions/ephpc/] | [{color:#000000}Imperial College 

London{color}|http://www3.imperial.ac.uk/] | 

| [{color:#000000}Nicole 

Warrington{color}|http://www.genepi.org.au/team/nwarrington.html]{color:#000000}&nbsp;&nbsp;&nbsp;{color}&nbsp;&nbsp

;&nbsp; | [{color:#0000ff}nicole.warrington@uwa.edu.au{color}|mailto:nicole.warrington@uwa.edu.au] | 

[{color:#000000}Raine{color}|http://www.rainestudy.org.au/] | [{color:#000000}Centre for Genetic Epidemiology and 

Biostatistics{color}|http://www.genepi.org.au/] | [{color:#000000}University of Western 
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Australia{color}|http://www.uwa.edu.au/]  

\\ 

*Areas with statistical issues:* 

1.&nbsp; Population structures 

2.&nbsp; Meta-analysis 

3.&nbsp; Longitudinal growth measurements 

\\ 

h1. [{color:#000000}Presentations{color}|http://wiki.genepi.org.au/display/EAGLE/Presentations]&nbsp; 

1. [Overview of EAGLE Consortium - CM van 

Dujin|http://wiki.genepi.org.au/download/attachments/1279013/EAGLE+presentation1.ppt?version=1] 

h1. [{color:#000000}Publications{color}|http://wiki.genepi.org.au/display/EAGLE/Publications] 

Click on the links below for publications for each respective cohort 

[1958 British Birth Cohort|http://www.cls.ioe.ac.uk/publications.asp?section=000100010006] 

[ALSPAC|http://wiki.genepi.org.au/display/EAGLE/%28ALSPAC%29]\\ 

[CHOP|http://www.chop.edu/service/applied-genomics/publications.html]\\ 

[COPSAC|http://wiki.genepi.org.au/display/EAGLE/%28COPSAC%29] 

[DNBC|http://www.ssi.dk/sw35497.asp] 

[Exeter Family Study|http://wiki.genepi.org.au/display/EAGLE/%28Exeter+Family+Study%29] 

[Generation R|http://wiki.genepi.org.au/display/EAGLE/%28Generation+R%29] 

 

[HBCS|http://wiki.genepi.org.au/display/EAGLE/%28HBSC%29] 

[LISA\+|http://wiki.genepi.org.au/pages/viewpage.action?pageId=1278231] 

[MoBa|http://wiki.genepi.org.au/display/EAGLE/%28MoBa%29] 

[NFBC66|http://wiki.genepi.org.au/display/EAGLE/%28NFBC+66%29] 

[NTR|http://wiki.genepi.org.au/display/EAGLE/%28NTR%29] 

[Project Viva|http://wiki.genepi.org.au/display/EAGLE/%28Project+Viva%29] 

[Raine|http://wiki.genepi.org.au/display/EAGLE/%28Raine%29] 

h1. [(i) {color:#000000}Issues?{color}|http://wiki.genepi.org.au/pages/viewpage.action?pageId=1278485] 

If you have any queries regarding this WIKI or to become an Eagle Consortium Member please contact: 

*Priya Parmar*&nbsp; 

E-mail: [{color:#0000ff}parmap01@student.uwa.edu.au{color}|mailto:parmap01@student.uwa.edu.au] 

Phone:             + 61 8 6488 6740       

\\ 

\\ 

\\ 

\\ 

\\ 

This WIKI is proudly hosted by 

[!GENEPI Logo3.jpg!|http://www.genepi.org.au/] 
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A.I.iv GWAS Analytical Plan 

Project Summary 

Analyses of blood pressure trajectories in adults are often heavily confounded by treatment. Only 

one published GWAS of BP in childhood has been undertaken, and no GWAS for longitudinal 

change in BP have yet been published.  BP in childhood is an attractive phenotype as the 

characteristic age-related (particularly treatment) biases in BP seen in adulthood are negligible. 

The principal aim of the proposed project is to define genes and gene-environment interactions 

that underlie the childhood origins of BP in order to emphasize and better understand key 

biological pathways related to hypertension and cardiovascular disease in adulthood. This aim 

will be achieved by analysing already collected phenotypic and GWAS data from participating 

cohorts of the EAGLE Consortium.  

This proposal aims to undertake meta-analyses of GWAS data for cross-sectional BP analyses 

across children in EAGLE.   

Traits of interest 

 Systolic Blood Pressure (SBP) [4 – 18 years] 

Diastolic Blood Pressure (DBP) [4 – 18 years] 

Adjusting for age, gender, birth weight and BMI 

Participating Cohort  

Raine, Generation R, ALSPAC, Lisa Plus, INMA, BLTS, YFS 

Genotyping and Imputation 

- Genotyped SNPs (Affymetrix, Illumina, Perlegen) 

- Imputation HapMap Phase II CEU SNPs. Preferred release 22 of HapMap, build 36. Predefined 

marker filters to apply before imputation (HWEP>10-6, MAF>0.01, SNP-call>95%). Suggestion 

left open to cohorts to apply specific filters but should be reported. 

- Analyse all SNPs, no filtering on call rate/HWE/MAF/imputation quality (QC metrics to be 

reported, and filtering will be done at meta-analysis stage) 

Analysis to be completed with each cohort 
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Model of Association 

Additive model (SNP coded as allele dose from 0 to 2), which accounts for genotype imputation 

uncertainty by use of linear regression onto estimated dose.  

Stage 1: Cross-sectional Analysis 

Time frames to Meta-analyse: 1) Pre-puberty time frame [Years 5-8] 

     2) Pubertal [Years 9-12] 

     3) Post-puberty [Years 13+] 

Run analyses on full dataset (males and females combined) 

*Note: For those with multiple (≥ 3) BP measures recorded, it has been advised to exclude the 

first measure and take the average of the remaining measures recorded on each person at each 

time point. Those with 2 measures are advised to use just the second measure to represent the BP 

outcome. 

Create Z-scores 

 Transform outcome variables  

  SBP Z-score  -     calculate a Z score 

standardised score 

[value-mean]/standard deviation 

DBP Z-score  -     calculate a Z score 

standardised score 

[value-mean]/standard deviation 

Model 1  

SBP Z-score ~ Age + Gender + SNP 

DBP Z-score ~ Age + Gender + SNP  

Model 2  

SBP Z-score ~ Age + Gender + Height + Weight + SNP 

DBP Z-score ~ Age + Gender + Height + Weight + SNP  

Model 3 

SBP Z-score ~ Age + Gender + Birth Weight + Weight + SNP 
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DBP Z-score ~ Age + Gender + Birth Weight + Weight + SNP  

Timelines 

1st October 2010 

All GWAS analyses to be completed in Models 1-3 for pre-puberty time frame [Years 5-8], 

pubertal time frames [Years 9-12] and post-puberty time frames [Years 13+] 

 Output: GWAS results into format appropriate for METAL 

19th October 2010 

Meta-analyses on Models 1-3 for pre-puberty time frame [Years 5-8], pubertal time frame [Years 

9-12] and post-puberty time frames [Years 13+] 

Meta-Analysis 

Completed in METAL and duplicated in GWAMA 
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APPENDIX II 

POLYMORPHISMS IN GENES WITHIN THE IGF-AXIS INFLUENCE ANTENATAL AND POSTNATAL GROWTH 

RS Number 

Official Gene 

Chm Position 

MAF 

Major Minor Function 
Symbol HapMap CEU Raine Generation R HapMap 

CHB 
HapMap 

YRI 

rs10860861 IGF1  12 101288036 0.49 0.50 0.50 0.46 0.01 T C unknown 
rs10860862 IGF1  12 101288539 0.18 0.19 0.20 0.37 0.24 G T unknown 
rs2946834 IGF1  12 101290281 0.31 0.32 0.32 0.27 0.02 T C unknown 

rs6214† IGF1  12 101296036 0.42 0.40 0.42 0.27 0.03 A G utr-variant-3-prime 

rs1520220† IGF1  12 101298989 0.12 0.19 0.18 0.48 0.58 G C intron-variant 
rs17727841 IGF1  12 101312097 0.16 0.17 0.10 0.15 0.35 G C intron-variant 
rs10860865† IGF1  12 101334189 0.23 0.26 0.26 0.44 0.14 T G intron-variant 
rs7136446 IGF1  12 101340982 0.42 0.37  0.74 0.48 T C intron-variant 
rs10735380 IGF1  12 101346703 0.23 0.25 0.27 0.33 0.44 A G intron-variant 
rs2195239 IGF1  12 101359169 0.21 0.24  0.51 0.28 C G intron-variant 
rs5742629 IGF1  12 101359730 0.27 0.27  0.01 0.03 G A intron-variant 
rs1019731 IGF1  12 101366892 0.17 0.12  0.53 0.77 G T intron-variant 
rs12821878 IGF1  12 101370134 0.29 0.23 0.26 0.20 0.10 G A intron-variant 
rs2162679 IGF1  12 101373726 0.11 0.14  0.00 0.00 A G intron-variant 
rs2871865 IGF1R  15 97012419 0.13 0.11 0.11 0.03 0.19 C G intron-variant 
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rs4966011 IGF1R  15 97021529 0.44 0.37  0.23 0.19 G A intron-variant 
rs8027457 IGF1R  15 97021624 0.42 0.49  0.80 0.57 C T intron-variant 
rs13329408 IGF1R  15 97023676 0.12 0.15 0.13 0.31 0.27 C T intron-variant 
rs11247361 IGF1R  15 97024915 0.42 0.34 0.36 0.56 0.51 C G intron-variant 

rs1319869 IGF1R  15 97030008 0.12 0.11 0.10 0.63 0.09 C A intron-variant and upstream-
variant-2KB 

rs4966012 IGF1R  15 97043671 0.29 0.34  0.40 0.36 C G intron-variant 
rs1574213 IGF1R  15 97045310 0.18 0.23  0.64 0.42 G A intron-variant 
rs11854132 IGF1R  15 97046853 0.23 0.28 0.28 0.53 0.17 A G intron-variant 
rs7166348 IGF1R  15 97065318 0.20 0.22  0.34 0.16 G A intron-variant 
rs4966015 IGF1R  15 97065655 0.15 0.16  0.02 0.10 G T intron-variant 
rs8038015† IGF1R  15 97080797 0.33 0.39 0.36 0.45 0.96 C T intron-variant 
rs875686† IGF1R  15 97090042 0.28 0.33 0.30 0.16 0.01 A T intron-variant 
rs7166287 IGF1R  15 97090598 0.31 0.39  0.01 0.06 C T intron-variant 
rs8041224† IGF1R  15 97115188 0.37 0.44 0.40 0.43 0.07 T C intron-variant 
rs10794486 IGF1R  15 97119058 0.25 0.32 0.29 0.07 0.12 G A intron-variant 
rs11247369 IGF1R  15 97126736 0.11 0.18 0.14 0.72 0.28 C T intron-variant 
rs11247370 IGF1R  15 97126834 0.15 0.23 0.20 0.01 0.00 C T intron-variant 
rs907801 IGF1R  15 97139270 0.13 0.17  0.83 0.83 G A intron-variant 

rs1513643 IGF1R  15 97144284 0.44 0.50  0.35 0.13 T C intron-variant and upstream-
variant-2KB 

rs12050484 IGF1R  15 97172805 0.48 0.47 0.56 0.37 0.40 A G intron-variant 
rs4246340 IGF1R  15 97184128 0.39 0.47  0.45 0.04 A C intron-variant 
rs8035410† IGF1R  15 97213357 0.21 0.14 0.24 0.50 0.66 G C intron-variant 
rs2684777† IGF1R  15 97214217 0.19 0.23 0.20 0.13 0.12 T C intron-variant 
rs1879612† IGF1R  15 97216231 0.37 0.41 0.37 0.63 0.64 C T intron-variant 
rs2670504† IGF1R  15 97219113 0.17 0.19 0.18 0.73 0.00 G A intron-variant 
rs8030777† IGF1R  15 97221475 0.28 0.31 0.26 0.25 0.27 T C intron-variant 
rs12594847† IGF1R  15 97223470 0.12 0.12 0.09 0.04 0.15 T C intron-variant 
rs2684781† IGF1R  15 97227071 0.20 0.23 0.18 0.54 0.17 C T intron-variant 
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rs1521481† IGF1R  15 97231946 0.44 0.44 0.39 0.35 0.83 C A intron-variant 
rs4966035† IGF1R  15 97246985 0.37 0.31 0.30 0.38 0.10 A G intron-variant 
rs11630259 IGF1R  15 97248471 0.31 0.27 0.27 0.29 0.06 T C intron-variant 
rs1357112† IGF1R  15 97250899 0.31 0.35 0.39 0.89 0.47 T C intron-variant 
rs1879613† IGF1R  15 97251880 0.23 0.20 0.19 0.77 0.82 C T intron-variant 
rs7165875† IGF1R  15 97254098 0.30 0.25 0.23 0.67 0.51 G C intron-variant 
rs12910200† IGF1R  15 97262992 0.31 0.27 0.33 0.26 0.18 A T intron-variant 
rs867431 IGF1R  15 97267206 0.43 0.40 0.39 0.86 1.00 G A intron-variant 
rs8039666 IGF1R  15 97268901 0.14 0.13  0.88 0.60 A C intron-variant 
rs12439656 IGF1R  15 97270465 0.23 0.25 0.25 0.49 0.06 C T intron-variant 
rs2715417 IGF1R  15 97270570 0.40 0.48  0.66 0.19 C A intron-variant 
rs2684811† IGF1R  15 97271086 0.29 0.24 0.20 0.16 0.62 T C intron-variant 
rs2715416 IGF1R  15 97271554 0.36 0.35 0.32 0.07 0.06 G C intron-variant 
rs7168671 IGF1R  15 97272485 0.16 0.19  0.83 0.73 T C intron-variant 
rs2139924 IGF1R  15 97272793 0.21 0.18  0.77 0.67 T G intron-variant 
rs2272037 IGF1R  15 97273776 0.43 0.40  0.06 0.56 A G intron-variant 
rs7169544† IGF1R  15 97275275 0.38 0.43 0.43 0.02 0.00 A G intron-variant 
rs3784605† IGF1R  15 97275850 0.31 0.31 0.33 0.20 0.05 T C intron-variant 
rs3784606 IGF1R  15 97276004 0.25 0.24 0.22 0.72 0.53 A G intron-variant 
rs2684808† IGF1R  15 97276241 0.32 0.34 0.33 0.22 0.26 G C intron-variant 
rs2715425 IGF1R  15 97278619 0.22 0.23  0.01 0.00 C T intron-variant 
rs9920651† IGF1R  15 97280163 0.18 0.19 0.20 0.79 0.21 T C intron-variant 
rs2684807 IGF1R  15 97281977 0.44 0.41 0.43 0.68 0.41 A G intron-variant 
rs2684806 IGF1R  15 97282808 0.41 0.39  0.11 0.18 G A intron-variant 
rs12442093† IGF1R  15 97283409 0.18 0.18 0.19 0.44 0.17 C T intron-variant 
rs2684805 IGF1R  15 97283608 0.11 0.14  0.02 0.08 A G intron-variant 
rs4966044 IGF1R  15 97283721 0.39 0.42  0.41 0.03 A G intron-variant 
rs4965438 IGF1R  15 97288952 0.23 0.23 0.24 0.68 0.58 T G intron-variant 
rs2684802 IGF1R  15 97289030 0.14 0.12  0.24 0.04 A C intron-variant 
rs1546713 IGF1R  15 97289389 0.27 0.32  0.53 0.59 C T intron-variant 

http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1521481
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4966035
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=11630259
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1357112
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1879613
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=7165875
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=12910200
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=867431
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=8039666
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=12439656
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2715417
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2684811
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2715416
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=7168671
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2139924
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2272037
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=7169544
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3784605
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3784606
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2684808
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2715425
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=9920651
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2684807
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2684806
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=12442093
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2684805
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4966044
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4965438
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2684802
http://www.ncbi.nlm.nih.gov/gene/3480
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1546713
http://www.ncbi.nlm.nih.gov/gene/3480


 

336 
 
 

rs4966046 IGF1R  15 97292798 0.18 0.19  0.04 0.00 T C intron-variant 
rs871335 IGF1R  15 97297469 0.24 0.23  0.73 0.41 T G intron-variant 
rs2684801 IGF1R  15 97298159 0.48 0.47 0.53 0.55 0.55 G A intron-variant 
rs2684796 IGF1R  15 97300915 0.12 0.13  0.37 0.52 A G intron-variant 
rs1568501 IGF1R  15 97301789 0.39 0.41  0.55 0.41 A G intron-variant 
rs2715419 IGF1R  15 97302243 0.45 0.44  0.69 0.39 T C intron-variant 
rs2684794 IGF1R  15 97302476 0.20 0.15  0.88 0.54 A G intron-variant 
rs12916884 IGF1R  15 97305411 0.24 0.24 0.25 0.24 0.42 T G intron-variant 
rs2684792† IGF1R  15 97305604 0.33 0.39 0.39 0.16 0.34 C T intron-variant 
rs7162314† IGF1R  15 97307439 0.18 0.23 0.22 0.52 0.02 A G intron-variant 
rs2684791† IGF1R  15 97307562 0.38 0.31 0.34 0.40 0.77 C T intron-variant 
rs2684790 IGF1R  15 97309063 0.17 0.15  0.00 0.40 C T intron-variant 
rs7167580 IGF1R  15 97312731 0.24 0.24 0.23 0.83 0.00 C T intron-variant 
rs9672254† IGF1R  15 97315608 0.49 0.49 0.50 0.55 0.00 T C intron-variant 
rs3743253† IGF1R  15 97317597 0.23 0.18 0.21 0.44 0.56 G A intron-variant 

rs2585 IGF2  11 2107020 0.37 0.30  0.79 0.49 C T utr-variant-3-prime and nc-
transcript-variant 

rs3802971 IGF2  11 2108628 0.07 0.09  0.19 0.17 G A utr-variant-3-prime and nc-
transcript-variant 

rs3213221 IGF2  11 2113620 0.48 0.40  0.58 0.05 G C intron-variant 

rs4244808 IGF2  11 2119686 0.46 0.45  0.19 0.21 A C intron-variant and upstream-
variant-2KB 

rs3741208 IGF2  11 2126350 0.44 0.37  0.66 0.51 T C intron-variant and nc-
transcript-variant 

rs1004446 IGF2  11 2126969 0.41 0.37  0.21 0.01 T C intron-variant 
rs3777421 IGF2R  6 160363797 0.32 0.32  0.07 0.24 G T intron-variant 
rs3798207 IGF2R  6 160364658 0.14 0.16  0.04 0.13 T C intron-variant 
rs6916216 IGF2R  6 160367953 0.18 0.23  0.01 0.37 C G intron-variant 
rs645851† IGF2R  6 160368124 0.21 0.20 0.25 0.24 0.08 T C intron-variant 
rs3798202 IGF2R  6 160373967 0.11 0.14  0.20 0.48 A T intron-variant 
rs635551 IGF2R  6 160375243 0.17 0.16  0.57 0.11 A G intron-variant 
rs6920141 IGF2R  6 160386451 0.23 0.30  0.40 0.31 C T intron-variant 
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rs3798193 IGF2R  6 160394525 0.13 0.16  0.62 0.78 G A intron-variant and 
downstream-variant-500B 

rs3734181 IGF2R  6 160400294 0.24 0.23  0.79 0.03 T C intron-variant and upstream-
variant-2KB 

rs1003737 IGF2R  6 160401067 0.38 0.45  0.01 0.39 G T intron-variant and upstream-
variant-2KB 

rs8191745† IGF2R  6 160402742 0.18 0.15 0.17 0.39 0.07 T A intron-variant 
rs9347380 IGF2R  6 160407758 0.31 0.31  0.29 0.22 A G intron-variant 
rs9456497 IGF2R  6 160413839 0.18 0.20 0.19 0.58 0.23 A G intron-variant 
rs399919 IGF2R  6 160426431 0.35 0.31  0.15 0.12 G A intron-variant 
rs3798185 IGF2R  6 160433518 0.34 0.37 0.34 0.31 0.46 T C intron-variant 
rs687088 IGF2R  6 160435465 0.30 0.31  0.52 0.49 C T intron-variant 
rs688359† IGF2R  6 160435702 0.36 0.44 0.35 0.61 1.00 A G intron-variant 
rs609207† IGF2R  6 160436164 0.43 0.41 0.42 0.41 0.74 T G intron-variant 
rs416572 IGF2R  6 160438301 0.35 0.30  0.57 1.00 G A intron-variant 
rs998074 IGF2R  6 160438794 0.43 0.47  0.21 0.07 G A intron-variant 
rs648253 IGF2R  6 160439560 0.46 0.49  0.46 0.64 A G intron-variant 
rs4709393 IGF2R  6 160442443 0.19 0.26  0.63 0.23 T G intron-variant 
rs384167 IGF2R  6 160446678 0.23 0.19  0.89 0.21 C T intron-variant 
rs7746102 IGF2R  6 160451948 0.25 0.23  0.89 0.09 T C intron-variant 
rs920812 IGF2R  6 160460725 0.27 0.33  0.01 0.12 G A intron-variant 
rs3798180 IGF2R  6 160462152 0.34 0.39  0.04 0.00 A G intron-variant 
rs2297363 IGF2R  6 160476873 0.11 0.14 0.35 0.61 0.63 A G intron-variant 
rs600324 IGF2R  6 160489687 0.18 0.13  0.14 0.42 C T intron-variant 
rs2297370 IGF2R  6 160495184 0.20 0.22  0.17 0.06 T A intron-variant 
rs1050015 IGF2R  6 160497591 0.14 0.18  0.61 0.00 C A utr-variant-3-prime 
rs437127 IGF2R  6 160438730 0.48 0.48  0.43 0.61 C G intron-variant 
rs9347381 IGF2R  6 160441072 0.14 0.14 0.21 0.51 0.56 C A intron-variant 
rs1874479 IGFBP1  7 45705466 0.11 0.14  0.95 1.00 A G intron-variant 
rs4619 IGFBP1  7 45705909 0.30 0.37  0.09 0.34 G A missense 

rs9658231 IGFBP1  7 45706664 0.10 0.18 0.17 0.80 0.25 C A downstream-variant-500B 

http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3798193
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3734181
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1003737
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=8191745
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=9347380
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=9456497
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=399919
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3798185
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=687088
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=688359
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=609207
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=416572
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=998074
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=648253
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4709393
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=384167
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=7746102
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=920812
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3798180
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2297363
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=600324
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2297370
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1050015
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=437127
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=9347381
http://www.ncbi.nlm.nih.gov/gene/3482
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1874479
http://www.ncbi.nlm.nih.gov/gene/3484
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4619
http://www.ncbi.nlm.nih.gov/gene/3484
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=9658231
http://www.ncbi.nlm.nih.gov/gene/3484
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rs9658238† IGFBP1  7 45707379 0.17 0.19  0.04 0.31 A G unknown 
rs3770473 IGFBP2  2 217207084 0.28 0.34  0.05 0.00 A C unknown 
rs9341105 IGFBP2  2 217209064 0.38 0.22 0.29 0.70 0.70 A G unknown 
rs2270360 IGFBP2  2 217233231 0.28 0.28  0.35 0.31 T G unknown 
rs6670† IGFBP3  7 45918779 0.19 0.23 0.20 0.17 0.60 A T utr-variant-3-prime 
rs2453840 IGFBP3  7 45920337 0.22 0.17  0.23 0.46 C A intron-variant 
rs3110697** IGFBP3  7 45921554 0.49 0.41  0.30 0.14 G A intron-variant 
rs2471551 IGFBP3  7 45923580 0.29 0.19  1.00 0.60 G C intron-variant 
rs4890114 IGFBP4  17 35857075 0.46 0.44 0.40 0.00 0.33 A G intron-variant 
rs535058 IGFBP4  17 35857672 0.30 0.27  0.64 0.01 C T intron-variant 
rs1009728† IGFBP4  17 35862733 0.26 0.32 0.30 0.58 0.29 T C intron-variant 
rs7426116 IGFBP5  2 217258815 0.34 0.31 0.32 0.01 0.44 C G intron-variant 
rs741384 IGFBP5  2 217260199 0.43 0.48  0.37   C G intron-variant 
rs3755137 IGFBP5  2 217262019 0.23 0.19  0.48   A T intron-variant 
rs2241193 IGFBP5  2 217262458 0.11 0.15  0.51   G A intron-variant 
rs11575134 IGFBP5  2 217264069 0.14 0.20 0.16     G A intron-variant 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=9658238
http://www.ncbi.nlm.nih.gov/gene/3484
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3770473
http://www.ncbi.nlm.nih.gov/gene/3485
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=9341105
http://www.ncbi.nlm.nih.gov/gene/3485
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2270360
http://www.ncbi.nlm.nih.gov/gene/3485
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=6670
http://www.ncbi.nlm.nih.gov/gene/3486
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2453840
http://www.ncbi.nlm.nih.gov/gene/3486
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3110697
http://www.ncbi.nlm.nih.gov/gene/3486
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2471551
http://www.ncbi.nlm.nih.gov/gene/3486
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4890114
http://www.ncbi.nlm.nih.gov/gene/3487
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=535058
http://www.ncbi.nlm.nih.gov/gene/3487
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1009728
http://www.ncbi.nlm.nih.gov/gene/3487
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=7426116
http://www.ncbi.nlm.nih.gov/gene/3488
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=741384
http://www.ncbi.nlm.nih.gov/gene/3488
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3755137
http://www.ncbi.nlm.nih.gov/gene/3488
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2241193
http://www.ncbi.nlm.nih.gov/gene/3488
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=11575134
http://www.ncbi.nlm.nih.gov/gene/3488
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Appendix II Table 1: SNPs analysed within genes of the IGF axis 

RS numbers, chromosome position with minor allele frequency and SNP functionis presented for the 145 SNPs that were analysed in the discovery and replication 

cohorts. † Signifies SNPs significantly associated with antenatal (AC, HC) and postnatal growth (BMI) in the discovery cohort. ** represents SNPs known to be in a 

clinical channel. HapMap MAF are presented for CEU (European, Residents from Utah with Northern or Western European ancestry), CHB (Han Chinese, Beijing 

China) and YRI (Yoruba in Ibadan, Nigeria, West Africa) populations. Hyperlinks in this table will take the user directly to the National Centre for Biotechnology 

Information (NCBI) website. The ‘rs’ or ‘SNP number’ hyperlink directs the user to a page containing information relating to regarding function, validation, clinical 

significance, ancestral alleles, annotated gene maps, sequences, genotype detail (e.g. ancestral alleles) for different populations (such as Asian and Sub-Saharan African 

groups). By clicking on the gene hyperlink the user is directed to a page within the NCBI website details the official full gene name, the status of the reference sequence 

(i.e. reviewed), the lineage of the gene, other gene names, a summary for the function and structure, the genomic context (location, exon count, current and previous 

annotation assembly), genomic regions, transcripts and products – including interactive graphics, highlighting clinical variants, RNA exon and intron sequences. This 

page also contains a list of gene related publications, functional references  to GeneRIF), phenotype testing results (linking to the National Institute for Health Genetic 

Testing Registry (GTR)), lists associated conditions, links to the genome-wide association study catalogues, genotype variation reports, known protein interactions, 

and links to BioSystems (which provides evidence for gene function in all biological/metabolic pathways), lists all known interactions to other genes, gene homology 

and ontology, metabolic processes the gene has been shown to be associated with (and relevant publications), general protein information and the NCBI reference 

sequences (for genomic, mRNA and protein sequences). 
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Appendix II Table 2: Detail of the excluded IGF SNPs 

Here are the 16 IGF SNPs from IGF2, IGF1R, IGF2R, IGFBP1, IGFBP2 and IGFBP3. These 

SNPs were excluded due to either having a low minor allele frequency (<10%) or were in high 

linkage disequilibrium with another IGF SNP. A further 4 SNPs (not listed here) were excluded 

from analyses due to not being genotyped properly. None of these SNPs were associated with 

any clinically significant findings (* all SNPs were assessed by checking the dbSNP website 

[http://www.ncbi.nlm.nih.gov/projects/SNP] of the National Center for Biotechnology 

Information webpage for known ‘Clinical Significance’). 

Gene Excluded 
SNPs MAF Major/minor 

allele 
Clinically 

significant* 
Reason for 
exclusion Function 

IGF2 

RS1003483 0.34 G/T  In high LD 

intron-variant and 
downstream-variant-

500B and nc-
transcript-variant 

RS3741212 0.32 T/C  In high LD 
intron-variant and 
upstream-variant-

2KB 

IGF1R 

RS12148482 0.26 G/T  Low MAF 
(<10%) intron-variant 

RS12901570 0.02 C/T  Low MAF 
(<10%) intron-variant 

RS12908948 0.06 G/T  Low MAF 
(<10%) intron-variant 

RS1464430 0.4 G/T  In high LD intron-variant 
RS2684789 0.39 T/C  In high LD intron-variant 
RS9672965 0.46 C/T  In high LD intron-variant 

IGF2R 

RS1867348 0.19 C/T  In high LD intron-variant 

RS435612 0.03 T/C  Low MAF 
(<10%) intron-variant 

RS6903540 0.06 C/T  Low MAF 
(<10%) intron-variant 

RS6917747 0.08 A/G  Low MAF 
(<10%) intron-variant 

RS8191711 0.05 A/G  Low MAF 
(<10%) intron-variant 

IGFBP1 RS1065780 0.37 A/G  In high LD intron-variant 

IGFBP2 RS9341134 0.07 A/T  Low MAF 
(<10%) unknown 

IGFBP3 RS10255707 0.18 C/T  In high LD intron-variant 
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IGF 
gene 

Gene co-ordinates 

Chromosome 
(location) 

Length of 
flanking 
regions  

(base pairs) 

Function* 

IGF1 

NC_000012.12   

(102,789,645-
102,874,423) 

5534 

The insulin-like growth factors, isolated from plasma, are structurally and functionally related to insulin but have a much higher growth-
promoting activity. May be a physiological regulator of [1-14C]-2-deoxy-D-glucose (2DG) transport and glycogen synthesis in osteoblasts. 
Stimulates glucose transport in rat bone-derived osteoblastic (PyMS) cells and is effective at much lower concentrations than insulin, not only 
regarding glycogen and DNA synthesis but also with regard to enhancing glucose uptake. May play a role in synapse maturation.  

IGF1R 

NC_000015.10 

(99,192,200- 
99,507,759)  

 11310 

Receptor tyrosine kinase which mediates actions of insulin-like growth factor 1 (IGF1). Binds IGF1 with high affinity and IGF2 and insulin 
(INS) with a lower affinity. The activated IGF1R is involved in cell growth and survival control. IGF1R is crucial for tumor transformation 
and survival of malignant cell. Ligand binding activates the receptor kinase, leading to receptor autophosphorylation, and tyrosines 
phosphorylation of multiple substrates, that function as signaling adapter proteins including, the insulin-receptor substrates (IRS1/2), Shc and 
14-3-3 proteins. Phosphorylation of IRSs proteins lead to the activation of two main signaling pathways: the PI3K-AKT/PKB pathway and 
the Ras-MAPK pathway. The result of activating the MAPK pathway is increased cellular proliferation, whereas activating the PI3K pathway 
inhibits apoptosis and stimulates protein synthesis. Phosphorylated IRS1 can activate the 85 kDa regulatory subunit of PI3K (PIK3R1), 
leading to activation of several downstream substrates, including protein AKT/PKB. AKT phosphorylation, in turn, enhances protein 
synthesis through mTOR activation and triggers the antiapoptotic effects of IGFIR through phosphorylation and inactivation of BAD. In 
parallel to PI3K-driven signaling, recruitment of Grb2/SOS by phosphorylated IRS1 or Shc leads to recruitment of Ras and activation of the 
ras-MAPK pathway. In addition to these two main signaling pathways IGF1R signals also through the Janus kinase/signal transducer and 
activator of transcription pathway (JAK/STAT). Phosphorylation of JAK proteins can lead to phosphorylation/activation of signal transducers 
and activators of transcription (STAT) proteins. In particular activation of STAT3, may be essential for the transforming activity of IGF1R. 
The JAK/STAT pathway activates gene transcription and may be responsible for the transforming activity. JNK kinases can also be activated 
by the IGF1R. IGF1 exerts inhibiting activities on JNK activation via phosphorylation and inhibition of MAP3K5/ASK1, which is able to 
directly associate with the IGF1R. When present in a hybrid receptor with INSR, binds IGF1. PubMed:12138094 shows that hybrid receptors 
composed of IGF1R and INSR isoform Long are activated with a high affinity by IGF1, with low affinity by IGF2 and not significantly 
activated by insulin, and that hybrid receptors composed of IGF1R and INSR isoform Short are activated by IGF1, IGF2 and insulin. In 
contrast, PubMed:16831875 shows that hybrid receptors composed of IGF1R and INSR isoform Long and hybrid receptors composed 
of IGF1R and INSR isoform Short have similar binding characteristics, both bind IGF1 and have a low affinity for insulin.  

 

http://www.genecards.org/cgi-bin/carddisp.pl?gene=IGF1&search=4e309a78d81304231172a50d1831e0bc
http://www.genecards.org/cgi-bin/carddisp.pl?gene=IGF1R&search=d6bd016fd2a1ed1105c80ba475614ad3
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IGF2 

NC_000011.10 

(2,150,342-
2,170,833)  

3434 

The insulin-like growth factors possess growth-promoting activity. In vitro, they are potent mitogens for cultured cells. IGF-II is influenced 
by placental lactogen and may play a role in fetal development. Preptin undergoes glucose-mediated co-secretion with insulin, and acts as 
physiological amplifier of glucose-mediated insulin secretion. Exhibits osteogenic properties by increasing osteoblast mitogenic activity 
through phosphoactivation of MAPK1 and MAPK3.  

IGF2R 

NC_000006.12 

(160,390,131- 
160,534,539)  

4853 

Transport of phosphorylated lysosomal enzymes from the Golgi complex and the cell surface to lysosomes. Lysosomal enzymes bearing 
phosphomannosyl residues bind specifically to mannose-6-phosphate receptors in the Golgi apparatus and the resulting receptor-ligand 
complex is transported to an acidic prelyosomal compartment where the low pH mediates the dissociation of the complex. This receptor also 
binds IGF2. Acts as a positive regulator of T-cell coactivation, by binding DPP4.  

IGFBP1 

NC_000007.14 

(45,927,956- 
45,933,267)  

1269 
IGF-binding proteins prolong the half-life of the IGFs and have been shown to either inhibit or stimulate the growth promoting effects of the 
IGFs on cell culture. They alter the interaction of IGFs with their cell surface receptors. Promotes cell migration.  

IGFBP2 
NC_000002.12 
(217,497,551- 
217,529,159)  

274 
Inhibits IGF-mediated growth and developmental rates. IGF-binding proteins prolong the half-life of the IGFs and have been shown to either 
inhibit or stimulate the growth promoting effects of the IGFs on cell culture. They alter the interaction of IGFs with their cell surface 
receptors.  

IGFBP3 

NC_000007.14 

(45,951,844-
45,961,473)  

1205 
IGF-binding proteins prolong the half-life of the IGFs and have been shown to either inhibit or stimulate the growth promoting effects of the 
IGFs on cell culture. They alter the interaction of IGFs with their cell surface receptors. Also exhibits IGF-independent antiproliferative and 
apoptotic effects mediated by its receptor TMEM219/IGFBP-3R.  

IGFBP4 

NC_000017.11 

(38,599,676-
38,613,983)  

223 IGF-binding proteins prolong the half-life of the IGFs and have been shown to either inhibit or stimulate the growth promoting effects of the 
IGFs on cell culture. They alter the interaction of IGFs with their cell surface receptors.  

IGFBP5 
NC_000002.12 
(217,536,828- 
217,560,272)  

325 IGF-binding proteins prolong the half-life of the IGFs and have been shown to either inhibit or stimulate the growth promoting effects of the 
IGFs on cell culture. They alter the interaction of IGFs with their cell surface receptors.  

http://www.genecards.org/cgi-bin/carddisp.pl?gene=IGF2&search=c0cc81defae3ec9265a361ee7953c76f
http://www.genecards.org/cgi-bin/carddisp.pl?gene=IGF2R&search=8412d681f946866ad02d99332f517ada
http://www.genecards.org/cgi-bin/carddisp.pl?gene=IGFBP1&search=407811fac06e0a8db28287fd2eb62021
http://www.genecards.org/index.php?path=/Search/keyword/IGFBP2
http://www.genecards.org/cgi-bin/carddisp.pl?gene=IGFBP3&search=f4ef259b07e37ed41ca1b1bcbba1bd1c
http://www.genecards.org/cgi-bin/carddisp.pl?gene=IGFBP4&search=8aa3922c341b126c7e2ab05e43e1a762
http://www.genecards.org/cgi-bin/carddisp.pl?gene=IGFBP5&search=19fb9ddc7e9e3e93c5440cc6c8d0413b
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Appendix II Table 3: IGF-axis gene coordinates and function 

Listed here are the gene coordinates for each of the nine IGF-axis genes and their associated function. Genes have hyperlinks to their respective information page on 
GeneCards; http://www.genecards.org/ and function for each gene is summarised from UniProtKB/Swiss-Prot http://www.uniprot.org/

http://www.genecards.org/
http://www.uniprot.org/


 

344 
 
 

 

Block Gene SNPs (Haplotypes) 
Antenatal growth trajectories 

AC HC FL 
 Beta (SD)   p-value  Beta (SD)   p-value  Beta (SD)   p-value 

1 IGFBP4 RS535058: 
RS1009728 0.009(0.012) 0.4260 -0.006(0.027) 0.8186 -0.017(0.036) 0.6329 

2 IGFBP1-
IGFBP3 

RS1874479:RS4619:RS9658231: 
RS9658238:RS6670 0.033(0.121) 0.7823 -0.158(0.273) 0.5627 0.173(0.385) 0.6544 

3 IGFBP3 RS2453840: 
RS2471551 0.018(0.017) 0.2749 0.024(0.039) 0.5303 0.023(0.052) 0.6609 

4 IGF1R RS2871865: 
RS4966011:   RS8027457 -0.007(0.008) 0.4097 -0.003(0.019) 0.8668 -0.006(0.025) 0.8067 

5 IGF1R RS11247361: 
RS1319869 -0.024(0.018) 0.1810 -0.034(0.043) 0.4292 -0.049(0.057) 0.3870 

6 IGF1R RS4966012: 
RS1574213: RS11854132 0.004(0.002) 0.0918 0.003(0.006) 0.5347 -0.008(0.007) 0.2744 

7 IGF1R RS8038015: 
RS875686 0.004(0.004) 0.2583 0.001(0.009) 0.9446 0.025(0.012) 0.0450 

8 IGF1R RS8041224: 
RS10794486 0.001(0.004) 0.7789 0.009(0.010) 0.3434 0.024(0.013) 0.0665 

9 IGF1R RS8035410 
:RS2684777 -0.020(0.018) 0.2711 -0.019(0.042) 0.6601 -0.103(0.056) 0.0669 

10 IGF1R RS1879612: 
RS2670504: RS8030777 -0.001(0.003) 0.7767 -0.004(0.006) 0.5423 0.001(0.008) 0.8852 

11 IGF1R RS12594847: 
RS2684781 -0.005(0.007) 0.5160 -0.008(0.017) 0.6433 0.006(0.022) 0.7859 

12 IGF1R RS1521481: 
RS4966035 -0.011(0.004) 0.0036 -0.009(0.009) 0.3174 -0.004(0.011) 0.7027 

13 IGF1R RS1879613: 
RS7165875: RS12910200 -0.024(0.016) 0.1357 -0.025(0.037) 0.5101 -0.065(0.050) 0.1956 

14 IGF1R RS2715417: 
RS2684811 -0.044(0.010) 3.14E-05 -0.047(0.025) 0.0602 -0.054(0.033) 0.1026 

15 IGF1R RS7169544: 
RS3784605 0.006(0.004) 0.0940 -0.003(0.009) 0.7140 0.004(0.012) 0.7617 

16 IGF1R RS2715425: 
RS9920651 -0.016(0.015) 0.2912 -0.029(0.036) 0.4271 0.050(0.048) 0.2974 

17 IGF1R RS2684806:RS12442093: 
RS2684805        

18 IGF1R RS4965438:RS2684802: 
RS1546713:RS4966046        

19 IGF1R RS2684796:RS1568501 -0.021(0.014) 0.1196 -0.018(0.032) 0.5646 -0.027(0.042) 0.5226 
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Appendix II Table 4: Antenatal haplotype analysis.  

Haplotypes for the 145 SNPs in the IGF-Axis a generated using Haploview [641]. The SNPs in the 35 Haplotype blocks are analysed against antenatal abdominal 
circumference (AC), antenatal head circumference (AC) and antenatal femur length (FL) and are presented here. Results that are significant, p<0.05 are presented in 
bold text. 

Block Gene SNPs (Haplotypes) 
Antenatal growth trajectories 

AC HC FL 
 Beta (SD)   p-value  Beta (SD)   p-value  Beta (SD)   p-value 

20 IGF1R RS2684794:RS12916884: RS2684792 0.009(0.016) 0.5617 0.036(0.039) 0.3519 0.013(0.050) 0.7987 

21 IGF1R RS7162314:RS2684791 0.002(0.012) 0.8611 -0.014(0.029) 0.6324 -0.015(0.038) 0.7047 
22 IGF1R RS2684790:RS7167580 -0.037(0.018) 0.0393 0.017(0.042) 0.6819 -0.022(0.056) 0.6957 
23 IGF1R RS9672254:RS3743253 0.010(0.005) 0.0320 0.009(0.011) 0.4372 0.017(0.014) 0.2316 
24 IGF1  RS10860861:RS10860862 -0.001(0.005) 0.8146 0.008(0.012) 0.4945 -0.004(0.016) 0.7947 

25 IGF1 RS2195239:RS5742629: 
RS1019731:RS12821878 0.006(0.018) 0.7510 -0.015(0.043) 0.7332 0.064(0.057) 0.2652 

26 IGF1-
IGF2R RS2162679:RS3777421 -0.000(0.013) 0.9731 0.028(0.031) 0.3659 -0.015(0.040) 0.7096 

27 IGF2R RS645851:RS3798202: 
RS635551:RS6920141:RS3798193        

28 IGF2R RS3734181:RS1003737 -0.000(0.004) 0.9854 0.012(0.010) 0.2462 0.010(0.013) 0.4337 

29 IGF2R RS8191745:RS9347380: 
RS9456497:RS399919 0.099(0.140) 0.4806 0.087(0.315) 0.7838 0.169(0.445) 0.7034 

30 IGF2R RS4709393:RS384167 0.011(0.014) 0.4187 -0.001(0.033) 0.9660 -0.084(0.043) 0.0514 

31 IGF2R RS920812:RS3798180: RS2297363:RS600324 0.024(0.018) 0.1766 0.007(0.042) 0.8618 0.075(0.057) 0.1873 

32 IGF2R RS2297370:RS1050015 0.003(0.005) 0.5457 0.008(0.012) 0.5307 0.009(0.016) 0.5623 

33 IGFBP2 RS3770473:RS9341105 -0.009(0.013) 0.4701 0.004(0.031) 0.9089 -0.000(0.041) 0.9939 

34 IGFBP5 RS7426116:RS741384 0.007(0.009) 0.4543 -0.000(0.022) 0.9828 0.036(0.029) 0.2060 

35 IGFBP5 RS3755137:RS2241193 -0.012(0.023) 0.6058 -0.087(0.053) 0.1001 -0.015(0.070) 0.8305 
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Block 
number Gene  SNP  

Postnatal growth 
trajectories 

 Beta (SD)   p-value 
1 IGFBP4 RS535058:RS1009728 -0.323 (0.087) 0.0002 

2 IGFBP1-
IGFBP3 RS1874479:RS4619:RS9658231:RS9658238:RS6670 -0.929 (0.341) 0.0064 

3 IGFBP3 RS2453840:RS2471551 0.144 (0.132) 0.2756 
4 IGF1R RS2871865:RS4966011:RS8027457 -0.062 (0.059) 0.2945 
5 IGF1R RS11247361:RS1319869 0.001 (0.130) 0.9965 
6 IGF1R RS4966012:RS1574213:RS11854132 -0.035 (0.018) 0.0588 
7 IGF1R RS8038015:RS875686 0.057 (0.030) 0.0559 
8 IGF1R RS8041224:RS10794486 -0.071 (0.031) 0.0208 
9 IGF1R RS8035410:RS2684777 -0.013 (0.135) 0.9205 
10 IGF1R RS1879612:RS2670504:RS8030777 0.083 (0.019) 1.31E-05 
11 IGF1R RS12594847:RS2684781 -0.190 (0.049) 0.0001 
12 IGF1R RS1521481:RS4966035 0.043 (0.027) 0.1150 
13 IGF1R RS1879613:RS7165875:RS12910200 -0.073 (0.117) 0.5324 
14 IGF1R RS2715417:RS2684811 0.061 (0.079) 0.4398 
15 IGF1R RS7169544:RS3784605 -0.066 (0.028) 0.0195 
16 IGF1R RS2715425:RS9920651 -0.288 (0.124) 0.0203 
17 IGF1R RS2684806:RS12442093:RS2684805    
18 IGF1R RS4965438:RS2684802:RS1546713:RS4966046    
19 IGF1R RS2684796:RS1568501 -0.145 (0.104) 0.1643 
20 IGF1R RS2684794:RS12916884:RS2684792 0.299 (0.116) 0.0099 
21 IGF1R RS7162314:RS2684791 0.082 (0.090) 0.3659 
22 IGF1R RS2684790:RS7167580 -0.269 (0.131) 0.0399 
23 IGF1R RS9672254:RS3743253 0.057 (0.035) 0.1005 
24 IGF1  RS10860861:RS10860862 0.099 (0.036) 0.0059 
25 IGF1 RS2195239:RS5742629:RS1019731:RS12821878 -0.094 (0.150) 0.5329 
26 IGF1-IGF2R RS2162679:RS3777421 0.068 (0.085) 0.4240 
27 IGF2R RS645851:RS3798202:RS635551:RS6920141:RS3798193    
28 IGF2R RS3734181:RS1003737 -0.015 (0.030) 0.6150 
29 IGF2R RS8191745:RS9347380:RS9456497:RS399919 9.572 (1.166) 2.54E-16 
30 IGF2R RS4709393:RS384167 0.101 (0.104) 0.3307 
31 IGF2R RS920812:RS3798180:RS2297363:RS600324 -0.194 (0.152) 0.2019 
32 IGF2R RS2297370:RS1050015 -0.082 (0.040) 0.0399 
33 IGFBP2 RS3770473:RS9341105 0.004 (0.095) 0.9625 
34 IGFBP5 RS7426116:RS741384 0.019 (0.070) 0.7829 
35 IGFBP5 RS3755137:RS2241193 -0.029 (0.145) 0.8391 

 

Appendix II Table 5: postnatal haplotype analysis.  

Haplotypes for the 145 SNPs in the IGF-Axis a generated using Haploview [641]. The SNPs in 
the 35 Haplotype blocks are analysed against postnatal BMI (ages 1-17 years) is presented here. 
Results that are significant, p<0.05 are presented in bold text. 
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Appendix II Table 5: Comparison of all subjects of the discovery cohort that had at least 

one ultrasound measure (N = 1162) to those who had multiple ultrasound measures during 

pregnancy (N = 588). Means and (standard deviations) presented for all continuous outcomes. 

Percentages [N] presented for categorical outcomes. 

 
 

Variable 

All Antenatal 
Discovery 
Subjects 

All REPEATED 
Antenatal Discovery 

Subjects 

 
p-value 

N=1162 N=588  
Maternal Data during pregnancy  

Age (Years) 28.4 (5.8) 28.3 (5.8) 0.92 
BMI (kg/m2) 22.6 (4.4) 22.4 (4.4) 0.54 
Height (cm) 164.4 (6.5) 164.4 (6.5) 0.89 
Parity     0 47.5 [552] 47.1 [277] 0.93 

1 30.0 [349] 30.1 [177]  
2 15.1 [175] 14.3 [84]  
3 5.7 [66] 6.5 [38]  

4+ 1.7 [20] 2.0 [12]  
Maternal Smoker 25.6 [297] 25.0 [147] 0.82 

Anaemic 26.6 [309] 27.6 [162] 0.69 
Diabetes 3.8 [44] 3.4 [20] 0.79 

Hypertension 27.5 [320] 27.7 [163] 0.95 
Preeclampsia 3.8 [44] 4.3 [25] 0.70 

Preterm 8.4 [98] 8.7 [51] 0.86 
Further Education    

School 47.0 [544] 48.6 [284] 0.76 
Trade College/TAFE 41.9 [485] 41.3 [241]  

University 11.1 [128] 10.1 [59]  
Mothers Job Type    

Unemployed/unskilled 43.4 [504] 43.5 [256] 0.97 
Shop Assistant 13.6 [158] 14.6 [86]  

Trades/ Clerical 20.6 [239] 20.6 [121]  
Para-professional 10.4 [121] 9.7 [57]  

Manager/Professional 12.0 [140] 11.6 [68]  
Paternal data during pregnancy  

Age (Years) 30.6 (6.7) [1157] 30.6 (6.7) [584] 0.98 
BMI (kg/m2) 24.6 (3.3) [980] 24.7 (3.3) [500] 0.83 
Height (cm) 178.5 (7.1)[1000] 178.7 (7.0) [510] 0.64 

Birth Data  
Gestational Age (days) 275.2 (14.9) 275.0 (14.7) 0.82 
Placental Weight (g) 594.2 (125.6) 588.2 (124.6) 0.36 

Birth Weight (g) 3358.8 (575.8) 3349.1 (588.7) 0.75 
Birth Length (cm) 49.1 (2.7) 48.9 (2.7) 0.28 

BMI (kg/m2) 13.6 (1.5) 13.6 (1.5) 0.99 
Head Circumference (cm) 34.6 (1.6) 34.6 (1.7) 0.50 
Chest Circumference (cm) 32.2 (2.2) 32.2 (2.2) 0.51 
Abdominal Circumference 

(cm) 31.2 (2.4) 31.1 (2.5) 0.51 

Foot Length (cm) 8.1 (0.5) 8.1 (0.5) 0.96 
Ponderal Index 27.3 (2.7) 27.3 (2.7) 0.72 
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Appendix II Figure 1: Linkage Disequilibrium plots for the nine IGF-axis genes (IGF-1, IGF-1R, IGF-2, IGF-2R, IGF-BP1, IGF-BP2, IGF-BP3, IGF-BP4 

and IGF-BP5) 

 

Plots were generated using the Broad Institute’s SNP Annotation and Proxy Search website https://www.broadinstitute.org/mpg/snap/ldplot.php version 2.2 

All plots presented were from using HapMap release 22 SNP dataset for the CEU (Caucasian European) population. The r-squared threshold is defined at 0.80 
(indicated by the horizontal black dotted line) and the distance for each plot is 500kb.  

  

 

https://www.broadinstitute.org/mpg/snap/ldplot.php
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APPENDIX III 

GENETIC INFLUENCES ON TRAJECTORIES OF SYSTOLIC 

BLOOD PRESSURE ACROSS CHILDHOOD AND 

ADOLESCENCE 

Overview: Using the 29 allelic BP scores detailed in chapter six, an additional set of analyses 

was run adjusting for variables relating to nutrition, physical activity, pubertal maturation status 

and oral contraception. The data for these variables was not consistent across the two cohorts so 

these analyses and the subsequent results presented here are specific to the Raine study. 

Variable Males Females p-value 

 N (%)  N (%) 
Mean (SD) 

SBP per group 
F-test 

OCP* 

Unknown 

NA NA 

489 (45.9) 

381 (35.7) 

196 (18.4) 

108.72 (9.11) 

108.36 (8.60) 

110.57 (8.81) 

0.0142 No 

Yes 

 Mean (SD) 

Correlation 

with SBP 

𝜌 (𝑝 − 𝑣𝑎𝑙𝑢𝑒) 

Mean (SD) 

Correlation 

with SBP 

𝜌 (𝑝 − 𝑣𝑎𝑙𝑢𝑒) 

T-test 

Physical activity 
(PWC170)* 

138.45 
(38.04) 

0.16 (2.2 x 10-16) 
99.05 

(21.65) 
0.02 (0.5488) < 2.2 x 10-16 

Healthy diet* -0.05  (0.89) 0.01  (0.8067) 0.01 (0.84) 0.04  (0.2385) 0.1110 

Unhealthy (Western) 
diet* 

0.23 (0.89) -0.03 (0.3920) -0.25 (0.80) 0.09 (0.005) < 2.2 x 10-16 

Appendix III Table 1: Comparing variables relating to nutrition and physical activity in males and 

females. *OCP = oral contraceptive pill. All variables presented in this table were collected on 

participants after the age of 12 (at the 14 and 17 years follow-ups respectively).  
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Appendix III Figure 1: Illustrating the effect of OCP (oral contraceptive pill) with SBP. Mean and 

standard deviations for this relationship are presented in Appendix III Table 1. 

 

Overall a significant difference across SBP in those females aged 12-17 years in Raine is 

observed. Those who confirmed taking OCP having a higher SBP measure (110.57 mmHg) 

compared to those who did not (108.36 mmHg) Appendix III table 1 and Figure 1.  
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Appendix III Figure 2: (A) Level of physical activity; (B) level of healthy diet and (C) level of 

unhealthy (Western) diet by SBP and BMI for males and females.  

Overall there is a clear observed trend in that females have lower SBP over all levels of physical 

activity. Females also tend to have a less unhealthy diet compared to males. Females also have 

less variability in their levels of physical activity, level of healthy and unhealthy diet associated 

with SBP and BMI.  

 

(A) 

(B) 

(C) 
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Appendix III Figure 3: Trajectory of SBP by age for males and females. Orange lines represent 

where possible knot points could be fit (10 and 13 years). The grey dotted line represents where 

the knot point was fit at 11 and 15 years respectively for combined trajectories for ALSPAC with 

Raine.  
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SBP trajectories for males and females are very similar, with females actually having slightly 

higher SBP measures pre-puberty. Whilst both males and females have SBP which increase with 

age, there is a marked difference after the age of 10 years where the incline for male SBP is much 

steeper than that observed for females (Appendix III Figure 3). This clear gender difference in 

SBP measures is highlighted in Appendix III Figure 3a.  

 

Appendix III Figure 3a: Overall difference in SBP between males and females 

 

Overall SBP increases with age in both males and females but the overall increase in BP is stepper 

in males (Appendix III Figure 4). A similar trend is observed with increasing BMI (Appendix III 

Figure 5). An inverse relationship was observed between birth weight and SBP where higher birth 

weight was associated with lower SBP and lower birth weight was associated with higher SBP 

(Appendix III Figure 6). Increased levels of physical activity were associated with increased SBP 

(Appendix III Figure 7). Diet was not so clearly associated with SBP using the healthy and 

unhealthy (Western) diet scores (Appendix III Figures 8-9).  
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Appendix III Figure 4: Relationship between SBP and age by sex 

 

Appendix III Figure 5: Relationship between SBP and BMI by sex 
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Appendix III Figure 6: Relationship between SBP and birth weight by sex 

 

 

Appendix III Figure 7: Relationship between SBP and level of physical activity by sex. Note that 

levels of physical activity are only available in children aged 13 years and over.  
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Appendix III Figure 8: Relationship between SBP and level of healthy diet by sex. Note that 

levels of healthy diet are only available in children aged 13 years and over. 

 

Appendix III Figure 9: Relationship between SBP and level of unhealthy (Western) diet by sex. 

Note that levels of unhealthy (Western) diet are only available in children aged 13 years and 

over. 
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Appendix III Figure 10: Spline model: Fitting a knot point (A) 10 years, (B) 11 years and (C) 13 years 
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Appendix III Figure 11: Linear mixed effects model adjusting age, sex, BMI, birth weight, 

levels of physical activity, level of healthy diet, level of unhealthy (Western) diet, use of oral 

contraception (females only)  

 

Appendix III Figure 12: adjusting age, sex and fitting knot points at 11 and 15 years 
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Appendix III Figure 13: adjusting age, sex and BMI and fitting knot points at 11 and 15 years 

 

 

Appendix III Figure 14: SBP trajectories over time for males and females separately.  
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Because the differences are not that large between males and females prior to puberty, 11 years 

(Appendix III Figure 14), I chose to focus the estimates only on the data that was available. Here 

I analysed a 12 year plus data [adolescent data] which contains information on oral contraception 

use, levels of physical activity, levels of healthy diet and levels of unhealthy (Western) diet.  

 

Assessing correlation between variables considered for the models 

 𝜌  

(p-value) 
age Weight Height BMI Birth Weight DBP SBP 

age   
0.343 

(<0.0001) 

0.413 

(<0.0001) 

0.182 

(<0.0001) 

0.005  

(0.8087) 

-0.001 

(0.9803) 

0.083 

(<0.0001) 

Weight 
0.343 

(<0.0001) 
 

0.545 

(<0.0001) 

0.878 

(<0.0001) 

0.151 

(<0.0001) 

0.003 

(0.8770) 

0.343 

(<0.0001) 

Height 
0.413 

(<0.0001) 

0.545 

(<0.0001) 
 

0.088 

(<0.001) 

0.184 

(<0.0001) 

-0.019 

(0.3595) 

0.307 

(<0.0001) 

BMI 
0.182 

(<0.0001) 

0.878 

(<0.0001) 

0.088 

(<0.001) 
 

0.081 

(<0.0001) 

0.016 

(0.4502) 

0.228 

(<0.0001) 

Birth 

Weight 

0.005 

(0.8087) 

0.151 

(<0.0001) 

0.184 

(<0.0001) 

0.081 

(<0.0001) 
 

-0.107 

(<0.0001) 

-0.070 

(<0.0001) 

DBP 
-0.001 

(0.9803) 

0.003 

(0.8770) 

-0.019 

(0.3595) 

0.016 

(0.4502) 

-0.107 

(<0.0001) 
 

0.444 

(<0.0001) 

SBP 
0.083 

(<0.0001) 

0.343 

(<0.0001) 

0.307 

(<0.0001) 

0.228 

(<0.0001) 

-0.070 

(<0.0001) 

0.444 

(<0.0001) 
  

 

Appendix III Table 2a: Correlation matrix between age, height, weight, BMI, DBP and SBP 

 

𝜌 (p-value) 
Level of physical 

activity 

Level of healthy 

diet 

Level of unhealthy 

(Western) diet 

Level of physical activity  0.11 (<0.0001) 0.17 (<0.0001) 

Level of healthy diet 0.11 (<0.0001)  0.000 (0.904) 

Level of unhealthy (Western) diet 0.17 (<0.0001) 0.000 (0.904)  
 

Appendix III Table 2b: Correlation matrix between diet and nutrition variables
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Low levels of correlation were observed between physical activity and diet (Appendix III Table 

2b). Healthy and unhealthy diet was weakly but statistically significantly associated with physical 

activity. The healthy diet score was not significantly associated with the unhealthy Western diet 

score.  

 

 Model A Beta (SE) p-value 

Intercept 100.944 (2.552) < 0.00001 

Age -0.003 (0.138) 0.9802 

Sex (males) 6.182 (0.583) < 0.00001 

BMI (kg/m2) 0.588 (0.059) < 0.00001 

Birth weight (g) -0.0023 (0.0004) < 0.00001 

Level of physical activity 0.022 (0.008) 0.0038 

Level of healthy diet 0.185 (0.26) 0.4774 

Level of unhealthy (Western) diet 0.266 (0.263) 0.3124 

Appendix III Table 3: Linear mixed effects model for SBP adjusting for age, sex, BMI, birth 

weight, level of physical activity, level of healthy diet and level of unhealthy (Western) diet 

 

From Appendix III Table 3a I observed that SBP is higher in males, increases with BMI, is greater 

for those with lower birth weight and increases slightly with heightened levels of physical activity. 

Age and levels of diet (healthy and unhealthy) were not significantly associated with SBP. The 

largest effects appear to be due to gender so the following model is run. 
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 Model B (males only)  Beta (SE) p-value 

Intercept 96.374 (3.828) < 0.00001 
Age 0.514 (0.222) 0.0214 

BMI (kg/m2) 0.687 (0.085) < 0.00001 

Birth weight (g) -0.002 (0.001) 0.0014 
Level of physical activity 0.021 (0.01) 0.0302 
Level of healthy diet 0.121 (0.372) 0.7443 

Level of unhealthy (Western) diet -0.293 (0.371) 0.4311 

 Model B (females only) Beta (SE) p-value 

Intercept 117.728 (5.392) < 0.00001 
Age -0.841 (0.301) 0.0066 

BMI (kg/m2) 0.502 (0.105) < 0.00001 

Birth weight (g) -0.003 (0.001) 0.0004 
Oral contraception use 3.603 (1.016) 0.0007 
Level of physical activity 0.011 (0.020) 0.5810 
Level of healthy diet 0.119 (0.492) 0.8103 

Level of unhealthy (Western) diet 1.031 (0.531) 0.0559 
Appendix III Table 4: Linear mixed effects model for SBP adjusting for age, sex, BMI, birth 

weight, level of physical activity, level of healthy diet and level of unhealthy (Western) diet and 

oral contraception use (females only) 

 

From Appendix 1 Table 4 we observe that SBP increases with age for adolescent males but 

decreases for adolescent females. This effect is clearly observed in Appendix III Figure 14. SBP 

increases with BMI for both males and females. Higher birth weight is also associated with lower 

SBP in both males and females. SBP is higher in those females that take oral contraception. SBP 

increases slightly with increased levels of physical activity but this was only statistically 

significant in males. Levels of diet (healthy and unhealthy) were not significantly associated with 

SBP.  
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Adding knots to these models  

 Model A (knots) Beta (SE) p-value 

Intercept 105.413 (2.547) <0.0001 

BMI (kg/m2) 0.602 (0.059) <0.0001 

Birth weight (g) -0.002 (0.0004) <0.0001 

Level of physical activity 0.013 (0.008) 0.1119 

Level of healthy diet 0.242 (0.259) 0.3507 

Level of unhealthy (Western) diet 0.165 (0.262) 0.5291 

Sex (males) 2.313 (2.604) 0.3746 

Age (knot = <= 15 years) -10.209 (4.628) 0.0278 

Age (knot >15 years) 0.991 (2.097) 0.6367 

Males*knot (<= 15 years) 11.313 (6.441) 0.0796 

Males*knot (>15 years) 2.837 (3.036) 0.3504 

Appendix III Table 5: Adding knots at 15 years for a linear mixed effects model for SBP adjusting 

for age, sex, BMI, birth weight, level of physical activity, level of healthy diet and level of 

unhealthy (Western) diet for the adolescent dataset.  
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Appendix III Figure 14: SBP adjusting for age, sex, BMI, birth weight, level of physical 

activity, level of healthy diet and level of unhealthy (Western) diet and knot point at age 15 

years 
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SNP  
 SNP effect 11-15 years   SNP effect 11-15 years Males   SNP effect 15-18 years   SNP effect 15-18 years Males 

 Beta  (SD)   p-value   Beta  (SD)   p-value   Beta  (SD)   p-value  Beta  (SD)   p-value 

rs10850411 0.173 (0.961) 0.8575 0.003 (1.361) 0.9984 0.833 (0.872) 0.3402 -1.253 (1.432) 0.3822 

rs11191548 -1.244 (1.252) 0.3209 2.807 (1.683) 0.0962 1.296 (1.124) 0.2499 -0.858 (1.749) 0.6241 

rs1173771 -0.086 (0.922) 0.9257 0.410 (1.317) 0.7559 -0.298 (0.839) 0.7226 2.456 (1.485) 0.0991 

rs11953630 -0.169 (0.959) 0.8599 0.661 (1.388) 0.6340 -0.168 (0.860) 0.8452 -0.419 (1.448) 0.7726 

rs12940887 -1.907 (0.922) 0.0392 -0.154 (1.289) 0.9049 -0.063 (0.830) 0.9399 -1.064 (1.349) 0.4309 

rs13082711 0.868 (1.187) 0.4652 -1.765 (1.632) 0.2803 -1.851 (0.959) 0.0543 2.593 (1.611) 0.1083 

rs13107325 0.826 (1.581) 0.6017 -2.920 (2.536) 0.2503 -2.085 (1.513) 0.1691 -0.536 (2.562) 0.8345 

rs13139571 1.081 (1.103) 0.3278 -1.394 (1.504) 0.3547 -0.829 (0.994) 0.4050 1.529 (1.650) 0.3547 

rs1327235 -0.078 (0.910) 0.9314 -0.713 (1.288) 0.5803 -0.500 (0.797) 0.5307 1.066 (1.353) 0.4316 

rs1378942 0.176 (0.991) 0.8591 -1.125 (1.374) 0.4133 -0.277 (0.827) 0.7381 0.899 (1.366) 0.5109 

rs1458038 0.170 (1.029) 0.8689 -0.732 (1.375) 0.5949 1.586 (0.890) 0.0757 -3.534 (1.556) 0.0237 

rs17249754 -1.556 (1.099) 0.1576 1.768 (1.560) 0.2577 -0.680 (1.036) 0.5125 -2.489 (1.671) 0.1373 

rs17367504 -2.162 (1.314) 0.1008 1.621 (1.793) 0.3665 0.318 (1.158) 0.7840 1.585 (1.851) 0.3925 

rs17608766 0.309 (1.525) 0.8394 -1.904 (2.023) 0.3472 1.704 (1.196) 0.1553 -2.723 (1.999) 0.1739 

rs1799945 0.049 (1.739) 0.9774 1.213 (2.632) 0.6453 -0.978 (1.534) 0.5245 4.897 (2.658) 0.0663 

Appendix III Table 6a: Table represents the mean difference in systolic blood pressure (mmHg) ‘increasing’ allele. Coefficients with p<0.05 are highlighted in bold.  
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SNP  
 SNP effect 11-15 years   SNP effect 11-15 years Males   SNP effect 15-18 years   SNP effect 15-18 years Males 

 Beta  (SD)   p-value   Beta  (SD)   p-value   Beta  (SD)   p-value  Beta  (SD)   p-value 

rs1799945 0.049 (1.739) 0.9774 1.213 (2.632) 0.6453 -0.978 (1.534) 0.5245 4.897 (2.658) 0.0663 

rs1813353 -2.270 (0.989) 0.0223 -0.246 (1.379) 0.8585 -0.742 (0.907) 0.4140 2.871 (1.527) 0.0608 

rs2521501 1.376 (1.122) 0.2210 -1.729 (1.578) 0.2741 0.198 (0.928) 0.8308 -0.377 (1.486) 0.7999 

rs2932538 0.785 (1.186) 0.5086 0.360 (1.743) 0.8366 -0.697 (0.950) 0.4638 0.771 (1.710) 0.6525 

rs3184504 1.269 (0.900) 0.1591 -0.615 (1.298) 0.6357 0.945 (0.770) 0.2207 -0.211 (1.386) 0.8792 

rs3774372 0.389 (1.371) 0.7768 -0.326 (1.858) 0.8609 -0.514 (1.081) 0.6345 1.890 (1.705) 0.2685 

rs381815 0.847 (1.020) 0.4070 -0.880 (1.465) 0.5482 -0.131 (0.918) 0.8866 -0.281 (1.478) 0.8495 

rs419076 0.319 (0.897) 0.7224 0.356 (1.313) 0.7867 0.557 (0.849) 0.5123 0.576 (1.361) 0.6727 

rs4373814 1.160 (0.924) 0.2103 -1.305 (1.318) 0.3229 -0.423 (0.809) 0.6014 -0.575 (1.376) 0.6763 

rs4590817 -0.664 (1.348) 0.6227 1.865 (1.825) 0.3075 1.005 (1.189) 0.3987 0.291 (1.808) 0.8721 

rs6015450 1.245 (1.774) 0.4832 -3.739 (2.440) 0.1262 -0.146 (1.441) 0.9195 -1.825 (2.433) 0.4538 

rs633185 -0.522 (2.543) 0.8374 2.083 (4.071) 0.6093 -1.546 (2.199) 0.4824 -0.483 (3.434) 0.8882 

rs7129220 0.522 (1.326) 0.6937 2.737 (1.887) 0.1479 -1.528 (1.209) 0.2073 3.966 (1.869) 0.0345 

rs805303 0.407 (1.111) 0.7146 0.079 (1.455) 0.9569 0.506 (0.845) 0.5498 -0.761 (1.485) 0.6085 

rs932764 -0.245 (1.005) 0.8076 -0.891 (1.374) 0.5172 -1.234 (0.806) 0.1268 0.367 (1.318) 0.7811 

Appendix III Table 6b: Table represents the mean difference in systolic blood pressure (mmHg) ‘increasing’ allele. Coefficients with p<0.05 are highlighted in bold.   
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Appendix III Figure 15: Illustrating the (A) overall effect and (B) gender effect of SNP 

rs12940887 which was shown to be significantly associated with SBP (Table 6) 
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Appendix III Figure 16: Illustrating the (A) overall effect and (B) gender effect of SNP 

rs1458038 which was shown to be significantly associated with SBP (Table 6) 
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Appendix III Figure 17: Illustrating the (A) overall effect and (B) gender effect of SNP 

rs1813353 which was shown to be significantly associated with SBP (Table 6) 
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Appendix III Figure 18: Illustrating the (A) overall effect and (B) gender effect of SNP 

rs7129220 which was shown to be significantly associated with SBP (Table 6) 
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Four SNPs, highlighted in Appendix III Table 6 and Appendix III Figures 15-18 were 

significantly associated with SBP dose scores in Raine after adjusting age, gender, birth weight, 

nutrition and physical activity variables.  

 

Rs12940887 was also shown to be showing a similar trend associated with SBP in the combined 

analyses of ALSPAC and Raine, particularly for the rate of change in systolic blood pressure 

(mmHg per month) per ‘increasing’ allele in the 15-17 year old age group (β = -0.179, p = 0.061 

Table 6.8a) for combined analyses and (p = 0.0392, Appendix III Table 6a) for Raine.  

 

Rs1813353 demonstrated an association with SBP at age 6 at p<0.05 Table 6.8a-6.8d for 

combined ALSPAC and Raine analyses and was associated with reduced SBP in the 11-15 year 

old age group for Raine (p = 0.0223, Appendix III Table 6). Rs7129220 was associated with 

increased SBP in males (aged 15-18 years) in Raine (p=0.0345, Appendix III Table 6) but with 

reduced SBP trajectories in the 15-17 year (β = -0.287, p = 0.059, Table 6.8d).  
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APPENDIX IV 

INTERNATIONAL GWAS CONSORTIUM IDENTIFIES 

NOVEL GENES ASSOCIATED WITH BLOOD PRESSURE IN 

CHILDREN AND ADOLESCENTS 

 

Population-based GWAS samples and phenotype measurements 

 

The EArly Genetics and Lifecourse Epidemiology (EAGLE) Consortium is an international 

consortium of pregnancy and birth cohorts that aims to collaborate to investigate the genetic basis 

of phenotypes in antental and early life and childhood. EAGLE covers a broad range of pathways 

and phenotypes, integrating closely with the DOHaD (developmental origins of health and disease) 

community. Further details can be found here: http://research.lunenfeld.ca/eagle/. Descriptions 

for each cohort are detailed here. All participants provided written informed consent and studies 

were approved by local Research Ethics Committees and/or Institutional Review board. 

 

 

 

 

 

 

 

http://research.lunenfeld.ca/eagle/
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Cohort Timeframes (epochs) 

  Pre-pubertal Pubertal Post-pubertal 

  [4-7 years] [8-12 years] [13-20 years] 

Raine 1,276 1,251 1,009 

GenerationR 1,847    

ALSPAC 5,967 5,750 4,050 

Lisa Plus  282   

YFS 400 842   

INMA 600    

ATR  298 117 

Total 10,090 8,423 5,176 
 
Appendix IV: Table 1: List of participating cohorts with GWAS and SBP and DBP data 
available in children. Number of subjects per cohort per timeframe used in analyses 

Raine; The Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia. GenR; The 
Generation R Study Group, Rotterdam, The Netherlands. ALSPAC; The Avon Longitudinal 
Study of Parents and Children Bristol, UK. Lisa Plus; Influence of life-style factors on the 
development of the immune system and allergies in East and West Germany Plus the influence 
of traffic emissions and genetics, Neuherberg, Germany. YFS; The Cardiovascular Risk in 
Young Finns Study, Turku, Finland . INMA; Spanish INMA—INfancia y Medio Ambiente, 
Barcelona, Catalonia, Spain. ATR; Australian Twin Register, Brisbane, Queensland, Australia 
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SNP 
identifier 

EAGLE 

Pubertal Post-Pubertal 

Females Males Everyone Females Males Everyone 

Beta (SE) p Beta (SE) p Beta (SE) p Beta (SE) p Beta (SE) p Beta (SE) p 

rs2681492 -0.019(0.027) 0.479 0.003(0.027) 0.906 -0.008(0.020) 0.688 0.010(0.032) 0.766 0.024(0.032) 0.459 0.023(0.023) 0.318 

rs2681472 -0.015(0.027) 0.587 -0.004(0.027) 0.881 -0.009(0.020) 0.654 0.011(0.033) 0.748 0.019(0.032) 0.544 0.021(0.023) 0.364 

rs11105354 -0.015(0.027) 0.584 -0.003(0.027) 0.898 -0.008(0.020) 0.671 0.011(0.033) 0.744 0.020(0.032) 0.530 0.022(0.023) 0.349 

rs11105364 -0.014(0.027) 0.606 -0.001(0.027) 0.975 -0.007(0.020) 0.716 0.009(0.033) 0.790 0.021(0.032) 0.505 0.022(0.023) 0.345 

rs17249754 0.014(0.027) 0.600 0.002(0.027) 0.945 0.008(0.020) 0.689 -0.011(0.033) 0.733 -0.021(0.032) 0.506 -0.023(0.023) 0.329 

rs11105368 0.015(0.028) 0.598 0.001(0.027) 0.967 0.008(0.020) 0.696 -0.009(0.033) 0.797 -0.021(0.032) 0.517 -0.021(0.023) 0.365 

rs12579302 -0.014(0.027) 0.614 -0.002(0.027) 0.941 -0.007(0.019) 0.724 0.011(0.033) 0.733 0.021(0.032) 0.506 0.023(0.023) 0.329 

rs12230074 -0.016(0.028) 0.562 0.001(0.028) 0.962 -0.008(0.020) 0.697 0.005(0.034) 0.880 0.020(0.033) 0.549 0.020(0.024) 0.410 

rs11105378 0.015(0.028) 0.596 -0.001(0.028) 0.967 0.007(0.020) 0.725 -0.005(0.033) 0.886 -0.02(0.033) 0.530 -0.021(0.024) 0.389 

rs4842666 -0.037(0.029) 0.200 0.004(0.029) 0.876 -0.017(0.020) 0.405 -0.013(0.034) 0.714 0.021(0.034) 0.537 0.010(0.024) 0.685 

rs11105328 -0.018(0.028) 0.526 -0.003(0.028) 0.929 -0.012(0.020) 0.558 -0.015(0.034) 0.653 0.020(0.033) 0.536 0.007(0.024) 0.766 

rs880315 0.031(0.021) 0.145 0.034(0.021) 0.103 0.033(0.015) 0.031 0.017(0.026) 0.517 0.008(0.025) 0.745 0.017(0.018) 0.361 

rs3184504 0.006(0.020) 0.777 0.001(0.020) 0.950 0.005(0.014) 0.744 -0.003(0.024) 0.906 -0.015(0.024) 0.527 -0.014(0.017) 0.411 

rs381815 0.012(0.023) 0.606 -0.014(0.022) 0.532 -0.002(0.016) 0.897 0.000(0.027) 0.996 -0.003(0.027) 0.898 -0.003(0.020) 0.895 

rs7926335 0.012(0.023) 0.607 -0.014(0.022) 0.539 -0.002(0.016) 0.905 0.001(0.027) 0.978 -0.003(0.027) 0.903 -0.002(0.020) 0.927 

rs7571613 0.003(0.026) 0.901 -0.001(0.026) 0.981 0.003(0.018) 0.883 0.028(0.031) 0.362 -0.004(0.032) 0.911 0.024(0.023) 0.293 

rs11895934 -0.003(0.026) 0.901 0.001(0.026) 0.976 -0.003(0.018) 0.883 -0.029(0.031) 0.358 0.004(0.032) 0.906 -0.024(0.023) 0.293 

rs7564968 0.004(0.026) 0.890 0.000(0.026) 0.986 0.002(0.018) 0.903 0.025(0.031) 0.419 -0.004(0.032) 0.901 0.023(0.023) 0.322 

rs653178 -0.005(0.020) 0.787 -0.002(0.020) 0.903 -0.005(0.014) 0.730 0.003(0.024) 0.899 0.014(0.024) 0.571 0.014(0.017) 0.433 

rs284277 0.036(0.023) 0.114 0.048(0.022) 0.030 0.042(0.016) 0.009 0.022(0.027) 0.414 0.014(0.027) 0.596 0.022(0.020) 0.270 

 
Appendix IV Table 2: Comparison of significant findings from Meta-analysis of Systolic Blood Pressure in CHARGE - continued (Levy et al. 2009) against EAGLE 
(pubertal and post-pubertal analyses)
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SNP identifier Chr Position Gene MAF 

CHARGE  EAGLE 

Meta-analysis Pre-Pubertal 

DBP Females Males Everyone 

          Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p 

rs2681492 12 88537220 ATP2B1 0.19 -1.26(0.18) 3.00E-11 -0.003(0.027) 0.915 -0.002(0.027) 0.947 -0.002(0.020) 0.928 
rs2681472 12 88533090 ATP2B1 0.17 -1.29(0.19) 3.50E-11 -0.004(0.028) 0.891 -0.005(0.028) 0.857 -0.005(0.020) 0.805 
rs11105354 12 88550654 ATP2B1 0.17 -1.30(0.19) 3.70E-11 -0.005(0.028) 0.872 -0.004(0.028) 0.878 -0.004(0.020) 0.840 
rs11105364 12 88593407  0.17 -1.30(0.19) 4.80E-11 -0.006(0.028) 0.844 -0.003(0.028) 0.928 -0.002(0.020) 0.922 
rs17249754 12 88584717  0.17 -1.30(0.19) 5.20E-11 0.005(0.028) 0.849 0.004(0.028) 0.882 0.004(0.020) 0.837 
rs11105368 12 88598572  0.17 -1.30(0.19) 5.30E-11 0.006(0.028) 0.843 0.002(0.028) 0.940 0.003(0.020) 0.900 
rs12579302 12 88574634  0.17 -1.29(0.19) 6.20E-11 -0.005(0.028) 0.849 -0.004(0.028) 0.881 -0.004(0.020) 0.845 
rs11105378 12 88614872  0.17 -1.31(0.20) 9.10E-11 0.006(0.028) 0.823 0.000(0.028) 0.993 0.001(0.020) 0.966 
rs12230074 12 88614998  0.17 -1.31(0.20) 9.10E-11 -0.006(0.028) 0.827 0.002(0.028) 0.948 -0.001(0.020) 0.970 
rs4842666 12 88465680  0.17 -1.2(0.20) 6.50E-09 -0.013(0.029) 0.663 -0.011(0.029) 0.699 -0.006(0.021) 0.784 
rs11105328 12 88466521  0.18 -1.11(0.20) 4.20E-08 -0.003(0.029) 0.911 -0.007(0.029) 0.815 -0.002(0.020) 0.912 
rs3184504 12 110368991 SH2B3 0.48 0.75(0.15) 5.70E-07 -0.009(0.02) 0.648 -0.026(0.021) 0.210 -0.022(0.015) 0.130 
rs381815 11 16858844 PLEKHA7 0.26 0.84(0.16) 5.80E-07 -0.034(0.023) 0.146 -0.010(0.023) 0.659 -0.01(0.017) 0.559 
rs7926335 11 16874445 PLEKHA7 0.26 0.85(0.16) 5.80E-07 -0.034(0.023) 0.142 -0.010(0.023) 0.671 -0.01(0.017) 0.542 
rs653178 12 110492139 ATXN2 0.48 0.74(0.15) 8.50E-07 0.009(0.020) 0.652 0.025(0.020) 0.218 0.022(0.015) 0.136 
rs10774625 12 110394602 ATXN2 0.49 0.73(0.15) 1.10E-06 -0.009(0.020) 0.665 -0.024(0.021) 0.235 -0.021(0.015) 0.164 
rs4766578 12 110388754 ATXN2 0.49 0.73(0.15) 1.20E-06 0.009(0.020) 0.666 0.025(0.021) 0.233 0.021(0.015) 0.163 
rs11024074 11 16873795 PLEKHA7 0.28 0.79(0.16) 1.60E-06 0.041(0.022) 0.066 0.004(0.022) 0.842 0.01(0.016) 0.543 
rs11014166 10 18748804 CACNB2 0.34 -0.74(0.15) 2.10E-06 -0.012(0.021) 0.571 0.001(0.021) 0.973 -0.004(0.016) 0.806 
rs13401889 2 190618804 MSTN 0.21 0.88(0.18) 2.70E-06 -0.028(0.025) 0.259 0.042(0.026) 0.103 0.006(0.018) 0.758 

 
Appendix IV Table 3a: Comparison of significant findings from Meta-analysis Diastolic Blood Pressure in CHARGE (Levy et al. 2009) against EAGLE replicated 
against EAGLE (pre-pubertal)
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SNP identifier Chr Position Gene MAF 

CHARGE  EAGLE 

Meta-analysis Pre-Pubertal 

DBP Females Males Everyone 

          Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p 

rs1991391 12 113837049  0.35 -0.71(0.15) 3.80E-06 -0.015(0.021) 0.470 -0.003(0.021) 0.872 -0.013(0.016) 0.406 

rs2384550 12 113837114 TBX3/TBX5 0.35 -0.71(0.15) 4.30E-06 -0.015(0.021) 0.478 -0.004(0.021) 0.846 -0.014(0.016) 0.375 

rs6489992 12 113837152  0.37 -0.71(0.15) 4.70E-06 -0.013(0.021) 0.528 0.010(0.021) 0.651 -0.007(0.015) 0.635 

rs11065987 12 110556807  0.42 0.7(0.15) 9.40E-06 -0.007(0.021) 0.728 0.007(0.021) 0.731 0.006(0.015) 0.689 

rs17630235 12 111076069 TRAFD1 0.43 0.69(0.15) 1.10E-05 0.008(0.020) 0.697 -0.001(0.021) 0.970 -0.002(0.015) 0.890 

rs11066188 12 111095097 C12orf51 0.43 0.68(0.15) 1.30E-05 0.008(0.020) 0.710 0.000(0.021) 0.994 -0.002(0.015) 0.900 

rs6495122 15 72912698 CSK 0.42 0.64(0.15) 2.70E-05 -0.022(0.020) 0.273 0.006(0.020) 0.775 -0.011(0.015) 0.468 

rs7977406 12 113843807  0.3 -0.69(0.16) 2.90E-05 -0.005(0.022) 0.819 0.012(0.022) 0.591 0.002(0.016) 0.908 

rs17696736 12 110971201 C12orf30 0.44 0.64(0.15) 3.50E-05 -0.013(0.020) 0.536 -0.003(0.021) 0.888 -0.004(0.015) 0.813 

rs10744835 12 113838232  0.3 -0.68(0.16) 3.90E-05 -0.005(0.022) 0.839 0.013(0.022) 0.571 0.003(0.016) 0.872 

rs7963771 12 113827875  0.31 -0.73(0.17) 4.70E-05 -0.010(0.023) 0.661 0.019(0.023) 0.405 0.002(0.016) 0.897 

rs6768438 3 41840359 ULK4 0.16 0.11(0.20) 5.90E-01 0.007(0.028) 0.814 -0.002(0.028) 0.953 0.004(0.020) 0.833 

rs9816772 3 41847881 ULK4 0.16 0.11(0.20) 5.90E-01 0.007(0.028) 0.816 -0.001(0.028) 0.965 0.004(0.020) 0.855 

rs9852991 3 41850459 ULK4 0.16 0.11(0.20) 5.90E-01 0.006(0.028) 0.820 -0.001(0.028) 0.969 0.004(0.020) 0.860 

rs9815354 3 41887655 ULK4 0.17 0.08(0.20) 6.90E-01 0.010(0.029) 0.720 -0.003(0.030) 0.911 0.007(0.021) 0.756 

 
Appendix IV Table 3b: Comparison of significant findings from Meta-analysis Diastolic Blood Pressure in CHARGE (Levy et al. 2009) against EAGLE replicated 
against EAGLE (pre-pubertal) 
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SNP identifier 

EAGLE 

Pubertal Post-Pubertal 

Females Males Everyone Females Males Everyone 

  Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p 

rs2681492 -0.009(0.029) 0.751 0.03(0.029) 0.301 0.007(0.021) 0.748 0.012(0.033) 0.710 0.039(0.036) 0.278 0.026(0.024) 0.287 

rs2681472 -0.007(0.029) 0.819 0.021(0.03) 0.483 0.002(0.021) 0.915 0.015(0.033) 0.646 0.038(0.036) 0.285 0.027(0.024) 0.270 

rs11105354 -0.007(0.029) 0.812 0.020(0.030) 0.498 0.002(0.021) 0.929 0.015(0.033) 0.640 0.038(0.036) 0.295 0.027(0.024) 0.270 

rs11105364 -0.009(0.029) 0.766 0.020(0.030) 0.503 0.000(0.021) 0.984 0.014(0.033) 0.668 0.036(0.037) 0.323 0.026(0.025) 0.305 

rs17249754 0.008(0.029) 0.794 -0.019(0.030) 0.519 -0.001(0.021) 0.958 -0.016(0.033) 0.627 -0.037(0.036) 0.317 -0.026(0.024) 0.282 

rs11105368 0.009(0.030) 0.759 -0.020(0.030) 0.510 -0.001(0.021) 0.971 -0.014(0.033) 0.678 -0.036(0.037) 0.323 -0.026(0.025) 0.301 

rs12579302 -0.008(0.029) 0.788 0.020(0.030) 0.509 0.001(0.021) 0.966 0.016(0.033) 0.623 0.037(0.036) 0.304 0.026(0.024) 0.277 

rs11105378 0.01(0.030) 0.738 -0.021(0.030) 0.472 -0.001(0.021) 0.946 -0.012(0.034) 0.721 -0.035(0.037) 0.335 -0.024(0.025) 0.337 

rs12230074 -0.011(0.03) 0.721 0.022(0.030) 0.466 0.001(0.021) 0.965 0.010(0.034) 0.773 0.036(0.037) 0.334 0.023(0.025) 0.358 

rs4842666 -0.013(0.031) 0.671 0.023(0.031) 0.466 0.001(0.022) 0.956 0.009(0.034) 0.792 0.04(0.038) 0.295 0.025(0.026) 0.333 

rs11105328 -0.009(0.03) 0.765 0.032(0.030) 0.294 0.007(0.021) 0.733 0.003(0.034) 0.933 0.052(0.037) 0.161 0.028(0.025) 0.261 

rs3184504 -0.011(0.021) 0.587 -0.021(0.022) 0.330 -0.016(0.015) 0.284 0.018(0.024) 0.456 -0.004(0.027) 0.875 0.005(0.018) 0.791 

rs381815 -0.03(0.024) 0.196 0.029(0.024) 0.242 -0.003(0.017) 0.849 -0.027(0.028) 0.333 -0.014(0.030) 0.649 -0.018(0.021) 0.373 

rs7926335 -0.031(0.024) 0.185 0.029(0.024) 0.241 -0.003(0.017) 0.849 -0.026(0.028) 0.349 -0.014(0.030) 0.643 -0.018(0.021) 0.373 

rs653178 0.012(0.021) 0.566 0.020(0.022) 0.346 0.016(0.015) 0.290 -0.018(0.024) 0.450 0.004(0.027) 0.888 -0.006(0.018) 0.757 

rs10774625 -0.008(0.021) 0.694 -0.024(0.022) 0.277 -0.016(0.015) 0.280 0.012(0.024) 0.621 -0.002(0.027) 0.932 0.002(0.018) 0.897 

rs4766578 0.008(0.021) 0.699 0.024(0.022) 0.277 0.016(0.015) 0.284 -0.012(0.024) 0.621 0.002(0.027) 0.932 -0.002(0.018) 0.897 

rs11024074 0.012(0.023) 0.594 -0.038(0.024) 0.107 -0.011(0.017) 0.502 0.008(0.027) 0.754 0.021(0.029) 0.469 0.014(0.020) 0.492 

rs11014166 -0.016(0.022) 0.474 -0.005(0.023) 0.844 -0.009(0.016) 0.581 -0.017(0.026) 0.516 0.003(0.029) 0.910 -0.006(0.020) 0.784 

 
Appendix IV Table 4a: Comparison of significant findings from Meta-analysis Diastolic Blood Pressure in CHARGE - continued (Levy et al. 2009) against EAGLE 
replicated against EAGLE (pubertal and post-pubertal epochs) 
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SNP 
identifier 

EAGLE 

Pubertal Post-Pubertal 

Females Males Everyone Females Males Everyone 

  Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p Beta(SE) p 

rs13401889 -0.014(0.027) 0.594 0.022(0.028) 0.430 0.003(0.019) 0.861 0.004(0.030) 0.886 -0.061(0.035) 0.085 -0.022(0.023) 0.353 

rs1991391 -0.026(0.022) 0.257 0.013(0.023) 0.555 -0.008(0.016) 0.635 0.009(0.026) 0.725 0.033(0.028) 0.245 0.021(0.019) 0.275 

rs2384550 -0.025(0.022) 0.258 0.013(0.023) 0.571 -0.008(0.016) 0.614 0.009(0.026) 0.743 0.034(0.028) 0.238 0.021(0.019) 0.282 

rs6489992 -0.025(0.022) 0.262 0.020(0.022) 0.359 -0.004(0.016) 0.810 0.007(0.026) 0.798 0.041(0.029) 0.155 0.024(0.019) 0.216 

rs11065987 0.019(0.021) 0.378 0.013(0.022) 0.572 0.016(0.016) 0.298 -0.037(0.025) 0.134 -0.014(0.028) 0.614 -0.023(0.019) 0.223 

rs17630235 -0.021(0.021) 0.328 -0.011(0.022) 0.614 -0.016(0.016) 0.303 0.034(0.025) 0.172 0.014(0.029) 0.618 0.022(0.019) 0.258 

rs11066188 -0.022(0.021) 0.315 -0.011(0.022) 0.613 -0.016(0.016) 0.303 0.034(0.025) 0.173 0.013(0.028) 0.642 0.02(0.019) 0.280 

rs6495122 -0.004(0.021) 0.843 -0.010(0.022) 0.667 -0.006(0.016) 0.692 0.021(0.025) 0.387 0.029(0.028) 0.292 0.023(0.018) 0.207 

rs7977406 -0.02(0.024) 0.402 0.013(0.024) 0.581 -0.004(0.017) 0.836 0.005(0.027) 0.862 0.051(0.030) 0.092 0.028(0.020) 0.170 

rs17696736 0.008(0.021) 0.718 0.017(0.022) 0.449 0.012(0.016) 0.433 -0.026(0.025) 0.293 -0.016(0.028) 0.567 -0.018(0.019) 0.348 

rs10744835 -0.018(0.024) 0.436 0.013(0.024) 0.598 -0.004(0.017) 0.827 0.005(0.027) 0.863 0.051(0.030) 0.092 0.027(0.020) 0.181 

rs7963771 -0.016(0.024) 0.490 -0.015(0.025) 0.540 -0.017(0.018) 0.324 -0.015(0.028) 0.584 0.038(0.031) 0.214 0.012(0.021) 0.582 

rs6768438 -0.034(0.029) 0.249 0.006(0.029) 0.838 -0.012(0.021) 0.554 -0.01(0.034) 0.766 -0.014(0.038) 0.714 -0.013(0.025) 0.601 

rs9816772 -0.034(0.029) 0.248 0.006(0.029) 0.838 -0.012(0.021) 0.554 -0.01(0.034) 0.763 -0.014(0.038) 0.714 -0.013(0.025) 0.597 

rs9852991 -0.034(0.029) 0.248 0.006(0.029) 0.838 -0.012(0.021) 0.554 -0.01(0.034) 0.763 -0.014(0.038) 0.714 -0.013(0.025) 0.597 

rs9815354 -0.047(0.030) 0.116 0.012(0.031) 0.706 -0.016(0.022) 0.455 -0.009(0.035) 0.792 -0.021(0.039) 0.593 -0.017(0.027) 0.518 

 

Appendix IV Table 4b: Comparison of significant findings from Meta-analysis Diastolic Blood Pressure in CHARGE - continued (Levy et al. 2009) against EAGLE 
replicated against EAGLE (pubertal and post-pubertal epochs) 
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Systolic Blood Pressure (EAGLE Meta-Analysis) 

 

Marker Name 
(CHR.POS) Gene Related to 

human BP Animal model with BP or vascular phenotype or regional linkage to BP? 

Relationship of gene, region, SNP 
or gene product with another 

disease 
[GeneCards] 

rs1563894 
(15. 66422829) 

 
 ITGA11  Hypertrophic cardiomyopathy (HCM)[543]  Include tick infestation, and 

hypertrophic cardiomyopathy.  

rs3735398 
(7.36412646)  ANLN   Associated with carotid intimal-media thickness[551], a predictor of atherosclerosis.   Lower lip cancer, and lip cancer 

rs3787159 
(20.56252573) PPPR41L     

rs872256 
(9.2496480) 

Near 
SMARCA2, 

VLDLR.  
 

SWI/SNF complexes are particularly important in cardiovascular tissues (mice studies)[642]. 
SMARCA2 is a member of the SWI/SNF family of proteins and is highly similar to the brahma 
protein, where it has been hypothesized that cardiac hypertrophy and the fetal gene expression 
program are associated with distinguishable binding of Brm and SMARCA4 on genes[544]. BRM 
expression is restricted to mesodermal tissues involved in early vasculogenesis and heart 
morphogenesis (mice studies)[545] 
 
Significant upregulations of VLDLR were observed in the overweight condition and their expression 
levels are likely to be closely linked to the phenotypic biomarkers for obesity (mice studies)[546, 
548]  
 
VLDLR-induced lipid accumulation in the ischemic heart worsens survival by increasing ER stress 
and apoptosis (mice studies)[547].  
VLDLR associated with lipid (LDLD-C) from GWAS in human studies[549]. Ingenuity pathway 
analyses showed found plausible biological links between Vascular endothelial growth factor (VEGF 
– known to affect angiogenesis, atherosclerosis, and cancer) with VLDLR from human GWAS 
analyses[550].  

Diseases associated with 
SMARCA2 include Nicolaides 

Baraitser syndrome, and smarca2-
related Coffin-Siris syndrome. 

Diseases associated with VLDLR 
include dysequilibrium syndrome, 

and cerebellar hypoplasia.   

rs9667878 
(11.5180326)  OR51V1   Thalassemia, and neuronitis 

     

   

 
 
 
 
 
 
 
 

 



 

389 
 

 
 
 
 
 
 
 
 
 

rs1010366 
(7.7196351)  C1GALT1  

Postnatal inactivation of C1GALT1 caused blood/lymphatic vessel misconnections that were similar 
to the vascular defects in the EHC T-syn–/– mice[643].  
 
EHC T-syn–/– mice = exhibited embryonic and neonatal lethality associated with disorganized and 
blood-filled lymphatic vessels. 
 
Potential interaction between C1GALT1 and susceptibility with IgA nephropathy in Chinese 
populations[552, 553] and Europeans[554].  

 Iga glomerulonephritis, and 
glomerulonephritis 

rs4538187 
(2.63957245) UGP2   Bilirubin metabolic disorder, and 

galactosemia 

rs3901287 
(8.23240509) LOXL2   

LOX/LOXL (includes LOXL1-LOXL4 proteins) shown to be important to the stability of the vessel 
wall from studies in mice with development of abdominal aortic aneurysms[555].  
 
LOXL2 shown to be associated with vascular elastogenesis[556]  

 Wilson disease, and malignant 
peripheral nerve sheath tumor 

 

Appendix IV Table 5: Summary known BP (and BP-related effects) for significant genes and variants associated with SBP in sex-combined meta-
analysis across EAGLE (all epochs)
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Systolic Blood Pressure (Comparison between EAGLE and ICBP) 

Marker Name 
(CHR.POS) Gene Related to 

human BP Animal model with BP or vascular phenotype or regional linkage to BP? 

Relationship of gene, region, SNP 
or gene product with another 

disease 
[GeneCards] 

rs4986146 
(17.78534809) B3GNTL1   Prostatitis 

rs17810777 
(13.69385636) KLHL1  KLHL is specifically expressed in the fast skeletal and cardiac muscle (zebrafish studies)[557].   Neuronitis 

rs8096788 
(18.65451861) DOK6   Beckwith-Wiedemann syndrome, 

and neuroblastoma 

rs38627 
(7.76275543) 

LOC100505767 
(Speedy Protein 

E3-Like)     

rs4943826 
(11.80730697)      

rs332607 
(6.124765053) NKAIN2   Leukemia 

rs3824137 
(8.1808899) ARHGEF10  ARHGEF10 gene was significantly associated with stroke in East Asians; Chinese[560] and 

Japanese[558, 559] 

 Slowed nerve conduction 
velocity, ad, and mental 

retardation 

rs11711274 
(3.170597773) 

MECOM (also 
known as EVI1, 
MDS1, MDS1 

And EVI1 
Complex 
Locus) 

 MECOM belongs to a transcriptional regulatory network that controls heart development 
(formation of heart tube, atrio-ventricular canal) in mice[561] 

 Myelodysplastic syndromes, and 
Frasier syndrome 

rs17033041 
(4.156610757)      

rs293927 
(3.14907160) FGD5  

FGD5 is a genetic regulator of vascular pruning by activation of endothelial cell-targeted apoptosis 
(in mice)[562]. In human cells experiments it has been suggested that FGD5 regulates 
proangiogenic action of vascular endothelial growth factor vascular endothelial cells[563] 

Aarskog-Scott syndrome, and 
Scott syndrome rs1687304 

(3.14929257) 

rs625757 
(1.33922472) CSMD2  Variants in proximity to CSMD2 were associated with sudden cardiac arrest amongst patients with 

coronary artery disease[564]  

Intermediate Charcot-Marie-
Tooth neuropathy, and Charcot-

Marie-Tooth neuropathy.  
 

Appendix IV Table 6: Summary known BP (and BP-related effects) for significant genes and variants associated with SBP in sex-combined meta-analysis from 
EAGLE (all epochs) and ICBP
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Diastolic Blood Pressure  (EAGLE Meta-Analysis) 

Marker Name 
(CHR.POS) Gene Related to human 

BP Animal model with BP or vascular phenotype or regional linkage to BP? 

Relationship of gene, region, SNP 
or gene product with another 

disease 
[GeneCards] 

rs241264 
(1.4518898) 

Between 
LOC284661  
and AJAP1 

    
Diseases associated with AJAP1 

include choroid plexus papilloma, 
and dental caries.  

rs1714524 
(3.159755790) LOC100996447     

rs13040824 
(20.2225869) C1GALT1  

Postnatal inactivation of C1GALT1 caused blood/lymphatic vessel misconnections that 
were similar to the vascular defects in the EHC T-syn–/– mice[643] (EHC T-syn–/– mice = 
exhibited embryonic and neonatal lethality associated with disorganized and blood-filled 
lymphatic vessels)[643]. 
Potential interaction between C1GALT1 and susceptibility with IgA nephropathy in 
Chinese populations[552, 553] and Europeans[554].   

 Iga glomerulonephritis, and 
glomerulonephritis 

rs1499581 
(1.206701240)      

rs16875222 
(8.107955966) 

Near ABRA 
(also known as 

STARS), OXR1 
 

ABRA (or STARS) deficiency severely disrupts cardiac development and function in vivo 
and revealed a novel STARS-SRF feed-forward auto-regulatory loop that could play an 
essential role in (ABRA) STARS regulation and cardiac function (zebrafish model)[566]. 
Implicated in cardiac development and postnatal cardiac function/homeostasis[565]. 
Repression of ABRA (STARS) within embryonic, neonatal, and adult hearts via gene 
GATA4 has shown major implications for MRTF-SRF signaling in the context of cardiac 
development and disease (mice studies)[565]. Fluid sheer stress-induced ABRA expression 
during arteriogenesis is triggered by NO and leads to stimulation of collateral growth by 
smooth muscle cell proliferation[567].  

Diseases associated with ABRA 
include granulomatous angiitis, 

and retinal drusen. Diseases 
associated with OXR1 include 

neuroblastoma, and breast cancer.  

rs12237240 
(9.28329306) LINGO2    Neuronitis, and essential tremor  

rs1387977 
(12.71307607) TRHDE    Good syndrome, and 

adenohypophysitis 
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rs6949619 
(7.24396900) Near NPY 

Showed evidence of 
linkage with any 
phenotype in the 
supine position 

(posture), which is 
thought to contribute 

to BP 
variability[571]. 

Has a vast range of effects in the cardiovascular, immune, and central and peripheral 
nervous systems[644]. NPY exerts marked portal hypotensive effects and ameliorates the 
hyperdynamic circulation in cirrhotic ascitic rats[645]. Comparison of profiles of young 
and adult BPH/2J mice, after adjusting for maturation genes identified NPY as potentially 
causative mechanisms involved in hypertension etiology and maintenance in the 
hypothalamus[646].  

Reflex sympathetic dystrophy, 
and neuroepithelioma 

rs229038 
(21.27127300) ADAMTS1  

In rats, high resolution positional cloning and translational study showing ADAMTS1 as a 
candidate gene controlling BP[647]. In men not on pravastatin, those homozygous for the 
227Pro allele of ADAMTS1 have a nearly 2-fold increased risk of coronary heart disease 
events compared with non-carriers[572]. The composition of cardiac jelly essential for 
myocardial morphogenesis is dynamically controlled by ADAMTS1 and its chromatin-
based transcriptional regulation[648]. Modifications to this gene expression are associated 
with markedly changed blood vessel morphology[573]. Variants within the ADAMTS1 
gene have been shown to influence the effectiveness of statins in reducing the risk of 
myocardial infarction[572, 574]. 

Type 2a von Willebrand disease, 
and hypertrophic scars 

 

Appendix IV Table 7: Summary known BP (and BP-related effects) for significant genes and variants associated with DBP in sex-combined meta-
analysis across EAGLE (all epochs) 
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Diastolic Blood Pressure  (Comparison between EAGLE and ICBP) 

Marker Name 
(CHR.POS) Gene Related to human BP Animal model with BP or vascular phenotype or regional linkage to BP? 

Relationship of gene, region, SNP 
or gene product with another 

disease 
[GeneCards] 

rs6760458 
(2.42938973)     

rs7578149 
(2.20175919)     

rs11713251 
(3.49315011) USP4   

Oculopharyngeal muscular 
dystrophy, and multiple chemical 

sensitivity 

rs7914808 
(10.120991173) GRK5  

GRK5 Leu41 decreased the risk for adverse cardiovascular outcomes[649]. Also shown to 
be protective in African-American populations[650] Regulation of left cardiac hypertrophy 

is based on NF-xB transduction signalling being inhibited by GRK5-NT (in rat 
studies)[651] and vascular smooth muscle (VSM)-specific overexpression of GRK5 

elevates BP in both male and female mice[575]. 

Schizoaffective disorder, and 
Huntington's disease 

rs1951930 
(6.33890633)     

rs4650447 
(1.80256759)     

rs17064088 
(5.174293917) 

FLJ16171 

 
   

 

Appendix IV Table 8: Summary known BP (and BP-related effects) for significant genes and variants associated with DBP in sex-combined meta-analysis from 
EAGLE (all epochs) and ICBP 
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Systolic Blood Pressure (EAGLE Meta-Analysis) 

Marker Name 
(CHR.POS) Gene Related to human 

BP Animal model with BP or vascular phenotype or regional linkage to BP? 
Relationship of gene, region, SNP 

or gene product with another 
disease [GeneCards] 

rs2339469 
(2.29392364) ALK  Closely related genes, such as ALK-1 is considered as a determinant for pulmonary arterial 

hypertension[578-581]. Raised ALK levels found amongst cases of preeclampsia[577]. 

Anaplastic large cell lymphoma, 
and alk-positive anaplastic large 

cell lymphoma 

rs6798160 
(3.4832780) 

ITPR1 
(also known as 

IP3R) 

Variants within 
ITPR1 have been 
associated with BP 
and SBP in response 
to mental stress in 
sex-specific 
analyses[582]. 

Up-regulation of this gene may be important in modulating intracellular Ca2+homeostasis 
and initiating or perpetuating atrial fibrillation[583]. Modulates the electromechanical 
properties of the human myocardium and its propensity to develop arrhythmias[584] 

Spinocerebellar ataxia type15, 
and spinocerebellar ataxia type 15 

rs10506710 
(12.71736584) Near TRDHE    

rs6946404 
(7.89672869) 

Between 
DPY19L2P4 
and STEAP2 

 

Suppression of STEAP2 expression both led to inhibition of 3T3-L1 differentiation in 
concert with diminished expression of the key regulators of adipogenesis - CCAAT/ 
enhancer binding protein alpha (C/ebpα) and peroxisome proliferator-activated receptor 
gamma (Pparγ) and mitotic clonal expansion was also inhibited suggesting that STEAP2 
plays a critical role in adipogenesis (studies of both mouse and human cells)[585].  

Diseases associated with STEAP2 
include prostate cancer, 

progression of, and prostatitis. 

rs6033063 
(20.11160307) 

Near 
LOC339593    

rs7527591 
(1.98841095) Near SNX7   Hiatus hernia, and hereditary 

spastic paraplegia 
rs1384882 

(1.74271874) LRRIQ3   Bipolar disorder, and 
schizophrenia 

rs996004 
(4.44773765) 

Near: GUF1, 
GNPDA2 

GNPDA2 associated 
with DBP and 
hypertension risk in 
a population of 
Chinese 
children[586] 

Variants in GNPDA2, BDNF and FAIM2 combined have a significant effect on risk of 
metabolic syndrome (these associations above were mediated by adiposity) among Chinese 
children[587]. Associated with BMI in European children[588]. 

GUF1 is associated with include 
pneumonia, and tuberculosis. 
GNPDA2 is associated with 
include obesity, and anorexia 

nervosa. 

rs11120167 
(1.211839047) 

Near: 
RPS6KC1   Paraplegia, and spasticity 

Appendix IV Table 9: Summary known BP (and BP-related effects) for significant genes and variants associated with SBP in female meta-analysis across EAGLE 
(all epochs) 
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Systolic Blood Pressure (Comparison between EAGLE and ICBP) 

Marker 
Name(CHR.POS) Gene Related to human 

BP Animal model with BP or vascular phenotype or regional linkage to BP? 

Relationship of gene, region, SNP 
or gene product with another 

disease 
[GeneCards] 

rs7928369 
(11.124600431) 

PKNOX2   
  

  
  

Substance dependence, and 
alcohol dependence 

rs7942878 
(11.124609079) 

rs767312 
(12.27487246)         

rs183777 
(20.57244560) ZNF831 Yes[529]    Hypertension 

rs9358742 
(6.24143021)         

rs11671659 
(19.17228092)  USHBP1        Usher syndrome, type 1c, and 

usher syndrome 

rs12417023 
(11.11565498) GALNTL4       

rs12475465 
(2.18191492)         

rs4705530 
(5.112362756)  DCP2     

Non-specific x-linked mental 
retardation, and mental 

retardation 
rs162064 

(3.109306751)         

 

Appendix IV Table 10: Summary known BP (and BP-related effects) for significant genes and variants associated with SBP in female meta-analysis from EAGLE 
(all epochs) and ICBP
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Diastolic Blood Pressure (EAGLE Meta-analysis) 

Marker Name 
(CHR.POS) Gene Related to human 

BP Animal model with BP or vascular phenotype or regional linkage to BP? 
Relationship of gene, region, SNP or gene 

product with another disease 
[GeneCards] 

rs850892 
(2.185917555)         

rs2820475 
(1.68472956) 

Near WLS, 
GNG12-AS1, 

MIR1262, 
RPE65, 

DEPDC1  

    

Diseases associated with WLS include chronic 
intestinal vascular insufficiency, and focal 
dermal hypoplasia. Diseases associated with 
RPE65 include thymic hyperplasia, and 
PRE65-related retinitis pigmentosa.   

rs17774123 
(12.52527546) 

  
Near ATP5G2, 
CALCOCO1, 
HOCC(4-6, 8-

12, AS5) 

The HOXC@-
complex has 
recently been shown 
to be associated with 
human BP[593]  

 ATP5G2 (which is a subunit of mitochondrial ATP synthase) has been shown 
to be down-regulated in calorie-restricted mice which reduced the ATP 
content in AMPKα2 knock-out hearts, but not the wild/type hearts 
demonstrating that calorie-restriction can trigger adverse effects that can lead 
to cardiac dysfunction, suggesting that AMPK signaling pathway is 
indispensible for energy homeostasis and myocardial adaptation to calorie-
restriction, a dietary intervention that normally produces beneficial cardiac 
effects[589]. 
The 3'flanking sequence of HOXC5 gene is associated with simple congenital 
heart disease (in Chinese populations)[590].  HOXC9 overexpression in 
zebra-fish negatively regulated vascular development which can be rescued 
by exogenous interleukin-8[591]. HoxC9 showed preferential mRNA 
expression in fetal human smooth muscle (plasticity is considered a 
prerequisite for atherosclerosis and restenosis) cells that appeared to correlate 
with the age of the donor[592].  

Diseases associated with ATP5G2 include urea 
cycle disorder, and neuronal ceroid 
lipofuscinosis. Diseases associated with 
CALCOCO1 include sarcoma, and panic 
disorder. Diseases associated with HOXC4 
include vacterl association, and esophageal 
atresia. Diseases associated with HOXC5 
include anaplastic large cell lymphoma, and 
non-hodgkin lymphoma. Diseases associated 
with HOXC6 include cytomegalovirus 
infection, and anaplastic large cell lymphoma. 
Diseases associated with HOXC8 include 
pancreatic ductal adenocarcinoma, and 
chondrodysplasia. Diseases associated with 
HOXC9 include astrocytoma, and 
neuroblastoma. Diseases associated with 
HOXC10 include cervical squamous cell 
carcinoma, and squamous cell carcinoma. 
Diseases associated with HOXC11 include 
neuroblastoma, and pancreatic cancer.  
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rs12370001 
(12.71330889) TRHDE      Good syndrome, and adenohypophysitis 

rs12646597 
(4.167169368) TLL1   

TLL-1 gene mutation with an insertion mutation of base A in exon 10 is often 
in Chinese patients with sporadic congenital heart disease[594] involved in 
cardiac morphogenesis[595]. Further studies in mice have revealed that TLL-
1 plays multiple roles in formation of the mammalian heart and is essential for 
formation of the interventricular septum[596]  

 Atrial septal defect 6, and heart septal defect 

rs10757157 
(9.20911025) 

KIAA1797 
(FOCAD) 

KIAA1797 exhibite
d highly significant 
differential allelic 
and expressed 
distributions 
between 
hypertensive 
patients and 
normotensive 
controls in Chinese 
patients[597]. 
Expression levels 
of KIAA1797were 
significantly 
associated with 
Heart Rate in 
Mexican 
Americans[598] 

  Glioblastoma, and alzheimer's disease 

rs9968204 
(3.25938544) 

Near 
LINC00692        

 

Appendix IV Table 11: Summary known BP (and BP-related effects) for significant genes and variants associated with DBP in female meta-analysis across EAGLE 
(all epochs)
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Diastolic Blood Pressure (Comparison between EAGLE and ICBP) 

Marker Name 
(CHR.POS) Gene Related to human 

BP Animal model with BP or vascular phenotype or regional linkage to BP? 
Relationship of gene, region, SNP or gene 

product with another disease 
[GeneCards] 

rs6687 
(2.230340512) TRIP12     Chronic dacryocystitis, and dacryocystitis 

rs11229833 
(11.58653760)         

rs6502882 
(17.5642773)         

rs1564823 
(5.173315800)  CPEB4  Variants in CPEB4 were shown to be associated with waist-to-hip ratio and 

BMI in a large GWAS study[599] Prion disease, and Crohn's disease 

rs2898883 
(17.44837952)  PHB     Sporadic breast cancer, and breast cancer 

susceptibility 

rs12664699 
(6.127249944)         

 

Appendix IV Table 12: Summary known BP (and BP-related effects) for significant genes and variants associated with DBP in female meta-analysis from EAGLE 
(all epochs) and ICBP 
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Systolic Blood Pressure (EAGLE Meta-Analysis) 

Marker Name 
(CHR.POS) Gene Related to human 

BP Animal model with BP or vascular phenotype or regional linkage to BP? 
Relationship of gene, region, SNP or gene 

product with another disease 
[GeneCards] 

rs7179228 
(15.66409401)  ITGA11  Hypertrophic cardiomyopathy (HCM)[543].   Include tick infestation, and hypertrophic 

cardiomyopathy.  

rs12339966 
(9.11631243)  ANLN   Associated with carotid intimal-media thickness[551], a predictor of 

atherosclerosis.   Lower lip cancer, and lip cancer 

rs3735398 
(7.36412646)     

rs4974559 
(4.1370848) 

KIAA1530 
(UVSSA)     UV-sensitive syndrome 3, and UV sensitive 

syndrome 

rs7011049 
(8.53996565)         

rs1905116 
(1.223258306) DNAH14      Tyrosinemia, and primary ciliary dyskinesia 

rs13095912 
(3.186784792) SENP2   

Cardiac overexpression of SENP2in the mice with Nkx2.5 haploin-sufficiency 
promoted embryonic lethality and severity or congenital heart diseases 
indicating the functional interaction between SENP2 and Nkx2.5 in vivo[600]. 
Atherosclerotic lesions was observed in SENP2 (+/-) /Ldlr(-/-) mice[601]. 
Small ubiquitin-like modifier 1 (SUMO-1) binds with SENP2 effectively 
reducing Prox1 sumoylation and Prox1-induced vascular endothelial growth 
factor receptor 3 (VEGFR3) expression[602]. The SUMO-specific proteases 
SENP2 and Ulp1 efficiently deconjugate SUMO from Kv1.5 in vivo and in 
vitro, and disruption of the two identified target motifs results in a loss of the 
major SUMO-conjugated forms of Kv1.5 [The voltage-gated potassium (Kv) 
channel Kv1.5 mediates repolarizing current in human atrial myocytes and 
regulates vascular tone in multiple peripheral vascular beds. Therefore, by 
understanding Kv1.5 function could be a potential target for the treatment of 
atrial fibrillation and hypoxic pulmonary hypertension][603].  

Congenital heart defect, and prostate cancer 

Appendix IV Table 13: Summary known BP (and BP-related effects) for significant genes and variants associated with SBP in male meta-analysis across EAGLE 
(all epochs)
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Systolic Blood Pressure (Comparison between EAGLE and ICBP) 

Marker Name 
(CHR.POS) Gene Related to human BP Animal model with BP or vascular phenotype or regional linkage to BP? 

Relationship of gene, region, SNP or 
gene product with another disease 

[GeneCards] 
rs10502471 

(18.22360961) KCTD1   Scalp ear nipple syndrome, and 
maturity-onset diabetes of the young 

rs7207549 
(17.40715911) MAP3K14   Salivary gland cancer, and 

chikungunya 

rs6989152 
(8.84876961)     

rs10740411 
(10.53460631) PRKG1 

Blood pressure is 
controlled primarily by 
salt and water balance 
because of the infinite 
gain property of the 
kidney to rapidly 
eliminate excess fluid 
and salt. A cluster of 
SNPs located in the first 
introns of PRKG1 gene 
associated with variation 
in diastolic blood 
pressure after acute salt 
load in  newly 
discovered never treated 
before, essential 
hypertensives[604] 

Left ventricular systolic radial function was associated with common 
polymorphisms in PRKG1[605]. In animal studies, PRKG1 risk alleles associate 
with salt-sensitivity related to a loss of the inhibitory control of renal Na(+) 
reabsorption, suggestive of a blunt pressure-natriuresis response – which has been 
associated with the development of hypertension[606]. Lungs from mice with low 
or absent PKGI (Prkg1(+/-) and Prkg1(-/-) mice) exhibited impaired BMP (bone 
morphogenetic proteins) signaling, decreased contractile gene expression, and 
abnormal vascular remodeling. Conversely, cGMP stimulation of PKGI restored 
defective BMP signaling in rats with hypoxia-induced PAH, consistent with 
cGMP-elevating agents reversing vascular remodeling[607]. PKG-I deficiency 
induces pulmonary hypertension through Rho A/Rho kinase activation-mediated 
vasoconstriction and pulmonary vascular remodeling[608]. In studies of mice with 
a selective mutation in the N-terminal protein interaction domain of PKGIalpha 
display inherited vascularsmooth muscle cell abnormalities of contraction, 
abnormal relaxation of large and resistance blood vessels, and increased systemic 
blood pressure[609]. PKGI-alpha binds to, phosphorylates and activates RGS-2, 
attenuating receptor-mediated vascular contraction; RGS-2 has been shown to be 
required for normal vascular function and blood pressure[610].  

Waterhouse-Friderichsen syndrome, 
and phosphoglycerate kinase 

deficiency 

rs332607 
(6.124765053) NKAIN2   Leukemia 
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rs10994438 
(10.62059162) ANK3  

Cardiomyocytes with reduced ANK3 display reduced Na(v)1.5. (Na(v) 1.5 is a 
predominant voltage-gated channel which regulates rapid upstroke of the cardiac 
action potential. ANK3 is required for Na(v)1.5 targeting in the heart. 
Cardiomyocytes with reduced ANK3 display reduced Na(v)1.5 expression, 
abnormal Na(v)1.5 membrane targeting, and reduced Na(+) channel current 
density[611]. Disrupting ANK3-KIF5 binding with small interfering RNA or 
dominant-negative constructs markedly reduced Nav channel levels at the axon 
initial segment (AIS) and along entire axons, thereby decreasing action potentials 
firing[612]. ANK3 is a key functional component of the intercalated disc at the 
intersection of 3 complexes often considered independent: the voltage-gated 
sodium channel, gap junctions, and the cardiac desmosome which may have some 
implications to the pathophysiology of inherited arrhythmias (such as 
arrhythmogenic right ventricular cardiomyopathy)[613].  

Plexiform neurofibroma, and brugada 
syndrome 

rs625757 
(1.33922472) 

 CSMD2  Variants in proximity to CSMD2 were associated with sudden cardiac arrest 
amongst patients with coronary artery disease[564]  

Intermediate charcot-marie-tooth 
neuropathy, and charcot-marie-tooth 

neuropathy. 
 rs2480244 

(1.33925781) 
 

Appendix IV Table 14: Summary known BP (and BP-related effects) for significant genes and variants associated with SBP in male meta-analysis from EAGLE (all 
epochs) and ICBP 
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Diastolic Blood Pressure (EAGLE Meta-analysis) 

Marker Name 
(CHR.POS) Gene Related to human BP Animal model with BP or vascular phenotype or regional linkage to BP? 

Relationship of gene, region, SNP or gene 
product with another disease 

[GeneCards] 
rs305460 

(1.87964818)         

rs1114504 
(11.78915535) Near: ODZ4       

rs12712036 
(2.98829143) KIAA1211L     Bipolar disorder 

rs1021865 
(16.19692192) IQCK       

rs10822407 
(10.66454106)         

rs2119480 
(13.110141889

) 
 CARS2     Pneumonia, and tuberculosis 

rs1146942 
(13.79717730)         

rs17192454 
(8.13213767) DLC1   

Studies in a Chinese population have suggested that DLC1 might act as a 
Congenital heart disease (CHD)-associated gene. CHD the most common 

birth defect affecting the structure and function of fetal hearts[614]  

Colorectal cancer, somatic, and breast 
cancer 

rs9354187 
(6.65657839)  EYS     Retinitis pigmentosa 6, and eys-related 

retinitis pigmentosa 

 

Appendix IV Table 15: Summary known BP (and BP-related effects) for significant genes and variants associated with DBP in male meta-analysis across EAGLE 
(all epochs) 
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Diastolic Blood Pressure (Comparison between EAGLE and ICBP) 

Marker Name 
(CHR.POS) Gene Related to human BP Animal model with BP or vascular phenotype or regional linkage to BP? 

Relationship of gene, region, SNP or gene 
product with another disease 

[GeneCards] 

rs12473885 
(2.230277834) DNER   DNER has been implicated as a susceptibility gene for T2DM in American 

Indians[615].   Pathological gambling, and hepatitis b 

rs17820659 
(12.13580175)       

   

rs11847932 
(14.102255188) RCOR1     

 FG syndrome, and herpes simplex 

rs1595373 
(11.16223316) SOX6 

SOX6 associated with 
BP from a genome-wide 
association study of 
African American 
adults[616], SBP in 
European adults using 
gene-centric array 
analysis[617, 618].  
  

Studies in mice have shown that aldosterone inhibits the fetal program and 
increases cardiac hypertrophy in hypertensive mice where the original 
aldosterone-dependent inhibition of miR-208a in hypertension, results in the 
inhibition of β-myosin heavy chain expression through the induction of its 
transcriptional repressor SOX6. This increased aldosterone in the 
heart inhibits the induction of atrial natriuretic peptide expression, via the 
mineralocorticoid receptor, which worsens cardiac hypertrophy without 
changing blood pressure[619]. Other studies in mice have shown that SOX6 is 
within the Bone Morphogenic Protein pathway in cardiac differentiation and 
interacts with the Proline-rich transcript of the brain protein and may play a 
critical role in the regulation of a cardiac L-type Ca2+ channel[620]. 
Mutations to the SOX6 gene have been considered as a candidate for heart 
block in a study of adult mice[621].  
 
SOX6 gene within the bone morphogenic protein pathway is considered a 
candidate for carotid plaque in Caribbean Hispanics[622].  

Campomelic dysplasia, and 
craniosynostosis. Required for 

chondrogenesis and maintenance of 
cardiac and skeletal muscle cells.  

rs10786736 
(10.104839106) NT5C2 

 NT5C2 variants have 
been associated with 
mean arterial and pulse 
pressure in an East Asian 
genome-wide association 
study[623] 

Polymorphisms in the NT5C2 genes have been suggested to influence a 
reduction in both visceral and subcutaneous fat mass in Japanese 
women[624]. Variants in proximity to NT5C2 have shown modest association 
with hypertension amongst European diabetic patients[625]. NT5C2 
associated with both ischemic stroke and coronary heart disease in European 
adults[626].  

Orbital cellulitis, and sphenoid sinusitis 
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rs6882088 
(5.173226782)     

  
 
 

  

rs9900677 
(17.28944267) 

ACCN1  
(ASCI2)   

This gene encodes a member of the degenerin/epithelial sodium channel 
(DEG/ENaC) superfamily is involved in blood pressure regulation[627-631]. 
In studies of mice, it has been suggested that suggest that DEG/ENaC proteins 
are required for vascular macho sensory (vessel responses to pressure)[632]. 
Further mice studies have revealed than ACCN1 is an determinant of 
autonomic circulatory control and of baroreceptor sensitivity. The genetic 
disruption of ACCN1 recapitulates the pathological dysautonomia seen in 
heart failure and hypertension and defines a molecular defect that may be 
relevant to its development[529]. ACCN1 mediates the store-operated Ca(2+) 
entry pathway in pulmonary vascular smooth muscle regulation[633].  

Neuronitis, and panic disorder 

rs944452 
(14.52554313)         

rs2269426 
(6.32184477) TNXB   

Haplo-insufficiency or deficiency of TNXB may provide some benefits 
against adverse cardiovascular events, including heart attack and stroke, by 
lowering levels of arterial stiffness associated with aging, as well as by 
enhancing accommodation of accrued atherosclerotic plaques[634].  

 Hypermobility syndrome, and Ehlers-
Danlos syndrome, hypermobility type 

rs10151030 
(14.52576159) DDHD1      Autosomal recessive spastic paraplegia 

type 28, and paraplegia 
 

Appendix IV Table 16: Summary known BP (and BP-related effects) for significant genes and variants associated with DBP in male meta-analysis from EAGLE (all 
epochs) and ICBP 
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Appendices IV Figure 1: Bar graph illustrating the number of subjects per cohort per 
timeframe used in analyses.  

Pre-puberty [4-7 years], Puberty [8-12 years], Post-puberty [13-20 years] 

Raine; The Western Australian Pregnancy (Raine) Cohort, Perth, Western Australia. GenR; 
The Generation R Study Group, Rotterdam, The Netherlands. ALSPAC; The Avon 
Longitudinal Study of Parents and Children Bristol, UK. Lisa Plus; Influence of life-style 
factors on the development of the immune system and allergies in East and West Germany Plus 
the influence of traffic emissions and genetics, Neuherberg, Germany. YFS; The Cardiovascular 
Risk in Young Finns Study, Turku, Finland . INMA; Spanish INMA—INfancia y Medio 
Ambiente, Barcelona, Catalonia, Spain. ATR; Australian Twin Register, Brisbane, Queensland, 
Australia 
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Appendices IV Figure 2: Pre-Pubertal Manhattan Plots. Plots shown on left represent 
Systolic Blood Pressure and plots on right represent Diastolic Blood Pressure. Rows represent: 
(A) Females, (B) Males and (C) Sex-combined. 
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Appendices IV Figure 3: Pubertal Manhattan Plots. Plots shown on left represent Plots 
shown on left represent Systolic Blood Pressure and plots on right represent Diastolic Blood 
Pressure. Rows represent: (A) Females, (B) Males and (C) Sex-combined. 
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Appendices IV Figure 4: Post-pubertal Manhattan Plots. Plots shown on left represent Plots 
shown on left represent Systolic Blood Pressure and plots on right represent Diastolic Blood 
Pressure. Rows represent: (A) Females, (B) Males and (C) Sex-combined. 
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Appendices IV Figure 5: Regional Association Plots for all ‘SNP clusters’ for SBP in females analyses –log10 (p-values) are shown for all SNPs in the 
region and colour of circles indicates degree of LD with the most associated SNP in the region. Plots shown on left represent Plots shown represent Systolic 
Blood Pressure. Rows represent: (A) Pre-pubertal, (B) Pubertal and (C) Post-pubertal.  

(B) 

(C) 

 



 
 

411 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

(B) 



 
 

412 
 

 

 

 

 

 

 

 

 

 

 

 

 

Appendices IV Figure 6: Regional Association Plots for all ‘SNP clusters’ for SBP in males analyses –log10 (p-values) are shown for all SNPs in the 
region and colour of circles indicates degree of LD with the most associated SNP in the region. Plots shown on left represent Plots shown represent Systolic 
Blood Pressure. Rows represent: (A) Pre-pubertal, (B) Pubertal and (C) Post-pubertal.  
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Appendices IV Figure 7: Regional Association Plots for all ‘SNP clusters’ for SBP in sex-combined analyses –log10 (p-values) are shown for all SNPs in 
the region and colour of circles indicates degree of LD with the most associated SNP in the region. Plots shown on left represent Plots shown represent 
Systolic Blood Pressure. Rows represent: (A) Pre-pubertal, (B) Pubertal and (C) Post-pubertal.  

 

 

 

 

(C) 



 
 

415 
 

 

        
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

(B) 



 
 

416 
 

 

 

 

 

 

 

 

 

 

 

 

 

Appendices IV Figure 8: Regional Association Plots for all ‘SNP clusters’ for DBP in females analyses –log10 (p-values) are shown for all SNPs in the 
region and colour of circles indicates degree of LD with the most associated SNP in the region. Plots shown on left represent Plots shown represent Systolic 
Blood Pressure. Rows represent: (A) Pre-pubertal, (B) Pubertal and (C) Post-pubertal.  
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Appendices IV Figure 9: Regional Association Plots for all ‘SNP clusters’ for DBP in males analyses –log10 (p-values) are shown for all SNPs in the 
region and colour of circles indicates degree of LD with the most associated SNP in the region. Plots shown on left represent Plots shown represent Systolic 
Blood Pressure. Rows represent: (A) Pre-pubertal, (B) Pubertal and (C) Post-pubertal.  
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Appendices IV Figure 10: Regional Association Plots for all ‘SNP clusters’ for DBP in sex-combined analyses –log10 (p-values) are shown for all SNPs 
in the region and colour of circles indicates degree of LD with the most associated SNP in the region. Plots shown on left represent Plots shown represent 
Diastolic Blood Pressure. Rows represent: (A) Pre-pubertal, (B) Pubertal and (C) Post-pubertal.  
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Appendices IV Figure 11: Pre-Pubertal Regional Association Plots for most significant ‘SNP’ 
finding per blood pressure outcome and data subset. –log10 (p-values) are shown for all SNPs in 
the region and colour of circles indicates degree of LD with the most associated SNP in the region. 
Plots shown on left represent Plots shown on left represent Systolic Blood Pressure and plots on right 
represent Diastolic Blood Pressure. Rows represent: (A) Females, (B) Males and (C) Sex-combined. 
Regional plots boxed in yellow indicate SNP effects that reached genome-wide levels of significance 
(5 x 10-8).  
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Appendices IV Figure 12: Pubertal Regional Association Plots for most significant ‘SNP’ 
finding. –log10 (p-values) are shown for all SNPs in the region and colour of circles indicates degree 
of LD with the most associated SNP in the region. Plots shown on left represent Plots shown on left 
represent Systolic Blood Pressure and plots on right represent Diastolic Blood Pressure. Rows 
represent: (A) Females, (B) Males and (C) Sex-combined. Regional plots boxed in yellow indicate 
SNP effects that reached genome-wide levels of significance (5 x 10-8).  
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Appendices IV Figure 13: Post-Pubertal Regional Association Plots for most significant ‘SNP’ 
finding. –log10 (p-values) are shown for all SNPs in the region and colour of circles indicates degree 
of LD with the most associated SNP in the region. Plots shown on left represent Plots shown on left 
represent Systolic Blood Pressure and plots on right represent Diastolic Blood Pressure. Rows 
represent: (A) Females, (B) Males and (C) Sex-combined. Regional plots boxed in yellow indicate 
SNP effects that reached genome-wide levels of significance (5 x 10-8).  
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Appendices IV Figure 14: Pre-Pubertal Regional Association Plots and Linkage Disequilibrium plots for significant SNP clusters. Regional association 
plots: –log10 (p-values) are shown for all SNPs in the region and colour of circles indicates degree of LD with the most associated SNP in the region. 
Recombination rates and LD (LOD scores in red) are plotted directly below. Plots shown on left represent Systolic Blood Pressure and plots on right represent 
Diastolic Blood Pressure. Rows represent: (A) Females, (B) Males and (C) Sex-combined. 
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Appendices IV Figure 15: Pubertal Regional Association Plots and Linkage Disequilibrium plots for significant SNP clusters. –log10 (p-values) are 
shown for all SNPs in the region and colour of circles indicates degree of LD with the most associated SNP in the region. Recombination rates and LD (LOD 
scores in red) are plotted directly below. Plots shown on left represent SBP as outcome and on right are DBP. Rows represent: (A) Females, (B) Males and (C) 
Sex-combined.  
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Appendices IV Figure 16: Post-Pubertal Regional Association Plots and Linkage Disequilibrium plots for significant SNP clusters. –log10 (p-values) 
are shown for all SNPs in the region and colour of circles indicates degree of LD with the most associated SNP in the region. Recombination rates and LD 
(LOD scores in red) are plotted directly below. Plots shown on left represent SBP as outcome and on right are DBP. Rows represent: (A) Females, (B) Males 
and (C) Sex-combined. 
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Appendices IV Figure 17: Pre-Pubertal forest plots for all significant SNP clusters and/or 
most significant association resulting from meta-analysis of SBP in females 

Further detail relating to these variants can be found in Appendices IV Tables 3 and 6.  
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Appendices IV Figure 18: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from meta-analysis of SBP in females 

Further detail relating to these variants can be found in Appendices IV Tables 3 and 6.  
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Appendices IV Figure 19: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from meta-analysis of SBP in females 

Further detail relating to these variants can be found in Appendices IV Tables 3 and 6.  
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Appendices IV Figure 20: Pre-Pubertal forest plots for all significant SNP clusters and/or 
most significant association resulting from meta-analysis of SBP in males 

Further detail relating to these variants can be found in Appendices IV Table 4 and 6.  
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Appendices IV Figure 21: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from meta-analysis of SBP in males 

Further detail relating to these variants can be found in Appendices IV Table 4 and 6.  
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Appendices IV Figure 22: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from meta-analysis of SBP in males 

Further detail relating to these variants can be found in Appendices IV Table 4 and 6.  
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Appendices IV Figure 23: Pre-Pubertal forest plots for all significant SNP clusters and/or 
most significant association resulting from sex-combined meta-analysis of SBP 

Further detail relating to these variants can be found in Table 3 and Appendices IV Table 5.  
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Appendices IV Figure 24: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from sex-combined meta-analysis of SBP 

Further detail relating to these variants can be found in Table 3 and Appendices IV Table 5.   
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Appendices IV Figure 25: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from sex-combined meta-analysis of SBP 

Further detail relating to these variants can be found in Table 3 and Appendices IV Table 5.  
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Appendices IV Figure 26: Pre-Pubertal forest plots for all significant SNP clusters and/or 
most significant association resulting from meta-analysis of DBP in females 

Further detail relating to these variants can be found in Appendices IV Tables 3 and 7.   
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Appendices IV Figure 27: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from meta-analysis of DBP in females 

Further detail relating to these variants can be found in Appendices IV Tables 3 and 7.  
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Appendices IV Figure 28: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from meta-analysis DBP in females 

Further detail relating to these variants can be found in Appendices IV Tables 3 and 7.  
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Appendices IV Figure 29: Pre-Pubertal forest plots for all significant SNP clusters and/or 
most significant association resulting from meta-analysis of DBP in males 

Further detail relating to these variants can be found in Appendices IV Table 4 and 7.  
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Appendices IV Figure 30: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from meta-analysis of DBP in males 

Further detail relating to these variants can be found in Appendices IV Table 4 and 7.  
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Appendices IV Figure 31: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from meta-analysis of DBP in males 

Further detail relating to these variants can be found in Appendices IV Table 4 and 7.  
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Appendices IV Figure 32: Pre-Pubertal forest plots for all significant SNP clusters and/or 
most significant association resulting from sex-combined meta-analysis of DBP 

Further detail relating to these variants can be found in Table 3 and Appendices IV Table 5.   
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Appendices IV Figure 33: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from sex-combined meta-analysis of DBP 

Further detail relating to these variants can be found in Table 3 and Appendices IV Table 5.  
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Appendices IV Figure 34: Pubertal forest plots for all significant SNP clusters and/or most 
significant association resulting from sex-combined meta-analysis of DBP 

Further detail relating to these variants can be found in Table 3 and Appendices IV Table 5.  
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Appendices IV Figure 35: Pre-pubertal females figure overview. Left hand side (SBP). 
Right hand side (DBP). From top to bottom: forest plot (top), regional association plot (center) 
and Manhattan plot (bottom). 
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Appendices IV Figure 36: Pre-pubertal males figure overview. From top to bottom: forest 
plot (top), regional association plot (center) and Manhattan plot (bottom). 
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Appendices IV Figure 37: Pre-pubertal sex-combined figure overview. From top to bottom: 
forest plot (top), regional association plot (center) and Manhattan plot (bottom).
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Appendices IV Figure 38: Pubertal females figure overview. From top to bottom: forest plot 
(top), regional association plot (center) and Manhattan plot (bottom).  
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Appendices IV Figure 39: Pubertal males figure overview. From top to bottom: forest plot 
(top), regional association plot (center) and Manhattan plot (bottom). 
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Appendices IV Figure 40: Pubertal sex-combined figure overview. From top to bottom: 
forest plot (top), regional association plot (center) and Manhattan plot (bottom).
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Appendices IV Figure 41: Post-pubertal females figure overview. From top to bottom: forest 
plot (top), regional association plot (center) and Manhattan plot (bottom).  
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Appendices IV Figure 42: Post-pubertal males figure overview. From top to bottom: forest 
plot (top), regional association plot (center) and Manhattan plot (bottom). 
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Appendices IV Figure 43: Post-pubertal sex-combined figure overview. From top to bottom: 
forest plot (top), regional association plot (center) and Manhattan plot (bottom).  
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Appendices IV Figure 44: Pre-Pubertal QQ plots for meta-analysis of association studies. 
Plots shown on left represent Systolic Blood Pressure and plots on right represent Diastolic 
Blood Pressure. Rows represent: (A) Females, (B) Males and (C) Sex-combined.  
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Appendices IV Figure 45: Pubertal QQ plots for meta-analysis of association studies. Plots 
shown on left represent Systolic Blood Pressure and plots on right represent Diastolic Blood 
Pressure. Rows represent: (A) Females, (B) Males and (C) Sex-combined.  
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Appendices IV Figure 46: Post-Pubertal QQ plots for meta-analysis of association studies. 
Plots shown on left represent Systolic Blood Pressure and plots on right represent Diastolic 
Blood Pressure. Rows represent: (A) Females, (B) Males and (C) Sex-combined.  
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Polymorphisms in genes within the IGF-axis influence
antenatal and postnatal growth
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Two pregnancy cohorts were used to investigate the association between single-nucleotide polymorphisms (SNPs) in genes within the
insulin-like growth factor (IGF)-axis and antenatal and postnatal growth from birth to adolescence. Longitudinal analyses were conducted
in the Raine pregnancy cohort (n 5 1162) using repeated measures of fetal head circumference (HC), abdominal circumference (AC)
and femur length (FL) from 18 to 38 weeks gestation and eight measures of postnatal height and weight (1–17 years). Replications of signi-
ficant associations up to birth were undertaken in the Generation R Study (n 5 2642). Of the SNPs within the IGF-axis genes, 40% (n 5 58)
were associated with measures of antenatal growth (P < 0.05). The majority of these SNPs were in receptors; IGF-1R (23%; n 5 34)
and IGF-2R (13%; n 5 9). Fifteen SNPs were associated with antenatal growth (either AC or HC or FL) in Raine (P < 0.005): five of
which remained significant after adjusting for multiple testing. Four of these replicated in Generation R. Associations were identified between
38% (n 5 55) of the IGF-axis SNPs and postnatal height and weight; 21% in IGF-1R (n 5 31) and 9% in IGF-2R (n 5 13). Twenty-six
SNPs were significantly associated with both antenatal and postnatal growth; 17 with discordant effects and nine with concordant effects.
Genetic variants in the IGF-axis appear to play a significant role in antenatal and postnatal growth. Further replication and new analytic
methods are required in order to better understand this key metabolic pathway integrating biologic knowledge about the interaction between
IGF-axis components.
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Introduction

The insulin-like growth factor (IGF) pathway is fundamental in
cell proliferation, differentiation and transformation across all
stages of growth and development.1,2 IGFs are part of a complex
system promoting cellular communication with the physiologic
environment often denoted the IGF ‘axis’.3 The IGF-axis
comprises two cell-surface receptors (IGF-1R, IGF-2R), two
ligands (IGF-1, IGF-2), a family of 10 IGF-binding proteins
(IGFBP 1–10) and associated IGFBP degrading enzymes known
collectively as proteases. The ligands interact with IGF-1R more
readily than IGF-2R.4 The IGFBPs and proteases play a vital
role in controlling and modulating the effects of IGFs.2,5–7

The regulation of fetal and postnatal growth depends on
multiple hormones including insulin, IGF-1, IGF-2 and

growth hormone (GH).8 IGF-1 and IGF-2 are essential for
fetal growth.9–13 IGF-1 is the predominant regulator of
postnatal growth,14 acting as an important mediator between
GH and growth during childhood.15 IGF-2 has been shown
to be primarily responsible for early development, particularly
intra-uterine growth.16–18

The interaction of IGFs and their receptors play a critical
role in promoting and regulating growth from mid-gestation
onwards optimizing pre- and postnatal growth and develop-
ment.4,17 Although 10 IGFBPs are known to exist, most
studies (including this one) have focussed on IGFBPs 1 to 5,
which have a high affinity towards the ligands and tightly
regulate IGF function.3,5,19,20 Overall IGFBPs are known to
affect cell motility and adhesion, apoptosis, survival and cell
cycle by aiding IGF-1 and IGF-2 transport and modulating
their interactions with IGF receptors13,19 (Fig. 1).

The aim of the current study was to investigate the asso-
ciation between SNPs in genes within the IGF-axis and
antenatal and postnatal growth from birth to adolescence in

*Address for correspondence: C. E. Pennell, MBBS, PhD, School of
Women’s and Infants’ Health, The University of Western Australia,
35 Stirling Hwy, Crawley WA 6009 Australia, UWA Mail Box: M550.
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the Raine Cohort adjusting for common environmental
influences on IGF levels. Analyses were replicated where
possible in the Generation R Pregnancy Cohort.

Methods

Study cohorts

Discovery cohort
Recruitment of the Western Australian Pregnancy (Raine)
Cohort has previously been described in detail.21 In brief,
between 1989 and 1991 2900 pregnant women were
recruited before 18 weeks gestation into a randomized con-
trolled trial to evaluate the effects of repeated ultrasound
in pregnancy. Recruitment predominantly took place at
King Edward Memorial Hospital (Perth, Western Australia).
Ninety percent of eligible women agreed to participate in
the study.22 Women were randomized to either intensive
ultrasound assessment (ultrasound biometry in addition to

umbilico-placental and utero-placental Doppler flow velocity
waveforms measurements at 18, 24, 28, 34 and 38 weeks
gestation) or to a regular ultrasound assessment at 18 weeks
with subsequent scans at the clinicians discretion. The study
was conducted with appropriate institutional ethics approval,
and written informed consent was obtained from all mothers.
The cohort has been comprehensively phenotyped through
pregnancy, childhood and adolescence. In this study, we focus
on a subset of 1162 individuals within the Raine Cohort
who were Caucasian, singleton pregnancies with at least one
ultrasound measure during pregnancy.

Gestational age (GA) was based on the date of the last
menstrual period unless there was discordance of more than
7 days with ultrasound measurements at ,18 weeks; in those
cases (29.7%), the estimate was based on ultrasound biometry
at 18 weeks gestation.21 Maternal and paternal characteristics
were self-reported by questionnaire. Research midwives
recorded concurrent maternal medical conditions during
pregnancy at recruitment and 34 weeks gestation. Fetal head

Fig. 1. Elements of the insulin-like growth factor (IGF)-axis [adapted from multiple sources (1–4, 7, 9–13, 21–24, 27–31)]. The factors are
IGF-1 and IGF-2. IGF-1 expression is required for achieving maximal growth. IGF-1 is the predominant regulator of postnatal growth,14

acting as an important mediator between growth hormone (GH) and growth during childhood.15 IGF-2 is thought to be the primary growth
factor required for early development.49 Receptors (IGF-1R, IGF-2R): The IGFs are known to bind with receptors including IGF-1R,
IGF-2R and the insulin receptor.4,30 IGF-1R is a transmembrane tyrosine kinase receptor, which dominates IGF-2R, acting as the primary
receptor to both IGF-1 and IGF-2.4,30 Its principal role mediates mitogenic responses of the cell but can also affect metabolic responses from
tissues.14 IGF-2R binds only IGF-2. IGF2R may indirectly affect downstream signalling via its interaction with other proteins50 and clearance
of IGF-2; however, its major function is to maintain the correct IGF-2 levels in tissues and in the circulation. Binding proteins (IGFBP1–5):
Generally, it is accepted that IGFBPs 1–5 have similar affinities for IGF-1 and IGF-2.51–56 IGFBP-1 has the ability to either inhibit or
potentiate the effects of IGFs, depending upon its state of phosphorylation.3,19,31,57,58 In contrast, the main function of IGFBP-2, is to
inhibit IGF-2 function.7,59 IGFBP-3 like IGFBP-1 has the ability to either inhibit or augment IGF activity by controlling the binding
of IGF-1 and IGF-1R.60 IGFBP-4 levels have been associated with an inhibitory effect caused by preventing the binding of IGF-1 with
IGF-1R.31,32 IGFBP-5 is thought to have a stimulatory rather than an inhibitory effect on IGFs.3
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circumference (HC), abdominal circumference (AC), femur
length (FL) and umbilico-placental and utero-placental
Doppler flow velocity waveforms were measured in triplicate
using standard techniques. More than 95% of day-2 measures
were taken by a single observer, the remainder by a consultant
pediatrician using standardized protocols.21 Postnatal weight
and height were measured by trained researchers to the
nearest 100 g and 0.1 cm, respectively.22 From here on we
refer to the Raine Study as the discovery cohort.

Replication cohort
Recruitment of the Generation R Cohort has previously been
described in detail.23,24 In brief, following local ethics board
approval, 9778 mothers with a delivery date between April
2002 and January 2006 were recruited from two hospitals, eight
midwifery practices and 16 child health centers in Rotterdam
(The Netherlands) to identify early environmental and genetic
causes of normal and abnormal growth, development and
health. Written informed consent was obtained from all parti-
cipants. Repeat ultrasound measurements were made at 12, 20
and 30 weeks gestation. Maternal and paternal characteristics
and breast-feeding duration were collected by questionnaire.
Children were assessed up to 4 years of age at routine child
health centers. The cohort has been shown to be representative
of the antenatal population in Rotterdam.24 From here on we
refer to Generation R as the replication cohort.

Genotyping

DNA was purified from peripheral blood using standard
protocols in both cohorts. Nine candidate genes were selected
in the IGF-axis: two ligands, IGF-1 and IGF-2; two IGF
receptors, IGF-1R and IGF-2R; and five IGFBP, IGFBP1 to
IGFBP5. IGFBP6–10 were not selecting for genotyping as
this stage. A multistep process was used to select SNPs in
these genes. In brief, this gene-based approach entails (a) the
selection of common tagging SNPs that best describe the
haplotype diversity of the human genome in our population
and (b) the selection of SNPs that are functionally relevant in
the IGF-axis pathway. Computational programs such as
SIFT, PolyPhen and SWISSProt were then utilized to char-
acterize and model the consequences of SNPs to ensure
sensitivity of evolutionary conservation, protein alignment
and function. The Promoalign tool was used to identify
upstream regulatory regions of genes and NetPhos to find
SNPs potentially altering the phosphorylation patterns of
proteins. Using this process, 165 SNPs were identified in the
nine candidate genes in the IGF-axis.

Genotyping was performed at Centre for Applied Geno-
mics (Toronto, Ontario, Canada). SNPs were uploaded to
Illumina’s Assay Design Tool (http://www.illumina.com/) for
probe design resulting in a custom panel. A total of 5 ml of
50 ng/ml in 10 mM Tris-HCL pH 8.0, 1 mM EDTA of
genomic DNA underwent an allele-specific oligonucleotide
hybridization followed by extension and ligation. A universal

PCR step for all 1536 loci followed with primers labelled
with either Cy3 (primer 1) or Cy2 (primer 2). The amplified
products were then hybridized to a sentrix array matrix
and scanned using the Illumina BeadArray Reader (BAR)
(Illumina, San Diego, CA, USA). The resulting data were
analyzed with Beadstudio v.3.0 using the default parameters.
Only SNPs with GenCall scores .0.25 were called and
samples were discarded if call rates were below 85%.

SNPs with a minor allele frequency of ,10% were excluded
from analyses. SNPs that did not pass the Hardy–Weinberg
equilibrium test were also excluded. Thus, a total of 145 (of
165 genotyped) SNPs were used in analyses.

In the replication cohort, cord blood for DNA isolation
was available in 59% of all live-born participating children.
Sex-mismatch rate between genome-based sex and midwife-
record-based sex was low (,0.5%), indicating that possible
contamination of maternal DNA was extremely low. Missing
cord blood samples were mainly due to logistical constraints
at the delivery. Individual genotype data were extracted from
the genome-wide Illumina 610 Quad Array.

Statistical analysis

We have utilized previously published models to analyze
antenatal growth.25 Covariates considered in these multi-
variate models included: parental height, weight, body mass
index (BMI), age, socioeconomic status; maternal smoking
status, parity, GA at birth; placental weight and function; and
gender of the child. Parity and breast-feeding duration were
factored to reflect the effect plateau in the higher categories.
BMI was modeled longitudinally using linear mixed effect
models from childhood to adolescence adjusting for the age
that BMI was measured and the mothers’ smoking status
during pregnancy.

All continuous covariates were mean-centered to remove
potential correlations between model coefficients. The SNPs
tagging the IGF-axis were coded according to the number of
minor alleles (0, 1 or 2) using SimHap26 and analyzed under
an additive model. Replication was performed where possible
in the replication cohort (Generation R).

Analyses of antenatal measures
In the discovery cohort of 1162 subjects, antenatal analyses
focussed on 588 subjects with repeated ultrasound measures at
18, 24, 28, 34 and 38 weeks gestation. This enabled both
cross-sectional and longitudinal analyses to be performed on
the same subset of the discovery cohort. Fetal AC and HC were
analyzed using linear mixed effects models,27 including inter-
cept and GA as random effects. SNPs significantly associated
with these measures of antenatal growth (either intercept or
change with time; trajectory) within the discovery cohort (data
18–38 weeks gestation) were analyzed longitudinally in the
replication cohort (data 12–30 weeks gestation, n 5 2642)
and cross-sectionally using multivariate linear regression for
the following three timeframes: 16–24 weeks, 26–32 weeks
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inclusive and .32 weeks for discovery cohort and .12 weeks,
16–24 weeks and 26–32 weeks in the replication cohort study
to explore the time of onset of significant associations.

Analyses of postnatal measures
Height and weight were utilized as the primary predictors and
determinants of postnatal growth within the discovery cohort.
BMI was additionally analyzed. A maximum of 1162 subjects
with height and weight data collected at ages 1, 2, 3, 5, 8, 10,
14 and 17 years were analyzed longitudinally using linear
mixed effects modeling. These models adjusted for repeated
measures over time. Our BMI model was analogous to those
chosen for height and weight analyses and therefore did not
adjust for the nonlinear relationship of BMI over time.

The statistical software package R version 2.8.028 was used
to conduct all analyses. All SNPs selected have a minor allele
frequency of .10% in the discovery cohort. All analyses
were performed in males and females separately, as well as the
combined dataset. P-values ,0.05 indicate statistical sig-
nificance. To adjust for multiple testing, a modified threshold
for statistical significance of P < 0.00041 was utilized as
described by the simpleM method.29

Results

Population characteristics

The demographic data for the discovery and replication
cohort are presented in Table 1. The maternal demographic

Table 1. Cohort demographic data

Discovery Cohort: Raine Replication Cohort: Generation R

Variables All, n 5 1162 Female, n 5 548 Male, n 5 613 All, n 5 2642 Female, n 5 1290 Male, n 5 1352

Maternal data during pregnancy
Age (years) 28.4 (5.8) 28.3 (5.9) 28.4 (5.7) 31.6 (4.2) 31.6 (4.1) 31.5 (4.3)
Height (cm) 164.4 (6.5) 164.6 (6.6) 164.2 (6.4) 170.9 (6.4) 170.9 (6.7) 170.9 (6.1)
BMI (kg/m2) 22.6 (4.4) 22.5 (4.3) 22.6 (4.4) 23.1 (3.8) 23.1 (3.6) 23.2 (3.9)
Parity

0 47.5 46.2 48.8 59.2 58.4 60.0
1 30.0 32.5 27.9 31.6 32.1 31.2
2 15.1 13.3 16.5 7.7 7.8 7.6
3 5.7 6.2 5.2 1.2 1.4 1.0
41 1.7 1.8 1.6 0.3 0.4 0.1

Smoker 25.6 27.9 23.5 23.2 21.9 24.4
Anemic 26.6 28.3 25.1 1.2 1.4 1.0
Diabetes 3.8 3.6 3.9 0.7 0.8 0.7
Hypertension 27.5 27.4 27.6 4.0 4.5 3.5
Preeclampsia 3.8 4.0 3.6 1.3 1.6 1.0
Preterm birth 8.4 8.8 8.2 3.1 3.3 2.9

Birth data
Gestational age (days) 275.2 (14.9) 274.8 (15.3) 275.5 (14.6) 280.9 (10.6) 280.8 (10.4) 280.9 (10.8)
Placental weight (g) 594.2 (125.6) 594.3 (127.1) 594.1 (124.4) 644.6 (144.6) 647.8 (144.5) 641.5 (144.6)
Birth weight (g) 3359 (576) 3291 (564) 3419 (580)* 3549 (517) 3496 (500) 3599 (528)*
Birth length (cm) 49.1 (2.7) 48.6 (2.6) 49.5 (2.7)* 50.6 (2.3) 50.2 (2.3) 50.9 (2.3)*
Ponderal index 27.3 (2.7) 27.4 (2.8) 27.1 (2.7) 27.5 (3.2) 27.7 (3.3) 27.3 (3.2)*

Postnatal data BMI (kg/m2)
Year 1 17.1 (1.4) 16.9 (1.3) 17.4 (1.4)* 17.4 (1.3) 17.2 (1.3) 17.6 (1.3)*
Year 2 16.0 (1.3) 15.7(1.2) 16.2 (1.3)* 16.6 (1.3) 16.5 (1.3) 16.7 (1.4)*
Year 3 16.2 (1.3) 16.0 (1.3) 16.3 (1.2)* 16.0 (1.2) 15.9 (1.2) 16.1 (1.2)*
Year 5 15.9 (1.8) 15.8 (1.8) 16.0 (1.7) na na na
Year 8 16.9 (2.5) 17.0 (2.6) 16.9 (2.5) na na na
Year 10 18.8 (3.4) 18.8 (3.4) 18.7 (3.4) na na na
Year 14 21.5 (4.3) 21.8 (4.3) 21.3 (4.3)* na na na
Year 16 23.3 (4.5) 23.4 (4.5) 23.1 (4.5) na na na

BMI, body mass index.
Maternal, pregnancy, birth and postnatal data presented as mean and standard deviation for continuous variables and percentages for

categorical variables in the discovery cohort (Raine) and replication cohort (Generation R).
*Indicates that a statistically significant difference (P , 0.05) was observed between males and females within each individual cohort.
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and obstetric data were similar between the two cohorts.
Offspring of the replication cohort had, on average, a longer
gestation ( ,5 days) and birth length ( ,1 cm), higher birth
order and had greater placental weights ( ,50 g) and birth
weights ( ,200 g) than members of the discovery cohort.
Further, mothers in the replication cohort were observed to
be slightly older ( ,3 years), and with more tertiary education
and had lower smoking rates than mothers in the discovery
cohort. There were also fewer women with pregnancy com-
plications, including anemia, diabetes and hypertension,
during pregnancy in the replication cohort than the discovery
cohort. Maternal characteristics were similar for both genders
within a cohort; however, birth weight and length were sig-
nificantly greater in male compared with female offspring in
both the discovery and replication cohorts. In the discovery
cohort, the subset that was randomly selected to undergo
repeated ultrasound measures (n 5 588) was representative of

all discovery cohort members with genetic data (n 5 1162;
Supplementary Table 1a).

Genetic associations

Antenatal
A summary of the associations between SNPs in genes in
the IGF-axis and antenatal growth is presented in Fig. 2.
Utilizing a P-value threshold of 0.05, there were 58 sig-
nificant associations identified, more than expected for the
total number of SNPs analyzed. Almost half of the number
of SNPs analyzed in each IGF-axis gene (34 of the 73 SNPs
genotyped for IGF-1R and 13 of the 34 SNPs genotyped for
IGF-2R) demonstrated significant associations with antenatal
growth in the discovery cohort. Twenty-six of these SNPs
were also significantly associated with postnatal growth
(detailed later in this section). Similar patterns were observed

Fig. 2. Significant associations between antenatal and postnatal growth for the insulin-like growth factor (IGF)-axis: IGF single-nucleotide
polymorphisms (SNPs) significantly associated with antenatal (abdominal circumference and/or head circumference and/or fetal length)
growth and postnatal height and/or weight are summarized here. Data from the Raine Cohort are presented in (a). There are more SNPs
than expected with significant associations with antenatal and postnatal growth, especially in IGF-1R and IGF-2R. Data from Generation
R are presented in (b) showing a similar pattern of association with the discovery cohort.

IGF-axis influences developmental growth 161



with the replication data with 11 SNPs from IGF-2R also
exhibiting significant associations with antenatal growth in
the replication cohort.

Table 2 summarizes the longitudinal analyses of fetal HC
and AC in the discovery cohort (five biometry measures
between 18 and 38 weeks gestation). Of the 19SNPs, which
had significant associations with longitudinal analyses
(P < 0.01), 15 of these SNPs had P-values <0.005. After
adjusting for multiple testing (P < 0.00041; Table 2 and
Supplementary Table 4), four SNPs in IGF-1R and one SNP
in IGF-2R remained statistically significant. When IGF–SNPs
were evaluated in the replication cohort (three biometry
measures between 12 and 30 weeks gestation) only four SNPs
were significantly associated (P < 0.05) with HC/AC or FL
intercept or trajectory (Supplementary Tables 2a and 4).

To explore the timing of onset of the effects on fetal growth,
we focussed on six IGF-1R SNPs (rs1879612, rs8030777,
rs1521481, rs2684781, rs2684791 and rs12910200) that were
significant to P < 0.005 in the discovery cohort. A summary
of the cross-sectional analyses of these SNPs is presented in
Table 3. Results from cross-sectional analyses suggested that for
the majority of these SNPs, the effects on fetal growth became
statistically significant in the mid to late third trimester; hence,
it is to be expected that smaller effect sizes were seen in
replication cohort where their last ultrasound assessment was at
30 weeks gestation. It is interesting to note that the direction of
effect was analogous between the discovery and replication
cohorts in those cross-sectional timeframes where numerous
measures were available (16–24 weeks).

As a form of secondary analyses, FL was analyzed
(Supplementary Table 4) and compared with postnatal height
to assess the influence of IGF SNPs on developmental linear
growth. The majority of SNPs effecting antenatal FL across
gender-combined datasets belonged to IGF-2R, whereas
male FL tended to be influenced by SNPs in IGF-1. Two
SNPs, rs9347380 and RS9456497 (all in IGF-2R) replicated
in GenR.

Postnatal
The longitudinal analyses of associations between SNPs in
the IGF-axis and postnatal height and weight (using eight
measures recorded over 17 years of life) are summarized in
Table 4. Additional longitudinal postnatal analyses using
BMI as an outcome are detailed in Supplementary Table 3.
These measures were not available in the replication cohort
because of the cohort’s age. Similar to antenatal growth, the
vast majority of the significant associations were in SNPs in
the IGF receptors.

We observe that the majority of IGF-1R SNPs associated
with postnatal growth are significantly associated with weight
(Table 4) and subsequently BMI (Supplementary Table 3).
Theses associations with weight appeared to be more prevalent
in females, where six out of eight IGF-1R SNPs produced
significant associations in female subsets with only one for
males and gender-combined datasets, respectively. To illustrate

the magnitude of effect of these SNPs on postnatal growth we
use IGF-1R SNP rs3784605, which was significantly asso-
ciated with reducing weight in females, decreasing weight
0.72 kg for the intercept and a further 0.18 kg for the trajectory
effects. Several SNPs in IGF-2R were significantly associated
with both weight gain and linear growth across children of
the discovery cohort. Six out of ten SNPs significantly asso-
ciated with postnatal height analyses (Table 4, P , 0.01)
belonged to IGF-2R, where five SNPs were produced from
analyses in the gender-combined dataset. To illustrate the
effects of these SNPs on longitudinal height, rs7746102 in
IGF-2R was significantly associated with increasing both the
intercept and trajectory of height in males and females
combined. At 17 years of age, this equated to an increase in
height of 0.0145 m2 for the heterozygote (TC) and 0.029 m2

for the minor homozygote (CC).

Comparing antenatal and postnatal growth
The number of SNPs with significant associations with both
antenatal growth and postnatal growth was similar for each
of the ligands, receptors and binding proteins (results not
published; details available upon request). Figure 3 illustrates
26 SNPs that were significantly associated with both antenatal
and postnatal growth in the discovery study; 17SNPs (13 in
IGF-1R) were associated with discordant growth patterns
consistent with the Developmental Origins of Health and
Disease (DOHaD) hypothesis. IGF-1R SNPs rs4966035,
rs7165875, rs1521481, rs1879613 and IGF-2R SNP rs687088
were all associated with reduced antenatal AC, FL and increased
weight gain. Nine SNPs were associated with concordant
growth patterns, binding proteins rs9658238 (IGFBP1) con-
sistently associated with increased growth and rs1009728 of
IGFBP4 consistently associated with decreased growth.

Discussion

The aim of the current study was to investigate the association
between SNPs in genes within the IGF-axis and antenatal and
postnatal growth from birth to adolescence in the discovery
and replication cohorts adjusting for common environmental
influences on IGF levels. We have shown that 40% (58/145)
of the SNPs in genes within the IGF-axis were associated
with measures of fetal growth. The majority of these SNPs
were in the genes for the two cell-surface receptors, IGF-1R
and IGF-2R [23% (34) and 9% (13), respectively]. Of the
eight SNPs within the two ligands, IGF-1 had more SNPs
associated with antenatal growth, accounting for a small
proportion of the significant associations (4%; six SNPs,
respectively) with the remaining two SNPs found in IGF-2.
Three SNPs from the five IGFBP assessed (IGFBP 1–5)
constituted a further 2%. These data suggest a potentially
important role of genetic variants in IGF-1R (and to a lesser
extent IGF-2R) in the regulation of fetal growth. This finding
is consistent with the observation that both IGF-1R and
insulin receptors are necessary for optimal pre- and postnatal
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Table 2. Significant associations between longitudinal measures of antenatal growth and the IGF-axis in the Raine Cohort

Antenatal HC longitudinal analyses Antenatal AC longitudinal analyses

Intercept Trajectories Intercept Trajectories

Gene Subset SNP b (S.E.) P-value b (S.E.) P-value b (S.E.) P-value b (S.E.) P-value

IGF-1 Females rs1520220 0.1479 (0.7460) 0.8429 0.2454 (0.0893) 0.0061
Females rs10860865 20.1318 (0.6335) 0.8353 0.2039 (0.0781) 0.0092

IGF-1R Males rs2684777 0.5493 (0.5897) 0.3520 20.2233 (0.0783) 0.0044
Everyone rs1879612 21.0417 (0.3784) 0.0060 20.0444 (0.0386) 0.2501 20.7101 (0.3872) 0.0670 20.1320 (0.0509) 0.0095
Males rs1879612 20.3062 (0.5137) 0.5514 20.2651 (0.0680) 0.0001*
Males rs2670504 0.7211 (0.6385) 0.2593 20.2772 (0.0863) 0.0014
Males rs8030777 0.3406 (0.5664) 0.5479 20.2855 (0.0763) 0.0002*
Everyone rs2684781 21.6043 (0.4608) 0.0005 20.0256 (0.0466) 0.5829 21.2628 (0.4651) 0.0067 20.0895 (0.0612) 0.1435
Males rs2684781 21.6468 (0.6583) 0.0127 20.0127 (0.0667) 0.8487 22.0383 (0.6255) 0.0012 20.0630 (0.0835) 0.4510
Everyone rs1521481 20.9512 (0.3803) 0.0125 20.0603 (0.0390) 0.1225 20.9425 (0.3853) 0.0146 20.1438 (0.0513) 0.0052
Males rs1521481 20.6051 (0.5143) 0.2399 20.2578 (0.0693) 0.0002*
Males rs4966035 20.8010 (0.5724) 0.1623 20.1189 (0.0588) 0.0436 20.2714 (0.5475) 0.6203 20.2305 (0.0725) 0.0015
Females rs4966035 21.6034 (0.6118) 0.0091 0.0057 (0.0801) 0.9436
Males rs1357112 20.0248 (0.5661) 0.9651 0.1633 (0.0581) 0.0051 0.1358 (0.5414) 0.8020 0.1790 (0.0739) 0.0155
Everyone rs1879613 20.5897 (0.4873) 0.2265 20.1411 (0.0661) 0.0331
Males rs1879613 0.3212 (0.6551) 0.6242 20.2731 (0.0899) 0.0024
Males rs7165875 0.1531 (0.5977) 0.7980 20.2334 (0.0821) 0.0046
Females rs7165875 21.7766 (0.6657) 0.0079 0.0621 (0.0883) 0.4819
Everyone rs12910200 0.0202 (0.4135) 0.9610 0.1282 (0.0409) 0.0018 0.4080 (0.4206) 0.3323 0.2019 (0.0549) 0.0002*
Males rs12910200 0.2501 (0.5788) 0.6659 0.1796 (0.0585) 0.0022 0.6185 (0.5564) 0.2667 0.2718 (0.0744) 0.0003*
Males rs2684811 21.1512 (0.6507) 0.0775 20.1502 (0.0662) 0.0236 20.1443 (0.6310) 0.8192 20.2625 (0.0846) 0.0020
Males rs9920651 1.0222 (0.6511) 0.1170 0.2628 (0.0871) 0.0026
Females rs2684791 1.5508 (0.5590) 0.0058 20.0455 (0.0542) 0.4014 0.3399 (0.6134) 0.5798 0.2204 (0.0755) 0.0036

IGF-2R Males rs3777421 1.5220 (0.5787) 0.0088 0.0075 (0.0598) 0.8996

IGF, insulin-like growth factor; HC, head circumference; AC, abdominal circumference; SNP, single-nucleotide polymorphisms.
IGF SNPs significantly associated (P-values < 0.005) with antenatal HC or antenatal AC from linear mixed-effects analyses in either gender combined (‘Everyone’) or gender stratified

(‘Males’/‘Females’) are listed here.
b represents the regression coefficients for both the intercept and change with time (trajectory) within the discovery cohort (data 18–38 weeks gestation).
P-values <0.010 are highlighted in bold text.
*Denotes P-values that remain statistically significant after adjusting for multiple testing (P < 0.00041).
Omitted from the table are values for AC or HC where intercept and trajectory have been found to be non-significant.
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Table 3. Cross-sectional antenatal HC and AC analyses of IGF-1R SNPs in Raine and Generation R

Cross-sectional antenatal growth

<Week 12 Weeks 16–24 Weeks 26–32 <32 Weeks

Subset SNP Cohort b (S.E.) P-value b (S.E.) P-value b (S.E.) P-value b (S.E.) P-value

HC

Everyone rs1879612 Raine 20.5412 (0.4204) 0.1983 21.3752 (0.7341) 0.0617 21.3276 (0.7937) 0.0951
Everyone rs1879612 GenR 20.0080 (0.4356) 0.9853 20.0461 (0.1795) 0.7974 20.4609 (0.2694) 0.0872
Everyone rs2684781 Raine 21.2876 (0.5110) 0.0119 22.5699 (0.8923) 0.0042 21.2955 (0.9474) 0.1722
Everyone rs2684781 GenR 20.6017 (0.5970) 0.3146 20.1729 (0.2327) 0.4574 20.2435 (0.3500) 0.4867
Everyone rs12910200 Raine 20.8968 (0.4533) 0.0482 0.5975 (0.7975) 0.4541 1.6897 (0.8331) 0.0432
Everyone rs12910200 GenR 0.1539 (0.4734) 0.7454 20.0170 (0.1864) 0.9272 0.7397 (0.2819) 0.0087
Males rs12910200 Raine 20.6971 (0.6332) 0.2715 1.2965 (1.1598) 0.2647 2.8614 (1.1403) 0.0128
Males rs12910200 GenR 20.1011 (0.6850) 0.8830 20.2298 (0.2688) 0.3929 0.6671 (0.4175) 0.1103
Females rs2684791 Raine 1.6555 (0.6261) 0.0085 1.4893 (1.0402) 0.1537 0.7767 (1.1721) 0.5083
Females rs2684791 GenR 0.7666 (0.5868) 0.1939 0.1487 (0.2561) 0.5616 0.2375 (0.3704) 0.5215

AC

Everyone rs1879612 Raine 20.4034 (0.4185) 0.3354 22.3088 (0.8394) 0.0062 22.1104 (1.0356) 0.0421
Everyone rs1879612 GenR 0.4638 (0.5170) 0.3715 20.0706 (0.2432) 0.7717 0.0086 (0.3919) 0.9825
Males rs1879612 Raine 20.1957 (0.5575) 0.7257 21.5175 (1.1424) 0.1853 25.1039 (1.3973) 0.0003
Males rs1879612 GenR 0.5432 (0.7113) 0.4485 0.0384 (0.3522) 0.9131 0.4486 (0.5697) 0.4312
Males rs8030777 Raine 0.6164 (0.6108) 0.3133 21.8705 (1.2466) 0.1347 24.5067 (1.5802) 0.0047
Males rs8030777 GenR 0.6651 (0.6877) 0.3380 0.0065 (0.3955) 0.9870 0.3695 (0.6436) 0.5660
Males rs1521481 Raine 20.4154 (0.5576) 0.4566 22.2828 (1.1451) 0.0473 25.0893 (1.4215) 0.0004
Males rs1521481 GenR 0.2626 (0.7428) 0.7251 20.0888 (0.3501) 0.7998 0.2184 (0.5636) 0.6985
Everyone rs12910200 Raine 20.1509 (0.4539) 0.7397 2.1067 (0.9157) 0.0218 3.5354 (1.1158) 0.0016
Everyone rs12910200 GenR 0.2601 (0.5228) 0.6198 20.1017 (0.2529) 0.6876 0.2940 (0.4097) 0.4731
Males rs12910200 Raine 0.3568 (0.6034) 0.5545 3.1123 (1.2324) 0.0122 5.6035 (1.4979) 0.0002
Males rs12910200 GenR 20.4895 (0.7622) 0.5236 20.1701 (0.3691) 0.6449 0.1061 (0.5973) 0.8591

HC, head circumference; AC, abdominal circumference; IGF, insulin-like growth factor; SNP, single-nucleotide polymorphisms.
Cross-sectional analyses demonstrate that effects in fetal HC occur late in third trimester, with cross-sectional data at (26–32 weeks) demonstrating similar b coefficients in the discovery

and replication cohorts for antenatal HC. Generation R do not have serial ultrasound scans at 34 and 38 weeks gestation; hence, we have limited ability to replicate our mid and late third
trimester associations.

Bold text indicates effects observed to be statistically significant (P < 0.05), whereas effects going in the same direction in both cohorts are highlighted in italics.
Bold italics text indicates effects observed to be statistically significant (P < 0.05) and going in the same direction in both cohorts.
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Table 4. Associations between postnatal weight and length with SNPs of the IGF-axis (Raine Cohort)

Weight Height

Intercept Trajectory Intercept Trajectory

Gene Subset SNP b (S.D.) P-value b (S.D.) P-value b (S.D.) P-value b (S.D.) P-value

IGF-1 Males RS10860861 0.5556 (0.2298) 0.0159 0.1397 (0.0513) 0.0065 0.0012 (0.0021) 0.5726 20.0003 (0.0002) 0.1936
Everyone RS6214 0.1183 (0.1658) 0.4757 0.0526 (0.0362) 0.1464 20.0007 (0.0014) 0.6438 20.0004 (0.0002) 0.0099
Males RS6214 0.4304 (0.2305) 0.0624 0.1167 (0.0515) 0.0237 20.0002 (0.0021) 0.9259 20.0004 (0.0002) 0.0656

IGF-1R Males RS12442093 0.0405 (0.2893) 0.8888 0.0512 (0.0649) 0.4309 0.0080 (0.0026) 0.0024 0.0005 (0.0003) 0.0555
Females RS1879613 0.7842 (0.2900) 0.0071 0.1234 (0.0615) 0.0450 20.0030 (0.0025) 0.2339 20.0004 (0.0003) 0.1536
Females RS2272037 0.3696 (0.2398) 0.1238 0.1249 (0.0506) 0.0137 0.0017 (0.0021) 0.4177 20.0003 (0.0002) 0.2303
Females RS2670504 0.8721 (0.3122) 0.0054 0.1657 (0.0663) 0.0125 20.0037 (0.0027) 0.1702 20.0004 (0.0003) 0.1793
Females RS3784605 20.7116 (0.2535) 0.0052 20.1758 (0.0536) 0.0011 0.0003 (0.0022) 0.8981 0.0004 (0.0002) 0.1214
Females RS4966035 0.6579 (0.2485) 0.0084 0.1129 (0.0528) 0.0327 20.0019 (0.0021) 0.3831 20.0003 (0.0002) 0.2488
Females RS7169544 20.5632 (0.2353) 0.0170 20.1514 (0.0498) 0.0024 0.0003 (0.0020) 0.8852 0.0001 (0.0002) 0.5568
Everyone RS907801 20.6032 (0.2223) 0.0068 20.1157 (0.0485) 0.0172 0.0001 (0.0019) 0.9574 0.0003 (0.0002) 0.1655

IGF-2R Everyone RS2297363 0.6186 (0.2359) 0.0089 0.1437 (0.0516) 0.0053 20.0032 (0.0021) 0.1223 20.0007 (0.0002) 0.0054
Males RS399919 0.6955 (0.2395) 0.0038 0.0992 (0.0539) 0.0658 20.0043 (0.0022) 0.0529 20.0006 (0.0002) 0.0073
Everyone RS4709393 0.5911 (0.1837) 0.0013 0.1231 (0.0402) 0.0022 20.0025 (0.0016) 0.1245 20.0005 (0.0002) 0.0048
Females RS4709393 0.3810 (0.2669) 0.1541 0.0738 (0.0567) 0.1928 20.0051 (0.0023) 0.0264 20.0007 (0.0003) 0.0040
Males RS4709393 0.7442 (0.2536) 0.0035 0.1526 (0.0569) 0.0074 0.0012 (0.0023) 0.6244 0.0000 (0.0002) 0.9836
Everyone RS635551 0.3967 (0.2206) 0.0724 0.0807 (0.0482) 0.0936 20.0029 (0.0019) 0.1263 20.0006 (0.0002) 0.0067
Everyone RS687088 0.5703 (0.1725) 0.0010 0.0980 (0.0379) 0.0097 20.0040 (0.0015) 0.0090 20.0004 (0.0002) 0.0133
Everyone RS7746102 20.4084 (0.1917) 0.0333 20.0842 (0.0419) 0.0444 0.0043 (0.0017) 0.0097 0.0006 (0.0002) 0.0017

IGF-BP4 Everyone RS1009728 20.4525 (0.1734) 0.0092 20.0968 (0.0379) 0.0106 0.0001 (0.0015) 0.9592 0.0001 (0.0002) 0.6621

SNP, single-nucleotide polymorphisms; IGF, insulin-like growth factor; HC, head circumference; AC, abdominal circumference.
Longitudinal analyses of postnatal weight and height were performed using data from 1 to 17 years of age. Effects observed to be statistically significant (P < 0.01) are detailed in bold here.
SNPs significantly associated with antenatal growth (antenatal HC or antenatal AC; Table 2) are highlighted in italics.
Bold italics text indicates SNP effects associated with antenatal growth (Table 2) and postnatal growth (P < 0.01).
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growth and development, with the interaction of IGFs and their
receptors playing a critical role in promoting and regulating
embryonic growth from mid-gestation onwards4,17 with IGF-1
and IGF-2 acting via IGF-1R to promote growth.4,30

In addition to playing an important role in antenatal growth,
our data suggest that SNPs in genes within the IGF-axis may
also play a role in postnatal growth with associations identified
with 38% (55/145) of the SNPs investigated and longitudinal
height and/or weight from 1 to 17 years. Similar to antenatal
growth, the majority of these associations were in the genes for
the two cell-surface receptors, with 21% in IGF-1R (31 SNPs)
and 9% in IGF-2R (13 SNPs).

Results from this study illustrated that SNPs from IGF-2R
were associated with reduced antenatal FL but increased
postnatal weight gain/BMI.

Further, the associations we identified between SNPs in
IGFBP-4 were consistent with published literature, which
state that it has an inhibitory effect on growth by preventing
the binding of IGF-1 with IGF-1R.31,32 We have illustrated
that rs1009728 in IGF-BP4 was significantly associated with
reducing both antenatal growth and postnatal weight (and
BMI) in males and females.

The underlying principle of DOHaD is founded upon
decades of research in both human and animal studies
illustrating the relationship between antenatal growth and
postnatal obesity, where early life growth restriction predisposes

individuals to diseases such as obesity, diabetes, metabolic
syndrome, stroke and cardiovascular disease during adult-
hood.33–38 It is widely accepted that genetic and epigenetic
pathways mediate much of the relationship between the
environment and the DOHaD paradigm where both
mechanisms likely contribute to the variation seen in an
individual’s response to the environment as complex inter-
actions between genes and the early environment modulate
developmental programming of adult disease.39 Genetic
differences not only regulate gene–environment interactions
underlying disease onset but also regulate disease suscept-
ibility following environmental alterations.39

There is growing evidence that the relationship between
antenatal/postnatal growth and disease is mediated by genetic
variants in the IGF-axis.2,4,10,15,40–44 We have demonstrated
that a large number of SNPs from the IGF pathway were
significantly associated with anthropomorphic measures taken
from ultrasounds and postnatal growth. Further, we have
provided data suggesting that 26 SNPs in the IGF-axis were
associated with both antenatal and postnatal growth patterns
consistent with the DOHaD hypothesis. Seventeen SNPs
were associated with discordant growth patterns consistent
with the lower end of the U-shaped curve described between
antenatal growth and postnatal obesity.39,45,46

Genetic variants in the IGF receptors accounted for the
majority of the associations with growth observed in our study.

Fig. 3. Insulin-like growth factor (IGF) single-nucleotide polymorphisms (SNPs) significantly associated with both antenatal and
postnatal growth. Of the 58 SNPs associated with antenatal growth, 12 SNPs have demonstrated a U-shaped association relating antenatal
growth restriction and postnatal growth. This is consistent with one of the underlying hypotheses of the Developmental Origins of
Health and Disease paradigm that describes how fetal programming may operate across differing stages of nutrition with a U-shaped
curve relating prenatal growth and nutrition to adult obesity and metabolic disease. SNPs listed here were significantly associated
(P-values <0.05) with both antenatal measures of growth (head circumference, HC; abdominal circumference, AC; or femur length, FL)
and postnatal growth (height, weight or body mass index).
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The next step in understanding the mechanism responsible
for the association between variants in the IGF pathway and
early human growth and development is to investigate the
interactions between insulin-like factors, their receptors and
their associated IGFBP, which fundamentally control the
factor–receptor interaction.2–7,13,17,19,20,30 Further investiga-
tions of the entire IGF pathway and the interactions within
genetic components of the pathway and the environment
would provide greater detail as to the underlying function and
influence on growth and metabolic diseases. Investigating
SNPs individually (i.e. one-by-one) may miss important
information regarding essential biological pathways.47,48

This is highlighted by publications detailing genetic analyses
utilizing both candidate gene approaches and Genome-Wide
Association Study (GWAS) where single SNPs account for
only a small amount of the genetic variation in obesity and
diabetes.25,45 Therefore, new analytic methods are required in
order to better analyze and understand this key metabolic
pathway to include how the IGF SNPs work in conjunction.
This is particularly important as levels of phosphorylation and
methylation of these SNPs also contributes heavily to the
overall functioning of the pathway affecting anthropomorphic
outcomes by activating, mediating or inhibiting the interaction
between IGFs and receptors.

The discovery cohort (Raine) and the replication cohort
(Generation R) have been shown to be representative of the
populations in Western Australia and Holland, respectively.
Both cohorts have multiple measures of growth that have
enabled longitudinal analyses, increasing the power and
uniqueness of this study. The large number of available
covariates associated with fetal growth has allowed us to focus
on the effects due to genetic variants as we were able to
account for , 72% of the variance observed using epide-
miologic data. We do, however, note important limitations of
our study, including our limited sample size and concomitant
modest statistical power to detect small genetic effects and the
lack of multiple ultrasound scans in the third trimester for the
replication cohort. The younger age of the replication cohort
has also meant that we are unable to replicate our postnatal
findings in this cohort.

Future research will need to be conducted in larger and
ethnically diverse studies where growth has been measured
on multiple occasions across the life-course. Further investi-
gation into the association between IGF SNPs and growth
will need to emphasize not only the genetic influence but
also the complexities of environmental exposures and
gene–environment interactions. Such exposures include diet
and nutrition of mother and child as well as the level of
physical activity by the children and its subsequent influence
on postnatal growth measures.

In the future, we hope that lifestyle modifications can be
implemented following the identification of those children
whose antenatal growth patterns and individual genetic
variation predispose them to the development of obesity.
Further research is required to evaluate targeted interventions

(including diet, exercise and medication) for those at the
greatest risk of obesity.
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Although cardiovascular disease generally manifests in 
later life, evidence from autopsies suggests that the pro-

cess of atherosclerosis (1 consequence of high blood pressure 
[BP]) starts in adolescence.1 Furthermore, epidemiologi-
cal evidence has demonstrated that levels of BP track from 
childhood into adulthood2 and that BP in young adulthood is 
associated with carotid intima-media thickness3 and mortality 
from cardiovascular events4 later in life.

Clinical Perspective on p 614

In children and adolescents, BP tends to increase with 
age.5–11 The causes of these age-related changes in BP are 
largely unexplored; some age-related changes are likely to be 
the result of height growth because height is a major determi-
nant of BP in childhood and adolescence, with taller height 
associated with higher BP.10 Other influences on age-related 
changes in BP in children and adolescents are likely to include 
increasing levels of adiposity, a decline in health-promoting 
behaviors, and uptake in potentially harmful behaviours.12,13 
Understanding age-related changes in BP in childhood and 

Background—Blood pressure (BP) tends to increase across childhood and adolescence, but the genetic influences on 
rates of BP change are not known. Potentially important genetic influences could include genetic variants identified in 
genome-wide association studies of adults as being associated with BP, height, and body mass index. Understanding the 
contribution of these genetic variants to changes in BP across childhood and adolescence could yield understanding into 
the life course development of cardiovascular risk.

Methods and Results—Pooling data from 2 cohorts (the Avon Longitudinal Study of Parents and Children [n=7013] and the 
Western Australian Pregnancy Cohort [n=1459]), we examined the associations of allelic scores of 29 single-nucleotide 
polymorphisms (SNPs) for adult BP, 180 height SNPs, and 32 body mass index SNPs, with trajectories of systolic BP 
(SBP) from 6 to 17 years of age, using linear spline multilevel models. The allelic scores of BP and body mass index 
SNPs were associated with SBP at 6 years of age (per-allele effect sizes, 0.097 mm Hg [SE, 0.039 mm Hg] and 0.107 
mm Hg [SE, 0.037 mm Hg]); associations with age-related changes in SBP between 6 and 17 years of age were of small 
magnitude and imprecisely estimated. The allelic score of height SNPs was only weakly associated with SBP changes. 
No sex or cohort differences in genetic effects were observed.

Conclusions—Allelic scores of BP and body mass index SNPs demonstrated associations with SBP at 6 years of age with a 
similar magnitude but were not strongly associated with changes in SBP with age between 6 and 17 years. Further work 
is required to identify variants associated with changes with age in BP.  (Circ Cardiovasc Genet. 2013;6:608-614.)
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adolescence, and whether genetic variants are associated with 
greater or smaller age-related increases in SBP, could provide 
insight into cardiovascular disease pathogenesis and poten-
tially inform prevention strategies that aim to slow down age-
related increases and therefore reduce the level of BP attained 
in adulthood. Genetic variants related to BP, height, and body 
mass index (BMI) may all be determinants of patterns of 
change in BP across childhood and adolescence.

The International Consortium for Blood Pressure iden-
tified 29 single-nucleotide polymorphisms (SNPs) in 28 
loci, 16 of which were novel, that are associated with BP 
in adulthood.14 After accounting for the major nongenetic 
determinants of BP (age, age2, sex, and BMI), the 29 SNPs 
explain ≈0.9% of the variance in both systolic BP (SBP) and 
diastolic BP and are associated with BP-related organ dam-
age and clinical cardiovascular disease.14 Genetic variants 
known to be associated with BMI15 and height16 have also 
been identified

In this article, we pool data from 2 prospective cohort stud-
ies; the Avon Longitudinal Study of Parents and Children 
(ALSPAC) and the Western Australian Pregnancy Cohort 
(Raine). We describe the associations of (1) an allelic score 
of 29 BP SNPs, (2) an allelic score of 180 height SNPs, (3) 
an allelic score of 32 BMI SNPs, and (4) each of the 29 BP 
SNPs individually with SBP trajectories from 6 to 17 years 
of age, modeled using linear spline multilevel models. This 
analysis will allow us to identify the total effect of currently 
known genetic influences on adult BP on trajectories of SBP 
across childhood and adolescence. In addition, it permits us to 
explore the effect of genetic variants related to 2 key environ-
mental determinants of BP (ie, height and BMI) on its devel-
opment in early life.

Methods
The ALSPAC
The ALSPAC is a longitudinal population-based birth cohort that 
recruited pregnant women residing in Avon, UK, with an expected 
delivery date between April 1, 1991, and December 31, 1992. A total 
of 14 541 women were enrolled, with 14 062 children born, of whom 
13 988 were alive at 1 year (13 617 singletons). The cohort, including 
its representativeness, is described in detail on the Web site http://
www.alspac.bris.ac.uk and elsewhere.17,18 Ethics approval was ob-
tained from the ALSPAC Law and Ethics Committee and relevant 
local ethics committees.

The Western Australian Pregnancy Cohort (Raine)
Recruitment of the Western Australian Pregnancy Cohort (Raine) has 
previously been described in detail.19 Between 1989 and 1991, 2900 
pregnant women were recruited at King Edward Memorial Hospital 
(Perth, Western Australia) before 18 weeks of gestation into a ran-
domized, controlled trial to evaluate the effects of repeated ultrasound 
in pregnancy. The study was conducted with appropriate institutional 
ethics approval, and written informed consent was obtained from 
caregivers at all follow-ups and participants at the 17-year-of-age 
follow-up. Further details about this study can be found at the study 
Web site http://www.rainestudy.org.au.

Genotyping
Within ALSPAC, 9912 subjects were genotyped using the Illumina 
HumanHap550 quad genome-wide SNP genotyping platform by 
23andMe subcontracting the Wellcome Trust Sanger Institute, 
Cambridge, UK, and the Laboratory Corporation of America, 

Burlington, NC. Individuals were excluded on the basis of having in-
correct sex assignments; minimal or excessive heterozygosity (<0.32 
and >0.345 for the Sanger data and <0.31 and >0.33 for the LabCorp 
data); disproportionate levels of individual missingness (>3%); evi-
dence of cryptic relatedness (>10% identity-by-descent); and being 
of non-European ancestry (EIGENSTRAT analysis revealed no ad-
ditional obvious population stratification, and genome-wide analy-
ses with other phenotypes indicate a low λ). The resulting data set 
consisted of 8365 individuals. SNPs with a minor allele frequency of 
<1% and call rate of <95% were removed. Furthermore, only SNPs 
that passed an exact test of Hardy-Weinberg equilibrium (P>5E–7) 
were considered for the analysis. Genotypes were subsequently 
imputed with MACH 1.0.16 Markov Chain Haplotyping software, 
using CEPH individuals from phase 2 of the HapMap project as a 
reference set (release 22).

Within Raine, DNA was collected at the follow-ups at 14 years 
(74% of all adolescents) and 17 years (additional 5% of all ado-
lescents) of age using standardized procedures. High-throughput 
genome-wide SNP genotyping using the genome-wide Illumina 660 
Quad Array was performed for each individual. Genotype data were 
imputed against Hapmap phase2 build 36 release 22 using MACH 
version 1.0.16 after quality control (minor allele frequency, >1%; 
Hardy-Weinberg equilibrium, >5×10–7; call rate per SNP and popu-
lation, >95%). Principal components analysis of genome-wide SNP 
data with EIGENSTRAT20 has revealed evidence of population strati-
fication in the Raine sample, so the first 4 principal components were 
included as cofactors in all analyses. This procedure has been used 
previously in genetic analyses of the Raine cohort.21,22

BP Measurement
A maximum of 7 measures of SBP were available for ALSPAC par-
ticipants from research clinics held when the participants were ≈7, 
9, 10, 11, 13, 15, and 17 years old (mean ages at clinic attendance 
of 7.5, 9.9, 10.6, 11.7, 12.8, 15.4, and 17.8 years; Figure I in the 
online-only Data Supplement). At each clinic, SBP was measured 
twice with the child sitting and at rest with the arm supported, using 
a cuff size appropriate for the child’s upper arm circumference. The 
mean of the 2 measures is used in our analyses. A Dinamap 9301 
Vital Signs Monitor (Morton Medical, London) was used at the 7-, 9-, 
and 11-year clinics; an Omron MI-5 was used at the 10-year clinic; a 
Dinamap 8100 Vital Signs Monitor (Morton Medical) was used at the 
13-year clinic; and an Omron IntelliSense M6 (Omron Healthcare, 
Kyoto, Japan) was used at the 15- and 17-year clinics.

Within Raine, a maximum of 5 measures of SBP were available 
from research clinics held when the participants were ≈6, 8, 10, 14, 
and 17 years old (mean ages at clinic attendance of 6.0, 8.1, 10.6, 
14.1, and 17.1 years; Figure I in the online-only Data Supplement). 
BP was measured by trained research assistants on participants rested 
in a seated position for 5 minutes. Right arm circumference was mea-
sured, and the appropriate cuff size was used. Measurements were 
recorded using an oscillometric sphygmomanometer (DINAMAP 
vital signs monitor 8100, DINAMAP XL vital signs monitor, or 
DINAMAP ProCare 100) automating readings per 2-minute inter-
vals. Earlier ages (6–10 years) each took 3 recordings, and older ages 
(14 and 17 years) had 6 BP recordings taken. The first BP measure 
was discarded, and the mean of the remaining measures was used to 
represent SBP.

Modeling Trajectories of SBP
Multilevel models are an appropriate tool for the analysis of longitu-
dinal data; they estimate average and individual-specific trajectories 
of the outcome, regardless of differences in the number and tim-
ing of measurements between individuals. Such models allow the 
clustering of repeated measurements within individuals, can account 
for change in scale and variance of measures over time, and use all 
available data from all eligible children under a missing at-random 
assumption.23 The models allow individual variation in trajectories 
because random effects allow a separate trajectory to be estimated 
for each individual. Individual trajectories of SBP were estimated us-
ing linear spline multilevel models (2 levels: measurement occasion 
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and individual). These models estimate an intercept (SBP at the age 
of 6 years; note that for ALSPAC this is an extrapolation because the 
first available measure was at the age of 7 years) and different linear 
slopes between 6 and 11 years, 11 and 15 years, and 15 and 17 years 
(see Figure I in the online-only Data Supplement for details of raw 
data, Figure III and IV in the online-only Data Supplement for de-
tails of model selection, and Figures II, V, and VI in the online-only 
Data Supplement for details of the final model).24 Mean intercepts 
and linear slopes were allowed to differ between men and women 
and between ALSPAC and Raine, and the variance of measurement 
occasion-level residuals (the differences between observed and 
predicted measurements) was allowed to vary with age and across 
cohorts. A binary indicator for the 10-year clinic in ALSPAC was 
included as a fi ed effect to allow for the different measuring device. 
Four principal components and their interactions with the linear 
slopes were included in the models to account for population strati-
fication in Raine. The trajectories were modeled in MLwiN version 
2.25,25 which was called from Stata version 1226 using the runmlwin 
command.27 All residuals were approximately normally distributed 
(results available from authors on request).

Statistical Analysis
For the 29 individual BP SNPs,14 we used dosages (number of BP-
increasing alleles) from imputed data. Allelic scores of the 29 BP 
SNPs, 180 height SNPs,16 and 32 BMI SNPs15 (details of SNPs are 
given in Table I and II in the online-only Data Supplement) were 
constructed by summing the number of BP/height/BMI-increasing 
alleles.

We estimated genetic differences in trajectories of SBP by includ-
ing a fi ed effect for the SNP/allelic score, which estimates the effect 
of the SNP/allelic score at baseline (6 years) and an interaction be-
tween age the SNP/allelic score in the linear spline multilevel model. 
The coefficients represent the mean difference in SBP (mm Hg) at 6 
years or the mean difference in the rate of SBP change (mm Hg/y) 
per allele, with genotypes modeled on an additive scale. We tested 
for whether genotype effects of each allelic score differed by cohort 
or sex, but no differences were observed (all P values for sex differ-
ences, >0.1; for cohort differences, 1 P value of 0.06 was observed 
and all 11 other P values [differences for 1 intercept and 3 slopes 
for each of the 3 allelic scores were tested] were >0.4), so all geno-
type associations are presented for men and women and ALSPAC and 
Raine combined.

In addition to the longitudinal analyses, we used linear regression 
in the observed data to estimate the cross-sectional associations be-
tween each allelic score and SBP at the first (age, 6 years in Raine and 
7 years in ALSPAC) and last (age, 17 years in both cohorts) clinics.

To place the genetic results in context, we assessed the relation-
ships of height and BMI with SBP at the first and last clinics and 
the associations of the height and BMI allelic scores with height and 
BMI, respectively, at the first and last clinics

As sensitivity analyses, we repeated all analyses using allelic 
scores that were weighted according to the effect sizes identified in 
adult genome-wide association study and repeated longitudinal anal-
yses restricting to individuals who had BP measured at each possible 
time point.

Results
At least 1 SBP measure and genetic data were available for 
7013 ALSPAC participants and 1459 Raine participants, with 
some indication that included participants tended to be of 
higher socioeconomic position than the full cohorts (Table 
III in the online-only Data Supplement). The median number 
of SBP measures was 6 in ALSPAC and 5 in Raine, and the 
interquartile range was 4 to 7 measures in ALSPAC and 4 to 
5 in Raine. The model demonstrated good fit in both cohorts, 
with the differences between observed and predicted mea-
surements falling within a reasonable range given the inherent 

measurement error in BP (Table IV in the online-only Data 
Supplement). Mean SBP was higher at the age of 6 years in 
Raine than in ALSPAC, but mean rates of SBP increase in 
childhood were higher in ALSPAC than in Raine. In both 
cohorts, an increase in SBP was observed between ages 6 
and 11 years, followed by a steeper rate of increase between 
11 and 15 years (Table 1). A decrease was seen in the mean 
pattern between 15 and 17 years of age in women from both 
cohorts, whereas little change was seen in ALSPAC male sub-
jects between these ages, and an increase was seen in men 
from Raine (Table 1; Figure II in the online-only Data Supple-
ment). All results were similar using unweighted and weighted 
allelic scores (results available from authors on request), so 
only analyses using the unweighted score are presented here. 
Results were also similar when including all individuals 
with ≥1 measures of BP or restricting to individuals with BP 
measured at all available time points (results available from 
authors on request), so only the former is presented here.

Associations of an Allelic Score and 29 Individual 
BP SNPs With Trajectories of SBP
Using an allelic score of BP SNPs, each additional BP-increas-
ing allele was associated with 0.097mm Hg higher SBP at the 
age of 6 years (SE, 0.039 mm Hg ; P=0.013; equivalent to a 
0.017SD increase in SBP; Table 2). There was little evidence 
of an association between the allelic score and change in SBP 
between 6 and 11 years. There was weak evidence of an asso-
ciation between the allelic score and SBP change between 
11 and 15 years; the magnitude of the effect was similar to 
the association with SBP at 6 years, but it was estimated with 
lower precision (each BP-increasing allele increased the rate 
of change in SBP by 0.015 SD; SE, 0.008; P=0.062). There 
was no evidence of an association between the BP allelic score 
and SBP changes between 15 and 17 years. Because the allelic 
score was associated with starting SBP at 6 years but only 
weakly with changes in SBP between ages 6 and 17, the differ-
ence between individuals of high and low genetic risk remained 

Table 1. Mean Trajectories of Systolic Blood Pressure by 
Cohort and Sex Predicted by the Multilevel Model

Mean Predicted (SD)  
Intercept (mm Hg) and Slopes  

(mm Hg/mt) in Female Subjects

Mean Predicted (SD)  
Intercept (mm Hg) and Slopes  
(mm Hg/mt) in Male Subjects

ALSPAC, n 3496 3517

    6 y* 97.48 (5.47) 97.71 (5.32)

    6–11 y 1.21 (0.15) 1.34 (0.15)

    11–15 y 4.40 (0.56) 5.99 (0.54)

    15–17 y –2.47 (0.49) –0.92 (0.47)

Raine, n 711 748

 6 y 103.27 (5.69) 102.57 (5.33)

 6–11 y 0.72 (0.18) 0.86 (0.18)

 11–15 y 1.22 (0.55) 2.81 (0.57)

 15–17 y –0.74 (0.48) 0.81 (0.53)

ALSPAC indicates Avon Longitudinal Study of Parents and Children.
*Note that in ALSPAC the earliest blood pressure measurement was at 7 

years; we extrapolated the multilevel model back to 6 years to match the earliest 
measurement available in Raine.
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fairly stable across this age range (Figure). Cross-sectional 
analysis at 17 years showed that each additional BP-increasing 
allele was associated with a 0.163-mm Hg increase in SBP (SE, 
0.050; P=0.001; Table V in the online-only Data Supplement); 
this is similar to the mean per-allele difference predicted by 
the multilevel model at 17 years (0.177 mm Hg; SE, 0.036 
mm Hg; P<0.001). The allelic score explained 0.06% of the 
variation in SBP at the first clinic (6/7 years) and 0.23% at the 
17-year clinic (Table VI in the online-only Data Supplement). 
The highest quintile of the BP allelic score had, on average, a 
higher SBP than the lowest quintile by 1.23 mm Hg (SE, 0.34 
mm Hg) at the first clinic (6/7 years) and by 1.37 mm Hg (SE, 
0.51 mm Hg) at the last clinic at 17 years (Table 3).

Four of the 29 single SNPs demonstrated an associa-
tion with SBP at 6 years at P<0.05 (rs1173771, rs1378942, 
rs17608766, and rs1813353; Table VII in the online-only Data 
Supplement). A small number of SNPs also demonstrated 
associations of P<0.05 with change in SBP across childhood 
and adolescence. rs1813353 showed strong positive associa-
tions with SBP at 6 years and with SBP changes between 11 
and 15 years and then a strong negative association with SBP 

change between 15 and 17 years. None of these associations 
would be significant under Bonferroni corrections; we report 
them here as exploratory findings

Associations of an Allelic Score of 180 Height SNPs 
With Trajectories of SBP
Height is strongly associated with SBP in childhood, explain-
ing 5% and 15% of the variance in SBP at the first and last 
clinics, respectively. The allelic score of height SNPs is 
strongly associated with height, with the association increas-
ing with age; the proportion of variation in height explained 
by the allelic score increases from 0.9% to 5% between the 
first and last clinics

Despite height being an important determinant of SBP, 
there is little evidence of associations between the allelic 
score of 180 height SNPs and trajectories of SBP (Table 2; 
Figure VII in the online-only Data Supplement). There is no 
evidence of association before 15 years of age, but there is 
some evidence that the height allelic score is associated with 
SBP changes between 15 and 17 years, with each increasing 
allele associated with a 0.015-SD increase in the rate of SBP 
change (SE, 0.007 SD; P=0.029). At 17 years, each additional 
height-increasing allele is associated with a 0.045-mm Hg 
increase in SBP (SE, 0.019; P=0.020; Table V in the online-
only Data Supplement); a slightly smaller difference at 17 
years is predicted by the multilevel model (0.024 mm Hg; SE, 
0.014 mm Hg; P=0.078). The allelic score explains 0.03% of 
the variance in SBP at the first clinic and 0.12% at the last 
clinic (Table VI in the online-only Data Supplement). The 
SBP difference between the top and bottom quintiles of the 
height allelic score increases from 6 to 17 years, from 0.38 
mm Hg (SE, 0.34 mm Hg, representing a 0.04-SD increase in 
SBP) to 1.47 mm Hg (SE, 0.51 mm Hg, representing a 0.13-
SD increase in SBP). This difference at 17 years is of a mag-
nitude similar to that of the comparison between the top and 
bottom quintiles of the BP allelic score (Table 3).

Associations of an Allelic Score of 32 BMI SNPs 
With Trajectories of SBP
BMI is strongly associated with SBP in childhood, explaining 
9% and 8% of the variance at the first and last clinics. The 
BMI allelic score explains ≈1% of the variation in BMI at the 
first clinic, rising to 2% at the final clini

Figure. Mean predicted trajectories of systolic blood pressure 
with age for individuals with the 10th and 90th percentiles of the 
blood pressure allelic score. This figure represents the mean pre-
dicted trajectory for Avon Longitudinal Study of Parents and Chil-
dren (ALSPAC) females with the 10th and 90th percentile of the 
blood pressure allelic score. ALSPAC females were chosen for 
illustrative purposes only, no evidence of heterogeneity in genetic 
effects was found across sex or cohorts.

Table 2. Associations Between the Blood Pressure, Height, and BMI Allelic Scores and SBP Trajectories

SBP at Age 6, mm Hg SBP at Age 6–11 y, mm Hg/mo SBP at Age 11–15 y, mm Hg/mo SBP at Age 15–17 y, mm Hg/mo

Mean SBP, mm Hg (SD), or rate  
of SBP change, mm Hg/mo (SD)

98.51 (5.77) 1.19 (0.25) 4.65 (1.54) –1.39 (1.13)

BP allelic score, mm Hg 0.097 (0.039) P=0.013 0.002 (0.009) P=0.862 0.023 (0.012) P=0.062 –0.010 (0.020) P=0.619

BP allelic score, SD 0.017 (0.007) 0.008 (0.036) 0.015 (0.008) –0.009 (0.018)

Height allelic score, mm Hg 0.007 (0.015) P=0.668 0.001 (0.004) P=0.713 –0.006 (0.005) P=0.231 0.017 (0.008) P=0.029

Height allelic score, SD 0.001 (0.003) 0.004 (0.016) –0.004 (0.003) 0.015 (0.007)

BMI allelic score, mm Hg 0.107 (0.037) P=0.004 0.012 (0.009) P=0.174 0.008 (0.012) P=0.470 –0.034 (0.019) P=0.076

BMI allelic score, SD 0.019 (0.006) 0.048 (0.036) 0.005 (0.008) –0.030 (0.017)

BMI indicates body mass index; BP, blood pressure; and SBP, systolic blood pressure. Results are from pooled data from Avon Longitudinal Study of Parents and 
Children and Raine, adjusted for cohort, sex, and population stratification within Raine. Coefficients (SE) are reported as the mean difference per risk allele (increasing 
BP, height, or BMI) for SBP at 6 years, change in SBP between 6 and 11 years, 11 and 15 years, and 15 and 17 years; coefficients and SEs are reported both in terms 
of mm Hg/mm Hg per month and in terms of SDs and are predicted values from the multilevel models.
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The allelic score of 32 BMI SNPs was strongly associ-
ated with baseline SBP; each additional BMI-increasing 
allele was associated with a 0.107-mm Hg increase in SBP at 
6 years (0.019 SD; SE, 0.006 SD; P=0.004; Table 2; Figure 
VIII in the online-only Data Supplement). The magnitude 
of the association between the BMI allelic score and SBP 
changes between 6 and 11 years was greater than for the BP 
or height allelic scores, but the coefficient was imprecisely 
estimated (each BMI-increasing allele was associated with 
a 0.048-SD increase in the rate of SBP change; SE, 0.036; 
P=0.174). There was little evidence of association between 
the BMI allelic score and SBP changes between 11 and 15 
years. There was some evidence that higher values of the BMI 
allelic score (greater number of BMI-increasing alleles) were 
associated with slower rates of SBP increase between 15 and 
17 years, although this association was imprecisely estimated 
(each increasing allele associated with a 0.030-SD slower rate 
of SBP increase or faster rate of SBP decrease; SE, 0.017; 
P=0.076). Cross-sectional analysis at 17 years shows that the 
BMI allelic score is associated with SBP to approximately the 
same magnitude as the BP allelic score; each additional BMI-
increasing allele is associated with a 0.124-mm Hg (SE, 0.048 
mm Hg; P=0.010) increase in SBP (Table V in the online-
only Data Supplement); a similar difference at 17 years is 
predicted by the multilevel model (0.132 mm Hg; SE, 0.034 
mm Hg; P<0.001). Compared with the BP allelic score, the 
BMI allelic score explains a greater proportion of the variation 
in SBP at the first clinic but a similar proportion at the final
clinic (0.16% by the BMI score compared with 0.23% by the 
BP score; Table VI in the online-only Data Supplement). The 
SBP of individuals in the top quintile of the BMI allelic score 
is, on average, 1.51 mm Hg (SE, 0.34 mm Hg) higher than the 
bottom quintile at the first clinic, with the magnitude of this 
difference reducing slightly (to 1.21 mm Hg; SE, 0.51 mm Hg) 
between 7 and 17 years (Table 3).

Discussion
BP is influenced by height, adiposity, environmental fac-
tors, and genetics. On average, BP tends to increase with age 
across childhood and adolescence, with some studies showing 
that BP in women decreases in late adolescence7–11 and then 
increases with age in adulthood in both men and women in 
most Western populations.28

In children and adolescents, age-related changes in SBP are 
poorly understood. Some of these changes are likely to repre-
sent normal growth and development; SBP would be expected 

to increase as children grow taller. Understanding the changes 
in SBP during childhood and adolescence may yield under-
standing into the life course development of cardiovascular 
risk and potentially inform prevention strategies aiming to 
lower the level of SBP reached in early adulthood.

We demonstrated that an allelic score of the 29 SNPs identi-
fied in genome-wide association study of adult BP was associ-
ated with SBP at 6 years but not with SBP changes through 
17 years. From our data, it would seem that these SNPs are 
associated with BP from a early age but are not responsible 
for the changes in BP through childhood and adolescence. 
The percentage of the variance of SBP explained by the allelic 
score was 0.2 at 17 years compared with the 0.9% explained 
in the discovery sample of adults.14 One previous study has 
examined the association between 13 BP-related SNPs and 
BP in childhood and adolescence.29 Using data from the 
Cardiovascular Risk in Young Finns cohort and the Bogalusa 
Heart Study (combined sample size, 3551), Oikonen et al29 
show that an allelic score of the 13 SNPs is associated with 
BP at 9 years but that the association diminishes in adoles-
cence before reappearing at 24 years. This is in contrast to 
our findings that show that the effect of the allelic score of 
BP-related variants remains largely constant between 6 and 
17 years. Several factors may explain this difference. First, 
Oikonen et al29 adjust for BMI, whereas our aim was to 
explore the associations between genetic variants and BP tra-
jectories without adjusting for BMI, height, or any other deter-
minant of BP. Second, differences in the populations under 
study may explain the differences; participants in the Young 
Finns cohort were born between 1962 and 1977 compared 
with the early 1990s for ALSPAC and Raine participants, 
who, therefore, experienced a more obesogenic environment 
during their childhood. For example, mean BMI at 9 years in 
the Young Finns was 16.7 kg/m2 compared with 17.7 kg/m2  
in ALSPAC, rising to 20.2 and 21.5 kg/m2 in the respective 
cohorts at 15 years. A further difference between the 2 studies 
(although perhaps less likely to explain the observed differ-
ences) is that our allelic score incorporates 16 additional SNPs 
discovered since the publication of the article of Oikonen.

In this study, we demonstrated only weak association 
between an allelic score of height SNPs and trajectories of 
SBP between 6 and 17 years although the association did 
increase with age. The height SNPs used in our analyses have 
previously been shown to be associated with height growth 
in infancy and childhood, with weak associations observed 
for birth length and growth infancy and stronger associations 

Table 3.  Systolic Blood Pressure Differences Comparing Top and Bottom Quintiles of the Blood Pressure, 
Height, and BMI Allelic Scores at the First and Last Clinics (7 and 17 Years in the Avon Longitudinal Study of 
Parents and Children or 6 and 17 years in Raine)

Allelic Score

Mean Difference (SE) in Systolic Blood Pressure  
Comparing Top and Bottom Quintiles of Allelic 

Score, mm Hg

Mean Difference (SE) in SDs of Systolic Blood 
Pressure Comparing Top and Bottom Quintiles  

of Allelic Score

First Clinic Last Clinic First Clinic Last Clinic

Blood pressure 1.23 (0.34) 1.37 (0.51) 0.13 (0.04) 0.12 (0.05)

Height 0.38 (0.34) 1.47 (0.51) 0.04 (0.04) 0.13 (0.05)

BMI 1.51 (0.34) 1.21 (0.51) 0.16 (0.04) 0.11 (0.05)

BMI indicates body mass index.
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for later childhood growth.30 The inability of the allelic score 
of currently identified height variants to explain much of the 
age-related changes in SBP may reflect, in part, the increas-
ing magnitude of associations between the allelic score of 
height variants and height across childhood.30 It also suggests 
that there are likely to be additional genetic variants associ-
ated with growth and development that underlie some of the 
age-related SBP changes during childhood and adolescence. 
Analyzing genome-wide influences on SBP trajectories may 
yield new insights; however, conducting genome-wide asso-
ciation study on longitudinal models is computationally 
intensive,31 and methodological work is required to assess the 
feasibility of this.

Some of the age-related changes in SBP in this age range 
may also be attributable to factors such as worsening quality 
of diet, reducing levels of physical activity, and increasing adi-
posity that are potentially much stronger determinants of BP 
and changes in BP than currently identified genetic variants. 
In adults, BMI-related SNPs have been shown to be associ-
ated with BP to the extent predicted by their relationship to 
BMI.32,33 However, in our study, although a strong association 
between an allelic score of BMI SNPs and SBP at 6 years was 
observed, this association did not strengthen with age. Thus, 
although BMI, along with genetic variants related to BMI, 
is an important determinant of SBP, our findings would sug-
gest that it is largely not driving age-related changes in SBP 
during childhood and adolescence. This finding is consistent 
with analysis of multiple cohorts from across the life span, 
which found that age-related changes in BP were largely not 
explained by BMI.28

It is noteworthy that although having only weak statistical 
evidence, both the BMI and BP allelic scores demonstrated 
negative associations with SBP changes between 15 and 17 
years. SBP tends to decrease across this age range (particu-
larly among females), so higher numbers of BP- and BMI-
increasing alleles are associated with more rapid decreases 
in SBP in adolescents. In contrast, the height allelic score 
demonstrated a positive (and statistically significant) associa-
tion with SBP changes between 15 and 17 years, so a greater 
number of tall alleles is associated with slower rates of SBP 
decrease in adolescents. Thus, there may be competing infl -
ences on SBP changes across adolescence. The reasons for 
the reduction in SBP in adolescence and its associations with 
later cardiovascular health are not well understood, but our 
findings tentatively imply that a larger, more rapid decrease in 
SBP in this age may be associated with adverse cardiovascular 
health; further studies with data on both childhood and adult 
BP and cardiovascular health are required to investigate this 
hypothesis.

Strengths and Limitations
We have combined data from 2 large prospective cohort stud-
ies with multiple measures of SBP per child. We have used 
linear spline multilevel models to estimate trajectories of SBP 
across childhood and adolescence. Although the piecewise 
linear structure of the model clearly represents an implausi-
ble simplification of the nature of SBP changes with age, the 
model demonstrated good fit to the data and facilitates eas-
ily interpretable analyses of whether the associations between 

genetic variants and SBP trajectories differ during various 
periods of childhood and adolescence. The methods allow all 
individuals to be included in the analyses if they contribute ≥1 
measures of SBP under a missing-at-random assumption (ie, 
assuming that the value of unmeasured SBP, once measured 
values are accounted for, is not the reason driving missing-
ness, missing data will not have biased these analyses).

Using allelic scores of known variants for height, BMI, and 
BP enabled us to examine overall associations between com-
mon, moderate effect variants related to these traits and trajec-
tories of SBP across childhood and adolescence. The analysis 
using the scores makes the assumption of uniform strength, 
direction, and timing of associations between each SNP and 
SBP trajectories. Although this assumption is not likely to 
hold, the scores provide a useful tool to explore the overall 
effect of variants related to adult height, BMI, and BP on tra-
jectories of SBP in childhood and adolescence.

Our study has focused on trajectories of SBP; however, 
associations of known genetic variants for BP were similar 
for SBP and diastolic BP in both the adult genome-wide asso-
ciation study14 and the existing study looking at the associa-
tion of 13 BP-related SNPs and BP from childhood through 
adulthood.29

Conclusions
Allelic scores of BP and BMI SNPs demonstrated associa-
tions with SBP at 6 years with a similar magnitude but were 
not strongly associated with changes in SBP with age between 
6 and 17 years. Further work is required to identify variants 
associated with changes with age in BP.
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CLINICAL PERSPECTIVE
Blood pressure (BP) tends to increase across childhood and adolescence, but the genetic influences on rates of BP change 
are not known. Understanding the contribution of genetic variants to changes in BP across childhood and adolescence 
could yield understanding into the life course development of cardiovascular risk and hence potentially inform the design 
of intervention studies. In this analysis, we used data from 2 cohorts (the Avon Longitudinal Study of Parents and Children 
[n=7013] and the Western Australian Pregnancy Cohort [n=1459]) and examined the associations of allelic scores of 29 
single-nucleotide polymorphisms for adult BP, 180 height single-nucleotide polymorphisms, and 32 BMI single-nucleotide 
polymorphisms with trajectories of systolic BP from 6 to 17 years using linear spline multilevel models. Allelic scores of BP 
and BMI single-nucleotide polymorphisms demonstrated associations with systolic BP at 6 years with a similar magnitude 
but were not strongly associated with changes in systolic BP with age between 6 and 17 years. Further work is required to 
identify variants associated with changes in BP with age.

 by guest on June 29, 2014http://circgenetics.ahajournals.org/Downloaded from 

http://circgenetics.ahajournals.org/


1 
 

SUPPLEMENTAL MATERIAL 
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Details of model selection procedure for trajectories of SBP: 

 

The standard way of modelling the relationship between a continuous outcome (in our 

example SBP) and a continuous exposure (in our example age) would be to fit a polynomial 

curve (i.e. age raised to the appropriate power). The patterns of SBP change across childhood 

and adolescence, however, follow a complex pattern; the observed data revealed that for most 

individuals, SBP increased in early childhood, increased at a faster rate in later childhood and 

early adolescence, and then levelled off or even decreased later in adolescence. Exploratory 

analysis demonstrated that these patterns were not accurately represented by a simple 

polynomial curve.  Examination of observed SBP values over time (Figure S2 and S3) 

suggested that two knot points, i.e. three linear slopes, would sufficiently describe the pattern 

of change, with knot points placed in late childhood and in mid-adolescence. Models with 

one or three knot points were also fitted in each cohort, but these models had considerably 

poorer fit to the data. We chose to place knot points at whole years, and at planned clinic 

ages. The final model selection resulted in knot points at ages 11 and 15 (Figures S1, S4 and 

S5). 
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Figure S1: Box plots of observed SBP data, separately by cohort and gender 
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Figure S2. : Mean predicted trajectories of systolic blood pressure with age for males and females 

in ALSPAC and Raine 
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Figure S3: Observed systolic blood pressure measurements for a random subsample of 

participants from ALSPAC  

 

 

Figure S4: Observed systolic blood pressure measurements for a random subsample of 

participants from Raine  
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Figure S5: Predicted systolic blood pressure trajectories for a random subsample of participants 

from ALSPAC  

 

 

Figure S6: Predicted systolic blood pressure trajectories for a random subsample of participants 

from ALSPAC  
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Figure S7: Mean predicted trajectories of systolic blood pressure with age for simulated individuals 
with the 10th and 90th percentiles of the height allelic score  

These figures represent the mean predicted trajectory for ALSPAC females with the 10th and 90th 
percentile of the height allelic score. ALSPAC females were chosen for illustrative purposes only, no 
evidence of heterogeneity in genetic effects was found across sex or cohorts. 
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Figure S8: Mean predicted trajectories of systolic blood pressure with age for simulated individuals 
with the 10th and 90th percentiles of the body mass index allelic score  

These figures represent the mean predicted trajectory for ALSPAC females with the 10th and 90th 
percentile of the BMI allelic score. ALSPAC females were chosen for illustrative purposes only, no 
evidence of heterogeneity in genetic effects was found across sex or cohorts. 
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Table S1. Single nucleotide polymorphisms included in the height allelic score: 

Chr Nearest Gene SNP Tall allele 
Tall allele frequency 

ALSPAC Raine 
1 PRKCZ  rs425277 T  0.28 0.27 

 MFAP2  rs2284746 G  0.52 0.56 

 HTR1D  rs1738475 C  0.59 0.58 

 CLIC4  rs4601530 C  0.74 0.74 

 LIN28  rs7532866 A  0.67 0.66 

 SCMH1  rs2154319 C  0.25 0.25 

 GIPC2  rs17391694 T  0.12 0.13 

 PKN2  rs6699417 T  0.61 0.62 

 RPL5  rs10874746 C  0.63 0.65 

 SPAG17  rs9428104 G  0.76 0.73 

 SF3B4  rs11205277 G  0.42 0.43 

 DNM3  rs17346452 C  0.27 0.27 

 PAPPA2  rs1325598 G  0.57 0.56 

 TSEN15  rs1046934 C  0.36 0.36 

 DTL  rs10863936 G  0.47 0.47 

 TGFB2  rs6684205 G  0.29 0.28 

 LYPLAL1  rs11118346 C  0.53 0.54 

 JMJD4  rs10799445 A  0.77 0.78 
2 DNAJC27  rs4665736 T  0.54 0.52 

 LTBP1  rs6714546 G  0.72 0.71 

 CDC42EP3  rs17511102 T  0.09 0.08 

 C2orf34  rs2341459 T  0.27 0.26 

 SOCS5  rs12474201 A  0.35 0.36 

 EFEMP1  rs3791675 C  0.77 0.76 

 EIF2AK3  rs11684404 C  0.33 0.34 

 NCKAP5  rs7567288 C  0.2 0.19 

 PDE11A  rs7567851 C  0.08 0.08 

 TNS1  rs1351164 T  0.79 0.79 

 CCDC108/IHH  rs12470505 T  0.9 0.90 

 SERPINE2  rs2629046 T  0.55 0.54 

 NPPC  rs2580816 C  0.81 0.80 
  Sep-02 rs12694997 G  0.76 0.77 
3 HDAC11  rs2597513 C  0.1 0.10 

 DOCK3  rs13088462 C  0.06 0.05 

 RTF1  rs2336725 C  0.45 0.42 

 C3orf63  rs9835332 G  0.54 0.52 

 SUCLG2  rs17806888 T  0.88 0.88 

 RYBP  rs9863706 C  0.78 0.78 

 C3orf47  rs6439167 C  0.79 0.79 

 PCCB  rs9844666 G  0.75 0.76 

 ZBTB38  rs724016 G  0.44 0.44 

 GHSR  rs572169 T  0.31 0.30 
  IGF2BP2  rs720390 A  0.39 0.38 

4 SLBP/FGFR3  rs2247341 A  0.36 0.35 

 LCORL  rs6449353 T  0.85 0.84 

 POLR2B  rs17081935 T  0.2 0.20 

 ADAMTS3  rs7697556 T  0.47 0.47 

 PRKG2/BMP3  rs788867 G  0.32 0.32 

 TET2  rs10010325 A  0.49 0.48 

 HHIP  rs7689420 C  0.84 0.83 

 WWC2  rs955748 G  0.76 0.75 
5 NPR3  rs1173727 T  0.4 0.39 

 SLC38A9  rs11958779 G  0.3 0.31 

 MEF2C  rs10037512 T  0.56 0.54 



10 
 

 FER  rs13177718 C  0.93 0.93 

 CEP120  rs1582931 G  0.53 0.52 

 SLC22A5  rs274546 G  0.6 0.63 

 PITX1  rs526896 T  0.73 0.71 

 SLIT3  rs4282339 G  0.8 0.80 

 FBXW11  rs12153391 C  0.75 0.73 

 BOD1  rs889014 C  0.64 0.66 

 FGFR4/NSD1  rs422421 C  0.78 0.78 

  GFPT2  rs6879260 C  0.61 0.62 
6 BMP6  rs3812163 T  0.46 0.46 

 ID4  rs1047014 C  0.25 0.23 

 Histone cluster rs806794 A  0.7 0.71 

 OR2J3  rs3129109 C 0.61 0.61 

 MICA  rs2256183 A  0.45 0.48 

 HLA locus rs6457620 G  0.49 0.51 

 HMGA1  rs2780226 C  0.08 0.09 

 PPARD/FANCE  rs6457821 C  0.98 0.98 

 SUPT3H/RUNX2  rs9472414 T  0.78 0.80 

 SENP6  rs9360921 G 0.11 0.10 

 FAM46A  rs310405 A  0.52 0.54 

 LIN28B  rs7759938 C  0.32 0.32 

 ZBTB24  rs1046943 A  0.58 0.59 

 VGLL2  rs961764 G  0.58 0.58 

 C6orf173  rs1490384 T 0.5 0.53 

 L3MBTL3  rs6569648 C  0.24 0.24 

 GPR126  rs7763064 G  0.71 0.70 

 ESR1  rs543650 G  0.6 0.60 
  TULP4  rs9456307 T  0.94 0.93 
7 GNA12  rs798489 C  0.7 0.73 

 TWISTNB  rs4470914 T  0.18 0.18 

 IGF2BP3  rs12534093 T  0.78 0.77 

 JAZF1  rs1708299 A  0.3 0.28 

 STARD3NL  rs6959212 C  0.68 0.66 

 CDK6  rs42235 T  0.31 0.30 

 PDIA4  rs822552 G  0.26 0.27 

 TMEM176A  rs2110001 G  0.31 0.32 
8 ADAM28  rs1013209 C  0.75 0.75 

 SDR16C5  rs7460090 T  0.87 0.86 

 PEX2  rs6473015 C  0.28 0.29 

 GSDMC  rs6470764 C  0.8 0.78 
  ZFAT  rs12680655 C  0.6 0.61 
9 BNC2  rs7864648 T  0.32 0.30 

 PCSK5  rs11144688 G  0.89 0.90 

 C9orf64  rs7853377 G  0.23 0.22 

 ZCCHC6  rs8181166 C  0.53 0.50 

 SPIN1  rs2778031 T  0.24 0.23 

 IPPK  rs9969804 A  0.44 0.43 

 PTPDC1  rs1257763 A  0.04 0.04 

 PTCH1/FANCC  rs473902 T  0.92 0.93 

 ZNF462  rs7027110 A  0.23 0.22 

 LPAR1  rs1468758 C  0.75 0.75 

 PAPPA  rs751543 T  0.72 0.75 

 FUBP3  rs7466269 A  0.64 0.65 
  QSOX2  rs7849585 T  0.33 0.33 

10 CCDC3  rs7909670 C  0.56 0.56 

 PPIF  rs2145998 T  0.51 0.53 
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  CPN1  rs11599750 C  0.62 0.60 
11 KCNQ1  rs2237886 T  0.11 0.10 

 TEAD1  rs7926971 G  0.45 0.45 

 NUCB2  rs1330 T  0.35 0.35 

 PTPRJ/SLC39A13  rs10838801 G  0.31 0.32 

 FOLH1  rs1814175 T  0.34 0.35 

 OR4A5  rs5017948 A  0.18 0.18 

 SSSCA1  rs3782089 C  0.94 0.92 

 RHOD  rs7112925 C  0.65 0.64 

 SERPINH1  rs634552 T  0.14 0.15 

 TREH  rs494459 T  0.41 0.40 
  FLI1  rs654723 A  0.62 0.60 

12 ETV6  rs2856321 G  0.36 0.34 

 SLCO1C1  rs10770705 A  0.33 0.33 

 CCDC91  rs2638953 C  0.68 0.68 

 STAT2  rs2066807 G  0.07 0.06 

 HMGA2  rs1351394 T  0.49 0.48 

 FRS2  rs10748128 T  0.35 0.36 

 SOCS2  rs11107116 T  0.22 0.22 

 CCDC53/GNPTAB  rs7971536 T  0.54 0.53 

 SBNO1  rs11830103 G  0.22 0.21 

13 PDS5B/BRCA2  rs7332115 G  0.38 0.37 

 DLEU7  rs3118905 G  0.71 0.73 
  GPC5  rs7319045 A  0.4 0.38 

14 NFATC4  rs1950500 T  0.29 0.30 

 SIX6  rs2093210 C  0.42 0.41 

 RAD51L1  rs1570106 C  0.8 0.79 

 LTBP2  rs862034 G  0.64 0.63 
  TRIP11  rs7155279 G  0.64 0.61 

15 CYP19A1  rs16964211 G  0.95 0.95 

 C2CD4A  rs7178424 C  0.53 0.56 

 TLE3  rs10152591 A  0.91 0.90 

 MYO9A  rs12902421 C  0.03 0.03 

 PML  rs5742915 C  0.46 0.46 

 ADAMTSL3  rs11259936 C  0.52 0.53 

 ACAN  rs16942341 C  0.97 0.98 

 IGF1R  rs2871865 C  0.88 0.89 
  ADAMTS17  rs4965598 C  0.32 0.30 

16 NARFL  rs11648796 G  0.26 0.25 

 CASKIN1  rs26868 A  0.46 0.46 

 MKL2  rs1659127 A  0.34 0.33 

  CTU2/GALNS  rs8052560 A  0.79 0.78 

17 KCNJ12  rs4640244 A  0.61 0.59 

 ANKRD13B  rs3110496 G  0.67 0.68 

 ATAD5/RNF135  rs3764419 C  0.61 0.62 

 LRRC37B  rs17780086 A  0.15 0.14 

 PIP4K2B  rs1043515 G  0.55 0.56 

 ACBD4  rs4986172 C  0.65 0.66 

 ZNF652  rs2072153 C  0.3 0.32 

 NME2  rs4605213 C  0.34 0.34 

 NOG  rs227724 T  0.35 0.32 

 TBX2  rs2079795 T  0.33 0.34 

 CSH1/GH1  rs2665838 G  0.27 0.27 

 KCNJ16/KCNJ2  rs11867479 T  0.34 0.35 

18 CABLES1  rs4800452 T  0.79 0.79 
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 DYM  rs9967417 G  0.42 0.43 
  MC4R  rs17782313 C  0.24 0.23 

19 DOT1L  rs12982744 G  0.4 0.38 

 NFIC  rs7507204 C  0.24 0.24 

 INSR  rs891088 G  0.26 0.27 

 ADAMTS10  rs4072910 G  0.54 0.59 

 MYO9B  rs2279008 T  0.74 0.76 
  ATP5SL  rs17318596 A 0.36 0.36 

20 SMOX  rs1741344 C  0.37 0.35 

 BMP2  rs2145272 G  0.35 0.38 

 ZNF341  rs7274811 G  0.77 0.75 

 GDF5  rs143384 G  0.42 0.41 
  ZNFX1  rs237743 A 0.21 0.22 

21 KCNE2  rs2834442 A  0.65 0.65 
22 SYN3  rs4821083 T  0.84 0.84 
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Table S2. Single nucleotide polymorphisms included in the BMI allelic score: 

Chr Nearest Gene SNP 
BMI-
increasing 
allele 

BMI-increasing allele frequency 

ALSPAC Raine 

1 

NEGR1 rs2568958 A -0.60 -0.62 

TNNI3K rs1514175 A -0.42 -0.44 

PTBP2 rs1555543 C -0.59 -0.59 

SEC16B rs543874 G -0.21 -0.20 

2 

TMEM18 rs2867125 C -0.83 -0.83 

RBJ, ADCY3, POMC rs713586 C -0.49 -0.48 

FANCL rs887912 T -0.29 -0.29 

LRP1B rs2890652 C -0.17 -0.16 

3 CADM2 rs13078807 G -0.20 -0.21 

ETV5, DGKG, SFRS10 rs7647305 C -0.79 -0.79 

4 SLC39A8 rs13107325 T -0.08 -0.07 

GNPDA2 rs10938397 G -0.43 -0.44 

5 FLJ35779, HMGCR rs2112347 T -0.64 -0.63 

ZNF608 rs4836133 A -0.49 -0.49 
6 TFAP2B rs987237 G -0.18 -0.19 

9 LRRN6C rs10968576 G -0.32 -0.31 

LMX1B rs867559 G -0.20 -0.20 

11 

RPL27A, TUB rs4929949 C -0.54 -0.52 

BDNF rs6265 C -0.81 -0.81 
MTCH2, NDUFS3, 
CUGBP1 rs3817334 T -0.40 -0.42 

12 FAIM2 rs7138803 A -0.36 -0.37 

13 MTIF3, GTF3A rs4771122 G -0.23 -0.22 

14 PRKD1 rs11847697 T -0.05 -0.04 

NRXN3 rs10150332 C -0.21 -0.22 

15 MAP2K5, LBXCOR1 rs2241423 G -0.79 -0.77 

16 

GPRC5B, IQCK rs12444979 C -0.86 -0.85 
SH2B1, ATXN2L, TUFM, 
ATP2A1 rs7359397 T -0.42 -0.38 

FTO rs9939609 A -0.39 -0.38 

18 MC4R rs12970134 A -0.27 -0.25 

19 
KCTD15 rs29941 G -0.68 -0.66 

TMEM160, ZC3H4 rs3810291 A -0.69 -0.64 

QPCTL, GIPR rs2287019 C -0.81 -0.81 
 

  

http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=867559
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=12970134
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Table S3: Comparing participants included and excluded in these analyses  

a. ALSPAC 

 Included 

 

N=7,013 

Excluded 

 

N=7,049 

P value 
comparing 
included 
and 
excluded 

Maternal education; (%) 

Less than O-Level 

O-Level 

A-Level 

Degree  

 

N=6,406 

1,460 (23%) 

2,234 (35%) 

1,662 (26%) 

1,050 (16%) 

N=6,087 

2,293 (37%) 

2,096 (34%) 

1,141 (19%) 

557 (9%) 

 

 

 

 

<0.001 

Household social class; (%) 

I (professional/managerial) 

II 

IIInm 

IIIm 

IV/V (manual unskilled) 

 

N=6,123 

960 (16%) 

2,745 (45%) 

1,492 (24%) 

660 (11%) 

266 (4%) 

N=5,454 

579 (11%) 

2,092 (38%) 

1,455 (27%) 

909 (17%) 

419 (8%) 

 

 

 

 

 

<0.001 

Birth weight, kg, Mean (SD) 

 

N=6,582 

3.44 (0.53) 

N=7,319 

3.33 (0.62) 

 

<0.001 

    

Birth length, cm, Mean (SD) N=5,249 

50.74 (2.44) 

N=5,328 

50.41 (2.65) 

 

<0.001 

Of the 14,062 ALSPAC participants, 9,886 have at least 1 systolic blood pressure measure. Of the 

14,062 participants, 8,365 have genetic data (after genetic quality control filters excluding 

individuals with incorrect sex assignments, minimal or excessive heterozygosity, disproportionate 

levels of missingness, cryptic relatedness and being of non-European ancestry).  

7,013 individuals (6,919 singletons and one randomly selected individual from 94 twin pairs) have 

both genetic data and at least 1 systolic blood pressure measure, and form the core sample for these 

analyses.  

Note that the numbers of participants included in the above table differ for each variable due to 

missing data on baseline characteristics.   
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b. Raine 

 Included 

 

N=1,459 

Excluded 

 

N=1409 

P value 
comparing 
included 
and 
excluded 

Maternal education; (%) 

School 

Trade/apprenticeship/ Profession 
registration (non-degree) 

Degree or diploma 

Other  

 

N=1,439 

687 (47.7) 

279 (19.4) 

397 (27.6) 

76 (5.3) 

 

N=1360 

759 (55.8) 

200 (14.7) 

330 (21.3) 

71 (5.2) 

0.0001 

Household social class; (%) 

Professional/Managerial 

Para-professional 

Clerical/retail 

Trade/labour 

Domestic duties 

Student/unemployed 

N=1,439 

136 (9.5) 

148 (10.3) 

448 (31.1) 

131 (9.1) 

429 (29.8) 

147 (10.2) 

N=1360 

77 (5.6) 

81 (5.9) 

376 (27.7) 

131 (9.6) 

457 (33.6) 

238 (17.5) 

 

< 0.0001 

Birth weight, kg, Mean (SD) 

 

N=1,451 

3.35 (0.58) 

N=1401 

3,22 (0.65) 

<0.0001 

    

Birth length, cm, Mean (SD) 

 

N=1,435 

49.07 (2.67) 

N=1385 

48.57 (3.23) 

<0.0001 

Of the 2868 Raine participants, 2485 have at least 1 systolic blood pressure measure. Of the 2868 

participants, 1494 have genetic data (after genetic quality control filters excluding individuals with 

incorrect sex assignments, minimal or excessive heterozygosity, disproportionate levels of 

missingness, cryptic relatedness and being of non-European ancestry).  

1459 individuals (all singletons) have both genetic data and at least 1 systolic blood pressure 

measure.  

Note that the numbers of participants included in the above table differ for each variable due to 

missing data on baseline characteristics.   
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Table S4: Model details for systolic blood pressure trajectories for participants included in the analysis of known SNP associations 

 Number of contributing 
individuals and 
measurements 

Assessment of model fit 

 Total 
number of 
observ-
ations 

Number of 
individuals 
contributing 
at least 1 
measure 

Mean observed 
SBP, mmHg 
(SD) 

Mean 
predicted SBP, 
mmHg (SD) 

Mean 
difference 
(observed – 
predicted), 
mmHg 

95% level of agreement 
between observed and 
predicted, mmHg 

 
ALSPAC: 

      

       
Overall 34,951 7,013     
       
6 years  
 

6,012* 6,012* 98.85 (9.18)* 99.10 (5.44)* -0.26* -11.36 to 10.84* 

6-11 years 
 

16,552 6,753 101.22 (8.99) 100.96 (5.67) +0.26 -10.79 to 11.31 

11-15 years 
 

10,958 5,843 108.19 (9.39) 108.87 (6.39) -0.68 -13.07 to 11.71 

15-17 years 7,441 4,586 120.97 (11.12) 120.59 (7.26) +0.38 -12.76 to 13.52 
       
RAINE:       
       
Overall 6,073 1,459     
       
6 years  
 

1,275* 1,275* 103.21 (8.73)* 102.85 (5.70)* +0.36* -10.33 to 11.05* 

6-11 years 
 

2,811 1,377 104.92 (10.13) 105.16 (5.70) -0.24 -12.87 to 12.39 

11-15 years 
 

1,294 1,263 113.11 (10.96) 113.05 (6.53) +0.06 -12.40 to 12.53 

15-17 years 1,009 1,009 115.00 (10.71) 115.07 (7.25) -0.07 -13.04 to 12.91 
* Refers to the 7 (ALSPAC) or 6 (Raine) year clinic (first available clinic for each cohort), at which participants had a mean (SD) age of 7.5  (0.3) or 5.9 (0.2) 
years respectively. All other values refer to exact ages 
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Table S5: Cross-sectional associations of the blood pressure allelic score, height allelic score, BMI 

allelic score and individual blood pressure SNPs with systolic blood pressure at the 17 year clinics 

 

SNP chr:position Gene 
BP 

increasing 
allele 

Allele 
frequency beta SE p-value 

BP allelic score     N/A N/A N/A N/A 0.163 0.050 0.001 

Height allelic score N/A N/A N/A N/A 0.045 0.019 0.020 

BMI allelic score N/A N/A N/A N/A 0.124 0.048 0.010 

rs10850411 12:5964326 Unknown T 0.5774 -0.172 0.256 0.501 
rs11191548 10:55650642 Unknown T 0.8654 -0.245 0.397 0.536 
rs1173771 5:32805028 Unknown G 0.6543 0.449 0.239 0.060 
rs11953630 5:2656675 Unknown C 0.7834 0.053 0.240 0.824 
rs12940887 17:12676959 ZNF652 T 0.2331 -0.235 0.239 0.324 
rs13082711 3:27477909 Unknown C 0.12 -0.050 0.272 0.856 
rs13107325 4:27736430 SLC39A8 C 0.9657 -0.014 0.452 0.975 
rs13139571 4:81193234 GUCY1A3 C 0.7912 -0.058 0.273 0.832 
rs1327235 20:10909030 Unknown G 0.4675 0.527 0.233 0.024 
rs1378942 15:45867924 CSK C 0.6703 0.359 0.244 0.142 
rs1458038 4:5712444 Unknown T 0.2514 0.404 0.256 0.114 
rs17249754 12:52203892 Unknown G 0.799 0.286 0.308 0.353 
rs17367504 1:7867510 MTHFR A 0.8901 0.159 0.315 0.614 
rs17608766 17:10287423 GOSR2 C 0.0728 0.630 0.323 0.051 
rs1799945 6:26031179 HFE G 0.0838 -0.278 0.338 0.411 
rs1813353 10:18647448 CACNB2 T 0.761 0.184 0.258 0.475 
rs2521501 15:6402915 FES T 0.2157 0.343 0.272 0.207 
rs2932538 1:83188461 MOV10 G 0.7917 -0.311 0.279 0.264 
rs3184504 12:2461138 SH2B3 T 0.2179 0.277 0.231 0.232 
rs3774372 3:41817414 ULK4 C 0.1795 0.122 0.318 0.702 
rs381815 11:16842268 PLEKHA7 T 0.256 0.066 0.259 0.798 
rs419076 3:75596032 MECOM T 0.4162 -0.465 0.233 0.046 
rs4373814 10:18359972 Unknown C 0.5147 0.583 0.233 0.012 
rs4590817 10:14272017 C10orf107 G 0.8933 0.153 0.315 0.627 
rs6015450 20:27947209 Unknown G 0.1058 0.775 0.375 0.039 
rs633185 11:4155954 ARHGAP42 C 0.652 0.508 0.252 0.044 
rs7129220 11:10290538 Unknown A 0.0728 0.008 0.376 0.982 
rs805303 6:31556366 BAG6 G 0.5549 -0.266 0.243 0.273 
rs932764 10:46700404 PLCE1 G 0.446 0.666 0.236 0.005 

  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=4524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=4343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=10019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=54986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=219621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=143872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=51196
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Table S6: Proportion of the variance in systolic blood pressure explained by the blood pressure, 

height and BMI allelic scores at the first and last clinics (ages 7 and 17 (ALSPAC) or 6 and 17 

(Raine)) 

 

Allelic score Systolic blood pressure 
at first clinic 

Systolic blood pressure 
at last clinic 

Blood pressure  0.0006 0.0023 
Height allelic  0.0003 0.0012 
BMI allelic  0.0015 0.0016 
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Table S7: Associations between 29 blood pressure SNPs and systolic blood pressure trajectories  

Coefficients (95% CI) represent the mean difference in systolic blood pressure (mmHg) or rate of change in systolic blood pressure (mmHg per month) per 

‘increasing’ allele. 

Coefficients with p<0.05 are highlighted in bold.  

 

SNP Chr:position Gene Increasing 
allele  Allele frequency Age 6 6-11 years 11-15 years 15-17 years 

rs10850411 12:5964326 Unknown T 0.5774 
0.207 

(-0.180 to 0.594) 
p=0.294 

-0.046 
(-0.136 to 0.045) 

p=0.323 

0.024 
(-0.098 to 0.146) 

p=0.698 

-0.034 
(-0.233 to 0.165) 

p=0.738 

rs11191548 10:55650642 Unknown T 0.8654 
-0.021 

(-0.608 to 0.565) 
p=0.943 

0.056 
(-0.082 to 0.194) 

p=0.428 

-0.056 
(-0.251 to 0.140) 

p=0.576 

-0.126 
(-0.454 to 0.202) 

p=0.452 

rs1173771 5:32805028 Unknown G 0.6543 
0.445 

(0.083 to 0.807) 
p=0.016 

-0.044 
(-0.129 to 0.041) 

p=0.307 

0.056 
(-0.059 to 0.170) 

p=0.340 

0.014 
(-0.172 to 0.199) 

p=0.886 

rs11953630 5:2656675 Unknown C 0.7834 
-0.080 

(-0.448 to 0.287) 
p=0.668 

0.010 
(-0.076 to 0.096) 

p=0.824 

0.024 
(-0.092 to 0.140) 

p=0.683 

0.000 
(-0.188 to 0.188) 

p=1.000 

rs12940887 17:12676959 ZNF652 T 0.2331 
0.184 

(-0.181 to 0.550) 
p=0.323 

-0.016 
(-0.102 to 0.069) 

p=0.706 

0.004 
(-0.112 to 0.119) 

p=0.952 

-0.179 
(-0.367 to 0.008) 

p=0.061 

rs13082711 3:27477909 Unknown C 0.12 
-0.272 

(-0.688 to 0.144) 
p=0.199 

0.044 
(-0.052 to 0.141) 

p=0.368 

0.009 
(-0.120 to 0.139) 

p=0.887 

-0.103 
(-0.316 to 0.109) 

p=0.341 

rs13107325 4:27736430 SLC39A8 C 0.9657 
0.261 

(-0.411 to 0.932) 
p=0.447 

-0.102 
(-0.259 to 0.056) 

p=0.206 

0.205 
(-0.010 to 0.419) 

p=0.061 

-0.079 
(-0.433 to 0.275) 

p=0.661 

rs13139571 4:81193234 GUCY1A3 C 0.7912 
-0.144 

(-0.562 to 0.273) 
p=0.498 

0.063 
(-0.035 to 0.160) 

p=0.208 

-0.054 
(-0.185 to 0.077) 

p=0.419 

0.030 
(-0.184 to 0.243) 

p=0.786 

rs1327235 20:10909030 Unknown G 0.4675 
0.178 

(-0.178 to 0.534) 
p=0.328 

-0.045 
(-0.129 to 0.038) 

p=0.284 

0.137 
(0.025 to 0.249) 

p=0.016 

-0.035 
(-0.218 to 0.147) 

p=0.704 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=22834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=64116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2982
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rs1378942 15:45867924 CSK C 0.6703 
0.439 

(0.066 to 0.812) 
p=0.021 

-0.034 
(-0.121 to 0.053) 

p=0.441 

-0.009 
(-0.126 to 0.109) 

p=0.886 

0.047 
(-0.144 to 0.239) 

p=0.628 

rs1458038 4:5712444 Unknown T 0.2514 
0.022 

(-0.366 to 0.410) 
p=0.911 

-0.003 
(-0.094 to 0.088) 

p=0.952 

0.081 
(-0.042 to 0.203) 

p=0.196 

0.104 
(-0.095 to 0.304) 

p=0.306 

rs17249754 12:52203892 Unknown G 0.799 
0.266 

(-0.204 to 0.736) 
p=0.267 

-0.056 
(-0.166 to 0.054) 

p=0.318 

0.046 
(-0.101 to 0.194) 

p=0.538 

0.064 
(-0.179 to 0.307) 

p=0.605 

rs17367504 1:7867510 MTHFR A 0.8901 
0.078 

(-0.404 to 0.559) 
p=0.752 

0.003 
(-0.109 to 0.116) 

p=0.956 

-0.006 
(-0.156 to 0.144) 

p=0.937 

0.013 
(-0.232 to 0.259) 

p=0.916 

rs17608766 17:10287423 GOSR2 C 0.0728 
0.644 

(0.140 to 1.147) 
p=0.012 

-0.032 
(-0.149 to 0.085) 

p=0.592 

-0.013 
(-0.170 to 0.143) 

p=0.868 

-0.059 
(-0.313 to 0.195) 

p=0.648 

rs1799945 6:26031179 HFE G 0.0838 
-0.160 

(-0.695 to 0.376) 
p=0.559 

0.055 
(-0.069 to 0.179) 

p=0.385 

-0.080 
(-0.241 to 0.082) 

p=0.334 

-0.064 
(-0.326 to 0.198) 

p=0.632 

rs1813353 10:18647448 CACNB2 T 0.761 
0.469 

(0.080 to 0.858) 
p=0.018 

-0.057 
(-0.148 to 0.034) 

p=0.219 

0.155 
(0.032 to 0.277) 

p=0.014 

-0.211 
(-0.412 to -0.010) 

p=0.040 

rs2521501 15:6402915 FES T 0.2157 
0.061 

(-0.355 to 0.478) 
p=0.773 

0.019 
(-0.078 to 0.117) 

p=0.696 

0.015 
(-0.115 to 0.146) 

p=0.817 

0.057 
(-0.156 to 0.270) 

p=0.600 

rs2932538 1:83188461 MOV10 G 0.7917 
-0.209 

(-0.631 to 0.212) 
p=0.330 

0.031 
(-0.068 to 0.130) 

p=0.537 

-0.045 
(-0.178 to 0.087) 

p=0.502 

0.094 
(-0.122 to 0.310) 

p=0.393 

rs3184504 12:2461138 SH2B3 T 0.2179 
0.185 

(-0.167 to 0.537) 
p=0.303 

0.061 
(-0.021 to 0.143) 

p=0.146 

-0.071 
(-0.182 to 0.040) 

p=0.209 

0.039 
(-0.142 to 0.219) 

p=0.676 

rs3774372 3:41817414 ULK4 C 0.1795 
-0.301 

(-0.786 to 0.183) 
p=0.223 

0.103 
(-0.010 to 0.217) 

p=0.074 

0.113 
(-0.039 to 0.265) 

p=0.146 

-0.056 
(-0.303 to 0.192) 

p=0.659 

rs381815 11:16842268 PLEKHA7 T 0.256 
0.208 

(-0.190 to 0.607) 
p=0.305 

-0.053 
(-0.147 to 0.040) 

p=0.262 

0.048 
(-0.077 to 0.173) 

p=0.447 

-0.096 
(-0.300 to 0.108) 

p=0.355 

rs419076 3:75596032 MECOM T 0.4162 
0.077 

(-0.278 to 0.431) 
p=0.672 

0.005 
(-0.078 to 0.088) 

p=0.899 

-0.002 
(-0.113 to 0.109) 

p=0.972 

-0.100 
(-0.282 to 0.082) 

p=0.281 

rs4373814 10:18359972 Unknown C 0.5147 
0.084 

(-0.274 to 0.442) 
0.012 

(-0.072 to 0.095) 
-0.018 

(-0.130 to 0.094) 
0.100 

(-0.082 to 0.283) 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=4524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2242
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p=0.645 p=0.783 p=0.748 p=0.282 

rs4590817 10:14272017 C10orf107 G 0.8933 
0.090 

(-0.386 to 0.567) 
p=0.711 

-0.054 
(-0.165 to 0.057) 

p=0.343 

0.032 
(-0.117 to 0.182) 

p=0.670 

0.186 
(-0.059 to 0.431) 

p=0.136 

rs6015450 20:27947209 Unknown G 0.1058 
-0.123 

(-0.699 to 0.453) 
p=0.675 

0.107 
(-0.028 to 0.241) 

p=0.120 

0.017 
(-0.163 to 0.196) 

p=0.854 

-0.079 
(-0.370 to 0.212) 

p=0.594 

rs633185 11:4155954 ARHGAP42 C 0.652 
0.041 

(-0.348 to 0.430) 
p=0.835 

0.006 
(-0.085 to 0.097) 

p=0.904 

0.058 
(-0.064 to 0.181) 

p=0.349 

-0.043 
(-0.241 to 0.155) 

p=0.667 

rs7129220 11:10290538 Unknown A 0.0728 
0.306 

(-0.268 to 0.880) 
p=0.296 

0.017 
(-0.117 to 0.151) 

p=0.803 

0.052 
(-0.129 to 0.234) 

p=0.572 

-0.287 
(-0.584 to 0.011) 

p=0.059 

rs805303 6:31556366 BAG6 G 0.5549 
-0.450 

(-0.824 to -0.077) 
p=0.018 

0.023 
(-0.064 to 0.110) 

p=0.605 

-0.042 
(-0.158 to 0.075) 

p=0.483 

0.142 
(-0.047 to 0.332) 

p=0.142 

rs932764 10:46700404 PLCE1 G 0.446 
0.206 

(-0.154 to 0.566) 
p=0.262 

0.028 
(-0.056 to 0.112) 

p=0.511 

0.051 
(-0.062 to 0.164) 

p=0.376 

0.078 
(-0.107 to 0.262) 

p=0.409 
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