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SUMMARY 

Early life phenotypes of type 1 diabetes genetic risk 

Antigoni Eleftheriou 

 

Observational studies have shown that children who develop type 1 diabetes (T1D) have larger 

size at birth — a marker of foetal growth — or rapid postnatal weight gains.  Recent studies 

have explored the contribution of the T1D susceptibility human leukocyte antigen (HLA) alleles, 

which explain half of disease heritability, to perinatal growth but findings are inconsistent.   

In the Cambridge Baby Growth Study (CBGS), a birth cohort which follows children over the 

first 2 years of life, I conducted genotype-phenotype correlation analyses with the objective of 

identifying T1D susceptibility single nucleotide polymorphisms (SNPs) and candidate genes 

that influence the archetypal phenotypes of the disease prodrome, which starts early in life, as 

a means of shedding light on the heterogeneity of data and sign-posting mechanisms.  Based 

on prior ‘biological’ knowledge I selected T1D SNPs conjectured to affect growth mediated by 

hormones, vitamin D, or the microbiome.  Genotypes were determined in ~600 children and 

used to derive high-risk T1D HLA haplotypes and genetic risk scores.  Examination of data in 

the CBGS defined the contributors to physiological growth and set the framework for analyses.   

My findings concurred with most prior studies on the lack of an effect of the SNP rs689 in INS 

on early growth.  A genetic contribution to size at birth was detected by variants in the imprinted 

DLK1 gene, the vitamin D metabolism CYP2R1 gene and the gene encoding TYK2 known for 

its susceptibility to infections.  Examination of longitudinal phenotypes identified that infancy 

growth is influenced by genes with a key role in innate immunity, e.g. IFIH1.  The strongest 

associations were found between skinfold thickness, a proxy for adiposity, and variants in 

genes whose products play a role in immune and inflammatory pathways, exemplified by the 

rs653178 in SH2B3, previously known for its association with cardiovascular disease.  Taking 

on the lead from my findings with anthropometry, I explored genetic-hormonal correlates and 

found evidence in support of IGF-1 mediating the association that I identified, more strongly in 

boys than in girls, between the SNP tagging the high-risk HLA-DR3 and rapid linear growth.  I 

made the novel finding that the rs12785878 in DHCR7, known to strongly associate with 

vitamin D levels, inversely correlated with leptin levels in girls but not in boys.     

This study elucidated the effects of T1D susceptibility SNPs on infancy adiposity, which might 

serve as a better disease marker than weight.  It identified a link between leptin and a common 

polymorphism in DHCR7, opening up the possibility that vitamin D suppresses leptin 

production in a sex-specific manner with protective effects against autoimmunity. 
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Chapter 1 

1 INTRODUCTION AND AIMS 

 

 

1.1 EARLY GROWTH AND TYPE 1 DIABETES — HINT OF A LINK 

Until the 1970s, the observation that diabetic boys were taller than average at diagnosis1 

guided research on the biological underpinnings of type 1 diabetes (T1D) for evidence of 

growth alterations at the time of clinical presentation.  A prime example of this inquiry is 

Tatersall’s and Pyke’s2 series of monozygotic twins discordant for T1D which revealed no 

major differences in weight or height at the time of diagnosis.  A subsequent case report on 

monozygotic twin girls in whom diabetes developed in only one at the age of 3 years cast light 

on weight differences at birth and prior to disease, raising the question whether Tatersall and 

Pyke would have detected a correlation had weight at birth or during infancy been evaluated 

instead3.  Indeed, in 1975 Baum et al.4 promulgated that prediabetic children were significantly 

heavier at certain stages in the first 12 months of age compared with control infants, suggesting 

that ‘an endocrine disorder precedes overt diabetes by a considerable time’.  

How early does this critical window of aberrant physiology precede the diagnosis of T1D?  

Family studies broadly suggested that the disease process starts several years, even decades, 

before the abrupt clinical presentation5.  Incidence data showed that T1D peaks in late 

childhood, leading to the speculation that early environmental exposures play an important 

role6.  More recent studies reported a faster increase in T1D incidence in children with younger 

onset, under the age of 5 years7, pointing to perinatal life as a critical window of foetal 

vulnerability that contributes to T1D8-10.  Beyond incidence data, islet autoantibodies — the 

biomarker for the presymptomatic stage of islet autoimmunity — were detected from 6 months 

of age in prediabetic children11,12 and in the cord blood of children who developed diabetes by 

the age of 15 years13, collectively pointing to the early origins of the pathogenesis of T1D14.  In 

search for the origins of the disease, observational studies found that accelerated early growth 

is a cardinal risk factor of childhood diabetes, compelled by evidence of a genetic link between 

T1D and growth, that is genes which confer susceptibility to T1D also affect early growth in the 

general population, exemplified by HLA14,15 INS16,17 and DLK118.  Conceivably, understanding 

changes of growth in early life might serve as a probe into the genetic, intrauterine and 

postnatal elements implicated in biological pathways that lead to the pathogenesis of T1D.
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1.2 THE PATHOGENESIS OF T1D 

1.2.1 Introduction 

T1D is a disease most often diagnosed in children and adolescents following immune-

mediated destruction of insulin-secreting pancreatic β-cells and presenting with the classical 

trio of symptoms (polydipsia, polyuria, polyphagia) alongside overt hyperglycaemia, 

necessitating exogenous insulin replacement19.  Although the aetiology remains unclear, a trio 

of factors possibly drive the pathogenesis of the disorder (genetic susceptibility, environment, 

immune system), with ‘firm’ knowledge gains being most limited for the environmental facet19.  

1.2.2 Genetic susceptibility 

The pathogenesis of T1D is complex and multigenic, and does not adhere to any simple pattern 

of inheritance20.  The risk of T1D in siblings of patients is 15-fold higher than in the general 

population, pointing to a strong genetic element of disease susceptibility21. Family studies 

established that the major risk factor resides in the Human Leukocyte Antigen (HLA) region, 

also termed IDDM1, on chromosome 6p21, which explains half of disease heritability22.  Fine 

mapping of the extended HLA region identified that the major genes conferring resistance and 

susceptibility to T1D map to HLA class II, specifically the DR and DQ genes23.  The absolute 

risk of diabetes by the age of 15 years in children with the highest risk HLA genotypes (DR3-

DQ2/DR4-DQ8 or DR4-DQ8/DR4-DQ8) is 5%24.  The prevailing view of the disease model, 

which revolves around the T-cell-mediated destruction of pancreatic β-cells, originates from 

animal studies25.  HLA class II molecules on antigen presenting cells bind peptides from the 

islet autoantigens and present them to helper CD4+ T cell antigen receptors in the thymus and 

in the periphery (pancreatic lymph nodes and islets), allowing CD4+ T cells to help CD8+ 

cytotoxic T cells in killing β-cells23.  It is also possible that genes might exert their function on 

immune cells by hindering the dampening effects of T regulatory (Treg) cells26.   

Next in rank of genetic susceptibility to T1D is the INS gene, with the Variable Number 

of Tandem Repeats (VNTR) class I and class III alleles conferring increased27 and decreased28 

risk of developing T1D respectively.  The mechanism by which the INS VNTR III allele has a 

dominant protective effect against T1D is likely via an increased production of insulin in the 

thymus during foetal and postnatal life (since foetal pancreatic insulin expression is marginally 

affected by allelic variation at this locus), which possibly induces negative selection of insulin-

specific T-lymphocytes or better selection of Treg cells29.  The susceptibility effects conferred 

by the HLA and INS genes are additive rather than interactive since stratification by HLA had 

no influence on the risk conferred by the INS gene30.   
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  Among first-degree relatives, siblings are at higher lifetime risk (8%) than offspring, 

and offspring of diabetic fathers are at higher risk (5%) than those of diabetic mothers (3%)21,31.  

Concordance rates in monozygotic twins is reportedly <50% and in dizygotic twins is 6%-

10%21,32.  The lack of concordance in monozygotic twins, who share identical genome, are 

probably attributed to somatic mutations, gene rearrangements by chance (e.g. in T cell 

receptors), or environmental factors33.   

1.2.3 Environmental influences 

Inherited factors are determinants of an individual’s risk of T1D, but the observation that >90% 

of subjects with an increased genetic risk remain autoantibody negative points to the critical 

interplay between genes and the environment34.  In general, two types of mechanisms lead to 

T1D in genetically susceptible individuals35: an intrinsic mechanism (epigenetic) which affects 

gene expression36 or an extrinsic trigger, such as an environmental influence (e.g. virus).   

The effect of intrinsic factors might originate in utero, a critical window of ‘switching 

on/off’ genes.  Recently, efforts have been directed at identifying temporal changes in gene 

expression in the first 2 years of life in at-risk children, identifying a genetic signature for 

seroconversion: near-birth expression of ADCY9, PTCH1, MEX3B, IL15RA, ZNF714, TENM1, 

and PLEKHA5, which are implicated in T-cell, B-cell and dendritic-cell immune responses34. 

  On the epidemiological front, variation in T1D incidence has been observed amongst 

geographies with genetically proximal populations7.  Migration studies have shown that the 

incidence increases as populations move from low-risk to high-risk areas37.  For most 

European populations, a steady increase in the incidence of T1D has been reported38, which 

is too rapid to be explained by shifts in the population gene pool39.   The increasing incidence 

of the disease is composed of a temporal decline in the prevalence of high-risk HLA genotypes 

countered by an increase in low- to moderate-risk HLA genotypes40-43.  These lines of evidence 

consistently point to a non-Mendelian risk for T1D modifiable by non-Mendelian factors44,45, 

which are most likely concerned with changes in the environment rather than, or in addition to, 

stochastic epigenetic events.     

Several prospective cohorts have investigated the environmental determinants of T1D 

from pregnancy through early life in infants at familial and/or HLA risk, including the multicentre 

studies The Environmental Determinants of Diabetes in the Young (TEDDY)46 and the Trial in 

Reducing IDDM in Genetically at Risk (TRIGR)47, as well as Australia’s Environmental 

Determinants of Islet Autoimmunity (ENDIA)48, Colorado’s Diabetes Autoimmunity Study in the 

Young (DAISY)49, Finland’s Type 1 Diabetes Prediction and Prevention (DIPP)50,51, and 

Germany’s BABYDIAB11.   
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The environmental component of susceptibility to T1D is poorly understand, but viral 

infection in utero or early in life is deemed a critical triggering event that insults the immune 

system and launches a selective autoimmune ‘suicidal attack’ on insulin-secreting cells52,53.  

This proposition is reinforced by experimental studies showing that viral infections caused 

diabetes in animals as a result of viral replication within β-cells54.  Human studies concur on 

the strongest candidate diabetogenic pathogen being a member of the group of 

enteroviruses37, namely coxsackie B virus, affirmed by various lines of evidence: i) a higher 

percentage of T1D patients were positive for coxsackie B virus-specific immunoglobulin M 

(IgM) responses vs. controls55, ii) children who developed T1D were more often born to 

mothers who had infections with coxsackie or echovirus during pregnancy56, iii) infections with 

coxsackie B virus occurred at a higher frequency in children with T1D57 and iv) detection of an 

enterovirus infection in pancreatic tissue of recent onset T1D patients58,59.  Not only are 

enteroviruses found in pancreatic islets of T1D patients, they demonstrate a clear tropism to 

β-cells based on in vitro studies60.  Although research has predominantly focussed on the 

human enterovirus as the insult of innate immunity in T1D, recent studies in Sardinia identified 

that the Mycobacterium avium subspecies paratuberculosis, which is transmitted from infected 

cattle to humans by cow’s milk, was strongly associated with T1D in both adults and children61.   

Enteroviral infections in early infancy have been suggested to enhance the 

development of immune responsiveness to insulin via the gut-associated lymphoid tissue, 

which serves as the common site of immunisation against insulin and replication of 

enteroviruses62.  Early introduction of cow’s milk had been suspected as a culprit for 

heightened risk of β-cell autoimmunity, which was thought to arise via a mechanism of 

exposure to complex foreign proteins.  The speculation was given momentum by a study in 

Finland showing that infants exposed to cow’s milk formula before 3 months of age carried 

higher immunoglobulin G (IgG) antibodies binding to bovine insulin — which also cross-reacted 

with human insulin — than exclusively breastfed infants, concluding that early introduction of 

dietary insulin induces primary immunisation to insulin that could develop into an autoimmune 

reaction against endogenous insulin secretion63.  The hypothesis was recently tested by the 

double-blind TRIGR study which assessed whether weaning to hydrolysed casein formula — 

containing small protein fragments that are not recognisable by the immune system — vs. the 

conventional cow’s milk-based formula — containing intact protein — reduces the risk of 

autoimmune diabetes in children with genetic and familial risk64.  Contrary to the hypothesis, 

the study showed that the intervention had no effect on the progression or delay of 

autoimmunity64, leaving open the possibility that the well-replicated association of infant 

feeding and T1D risk is mediated by some other factor, possibly accelerated growth. 

Emerging evidence suggests that the pathway between infant feeding and growth 

might involve vitamin D.  It has been shown that exclusive breastfeeding of any duration is 
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associated with low serum vitamin D levels in children65-67.  The finding informs that 

breastfeeding supplies insufficient amounts of vitamin D67, which provides a justification for 

why these children are at increased risk of rickets68,69, and could further explain the reduced 

growth rates associated with breastfeeding vs. formula-feeding.  In addition to its well-

established biological actions on growth via its effects on calcium metabolism in most cells of 

the body, vitamin D is intricately coupled with the immune system via its immunosuppressive 

properties70.  This link was also shown by an experimental study which reported that long-term 

administration of the active form of vitamin D significantly reduced the incidence of 

spontaneous diabetes in non-obese diabetic mice71. 

Vitamin D is an anti-inflammatory fat-soluble steroid which, in addition to its classic 

effects on calcium and bone homeostasis, is believed to modulate the innate and adaptive 

immune responses by exerting immunomodulatory effects in a paracrine or autocrine manner, 

reinforced by the observation that immune cells (B cells, T cells and antigen-presenting cells) 

have the machinery to synthesise and respond to 1,25-hydroxyvitamin D72.  Vitamin D, initially 

identified as a vitamin but now recognised as a prohormone, exists in two major forms which 

differ only in their side chain structure: vitamin D2 (ergocalciferol) is sourced exogenously via 

animal-based foods or dietary supplements, whereas vitamin D3 (cholecalciferol) is 

synthesised via the action of sunlight (ultraviolet B radiation) on 7-dehydrocholesterol in the 

epidermis, as well as being sourced exogenously73.  Both D2 and D3 are biologically inactive 

until they undergo two sequential hydroxylation reactions catalysed by P450 enzymes:  in the 

liver, 25-hydroxylase (CYP2R1) catalyses the formation of 25-hydroxyvitamin D (25(OH)D), 

which has a half-life of several weeks and circulates in the plasma mainly bound to a specific 

plasma carrier protein known as vitamin D binding protein (DBP);  in the kidney, 25(OH)D is 

further hydroxylated by 1α-hydroxylase (CYP27B1) to the biologically active hormone 1,25-

dihydroxyvitamin D (1,25(OH)2D), known as calcitriol, which has a half-life of a few hours and 

also binds to DBP to be transported to target organs73.  The biological actions of calcitriol (e.g. 

regulation of gene expression) are mediated through binding to the vitamin D receptor (VDR), 

which is found primarily in the nuclei of target cells74.  Various polymorphisms of genes in the 

vitamin D metabolism milieu have been associated with risk of T1D75-77 (Figure 1-1): 

i. genes involved in dehydrocholesterol synthesis (DHCR7); 

ii. genes involved in vitamin D transport (GC); 

iii. genes that encode 25-hydroxylase (CYP2R1) and 1α-hydroxylase (CYP27B1). 
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Figure 1-1 | Vitamin D synthesis and transport pathway highlighting implicated T1D candidate genes. 

 

Vitamin D and viral infections have been at the centre of two theories attempting to 

explain the seasonal pattern of T1D incidence.  The association of vitamin D with T1D 

reconciles with the seasonality of diagnosis, higher in autumn and winter and lower in the 

summer78,79, as well as the north-south geographic gradient that reflects an inverse correlation 

between the amount of sunshine and T1D incidence80-82.  The north-south divide was initially 

explained in the context of the positive association between blood glucose and cold climate, 

since low temperatures increase the need for insulin83.  However, the supposition of 

climatological factors fails to account for the exception of Sardinia where the incidence ranks 

second in the world behind Finland (Figure 1-2)39.  The finding that climatological effects make 

a low contribution to the variance in T1D incidence rate suggests that other factors dominate80.   
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Figure 1-2 | Global incidence of T1D.  From the DIAMOND Project Group39. 

 

An alternative candidate mechanism was drawn from the seasonal correlation between 

infections and onset of T1D84.  As long ago as 1969, Gamble and Taylor85 reported that the 

trend of T1D incidence follows the coxsackie B virus epidemic, echoing the general view that 

diseases with a seasonal pattern are caused by infection.  However, the evidence that injurious 

processes on β-cells precede overt diabetes by years casts doubt on this hypothesis36.  Recent 

studies found no dramatic changes in the gut virome (stool sample) of T1D children86, nor 
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higher viral load in the plasma of rapid progressors vs. control subjects during the period 

surrounding seroconversion87.  The absence of viraemia shortly before seroconversion leaves 

open the possibility that viral infections occur early in life.  Is T1D caused by a virus?  A recent 

review makes the case that the link between coxsackie B virus infection and T1D is causal and 

explained by a combination of mechanisms: in the acute phase of the infection, the defensive 

immune response to the viral amplification in an attempt to destroy infected cells is deleterious 

for the β-cells, which have a limited capacity to proliferate and compensate for their loss; 

subsequently, progressive destruction of β-cells is driven by autoreactive T cells88.  Notably, a 

study found that gestational infections increased the risk of higher birth weight, in association 

with T1D in the child, which was speculated to arise from either an increased insulin resistance 

that ensues from the infection, or a direct adipogenic effect of the pathogen on the foetus89.   

Central to the view that a viral infection is at the root of T1D is the role of the gut in the 

pathogenesis of T1D.  Traditionally perceived as an organ whose function was limited to the 

digestion and absorption of nutrients and homeostasis of electrolytes, the gastrointestinal tract 

emerged as a barrier of the trafficking of macromolecules (proteins and viruses) between the 

environment and the host via the intestinal epithelium, alongside the gut-associated lymphoid 

tissue and neuroendocrine network90.  In 2000 Fasano et al.91 identified a novel protein, 

zonulin, which increases intestinal permeability by disassembling the intercellular tight 

junctions of the intestinal epithelium.  Zonulin can be measured in the plasma and its serum 

levels were elevated in a subgroup of patients with T1D compared with their relatives and 

controls92.  These findings fuelled the promulgation of the mechanism of a ‘leaky gut’93, which 

allows entry of antigens that, upon presentation to T lymphocytes, elicit an immune reaction.   

Activated intestinal immunity is another facet of the gut that is indicative of its 

involvement in the pathogenesis of T1D.  Intestinal biopsies from children with T1D but free 

from Coeliac disease showed i) increased expression of HLA class II molecules and ii) greater 

density of α4β7-integrin cells in the lamina propria93-95.  The α4β7-integrin, a gut-associated 

homing receptor of lymphocytes that directs them to mucosal tissue96, is implicated in T1D 

based on genetic and functional data:  it is encoded by the T1D susceptibility gene ITGB797, 

and studies showed that depletion of α4β7-integrin cells in peripheral blood taken from T1D 

patients was associated with a reduction in the reactivity of lymphocytes to islet antigens98.   

1.2.4 Autoimmunity 

The binary outcome of progression or not to clinical T1D represents the endpoint of genetic-

environmental interactions that result or not in the destruction of β-cells by infiltrating immune 

cells and the cytokines they release99-101.  The immunological nature of T1D is manifested at 

each stage of the disease process (Figure 1-3): i) the genetic susceptibility is largely conferred 
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by loci shared by other autoimmune diseases102, ii) the presence of islet autoantibodies in the 

serum of prediabetic children during the disease prodrome19 and iii) the development of insulitis 

— the inflammatory infiltration of pancreatic islet cells by T lymphocytes (CD8+ cells 

outnumber CD4+ cells) and fewer counts of other cells of immune response — at around the 

time of clinical presentation103, which is reinforced by the experimental finding that the 

immunomodulatory products (cytokines) of lymphocytes and other cells of the immune system 

directly mediate synergistic cytotoxic effects on pancreatic islet cells104.      

Figure 1-3 | Main stages of T1D progression. Adapted from Ziegler and Nepom105. 

                                                                               

The temporal progression to islet autoimmunity and, thereafter, to T1D is characterised 

by distinct immunoinflammatory markers.  The DAISY study reported that progression to islet 

autoimmunity in early childhood was predicted by serum C-reactive protein levels106.  In turn, 

persistent islet autoimmunity is highly predictive of T1D among first-degree relatives107, so that 

it has been under intense investigation and used as an anchor for the recent staging 

classification of T1D: the initial presymptomatic stage of β-cell autoimmunity is judged by the 

presence of two or more islet autoantibodies (stage 1), which progresses at variable rates to 

the development of dysglycaemia (stage 2) and culminates in the onset of symptomatic 

disease (stage 3)108.   

Autoantibodies are useful for detecting developing T1D as they provide a readout of β-

cell autoimmunity and are easily sampled in venous blood109.  Previously described in terms 

of islet cell antibodies (ICA) immunofluorescence assay on pancreatic sections, autoantibodies 

are now described in terms of defined ICA target antigens (e.g. insulin)109.  Standardised 

immunohistochemical assays have been established as diagnostic immune markers for ‘islet 

autoantibody positivity’ to represent an estimate of T1D risk, a combined measure of the 

probability of disease development and the rate at which it develops, i.e. average probability105.  
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More than 90% of children with newly diagnosed T1D have at least one autoantibody against 

the islet cell antigen groups regarded as predictive biomarkers for T1D110: insulin (IAA), 

glutamic acid decarboxylase 65 (GADA), insulinoma-associated antigen-2 (IA-2A) which is 

otherwise known as ICA512, and the three variants of the zinc transporter 8 (ZnT8A) protein 

that were later incorporated because they increase the sensitivity of detection alongside the 

three primary autoantibodies111.  The presence of islet autoimmunity is considered when the 

individual has one or more autoantibodies persistent for at least 3-6 months33.      

Unless acquired via transplacental transfer, islet autoantibodies most commonly 

develop from the age of 6 months11,12 with a peak incidence around 1-2 years of age112,113.  

The median age at seroconversion was estimated as 2.1 years based on data pooled from 

three large international cohorts114.  The multi-centre TEDDY study has recently shown that 

the incidence of islet autoantibodies rose sharply until 9 months of age and declined thereafter 

(Figure 1-4)115.  It is, therefore, apparent that factors that influence the immune response to β-

cells in the first year of life are important for programming the initiation of islet 

autoimmunity81,116, with the implication that the period of escalating autoimmunity offers a 

window for interventions to halt progression to T1D117.    

Figure 1-4 | Incidence of antibodies in children (0 to 6 yr) in the TEDDY study by age of 

                    seroconversion. From Krischer et al.115. 

The risk of progression from islet autoimmunity to clinical disease is multifactorial; it 

varies in relation with the type of autoantibody present (IA-2A confers the highest risk), and is 

incremental with the number of detected autoantibodies (risk is increased with antibodies to 

two or more antigen groups), higher titre, and broadness of epitope reactivity105.  Most at-risk 

children with multiple autoantibody seroconversion will progress to diabetes within 15 years114.   

In the offspring of parents with T1D, disease progression was accelerated by an earlier age of 

appearance of multiple autoantibodies and was fastest in children who presented with the first 

autoantibody by the age of 2 years118.   Rapid progression was defined, based on observations 
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in young and early pubertal children of the DIPP cohort, as progression to clinical T1D within 

1.5 years of autoantibody seroconversion, and characterised by younger age, higher 

autoantibody titres and multiple islet autoantibodies119.  The median time from seroconversion 

to diagnosis was 0.5 years in rapid progressors vs. 5.4 years in slow progressors119. 

The order of autoantibody appearance influences the degree of pathological 

consequences: the appearance of IAA first may trigger GADA and IA-2A as subsequent 

autoantibodies leading to an aggressive pathogenesis, i.e. insulitis and earlier age at onset; 

whereas GADA, more common to children ≥2 years of age, is followed by a delayed 

appearance of ensuing autoantibodies and results in a less aggressive pathogenesis120.  The 

constitution of autoantibodies is not static but shows a dynamic interplay with disease 

progression.  The DIPP study unveiled that in the presymptomatic stage, IAA were the most 

frequent primary antibodies followed by GADA, IA-2A and ZnT8A; at diagnosis, IA-2A was the 

most frequent, owing to the appearance of secondary antibodies and disappearance of IAA121. 

Whereas HLA class II influence the initiation of autoimmunity, the rate of progression 

to clinical disease is a class I effect122, exemplified by HLA-A*24, -B*18, -B*39  which are linked 

to more rapid progression123,124.  Based on these lines of evidence, it is expected that 

appearance of islet autoantibodies is intricately coupled with HLA types.  This field is under 

ongoing investigation, but the TEDDY study has shown that the DR4-DQ8/DR4-DQ8 is 

predominantly linked to the appearance of IAA as the first autoantibody in young children and 

the DR3-DQ2/DR3-DQ2 is strongly linked to the appearance of GADA as the first autoantibody 

in older children115.  However, these associations are perplexed by intrauterine interactions; 

the associations were not observed in the presence of a gestational respiratory infection, 

pointing to a bidirectional trigger for appearance of IAA or GADA as the first autoantibody120. 

 Mechanistically, autoantibodies and HLA types are linked via the proposed scenario 

that the autoantigen is processed and presented to HLA class II molecules on antigen-

presenting cells (macrophage, dendritic cell, B-cell); for example, insulin peptides are 

presented on DR4-DQ8 and GADA peptides on DR3-DQ2120.  The ensuing complex would be 

recognised by the T-cell receptor (TCR) on CD4+ T cells, which activate the CD8+ cytotoxic 

cells that infiltrate pancreatic islets and recognise antigens presented by HLA class I 

molecules120,122.  Insights into the mechanisms of events that occur in the islets thereafter are 

drawn from findings that progressors to T1D possess a distinct molecular signature vs. non-

progressors, which are characterised by crescendos in induced proinflammatory transcription 

and a reduction in induced regulatory transcription125.  These molecular profiles align with the 

proposition that a combination of immune-mediated mechanisms might bring about β-cell 

death, which probably comprise: i) production of proinflammatory cytokines and chemokines, 

ii) decline of the immune regulatory function, iii) activation of reactive T cells against β-cells126.   
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1.2.5 Genetic — Environmental — Immune link 

The genetic, environmental and immune elements that orchestrate the pathogenesis of T1D 

do not operate in isolation.  Consideration of their intricate act in tandem provides a glimpse 

into the complex biological pathways at play.  Nevertheless, our evidence-based 

understanding of the multitude of pathways that lead to complete loss of insulin secretion 

remains poor and is tackled by the promulgation of hypotheses that make speculative links. 

 There is compelling evidence for the involvement of proinflammatory cytokines and 

autoreactive T cells in the injurious processes of the islets, yet there is no clear explanation for 

the reasons why they accumulate in the vicinity of the islets127.  A possible scenario is proposed 

by the ‘innate immunity hypothesis’, according to which dying or dead bacteria or viruses in 

the pancreatic juice and bile mixture128 become entrapped within the pancreatic ducts and 

release toxins and cell components that trigger a proinflammatory microenvironment, which 

drive antigen-presenting cells to elicit islet autoimmunity129 and recruit autoreactive T cells5, 

resulting in an immune-mediated attack on β-cells (Figure 1-5)127. 

Figure 1-5 | A tentative model for the initiation of T1D. From Skog and Korsgren127. 

 

 

The interface between the immune system and the islets was epitomised by the 

pancreatic islet transcriptome project, which revealed that >60% of T1D susceptibility genes 

— previously believed to be mostly expressed in immune cells — are also expressed in human 

pancreatic islets101.  The experiment simulated conditions that possibly prevail in early T1D by 

exposing the islets to proinflammatory cytokines101.  As a testimony, the chronic effect of 

proinflammatory cytokines — interferon-α (IFN-α), interferon-β (IFN-β), interferon-γ (IFN-γ), 
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tumour necrosis-α (TNF-α), interleukin-1β (IL-1β) — on insulin-secreting cells is evidenced by 

the clinical observation that long-term treatment with IFN-α of patients with hepatitis C 

increased the risk of T1D by 10- to 18-fold130. 

The islet transcriptome project made two critical findings: i) cytokines modify alternative 

splicing in islets (thus generating novel RNAs which translate to novel proteins recognised by 

the immune system); and ii) induce a local release of cytokines and chemokines (proteins that 

attract immune cells), allowing for a ‘molecular dialogue’ between the β-cell and the immune 

system that may amplify or dampen insulitis and determine development of diabetes or not101.  

These results give credence to the thesis postulated in the 1980s that the β-cell ‘contributes to 

its own demise’104, and override the conventional view which regards ‘β-cells as passive victims 

of a process that starts and is regulated elsewhere’; instead β-cells deliver immunogenic 

signals and release inflammatory mediators that affect their own survival101.   

Even though  the expression analyses were performed on whole islets, it is speculated 

that T1D candidate genes are expressed in β-cells, or their products affect β-cells in a 

paracrine fashion if expressed in neighbouring islet cells, paralleled by the glucagon-like 

peptide 1 (GLP-1), which is synthesised and released by α-cells but exerts cytoprotective 

effects on β-cells26.  The question that persists is: why are the neighbouring α-cells spared 

from autoimmune attack?  The resistance of α-cells to autoimmune-mediated destruction is 

best explained in the framework of the infectious basis of the disease: the α-cells might 

possess the machinery of viral amplification but show a more efficient antiviral response 

compared with β-cells, i.e. they are better at clearing infections, evidenced by the presence of 

viral markers in α-cells during acute but not chronic infections88.   

Interestingly, the outcome of an infection is dependent on both the pathogen and the 

host response.  The latter is modulated by the individual’s genetic background and/or early 

education of the immune system, a concept which is encapsulated in the ‘hygiene hypothesis' 

that attributes the increased risk of allergic and autoimmune diseases to a reduced microbial 

exposure in early life131.  On these grounds, Op de Beeck and Eizirik88 suggested that divergent 

environmental factors account for T1D in different parts of the world; in populations with high 

genetic risk, removal of a protective factor (e.g. non-specific infections in early life) is sufficient 

to increase disease risk, whereas in populations with low genetic risk both protection removal 

and increased infections by coxsackie viruses are required for increased incidence of T1D88.  

The hygiene hypothesis resonates with the paradox of the inverse relationship observed 

between the incidence of enterovirus infections and incidence of T1D132, which spawned the 

‘polio hypothesis’ — in reflection of the 19th century decreased polio circulation accompanied 

by an increase in polio paralysis in children due to lack of protection from maternal poliovirus 

antibodies133 — to suggest that shifts in population dynamics of virus infections account for 
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trends in the incidence of T1D134.  The polio hypothesis is further underpinned by the 

observation that the levels of enterovirus antibodies in pregnant mothers decreased over the 

last three decades in Finland contrary to an increase in T1D incidence in this country132.   

The credibility of this hypothesis lies in the possibility that coxsackie B virus, a member 

of the group of enteroviruses, is central to the pathogenesis of T1D.  Coxsackie B virus is 

thought to contribute to the initiation of insulin-driven autoimmunity based on evidence that 

infections with this virus associate with appearance of IAA135.   Aside infections, feeding in 

infancy is the alternative environmental culprit of the pathogenesis of T1D, with recent 

evidence linking early introduction of gluten (before 4 months of age) with reduced risk of islet 

autoimmunity in children at risk136.  Findings pertaining to elements of coeliac disease should 

probably be interpreted with cation, owing to the genetic overlap between coeliac disease and 

T1D via the HLA DQ2 and DQ8.  Perhaps, of central relevance to T1D is the capacity of surplus 

glucose to elicit an immune response.  Skog and Korsgren127 point to a collection of 

experimental studies that concur on exposure to high glucose inducing immune-cell activation 

in CD4+ and CD8+ T cells, and in monocytes137-141.  I posit that these lines of evidence, i.e. the 

possible effect of coxsackie B virus on triggering insulin-driven autoimmunity which leads to 

glucose excess that might further elicit an immune response, collectively close the loop 

between systemic viral infection and islet inflammation, and suggest that synergistic factors 

bring about the immune-mediated impaired insulin release — the hallmark of T1D.  

1.2.6 The endocrine microenvironment 

The interplay between genetics, immunoinflammatory and environmental aspects is 

encapsulated in the modern model of the pathogenesis and natural history of T1D (Figure 1-

6). The slope depicts the rate of β-cell loss in the prediabetic period leading to symptomatic 

T1D, which according to the traditional model presents when >80%-90% of β-cells have been 

destroyed, but recently revised to suggest that up to 40% of β-cell viability might be present142, 

which probably explains why insulin secretion is stable for periods of time in some patients 

despite persistent islet autoimmunity19.  However, it is accepted that a loss in the first phase of 

insulin response (FPIR), which represents early insulin secretion and is measured by 

intravenous glucose tolerance test (IVGTT) or oral glucose tolerance test (OGTT), is followed 

by a period of glucose excursions (glucose intolerance)19.  C-peptide is a standard method of 

assessing the insulin secretory capacity (owing to its slower degradation rate than that of 

insulin), with a concentration of less than 0.2 nmol/L predictive of poor β-cell reserve and insulin 

requirement143.  In the early stages of the disease some patients experience ‘the honeymoon 

period’, a transient independence from insulin therapy, which exhibits morphological and 

functional signs of a returning insulin production, possibly in an attempt of the reduced β-cell 



Introduction and aims                                                                                                                  ELEFTHERIOU  

 - 15 -  

mass to meet the insulin demand144.  Nevertheless, within months of diagnosis, there is a 

marked reduction of almost 30% of the total pancreas volume145.   

Figure 1-6 | Natural history of T1D.  From Atkinson19. 

Insulin is stored in its active form inside pancreatic islet secretory vesicles and released 

into the circulation upon stimulation by increased plasma glucose or amino acid levels146.  The 

FPIR, the Ca2+ influx-triggered steep secretory peak of insulin generated by a small pool of 

readily releasable granules147, is perturbed as early as 6 years prior to the onset of T1D, 

whereas insulin sensitivity remains unaffected, ‘implying an intrinsic defect in β-cell mass 

and/or function’148.  In children of the DIPP cohort, the FPIR inversely correlated with multiple 

autoantibodies, but not directly correlated with HLA-risk genotypes149.   

The lingering question about the reasons for the vulnerability of the β-cell has also been 

approached through the lens of the severe fall in β-cell mass.  It has been remarked that the 

large variation in β-cell mass (0.2 to 1.5 g) in non-diabetic adults is suggestive of subclinical 

assaults of the islets, which might be explained by: i) the low replication rate of β-cell, rendering 

it unable to compensate for massive loss150, and ii) the high islet blood perfusion, which 

provides optimal conditions for immune surveillance127.  The observation that hyperactive β-

cells have a heightened expression of islet autoantigens151 strengthens the possibility that β-

cell stress, as a result of increased insulin demands during rapid growth, might be the culprit.     

In conclusion, two polarising views prevail around the pathogenesis of T1D:  one 

scenario claims that it is a consequence of a severe fall in β-cell mass resulting directly from 

T-cell mediated attack (that might ensue from a viral infection); another view posits that glucose 

intolerance and increasing insulin demands in a growing child are not adequately countered 

by an increase in β-cell volume resulting in major loss of β-cell mass or insulin secretory 

capacity127.  On the premise that ‘genetics unlock the biology of a disease’, delving into the 

genetic architecture of T1D is essential to shed light on the debate. 
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1.3 THE GENETIC ARCHITECTURE OF T1D 

1.3.1 Genetic studies 

The genetic architecture of T1D has been extensively unveiled by genome-wide association 

studies (GWAS) in large patient and control cohorts, which expanded the set of 6 loci identified 

by family (linkage studies) and candidate gene (association studies) approaches in the 1970s, 

to 40 loci by 2006, and 60 loci by 2012152.  In the pre-GWAS era, the HLA was the first marker 

identified, which explained 50% of genetic risk22.  INS mapped on chromosome 11p15 was the 

second locus established with an Odds Ratio (OR) of ~2.5, followed in chronological order by 

the identification of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4); the protein tyrosine 

phosphatase non-receptor type 22 (PTPN22); the interleukin 2 receptor alpha (IL2RA); and 

the interferon-induced with helicase C domain 1 (IFIH1)152.  According to the current state of 

knowledge, susceptibility to T1D is conferred by a set of 59 chromosomal regions 

(www.immunobase.org, accessed 2015). 

The fundamental principle of GWAS is the measurement and analysis of DNA 

sequence variations in the form of single nucleotide polymorphisms (SNPs) from across the 

human genome153, which are mapped to candidate disease causal genes for the ultimate 

purpose of identifying genetic risk factors and elucidating biological pathways.  Albeit 

increasing the pace and efficiency of the discovery of T1D susceptibility loci by a factor of 

ten152, GWAS pose two inherent challenges.  First, a particular locus might contain multiple 

genes, as is often the case for T1D, and GWAS vaguely suggest potential causative genes 

based on interpretations that rely on either physical proximity to the genetic marker or biological 

relevance26, thus discounting that SNPs may affect expression of remote genes located 

thousands of base pairs (bp) away by modulation of chromatin-loop formation154.  Second, a 

key characteristic of GWAS is linkage disequilibrium (LD) — a property related to a contiguous 

stretch of genomic sequence and defined as the degree to which one SNP is correlated with 

another SNP — underpinned by the concept of ‘chromosomal linkage’ whereby two markers 

remain physically joined on a chromosome through generations153.  LD is usually quantified by 

r2, a statistical measure of correlation, which denotes the extent of similarity captured by two 

SNPs (high r2 values suggest high degree of similarity).  LD is exploited by GWAS via the 

selection of tag SNPs, which capture the genetic variation in the surrounding stretch, thus 

obviating the need to genotype SNPs that convey redundant information153.  The drawback of 

this approach is the further complexity added to the identification of causal SNPs26.   

http://www.immunobase.org/
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1.3.2 The prominence of the HLA  

The HLA is part of the genetic region known as Major Histocompatibility Complex (MHC), a 

long contiguous DNA stretch of approximately 3.5 million bp, which was sequenced and 

analysed with extremely high quality in the late 1990s155.  The MHC is located on Chr6p21 and 

is renowned for extensive linkage156,157.   Aside its well-known role in the regulation of self- vs. 

nonself-recognition, which is integral to antigen presentation and initiating an immune 

response, genes in the MHC region influence a variety of reproductive parameters including 

protection of the foetus from attack by the maternal immune system158, abortions159, 

preeclampsia160 and size at birth14,15,89,161.  

Within this gene-dense region — counting over 220 genes that encode homologous 

cell-surface proteins which are the most polymorphic known to date — the HLA class I or 

telomeric region (A, B, Cw) and HLA class II or centromeric region (DR, DQ, DP) each spread 

over about one third of the MHC stretch (Figure 1-7)155.  Class I molecules are found on all 

nucleated cells and present antigens originating from inside the cell to cytotoxic T lymphocytes 

(CD8+); class II molecules are only found on immune competent cells (B cells, antigen-

presenting cells) and present antigens that enter the cell by endocytosis to helper T cells 

(CD4+) which set up a generalised immune response162.   

Figure 1-7 | Overview of the HLA region. From the EBMT HLA manual163. 

In T1D, the critical interaction between the HLA class II molecule, antigen and T-cell 

receptor evokes T-cell activation and ensuing immune response to the antigen164.  It follows 

that the extent of immune response in T1D is partly a function of the polymorphic amino acids 

of the HLA class II molecules165.  The class II molecules are heterodimeric glycoproteins, 

consisting of two transmembrane polypeptides, α-chain and β-chain.  Within the class II 
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complex, the DR3 and DR4 alleles have a major contribution to T1D166,167, in conjunction with 

the strongly-linked DQ molecule whose function in susceptibility to T1D is determined by the 

amino acid residue at position 57 of the DQβ chain165.  It has been shown that Asp-57-negative 

homozygosity on DQβ alleles, especially if they are on the DR4 and/or DR3 haplotypes, is 

essential but not sufficient for development of T1D in 90% of Caucasians; in contrast, the 

possession of Asp-57-positive DQβ alleles confers almost complete resistance to T1D165.  For 

instance, Alanine 57 — encoded by the DQB1*03:02 allele on DR4 haplotypes — is strongly 

predisposing, whereas Aspartic acid 57 — encoded by the DQB1*06:02 allele on DRB1*15:01 

haplotype — is strongly protective168.  In summary, the extent of susceptibility or resistance to 

T1D is best determined by three genes, HLA-DRB1, -DQA1 and -DQB1 (Figure 1-8), which 

show the greatest allelic diversity in exon 2 and encode the outer domain of DRβ, DQα and 

DQβ polypeptide chains respectively30,168,169.  It follows that the variable DR-DQ haplotype 

associates with a spectrum of risk for T1D, ranging from high-risk, to neutral, to protective21.   

Figure 1-8 | The HLA class II gene complex  Adapted from Shankarkumar170. 

The mode of inheritance of MHC genes is believed to be simple recessive36.  In 

Caucasians, the haplotypes DR4 (containing DRB1*04 alleles, except for 04:03 and 04:06, 

and carrying DQB1*03:02) and DR3 (containing DRB1*03:01) are the most T1D–predisposing 

haplotypes, whereas the DR2 haplotype is strongly protective (found in <1% of T1D children 

and >20% in the general population)171.  Specifically, the highly conserved DRB1*04-

DQA1*03:01-DQB1*03:02 (abbreviated DR4-DQ8) and DRB1*03-DQA1*05:01-DQB1*02:01 

(abbreviated DR3-DQ2) are the strongest risk alleles for T1D30,168, whereas the DQA1*01:02-

DQB1*06:02 confers dominant protection even in the presence of islet autoantibodies172. 

The complexity of the IDDM1 region is aggravated by the dramatic effect of the DR4 

haplotype on disease susceptibility even if the DQ molecule is fixed; for example the strong 

risk allele DQB1*03:02 (DQ8) on subtype DRB1*04:05 loses its predisposing effect when 

found on the protective DRB1*04:03 instead168.  This illustrates that the effect of a single HLA 

molecule is mitigated or augmented by its HLA context168.  Furthermore, in estimating 

individual T1D risk it is essential to consider the identity of the HLA alleles on the other 

chromosome168.  As such, children with the heterozygote DR3/DR4 genotype have the highest 

risk and comprise almost 50% of children who develop islet autoimmunity by 5 years of age21.  

Of interest, the high-risk DR3/DR4 was found to be absent from individuals with childhood T1D 
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who carried a polymorphism in TCF7L2, a well-established type 2 diabetes (T2D) gene, 

highlighting the genetic heterogeneity of juvenile diabetes173. 

The rate of concordance of T1D in HLA-identical siblings (12% to 16%) is sufficient 

evidence that HLA is a T1D susceptibility locus, but the comparatively higher rate of 

concordance amongst monozygotic twins (40% to 50%) suggests that non-HLA loci are 

required for T1D to develop36.  In comparison, the rate of concordance in dizygotic twins falls 

abruptly (5% to 10%) but is 10-fold higher than the prevalence in the general population (0.2% 

to 0.4%)174.  The decline in risk by degree of relatedness indicates that a combination of alleles 

at multiple loci with small effects contribute to the disease175. 

1.3.3 Beyond the HLA 

Beyond the HLA region, the extent of genetic contributions to T1D by individual genes follows 

the law of diminishing returns19 as illustrated by the decaying OR of respective genes (Figure 

1-9).  Pociot et al.176 stated that ‘the principal value of the newly discovered SNPs would be to 

increase our understanding of the disease pathogenesis, rather than increase our ability to 

predict disease development on an individual level’.  The fact that most T1D candidate genes 

are shared with other autoimmune diseases102 underscores the immune nature of the disease.   

Figure 1-9 | Ranking of effect size of non-HLA T1D susceptibility genes.  From Concannon et al.117. 

 

It has been suggested that whereas the HLA influences the development of 

autoimmunity, other T1D candidate genes regulate the anatomical location of the autoimmune 

attack and the rate of progression to disease88.  This proposition is given momentum by the 

association of the high-risk DR4-DQ8 and DR3-DQ2 haplotypes with autoimmunity across the 
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board, which is attributed to the evolutionary selected ability of these proteins to present a 

range of pathogen-derived peptides to T cells177.  The observation that families with a history 

of T1D are characterised by an increased innate inflammatory state independent of HLA status 

provides strong evidence that non-MHC genetic variants also potentiate immune pathways125.  

Specifically, the expression of numerous non-MHC genes in pancreatic islets (Figure 1-10)101 

informs of complex biological pathways in both immune cells and β-cells, thus cementing that 

T1D is a disease of the pancreas as much as of the immune system26.  

 

Figure 1-10 | Islet expression or not of T1D candidate genes ranked by OR.  From Eizirik et al.101. 

 

Clearly, the genetic architecture sheds light on the biology of the disease.  Yet, the 

identification of causal genes represents a major undertaking in the genetics of T1D176.  This 

challenge necessitates the interrogation of candidate genes by interweaving the GWAS output 

with biological knowledge.  To illustrate the point, the speculation that CD45 or PTPRC — a 

transmembrane protein tyrosine phosphatase receptor type — is a T1D candidate gene, since 

it is expressed on all leukocytes and its phosphatase activity is essential for T cell activation, 

was invalidated for T1D178 and other autoimmune diseases, including Hashimoto’s disease179 

and myasthenia gravis180.  Another candidate gene whose relevance to T1D is disputed is 

ADAD1 on Chr4 on the grounds of its testis-specific expression and function of its product 

being involved in RNA packaging, alternative splicing and transport of mRNAs181.  Last but not 

least, the RNLS gene — which encodes renalase, a protein that is secreted from the kidney 

and has a key role in cardiac function and systolic blood pressure — is questionably relevant 

to T1D due to a lack of functional data demonstrating its role in the immune system102.   

Population studies are instrumental for illuminating key candidate genes.  I propose that 

the four genetic variants in PTPN22, SH2B3, ERBB3 and INS, which were associated with 

* Expressed in islet 
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progression from seroconversion to islet autoimmunity in the TEDDY cohort182 are beginning 

to paint out a biologically meaningful picture of possible mechanisms in the disease prodrome 

that involve genes i) with a key role in adaptive immunity (PTPN22), or ii) expressed in the 

anatomical location of autoimmunity (INS, SH2B3, ERBB3).  In the aggregate, the genetic 

architecture of T1D includes genes that play a key role in systemic immunity (e.g. PTPN22, 

UBASH3A).  Predominantly, it comprises genes which exert effects on β-cells relating to 

antigen presentation, inflammation, antiviral response, innate immunity, apoptosis, IFN-γ 

signalling, nuclear factor kB (NF-κB) regulation, and modulation of chemokines/cytokines 

which influence a range of β-cell functions (glucose and lipid metabolism, protein synthesis, 

transcription factors)101. 

 

1.4 SIZE AT BIRTH 

1.4.1 Overview 

The β-cell and its rate of destruction possibly underpin the link between perinatal growth and 

childhood diabetes, which has spawned a large literature on the association between size at 

birth and risk of T1D.  The minimum neonatal anthropometrics recorded at birth are weight, 

length and head circumference183, which are introduced here.   

1.4.2 Birth weight 

Foetal growth rate serves as a sensitive indicator of a newborn’s ability to survive and thrive in 

life184 and is crudely represented by size at birth, which is most simply measured by birth 

weight185.  Naturally, birth weight features amongst the most widely-studied variables in 

epidemiological research, owing to its accessibility (it is precisely measured and readily 

available), objectivity, and its association with perinatal survival and health outcomes later in 

life186.  Low birth weight is a barometer of survival in childhood; it correlates with risk of 

infectious disease mortality187,188 and hospitalisation189.  Prominently, birth weight is emerging 

as a rough predictor of adult disease.  The association between birth weight and risk of disease 

in adulthood was epitomised by the ‘thrifty phenotype hypothesis’ by Barker and Hales190, who 

postulated that factors operating in utero, such as poor nutrition, could program the foetus at 

a time of organ plasticity and alter development in a way that insidiously leads to adult disease.  

The concept of foetal programming referred to events in utero that induced changes in 

metabolic characteristics, namely reduced development of pancreatic β-cell, which played a 

key role in the origins of T2D and cardiovascular disease in adulthood191.  The thrifty phenotype 
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hypothesis echoes the idea previously explored by Kermack et al.192, according to which the 

long-term effects of health shocks might remain latent, with the implication that foetal shocks 

induce later-life impacts193.  Mechanistically, foetal programming might operate via epigenetic 

factors — interindividual variation in DNA methylation and chromatin remodelling that induce 

genes to be expressed or not — whose malleability allows them to react to environmental 

signals, critically during the period that the foetus is in utero193,194.          

Birth weight is sensitive to gestational age and sex.  Nevertheless, the earlier literature 

on perinatal growth and T1D omitted gestational age in the calculation of birth weight195,196.  

This practice probably stemmed from the interchangeable use of ‘premature birth’ (<37 weeks 

of gestation) and low birth weight (<2,500 g) until the 1960s — a distinction made possible by 

the introduction of the terms ‘preterm’ to denote a baby born early and ‘intrauterine growth 

retardation’ (IUGR) to describe a disease that starts during pregnancy (antenatally) and 

attaches a condition to small babies that are growth retarded and could be born at term186.  

This differentiation required the introduction of ‘birth weight for gestational age’, which defines 

normal birth weight by applying percentiles on a reference population.  Under the new 

conventions of birth anthropometry adopted by neonatal and obstetric research, ‘small for 

gestational age’ (SGA) and ‘large for gestational age’ (LGA) are commonly defined as <10th 

and >90th percentile birth weight respectively in each gestational age and sex stratum, with the 

in-between spectrum corresponding to ‘appropriate for gestational age’ (AGA).  Even though 

the terms IUGR and SGA have been used interchangeable, the Royal College of Obstetricians 

and Gynaecologists states that they are not synonymous: ‘foetal growth restriction’ is defined 

as the ‘pathologic restriction of genetic growth potential (…) that may manifest evidence of 

foetal compromise’, whereas SGA foetuses are constitutionally small, i.e. normal in size, with 

foetal growth appropriate for maternal size and ethnicity197.  IUGR implies slow growth in utero 

that is evidenced by two ultrasound measurements and necessitates ongoing surveillance of 

the infant irrespective of birth weight198. 

  The comparison of a child’s weight against the distribution of the weight of a reference 

sample of healthy children informs of the ‘normality or otherwise of the process of growth’199.  

The availability of more than one comparator calls for a distinction between growth references 

vs. growth standards: growth reference charts are based on cross-sectional data and are 

descriptive of growth ‘as is’; growth standards are based on longitudinal data in which the 

source sample has been selected based on predefined criteria and reflect growth ‘as it ought 

to be’199,200.  The growth charts commonly used for the assessment of infants in the UK are: 

i. the British 1990 growth reference (UK90) based on 37,700 children from England, 

Scotland and Wales201, who were not exclusively breastfed in their majority for the 

recommended duration of 4 months199; 
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ii. the WHO 2006 international growth standard, which illustrates optimal physiological 

growth for all children from birth to 5 years of age based on information from 

approximately 8,500 breastfed children pooled from six countries (Brazil, Ghana, India, 

Norway, Oman and the USA)202. 

Growth charts are expressed in centile lines with the distance between two lines corresponding 

to ~2/3 of SD200.   

Relative birth weight is represented by standard deviation (SD) scores (SDS) or z-scores, 

calculated using the subject’s actual age in days.  The SDS is defined as the number of 

standard deviations that a baby’s anthropometric measures deviate from the mean of the 

reference population; a SDS of zero denotes a growth trajectory similar with the reference, 

whilst SDS>0 suggests accelerated (higher than normal) gains and vice versa.  However, the 

use of standards to produce relative values for comparison comes at the cost of narrowing the 

variation of birth weight203.   

The concurrent use of both definitions of birth weight, absolute and relative, in 

assessing its association with risk of T1D has cast light on confounding factors.  It has been 

observed that studies reported higher rates of T1D for children weighing ≥80th percentile vs. 

children with absolute birth weight ≥4,000 g204.  The largest-to-date study in 3.6 million children 

found no associations between T1D and birth weight when unadjusted except for a protective 

effect of very low birth weight (<1,500 g) against normal weight205.  Such results underscore 

the importance of using size-for-gestational age as the exposure variable, instead of birth 

weight alone, which introduces random variation at the cost of underestimating relative risk204. 

1.4.3 Birth length  

Height represents a crude measure of bone at the whole body level206.  In contrast to birth 

weight, birth length is difficult to measure in neonates with accuracy.  As a result, length at 

birth has received less attention than weight at birth, and often delayed by study protocols (e.g. 

DAISY) to ages which allow for standing height to be recorded, i.e. 2 years207.   

1.4.4 Weight to length indices 

A composite index of relative weight is the weight-to-length proportionality, represented by i) 

simple weight to height ratio, ii) body mass index (BMI), calculated as weight (kg)/height 

squared (m2), and iii) ponderal index, calculated as weight (kg)/length cubed (m3).  On the 

grounds of the best ‘relative weight index’ having the lowest correlation with height and highest 

correlation with body fatness, the BMI lends itself as a surrogate measure of adiposity 
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applicable to any population208.  A study assessing all three indices of relative weight in men, 

reported that the ponderal index was the poorest index208.  In neonates, the downside of 

calculating proportionality using the cube of length is the amplification of inaccuracies in the 

measurement of length209.  Nevertheless, ponderal index is the preferred index in paediatric 

clinics over BMI, whose distribution is skewed and the degree of skewness is age-

dependent210,211.  It has been suggested that whereas body weight is a measure of the 

aggregate gains of soft tissue and length, ponderal index is thought to reflect soft tissue only212, 

an interpretation which has lent itself to findings according to which either weight or ponderal 

index, but not both, associated with T1D risk.   

1.4.5 Head circumference 

Head circumference reflects intrauterine neurodevelopment213.  As such, it has received little 

to no attention by studies investigating associations between size at birth and risk of T1D.  

Brain growth is marked by two growth spurts:  the initial growth spurt occurs from 12 to 18 

weeks of gestation and features neuronal multiplication; the second growth spurt begins at 28 

weeks of gestation and extends until the third year of life213.  Davies214 suggested that head 

circumference is influenced mostly by genetic factors and, compared with weight and length, 

is less sensitive to maternal influences; yet, the growth of the brain might be hindered by 

intrauterine (spacing) constraints.  

1.4.6 Influences on size at birth  

Observational studies have adjusted for factors that could explain an association between 

foetal growth and risk of T1D to exclude them as primary explanatory mechanisms.  Genetic 

associations with size at birth also require that the maternal-uterine environment be carefully 

considered215.  Intrauterine effects are defined as the physical constraints or nutritional factors 

that influence the foetal growth environment216.  The critical importance of these factors is 

encapsulated in the ‘foetal programming’ or ‘foetal origins hypothesis’, which postulates that 

the intrauterine environment can ‘program’ or influence pregnancy and neonatal outcomes217. 

Birth weight is affected by multiple factors, both genetic and non-genetic.  To illustrate 

the point, the clinical observation that sibling birth weights highly correlate218 has been 

attributed to similarities in both the parental gene pool and in utero maternal influences219.  The 

genetic constitution is believed to be less important for neonatal anthropometrics vs. the cluster 

of environmental influences, which may be classified into i) preestablished maternal influences, 

ii) pregnancy-related influences and iii) paternal factors220.   
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 Pre-pregnancy maternal influences 

Birth weight is an outcome of intrauterine growth rate89, hence it is predominantly under the 

influence of gestational length221.  At a particular gestational age, preestablished biological 

influences include maternal parity (birth order).  Birth weight increases along birth order in 

singleton pregnancies222, implying that infants of primiparous pregnancies (first-born infants) 

are more likely to be restrained in utero and born smaller than subsequent offspring, but likely 

to show compensatory ‘catch-up’ growth, becoming heavier and taller after infancy217.   

Maternal anthropometry before pregnancy exerts its effect on foetal growth, arguably 

via the intrauterine environment and/or genetic factors.  A recent systematic review has shown 

that pre-pregnancy overweight or obesity increased the risk of higher birth weight, macrosomia 

and LGA223, and a prospective study found that pre-pregnancy BMI positively correlated with 

foetal macrosomia (birth weight >90th centile)224.  Maternal height has been shown to positively 

associate with birth weight225,226 and birth length227.  The correlation between maternal height 

and birth size — traditionally explained upon the mechanistic assumption that shorter women 

have a smaller uterus, which imposes a physical constraint on foetal growth228 — has been 

recently attributed, by means of Mendelian randomisation, to foetal genetic effects229. 

 Pregnancy-related influences 

Pregnancy-related influences include maternal glucose levels, smoking, maternal alcohol 

consumption, maternal weight gain, cord blood flow, maternal disease and drugs89,219,221,230.  

Amongst these, the universal finding is that elevated blood glucose levels during pregnancy 

give birth to babies with larger size231, testified by the macrosomic babies of pregnancies with 

gestational diabetes232.  Even in the absence of diabetes in pregnancy, there is well-replicated 

evidence of a continuous effect of maternal glucose levels on offspring’s birth weight233-235.  

Ong et al.224 showed that the mother’s fasting glucose correlated with foetal macrosomia as 

well as adiposity in infancy up to 3 months of age.  Another study showed that post-prandial 

glucose levels exerted a stronger effect than fasting glucose, corroborating that poor glycaemic 

control poses a pregnancy-specific risk factor219.    Maternal weight gain during pregnancy 

emerged as an important risk factor for higher birth weight219 and greater neonatal fat mass236.  

In contrast, elevated maternal blood pressure associated with lower infant birth weight237.    

The caveat of such associations, namely their confounding by socioeconomic status 

and behaviours, was addressed by a recent Mendelian randomisation study in >30,000 

women, which found that elevated fasting blood glucose was causal for high birth weight, 

whereas elevated maternal systemic blood pressure was causal for low birth weight238. 



Introduction and aims                                                                                                                  ELEFTHERIOU  

 - 26 -  

Lifestyle habits have an established role in influencing size at birth. Smoking during 

pregnancy is considered a causal factor of small birth size as it detrimentally restricts 

intrauterine growth, with a study using biochemical measurements of thiocyanate 

concentration in the mothers to precisely and objectively measure extent of smoking221.  

Alcohol in the absence of smoking increases birth weight, albeit marginally221.  The TEDDY 

study showed that the offspring of mothers who consumed alcohol in moderation during 

pregnancy, defined as one to two drinks per month, were longest at birth230.  A very recent 

investigation in Poland has shown that the combined effect of alcohol and tobacco use during 

pregnancy increased the risk of preterm birth and exacerbated the adverse effect on size at 

birth239.  Aside smoking and alcohol consumption, maternal nutrition in the peri-conceptional 

period and pregnancy plays a crucial role in foetal development184.  A prospective cohort study 

in 44,612 Danish women surprisingly showed that a high-calorie, high-protein diet during 

pregnancy carried an increased risk of giving birth to SGA newborns compared with women 

who consumed a low-calorie plant-based diet240, concluding that a high animal-protein and fat 

diet might impair foetal growth, or trace elements in plants induce proper foetal development184. 

 Paternal influences 

Whereas the intrauterine environment is largely under the maternal influence, parental height 

reflects the influence of both parents.  A study on paternal influences on birth weight found that 

neither paternal age, BMI nor weight were independent predictors of birth weight, and paternal 

height explained less than 2%241.  Such findings single out height as the potential domain of 

influence from the father.  Expressed as mid-parental height, its effect on growth has been a 

contentious topic.  It has been suggested that mid-parental height correlates with both size at 

birth and postnatal growth in the child242,243.  The TEDDY study reported that parental height 

and weight associated with the child’s weight and length at birth230.  Others contend that birth 

weight is influenced only by the mother, but later length gain reflects the size of both parents185.   

The dichotomy regarding the age of offspring at which parental height switches on its 

effect perpetuates with studies on T1D that detect growth differences between cases and 

controls.  Analysis of cohort data in Sweden showed that weight and length at birth of 

prediabetic children was higher than controls when corrected for mid-parental height244.  In 

contrast, the DIABIMMUNE study showed that mid-parental height exerted a modest effect on 

linear growth in infancy, thus obviating the need to correct growth for mid-parental height245.  

Finally, a study in France identified strong associations between the mother's height and the 

child’s height growth velocity in the first months of life, and strong associations with the father's 

height after two years, thus ‘mirroring an alternative influence of maternal and paternal 

genes’246. 
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1.5 GROWTH IN INFANCY 

1.5.1 Description of postnatal growth 

Growth is defined as the increase in the number, the size and complexity of cells, resulting in 

an increase in body weight and height247. Growth originates at the moment the ovum is 

fertilised and involves many processes, with protein synthesis being the most fundamental248.   

Conceptualisation of the complex phenomenon of growth and development in humans 

has been made possible by mathematical modelling of individual linear growth.  Karlberg’s 

infancy‐childhood‐puberty (ICP) model breaks down human growth from the second half of 

intrauterine life to maturity into three additive and partly superimposed components — infancy, 

childhood and puberty — which reflect distinct hormonal phases249 (Figure 1-11).  The infancy 

component is nutrition dependent, the childhood component is mainly dependent on growth 

hormone (GH), and the pubertal component relies on the synergism of sex steroids and GH250.   

Figure 1-11 | Karlberg’s ICP model of childhood growth. From Karlberg249.  
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The model implies the partition between prenatal and postnatal growth, which divide further251:   

I. Prenatal 

1. Ovum: cell division (first 2 weeks);  

2. Embryo: steady growth and cell differentiation (to 8 weeks); 

3. Foetus: rapid growth and development of tissues and organs (to 40 weeks). 

II. Postnatal 

1. Infancy (birth to end of weaning at 24-26 months); 

2. Early childhood (to 7 years of age); 

3. Later childhood (to puberty); 

4. Adolescence (to sexual and physical maturation at about 20 years of age). 

The usefulness of the ICP model lies in constituting ‘an improved instrument for detecting and 

understanding growth failure’249.   

1.5.2 Trajectory of postnatal growth 

Growth curves are described by three parameters: size, velocity and tempo.  Growth velocity 

is highest at birth and progressively declines until the pubertal growth spurt, which is marked 

by an increase in height followed by a sudden deceleration to a zero growth velocity as 

epiphyseal fusion occurs252 (Figure 1-12).   

Figure 1-12 | A typical growth velocity curve in children. From Haymond et al.252. 
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Growth velocity and age at peak velocity are indicators of growth tempo.  Tanner253 

described tempo as ‘a set that runs through the whole of childhood and refers to rate of 

(skeletal) maturation, not rate of growth’, and suggested that differences before puberty are of 

a limited degree.  That the tempo of growth is under genetic control was shown by a study of 

longitudinal growth in families of twins254.  Recently, a study in families of twins in the UK found 

that infants who were younger at the peak weight velocity had larger size at all ages, and 

ascribed a lower genetic effect but stronger environmental influence to their tempo255.  The 

authors of this study concluded that tempo varies amongst infants and, in fact, its acceleration 

in infancy serves an indicator of adverse long-term health outcomes255.     

Normal growth in the first months of life is characterised by rapid changes: it starts off 

with an initial drop in weight after birth, followed by an increasing weight gain that peaks at 6 

weeks, which later declines to a plateau at around six months255,256.  The first six months of life 

represents the fastest growth in the entire lifespan, during which postnatal weight gain is largely 

composed of fat246.  The deposition of large amounts of fat in utero is unique to human, who is 

classified as the fattest species at birth257.  Kuzawa257 hypothesised that the reason that 

newborns expend roughly 70% of energy to fat deposition during early postnatal life is in 

response to ‘nutritional disruption’, which occurs twice:  

i. at birth and until lactation commences — a concept recently corroborated by a meta-

analysis which concluded that infants who initiated breastfeeding ≥24 hours after birth 

had an 85% higher risk of mortality than newborns who initiated <24 hours258;  

ii. at weaning, the transition from breast milk to complementary foods, which is 

accompanied by the transition from maternal to endogenous immune protection and 

maturation of the gastrointestinal tract.   

These changes are compounded by hormonal fluctuations and expression of paternal alleles, 

rendering the first six months of life a critical passage from the intrauterine environment.      

Satisfactory growth is suggestive of energy demands being adequately met256.  Energy 

requirements for maintenance take precedence over protein synthesis, which is an energy-

demanding process, so that in the event of energy intake falling below maintenance needs, 

growth slows down or ceases256.  This adjustment in growth rate allows the child to cope with 

the physiological and metabolic needs in sub-optimal conditions259.  Prader260,261 observed that 

upon removing the cause of growth deficit, such as illness or malnutrition, growth acceleration 

ensues at abnormally high velocities, coined ‘catch-up’, which is then followed by deceleration 

to restore the normal growth channel. 
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1.5.3 Body composition 

Persistent accelerated growth in infancy has qualified this period as a window of obesity risk, 

which can be evaluated by body composition assessment262. Body composition analysis 

quantifies the amount and relative proportions of body tissue compartments, often considering 

their cellular and molecular components, as a means to describe populations or assess 

individual disease risk206.  At its simplest, a two-compartment model divides body mass into fat 

mass (FM) and fat-free mass (FFM), whereas the three-compartment model addresses the 

tissue heterogeneity of the FFM — which comprises skeletal muscle, organs, bone and 

connective tissues — by partitioning the body into FM, non-osseous lean body mass and bone 

mass206.  The four-compartment model partitions weight into fat, protein, water and mineral263.   

Simple body composition indices commonly used in the paediatric population include206,264: 

i. BMI, a global index of nutritional status and obesity, whose predictive value is less clear 

for children and fails at distinguishing between fat and lean mass; 

ii. waist circumference, an estimate of central adiposity, which is more predictive of insulin 

resistance and lipid profile than total body fat; 

iii. skinfold thickness, an indicator of regional (subcutaneous) fatness, which is limited by 

the lack of contemporary paediatric skinfold reference data; 

iv. upper arm fat and muscle areas, calculated from measurements of upper arm 

circumference and triceps skinfold thickness.  

 

Butte et al.265 reported normative values of body composition during the first two years 

of life, which changes with age and is sex-specific. Per cent body FM is higher in infancy 

peaking between 3 to 6 months of age, and longitudinal changes in the components of FFM 

include a gradual increase in protein content and a decline in total body water265.  At birth, girls 

have proportionally more adipose tissue than boys with the differences persisting in infancy266.  

Although FM accumulates rapidly in the first six months of life, subsequent growth of FFM 

makes the greatest contribution266,267.  A recent study found that the greater adiposity in the 

first months of life is composed of increases in subcutaneous vs. internal adipose tissue, and 

intrahepatocellular lipid content substantially increases irrespective of feeding268.   

The reasons for these dynamic changes in body composition are not clear but might 

reflect substrate selection.  Foetal development is reliant on a high rate of placental transfer of 

glucose but null transfer of triglycerides269.  These conditions possibly program the newborn 

with a low capacity for fat oxidation and high capacity for de novo lipogenesis, evidenced by 

the suppressed oxidation of fat in the first months of life despite a high dietary fat intake, in 

contrast to adequate levels of non-fat oxidation following dietary intake267. 
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1.6 REGULATION OF EARLY GROWTH 

1.6.1 Nutrition 

Growth in infancy is nutrition dependent250, and has pronounced and long-term effects on size 

and body composition.   The importance of the first 1,000 days of life — the period from 

conception to age two — is an important time for body and brain development that represents 

a critical window for prevention of later metabolic abnormalities183,  casting light on the benefits 

of breastfeeding.  Although the WHO recommendation for the duration of exclusive 

breastfeeding is the first 6 months, some countries recommend the introduction of 

complementary feeding between 4 and 6 months270.  In the short-term, breastfeeding confers 

immediate protection against infections that persist throughout the first year of life271, and 

moulds the infant’s acceptance of a wider food repertoire including a higher fruit and vegetable 

intake272,273.  The long-range impact of early nutrition on later health is thought to be intricately 

coupled with the immediate effects on infancy growth.  Formula-fed infants gain more in weight 

and out of proportion to linear growth274, more in BMI275 and more in adiposity276.  It is currently 

admitted that formula-fed infants gain more FFM in the first months of life275,277,278, and have 

lower FM than their breastfed counterparts, but beyond the first year a reversal trend is 

observed with formula-fed infants acquiring higher FM277.   

One possible reason for the patterned body composition by feeding lies in the total 

energy intake, which is dependent on feeding mode and delivery; bottle feeding led to higher 

weight gain in the first year of life irrespective of whether it contained breast milk or formula 

milk279, and larger bottle contributed to greater weight gain280.  The chemical composition of 

milk has also been explored.  Prentice et al.281 showed that irrespective of milk intake, human 

milk composition had a functional relevance to growth.  Growth in the first two years of life is 

particularly sensitive to protein intake282, reflecting the ‘early protein hypothesis’, which 

postulates that excess protein intake via infant formula feeding induces elevated circulating 

levels of insulin-releasing amino acids that stimulate the secretion of insulin and insulin-like 

growth factor-1 (IGF-1), which result in increased adipogenic activity283.  Human milk provides 

more than half of its energy from fat184, and even though total fat content is not influenced by 

maternal nutrition284 the composition of milk lipids is sensitive to maternal diet285.  Specifically, 

mono-unsaturated fatty acids have a dual role in providing nutritional benefit for the 

development of the nervous system285 and conferring the proper liquidity for breast milk 

formation284.  The spectrum of components of human milk that influence growth is expanding: 

fructose was the only sugar in human milk, albeit its very low concentration, that was positively 

associated with body composition (weight, lean mass, fat mass, mineral content) at 6 months 



Introduction and aims                                                                                                                  ELEFTHERIOU  

 - 32 -  

post-delivery286 and ghrelin positively correlated with weight gains from birth287.  These findings 

point to a complex molecular network affecting the biological pathway of growth.  

1.6.2 Hormones 

A recent study unveiled the cord blood hormones at play in relation to timing of increased 

gestational weight gain:  i) 1st trimester weight gain associated with higher cord blood insulin 

and C-peptide, and lower adiponectin, i.e. hormones relating to glucose/insulin regulation, ii) 

2nd trimester weight gain associated with higher cord blood IGF-1, IGF-2 and leptin, i.e. 

hormones central to growth and adiposity, iii) 3rd trimester showed no associations288.  

 Insulin 

Insulin is the most important foetal growth factor in late pregnancy232. Foetal development is 

regulated by the insulin-dependent processes of amino acid transport and protein synthesis232.  

The placenta is impermeable to insulin289, forcing the foetus to rely on its own insulin reserves.  

Insulin starts to synthesise in the human foetal pancreas from as early as the 10th week of 

gestation and becomes detectable in the foetal plasma from the 12th week of gestation, beyond 

which insulin levels progressively rise until the 24th week of gestation290.  Insulin release 

remains insensitive to glucose until around the 28th week of gestation232 when preadipocytes 

mature to insulin-sensitive cells that are able to store fat291.  The metabolic disturbances 

observed during diabetic pregnancy, manifested by accelerated foetal somatic growth in the 

last trimester of pregnancy, are explained in terms of surplus nutrients (glucose and amino 

acids) rapidly crossing the placenta down a concentration gradient from mother to foetus and 

having the ability to influence β-cell ontogenesis and/or stimulate insulin release, affecting 

protein synthesis and cell proliferation291,292.  At birth, plasma insulin levels positively correlate 

with weight293 and dramatically fall over the first 48 hours after birth294.  Human β-cells are 

functionally mature by the age of one year, evidenced by their comparable responsiveness to 

stimuli with that of adult β-cells, but secreting smaller proportions in line with lower demands295.  

The identification of clinical defects in insulin secretion has enhanced our 

understanding of its critical role in regulating foetal growth. The infant of a diabetic mother is 

heavy, long, with enlarged β-cells and low blood sugar296.  The uncontrolled development of 

foetal pancreas that is not arrested in pregnancy but continues during infancy, known as 

nesidioblastosis, gives rise to macrosomic infants297.  Similarly, the Beckwith-Wiedemann 

syndrome, attributed to hyper-insulinaemia, is characterised by gigantism, macroglossia, and 

visceromegaly that includes the pancreas298. Whereas intrauterine insulin abnormalities lead 

to severe growth faltering, GH-deficient newborns are on average only 2 to 4% shorter than 
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healthy infants at birth299.  This reflects that foetal growth is independent of GH232, possibly due 

to immature GH-receptors (GHR) in the growth plate, but initiates its effect in childhood299. 

 IGF 

Longitudinal growth is influenced by the GH/IGF axis, which is a mixed endocrine-paracrine-

autocrine system300.  IGF-1 and IGF-2 are peptide hormones consisting of 70 and 67 amino 

acids respectively and share circa 50% homology with insulin301,302.  Systemic IGF-1 and IGF-

2 are produced mainly in the liver but most cells can synthesise them303.  IGF-1 circulates at 

nanomolar levels with a half-life of minutes that can be extended up to 15 hours when 

complexed with one of seven IGF-binding proteins (IGFBP); in comparison, insulin circulates 

at picomolar concentrations and has a half-life of minutes304,305.  IGFBP-3 binds 80-95% of the 

circulating IGF-1 in a 150-kDa ternary complex, which includes the 85-kDa acid-labile subunit 

(ALS) that is synthesised in the liver and has a role in releasing and storing IGF-1.  Less than 

1% of IGF-1 circulates as free hormone.  IGF‐1 is detectable from the first trimester of gestation 

but is more important in the later months of foetal development306.  Umbilical cord IGF‐1 levels 

correlate with birth weight and are lower in preterm and IUGR births306.  Normal IGF-1 

bioactivity — local and endocrine IGF-1 availability, IGF-1 receptor (IGF1R) function and 

signalling — is required for normal early longitudinal and cranial growth307.  Association studies 

of IGF-1 polymorphisms have reported a consistent correlation with head circumference, but 

results with height have been variable307.  In contrast, the role of IGF-2 is limited postnatally.    

Insights into the role of IGF-1 in postnatal growth have been primarily gathered from 

rare human syndromes.  Disorders on the GH/IGF-1 axis may be classified as: i) GH 

deficiency, ii) GHR defects, iii) defects in the GH signal transduction, iv) IGF-1 defects, v) 

IGF1R defects and vi) ALS defects300.  The first three are characterised by near-normal 

prenatal growth, defects of IGF-1 and IGF1R cause circa 10% of intrauterine and postnatal 

growth retardation300,308,  and ALS mutations result in growth hormone insensitivity309.  For 

example, mutations of IGF1R are clinically manifested by IUGR and postnatal growth failure309.  

In comparison, newborns with the Laron syndrome, defined as GHR mutations that lead to 

primary IGF-1 deficiency, are shorter (42 to 47 cm), have a very slow postnatal growth rate, 

develop organomicria and retardation of skeletal maturation310.  The profile of the Laron 

syndrome suggests that postnatal regulation of IGF-1 production is GH dependent309, but 

possibly not until 9 months of age when GH starts to be active; until then, IGF-1 is regulated 

by insulin and nutrition.  In addition to its critical role in brain development and early growth, 

IGF-1 is a sensitive indicator of nutritional status reflected by the finding that its levels were 

increased in formula-fed vs. breastfed infants, which correlated with faster growth rates311. 
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 Leptin  

Leptin has a central position amongst the repertoire of indicators of nutritional status and early 

growth.  A member of the family of adipokines (adipose-derived cytokines), leptin is a 167-

amino-acid peptide hormone — the product of the ob gene — that is synthesised and secreted 

by adipose tissue312 in proportion to fat stores313,314.  Leptin is known for its effect as an acute 

regulator of food intake (by signalling nutritional status to other physiological systems) and 

energy homeostasis, which are mediated by various neuronal pathways315,316.  Currently, leptin 

is being investigated for its role in immune function and bone metabolism317.  Similar to other 

hormones, leptin’s secretion is pulsatile318 with diurnal variation, exhibiting higher nocturnal 

levels to suppress appetite during sleep319.  Leptin deficiency due to rare mutations have been 

reported in obese individuals and addressed by replacement therapy320,321, but resistance to 

leptin, defined as failure of high leptin levels to suppress appetite322, accounts for most cases. 

Of relevance to this thesis, accruing evidence points to leptin’s role in reproduction.  

Leptin is synthesised in the fetoplacental unit, testified by its higher levels during pregnancy, 

and regulates foetal growth323 independent of the insulin/IGF-1 axis324.  Leptin was found in 

the cord blood in concentrations comparable with those in adults (0.6 to 55.7 ng/ml)325, 

spawning a growing literature on the subject.  Cord blood levels of leptin positively correlated 

with gestational age326, birth weight (explaining 21% of variation), birth length, ponderal 

index327, and inversely correlated with weight gain in infancy328,329 due to slower changes in 

adiposity330.  Umbilical cord blood leptin is currently accepted as a biomarker of neonatal FM323 

but not lean mass331, addressing the limitation of birth weight as an anthropometric index that 

does not differentiate between FM and FFM.  Finally, the higher levels of leptin in female vs. 

male neonates326,328 underscore the foetal origins of sexual dimorphism of adiposity. 

A study reported that cord blood leptin positively correlated with neonatal bone mineral 

contents331.  An inverse relationship exists in children between bone mineral density and bone 

marrow adipose tissue, explained by the fate of mesenchymal stem cells to differentiate into 

adipocytes or osteoblasts332.  The above finding, in conjunction with the unexpected presence 

of leptin receptors in human haematopoietic stem cells333, has been interpreted as the 

involvement of leptin in haemotopoiesis and lymphopoiesis333,334.  This notion underpins the 

role of leptin in foetal life, best put in the words of Sivan et al.325: ‘In adults, the close correlation 

between adiposity and circulating leptin levels supports the generally held concept that leptin 

is a signal from the body fat mass to the brain, where it affects satiety.  It would, however, be 

difficult to apply this concept to the foetal situation, (where) the mother is in complete control 

of the energy supply to the foetus, who has no need for feelings of hunger and satiety.’     
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1.6.3 Genetics 

Beyond the deleterious mutations of the GH/IGF-1 axis and leptin that cause pronounced 

growth failure, genetic loci have been identified to exert modest effects on birth weight.  The 

hereditary nature of birth weight was hinted by work on the British 1958 cohort, which found 

that parental foetal growth made the largest anthropometric contribution to offspring’s birth 

weight335.  In the GWAS era, it has been made possible to disentangle the maternal and foetal 

influences on birth weight, and establish that the infant’s own genotype made a larger 

contribution to its birth weight than the mother’s genotype or the covariance between the two336.  

The recent multi-ancestry GWAS meta-analysis in 153,781 subjects identified 60 loci that 

associated with birth weight (P<0.5 x10-8), with the lead SNPs being frequently occurring 

(MAF≥5%), mapping to non-coding sequences, and exerting modest effects (10 to 26 g) per 

allele336.  Of the 60 loci, three signals fell within imprinted regions: INS-IGF2, RB1 and DLK1. 

 Imprinted genes have been described in rare disorders, e.g. Prader-Willi, and are 

central to regulating foetal growth as well as having a role in early life functions including 

feeding, sleep, temperature regulation and metabolism337.  Genomic impriting is an epigenetic 

modification of mammalian placentas that results in monoallelic gene expression according to 

parental origin by silencing one allele and without altering the DNA sequence338,339.  Chr11 

houses a large cluster of imprinting genes, including the contiguous reciprocally imprinted 

IGF2/H19: the paternally-expressed IGF2 encodes IGF-2, which is the main foetal growth 

factor340, and the maternally-expressed H19 encodes a non-coding transcript whose function 

is unclear341.  Size at birth was found to associate with common polymorphisms in foetal H19342 

and IGF2 alleles in the normal paediatric population, which are possibly controlled by DNA 

methylation343.  This is in line with the hypothesis that gain in methylation at H19 decreases its 

expression, allowing for higher expression of its reciprocal IGF2 that leads to foetal overgrowth, 

exemplified by the Beckwith-Wiedemann syndrome; conversely, loss of methylation at H19 is 

characterised by feotal growth restriction, as implicated in the Russel-Silver syndrome341,343.  

Predictors for varying degrees of DNA methylation at this locus are poorly understood.  A 

recent study has cast light on maternal anxiety during pregnancy, which associated with 

decreased methylation in IGF2/H19 particularly in female low birth weight neonates344.    

The maternally-expressed DLK1-MEG3 imprinting region, which is a T1D susceptibility 

locus, also influences foetal growth: the paternal transmission of the T1D protective allele 

associated with lower birth weight and head circumference18.  This finding puts the long-

standing debate on the link between growth and T1D risk in new perspective, and hints at a 

genetic link between the two closely observed phenotypes.   
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1.7 RESEARCH GAP AND AIMS   

1.7.1 Need for genetic studies  

The literature on the associations between foetal or postnatal growth and T1D is beset with 

contradiction. Genetic analyses could shed light on the heterogeneity of observational data on 

early growth and T1D risk345 traditionally obtained from cohorts of diabetic or prediabetic 

children.  First, introducing genes with pleiotropic effects on growth and T1D (Figure 1-13) 

would circumvent confounding factors (e.g. social conditions).  Second, on the grounds of early 

growth in disease operating via a different mechanism vs. health346, testing hypotheses in a 

disease-free population of infants would eliminate the variable effects of autoimmunity on 

physiological growth.   

Figure 1-13 | The putative interlink between T1D and early growth. 

 

Existing population genetic studies on the subject have limited their scope to the effects 

of HLA and INS.  However, in a polygenic disease with many variants independently 

contributing, the logarithm of risk is normally distributed in the population (Figure 1-14) and an 

‘average disease risk’ is thought of as a mix of predisposing and protective alleles weighed by 

their effect on disease susceptibility347.  Clearly, there is wider scope for loci implicated in early 

growth, which could be tested not only in isolation, but also in the aggregate expressed as 

genetic risk scores.  Genetic risk scores — alternatively known as ‘genotype scores’ or ‘allele 

scores’ — represent a convenient way of summarising a number of genetic variants associated 

with a common risk factor and are used for modelling polygenic traits, particularly when the 

score consists of multiple frequently-occurring variants with small effects, or rare variants348.       

Genetic variants

GrowthT1D



Introduction and aims                                                                                                                  ELEFTHERIOU  

 - 37 -  

Figure 1-14 | Genetic risk distribution in cases (red) and controls (blue).  From Goris and Liston347. 

Counting 59 chromosomal regions conferring susceptibility to T1D, the task of selecting 

candidate genes with a suspected link to growth is not trivial.  Prioritising variants and genes 

that are implicated in growth-related phenotypes is a key selection strategy.  In complementing 

this approach, the network of shared genetic loci amongst immune-mediated diseases349 may 

be exploited.  The high degree of genetic similarity across autoimmune diseases becomes 

clearer by categorising their genetic variants into three biologically distinct classes347: 

i. HLA locus, which shows the strongest association and is specific to a disease; 

ii. non-HLA loci, which are specific to an autoimmune disease; 

iii. non-HLA loci, which are the majority and involved in multiple autoimmune diseases. 

The co-occurrence of diseases informs of the underlying network biology of multifunctional 

genes and pathways350.  I turned this around to suggest that the co-occurrence, or not, of 

phenotypes inform of the presence or absence of shared genetic factors.  Hence, if alterations 

in early growth are specific to T1D amongst immune-mediated diseases, it is likely that T1D 

candidate genes that are not shared by other autoimmune conditions are accountable.   

1.7.2 Implications  

This topic is important because of the increasing incidence of T1D particularly in the youngest 

age groups in European populations39.  The EURODIAB study projected that the incidence 

rate in European populations increases by 4% annually but new cases of children under 5 

years of age will double between 2005 and 20207.  The International Diabetes Federation 

estimated that circa 79,000 children aged 14 years and under are diagnosed with T1D every 

year worldwide, with Europe bearing the highest burden351.  The increase in the incidence of 
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childhood T1D over the last 60 years is poorly understood352, but could be countered by duly 

identifying at-risk infants.  

Stratification of T1D risk is far from being the staple of clinical practice but has been 

experimented by prospective studies.  Current screening relies on the predictive capacity of 

family history and genetic markers on the HLA locus, capturing up to 5% risk from the general 

population353.  However, almost 9 out of 10 new cases lack a family history of T1D105 and 

progressively fewer diagnoses present the classical high-risk HLA genotypes354, thus 

rendering current screening schemes inadequate.  Recent combination approaches to improve 

the specificity of familial and HLA information using an expanded set of genetic risk loci could 

improve prediction of T1D353.  Identifying variants that associate with postnatal endocrine 

processes has the potential to fine-tune predictive loci and elucidate mechanisms.   

1.7.3 Aims 

The overarching aim of this thesis is the investigation of the presence and degree of a link 

between selected T1D susceptibility genetic variants, mostly in immune genes, and early 

growth.  This investigation is conducted on the basis of existing information and novel work by 

setting the following objectives: 

1. Review and critically assess the existing literature on associations between prenatal or 

postnatal growth and T1D risk to decipher prevailing patterns and inconsistencies. 

2. Evaluate the debated association between INS and perinatal growth in a new cohort. 

3. Explore novel genotype-phenotype associations by expanding the gamut of 

anthropometric indices and probing for endocrine regulators (IGF-1, C-peptide, leptin). 

The Cambridge Baby Growth Study (CBGS) — a prospective, observational pregnancy and 

birth cohort from Cambridge, UK — provides access to hundreds of newborns and detailed 

phenotypes of postnatal determinants of growth over the first 2 years of life.  The CBGS serves 

as a sound medium for the aims of this thesis because i) it provides a collection of repeated 

measures and confounding variables of growth, thus enabling time-dependent and well-

adjusted evaluations, ii) it has an extensive range of anthropometric indices, iii) it is well-

powered within the limits of prospective studies, iv) it is ethnically homogeneous, thus apt for 

genetic analyses and v) it follows subjects during infancy.  Critically, infancy is a period when 

postnatal growth is at its peak so most susceptible to adverse conditions185 and the immune 

system is immature134, thus bridging the two biological elements that are critical to the 

pathogenesis of T1D when at their highest vulnerability.
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Chapter 2 

2 SYSTEMATIC LITERATURE REVIEW 

 

 

2.1 CONTEXT 

A plethora of research investigations published in the last five decades have grappled with the 

conundrum of the link between early growth and T1D in childhood, yet the literature has been 

beset with controversy and claims have pointed research to conflicting tracks.  In a turning 

point, recent studies that tap into a wealth of data are starting to shed light on compelling and 

replicated associations.  Delving into the literature of a topic that is highly-debated and 

contradictory is imperatively the starting point in the quest for clarity and cues for refining 

questions.  Here, I review the existing literature on birth and infancy anthropometry in relation 

to risk of T1D in childhood as a prelude to the original findings of this thesis.   

 

2.2 METHODS  

Studies published until May 2018 were identified from a literature search conducted in PubMed 

of the US National Library of Medicine (www.ncbi.nlm.nih.gov) by using the following search 

terms: T1D (‘T1D’ OR ‘type 1 diabetes’ OR ‘insulin dependent diabetes mellitus’ OR ‘IDDM’ or 

‘juvenile onset diabetes’ OR ‘juvenile diabetes’ OR ‘diabetes in childhood’ OR ‘islet 

autoimmunity’), AND (‘head size’ OR ‘head circumference’) OR (‘birth weight’ OR ‘birthweight’ 

OR ‘size at birth’ or ‘birth size’) OR (‘height’ OR ‘body length’) OR (‘weight gain’ OR ‘growth’) 

OR (‘BMI’ OR ‘fat mass’) OR (‘anthropometry’ OR ‘anthropometric’).  In ensuring coverage of 

the latest research developments, additional searches were conducted for the major 

prospective studies in T1D, namely ‘BABYDIAB’, ‘DAISY’, ‘DIABIMMUNE’, ‘DIPP’, ‘TEDDY’ 

and ‘TRIGR’.  Filters were not applied in order to minimise inadvertent omissions.  Titles and 

Abstracts returned from the search counted >5,000 and were screened.  Reference lists of 

articles retrieved were hand searched for additional publications to include.  Studies on a wide 

age range, e.g. spanning from birth to disease onset, were considered solely for their findings 

pertaining to infancy.   

http://www.ncbi.nlm.nih.gov/
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2.3 STUDY DETAILS 

2.3.1 Variables 

Studies exploring perinatal influences on T1D use ‘perinatal growth’ as a marker of foetal and 

postnatal environments, and by inference of β-cell mass.  Measurable parameters reflecting 

prenatal growth are birth weight and birth length, along with their combined measure of 

ponderal index.  Parameters that reflect postnatal growth are weight gain and linear growth, 

along with their combined index of BMI gains.  Most studies reported associations between 

infancy growth parameters as the explanatory variable and T1D risk as the outcome variable.  

Data on islet autoimmunity as the outcome instead is evolving355 especially as it offers the 

benefit of increased sample size.  For instance, the TEDDY study reported that greater weight 

in the first year of life was associated with islet autoimmunity (n=575) but not T1D (n=169)356, 

highlighting the requirement for adequate sample sizes when the magnitude of effect is small.  

2.3.2 Design 

Prospective cohort studies of T1D have been hampered by the rarity of the disease357.  The 

most common approach has relied on population registry data, which is limited by the lack of 

standardised measurement protocols and the use of retrospective data that introduces 

information bias.  Recently, several single-centred prospective studies have followed infants 

at increased risk of T1D based on family history and/or HLA type, with the objective of 

identifying determinants of islet autoimmunity and T1D (Appendix I).  Associations of polygenic 

traits identified in small cohorts necessitate replication in larger populations358, since there is 

the tendency for the initial report to overestimate the genetic effect on the disease, possibly 

owing to bias and genuine population diversity359.  This limitation has been addressed by multi-

centre studies, exemplified by TEDDY, that increase statistical power (Appendix I). 

2.3.3 Population 

Observational studies used an age cut-off of 15 years for the study population to reduce the 

possibility of misdiagnosis with T2D.  The selection of age limit is supported by population-

based evidence dating back to the mid-1980s, which established that nearly all diabetes 

diagnosed at <19 years of age was T1D and only 6% of subjects in the age groups of 15 to 19 

years classified as T2D360.  Further reinforcement of the designated age cut-off is fuelled by 

data indicating that birth weight persists as a predictive factor for T1D only for the first decade 

of life, with minimal, if any, bearing on the risk of late-onset T1D361. 
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To ensure homogeneity of study population and preclude subsets with extremes of 

growth trajectories, clearly-defined exclusion criteria were often used.  With the exception of 

twin-control studies, most investigations were restricted to singleton pregnancies as twins and 

triplets result in lower birth weight than standard.  The criterion of singleton pregnancies 

additionally lent itself to linkage studies because it circumvents logistical difficulties in 

distinguishing between details of neonates abstracted from population registries362.  Excluded 

were often children born to mothers with preexisting or gestational diabetes since it affects 

foetal growth and results in higher birth weight.  Analysis was usually restricted to term 

pregnancies, predominantly defined as 37 to 42 gestational weeks, as preterm babies are 

known to have a lower birth weight. 

Comparisons were largely made with growth data from the background infant 

population regarded as the ‘controls’.  Twin-control studies, albeit infrequent, have provided a 

powerful way of investigation as they control for the intrauterine environment and maternal 

influences of growth (e.g. maternal weight), since the twins share the womb at the same time, 

and allow for differences between dizygotic twins discordant for birth weight to be attributed to 

genetic factors363.  As of recent, some studies have practised the use of healthy siblings as the 

control population in order to correct for family aspects shared by the siblings, namely genetics 

as well as environmental factors such as feeding habits, physical exercise and socioeconomic 

status205,364.  The novel use of HLA-matched controls, made by a study in Sweden244, is a new 

addition to the range of ‘control populations’, which teases out the effect of the HLA type, thus 

controlling for the dominant genetic factor.  Figure 2-1 outlines the key methodological features 

of studies discussed herein.       

Figure 2-1 | Methodological aspects of observational studies of early growth and T1D.                                                     
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2.4 T1D RISK AND SIZE AT BIRTH: OBSERVATIONAL STUDIES  

2.4.1 The direction and magnitude of the association 

Numerous studies supported findings that high birth weight is a risk factor for T1D and other 

studies found that low birth weight displays a protective effect against T1D in non-diabetic 

pregnancies.  A cohort study in Norway conclusively merged the two outcomes by establishing 

an almost linear relationship (Figure 2-2) between birth weight and risk of T1D, predicting a 

1.7% increase in incidence rate per 100 g increase in birth weight365.   

Figure 2-2 | Birth weight and incidence rate of T1D in a Norwegian cohort.  From Stene et al.365. 

It has been estimated that an effect size of this magnitude would require a large sample size 

(2,500 cases and 2,500 controls) to detect significant associations at a power of 80%365, which 

was not attained by most published case-control studies366.  In general, the inconsistency of 

complex trait association studies stems from the interpretation of findings from inadequately 

sized samples367.  Thus, insufficient sample size could account for the inconsistent findings 

concerned with the existence or not of an association between risk of T1D and birth weight.   

The next level of conflict concerns the direction of effect.  Amongst studies which 

detected significant associations, the majority promulgated that high birth weight conferred risk 

of T1D, with two meta-analyses attempting to distil the magnitude of its effect.  The first meta-

analysis on 12 studies reported a confounder-adjusted summary OR of 1.43 [95% CI 1.11 to 

1.85] for newborns weighing >4 kg, with each increase of 1,000 g in birth weight conferring a 

7% increase of T1D risk368.  Subsequently, Cardwell et al.366 consolidated data from 29 studies 

of non-family-based study design (to tease out influence from higher genetic susceptibility) and 

concluded that children with birth weight of >4 kg had an increased risk of 10% in comparison 

with children weighing between 3.0 to 3.5 kg at birth (pooled OR=1.10 [95% CI 1.04 to 1.19]), 

which corresponds to a linear increase in diabetes risk of 3% per 500 g increase in birth weight.   
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Neither meta-analysis identified a significant effect for low birth weight.  Recently, a 

study conducted on 3.6 million singleton births in Sweden, using prospectively collected data, 

reported that SGA children were at lower risk and LGA children were at higher risk of T1D205.  

Similar to a retrospective investigation conducted in Sweden 20 years ago369, the recent study 

established significant associations with relative birth weight but found no evidence of 

increased risk for absolute birth weight >4 kg205, which contrasts the outcomes of both meta-

analyses.  Nevertheless, I note that the findings of this study resemble an almost linear 

relationship between relative birth weight and risk of T1D, which echoes the correlation 

identified by Stene et al.365 for absolute birth weight.  Reinforcement of this proposition is 

fuelled by a more recent study that used registry data of hundreds of thousands of children in 

England and corroborated that high birth weight for gestational age was associated with 

subsequent T1D whereas lower birth weight (<2,500 g) was associated with lower disease 

incidence370.  The estimates made by the two studies in Sweden and England respectively 

were almost identical, and in agreement with the adjusted pooled estimate of the latest meta-

analysis discussed earlier.  In addition, both studies concurred on low gestational age (<38 

weeks) conferring risk of T1D205,370.   

The reporting of an inverted U-shaped association between birth weight and risk of T1D 

for pregnancies with maternal diabetes, meaning that low but also high birth weight display 

protection in children of mothers with T1D45, underscores the sensitivity of growth associations, 

not only in terms of size of effect but also direction of effect, to intrauterine glycaemic 

conditions.  This distinction was recently highlighted in a German prospective study following 

babies at familial risk, which identified significant associations between islet autoimmunity and 

growth patterns in children of non-diabetic mothers, but not in children of diabetic mothers371.   

This literature search has an exclusive focus on non-diabetic pregnancies, and as 

discussed, most observational studies excluded diabetic pregnancies from their analysis.  It is 

noteworthy that no study, to my knowledge, assigned a protective effect to high birth weight in 

normal pregnancies, with the implication that the long-standing debate in the literature on the 

direction of the effect on risk of T1D revolves solely around low birth weight (Figure 2-3). 

Figure 2-3 | Summary of associations between birth weight and T1D risk in non-diabetic pregnancies.                                                     

P value of association Effect on T1D risk Exposure: birth weight 

  High  Low 

>0.05 
Increased risk √ √ 

Decreased risk   

≤0.05 
Increased risk √ √ 

Decreased risk  √ 
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2.4.2 The dichotomy of the effect of low birth weight  

Low birth weight was initially found to be protective against T1D by case-control studies in 

Sweden369 as well as seven study centres of the EURODIAB study group372.  In contrast, high 

risk of T1D displayed by low birth weight was found in Taiwan373,374 and Spain375 — populations 

of relatively low T1D prevalence.  Of note, a bigger investigation from Spain, which used data 

that was included in the EURODIAB study, showed that normal and low birth weight presented 

a lower risk of T1D compared with LGA children376.  Studies in the Czech Republic and Austria 

detected no significant association between low birth weight and T1D377,378.  The conflicting 

findings amongst low-to-medium T1D prevalence countries in Europe reinforce the assumption 

that the dichotomy of the effect of low birth weight on risk of T1D is attributable to limitations 

of study design or sample size, rather than disease prevalence or ethnic differences.   

The protective effect of low birth weight on T1D was corroborated by the two largest 

studies on the subject to-date; a lower incidence of the disease was associated with very low 

birth weight (<1,500 kg) and SGA in Sweden205, and with low birth weight (<2,500 kg) in 

England370.  This relationship was further reinforced by an independent statistical study 

conducted as a vehicle for statistically differentiating between a conditional effect size (i.e. 

conditioning on confounders), which is widely used in clinical research, from its marginal 

counterpart (i.e. marginalising over confounders), using data on birth weight and T1D379.  The 

details of the statistical argument are out of scope, but of relevance to this thesis, the results 

identified that the conditional effect of low birth weight on the onset of T1D in full-term children 

was significantly <1, ascribing a protective effect to low birth weight, whereas the marginal 

estimate presented no significant relationship379.  

Beyond statistical arguments, there is an accruing list of observations that reinforce the 

plausibility of a protective effect displayed by low birth weight.  Support is lent by the finding 

that maternal smoking during pregnancy, known to result in smaller birth weight, decreased 

risk of T1D362,380.  The observation that twins, who have lower birth weight on average than 

singletons, are not at higher risk for developing T1D provides further testimony363.   

The fallacy of ascribing risk to low birth weight is possibly pivoted on studies which 

determined that infants of lower birth weight showed a significantly earlier age of onset of T1D 

than late-onset children.  I argue that the extrapolation of conclusions from studies where the 

outcome is timing of disease onset (early vs. late) onto studies concerned with the 

development of disease or not lacks robustness, especially when considering that the early- 

and late-onset diseases might relate to different pathogenic mechanisms.   
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Experimental evidence supports the differential autoimmune and histological profiles of 

the early-onset vs. late-onset T1D.  Cases presenting at age less than 5 years of age were 

found to have higher IAA levels but not GADA in contrast to cases presenting at an older age, 

concluding that IAA positivity was associated with younger age381.  Children with an early-onset 

often have a more aggressive clinical presentation of T1D as they are less likely to have a 

honeymoon period and are burdened by severe complications later in life due to prolonged 

disease duration381.  A recent study probed into the reasons why T1D in children diagnosed at 

an early age is more aggressive by analysing pancreatic tissue samples after death from 

people with the disease382.  The researchers identified two distinct patterns of insulitis which 

differ in the proportion of infiltrating CD20+; children diagnosed by the age of 7 had high 

CD20+, thus losing β-cells more rapidly, compared with the late-onset children who had low 

CD20+ and retained ~40% of their insulin-containing islets, thus differentiating loss of β-cells 

mass as causal for the early onset vs. functional deficit as causal for the late onset of T1D382.   

2.4.3 The predictive power of birth weight on age of T1D onset  

The distinction between early- vs. late-onset T1D justifies the search for the predictive power 

of birth weight on the age of clinical presentation, which was addressed by a few studies that 

reported inconsistent findings.  A national survey in the British Isles383 and two studies in 

Australia10,357 found no differences in birth weight between early-onset (<5 years) vs. late-onset 

diabetic children inferring that birth weight has no effect by age of disease presentation.  In 

contrast, the same count of studies conducted in Sweden384, Australia385 and Japan386 found 

that children with early-onset T1D (<5 years) weighed significantly less at birth compared with 

late-onset diabetic children.  Of note, small size at birth accelerated growth in T1D children 

with younger onset or across the board384,386.  It is then possible that the observed association 

between birth weight and risk of T1D is mediated via postnatal growth366.  

2.4.4 Biological mechanisms  

The biological mechanism of the association between birth weight and T1D remains unknown. 

Yet, the almost-linear correlation between the two variables echoes the supposition that poor 

intrauterine growth decreases, whereas excess growth increases, the risk of diabetes369.  This 

has been interpreted upon the mechanistic assumption that a high growth rate increases the 

demand for insulin production, which acts as a stress factor on the insulin secreting cells, 

coined as ‘β-cell overload’, and accelerates the process of β-cell destruction361,387.  The view 

was supported by the experimental finding that hyper-functioning β-cells were more prone to 

cytokine-induced damage than resting β-cells104,388.  Since foetal insulin is an important growth 

factor389, with the number of pancreatic β-cells dramatically increasing >130th fold between the 
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12th intrauterine week and the 5th postnatal month144, children with higher intrauterine growth 

and eventual higher birth weight have more active pancreatic β-cells that secrete more insulin.   

At the opposite end of the spectrum, lower birth weight was theorised to be in favour of 

reducing the risk of T1D but only at values within the physiological range, whereas severe 

weight deficit at birth could precipitate developmental disturbances that take the 

preponderance390.  I argue that this thesis was recently refuted by the very large study from 

Sweden which found that very preterm (22 to 32 weeks) and very low birth weight (<1,500 g) 

babies — exposures which had been previously understudied due to their rarity — are at 

reduced risk of T1D205.  These authors remarked that the persistence of the associations in the 

sibling control arm of the study precludes familial factors as a possible explanation and raises 

the possibility of a biological mechanism of foetal programming that protects vital organs205.    

Another attempt at explaining the association between birth weight and T1D risk is 

anchored on the notion that during foetal and perinatal life the immune system is immature 

and vulnerable to immunological triggers380.  The independent findings that low birth weight 

was characterised by a significant reduction in the number of T lymphocytes and cell mediated 

immunity up to 5 years of age391,  and increased mortality from infectious diseases from 1 to 

15 years of age187, underpinned the proposition that low birth weight is linked to impaired 

cellular immune response that could impart a reduced risk of immune-mediated destruction of 

β-cells365.  Insights into the molecular signatures of families with T1D, which are characterised 

by an innate inflammatory state irrespective of disease state, found temporal increases in the 

frequency of peripheral activated Treg cells in healthy siblings vs. probands125.  It follows that 

the innate inflammatory state becomes more actively regulated in the healthy siblings in an 

age-dependent manner, which might also explain the decline in T1D susceptibility with age125.  

Perhaps, the suggestion that the sex differential programming in utero results in differences in 

the development of the immune system between male and female neonates392 could provide 

a justification for sex-dimorphic observations in this domain, such as the association between 

increased T1D risk and increased birth weight in Finnish boys but not girls390.    

2.4.5 Length at birth 

Population-based studies point to high birth weight conferring risk of T1D and low birth weight 

displaying protection against T1D.  Length has received less attention but, even when studied, 

there was a high rate of failure to establish significant associations with T1D 

risk364,377,378,380,384,393-397.  Studies which established significant associations reported that short 

birth length was protective372 and longer newborns were marginally at increased risk of 

T1D398,399, which resemble the associations with weight.  However, inadequate sample size 

and inaccurate measurements of length at birth obscure the identification of clear associations. 
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2.4.6 Body composition at birth 

After establishing a link between size at birth and risk of T1D, albeit of a small magnitude of 

effect, the question honed on the specific contributions of body composition to the development 

of the disease.  One study proposed that birth length exerts a stronger influence than birth 

weight on the risk of T1D390, but replication of the data would be of the essence.  When 

considering the relative contributions of lean vs. adipose mass, a small study based on 26 T1D 

cases put forward that adiposity at birth has no influence on the development of T1D, hinged 

on the observation that lean, but not total, mid-upper arm circumference at birth significantly 

associated with risk of T1D357.  Interpretation of findings pertaining to body composition should 

be made with caution.  Fat and muscle areas, calculated from upper arm circumference and 

triceps skinfold thickness, are based on estimations which limit their accuracy400.  Infancy is a 

time of rapid transition characterised by pronounced changes in compartment, tissue, and 

chemical composition, with noticeable sex-specific differences and possibly bias of 

estimates206.   

 

2.5 T1D RISK AND SIZE AT BIRTH: GENETIC STUDIES 

2.5.1 Overview 

Over 30 years ago, Court et al.401 reported that diabetic children with HLA-B8 were of smaller 

stature than those without the antigen, suggesting that ‘within the diabetic spectrum of 

genotypes the HLA system is relevant to growth and development’.  The subsequent finding 

of an association between HLA genes and foetal growth rates402 reinforces the pleiotropic 

effects of the MHC region on susceptibility to T1D and early growth (Figure 2-4).   

Figure 2-4 | Possible relationship between HLA genes, size at birth and T1D risk.                                                   

 

Such findings have catalysed the shift towards population genetic studies as a means 

of i) exploring the role of the genetic constitution in early development in the normal population 

and ii) assessing the development or not of islet autoimmunity/T1D based on HLA risk 

stratification.  A benefit of population genetic studies in infancy is that they overcome the 

limitation of the rare incidence of T1D by taking advantage of cord blood banks to stratify the 

general population by HLA risk type.  'High-risk’ HLA haplotypes predispose to T1D and are 
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more frequently encountered in diabetics than non-diabetics; in contrast, ‘protective’ 

haplotypes are less frequent in diabetics that non-diabetics, and ‘neutral’ haplotypes are 

distributed with no significant variation between the two groups.  The main approach used for 

interrogating the genetic associations between birth weight and T1D susceptibility variants has 

been the comparison of birth weight across different HLA risk segments of the population, or 

the calculation of the frequency of HLA alleles across the birth weight distribution. 

2.5.2 HLA studies 

The hypothesis that HLA genes associate with size at birth could shed light on the mechanisms 

by which higher birth weight operates to affect risk of T1D.  On the grounds of HLA class II 

molecules conferring susceptibility or protection for T1D, it would be expected that an 

association between HLA class II, or a factor linked to it (e.g. cytokine), would be observable 

with birth weight203.  Genetic association studies discussed in this review are summarised in 

Appendix I. 

2.5.3 High-risk HLA 

Quite a few studies from Scandinavia found a positive association between T1D high-risk HLA 

alleles and size at birth.  A large population-based prospective cohort in Sweden promulgated 

associations of high relative birth weight with the HLA-risk genotypes DQ8/06:04, DQ8/X14 and 

DQ2/889.  Length SDS at birth was also shown to correlate with high-risk HLA, confirming that 

intrauterine growth is under the influence of HLA genotypes244.  Children with a high-risk HLA 

haplotype specific to the Finnish population were also shown to be significantly heavier at birth, 

whether they developed T1D or not161.   

Other studies failed to confirm these associations.  Neither a case-control Norwegian 

study403 nor analyses of the prospective DIABIMMUNE cohort245,404 generated evidence of an 

association between T1D susceptibility HLA and birth weight. Similarly, a prospective Italian 

study reported no association between T1D risk HLA categories and weight or length at birth405.   

In contrast, a retrospective study in Norway identified an inverse association, i.e. lowest 

birth weight observed with T1D high-risk DQ2/8 carriers, suggesting that non-genetic factors 

are likely explanations for the relationship between birth weight and risk of T1D15.  This 

conclusion is presumably predicated on the supposition that commonly observed phenotypes 

in diabetic children would be linked to dominant disease susceptibility loci, led by the HLA and 

INS VNTR.  As much validity as there might be in this statement, the observation that 

progressively fewer diagnoses present the classical high-risk HLA genotypes40 is an indicator 

that genes of smaller effect sizes might be at play and worth investigating.  The TEDDY study 
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raised the possibility that the relative contribution of genetic influences on birth size varies by 

country; Swedish babies carrying the T1D high-risk genotypes DQ2/8 and DQ8/8 were longer 

at birth independent of parental height, whereas in the US the high-risk HLA carriers were 

longer and heavier but dependent on paternal physical characteristics230.   

2.5.4 Protective HLA 

Intriguingly, population studies reported that children with the protective haplotype 

DQB1*06:03 were or tended to be heavier at birth, albeit of a small magnitude of effect14,403.  

This association was confirmed by studies in Swedish full-term infants203 and Finnish 

children161 for the DR13 haplotype, which is in strong LD with the DQB1*06:03.  Further 

reinforcement is provided by a report that Norwegian children homozygous for the very 

protective DQB1*06:02 had the highest birth weight across all T1D HLA groups15.  The 

DIABIMMUNE study identified a significant relationship between increased relative birth weight 

and protective alleles but only in cross combination with the strong risk allele DQB1*03:02404.  

2.5.5 Further insights 

The findings presented here stemmed from prospective cohorts following T1D children. The 

inconsistent results may be explained by differences in T1D incidence in the background 

population, sizes of study cohorts, methodologies applied404, or the highly diverse HLA class 

II background.  In the aggregate, the findings point to HLA genes, whether predisposing or 

protective for T1D, exerting effects on birth weight.  On the grounds of the protective T1D 

alleles at the HLA-DQ and INS loci associating with larger size at birth, Stene et al.403 

hypothesised that correcting for allelic variation at these loci would increase the OR between 

birth weight and risk of T1D.  However, the authors found no significant interaction between 

birth weight and the protective HLA-DQ or INS, underscoring that the genetic effects on foetal 

growth are too small to be detected unless sample sizes are very large403.     

Alternatively, the genetic effects on growth might be modulated by another factor.  This 

supposition is given momentum by the finding that prediabetic children showed increased 

growth rate in the first 18 months of life compared with their HLA-matched controls, but not 

with their non-HLA matched controls, indicating that the effect on growth in progressors is 

mediated by risk factors other than HLA244.  As discussed in Chapter 1, viral infections 

constitute a candidate trigger of autoimmunity and increased relative birth weight.  The positive 

association found between high-risk HLA and birth weight was aggravated by recurrent 

infections in pregnancy89.  Infections appear to also influence the effect of protective HLA 

alleles on growth, directly or indirectly:  
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i. the HLA DRB1*13 allele, known to protect against infections (e.g. malarial anaemia, 

HPV), was associated with higher birth weight203; 

ii. the DQB1*06:03 had an increased risk of higher birth weight only when several 

gestational infections were reported89.   

Intriguingly, infections appear to switch on and off the association between 

autoantibodies and birth weight:  a negative association between birth weight and GADA or 

IAA was observed only in the background of an infection89.  A link between perinatal growth 

and islet autoantibodies has been suggested by other studies: i) GADA in the cord blood, but 

not IA-2A, reduced the risk of higher relative birth weight14, ii) in contrast, IA-2A, but not GADA, 

measured at 1 month of age, associated with early growth, i.e. increased BMI, in prediabetic 

children406.  These findings collectively underscore that environmental factors and disease 

traits might influence anthropometric measures, thus highlighting the need to tease out the 

possible intervening effects of the disease, as well as its prodrome of islet autoimmunity, when 

investigating associations between genetic variants and growth.   

 

2.6 TID RISK AND POSTNATAL GROWTH 

2.6.1 Context 

Widdowson248 described that ‘growth in humans is depicted by a sigmoidal curve with its 

inflection point marking birth’.  It is then conceivable that foetal growth and postnatal growth lie 

on a single continuum under the influence of insulin supply.  Just as enhanced foetal growth 

is closely connected with hyper-insulinaemia as evidenced by infants with nesidioblastosis or 

the Beckwith-Wiedemann syndrome232, rapid early growth associates with higher insulin 

secretion406.  Whereas birth weight is a crude marker of intrauterine growth rate, detailed 

patterns of post-delivery growth are richly informative of the postnatal environment, believed 

to influence risk of islet autoimmunity and T1D as suggested by population studies. 

The spectrum of growth parameters investigated by these studies includes weight 

gains, linear growth and BMI changes.  The greater emphasis on weight vs. length possibly 

arises from their differential rate of change in early life.  Birth weight triples during the first year 

of life, whereas height in infancy takes four years to double364.  In addition, length is notorious 

for the reduced accuracy of its measurement in neonates.  Studies on the association between 

postnatal growth and risk of autoimmunity and T1D discussed herein are summarised in 

Appendix I. 
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2.6.2 Critical window of development  

The identification of the critical window of development that affects risk of T1D was made 

possible by numerous studies with converging results.  A study on Swedish longitudinal data 

showed that children who developed T1D before 5 years of age gained significantly more 

weight than controls between 3 months and 3 years of age, whereas at 5 years of age the two 

groups weighed about the same396.  Further honing of this critical window in infancy was 

achieved by a Dutch family-controlled study which showed that beyond the first year of life 

there was no continued tendency for weight gain in prediabetic children vs. their healthy 

siblings406.  The results were replicated in the sequel, a slightly larger study, which found 

significant differences in weight SDS gain and height SDS gain between cases and family 

controls in the first year of life but not after, with early onset of T1D relating to growth gains in 

just the first six months of life364.  The importance of weight gains within the first six months of 

life, vs. subsequent weight gains, for T1D risk was recently corroborated in a large population-

based study abstracting data from the Norwegian and Danish birth cohorts407.  

The pivotal importance of the early post-delivery window is maintained even when islet 

autoimmunity is used as the outcome variable instead.  The TEDDY study recently reported 

that weight z score at 12 months, but not at 24 or 36 months, was a risk factor for development 

of islet autoimmunity356.  A prospective Australian cohort of children at increased risk of T1D 

showed that prediction of islet autoimmunity from weight SDS and BMI SDS was significant 

between birth and 2 years, but not 4 years408.  The prospective DAISY cohort examined these 

relationships beyond the first 2 years of life and showed that increased height growth velocity 

consistently associated with the development of islet autoimmunity (0.18 cm/year), and also 

associated with progression from islet autoimmunity to T1D (0.54 cm/year)207.   

The last observation attests to the proposition that height gains endure beyond the 

post-delivery window, as initially suggested by the finding that ‘children who later develop 

diabetes, especially boys, tend to be slightly but consistently taller, although not heavier, than 

matched referent children from early childhood up to the year of the clinical onset of T1D’409.  

These results might imply that weight gains are pronounced in infancy of prediabetics, whereas 

height gains overtake later in life.  Considering that growth gains in prediabetic infants are 

higher but not abnormal212, it is valid to assume that rapid growth is most discernible in the first 

1 to 2 years of life, beyond which the effect attritions in magnitude.  Important to my study, the 

genetic component of growth variations is expected to be larger postnatally when lifestyle 

variation is limited410.      
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2.6.3 Postnatal weight gains 

Initial evidence that altered growth is a prelude to T1D dates back to 1975 when a study in the 

UK reported that increased weight gain in the first year of life preceded onset of clinical 

diabetes in both boys and girls4.  Similarly, a subsequent retrospective case-control study in 

Sweden showed that weight gain from birth to 30 months of age was significantly greater in 

diabetic children aged <15 years than in referent children (matched in a ratio of 1 to 3 for age, 

sex and geographical region), even amongst exclusively breastfed children who later 

developed T1D384.  Along the same lines, a nationwide case-control study of Finnish diabetic 

children matched to population-based control children by birthday and sex identified an 

association between greater weight gain in the first year of life, albeit not abnormal, and 1.5-

fold risk of T1D, even when adjusting for early introduction of formula feeding212.  The finding 

was replicated in the follow-up analysis which quantified that a 10% unit increment in relative 

weight predicted 50%-60% increase in T1D risk in children under the age of 3 years393.   

Three multi-centre studies across populations with a range of incidence rates gave 

credence to the association between early weight gains and risk of T1D.  The EURODIAB 

study across five participating centres found that weight significantly increased among patients 

from 1 month after birth to a maximum of 0.41 SDS between 1 to 2 years of age399.  The 

prospective TRIGR study mapped Northern Europe, which reportedly has the highest 

incidence of T1D, to the highest weight z-score between birth and 12 months of age, in contrast 

to Southern Europe and US which had the lowest weight z-scores at most time points411.  

Ecological studies provide an alternative means of hypothesis testing by replacing cases and 

controls with countries of high and low incidence respectively, but interpretation should be 

made with caution as they are hampered by the ‘ecological fallacy’, meaning that associations 

on the aggregate level may exaggerate, or reverse, true associations in individuals412.  

Recently, the prospective TEDDY study has found relative weight z-scores at 12 months to be 

associated with development of islet autoimmunity, albeit not with T1D, in boys and girls356.  

To my knowledge, only two studies failed to identify an association between weight 

gain in infancy and risk of T1D.  Both were retrospective, register-based, case-control 

investigations of anthropometric observations collected, via questionnaires sent to families 

and/or health records, from birth to age of T1D onset in Swedish children409 and for the first 

year of life in Danish children398.  The lack of associations with weight is possibly attributed to 

the use of registry data in both studies, which hampers detailed growth patterns, in addition to 

inadequate power in the latter study.   
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2.6.4 Postnatal height gains 

In 1992 Blom et al.409 in Sweden reported that rapid linear growth is a risk factor for T1D in 

childhood, which might either be a promoter of the disease or a marker of a physiological 

mechanism that affects both growth and the pathogenesis of autoimmunity.  The contribution 

of accelerated height gains in infancy to risk of T1D was further replicated by European 

retrospective population-based case-control studies393,399,406, as well as a retrospective family 

case-control study in the Netherlands that matched each diabetic child to at least one 

unaffected healthy sibling, as opposed to population controls, as a way of correcting for 

confounders relating to family characteristics (e.g. socioeconomic status, feeding habits)364.  

Conversely, a study on large prospective cohorts of infants at familial risk of T1D in Germany 

has recently made the novel observation that rapid normalisation of very high length SDS at 

birth to average values up to 3 years of age was protective against islet autoimmunity371. 

2.6.5 Weight gains vs. height gains 

Whereas Blom et al.409 in 1992 found an association for height but not weight, a subsequent 

longitudinal study, also in Sweden396 and spanning from birth until disease onset, identified 

that both weight gains and height gains were more pronounced in prediabetics than controls.   

Studies identifying associations for both parameters found a slightly stronger contribution of 

weight vs. height to T1D384,393,399, which was speculated to be attributed to nutritional factors399.   

A sex-specific nature was identified in the association between altered growth and T1D, 

exemplified by studies which claimed that differences in weight gain between probands and 

controls were more pronounced in girls than in boys212,384,396.  In contrast, differences in height 

gain between probands and controls were more marked for boys than girls393,409.   

The gamut of studies discussed here includes case-control studies, which are prone to 

selection and information bias, and cohort studies in susceptible individuals, which are 

hampered by limited external validity since associations in high-risk populations might not be 

generalisable.  These fallacies were recently addressed by a prospective population-based 

study of circa 100k babies — the outcome of merging the birth cohorts of Norway and Denmark 

— which elucidated that T1D positively associated with weight increase in the first year of life 

without sex-specific differences, but did not associate with linear growth407.  The finding of this 

population-based study, in which clinical T1D was the endpoint, resonates with the conclusion 

reached by a prospective study in at-risk individuals which showed that weight z score, but not 

length or height z score, were continuous predictors of islet autoimmunity even after adjusting 

for HLA type408.   
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2.6.6 Postnatal BMI 

The BMI offers the advantage of adjusting weight for height.  However, Weber et al.206 warned 

that in the paediatric population the assumption that BMI is independent of height is violated.  

In addition, the variability in FFM vs. FM in children suggests that different combinations of the 

two types of body mass could yield the same BMI value, thus rendering the accuracy of BMI 

dependent on degree of fatness, i.e. BMI is not accurate among thinner children413.   

The trajectory of infancy BMI is not regular or consistent across individuals but is 

marked by two turning points (Figure 2-5).  BMI peaks near the end of infancy, known as the 

infancy ‘BMI maximum’, after which it slightly decreases reaching a nadir at around age 5 to 6 

years, known as the ‘BMI rebound’, before it starts to increase again between 3 to 11 years of 

age206,414.  The timing of the BMI rebound is under genetic influence415.  This renewed rise in 

adiposity is coined ‘adiposity rebound’, with an early rebound (<5.5 years) followed by a 

significantly higher adiposity level than a later rebound (>7 years)416.  

Figure 2-5 | BMI trajectory from birth.  From Lammi et al.414.                                                     

The irregularity of the BMI trajectory across infants might account for the contradictory 

findings reported for BMI in relation to T1D risk.  A longitudinal study from Sweden spanning 

from birth until onset of disease reported that prediabetics had similar BMI with controls in the 

first three years of life, whilst deviations were detected between 5 to 13 years of age396.  The 

finding that T1D risk associates with later vs. early accelerated BMI gains is in accord with two 

other studies: i) a Dutch family-based study did not detect BMI SDS gains in the first 4 years 

of life364, ii) analysis of the 1970 British Birth Cohort found that higher BMI z-score at 10 years 

of age was a predictor of subsequent T1D417. 

In contrast, a Dutch study found that prediabetic children had a tendency for an 

increased rate of BMI growth in the first year of life which did not continue beyond406.  Similarly, 

the EURODIAB study399 reported significant excesses of BMI from 6 months of age, with the 

largest divergence observed at 1 to 2 years of age.   A hint of BMI gains as a prelude to T1D 

a: BMI peak  
b: age at which BMI peak is reached 
c: BMI rebound 
d: age at which BMI rebound is reached 
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was also provided by a population-based study in Denmark, which found an association 

between BMI at age 1 year and risk of T1D, albeit of a very small sample size of 13 cases and 

6 controls398.  BMI gains over the first 3 years of life were recently found to be predictive of islet 

autoimmunity in a prospective study in Germany371. 

The caveat of these studies is that they don’t allow for interindividual variation of BMI 

curves.  This limitation has been recently addressed by complex modelling that factors in the 

considerable differences in the early growth patterns between subjects.  A Finnish study 

reported that higher infancy BMI max before the age of 3 years increased the risk of T1D in 

young adults whereas the age of BMI max had no influence414.  In contrast,  a prospective 

study in Germany reported that i) early age of infant BMI peak (mean=9 months of age), or ii) 

high difference between BMI peak and BMI rebound (mean=1.6 kg/m2) associated with 

increased risk of islet autoimmunity355.   

Both studies underscore the importance of making comparisons of growth data at the 

same stage of development to account for interindividual differences in growth trajectories, as 

opposed to a priori time points.  The pooled findings suggest that an accelerated BMI trajectory 

in infancy acts as a risk factor for T1D, whether it results from an upward shift of the y-

coordinate, i.e. BMI max, or a right-to-left shift of the x-coordinate, i.e. age, of the BMI curve. 

2.6.7 Postnatal growth gains and insulin resistance 

Contrary to expectations, the prospective DIABIMMUNE study showed that children carrying 

the T1D high-risk HLA gained significantly less weight and less height during the first 24 

months vs. children in other HLA groups245.  A possible explanation was anchored on the 

assumption that rapid weight gain associates with insulin resistance418, with the implication that 

neutral and protective HLA reflect higher insulin resistance that accelerates weight gain245.  

The involvement of insulin resistance as a suspect pathogenic actor in the early growth of 

prediabetics was hinted in a retrospective Italian study which explored the influence of birth 

weight on the clinical phenotype of patients with T1D419.  The authors inferred that diabetics 

born SGA who maintained a normal BMI had increased insulin requirement not associated 

with poor metabolic control — an indirect index of insulin resistance — suggesting that SGA 

patients have reduced insulin sensitivity419.  This convoluted line of evidence conjures on the 

hypothesis that small size at birth and eventual rapid growth are predicated on insulin 

resistance.  The speculation that insulin resistance influences development of T1D was 

recently refuted by prospective studies: the BABYDIAB study found that islet-autoantibody 

children had similar insulin resistance and BMI at the time of seroconversion with autoantibody 

negative children420, and the DIPP study showed that whereas insulin secretion was perturbed 

in the long presymptomatic stage of T1D, insulin sensitivity remained unaffected148.   
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2.6.8 Biological determinants of postnatal growth in prediabetics 

Observational studies have shown that children who develop T1D, or islet autoimmunity, are 

heavier4,212,356,393,399,407, taller393,399,409, gain weight faster384, have excesses of BMI398,399,  or 

gain BMI faster371,406, as a result of higher414 or earlier BMI peak355, during infancy.  Conversely, 

normalisation of very high relative height at birth to average values in infancy is protective 

against islet autoimmunity371.  Of note, studies that established associations between risk of 

T1D and early growth failed to detect an association with birth weight, casting light on the 

magnitude of influence exerted by foetal vs. postnatal growth on the risk of T1D.   

Having established an association between rapid growth in the first 1 to 2 years of life 

and risk of T1D, the question hones on the biological pathways.  Key biological candidates are 

insulin and IGF-1, which play important roles in perinatal growth and glucose homeostasis346.  

A Dutch family-controlled study showed that non-carriers of the protective INS VNTR class III 

allele showed increased growth in controls only, with the absence of an effect in patients 

suggesting that growth operates via a different mechanism in disease vs. health346. The study 

also found that the IGF-1*194 allele was less frequent in cases than controls but its effect on 

rapid growth was independent of disease346.  In the German BABYDIAB and BABYDIET 

studies, the IGF-1 levels were similar between children with vs. without islet autoimmunity, but 

lower at 9 months of age vs. birth in children at familial risk of T1D, suggesting that decreases 

in IGF-1 levels in infancy signals risk of pathogenesis355.  A follow-up study of the 

DIABIMMUNE cohort found that IGF-1 levels and the IGF-1/IGFBP-3 ratio were lower in the 

autoantibody-positive children at 12 and 24 months respectively but the increase in IGFBP-3 

levels was higher in the autoantibody-positive children before seroconversion vs. controls421.  

The puzzling isolated increment of IGFBP-3 was attributed to the disintegration of the GH/IGF-

1 axis, alluding to normal levels of IGF-1 but higher GH as observed in T1D and obesity422.  

The study also found that IGF-1 and IGFBP-3 levels at 24 months of age were lower in high-

risk HLA carriers, characterised by a slow-down in weight and linear gains by the end of 

infancy245, vs. low-risk HLA carriers, suggesting that high IGF-1 levels protect against T1D421. 

 

2.7 CONCLUSION 

Collectively, the findings concur on early growth being mediated via different mechanisms in 

health vs. disease, thus necessitating the study of genetic associations with physiological 

processes in a disease-free population as disease might influence gene expression.  They 

further underscore the importance of longitudinal growth data via frequent time points, 

adequate sample size, and standardised measurement protocols to minimise information bias. 
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Chapter 3 

3 COLLECTING AND EXPLORING THE PHENOTYPES 

 

   

3.1 INTENT 

The research project herein tapped into the wealth of infancy growth data and biological 

specimens collected by the completed ‘Cambridge Baby Growth Study I’ (referred to as 

CBGS), which monitored infants from the general population in Cambridgeshire over the first 

24 months of life.  The study was conceived and coordinated by a team of clinical investigators 

at Addenbrooke’s Hospital.  Recruitment and assessment were performed by four trained 

paediatric research nurses at perinatal and postnatal clinic visits according to the study 

protocol.  I familiarised myself with data collection by shadowing the nurses at the Medical 

Research Council (MRC) Epidemiology Clinical Research Facility during clinic visits of the 

ongoing extension to the study, the CBGS II, which uses the same protocol.  My research 

concerned the investigation of genotype-phenotype associations in early life that are pertinent 

to clinical traits pervasive of the prodrome of T1D.  I implemented this by a biology-guided 

screening of genetic variants to genotype from DNA of infants, coupled with analyses of 

growth, hormonal and genetic data by constructing and testing statistical models based on 

conventional (cross-sectional) and advanced (longitudinal) statistical techniques.  

This chapter explores the measured anthropometric and hormonal traits — denoted as 

‘phenotypes’ — in the context of quantifiable covariates in the CBGS, for a two-fold purpose: 

1. Exploration of cohort data 

i. gain an overview of cohort descriptive characteristics; 

ii. understand postnatal growth patterns and underlying endocrine factors in the 

background population of infants, which serves as a springboard for defining and 

explaining ‘normal growth’, and further determines exclusion criteria for analyses; 

iii. evaluate the robustness and limitation of measurements. 

2. Definition of statistical framework 

i. check assumptions required for statistical tests; 

ii. identify confounders to adjust for in statistical models, whereby phenotypes are 

compared amongst genotypic groups of T1D susceptibility loci.



Collecting and exploring the phenotypes                                                                                                                  ELEFTHERIOU  

 - 58 -  

3.2 CAMBRIDGE BABY GROWTH STUDY 

3.2.1 Cohort 

The CBGS is a prospective observational birth cohort study conducted at a single centre, the 

Rosie Maternity Hospital in Cambridge, UK, whose aim was the investigation of the antenatal 

and postnatal determinants of infancy growth and reproductive development, including 

environmental, genetic, hormonal and nutritional exposures423. Recruitment commenced in 

April 2001 and ended in August 2009.  Approximately 2,200 expecting mothers aged ≥16 years 

were approached and recruited by trained paediatric research nurses at their first routine 

antenatal ultrasound clinic appointment at 12 weeks of gestation and followed up at 28 weeks 

of gestation for a 75-g OGTT.  Participating offspring were assessed by the research nurses 

at a minimum of one study visit scheduled within one week from birth, and at ages 3, 12, 18 

and 24 months.  Weight, height, head circumference and skinfold thickness were routinely 

measured at each visit.  Genomic DNA was extracted from cord blood samples collected at 

birth upon consent by eligible families, and/or infancy capillary blood samples or buccal swabs.  

Dried blood spot (DBS) samples were routinely collected from 3 to 24 months of age for 

assaying hormones.  All mothers gave written informed consent to participate in the CBGS.  

The study was approved by the Cambridge local research ethics committee.  Out of 2,229 

mother-infant dyads approached, a total of 1,658 enrolled in the study corresponding to a 74% 

participation rate (Figure 3-1).  Measures of birth weight were recorded for two additional 

infants that were forced to withdraw from the study prior to birth, bringing the total count of 

subjects with anthropometric data to 1,660.      

Figure 3-1 | Flowchart of the study population.  Adapted from Prentice et al.423. 
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3.2.2 Endpoints and methods 

 Anthropometric measurements 

Infancy anthropometric endpoints were collected in triplicates (except for birth weight which 

was retrieved from maternity hospital records) and used to derive composite anthropometric 

indices and infancy gains (Table 3-1).  Weight was measured to the nearest 1 g using a SECA 

757 electronic digital scale (Chasmors Ltd).  Supine length was measured to the nearest 0.1 

cm using a Kiddimeter (Holtain Ltd, Crosswell, Pembs, UK) and standing length with a 

stadiometer.  Head circumference was measured to the nearest 0.1 cm using a tape measure.  

Skinfold thickness was measured at four sites (triceps, subscapular, flank and quadriceps) on 

the left side of the body using a Holtain Tanner/Whitehouse Skinfold Caliper (Holtain Ltd):  the 

triceps skinfold was measured halfway between the acromial process and the olecranon; the 

subscapular skinfold was measured at the oblique angle below the scapula; the flank skinfold 

was measured in the posterior axillary line immediately posterior to the iliac crest; the 

quadriceps skinfold was taken from a vertical line in the middle of the thigh and half way 

between the top of the patella and the inguinal crease. 

Table 3-1 | Anthropometric endpoints by infant’s age in months. 

  Age (mo)  Gains (mo) 

  0 3 12 18 24  0-12 0-24 

Measured anthropometric endpoint         

 Weight • • • • •  • • 

 Height • • • • •  • • 

 Head circumference •  • • •    

 Skinfold thickness: triceps • • • • •    

 Skinfold thickness: quadriceps • • • • •    

 Skinfold thickness: flank • • • • •    

 Skinfold thickness: subscapular • • • • •    

Derived anthropometric endpoint         

 Skinfold thickness mean • • • • •  • • 

 Ponderal Index •        

 BMI •  • • •    

Replicates (≤3) of raw measurements were assessed, averaged and appropriately 

standardised by Dr Philippa Prentice, one of the study investigators424.    Weight, height, head 

circumference and BMI had been converted to age- and sex-appropriate SDS using the 

computerised 1990 British standard that simplifies growth assessment201.  The score 
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represents the number of standard deviations that the value differs from the mean of the 

distribution of the 1990s British babies of the same age and sex.  The British 1990 cohort was 

the reference of choice because it was relatively contemporaneous with the CBGS, it was a 

Caucasian cohort, and allowed for newborn measurements to be adjusted for gestational 

age424.  Anthropometric indices derived were i) BMI, calculated as weight in kg divided by 

height in meters squared, ii) ponderal index, calculated as weight in kg divided by length in 

meters cubed at birth.  Measurements of skinfold thickness at each anatomical site were 

converted to internal SDS adjusted for age (or gestational age for newborn measurements): 

SDS = individual measurement minus cohort mean, divided by the cohort SD; an overall 

skinfold thickness index was calculated in each infant, as an indicator of subcutaneous 

adiposity, by taking the mean of the SDS at the four sites424.  Postnatal gains were calculated 

for weight and height by taking the difference in SDS between birth and 12 months or birth and 

24 months424.  A gain greater than 0.67 SDS, representing the width of each centile band on 

standard growth charts (e.g. 2nd to 9th, 9th to 25th, 25th to 50th) reflected significant catch-up 

growth; a reduction greater than 0.67 SDS was designated as catch-down category276. 

 Biological sample collection  

Biological specimen collected from infants of relevance to this thesis included: 

i. buccal swab samples collected using mouthswabs, immersed in 2.5-ml transfer buffer 

inside a 13-ml Sarstedt tube, and stored at -20 °C until DNA extraction; 

ii. capillary blood obtained by heel prick (Tenderfoot; Elitech UK, Barkhamstead, UK), 

which was partly transferred to a vial and stored at -20 °C until DNA extraction.  The 

remaining blood sampled was blotted onto WhatmanTM 903® untreated marked filter 

cards (Ahlstrom 226, ID Biological Systems) until the spot had spread about 1.5 cm in 

diameter, air-dried at room temperature overnight and stored in plastic bags at -20 °C 

until assaying.  Prior to biochemical assaying, blood-spot disks of 3.2-mm in diameter 

were punched out from the filter card into 2-ml polypropylene screw cap microtubes.   

Methods for DNA extraction and biochemical analyses are detailed in Appendix II.  

 Questionnaires 

Contextual cohort data — sociodemographic status, self-reported maternal anthropometry, 

maternal general health and diet, and environmental exposures during pregnancy — were 

gathered through a perinatal questionnaire administered in late pregnancy.  Mode of infant 

feeding at 3 months of age (breast milk and/or formula milk) was assessed by a postnatal 

questionnaire completed at the designated study visit.   
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3.3 PHENOTYPE STATISTICS  

3.3.1 Statistical analysis 

Statistical analyses were performed using the IBM Statistical Package for Social Sciences 

(SPSS 23.0, Chicago, IL, USA) for Windows.  Categorical variables were summarised as 

percentages and continuous variables as mean ± SD.  Descriptive trajectories of phenotypes 

were plotted by averaging data of all available subjects to make most use of measurements.  

Tests for normality for all response variables are shown in Appendix II.  Comparisons of means 

were made with the independent t-test and one-way ANOVA between 2 and >2 groups 

respectively where the data approximated a normal distribution.  Non-parametric tests were 

used where distributions deviated from normality.  On the grounds of parametric tests being 

robust to some degree of non-normality for large samples and in the absence of influential 

outliers425, parametric tests were used for all standardised anthropometric variables.  

Correlations between two continuous variables were calculated with the Pearson’s correlation 

coefficient r for normal distributions, or Spearman’s rho for distributions that did not conform to 

normality.  Comparisons of percentages across groups of categorical variables were made 

with the Pearson’s chi square test.  A P≤0.05 was considered statistically significant.   

3.3.2 Cohort characteristics 

Of the 1,660 children, there were 859 boys and 801 girls.  Amongst these, there were 22 pairs 

of twins.  Almost 95% of children were born at term (gestation ≥37.0 weeks).  Gestation ranged 

from as low as 27.0 up to 42.7 weeks, evident of a left-skewed distribution (Figure 3-2).   

Figure 3-2 | Distribution of gestational age. 

 

SGA was defined as weighing ≤-1.5 SDS at birth and comprised 4.7% of infants, whereas LGA 

was defined as weighing ≥1.5 SDS at birth and represented 7.2% of the cohort. This definition 
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was chosen over the more stringent one of ±2.0 SDS of mean birth weight, corresponding to 

1.1% and 2.7% of SGA and LGA infants respectively, to increase the count of subjects in these 

extreme groups and allow for meaningful subgroup analyses (see Chapter 5). In addition to 

data collected on the infant, contextual information was gathered on the parents and 

pregnancy for profiling the cohort, and more importantly, defining the framework for statistical 

analysis.  The characteristics of the CBGS cohort are summarised in Table 3-2.   

Table 3-2 | Cohort characteristics.  

 

N

 Mean ± SD or                             

n (%) for specified 

outcome 

Range

Newborn index

Gestation (wk) 1,660 39.8 ± 1.6 27.0, 42.7

Twins 1,660 44 (2.7)

Infant sex: male 1,660 859 (51.7)

Premature birth: < 36 weeks of gestation 1,660 39 (2.3)

Relative birth weight 1,657

appropriate for gestational age 1,460 (88.1)

large for gestational age 119 (7.2)

small for gestational age 78 (4.7)

Pregnancy influences

Maternal T1D 1,638 5 (0.3)

Primiparous pregnancy 1,629 707 (43.4)

Maternal smoking during pregnancy 1,575 86 (5.5)

Maternal height (cm) 1,237 165.9 ± 7.2 132.0, 193.0

Maternal pre-pregnancy weight (kg) 1,203      66.3 ± 13.4 40.0, 143.2

Maternal pre-pregnancy BMI (kg/m
2
) 1,173 24.1 ± 4.6 16.6, 48.1

Maternal pregnancy weight gain (kg) 866 8.2 ± 6.7 -17.3, 29.9

Maternal age (yr) 1,338 33.5 ± 4.3 18.1, 47.5

Paternal age (yr) 1,291 35.7 ± 5.4 20.0, 69.7

Post-pregnancy influences

Birth delivery 1,630

normal 956 (58.7)

vacuum 101 (6.2)

forceps 82 (5.0)

elective caesarean 252 (15.5)

acute caesarean 239 (14.7)

3-month feeding: exclusively breastfed 1,319 557 (42.2)

Sociodemographic influences

Ethnicity: White Caucasian 1,098 1,045 (95.2)

Index of multiple deprivation 920 8.9 ± 4.2 3.0, 32.1

Maternal marital status 1,291

married 1,070 (82.9)

co-habiting 193 (14.9)

single 28 (2.2)

Maternal education 780

GCSE 110 (14.1)

A-Level 181 (23.2)

University 489 (62.7)
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Distributions of parental traits are depicted in Figure 3-3.  Only maternal age at birth was 

normally distributed (PKolmogorov-Smirnov=0.200) with a mean value of 33.5 years.  Paternal age at 

birth was slightly higher at a mean value of 35.7 years, but its distribution deviated from 

normality (PKolmogorov-Smirnov<0.0001) with influential outliers as high as 69 and 70 years of age.  

Exceptions to normality were markedly shown by maternal pre-pregnancy weight and BMI 

(PKolmogorov-Smirnov<0.0001), whose distributions were right-skewed, indicative of a cohort with 

overweight women.  The mean maternal weight before pregnancy was 66.3 ± 13.4 kg at a 

mean height of 165.9 ± 7.2 cm, corresponding to a BMI of 24.1 ± 4.6 kg/m2, which sits just 

below the overweight cut-off for women.  An average of 8.2 ± 6.7 kg was gained during 

pregnancy, with 53 women incurring weight loss during pregnancy.  

Figure 3-3 | Distributions of parental characteristics.  
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Ethnically, the CBGS cohort was of Caucasian ethnicity in the majority (95.2%). The Index of 

multiple deprivation (IMD) had a mean value at the lower end of the spectrum, i.e. less socio-

economically deprived, but deviated from a normal distribution (PKolmogorov-Smirnov<0.0001) with 

a marked skewness to the right indicative of social clusters of higher deprivation (Figure 3-4). 

Figure 3-4 | Distribution of parental Index of multiple deprivation. 

Most participating mothers were married (82.9%) and educated at university degree-level 

(62.7%).  Exclusive breastfeeding vs. formula feeding at 3 months of age was the preferred 

choice amongst mothers who had university degrees than not (Pchi-square<0.0001) (Figure 3-5), 

underscoring the influence of maternal education on infant feeding practice. 

Figure 3-5 | Occurrence of infants by mode of feeding at 3-months and maternal education. 

Overall, the recruited term and late-preterm (gestation ≥36.0 weeks) mother-infant dyads were 

representative of the overall population of births at the Rosie Maternity Hospital, except that 

CBGS mothers were slightly older at delivery and pregnancies were more likely to be 

primiparous423.  The 1,061 (63.9%) mother-infant dyads who completed the infancy study 

protocol up to 2 years of age were similar to those lost to follow-up, although both parents were 

slightly older, and mothers were up to three times less likely to smoke during pregnancy (Table 

3-3).  The difference in birth weight was of small magnitude and nominal statistical significance.    
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Table 3-3 | Comparison of mother-infant dyads who were followed up vs. those lost to follow-up. 

 

 

N

 Mean ± SD or                 

n (%) for specified 

outcome 

N

 Mean ± SD or                 

n (%) for specified 

outcome 

P  value

Newborn index

Gestation (wk) 1,061 39.8 ± 1.6 599 39.7 ± 1.7 0.197

Twins 1,061 30 (2.8) 599 14 (2.3) 0.550

Infant sex: male 1,061 555 (52.3) 599 304 (50.8) 0.542

Premature birth: < 36 weeks of gestation 1,061 24 (2.3) 599 15 (2.5) 0.754

Relative birth weight 1,058 599 0.607

appropriate for gestational age 927 (87.6) 533 (89.0)

large for gestational age 81 (7.7) 38 (6.3)

small for gestational age 50 (4.7) 28 (4.7)

Birth weight (kg) 1,058 3.50 ± 0.54 599 3.44 ± 0.55 0.026

Birth length (cm) 1,024 51.4 ± 2.7 575 51.3 ± 2.5 0.358

Newborn head circumference (cm) 1,025 35.3 ± 1.7 577 35.3 ± 1.7 0.904

Newborn BMI (kg/m
2
) 1,021 13.2 ± 1.6 575 13.0 ± 1.7 0.058

Newborn mean skinfold thickness (mm) 1,022 6.3 ± 1.6 577 6.3 ± 1.6 0.372

Pregnancy influences

Maternal T1D 1,046 3 (0.3) 592 2 (0.3) 0.857

Primiparous pregnancy 1,042 452 (43.4) 587 255 (43.4) 0.980

Maternal smoking during pregnancy 1,002 34 (3.4) 573 52 (9.1) <0.0001

Maternal height (cm) 917 166.1 ± 7.0 320 165.4 ± 7.7 0.268

Maternal pre-pregnancy weight (kg) 895 66.2 ± 13.1 308 66.5 ± 14.3 0.629

Maternal pre-pregnancy BMI (kg/m
2
) 871 24.0 ± 4.5 302 24.3 ± 4.9 0.518

Maternal pregnancy weight gain (kg) 642 8.3 ± 6.7 224 7.8 ± 6.5 0.267

Maternal age (yr) 1,034 33.7 ± 4.2 304 32.8 ± 4.5 0.001

Paternal age (yr) 963 36.1 ± 5.3 328 34.7 ± 5.6 <0.0001

Post-pregnancy influences

Birth delivery 1,039 591 0.043

normal 599 (57.7) 357 (60.4)

vacuum 78 (7.5) 23 (3.9)

forceps 55 (5.3) 27 (4.6)

elective caesarean 162 (15.6) 90 (15.2)

acute caesarean 145 (14.0) 94 (15.9)

3-month feeding: exclusively breastfed 1,022 439 (43.0) 297 118 (39.7) 0.322

Sociodemographic influences

Ethnicity: White Caucasian 738 703 (95.3) 360 342 (95.0) 0.852

Index of multiple deprivation 779 8.9 ± 4.2 141 9.0 ± 4.5 0.963

Maternal marital status 966 325 0.959

married 799 (82.7) 271 (83.4)

co-habiting 146 (15.1) 47 (14.5)

single 21 (2.2) 7 (2.2)

Maternal education 568 212 0.050

GCSE 82 (14.4) 28 (13.2)

A-Level 119 (21.0) 62 (29.3)

University 367 (64.6) 122 (57.5)

Followed-up Lost to follow-up
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3.3.3 Infancy anthropometry 

The exploratory analyses of infant anthropometry and growth were conducted on the entire 

cohort for elucidating subsets of infants that showed marked deviations from the average 

growth trajectories.  Unless otherwise stated, anthropometric variables are in SDS.  

 Anthropometric variables 

Weight, height, head circumference and BMI had been standardised against the British 1990s 

reference.  The effectiveness of this conversion was confirmed by i) plotting the SDS 

distributions and showing that they conform to standard curves, i.e. centred at zero (histograms 

not shown), and ii) performing an independent t-test to show that the statistically significant 

differences of the pre-standardised measurements between males and females largely 

disappear with the standardisation.  Table 3-4 summarises these anthropometric variables by 

age and sex of infant.   

Measures of skinfold thickness, before and after standardisation against an internal 

reference, are summarised in Table 3-5.  Consistently at every age measured, the quadriceps 

skinfold made the biggest contribution to overall skinfold thickness in mm (32% to 41%), 

followed by the flank (23% to 25%), the triceps (19% to 23%) and the subscapular (16% 

throughout infancy down from 21% at birth). Girls presented with, or showed a trend for, higher 

skinfold thickness than boys.  The highest sex-specific difference was observed for quadriceps 

with the gap progressively increasing in the second year of life; in contrast, adiposity in the 

flank did not differ between boys and girls beyond birth.  Paradoxically, the dimorphic nature 

of adiposity disappeared at 3 months of age across all anatomical sites, which could not be 

attributed to statistical reasons as the sample size at this age is comparable with those at other 

ages measured.      
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Table 3-4 | Cohort growth characteristics by age and sex.   

 

N Mean ± SD N Mean ± SD P  value

Gestation (wk) 859 39.7 ± 1.7 801 39.8 ± 1.6 0.387

Birth

Weight (kg) 858 3.54 ± 0.56 799 3.40 ± 0.52 <0.0001

Weight SDS 858 0.09 ± 0.97 799 0.07 ± 0.98 0.653

Height (cm) 828 51.8 ± 2.6 771 50.9 ± 2.6 <0.0001

Height SDS 828 -0.05 ± 0.92 771 -0.10 ± 1.02 0.316

HC (cm) 832 35.6 ± 1.7 770 34.9 ± 1.6 <0.0001

HC SDS 832 -0.14 ± 0.98 770 -0.14 ± 0.98 0.914

BMI (kg/m
2
) 827 13.2 ± 1.6 769 13.1 ± 1.6 0.285

BMI SDS 822 -0.07 ± 1.24 764 0.03 ± 1.24 0.110

Ponderal Index 827 25.5 ± 3.4 769 25.8 ± 3.4 0.088

3 months

Weight (kg) 703 6.43 ± 0.83 637 5.83 ± 0.72 <0.0001

Weight SDS 703 0.07 ± 1.01 637 -0.15 ± 1.04 <0.0001

Height (cm) 704 61.9 ± 2.5 631 60.3 ± 2.5 <0.0001

Height SDS 704 0.22 ± 0.94 631 0.07 ± 1.06 0.006

12 months

Weight (kg) 623 10.32 ± 1.17 559 9.58 ± 1.09 <0.0001

Weight SDS 623 0.08 ± 1.08 558 -0.02 ± 1.09 0.131

Height (cm) 618 76.8 ± 2.8 557 75.0 ± 2.7 <0.0001

Height SDS 618 0.36 ± 1.07 556 0.28 ± 1.09 0.212

HC (cm) 621 47.0 ± 1.4 558 45.8 ± 1.2 <0.0001

HC SDS 621 -0.65 ± 1.14 557 -0.65 ± 1.05 0.949

BMI (kg/m
2
) 618 17.5 ± 1.4 557 17.0 ± 1.4 <0.0001

BMI SDS 618 -0.16 ± 1.00 556 -0.24 ± 1.03 0.216

18 months

Weight (kg) 569 11.70 ± 1.29 525 10.99 ± 1.25 <0.0001

Weight SDS 568 0.11 ± 1.03 525 0.04 ± 1.06 0.263

Height (cm) 571 83.0 ± 3.1 525 81.3 ± 3.1 <0.0001

Height SDS 570 0.37 ± 1.10 525 0.20 ± 1.09 0.011

HC (cm) 566 48.4 ± 1.4 522 47.2 ± 1.4 <0.0001

HC SDS 565 -0.74 ± 1.07 522 -0.73 ± 1.14 0.935

BMI (kg/m
2
) 568 16.9 ± 1.2 524 16.6 ± 1.3 <0.0001

BMI SDS 567 -0.19 ± 0.93 524 -0.18 ± 0.98 0.765

24 months

Weight (kg) 547 12.91 ± 1.45 504 12.27 ± 1.42 <0.0001

Weight SDS 546 0.19 ± 1.02 504 0.11 ± 1.04 0.199

Height (cm) 547 88.4 ± 3.4 496 87.0 ± 3.4 <0.0001

Height SDS 546 0.46 ± 1.07 496 0.31 ± 1.05 0.018

HC (cm) 548 49.3 ± 1.4 503 48.1 ± 1.3 <0.0001

HC SDS 547 -0.73 ± 1.06 503 -0.78 ± 1.07 0.382

BMI (kg/m
2
) 543 16.5 ± 1.3 495 16.2 ± 1.2 <0.0001

BMI SDS 542 -0.17 ± 0.95 495 -0.18 ± 0.94 0.895

Boys Girls
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Table 3-5 | Skinfold thickness measurements by age and sex. 

 

N Mean ± SD N Mean ± SD P  value

Birth

Triceps (mm) 830 5.5 ± 1.5 766 5.6 ± 1.4 0.295

Triceps SDS 826 0.0 ± 1.0 763 0.0 ± 1.0 0.369

Subscapular (mm) 830 5.3 ± 1.4 768 5.5 ± 1.3 0.005

Subscapular SDS 826 -0.1 ± 1.0 765 0.1 ± 1.0 0.007

Flank (mm) 828 6.0 ± 1.8 769 6.3 ± 1.8 0.001

Flank SDS 824 -0.1 ± 1.0 766 0.1 ± 1.0 0.001

Quadriceps (mm) 829 7.9 ± 2.6 768 8.3 ± 2.5 0.002

Quadriceps SDS 825 -0.1 ± 1.0 765 0.1 ± 1.0 0.002

Mean SDS 826 -0.1 ± 0.9 766 0.1 ± 0.9 0.005

3 months

Triceps (mm) 706 8.4 ± 2.2 635 8.3 ± 2.1 0.447

Triceps SDS 706 0.0 ± 1.0 635 0.0 ± 1.0 0.451

Subscapular (mm) 706 7.0 ± 1.5 635 7.0 ± 1.6 0.698

Subscapular SDS 706 0.0 ± 1.0 635 0.0 ± 1.0 0.694

Flank (mm) 706 10.2 ± 2.7 636 10.2 ± 3 0.731

Flank SDS 706 0.0 ± 0.9 636 0.0 ± 1.1 0.734

Quadriceps (mm) 706 17.6 ± 3.6 636 17.8 ± 3.4 0.246

Quadriceps SDS 706 0.0 ± 1.0 636 0.0 ± 1.0 0.236

Mean SDS 706 0.0 ± 0.8 636 0.0 ± 0.8 0.914

12 months

Triceps (mm) 621 9.6 ± 2.5 557 9.8 ± 2.7 0.127

Triceps SDS 621 0.0 ± 1.0 556 0.0 ± 1.0 0.140

Subscapular (mm) 620 7.2 ± 1.6 557 7.4 ± 1.7 0.131

Subscapular SDS 620 0.0 ± 1.0 556 0.0 ± 1.0 0.148

Flank (mm) 620 10.4 ± 2.8 557 10.6 ± 3.2 0.283

Flank SDS 620 0.0 ± 0.9 556 0.0 ± 1.1 0.285

Quadriceps (mm) 621 17.4 ± 3.6 556 17.9 ± 3.4 0.028

Quadriceps SDS 621 -0.1 ± 1.0 555 0.1 ± 1.0 0.026

Mean SDS 621 0.0 ± 0.8 556 0.0 ± 0.8 0.042

18 months

Triceps (mm) 572 9.5 ± 2.3 521 9.8 ± 2.4 0.039

Triceps SDS 571 -0.1 ± 1.0 521 0.1 ± 1.0 0.034

Subscapular (mm) 571 6.7 ± 1.4 524 7.0 ± 1.7 0.009

Subscapular SDS 570 -0.1 ± 0.9 524 0.1 ± 1.1 0.007

Flank (mm) 570 10.5 ± 2.9 520 10.8 ± 3.4 0.212

Flank SDS 569 0.0 ± 0.9 520 0.0 ± 1.1 0.237

Quadriceps (mm) 571 15.8 ± 3.6 521 16.7 ± 3.6 <0.0001

Quadriceps SDS 570 -0.1 ± 1.0 521 0.1 ± 1.0 <0.0001

Mean SDS 571 -0.1 ± 0.7 524 0.1 ± 0.8 0.001

24 months

Triceps (mm) 545 9.1 ± 2.3 503 9.6 ± 2.5 0.001

Triceps SDS 545 -0.1 ± 1.0 503 0.1 ± 1.0 0.001

Subscapular (mm) 550 6.5 ± 1.5 504 6.8 ± 1.8 0.012

Subscapular SDS 550 -0.1 ± 0.9 504 0.1 ± 1.1 0.012

Flank (mm) 549 10.2 ± 2.7 501 10.5 ± 3.4 0.115

Flank SDS 549 0.0 ± 0.9 501 0.1 ± 1.1 0.116

Quadriceps (mm) 546 14.5 ± 3.5 499 15.5 ± 3.6 <0.0001

Quadriceps SDS 546 -0.1 ± 1.0 499 0.1 ± 1.0 <0.0001

Mean SDS 552 -0.1 ± 0.8 505 0.1 ± 0.8 <0.0001

Boys Girls
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 Distributions of size at birth 

Size at birth was explored through the lens of key categorical covariates.  With only five 

mothers with T1D, the average birth weight of their children was still many-fold significantly 

higher than the birth weight of children born to non-T1D mothers (2.85 ± 1.56 vs. 0.07 ± 0.97, 

P<0.0001).  Such magnitude of difference underscores the effect of elevated maternal blood 

glucose levels, even when controlled with exogenous insulin, on foetal growth.  Babies born to 

T1D mothers were on average longer (1.52 ± 0.08 vs. -0.08 ± 0.97, P<0.0001), but the impact 

of the high glycaemic maternal-uterine environment on birth length was reduced compared 

with birth weight.  

In terms of parity, the average birth weight of first-born infants was significantly less 

than that of the second or later child (-0.12 ± 0.96 vs. 0.24 ± 0.96, P<0.0001).  The distribution 

of birth weight of non-primiparous pregnancies had a longer tail to the right (Figure 3-6), 

testifying to the thesis that the unprepared maternal-uterine environment restrains the growth 

of first-born infants217. 

Figure 3-6 | Distribution of birth weight SDS by parity. 

 

Mothers who smoked during pregnancy gave birth to infants with a lower birth weight 

compared with non-smoking mothers (-0.28 ± 1.00 vs. 0.08 ± 0.97, P=0.01), despite the 

uneven distribution of smoking vs. non-smoking subpopulations in the CBGS (Figure 3-7). 

 

 



Collecting and exploring the phenotypes                                                                                                                  ELEFTHERIOU  

 - 70 -  

Figure 3-7 | Distribution of birth weight SDS by maternal smoking during pregnancy. 

 

Infants born by elective caesarean were heavier than those born by all other modes of 

delivery put together (0.47 ± 0.98 vs. 0.01 ± 0.96, P<0.0001) or separately (Figure 3-8). 

Figure 3-8 | Distribution of birth weight SDS by mode of birth delivery. 

 

(0.03 ± 0.93 vs. -0.21 ± 0.87 vs. 0.03 ± 0.77 vs. 0.47 ± 0.98 vs. 0.01 ± 1.12, PANOVA<0.0001)   
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The respective distributions for birth length are similar with those for birth weight 

(Figures 3-9 to 3-10).  

Figure 3-9 | Distribution of birth length SDS by parity. 

(-0.18 ± 0.99 vs. 0.01 ± 0.95, P<0.0001) 

Figure 3-10 | Distribution of birth length SDS by maternal smoking during pregnancy. 

 

(-0.33 ± 0.94 vs. 0.07 ± 0.98, P=0.018) 
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Infants born by elective caesarean were longer than those born by other modes 

collectively (0.04 ± 0.98 vs. -0.09 ± 0.97, P=0.042) or separately (Figure 3-11), but the 

difference was attenuated compared with weight. 

Figure 3-11 | Distribution of birth length SDS by mode of birth delivery. 

 (-0.08 ± 0.96 vs. -0.10 ± 0.87 vs. 0.01 ± 0.81 vs. 0.04 ± 0.98 vs. -0.16 ± 1.07, PANOVA=0.180) 

3.3.4 Infancy growth 

 Overall trends 

The mean birth weight of 3.47 kg (n=1,657) tripled in a year and almost quadrupled (3.6-fold) 

two years after birth.  The mean length at birth of 51.4 cm (n=1,599) increased by only 50% 

within a year and 70% within two years.  Head circumference gains were even more modest, 

with the mean birth measure of 35.3 cm (n=1,602) going up by only 30% in the first year and 

less than 40% two years after birth.  Weight is the most rapidly changing anthropometric index 

postnatally, which, combined with its accuracy of measurement, makes for a robust proxy of 

postnatal growth.  Evaluation of mean SDS figures shows that CBGS infants had a weight in 

infancy comparable with the reference sample albeit marginally growing heavier by 24 months 

of age (0.15 SDS).  Birth length was comparable with the reference, but beyond birth, the 

CBGS infants were slightly taller than the British 1990 referents with their height SDS 

increasing from 0.15 at 3 months to 0.39 by 24 months.  Mean head circumference SDS values 

were consistently negative, suggesting that CBGS infants had on average a smaller head than 

British babies in the 1990s throughout infancy.  This trend is unlikely explained by the shift 
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towards breastfeeding as neither weight nor length followed a similar trajectory.  Changes in 

food composition (e.g. hormones) with an effect on neurodevelopment might be accountable.  

 Growth trajectories by primary pregnancy covariates 

The maternal T1D environment is arguably the strongest influence on foetal growth, evidenced 

by the observation that the average size of CBGS infants born to T1D mothers is many-fold 

higher than the size of infants of non-diabetic mothers (Section 3.3.3.2).  However, the very 

small size of this subset in the CBGS defies further investigation.   

Gestational length is another important influence on foetal growth.  The weight SDS 

trajectory of babies born at less than 36 weeks of gestation was declining and nearing a mean 

of -1.0 SDS at 12 months (Figure 3-12).  The below-standard growth of premature babies 

surfaces that incomplete organogenesis at the point of delivery has persistent adverse effects 

on physiological processes despite intensive neonatal care.  Term birth followed a steady 

growth trajectory showing a dip at 3 months in girls only.   

Figure 3-12 | Weight trajectory by sex and gestational category. 

                       Frequencies by age and subgroup are listed below the graphs.  

 

The nadir at 3 months is given context through the lens of feeding (Figure 3-13).  The apparent 

differences in birth weight between boys and girls in the exclusively breastfed subset were not 

― 835 683 606 554 532 23 20 17 14 14

‒ ‐ 784 624 584 514 494 15 13 10 11 10
n
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statistically significant. Boys exclusively breastfed in the first 3 months showed a catch-down 

trajectory for the first year of life vs. boys on formula milk, possibly explained by the fact that 

the reference sample was dated prior to the move towards breastfeeding that took place in the 

UK.  Girls were on a declining weight trajectory for the first 3 months irrespective of type of 

feeding, which accounts for the compounded dip in Figure 3-12.  It is possible that 

breastfeeding constituted a higher component of the mixed nutrition of girls vs. their male 

counterparts, judging by the steeper weight increase in girls after the first 3 months of life when 

consumption of complementary foods goes up.  Beyond the first year of life, weight across the 

board caught up (breastfed only) or reached a plateau (formula-fed).   

Figure 3-13 | Weight trajectory by sex and type of feeding. 

                        Frequencies by age and subgroup are listed below the graphs. 

 

 

The third pregnancy factor with a strong restraining effect on birth weight is the 

presence of twins (Figure 3-14), who compete for resources and space in the womb.  Despite 

catching up beyond birth, twins also fell short of attaining average weight in infancy, 

highlighting the slow rate of the biological processes underlying growth. The trend in the CBGS 

concurs with the finding made by a Dutch study in >4,000 twins who caught up in body size 

after birth but failed to achieve the same weight and height as singletons until 2.5 years of age, 

justifying the use of distinct reference charts for twins426. 

 

― 264 260 229 215 206 428 420 376 335 325

‒ ‐ 291 285 245 236 228 333 328 285 264 252
n
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Figure 3-14 | Weight trajectory by sex and twinship.  

                        Frequencies by age and subgroup are listed below the graphs. 

 

 

 

Height appears to be influenced by the same major pregnancy factors that influence 

weight.  Across term pregnancies, the constant linear increase in height SDS (Figure 3-15), in 

contrast to the weight SDS trajectory which featured a dip at 3 months, might be suggestive of 

differential contributions of ‘type of feeding’ and genetics to weight vs. height in early life.  A 

study in Dutch singletons and twins found that whereas heritability for weight remained almost 

constant up to 4 months postnatally, heritability for height increased strongly in the first month 

postnatally, with heritability estimates from the 2nd trimester to 36 months changing from 20% 

to 42% for weight and 13% to 63% for height427.  The erratic trajectory of height amongst 

premature babies could be attributed to the inadequate size of the subset (20 boys and 15 girls 

at birth), as well as the drastically varying effects of the gestational age of preterm babies which 

ranges from 27 to 36 weeks.  Conclusively, the comparison between weight and height 

trajectories suggests that breastfeeding most likely accounts for the decline in weight SDS 

observed in the first 3 months of life, yet the discrepancies are of a small magnitude (<0.20) to 

be of concern.   

 

 

 

 

― 833 682 605 552 530 25 21 18 16 16

‒ ‐ 780 622 546 511 490 19 15 12 14 14
n
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Figure 3-15 | Height trajectory by sex and gestational category. 

                        Frequencies by age and subgroup are listed below the graphs. 

 

 

 

Twins had a lower height than average during infancy (Figure 3-16).  The effect of 

restrained growth on length at birth was aggravated in girls (n=19) vs. boys (n=25) but the 

mean difference of 0.67 SDS was not statistically significant (P=0.140).  The sex-specific 

difference in height attained statistical significance from 3 until 18 months of age. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

― 808 684 601 555 532 20 20 17 15 14

‒ ‐ 756 618 546 514 486 15 13 10 11 10
n
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Figure 3-16 | Height trajectory by sex and twinship. 

                        Frequencies by age and subgroup are listed below the graphs. 

 

 

 

 Growth trajectories by other covariates 

The trajectories of weight throughout infancy were also explored by other influences: relative 

birth weight category, parity, smoking during pregnancy and type of feeding.  Relative birth 

weight groups were defined as AGA with birth weight SDS lying between -1.5 and 1.5 (3.46 ± 

0.46 kg), LGA with birth weight SDS ≥1.5 (4.26 ± 0.46 kg), and SGA with birth weight SDS ≤-

1.5 (2.55 ± 0.41 kg).  The CBGS cohort contained a higher percentage of LGA (7.2) vs. SGA 

(4.7) babies (Table 3-1), pointing to possible dominating growth-accelerating intrauterine 

exposures.  Factors that might account for the enriched LGA group include maternal pre-

pregnancy BMI and nutrition during pregnancy.   

Figure 3-17 depicts the weight trajectories by selected pregnancy and post-pregnancy 

factors.  Infants with appropriate intrauterine growth stay on the same continuum of weight 

beyond birth.  In contrast, babies born SGA or LGA catch up or catch down respectively, yet 

without bridging the gap with their AGA counterparts even 2 years after birth.  In terms of parity, 

first-born children had a lower weight SDS than second or later children up to 3 months 

(P<0.0001), but their trajectories coincided thereafter (P>0.1).  Smoking reversed its effects 

― 803 681 600 554 530 25 23 18 16 16

‒ ‐ 752 616 544 511 482 19 15 12 14 14
n
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beyond birth, with offspring of mothers who smoked during pregnancy catching up and 

weighing significantly more than offspring of non-smokers at ages 12, 18 and 24 months 

(P<0.02).  The weight gap between exclusively breastfed vs. formula-fed infants was largest 

at 12 months of age (-0.22 ± 1.02 vs. 0.21 ± 1.09, P<0.0001), with a mean difference of -0.43 

SDS vs. -0.20 SDS at 24 months but remaining significant.   

Figure 3-17 | Weight trajectory by perinatal influences. 

                        Frequencies by age and subgroup are listed below the graphs. 

 

 

 

 

― 119 97 86 83 81

‒ ‐ 1,460 1,117 1,036 956 917

‐‐‐‐ 78 63 57 52 49

n

― 86 48 39 33 33

‒ ‐ 1,508 1,238 1,099 1,016 973
n

― 555 545 474 451 434

‒ ‐ 761 748 661 599 577
n

― 720 583 517 482 456

‒ ‐ 928 754 661 607 590
n
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The respective trajectories for height are depicted in Figure 3-18.  Mirroring weight 

gains, standardised linear gains of SGA and LGA babies had pronounced sustained 

differences vs. babies born with appropriate weight.  Similar with weight SDS, height SDS was 

not influenced by parity beyond the first 3 months of life.  In contrast to weight SDS, height 

SDS differences beyond birth, and until 18 months of age, due to maternal smoking during 

pregnancy were not of significance; this might be due to lack of power, i.e. scarcity of smokers 

in the CBGS cohort, in conjunction with the possibility of a reduced effect of smoking on height 

vs. weight.  Breastfeeding had a persistent effect on height SDS from 12 months of age 

onwards, with the maximum difference of -0.37 at 1 year of age (P<0.0001) and remaining 

significant thereafter.  

Figure 3-18 | Height trajectory by perinatal influences. 

                       Frequencies by age and subgroup are listed below the graphs. 

― 116 97 86 83 79

‒ ‐ 1,405 1,172 1,030 957 911

‐‐‐‐ 75 63 57 53 49

n

― 83 47 39 33 33

‒ ‐ 1,457 1,234 1,092 1,018 965
n

― 538 543 471 452 429

‒ ‐ 729 745 657 600 574
n

― 698 580 513 484 454

‒ ‐ 893 752 658 607 584
n
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Secondary anthropometric measures were explored by infant sex, parity, maternal 

smoking during pregnancy and type feeding at 3 months of age.  The trajectories of head 

circumference are shown in Figure 3-19.  Head circumference SDS was similar between boys 

and girls throughout infancy (P>0.3).  Primiparous infants had on average 0.2 SDS lower head 

circumference at birth than non-primiparous infants (P<0.0001), which was reflected in their 

reduced weight.  Neither smoking during pregnancy nor type of feeding at 3 months exerted 

an effect on head circumference (P>0.1), except for a spurious association of the latter at 24 

months of age. 

Figure 3-19 | Head circumference (HC) trajectory by perinatal influences.                                        

                       Frequencies by age and subgroup are listed below the graphs 

  

  

 

 

― 832 621 565 547

‒ ‐ 770 557 522 503
n

― 699 516 482 458

‒ ‐ 895 660 601 588
n

― 83 39 33 32

‒ ‐ 1,460 1,098 1,010 974
n

― 539 474 445 432

‒ ‐ 730 658 599 579
n
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BMI trajectories are shown in Figure 3-20.  The BMI SDS was similar between boys 

and girls throughout infancy.  Primiparous babies had on average a lower BMI SDS at birth 

than non-primiparous babies, attributed to the increased restraining conditions of the first 

pregnancy (P<0.0001).  In line with the influence on weight and height at birth, maternal 

smoking during pregnancy had a negative effect on BMI SDS at birth (P=0.004), which was 

not sustainable beyond birth.  Infants exclusively breastfed at 3 months of age had a sizably 

reduced BMI by 0.3 SDS at 12 months of age (P<0.0001), underscoring the potential effect of 

formula milk on obesity.  The differences were not sustained beyond 1 year of age when 

presumably most babies were on mixed nutrition.   

Figure 3-20 | BMI trajectory by perinatal influences.                                                                                 

                        Frequencies by age and subgroup are listed below the graphs. 

   

 

 

― 822 618 567 541

‒ ‐ 764 556 524 495
n

― 693 513 481 450

‒ ‐ 886 658 606 582
n

― 83 39 33 32

‒ ‐ 1,446 1,092 1,014 960
n

― 533 471 450 427

‒ ‐ 723 657 598 570
n
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The trajectories of skinfold thickness mean SDS are shown in Figure 3-21.  Adiposity 

in girls was higher at birth by 0.1 SDS than boys (P=0.005) but converged at 3 months before 

it significantly deviated again from 12 months onwards.  Primiparous babies had 0.3 SDS lower 

adiposity at birth than their non-primiparous counterparts (P<0.0001) but the difference didn’t 

persist thereafter.  Smoking during pregnancy had no influence on infant’s adiposity.  

Exclusively breastfed infants were characterised by 0.3 SDS lower overall adiposity at 12 

months of age (P<0.0001) with the gap remaining statistically significant until 18 months.  It is 

likely that babies exclusively on breast milk at 3 months of age continued so thereafter, unless 

type of feeding in the critical first three months of life has a persistent effect on adiposity.   

Figure 3-21 | Skinfold thickness (SFT) trajectory by perinatal influences.                                                       

                        Frequencies by age and subgroup are listed below the graphs. 

 

 

― 826 706 621 571 552

‒ ‐ 766 636 556 524 505
n

― 693 583 515 486 459

‒ ‐ 892 756 660 605 594
n

― 82 48 39 33 34

‒ ‐ 1,454 1,240 1,097 1,018 979
n

― 535 546 473 450 438

‒ ‐ 724 749 658 602 580
n



Collecting and exploring the phenotypes                                                                                                                  ELEFTHERIOU  

 - 83 -  

On the grounds of birth delivery influencing the offspring’s microbiome — whereby 

vaginal delivery offers contact with the maternal vaginal and intestinal flora, thus contributing 

to infants’ intestinal colonisation and composition of human microbiota428 — the growth 

trajectories by mode of delivery were compared (Figure 3-22).  Babies born by vaginal delivery 

(n=1,138) had higher weight SDS (P<0.0001) compared with babies delivered by caesarean 

(n=489), yet the difference was not significant beyond birth (P3mo=0.087, P12mo=0.190, 

P18mo=0.274, P24mo=0.135). Height was consistently identical between the two modes of 

delivery from birth onwards. 

Figure 3-22 | Weight and height trajectories by mode of birth delivery.      

                       Frequencies by age and subgroup are listed below the graphs. 

                 

 

                  

3.3.5 Endocrine factors 

Having established associations between growth and covariates, the question hones on the 

underlying biological pathways.  Key candidate endocrine factors include IGF-1 and insulin, 

which play an important role in early growth and glucose homeostasis, as well as leptin which 

is secreted in adipose tissue.  Levels of IGF-1 and IGFBP-3 were measured in DBS samples 

at ages 3, 12, 18 and 24 months of age.  Both C-peptide, the product of insulin biosynthesis 

with a longer half-life than insulin, and leptin were measured at 3 and 12 months (Table 3-6).   

 

 

 

― 1,138 919 818 760 724

‒ ‐ 489 394 340 311 304
n

― 1,094 915 812 763 721

‒ ‐ 477 393 339 310 299
n



Collecting and exploring the phenotypes                                                                                                                  ELEFTHERIOU  

 - 84 -  

Table 3-6 | Characteristics of endocrine factors measured by age and sex. 

 

 

The endogenous production of IGF-1 starts at 32 weeks of postmenstrual age429 but 

decreases rapidly at birth430.  IGF-1 levels are known to positively correlate with postnatal age, 

gestational age and nutritional intake431.  The CBGS confirmed that the concentrations of IGF-

1, as well as IGFBP-3, go up with postnatal age but their trajectories don’t quite mirror each 

other.  Nevertheless, there exists a significant correlation between levels of IGF-1 and levels 

of IGFBP-3, with the degree of correlation increasingly strengthening over age, 3mo: 

rho=0.497 (P<0.0001); 12mo: rho=0.542 (P<0.0001); 18mo: rho=0.521 (P<0.0001); and 

24mo: rho=0.638 (P<0.0001).   

Hormone blood levels would be expected to correlate with growth (Table 3-7).  C-

peptide at 3 months was the only hormone that significantly correlated with gestational age, 

pointing to insulin production slowing down after a long gestation.  Concentrations of IGF-1 

and IGFBP-3 correlated with weight and height at corresponding ages.  Contrary to published 

studies (Chapter 1), no discernible correlation was detected between head circumference and 

IGF-1 levels questioning the accuracy of the measurement or the statistical power herein.  

 

 

 

 

 

 

 

 

N Mean ± SD Range N Mean ± SD Range P  value

IGF-1 (ng/ml)

3-month 303 52.1 ± 20.1 8.0,  124.0 266 48.2 ± 19.8 8.0,  119.0 0.017

12-month 200 46.0 ± 20.6 10.0,  138.0 187 57.1 ± 24.6 14.0,  153.0 <0.0001

18-month 146 52.9 ± 22.6 12.0,  120.0 154 64.1 ± 24.5 13.0,  133.0 <0.0001

24-month 87 58.1 ± 26.8 15.0,  145.0 77 66.8 ± 26.9 21.0,  125.0 0.026

IGFBP-3 (ng/ml)

3-month 301 1,680.3 ± 381.6 732.4,  2,919.1 265 1,728.2 ± 383.5 910.0,  2,963.0 0.104

12-month 191 1,854.2 ± 453.8 980.0,  3,823.0 186 2,073.7 ± 520.3 878.7,  3,930.4 <0.0001

18-month 141 1,866.0 ± 384.7 1,049.0,  3,017.0 148 2,131.3 ± 512.0 953.0,  5,370.0 <0.0001

24-month 85 1,948.3 ± 436.4 1,153.0,  2,968.7 70 2,190.6 ± 574.4 1,003.9,  3,896.2 0.006

C-peptide (pmol/L)

3-month 147 710.8 ± 378.0 139.0,  2,847.3 170 684.8 ± 386.7 173.0,  3,059.0 0.363

12-month 78 591.7 ± 300.5 140.3,  1,500.8 66 582.9 ± 342.2 108.3,  1,867.9 0.705

Leptin (ng/ml)

3-month 145 2.5 ± 2.0 0.6,  15.3 166 3.3 ± 2.3 0.6,  20.0 <0.0001

12-month 123 1.2 ± 0.8 0.6,  5.8 115 1.5 ± 0.9 0.6,  5.6 0.002

Boys Girls
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Table 3-7 | Correlations between endocrine factors and growth parameters by age. 

 

Figure 3-23 shows the corresponding levels of IGF-1 and IGFBP-3 by sex and type of 

feeding.  IGF-1 levels differed significantly between boys and girls at all ages measured (3mo: 

52.12 ± 20.12 vs. 48.22 ± 19.78, P=0.017; 12mo: 46.02 ± 20.59 vs. 57.10 ± 24.60, P<0.0001; 

18mo: 52.87 ± 22.62, 64.15 ± 24.48, P<0.0001; 24mo: 58.08 ± 26.78 vs. 66.81 ± 26.89 

P=0.026). Interestingly, beyond the early months of life, IGF-1 levels were consistently higher 

in girls; such direction of difference does not reflect the respective sex-specific weight or height 

trajectories. Furthermore, the IGF-1 concentration in boys showed a dip at 12 months, whereas 

in girls the levels consistently went up with age.  IGFBP-3 levels differed significantly by sex 

from 12 months onwards in a direction almost parallel to that of IGF-1 (3mo: 1,680 ± 382 vs. 

1,728 ± 383, P=0.104; 12mo: 1,854 ± 453 vs. 2,073 ± 520 P<0.0001; 18mo: 1,866 ± 385 vs. 

2,131 ± 512 P<0.0001; 24mo: 1,948 ± 436 vs. 2,191 ± 574 P=0.006).  Babies exclusively 

breastfed had consistently lower IGF-1 levels than babies on formula milk, with the difference 

being statistically significant up until 18 months of age (3mo: 44.65 ± 16.85 vs. 54.60 ± 21.53, 

P<0.0001; 12mo: 47.54 ± 22.48 vs. 53.74 ± 23.56 P=0.006; 18mo: 53.73 ± 21.47 vs. 62.49 ± 

25.69, P=0.010; 24mo: 59.75 ± 28.36 vs. 63.50 ± 25.51, P=0.246).   

rho P  value rho P  value rho P  value rho P  value

Gestation (wk) -0.057 0.175 -0.075 0.074 -0.148 0.008 -0.022 0.702

3 months

Weight SDS 0.312 <0.0001 0.169 <0.0001 0.239 <0.0001 0.349 <0.0001

Height SDS 0.158 <0.0001 0.105 0.013 0.141 0.013 0.115 0.044

SFmean SDS 0.278 <0.0001 0.155 <0.0001 0.2 <0.0001 0.428 <0.0001

12 months

Weight SDS 0.224 <0.0001 0.195 <0.0001 0.185 0.144 0.198 0.002

Height SDS 0.138 0.007 0.153 0.003 0.253 0.002 0.029 0.654

HC SDS -0.046 0.370 -0.074 0.152 0.051 0.545 -0.071 0.277

BMI SDS 0.180 <0.0001 0.131 0.011 0.071 0.398 0.242 <0.0001

SFmean SDS 0.132 0.010 0.036 0.488 0.014 0.869 0.248 <0.0001

18 months

Weight SDS 0.241 <0.0001 0.052 0.379

Height SDS 0.211 <0.0001 0.021 0.727

HC SDS 0.094 0.103 -0.027 0.644

BMI SDS 0.170 0.003 0.082 0.166

SFmean SDS 0.093 0.106 0.045 0.450

24 months

Weight SDS 0.282 <0.0001 0.186 0.021

Height SDS 0.163 0.038 0.121 0.137

HC SDS 0.062 0.436 -0.013 0.876

BMI SDS 0.316 <0.0001 0.206 0.011

SFmean SDS 0.108 0.172 0.027 0.741

IGF-1 IGFBP-3 C-peptide Leptin
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Figure 3-23 | IGF-1 and IGFBP-3 trajectories by sex and type of feeding.                                                    

                        Frequencies by age and subgroup are listed below the graphs.                      

                 

 

C-peptide measurements followed distributions that were skewed to the right both at 

ages 3 months (697 ± 382 pmol/L) and 12 months (588 ± 319 pmol/L).  Figure 3-24 depicts C-

peptide levels at each age measured by sex and type of feeding.  The concentration of C-

peptide was higher at 3 months than 12 months, which follows the decreasing postnatal growth 

rate beyond the first 6 weeks of life.  However, the concentrations of C-peptide did not differ 

between boys vs. girls (3mo: 710 ± 378 vs. 685 ± 387, P=0.363; 12mo: 592 ±301 vs. 583 ± 

342, P=0.705).  However, C-peptide levels were significantly lower in exclusively breastfed vs. 

formula-fed babies at 3 months (3mo: 636 ± 375 vs. 748 ± 390, P=0.003; 12mo: 583 ± 364 vs. 

582 ± 271, P=0.656), possibly underscoring the sensitivity of insulin secretion to protein. 

 

 

― 303 200 146 87

‒ ‐ 266 187 154 77
n

― 301 191 141 85

‒ ‐ 265 186 148 70
n

― 238 149 123 60

‒ ‐ 311 226 161 94
n

― 237 145 121 57

‒ ‐ 309 221 153 89
n
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Figure 3-24 | C-peptide levels by sex and type of feeding.                                                                        

                        Frequencies are listed in graphs (male / female; breast milk only / formula milk).                      

 

Levels of adipose-secreted leptin correlated with overall adiposity at both 3 and 12 

months, and the correlations were strongest with subscapular skinfold thickness amongst all 

four anatomical sites considered (Table 3-8).  

Table 3-8 | Correlations between leptin levels and skinfold thickness SDS by age. 

 

N rho P  value

3 months

Triceps SDS 311 0.182 0.001

Subscapular SDS 311 0.441 <0.0001

Flank SDS 311 0.369 <0.0001

Quadriceps SDS 311 0.336 <0.0001

Skinfold mean SDS 311 0.428 <0.0001

12 months

Triceps SDS 237 0.206 0.001

Subscapular SDS 237 0.274 <0.0001

Flank SDS 237 0.151 0.020

Quadriceps SDS 237 0.190 0.003

Skinfold mean SDS 237 0.248 <0.0001

n=147 / 170 n=78 / 66 

n=131 / 175 n=66 / 76 
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As expected, leptin levels were significantly higher in girls than boys but showed no differences 

by type of feeding at 3 months (Figure 3-25).   

Figure 3-25 | Leptin levels by sex and type of feeding.                                                                                

                        Frequencies are listed in graphs (male / female; breast milk only / formula milk). 

 

3.4 GROWTH AND HORMONE COVARIATES 

3.4.1 Approach to identifying covariates 

In identifying predictors of anthropometric and endocrine phenotypes to adjust for in regression 

analyses, I considered biological factors (Chapter 1), in conjunction with the following statistical 

workings:  

1. Pairwise associations give a useful indication of the effect that might be expected and 

inform of significant variables in regressions432.  Thus, I considered bivariate associations 

between each outcome and candidate covariate at birth, the midpoint and end of infancy. 

n=145 / 166 n=123 / 115 

n=136 / 166 n=98 / 134 
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2. Regressions of anthropometric measures on phenotypes prior to introducing the genetic 

predictor. 

3. Model selection based on the Akaike information criterion (AIC), which penalises for 

fitness of good and number of covariates. 

 

Standardised growth variables approximated a normal distribution; however, skinfold thickness 

SDS and hormone levels did not conform to normality.  Nevertheless, the response variables 

were not transformed as regression models are robust to moderate deviations from normality 

provided a large sample size and few multivariate outliers425.   

3.4.2 Bivariate associations with growth  

Bivariate associations for standardised weight and height are summarised in Tables 3-9 and 

3-10, and for other growth indices in Appendix II.  In brief, gestational age and sex had a 

persistent effect on unadjusted infant size, justifying the requirement for SD scores.  Following 

standardisation, maternal T1D had the largest effect on size at birth, particularly weight, but 

not thereafter.  Parity affected size until the third month after birth.  Maternal smoking during 

pregnancy resulted in a smaller newborn but its effect reversed after birth, reflecting catch-up 

growth following the oxygen-deprived maternal-uterine environment.  Mode of birth delivery 

associated with weight at birth and 12 months of age; these correlations represent reverse 

causality since larger babies are likely delivered by elective caesarean and remain large.     

Maternal height, weight and BMI each positively correlated with infant’s size throughout 

infancy.  Amongst them, the composite BMI had the smallest magnitude of effect.  The 

limitation of using weight and height, rather than BMI, is collinearity; however, tolerance values 

in models using maternal weight and height were acceptably ~0.87.  Whereas maternal weight 

and height made comparable contributions to infant’s weight, mother’s height dominated the 

effect on infant’s length.  Maternal weight gain had a weak correlation with size at birth.  

Parental ages showed a positive yet weak association with size at birth, with the direction of 

effect reversing from 3 months onwards.  Parental ages lost their effect in regression models, 

possibly due to their close-to-zero correlation coefficients.  Their tolerance values (<0.7) 

suggested a degree of collinearity between the designated variables.  For these reasons, 

models were not adjusted for parental ages.  Amongst sociodemographic factors, the IMD 

showed a negative trend with size at birth, which reversed thereafter. Marital status and 

maternal education had no influence on birth weight (P>0.05), testifying to the findings of a 

prior study from the UK according to which social and psychological factors had no direct effect 

on birth weight221.  Breastfeeding at 3 months associated with a lower infant size throughout 

infancy.  The cohort lacked information on feeding beyond 3 months, but it is fair to speculate 
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that these mothers adhered to the recommended guidelines of breastfeeding up to at least 4 

to 6 months of age.  As previously documented elsewhere433, size at birth had a strong effect 

on postnatal growth in the CBGS. 

Gains of weight and height from birth to 12 months or birth to 24 months consistently 

correlated with parity, smoking and type of feeding.  Maternal height had a strong effect on 

both infant’s height gains and weight gains; in contrast, maternal weight and maternal BMI lost 

their effects on gains. These observations warn about the simultaneous input of maternal BMI 

and weight into models, a practice which i) leads to redundancy and ii) annuls the true effect 

of height on the response variable.  As a justification, ‘an important underlying assumption of 

BMI is that weight scales to height2’, and therefore BMI is independent of height in adults206.  
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Table 3-9 | Pairwise associations with Y=Weight SDS (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth 12 months 24 months 

Name Type rho Δ / F P value rho Δ / F P value rho Δ / F P value 

Newborn index          

 Gestation Continuous          

 Infant Sex (baseline: males) Binary          

Pregnancy influences           

 Maternal T1D (baseline: non-T1D) Binary   -2.777 <0.0001  -0.928 0.056  -1.024 0.085 

 Parity (baseline: primiparous) Binary   -0.355 <0.0001  -0.021 0.741  0.046 0.471 

 Smoking (baseline: non-smoking) Binary   0.359 0.001  -0.423 0.017  -0.507 0.006 

 Maternal height Continuous 0.220  <0.0001 0.283  <0.0001 0.257  <0.0001 

 Maternal pre-pregnancy weight Continuous 0.232  <0.0001 0.251  <0.0001 0.277  <0.0001 

 Maternal pre-pregnancy BMI Continuous 0.160  <0.0001 0.143  <0.0001 0.177  <0.0001 

 Maternal pregnancy weight gain Continuous 0.086  0.011 0.049  0.194 0.033  0.409 

 Maternal age Continuous 0.075  0.006 -0.088  0.003 -0.039  0.206 

 Paternal age Continuous 0.068  0.014 -0.065  0.032 -0.046  0.150 

Post-Pregnancy influences          

 Birth delivery Categorical  13.756 <0.0001  5.370 <0.0001  1.956 0.099 

 3-month feeding (baseline: breast milk only) Binary      -0.434 <0.0001  -0.200 0.002 

 Birth weight SDS Continuous    0.407  <0.0001 0.409  <0.0001 

 Birth length SDS Continuous    0.394  <0.0001 0.421  <0.0001 

Sociodemographic influences          

 Ethnicity (baseline: White Caucasian) Binary   0.046 0.734  -0.111 0.532  -0.066 0.710 

 Index of multiple deprivation Continuous -0.065  0.047 0.064  0.070 0.065  0.071 

 Marital status Categorical  1.556 0.211  0.509 0.601  0.428 0.652 

 Maternal education Categorical  1.270 0.282  5.363 0.005  0.748 0.474 



Collecting and exploring the phenotypes                                                                                                                                                                                                                                              ELEFTHERIOU  

 - 92 -  

Table 3-10 | Pairwise associations with Y=Height SDS (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth 12 months 24 months 

Name Type rho Δ / F P value rho Δ / F P value rho Δ / F P value 

Newborn index          

 Gestation Continuous          

 Infant Sex (baseline: males) Binary          

Pregnancy influences           

 Maternal T1D (baseline: non-T1D) Binary   -1.594 <0.0001  -0.879 0.070  -0.554 0.463 

 Parity (baseline: primiparous) Binary   -0.189 <0.0001  0.056 0.387  0.137 0.043 

 Smoking (baseline: non-smoking) Binary   0.260 0.018  -0.316 0.075  -0.473 0.013 

 Maternal height Continuous 0.260  <0.0001 0.360  <0.0001 0.337  <0.0001 

 Maternal pre-pregnancy weight Continuous 0.197  <0.0001 0.234  <0.0001 0.225  <0.0001 

 Maternal pre-pregnancy BMI Continuous 0.131  <0.0001 0.095  0.003 0.087  0.011 

 Maternal pregnancy weight gain Continuous 0.101  0.003 0.052  0.170 0.051  0.200 

 Maternal age Continuous 0.068  0.014 -0.074  0.012 -0.061  0.049 

 Paternal age Continuous 0.049  0.082 -0.062  0.041 -0.046  0.155 

Post-Pregnancy influences          

 Birth delivery Categorical  1.569 0.180  1.243 0.291  1.895 0.109 

 3-month feeding (baseline: breast milk only) Binary      -0.373 <0.0001  -0.270 <0.0001 

 Birth weight SDS Continuous    0.331  <0.0001 0.318  <0.0001 

 Birth length SDS Continuous    0.481  <0.0001 0.458  <0.0001 

Sociodemographic influences          

 Ethnicity (baseline: White Caucasian) Binary   -0.001 0.993  0.043 0.802  -0.077 0.675 

 Index of multiple deprivation Continuous -0.058  0.083 0.031  0.384 0.087  0.015 

 Marital status Categorical  1.633 0.196  0.373 0.689  0.468 0.627 

 Maternal education Categorical  1.654 0.192  1.878 0.154  0.021 0.980 
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3.4.3 Regressions on phenotypes 

Each anthropometric index was regressed solely on phenotypes by constructing various 

models that pressure-tested covariates chosen based on replaceability, measurement error or 

collinearity.  Tables 3-11 to 3-14 present the Beta and P value for regression models built as 

described below.  Highlighted are P values <0.05, blank entries denote that the variable was 

not entered in the model, and ‘N/A’ indicates that the parameter could not be calculated.   

❖ Model Set A: Adjusted for mutually-exclusive, non-collinear covariates.  

❖ Model Set B: Replaced ‘maternal height’ and ‘maternal weight’ with ‘maternal BMI’. 

❖ Model Set C: Incorporated ‘maternal weight gain’, which made a meaningful contribution 

to size at birth and weight at 12 months, but illustrated that low coverage of a single 

measurement, which results in increased exclusions of subjects with missing data, distort 

the consistency of predictors. 

❖ Model Set D: Incorporated ‘birth size’.  Simultaneous addition of weight SDS and length 

SDS at birth yielded low tolerance values (~0.5) suggesting high collinearity.  My analysis 

concurs with a prior study that adjusted weight models for birth weight SDS and height 

models for birth length SDS433.  The advantages of adjusting postnatal growth for birth size 

are i) consistency of predictors across outcomes and ii) increased model fitness, i.e. R2. 

I further tested my selection of predictors for weight, height and respective gains by 

regressing using the ‘stepwise forward’ method, which is sometimes used in statistical analysis 

to identify covariates (Table 3-15).  The results showed very good agreement with the output 

of the ‘forced entry’ method on just the selected covariates (Table 3-16), albeit a few exceptions 

(maternal pre-pregnancy weight was missing from weight models and paternal age was 

included for birth length). Importantly, the final models that emerged are parsimonious with a 

few parameters: models for size at birth or size at 3 months are adjusted for 4 covariates, 

subsequent ‘weight’ or ‘height’ models are adjusted for 3 covariates.  Regressions were 

repeated for secondary anthropometric measures (Tables 3-17) and endocrine factors (Table 

3-18).  

Comparing my statistical framework with the literature, a TEDDY study that examined 

genetic associations with size at birth adjusted for maternal smoking, maternal alcohol 

consumption, delivery complications, maternal age, height and weight at end of pregnancy, 

and paternal height230.  These authors adjusted for maternal weight at end pregnancy, which 

captures both the pre-pregnancy weight and weight gain during pregnancy, but similar with my 

analysis, they avoided the composite BMI.  I advocate that delivery complications represent 

reverse causality and the effect of alcohol during pregnancy is restricted to length and is minor 

in the absence of smoking.
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Table 3-11 | Model Set A — Multivariate regressions of primary anthropometric measures: base predictors. 

 

 

Table 3-12 | Model Set B — Multivariate regressions of primary anthropometric measures: maternal BMI replacing maternal weight and height. 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value R
2
 adj

Weight SDS at birth 0.202 <0.0001 0.147 <0.0001 0.044 0.130 0.162 <0.0001 0.189 <0.0001 0.002 0.954 0.034 0.327 -0.031 0.275 0.141    

Weight SDS at 12 months 0.057 0.064 0.030 0.350 -0.039 0.209 0.256 <0.0001 0.144 <0.0001 -0.053 0.151 -0.031 0.399 0.070 0.023 0.184 <0.0001 0.160    

Weight SDS at 24 months 0.056 0.094 0.009 0.795 -0.054 0.109 0.193 <0.0001 0.207 <0.0001 -0.030 0.453 -0.026 0.509 0.052 0.116 0.074 0.031 0.123    

Length SDS at birth 0.098 0.001 0.065 0.034 0.024 0.424 0.201 <0.0001 0.172 <0.0001 0.039 0.277 0.011 0.768 -0.035 0.236 0.104    

Height SDS at 12 months 0.051 0.097 -0.006 0.844 -0.046 0.136 0.326 <0.0001 0.102 0.002 -0.034 0.356 -0.033 0.359 0.029 0.341 0.175 <0.0001 0.176    

Height SDS at 24 months 0.005 0.874 -0.017 0.616 -0.044 0.189 0.303 <0.0001 0.119 0.001 -0.056 0.150 -0.004 0.918 0.063 0.055 0.119 <0.0001 0.151    

Δweight SDS 0-12 months -0.138 <0.0001 -0.115 <0.0001 -0.058 0.070 0.109 0.001 -0.033 0.336 -0.037 0.338 -0.049 0.199 0.116 <0.0001 0.206 <0.0001 0.105    

Δweight SDS 0-24 months -0.101 0.004 -0.133 <0.0001 -0.070 0.046 0.058 0.121 -0.002 0.961 -0.008 0.848 -0.037 0.371 0.098 0.005 0.097 0.006 0.052    

Δheight SDS 0-12 months -0.073 0.025 -0.060 0.072 -0.063 0.057 0.152 <0.0001 -0.026 0.456 -0.048 0.222 -0.021 0.595 0.079 0.016 0.213 <0.0001 0.083    

Δheight SDS 0-24 months -0.062 0.078 -0.069 0.054 -0.070 0.049 0.135 <0.0001 -0.058 0.127 -0.054 0.201 0.007 0.873 0.106 0.003 0.168 <0.0001 0.063    

Paternal age IMD imputed 3-month feedingMaternal T1D Parity Smoking Maternal height Maternal weight Maternal ageMaternal wt gain

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value R
2
 adj

Weight SDS at birth 0.204 <0.0001 0.139 <0.0001 0.041 0.170 0.162 <0.0001 -0.002 0.955 0.044 0.217 -0.029 0.326 0.084    

Weight SDS at 12 months 0.061 0.060 0.025 0.453 -0.049 0.134 0.120 <0.0001 -0.058 0.135 -0.020 0.612 0.069 0.033 0.165 <0.0001 0.062    

Weight SDS at 24 months 0.066 0.058 0.006 0.874 -0.072 0.039 0.180 <0.0001 -0.032 0.439 -0.019 0.649 0.048 0.168 0.054 0.128 0.047    

Length SDS at birth 0.103 0.001 0.057 0.072 0.022 0.470 0.145 <0.0001 0.035 0.350 0.021 0.569 -0.034 0.278 0.032    

Height SDS at 12 months 0.056 0.090 -0.012 0.724 -0.058 0.081 0.078 0.019 -0.040 0.314 -0.019 0.622 0.028 0.401 0.152 <0.0001 0.041    

Height SDS at 24 months 0.025 0.482 -0.022 0.545 -0.067 0.057 0.091 0.010 -0.059 0.160 0.004 0.920 0.058 0.099 0.096 0.007 0.029    

Δweight SDS 0-12 months -0.137 <0.0001 -0.116 <0.0001 -0.061 0.058 -0.035 0.273 -0.038 0.327 -0.045 0.232 0.116 <0.0001 0.201 <0.0001 0.096    

Δweight SDS 0-24 months -0.099 0.004 -0.134 <0.0001 -0.074 0.035 -0.005 0.885 -0.008 0.846 -0.035 0.389 0.097 0.005 0.093 0.009 0.050    

Δheight SDS 0-12 months -0.070 0.033 -0.062 0.068 -0.067 0.043 -0.033 0.323 -0.050 0.209 -0.017 0.674 0.078 0.018 0.206 <0.0001 0.065    

Δheight SDS 0-24 months -0.056 0.115 -0.070 0.052 -0.077 0.031 -0.063 0.079 -0.054 0.202 0.009 0.837 0.104 0.003 0.162 <0.0001 0.052    

Maternal wt gain Paternal age IMD imputed 3-month feedingMaternal T1D Parity Smoking Maternal BMI Maternal ageMaternal weight
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Table 3-13 | Model Set C — Multivariate regressions of primary anthropometric measures: maternal weight gain incorporated. 

 

 

Table 3-14 | Model Set D — Multivariate regressions of primary anthropometric measures: birth size incorporated. 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value R
2
 adj

Weight SDS at birth 0.160 <0.0001 0.156 <0.0001 0.034 0.315 0.130 <0.0001 0.180 <0.0001 0.114 0.001 -0.012 0.775 0.060 0.145 -0.043 0.207 0.120    

Weight SDS at 12 months 0.073 0.047 0.032 0.401 -0.035 0.341 0.214 <0.0001 0.144 <0.0001 0.094 0.012 -0.046 0.285 -0.001 0.984 0.078 0.035 0.194 <0.0001 0.147    

Weight SDS at 24 months 0.071 0.075 0.040 0.331 -0.053 0.190 0.168 <0.0001 0.185 <0.0001 0.060 0.139 -0.020 0.672 -0.003 0.949 0.055 0.172 0.101 0.014 0.105    

Length SDS at birth 0.081 0.019 0.070 0.051 0.029 0.409 0.185 <0.0001 0.199 <0.0001 0.117 0.001 -0.016 0.704 0.080 0.053 -0.026 0.455 0.119    

Height SDS at 12 months 0.004 0.911 -0.010 0.787 -0.042 0.241 0.362 <0.0001 0.077 0.053 0.052 0.158 -0.030 0.484 0.000 0.991 0.053 0.139 0.166 <0.0001 0.187    

Height SDS at 24 months -0.004 0.918 -0.002 0.961 -0.041 0.297 0.338 <0.0001 0.074 0.086 0.030 0.450 -0.034 0.455 0.023 0.610 0.083 0.034 0.130 0.001 0.153    

Δweight SDS 0-12 months -0.087 0.021 -0.123 0.002 -0.053 0.163 0.104 0.012 -0.034 0.424 -0.013 0.744 -0.015 0.744 -0.045 0.311 0.141 <0.0001 0.210 <0.0001 0.093    

Δweight SDS 0-24 months -0.056 0.174 -0.126 0.003 -0.072 0.083 0.056 0.217 -0.007 0.877 -0.031 0.456 0.006 0.905 -0.048 0.318 0.126 0.002 0.105 0.013 0.048    

Δheight SDS 0-12 months -0.082 0.034 -0.073 0.065 -0.060 0.125 0.207 <0.0001 -0.088 0.040 -0.063 0.107 0.004 0.932 -0.037 0.409 0.093 0.016 0.212 <0.0001 0.087    

Δheight SDS 0-24 months -0.059 0.154 -0.079 0.063 -0.074 0.076 0.194 <0.0001 -0.125 0.007 -0.081 0.054 0.003 0.957 -0.013 0.785 0.123 0.003 0.180 <0.0001 0.073    

Maternal T1D Parity Smoking Maternal height Maternal weight Paternal age IMD imputed 3-month feedingMaternal ageMaternal wt gain

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value R
2
 adj

Weight SDS at birth

Weight SDS at 12 months -0.023 0.442 -0.029 0.336 -0.048 0.100 0.201 <0.0001 0.074 0.019 -0.047 0.177 -0.039 0.252 0.092 0.001 0.196 <0.0001 0.361 <0.0001 0.270    

Weight SDS at 24 months -0.004 0.891 -0.044 0.175 -0.061 0.052 0.148 <0.0001 0.129 <0.0001 -0.022 0.559 -0.029 0.437 0.073 0.020 0.087 0.007 0.354 <0.0001 0.231    

Length SDS at birth

Height SDS at 12 months -0.020 0.487 -0.022 0.436 -0.052 0.064 0.238 <0.0001 0.042 0.170 -0.036 0.290 -0.028 0.407 0.055 0.050 0.197 <0.0001 0.415 <0.0001 0.330    

Height SDS at 24 months -0.025 0.407 -0.035 0.252 -0.061 0.046 0.222 <0.0001 0.037 0.262 -0.051 0.157 -0.001 0.976 0.084 0.006 0.148 <0.0001 0.419 <0.0001 0.309    

Δweight SDS 0-12 months -0.021 0.442 -0.027 0.336 -0.045 0.100 0.191 <0.0001 0.070 0.019 -0.044 0.177 -0.037 0.252 0.087 0.001 0.186 <0.0001 -0.530 <0.0001 0.342    

Δweight SDS 0-24 months -0.004 0.891 -0.041 0.175 -0.057 0.052 0.138 <0.0001 0.119 <0.0001 -0.020 0.559 -0.027 0.437 0.067 0.020 0.080 0.007 -0.574 <0.0001 0.337    

Δheight SDS 0-12 months -0.020 0.487 -0.023 0.436 -0.054 0.064 0.246 <0.0001 0.043 0.170 -0.037 0.290 -0.029 0.407 0.057 0.050 0.203 <0.0001 -0.472 <0.0001 0.285    

Δheight SDS 0-24 months -0.025 0.407 -0.036 0.252 -0.062 0.046 0.225 <0.0001 0.037 0.262 -0.052 0.157 -0.001 0.976 0.085 0.006 0.150 <0.0001 -0.505 <0.0001 0.294    

Birth size*Maternal T1D Parity Smoking Maternal height Maternal weight Maternal age Paternal age IMD imputed 3-month feeding
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Table 3-15 | Model Set E — Multivariate regression of primary anthropometric measures using the Stepwise Forward method: validation of predictors. 

 

 

Table 3-16 | Model Set F — Multivariate regression of primary anthropometric measures using the Forced Entry Method: on selected predictors only. 

 

* weight models adjusted for birth weight; height models adjusted for birth length

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value R
2
 adj

Weight SDS at birth 0.161 <0.0001 0.170 <0.0001 N/A N/A 0.134 <0.0001 0.175 <0.0001 0.114 0.001 N/A N/A N/A N/A N/A N/A 0.119

Weight SDS at 12 months N/A N/A N/A N/A N/A N/A 0.205 <0.0001 N/A N/A N/A N/A N/A N/A N/A N/A 0.116 0.001 0.232 <0.0001 0.378    <0.0001 0.262

Weight SDS at 24 months N/A N/A N/A N/A N/A N/A 0.135 0.001 0.117 0.004 N/A N/A N/A N/A N/A N/A 0.094 0.012 0.120 0.001 0.358    <0.0001 0.220

Length SDS at birth 0.081 0.019 0.070 0.049 N/A N/A 0.188 <0.0001 0.195 <0.0001 0.116 0.001 N/A N/A 0.074 0.037 N/A N/A 0.121

Height SDS at 12 months N/A N/A N/A N/A N/A N/A 0.289 <0.0001 N/A N/A N/A N/A N/A N/A N/A N/A 0.077 0.020 0.201 <0.0001 0.394    <0.0001 0.331

Height SDS at 24 months N/A N/A N/A N/A N/A N/A 0.268 <0.0001 N/A N/A N/A N/A N/A N/A N/A N/A 0.107 0.003 0.168 <0.0001 0.397    <0.0001 0.306

Δweight SDS 0-12 months N/A N/A N/A N/A N/A N/A 0.195 <0.0001 N/A N/A N/A N/A N/A N/A N/A N/A 0.110 0.001 0.220 <0.0001 -0.527 <0.0001 0.336

Δweight SDS 0-24 months N/A N/A N/A N/A N/A N/A 0.125 0.001 0.107 0.004 N/A N/A N/A N/A N/A N/A 0.086 0.012 0.110 0.001 -0.577 <0.0001 0.338

Δheight SDS 0-12 months N/A N/A N/A N/A N/A N/A 0.296 <0.0001 N/A N/A N/A N/A N/A N/A N/A N/A 0.079 0.020 0.207 <0.0001 -0.491 <0.0001 0.295

Δheight SDS 0-24 months N/A N/A N/A N/A N/A N/A 0.269 <0.0001 N/A N/A N/A N/A N/A N/A N/A N/A 0.107 0.003 0.169 <0.0001 -0.511 <0.0001 0.299

Maternal T1D Parity Smoking Maternal height Maternal weight Maternal wt gain Paternal age IMD imputed 3-month feeding Birth size*Maternal age

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value R
2
 adj

Weight SDS at birth 0.195 <0.0001 0.152 <0.0001 0.054 0.049 0.162 <0.0001 0.192 <0.0001             0.140

Weight SDS at 12 months       0.197 <0.0001 0.083 0.007       0.096 0.001 0.218 <0.0001 0.339    <0.0001 0.257

Weight SDS at 24 months       0.152 <0.0001 0.133 <0.0001       0.075 0.014 0.114 <0.0001 0.335    <0.0001 0.221

Length SDS at birth 0.095 0.001 0.075 0.009 0.035 0.218 0.209 <0.0001 0.160 <0.0001             0.104

Height SDS at 12 months       0.248 <0.0001         0.073 0.007 0.223 <0.0001 0.416    <0.0001 0.324

Height SDS at 24 months       0.225 <0.0001         0.107 <0.0001 0.181 <0.0001 0.422    <0.0001 0.301

Δweight SDS 0-12 months       0.184 <0.0001 0.078 0.007       0.090 0.001 0.204 <0.0001 0.555-    <0.0001 0.351

Δweight SDS 0-24 months       0.139 <0.0001 0.122 <0.0001       0.068 0.014 0.103 <0.0001 0.597-    <0.0001 0.352

Δheight SDS 0-12 months       0.254 <0.0001         0.075 0.007 0.228 <0.0001 0.477-    <0.0001 0.290

Δheight SDS 0-24 months       0.226 <0.0001         0.107 <0.0001 0.181 <0.0001 0.503-    <0.0001 0.296

Maternal T1D Parity Smoking Maternal height Maternal weight Birth size*Maternal wt gain Maternal age Paternal age IMD_imputed 3-month feeding
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Table 3-17 | Model Set G — Multivariate regression on secondary anthropometric variables and adiposity. 

 

* HC models adjusted for head circumference at birth; BMI models adjusted for BMI at birth; skinfold thickness (SFT) models adjusted for skinfold thickness at birth 

Table 3-18 | Model Set H — Multivariate regression on levels of endocrine factors. 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value R
2
 adj

HC SDS at birth 0.070 0.021 0.129 <0.0001 -0.008 0.787 0.135 <0.0001 0.149 <0.0001 -0.026 0.487 0.058 0.115 -0.068 0.026 0.080 0.008 0.081

HC SDS at 12 months -0.046 0.104 -0.043 0.148 -0.009 0.748 0.080 0.009 0.034 0.270 -0.032 0.350 0.026 0.452 0.053 0.065 0.035 0.225 0.036 0.221 0.533 <0.0001 0.304

HC SDS at 24 months -0.038 0.213 -0.056 0.071 -0.024 0.440 0.074 0.022 0.039 0.229 -0.025 0.491 0.023 0.519 0.054 0.074 0.041 0.172 -0.034 0.268 0.538 <0.0001 0.308

BMI SDS at birth 0.155 <0.0001 0.106 0.001 0.065 0.033 0.048 0.142 0.153 <0.0001 -0.017 0.639 0.062 0.092 -0.004 0.906 0.065

BMI SDS at 12 months 0.003 0.926 0.016 0.633 -0.027 0.419 0.060 0.085 0.082 0.021 -0.027 0.491 -0.028 0.475 0.074 0.024 0.117 <0.0001 0.259 <0.0001 0.104

BMI SDS at 24 months 0.015 0.676 0.012 0.732 -0.055 0.117 -0.016 0.672 0.127 0.001 0.040 0.331 -0.049 0.236 -0.001 0.969 0.008 0.820 0.259 <0.0001 0.087

SFT SDS at birth 0.102 0.001 0.159 <0.0001 -0.060 0.054 0.011 0.747 0.087 0.009 -0.040 0.284 -0.015 0.685 -0.040 0.199 0.040

SFT SDS at 12 months -0.017 0.609 -0.051 0.139 0.028 0.412 -0.011 0.754 0.066 0.068 -0.014 0.730 0.007 0.855 0.092 0.006 0.179 <0.0001 0.129 <0.0001 0.052

SFT SDS at 24 months -0.045 0.205 -0.079 0.033 -0.007 0.839 -0.022 0.566 0.072 0.061 0.014 0.751 -0.036 0.400 0.030 0.396 0.040 0.270 0.134 <0.0001 0.021

Maternal T1D Parity Smoking Maternal height Maternal weight Birth size*Maternal age Paternal age IMD imputed Maternal qualif. 3-month feeding

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value R
2
 adj

3-mo IGF-1 -0.053 0.256 -0.078 0.095 0.025 0.588 -0.031 0.516 0.010 0.826 0.009 0.854 0.003 0.945 0.034 0.554 0.020 0.731 0.113 0.016 0.248 <0.0001 0.063

12-mo IGF-1 -0.111 0.059 0.224 <0.0001 0.039 0.498 -0.167 0.003 -0.094 0.101 -0.028 0.637 -0.028 0.639 0.135 0.057 -0.124 0.080 0.008 0.887 0.107 0.068 0.094

18-mo IGF-1 -0.049 0.459 0.183 0.006 0.062 0.336 -0.163 0.014 -0.126 0.052 -0.020 0.764 -0.020 0.768 0.121 0.112 0.027 0.725 0.062 0.332 0.207 0.003 0.114

24-mo IGF-1 -0.123 0.232 0.159 0.103 0.067 0.491 -0.072 0.459 0.104 0.299 0.148 0.179 -0.126 0.262 0.052 0.629 -0.227 0.047 0.058 0.533 0.092 0.367 0.048

3-mo IGFBP-3 -0.043 0.376 0.087 0.069 0.038 0.433 0.084 0.086 -0.046 0.343 -0.024 0.636 0.019 0.707 0.046 0.438 -0.013 0.825 0.043 0.379 0.085 0.084 0.007

12-mo IGFBP-3 -0.052 0.403 0.173 0.005 0.093 0.128 0.003 0.957 0.020 0.737 0.064 0.314 -0.037 0.567 0.025 0.734 -0.029 0.702 -0.001 0.981 0.007 0.913 0.011

18-mo IGFBP-3 -0.034 0.631 0.248 <0.0001 0.055 0.421 0.024 0.730 -0.100 0.144 -0.044 0.541 0.067 0.345 0.072 0.380 -0.042 0.614 -0.057 0.397 0.003 0.966 0.041

24-mo IGFBP-3 0.011 0.917 0.241 0.016 0.219 0.029 -0.003 0.971 0.206 0.044 -0.003 0.977 0.006 0.960 0.180 0.107 -0.207 0.072 -0.060 0.526 -0.014 0.894 0.070

3-mo C-peptide -0.037 0.562 -0.020 0.760 0.075 0.238 -0.120 0.066 0.073 0.256 0.092 0.187 0.047 0.497 -0.021 0.799 0.005 0.954 0.036 0.574 0.145 0.031 0.025

12-mo C-peptide -0.149 0.099 -0.167 0.073 N/A N/A -0.230 0.013 -0.051 0.572 0.253 0.015 0.035 0.728 0.137 0.201 -0.220 0.037 -0.027 0.766 0.056 0.564 0.120

3-mo Leptin -0.005 0.940 0.186 0.008 -0.037 0.585 0.068 0.323 -0.235 0.001 -0.072 0.333 -0.095 0.206 0.021 0.800 0.058 0.477 0.049 0.481 -0.046 0.518 0.062

12-mo Leptin 0.025 0.819 0.012 0.915 -0.033 0.758 -0.181 0.092 -0.040 0.713 -0.019 0.863 0.143 0.231 0.054 0.669 -0.127 0.321 0.064 0.554 -0.104 0.365 -0.025

Gestational Age Sex Maternal T1D Parity Smoking 3-month feedingMaternal height Maternal weight Maternal age Paternal age IMD imputed
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The associations of head circumference with sociodemographic indices merited 

exploration.  It transpired that these associations are due to confounding by smoking.  

Specifically, the proportion of women who smoked during pregnancy was significantly higher 

amongst single vs. co-habiting vs. married women (Pchi-square=0.01, Table 3-19). 

Table 3-19 | Distribution of mothers by smoking during pregnancy and marital status. 

 

In a similar pattern, there was a significantly higher proportion of women who did not smoke 

during pregnancy with increasing academic qualification (Pchi-square<0.0001, Table 3-20).  The 

IMD (unimputed) was lower amongst women who didn’t smoke (8.9, n=849) compared with 

smokers (10.1, n=33) but the difference was not significant (P=0.208).  Nevertheless, the 

abovementioned findings collectively warn against the use of sociodemographic variables in 

models due to possible confounding.   

Table 3-20 | Distribution of mothers by smoking during pregnancy and maternal education. 

 

Assumptions for linear regression require that residuals are i) independent, ii) follow a 

normal distribution and iii) have a constant variance432.  The main regressions herein were 

shown to meet these requirements by plotting the distributions of standardised residuals and 

showing they are in a random scatter plot with no change in variance across predicted values 

(distributions not shown). 

As a final method of validating predictors, the fitness of each model was assessed by 

the AIC, which additionally penalises for the number of parameters included in an iterative 

process of excluding variables one at a time and favouring the model with the lowest AIC value.  

This method surfaced that BMI models are optimised by using maternal BMI, in lieu of maternal 

height and weight.  The statistically-identified covariates were justified by biological reasoning 

and the literature. Table 3-21 lists the final predictors by outcome and age.  

married co-habiting single

yes 30 (2.9) 11 (5.9) 4 (14.8)

no 995 (97.1) 176 (94.1) 23 (85.2)

N (%)

Maternal marital status

Maternal smoking during pregnancy

GCSE A-Level University

yes 9 (8.8) 8 (4.7) 7 (1.5)

no 93 (91.2) 163 (95.3) 459 (98.5)

N (%)

Maternal education

Maternal smoking during pregnancy
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Table 3-21 | Predictors to adjust for in regression analyses by response variable (growth parameter or levels of endocrine factor) and age (where appropriate).  

 W0H0 W3,H3 W≥12 H≥12   ΔW ΔH HC0 HC≥12 BMI0 BMI≥12 SFT0 SFT≥3 IGF-1 C-pep Leptin 

Newborn index 

 Gestation SDS values used    

 Sex SDS values used X  X 

Pregnancy influences 

 Maternal T1D Excluded from analysis 

 Parity  X X     X  X  X    X 

 Maternal smoking in pregnancy X        X       

 Maternal height X X X X X X X X        

 Maternal pre-pregnancy weight X X X X X  X X        

 Maternal pre-pregnancy BMI         X X      

 Maternal pregnancy weight gain Non-robust measurements and low coverage in the cohort (<60%) 

 Maternal age                

 Paternal age                

Post-Pregnancy influences 

 Birth delivery Reverse causality with size at birth 

 3-month feeding  X X X X X    X  X X X  

 Birth weight SDS     X           

 Birth length SDS      X          

Sociodemographic influences 

 Ethnicity Caucasian cohort in majority 

 Index of multiple deprivation Possible confounding 

 Maternal marital status Confounding with smoking 

 Maternal education Confounding with smoking 
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3.5 EXCLUSION CRITERIA 

The comparative growth trajectories described in Section 3.3 showed that twins, offspring of 

mothers with T1D, and infants born prematurely (<36 weeks of gestation) were characterised 

by extremes of size at birth, which intrinsically affects postnatal growth, thus representing non-

tolerable sources of noise to omit from analyses.  Late preterm infants (36 weeks of gestation) 

were included to increase the number of subjects.  The question whether these exclusion 

criteria are applicable to hormones was investigated by correlational analysis (Appendix II).  

Despite lack of statistical power, clinically significant differences were observed for hormone 

levels, justifying the application of the abovementioned exclusion criteria across the board.  

 

3.6 COMPARING GENOTYPED VS. NON-GENOTYPED SUBJECTS 

A total of 612 infants of the CBGS had normalised DNA samples, which were readily used for 

genotyping.  Of these, 597 subjects also had phenotypes of varied extent across the course of 

the study depending on stage of withdrawal (Figure 3-26).   

Figure 3-26 | Count of CBGS genotyped infants by stage of withdrawal from the study. 

 

Table 3-22 compares the genotyped against the non-genotyped subjects.  Genotyped infants 

were on average of longer gestation and born with higher weight, higher height and higher 

head circumference than babies who were not genotyped, yet the magnitude of differences 

was not clinically significant.  The groups were similar with respect to cohort characteristics, 

except that the genotyped subgroup had a circa 10% higher percentage of normal deliveries 

(P<0.0001), lower frequency of twins (P=0.001) and lower frequency of premature births 

(P=0.007).  The difference in maternal weight gain during pregnancy was of nominal statistical 

significance (P=0.033). 
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Table 3-22 | Comparison of cohort characteristics between non-genotyped vs. genotyped infants.  

 

 

3.7 COVERAGE OF MEASUREMENTS 

The coverage of variables measured was comparable between the entire cohort and the 

genotyped subset (Table 3-23).  

N

 Mean ± SD or                 

n (%) for specified 

outcome 

N

 Mean ± SD or                 

n (%) for specified 

outcome 

P  value

Newborn index

Gestation (wk) 1,063 39.7 ± 1.7 597 40.0 ± 1.4 0.002

Twins 1,063 39 (3.7) 597 5 (0.8) 0.001

Infant sex: male 1,063 538 (50.6) 597 321 (53.8) 0.217

Premature birth: < 36 weeks of gestation 1,063 33 (3.1) 597 6 (1.0) 0.007

Relative birth weight 1,063 594 0.104

appropriate for gestational age 950 (89.4) 510 (85.9)

large for gestational age 69 (6.5) 50 (8.4)

small for gestational age 44 (4.1) 34 (5.7)

Birth weight (kg) 1,063 3.44 ± 0.55 594 3.53 ± 0.53 0.022

Birth length (cm) 1,021 51.3 ± 2.6 578 51.6 ± 2.5 0.030

Newborn head circumference (cm) 1,022 35.2 ± 1.7 580 35.4 ± 1.6 0.027

Newborn BMI (kg/m
2
) 1,021 13.1 ± 1.7 575 13.2 ± 1.6 0.094

Newborn mean skinfold thickness (mm) 1,021 6.3 ± 1.6 578 6.3 ± 1.6 0.862

Pregnancy influences

Maternal T1D 1,044 3 (0.3) 594 2 (0.3) 0.862

Primiparous pregnancy 1,040 451 (43.4) 589 256 (43.5) 0.969

Maternal smoking during pregnancy 1,014 61 (6.0) 561 25 (4.5) 0.192

Maternal height (cm) 740 165.7 ± 7.3 497 166.3 ± 7.0 0.140

Maternal pre-pregnancy weight (kg) 722 66.5 ± 14.1 481 65.9 ± 12.1 0.591

Maternal pre-pregnancy BMI (kg/m
2
) 702 24.3 ± 4.9 471 23.8 ± 4.0 0.596

Maternal pregnancy weight gain (kg) 514 7.8 ± 6.7 352 8.8 ± 6.6 0.031

Maternal age (yr) 811 33.4 ± 4.4 527 33.6 ± 4.1 0.504

Paternal age (yr) 776 35.7 ± 5.4 515 35.7 ± 5.4 0.697

Post-pregnancy influences

Birth delivery 1,042 588 <0.0001

normal 576 (55.3) 380 (64.6)

vacuum 57 (5.5) 44 (7.5)

forceps 60 (5.8) 22 (3.7)

elective caesarean 175 (16.8) 77 (13.1)

acute caesarean 174 (16.7) 65 (11.1)

3-month feeding: exclusively breastfed 793 324 (40.9) 526 233 (44.3) 0.216

Sociodemographic influences

Ethnicity: White Caucasian 753 718 (95.4) 345 327 (94.8) 0.683

Index of multiple deprivation 542 9.1 ± 4.3 378 8.8 ± 4.2 0.451

Maternal marital status 777 514 0.519

married 640 (82.4) 430 (83.7)

co-habiting 122 (15.7) 71 (13.8)

single 15 (1.9) 13 (2.5)

Maternal education 439 341 0.357

GCSE 61 (13.9) 49 (14.4)

A-Level 94 (21.4) 87 (25.5)

University 284 (64.7) 205 (60.1)

GenotypedNon-genotyped
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Table 3-23 | Coverage (%) of measured variables in the entire study population vs. genotyped subset.  

 

Valid Missing % Valid Missing %

Newborn index

Gestation 1,660 0 100.0 597 0 100.0

Twin 1,660 0 100.0 597 0 100.0

Infant sex 1,660 0 100.0 597 0 100.0

Anthropometric measures (SDS)

Birth weight 1,657 3 100.0 594 3 99.5

Birth length 1,599 61 96.3 578 19 96.8

Newborn head circumference 1,602 58 100.0 580 17 97.2

Newborn skinfold thicknesses 1,592 68 100.0 575 22 96.3

3-month weight 1,340 320 80.7 528 69 88.4

3-month height 1,335 325 80.4 522 75 87.4

3-month skinfold thicknesses 1,342 318 80.8 528 69 88.4

12-month weight 1,181 479 71.1 478 119 80.1

12-month height 1,174 486 70.7 474 123 79.4

12-month head circumference 1,178 482 71.0 476 121 79.7

12-month skinfold thicknesses 1,177 483 70.0 476 121 79.7

18-month weight 1,093 567 65.8 458 139 76.7

18-month height 1,095 565 66.0 457 140 76.5

18-month head circumference 1,087 573 65.5 455 142 76.2

18-month skinfold thicknesses 1,095 565 66.0 458 139 76.7

24-month weight 1,050 610 63.3 441 156 73.9

24-month height 1,042 618 62.8 435 162 72.9

24-month head circumference 1,050 610 63.3 438 159 73.4

24-month skinfold thicknesses 1,057 603 63.7 442 155 74.0

Pregnancy influences

Maternal T1D 1,638 0 100.0 594 0 100.0

Parity 1,629 9 99.5 589 5 99.2

Maternal smoking during pregnancy 1,575 63 96.2 561 33 94.4

Maternal height 1,237 401 75.5 497 97 83.7

Maternal pre-pregnancy weight 1,203 435 73.4 481 113 81.0

Maternal pre-pregnancy BMI 1,173 465 71.6 471 123 79.3

Maternal pregnancy weight gain 866 772 52.9 352 242 59.3

Maternal age 1,338 300 81.7 527 67 88.7

Paternal age 1,291 347 78.8 515 79 86.7

Post-pregnancy influences

Birth delivery 1,630 32 98.2 588 9 98.5

3-month feeding 1,319 343 79.5 526 71 88.1

Sociodemographic influences

Ethnicity 1,098 564 66.1 345 252 57.8

Index of multiple deprivation 920 718 56.2 378 216 63.6

Index of multiple deprivation: imputed 1,638 0 100.0 594 0 100.0

Maternal marital status 1,291 347 78.8 514 80 86.5

Maternal education 780 858 47.6 341 253 57.4

Endocrine factors

3-month IGF-1 569 1,091 34.3 213 384 35.7

12-month IGF-1 387 1,273 23.3 170 427 28.5

18-month IGF-1 300 1,360 18.1 138 459 23.1

24-month IGF-1 164 1,496 9.9 90 507 15.1

3-month C-peptide 317 1,343 19.1 123 474 20.6

12-month C-peptide 144 1,516 8.7 56 541 9.4

3-month leptin 311 1,349 18.7 122 475 20.4

12-month leptin 238 1,422 14.3 96 501 16.1

Entire CBGS (n=1660) Genotyped CBGS (n=597)
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3.8 CONCLUSION 

The cohort is representative of an almost ethnically homogeneous population of infants in 

Cambridgeshire and possesses robust measures of early growth and relevant endocrine 

regulators measured in whole blood, as well as a range of covariates to adjust for, with the 

limitation that paternal height was not collected.  The participation rate was high at 74% and 

the rate of complete follow-up to 2 years of age was respectably 64%.  Infants who completed 

the follow-up were very similar to those who were lost to follow-up, but their parents were 

slightly older in age and their mothers less likely to smoke during pregnancy.  Coverage of 

anthropometric variables is sufficient, but attritions as the study progresses and is lowest at 24 

months of age.   
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Chapter 4 

4 COLLECTING AND EXPLORING THE GENOTYPES 

 

 

4.1 INTENT 

The research question tackled in this thesis is a hypothesis-driven probe for the genetic basis 

of phenotypes commonly observed in the prodrome of childhood diabetes during infancy.  The 

elucidation of such genotype-phenotype correlates requires focussed collection and 

processing of anthropometric and biological observations, in tandem with genetic data (Figure 

4-1).  In fulfilment of the second half of the objective, selected genetic loci implicated in T1D 

were determined in a subset of the CBGS cohort using DNA extracted from blood or buccal 

samples.  The screening of T1D loci that might play a role in the biological events of the 

preclinical stage of the disease was the initial step in teasing out an unbiased association.         

Figure 4-1 | A flowchart for the integration of genotype and phenotype data. 

 

 

This chapter describes and explores the collected genetic data in three stages: 

i. description of methods for selecting and genotyping candidate SNPs;  

ii. presentation of descriptive statistics and quality checks done in accord with genetic studies; 

iii. preparation of data to be used in analyses as individual SNPs or genetic risk scores.

 

 

 

Modelling 

Phenotypes:                            

anthropometry & hormones 

levels 

Genotypes:                                   

SNPs 

Integration                 

Replication in other cohorts 

Data Analysis              
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4.2 SELECTING T1D GENETIC VARIANTS 

4.2.1 Rationale and approach 

Chapter 1 highlighted the putative link between T1D in childhood and a trio of factors: growth, 

gut/microbiome and vitamin D, which served as the selection criteria for genetic variants to 

feed into the hypothesis-driven testing.  The focussed search for biologically meaningful 

variants, as opposed to scanning the net wide and capturing all SNPs implicated in T1D, meant 

that hypotheses were underpinned by science and potential findings justified a priori, in 

contrast to serendipitous discoveries made by pure statistical workings.  Targeted identification 

of SNPs also offered the benefit of minimising the use of DNA, which is a precious resource 

for a birth cohort.  Here, I present the rationale and approach for generating a list of SNPs to 

take forward as reference markers.  The decision flow is outlined in Figure 4-2.   

Figure 4-2 | Decision diagram for selecting T1D genetic variants for hypothesis-driven testing.  

   

 

 

 

Cooper et al, 2011 JA Todd group, 2016 a Onengut-Gumuscu et al, 2015  

b ImmunoBase, accessed 2015 

c Winkler et al, 2014 
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In principle, I rigorously searched through existing biological facts on T1D candidate 

genes for clues that supported a conjecture about their involvement in somatic growth.  Next, 

I identified T1D susceptibility variants in each gene and selected the most appropriate SNP 

(e.g. index).  The assignment of SNPs to genes in a one-to-one relationship served to i) isolate 

the effect a single SNP from each region and ii) maximise coverage of regions across the 

human genome.  The premise of my selection is the assumption that SNPs exert some 

regulatory effect on their pinpointed genes.  Of note, this approach is inverse to the one 

employed by GWAS, which scan for SNPs that are in strong association with the outcome and 

subsequently map them to genes.   

The starting point of the screening process was the curated list of 59 T1D susceptibility 

chromosomal regions sourced from ImmunoBase (www.immunobase.org, accessed 2015), a 

web-based portal built on the same platform as its sister T1Dbase434, which is an excellent 

resource for up-to-date information on the genetics of autoimmune diseases.  ImmunoBase 

was created in parallel with the fine mapping study of T1D susceptibility loci by Onengut-

Gumuscu et al.102, whose publication coincided with the outset of this project.  In general, fine 

mapping studies make use of the Immunochip — an Illumina microarray chip designed to 

interrogate 195,806 SNPs and 718 small insertions-deletions — which is intended for i) deep 

replication of meta-GWAS by narrowing the content to 2,000 independent association signals 

and ii) fine mapping of GWAS loci by using tens of thousands of samples (as opposed to the 

few hundred samples used in HapMap analyses and genotyping all identified SNPs within a 

region), which results in improved resolution435.  In principle, fine mapping studies define a 

‘credible set of polymorphisms’ that are likely to contain the causal variants436.  The fine 

mapping study of T1D served as the source of non-MHC genetic variants used in this thesis.  

Oliver Burren, one of the first authors of the study, at the Juvenile Diabetes Research 

Foundation/Wellcome Trust Diabetes and Inflammation Laboratory (JDRF/WTDIL) of the 

University of Cambridge provided insight via personal communication.  The fine mapping 

study, conducted on case-control and family populations of European ancestry,  transcended 

prior genetic investigations on the subject as it refined the genetics of T1D and expanded the 

disease scope to allow for comparison with 15 other autoimmune diseases102 — an outcome 

which lent itself to the qualification of short-listed loci as described next.  

4.2.2 Selection of genes 

Genes were selected by functional category of pertinence to the project context (search steps 

I to III).  The implication of selecting genes based on their established biology is the exclusion 

of genes with unknown or as-yet unidentified function, which I bypassed with search step (IV): 

 

http://www.immunobase.org/
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I. MHC genes associated with susceptibility to T1D (HLA-DR and HLA-DQ); 

II. non-MHC genes associated with T1D at GWAS-significance level and having a putative 

biological relevance to ‘growth’ or ‘gut/microbiome’; 

III. vitamin D genes associated with T1D but below GWAS-significance level, and thus not 

captured in the previous step or included in ImmunoBase; 

IV. genes identified, via pure statistical reasoning and not biological knowledge, to predict 

progression to T1D in the German BABYDIAB and BABYDIET studies of infants at 

familial risk of T1D437.   

Whereas selection of MHC and vitamin D genes was straightforward, screening for non-MHC 

genes required a thorough search.  It is known that an associated region may contain a single 

gene or a few genes or found in a ‘gene desert’117.  As such, I systematically applied the 

following sub-steps for the selection of non-MHC genes (step II) with relevance to ‘growth’ or 

‘gut/microbiome’:  

1. Selection: For each of 59 chromosomal regions, I selected the causal gene pinpointed.   

2. Enrichment: I enriched the list of causal genes by searching through ImmunoBase and 

publications for ‘alternative protein-coding genes’.  This search lent itself to regions which 

had not been assigned a causal gene by ImmunoBase.  A total of 65 genes were listed. 

3. Screening I: Genes were screened for evidence of association with ‘Growth’ on the 

grounds of fulfilling at least one of the following requirements based on information 

sourced from GeneCards (www.genecards.org, accessed 2015): 

i. Molecular function of gene products as defined by  

a. functional classification (e.g. growth factors),  

b. gene ontology (e.g. growth hormone receptor), 

c. functional interaction with growth factor receptors; 

ii. Phenotype in  

a. human (e.g. associations with growth-related disease), 

b. mouse, where the phenotype includes relevant terms (e.g. ‘growth’, ‘size’); 

iii. Functional interactions with genes identified in steps (3i) or (3ii), e.g. CTLA4 

was selected based on its interaction with PTPN22 which qualified from (3i). 

4. Screening II: Genes were screened for evidence of an association with the ‘gut’ or 

‘microbiome’ based on literature or information sourced from GeneCards.   

The rationale for selecting each gene used herein based on the above algorithm is briefed in 

Appendix II.  The final panel of selected candidate genes was cross-referenced with the fine 

mapping study102 and GWAS438,439.  Some genes that were previously in focus were absent 

from ImmunoBase (e.g. RGS1), or not pinpointed in the fine mapping study on the grounds of 

having no known role in immunity or functional data linking it to T1D (e.g. RNLS)102.   

http://www.genecards.org/
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4.2.3 Selection of SNPs 

 MHC SNPs 

The HLA class II region is strongly implicated in the pathogenesis of T1D and encompasses 

both high-risk and protective alleles.  Genotyping 2 or 3 SNPs for capturing T1D risk in the 

HLA region has emerged as a simple, rapid and cost-effective alternative to the gold-standard 

method of HLA typing440,441.  Barker et al.440 showed that two SNPs alone tag the high-risk 

DR3/DR4-DQ8 with 98.6% sensitivity and 99.7% specificity.    

Information on the high-risk HLA class II variants and genotype risk groups was 

provided by Neil Walker at the JDRF/WTDIL of the University of Cambridge (N. Walker, 

personal communication, 2016).  Walker and colleagues identified a 3-SNP tag model that 

makes it possible to identify the majority of known HLA risk in a population of infants not 

preselected by family history.  The tags are rs2187668 for HLA-DRB1*03 (DR3), rs17426593 

for HLA-DRB1*04 (DR4) and rs7454108 for HLA-DQB1*03:02 (DQ8).  Walker’s 3-SNP tag 

model replaces the previous 2-SNP tag model — that keeps the DQ8 tag but omits the DR4 

tag — as it captured more risk than was supposed to, yet the gains are marginal.  Walker’s 

model offers an advantage over the alternative 3-SNP tag model proposed by Nguyen et al.441 

which cannot be replicated using TaqMan.   

Amongst HLA haplotypes with a protective effect against T1D, the most known is DR2, 

which is the serological nomenclature that refers to the Caucasian haplotype DRB1*15:01-

DQA1*01:02-DQB1*06:02168.  Other protective haplotypes in decreasing order of magnitude 

of effect include (DR7)-DQA1*02:01-DQB1*03:03, (DR14)-DQB1*05:03, DRB1*04:03-

DQB1*03:02, (DR13)-DQB1*06:03, (DR11/12/13)-DQA1*05-DQB1*03:01, (DR1)-

DQB1*05:01354.  Nevertheless, the HLA-DQB1*06:02 associated with dominant protection 

against T1D172, and in the UK case-control cohort it occurred in a ratio of 1 to 26 (N. Walker, 

personal communication, 2016).  In population studies in Scandinavia, this haplotype 

significantly associated442 with higher birth weight15,403.  On these grounds, the DQB1*06:02 

was my selected T1D protective HLA reference marker to genotype in the CBGS.  

Published methods employed for capturing the protective effect of HLA against T1D in 

study subjects were based on oligotyping procedures14,15,161,203.  As there was no precedence, 

to my knowledge, of genotyping SNPs tagging protective HLA-II alleles at the outset of this 

project, I sourced the tag SNP for HLA-DQB1*06:02, which also tags the HLA-DRB1*15:01, 

from the study of De Bakker et al.156.   
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 Non-MHC SNPs 

The fine mapping study by Onengut-Gumuscu et al.102 served as the source of SNPs for the 

selected non-MHC genes on the grounds that it is:   

i. the most recent genetic study in T1D in the largest population to-date of 6,670 cases, 

9,716 controls and 2,601 families;  

ii. done on Immunochip, thus increasing the likelihood that causal variants are among the 

SNPs genotyped (SNPs showing the strongest association with the disease are not 

necessarily causal owing to sampling variation and LD);  

iii. conducted in a UK population. 

Five genes harboured more than just the causal variant, i.e. the one with the strongest 

association in the primary analysis, namely (number of associations is shown in square 

brackets):  IFIH1 [3], IL2RA [3], INS [2], PTPN2 [2], TYK2 [2]102.  As explained previously, only 

the index SNP was selected. 

 Vitamin D SNPs 

SNPs mapped to genes of the Vitamin D milieu were sourced from Cooper et al.77, who tested 

for associations between genetic variants in seven vitamin D metabolism genes and both 

circulating 25(OH)D levels and T1D status in British cases (paediatric and adult diabetes clinics 

at 150 National Health Service hospitals in the UK), controls (British 1958 Birth Cohort and UK 

Blood Services Common Control Collection), and families of white European ancestry.  A total 

of four SNPs significantly associated (P≤0.05) with T1D in the case-control analysis. 

4.2.4 Expanding the search 

The screening process anchored on existing properties of T1D candidate genes that are 

conjectured to influence growth.  For the search to be comprehensive, the flipside of the 

association under test was considered.  Thus, I conducted a blanket search for genetic variants 

that have been associated with phenotypes of relevance: anthropometric traits or growth 

regulators.  Towards this end, I used the GWAS catalogue — founded in 2008 and provided 

jointly by the National Human Genome Research Institute (NHGRI) and the European 

Bioinformatics Institute (EBI) — which is a quality controlled, curated, literature-derived 

collection of all published GWAS assaying at least 100,000 SNPs and P values <1.0 x10-5 for 

all SNP-trait association442.  Amongst a list of >1,400 GWAS traits reported, I identified 13 

searchable traits of relevance, including ones pertaining to infancy, across 76 studies (Table 

4-1). 
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Table 4-1 | GWAS traits and counts of respective studies searched for genetic associations. 

 Counts of 

GWAS trait studies associations 

Adiponectin 11 58 

Adiposity (newborn) 0 0 

Anthropometric (newborn) 1 5 

Birth weight 3 13 

BMI 25 183 

Bone mineral density paediatric (upper limb, total body less head) 2 26 

Head circumference (infant) 1 3 

Height 22 525 

Insulin resistance/response 2 14 

Insulin growth factors 1 8 

Vitamin D levels 4 15 

Visceral fat 1 40 

Weight 3 33 

Out of >900 GWAS associations yielded, I identified 5 T1D candidate genes that had been 

‘reported’ by the author or ‘mapped’ by the NCBI from a total of 6 SNPs (Table 4-2).   

Table 4-2 | GWAS traits that associate with SNPs mapped to genes of relevance to T1D.  

GWAS trait SNP Gene Mapped Reported P value 

Bone mineral density rs1262476 CENPW X X 4 x10-8 

BMI rs1561288 EFR3B  X 5 x10-8 

Height rs13428823 EFR3B  X 6 x10-12 

BMI rs12229654 CUX2 X  5 x10-9 

Height rs1570106   RAD51B X  8 x10-9 

Insulin resistance/response rs2407103   SMARCE1 X  2 x10-6 

The P value of the SNPs associating with their respective traits ranged from 10-6 to 10-12.  The 

SNP pinpointed to CUX2, a protein-coding gene, is mapped to the same region as SH2B3, 

which I already selected.  On the grounds of the effect of ethnicity on genetic associations, 

CUX2 and SMARCE1 were not taken forward because their reported associations were 

established in East-Asian ancestry and African American populations respectively.  The rest 

of the genes were questionably of little interest due to minimal existing information on their 

function (EFR3B) or not highly compelling P values for large scale genetic studies (RAD51B, 

CENPW). 
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4.2.5 Screening output 

A total of 34 genetic variants were selected.  Table 4-3 lists the selected genes by category, 

the SNPs, alleles, minor allele frequency (MAF), functional consequence and the source of the 

reference sequence (rs) by last name of author or database.  The MAF was sourced from the 

same source as the rs, except for SNPs in the MHC region and vitamin D metabolism milieu 

which were sourced from Ensembl (www.ensembl.org, accessed 2016).  Some SNPs were 

mapped to more than one gene: rs75793288 in IL2 and IL21, rs12927355 in CLEC16A and 

DEXI, rs12453507 in IKZF3, ORMDL3, GSDMB.  For these SNPs, the tables herein list only 

the biology-guided screened candidate gene.   

4.2.6 Comments on the gene panel 

On the grounds of T1D being a disease of the pancreas as much as of the immune system26, 

and loci unique to T1D having the potential to illuminate disease-specific pathways176, it was 

deemed important to include genes in this investigation with the following attributes: non-

immune, expressed in the pancreas, and not related to other autoimmune diseases.  A post-

hoc assessment of the panel of genes confirmed that the output comprised largely immune 

genes — classified based on the definition provided by the Immunogenetic Related Information 

Source (IRIS), whereby an immune gene produces a functional transcript and demonstrates a 

defence characteristic443 — but, within the boundaries of immune diseases, also included non-

immune genes: INS, DLK1, GLIS3, RNLS.  Approximately half of the selected genes are 

expressed in the pancreas, e.g. IFIH1, TNFAIP3, GLIS3, INS, CYP27B1, ERBB3, SH2B3, 

DLK1, CTSH, CLEC16A, PTPN2, TYK2, FUT2, RNLS, ORMDL3.  In fulfilment of the final 

attribute, the panel contained genes specific to T1D and not related to other autoimmune or 

autoinflammatory diseases: GLIS3, PRKCQ, INS, ITGB7, DLK1, RNLS 

(www.immunobase.org, accessed 2016). 

The panel includes commonly-occurring polymorphisms.  The MAF exceeds 0.4 for 

SNPs mapped to IFIH1, CTLA4, GLIS3, SH2B3, DLK1, FUT2, ORMDL3.  Two genetic variants 

with reported MAF <0.1 are mapped to TYK2 (MAF=0.04) and ITGB7 (MAF=0.05), which might 

be sensitive to false positives (type I errors). 

Finally, on the grounds of including SNPs that overlap potential enhancers near CTSH, 

TYK2, UBASH3A102 and causal genes which contain high-confidence missense variants 

(PTPN22, TYK2) the gene panel was deemed compelling. 

 

 

http://www.ensembl.org/
http://www.immunobase.org/
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Table 4-3 | Selected T1D genetic variants to test for associations with growth phenotypes. 

 

‡ Gene not named in the fine mapping study102 due to lack of evidence of an established role in the immune system.  

 Region Locus SNP Alleles MAF Func. SNP Source 

H
L
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6p21 HLA-II rs17426593 DRB1*04  0.16  Walker 

6p21 HLA-II rs2187668 DRB1*03  0.11  Walker 

6p21 HLA-II rs7454108 DQB1*03:02  0.18  Walker 

6p21 HLA-II rs3135388 DQB1*06:02  0.12  De Bakker 
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1p13.2 PTPN22 rs2476601 G>A 0.09 missense Onengut 

1q32.1 IL10 rs3024505 G>A 0.16   Onengut 

2q24.2 IFIH1 rs2111485 G>A 0.39  Onengut 

2q33.2 CTLA4 rs3087243 G>A 0.45  Onengut 

4q27 IL2 rs75793288 C>G 0.36  Onengut 

6q23.3 TNFAIP3 rs6920220 G>A 0.22   ImmunoBase 

9p24.2 GLIS3 rs6476839 A>T 0.40   Onengut 

10p15.1 IL2RA rs61839660 C>T 0.10   Onengut 

10p15.1 PRKCQ rs11258747 G>T 0.26  synonymous ImmunoBase 

11p15.5 INS rs689 T>A 0.3  Onengut 

11q13.1 BAD rs694739 T>C 0.37   ImmunoBase 

12q13.13 ITGB7 rs11170466 C>T 0.05   ImmunoBase 

12q13.2 ERBB3 rs705705 G>C 0.34   Immunobase 

12q14.1 CYP27B1 rs10877012 G>T 0.33   ImmunoBase 

12q24.12 SH2B3 rs653178 T>C 0.48  Onengut 

14q32.2 DLK1‡  rs56994090 T>C 0.41   Onengut 

15q25.1 CTSH rs34593439 G>A 0.10  Onengut 

16p13.13 CLEC16A rs12927355 C>T 0.32   Onengut 

18p11.21 PTPN2 rs1893217 A>G 0.16   Onengut 

19p13.2 TYK2 rs34536443 G>C 0.04 missense Onengut 

19q13.33 FUT2 rs516246 T>C 0.49  Onengut 

21q22.3 UBASH3A rs11203202 C>G 0.33   Onengut 

T
1
D

 

p
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d
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to
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6q15 BACH2 rs72928038 G>A 0.17   Onengut 

10q23.31 RNLS‡ rs12416116 C>A 0.28   Onengut 

16p11.2 IL27 rs151234 G>C 0.12   Onengut 

17q12 ORMDL3 rs12453507 G>C 0.49  Onengut 

V
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11p15.2 CYP2R1 rs10741657 G>A  0.38   Cooper 

11p15.2 CYP2R1 rs12794714 C>T  0.35  synonymous Copper 

11q13.4 DHCR7 rs12785878 T>G  0.30   Cooper 

4q12-q13 GC rs4588 C>A  0.25   missense Cooper 
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4.3 DETERMINING THE GENOTYPES 

4.3.1 Genotyping 

A total of 34 T1D susceptibility SNPs were determined in 612 CBGS infants using the 

‘Kompetitive Allele Specific PCR’ (KASP) genotyping assay by LGC Genomics (Hoddesdon, 

UK).  Wet human DNA samples (n=612 + 2 duplicates) in 16-µl aliquots at a concentration of 

50 ng/µl were supplied by Professor Ken Ong’s group at Addenbrooke’s Hospital, Cambridge.  

Towards designing each assay, I sourced flanking sequences of 50 bases on each side of the 

variant of reference (www.ensembl.org, accessed 2016).  A genotype was confirmed based 

on at least two reads and depicted as clusters of data points on Cartesian plots of the FAM (X 

axis) and HEX (Y axis) fluorescence values, accessible via the LGC SNPviewer software444. 

4.3.2 Yield 

A total of 39,202 alleles were called in biallelic combinations for 34 SNPs in 612 samples.  The 

distribution of calls by nucleotide showed approximately equal proportions for Adenine (A), 

Cytosine (C) and Thymine (T), whereas Guanine (G) was double the content (Figure 4-3).   

Figure 4-3 | Distribution of nucleotides called for 34 SNPs (n=612). 

 

Among the 597 subjects with phenotypes, the yield of successfully genotyping all 34 SNPs per 

subject was 71% (n=426), and the yield of calling all 30 non-HLA SNPs was 74% (n=440).  A 

total of 19 samples had no SNP called (Figure 4-4).  Missing data rate per sample serves as 

an indicator of low DNA quality445.  Hence, the 19 samples with nil genotyping success were 

excluded from data quality controls on the grounds of poor DNA quality. 

http://www.ensembl.org/
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Figure 4-4 | Distribution of counts of SNPs called by infant with phenotype data (n=597). 

 

Interpretation of the genotyping output generated is given in Table 4-4.   

Table 4-4 | Key to genotyping outputs.  Adapted from LGC SNPviewer User guide444. 

 

 

4.4 GENOTYPE DESCRIPTIVE STATISTICS 

4.4.1 Overview of quality control 

Comprehensive information on the SNPs genotyped in the CBGS, and juxtaposed against 

findings from prior studies, is summarized in Table 4-5.  Out of 30 non-HLA SNPs, 17 are 

protective against T1D (OR: 0.42 to 0.96) and 13 confer susceptibility to the disease (OR: 1.04 

to 1.89).  Beyond the HLA, the INS VNTR exerts the highest magnitude of effect with an OR 

of 0.42, followed by the PTPN22 which is predisposing and has an OR of 1.89.  The location 

of the SNPs in the region indicates that variants are non-coding. 

Title Description 

NTC No template controls.  Wells that do not contain any template DNA and will not 

generate any fluorescent signal. 

Bad Samples which consistently provide unreliable genotyping results across several 

assays indicating an inherent problem with the DNA. 

? Unidentified calls. Samples that have not been assigned a genotyping call 

because they did not generate consistent signal or failed to amplify. 

Uncallable Unable to get 2 confirming reads. 

DUPE Duplication error.  Duplicated samples have no matching calls. 
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Quality control is essential for genetic studies.  Erroneous SNP genotype data can 

inflate the number of false positives (type I error), which should be avoided with higher priority 

than the increase in the number of false negatives (type II error); false positive results misguide 

research and expends resources, whereas missed genetic signals would emerge in 

subsequent larger studies446.  Thus, poor quality SNPs ought to be removed to obviate inflation 

of standard errors.  The power to determine genetic effects is also contingent on the MAF447.  

A study found that SNPs with MAF of 5% exhibited significantly more false positives than MAF 

at 25% and 50% at α=10-4, yet rare SNPs did not show more positive results than expected by 

chance, suggesting that removal of low MAF SNPs from analysis due to concerns for inflated 

type I error are inappropriate447.  Quality control was conducted across all unique genotyped 

samples (n=612) and comprised i) removing samples deemed to have poor DNA quality 

(n=19), ii) including SNPs with call rates >95%, consistent with the recommended GWAS cut-

off445, iii) excluding SNPs with MAF <1% and iv) testing for Hardy-Weinberg equilibrium (HWE).   

4.4.2 Call rates 

Call rates, a measure of the quality of the assay, were calculated as the percentage of samples 

successfully genotyped, i.e. excluding calls designated ‘Uncallable’ ‘Unidentified’ and ‘DUPE’.  

Call rates in the CBGS ranged from 95% to 98%.  Thus, no SNPs were excluded at this stage.  

4.4.3 Counts and frequencies  

Each infant was assigned a genotype (AA, Aa, aa) per SNP.  Observed genotype counts were 

drawn for each SNP (Table 4-6) and used to calculate allele counts and allele frequencies (p, 

q) by considering that homozygotes carry two identical alleles and heterozygotes one of each.  

Genotype frequencies were calculated as below and presented in Table 4-7:  

❖ Observed genotype frequency: genotype counts divided by sample size; 

❖ Expected genotype frequency: calculated from allele frequencies (p, q) as  

 ƒ (AA) = p2 ƒ (Aa) = 2pq ƒ (aa) = q2 

In testing for the HWE assumption, expected genotype counts were calculated by multiplying 

the expected genotype frequency by the sample size. 

Comparison of observed against expected genotype frequencies showed agreement. 

The yardstick for crudely assessing population genetic statistics is the MAF, which showed 

deviation from published data solely for FUT2 — whose alleles occur in equal ratios — and 

HLA-DQB1*06:02, whose alleles in the CBGS were reversed to those published.  As expected, 

the lowest MAF were for ITGB7 (0.06) and TYK2 (0.05), neither of which fell below the cut-off.
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Table 4-5 | Cohort genotype information on 34 T1D genetic variants typed in the CBGS. 

 

Chromosome SNP Gene(s) Sample N Call rate Alleles MAF HWE χ
2 Context Sequence Orientation Alleles MAF Source Functional consequence

1p13.2 rs2476601 PTPN22 579 98% G>A 0.09 0.60 ATGATTCAGGTGTCC[A/G]TACAGGAAGTGGAG Forward G>A 0.09 Onengut nonsynonymous

1q32.1 rs3024505 IL10 579 98% G>A 0.13 0.09 GGCAGAGCGTGAGGG[A/G]GACTAGTGTTTACT Forward G>A 0.16 Onengut downstream

2q24.2 rs2111485 IFIH1 583 98% G>A 0.40 0.37 ATAAATATAAAGCCT[A/G]GAAGGGTGGAATTT Forward G>A 0.39 Onengut intergenic

2q33.2 rs3087243 CTLA4 570 96% G>A 0.44 0.00 TATTTGGGATATAAC[A/G]TGGGTTAACACAGA Forward G>A 0.45 Onengut downstream

4q12-q13 rs4588 GC 581 98% C>A 0.30 0.07 CTGATGCCACACCCA[A/C]GGAACTGGCAAAGC Reverse C>A 0.25 Ensemble nonsynonymous

4q27 rs75793288 IL2 576 97% C>G 0.38 0.11 TGCTGTCCACTTTAT[G/C]TTAGAGCCCTTGGC Forward C>G 0.36 Onengut intron

6p21 rs17426593 HLA-DR4 569 96% T>C 0.19 3.30 AGACCATGCCTGAT[C/T]GGTGTTTTACACATC Forward T>C 0.16 Onengut intron

6p21 rs2187668 HLA-DR3 584 98% G>A 0.13 0.75 GGCAGCTGAGAGTAA[A/G]TGAGGACCATGTGG Reverse C>T 0.11 Ensemble intron

6p21 rs7454108 HLA-DQ8 577 97% T>C 0.10 0.02 CTTCCCTCCCTAATA[C/T]TCATGCTATTTTGT Forward T>C 0.18 Ensembl upstream

6p21 rs3135388 HLA-DQB1*06:02 571 96% G>A 0.14 0.00 AAAACCTAAAGTGGG[A/G]TTGGTTTGTTGGGA Forward T>C 0.12 Ensembl downstream

6q15 rs72928038 BACH2 576 97% G>A 0.16 0.25 AGGGACGGATTTCCT[A/G]TAAGCTGATCTTGA Forward G>A 0.17 Onengut intron

6q23.3 rs6920220 TNFAIP3 578 97% G>A 0.22 0.02 ACTTCTCCACTAAAA[A/G]GATATGGTTCTGTA Forward G>A 0.22 Onengut intron

9p24.2 rs6476839 GLIS3 577 97% A>T 0.43 0.65 AATTTTAACCAGAGG[A/T]AAGTGCAAACATGT Forward A>T 0.40 Onengut intron

10p15.1 rs61839660 IL2RA 574 97% C>T 0.11 0.15 TTCTGAAGGAGGTAT[C/T]TATTTTGGTCCCAA Forward C>T 0.10 Onengut intron

10p15.1 rs11258747 PRKCQ 578 97% G>T 0.22 0.01 TCTTCTCAGGTTCTC[G/T]CACGAAGAGCTGAA Forward G>T 0.13 Barrett synonymous

10q23.31 rs12416116 RNLS 576 97% C>A 0.28 0.54 TCATTAGAACAACAA[C/A]AAAAAAATTAGCCT Forward C>A 0.28 Onengut intron

11p15.2 rs10741657 CYP2R1 572 96% C>T 0.41 0.29 TTCCTTGACAGCCCT[C/T]GCCTGCTAAAGTAT Reverse G>A 0.38 Ensembl upstream

11p15.2 rs12794714 CYP2R1 581 98% G>A 0.40 0.03 GACATGGGGAAGCTC[A/G]GATGAGGCTGCCAG Forward C>T 0.35 Ensembl synonymous

11p15.5 rs689 INS 566 95% A>T 0.29 1.20 TCAGCCCTGCCTGTC[A/T]CCCAGATCACTGTC Reverse T>A 0.30 Onengut intron

11q13.1 rs694739 BAD 572 96% A>G 0.38 4.02 AGGGAGCCAGGTGTG[A/G]GGGCTGTTGCCTCT Forward T>C 0.37 Evangelou upstream

11q13.4 rs12785878 DHCR7 580 98% T>G 0.24 0.61 ATATCACAAAGCTTC[G/T]ATCCTCTCCTGGCC Forward T>G 0.30 Ensembl intron

12q13.13 rs11170466 ITGB7 578 97% C>T 0.06 0.01 ATAGGGACAGATCAT[C/T]AGTTGCTCACAGTG Forward C>T 0.05 Evangelou intron

12q13.2 rs705704 ERBB3 568 96% G>A 0.34 0.33 TCCTACACCTACCTA[G/A]TAGAAGGACTGTCA Forward G>A 0.33 Ensembl upstream

12q14.1 rs10877012 CYP27B1 579 98% G>T 0.32 0.04 AAAATTAAAATAAAA[G/T]AATCTCCCACAGTT Forward C>A 0.33 Ensembl intron

12q24.12 rs653178 SH2B3 576 97% A>G 0.45 1.94 CTGCAATATTGGACA[A/G]CATGACATAGGACA Reverse T>C 0.48 Onengut intron

14q32.2 rs56994090 DLK1 577 97% T>C 0.43 0.34 CCCAACATGAGGGAC[T/C]GTGTGTGAGAGAGG Forward T>C 0.41 Onengut intron

15q25.1 rs34593439 CTSH 583 98% G>A 0.11 5.26 ATGCCAGATATGAAC[G/A]ATTTATTACCGTTT Forward G>A 0.10 Onengut intron

16p13.13 rs12927355 CLEC16A 580 98% C>T 0.32 0.40 TACAGTTTATACTCA[C/T]AGATTTCTTTCAGT Forward C>T 0.32 Onengut intron

16p11.2 rs151234 IL27 578 97% G>C 0.14 0.73 AAATGGCTGAGGTGC[G/C]GATACGAGACCTGA Forward G>C 0.12 Onengut upstream

17q12 rs12453507 ORMDL3 578 97% G>C 0.48 0.08 ACACACAATGGAAGG[C/G]GAAGGCCTCTGGCT Forward G>C 0.49 Onengut intergenic

18p11.21 rs1893217 PTPN2 583 98% A>G 0.18 0.01 CCATTCCTAGGGACA[A/G]AGGTAGAGGAAGAA Forward A>G 0.16 Onengut intron

19p13.2 rs34536443 TYK2 573 97% G>C 0.05 1.57 CTCTCACCGTGGGGG[C/G]GCTCTGGCTGGAGT Forward G>C 0.04 Onengut missense

19q13.33 rs516246 FUT2 576 97% C>T 0.49 0.25 AGCGCCCCGGGCCTC[C/T]ATCTCCCAGCTAAC Forward T>C 0.49 Onengut intron

21q22.3 rs11203202 UBASH3A 573 97% C>G 0.36 1.80 GTGCAGGGCGGCCAC[C/G]GGGCACCGTCCAGG Forward C>G 0.33 Onengut intron

CBGS Published
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Table 4-6 | Observed genotype counts.   

 

SNP Gene(s) A/A C/C G/G T/T Hetero

rs2476601 PTPN22 3 0 480 0 96

rs3024505 IL10 10 0 443 0 126

rs2111485 IFIH1 90 0 206 0 287

rs3087243 CTLA4 108 0 182 0 280

rs4588 GC 52 281 0 0 248

rs75793288 IL2 0 220 81 0 275

rs17426593 HLA-DR4 0 14 0 366 189

rs2187668 HLA-DR3 8 0 436 0 140

rs7454108 HLA-DQ8 0 6 0 468 103

rs3135388 HLA-DQB1*06:02 11 0 424 0 136

rs72928038 BACH2 14 0 400 0 162

rs6920220 TNFAIP3 28 0 349 0 201

rs6476839 GLIS3 180 0 0 104 293

rs61839660 IL2RA 0 454 0 6 114

rs11258747 PRKCQ 0 0 350 29 199

rs12416116 RNLS 50 299 0 0 227

rs10741657 CYP2R1 0 196 0 93 283

rs12794714 CYP2R1 96 0 207 0 278

rs689 INS 278 0 0 43 245

rs694739 BAD 231 0 94 0 247

rs12785878 DHCR7 0 0 37 338 205

rs11170466 ITGB7 0 514 0 2 62

rs705704 ERBB3 69 0 250 0 249

rs10877012 CYP27B1 0 0 263 60 256

rs653178 SH2B3 180 0 127 0 269

rs56994090 DLK1 0 110 0 191 276

rs34593439 CTSH 12 0 470 0 101

rs12927355 CLEC16A 0 273 0 62 245

rs151234 IL27 0 9 424 0 145

rs12453507 ORMDL3 0 133 153 0 292

rs1893217 PTPN2 390 0 19 0 174

rs34536443 TYK2 0 0 516 0 57

rs516246 FUT2 0 144 0 138 294

rs11203202 UBASH3A 0 245 80 0 248
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Table 4-7 | Observed and expected genotype frequencies. 

 

SNP Gene(s) A/A C/C G/G T/T Hetero A/A C/C G/G T/T Hetero

rs2476601 PTPN22 0.01  0.83  0.17 0.01  0.83  0.16

rs3024505 IL10 0.02  0.77  0.22 0.02  0.76  0.22

rs2111485 IFIH1 0.15  0.35  0.49 0.16  0.36  0.48

rs3087243 CTLA4 0.19  0.32  0.49 0.19  0.32  0.49

rs4588 GC 0.09 0.48   0.43 0.09 0.49   0.42

rs75793288 IL2  0.38 0.14  0.48  0.39 0.14  0.47

rs17426593 HLA-DR4  0.02  0.64 0.33  0.04  0.65 0.31

rs2187668 HLA-DR3 0.01  0.75  0.24 0.02  0.75  0.23

rs7454108 HLA-DQ8  0.01  0.81 0.18  0.01  0.81 0.18

rs3135388 HLA-DQB1*06:02 0.02  0.74  0.24 0.02  0.74  0.24

rs72928038 BACH2 0.02  0.69  0.28 0.03  0.70  0.28

rs6920220 TNFAIP3 0.05  0.60  0.35 0.05  0.60  0.35

rs6476839 GLIS3 0.31   0.18 0.51 0.32   0.19 0.49

rs61839660 IL2RA  0.79  0.01 0.20  0.79  0.01 0.20

rs11258747 PRKCQ   0.61 0.05 0.34   0.60 0.05 0.35

rs12416116 RNLS 0.09 0.52   0.39 0.08 0.51   0.41

rs10741657 CYP2R1  0.34  0.16 0.49  0.35  0.17 0.48

rs12794714 CYP2R1 0.17  0.36  0.48 0.16  0.35  0.48

rs689 INS 0.49   0.08 0.43 0.50   0.09 0.41

rs694739 BAD 0.40  0.16  0.43 0.38  0.14  0.47

rs12785878 DHCR7   0.06 0.58 0.35   0.06 0.58 0.37

rs11170466 ITGB7  0.89  0.00 0.11  0.89  0.00 0.11

rs705704 ERBB3 0.12  0.44  0.44 0.12  0.43  0.45

rs10877012 CYP27B1   0.45 0.10 0.44   0.46 0.11 0.44

rs653178 SH2B3 0.31  0.22  0.47 0.30  0.21  0.50

rs56994090 DLK1  0.19  0.33 0.48  0.18  0.33 0.49

rs34593439 CTSH 0.02  0.81  0.17 0.01  0.80  0.19

rs12927355 CLEC16A  0.47  0.11 0.42  0.46  0.10 0.43

rs151234 IL27  0.02 0.73  0.25  0.02 0.74  0.24

rs12453507 ORMDL3  0.23 0.26  0.51  0.23 0.27  0.50

rs1893217 PTPN2 0.67  0.03  0.30 0.67  0.03  0.30

rs34536443 TYK2   0.90  0.10  0.00 0.90  0.09

rs516246 FUT2  0.25  0.24 0.51  0.26  0.24 0.50

rs11203202 UBASH3A  0.43 0.14  0.43  0.41 0.13  0.46

Observed genotype frequencies Expected genotype frequencies
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The rs34536443 mapped to TYK2 featured only two genotypes raising questions about 

the viability of minor homozygous individuals.  Mining through the genotyping cluster plots 

surfaced one infant that was homozygous recessive (Figure 4-5), as exactly anticipated from 

the expected frequencies, but not called out on the grounds of it being a single data point (LGC 

Genomics, personal communication, 2016).  Baby #117 was female, born at 40 weeks of 

gestation, weighing 2.7 kg at birth, and with a height of 47 cm and head circumference of 36 

cm at the first study visit.  Measurements at 3 months were weight=4.9 kg, height=57.7 cm 

and head circumference=39.9 cm.  The baby was subsequently withdrawn from the study. 

Figure 4-5 | Genotyping cluster plot for the rs34536443 shows presence of one minor homozygous. 

 

4.4.4 Frequencies by sex  

Genotype frequencies by sex showed similarities between boys and girls except for the HLA-

DQ8, for which homozygosity for the minor (high-risk T1D) allele was 5-fold more frequent in 

boys than in girls (Table 4-8).  This discrepancy might be random due to there being only 5 

boys and 1 girl with this genotype.
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Table 4-8 | Male to female ratios by genotypic group (n=597). 

 

SNP Gene(s) A/A C/C G/G T/T Hetero

rs2476601 PTPN22 2.0  1.1  1.3

rs3024505 IL10 0.3  1.2  1.4

rs2111485 IFIH1 1.4  1.0  1.3

rs3087243 CTLA4 1.3  0.9  1.3

rs4588 GC 1.0 1.2   1.2

rs75793288 IL2  1.2 1.0  1.3

rs17426593 HLA-DR4 0.8 1.2 1.2

rs2187668 HLA-DR3 1.0  1.1  1.3

rs7454108 HLA-DQ8  5.0  1.2 1.0

rs3135388 HLA-DQB1*06:02 1.8  1.3  0.9

rs72928038 BACH2 0.4  1.1  1.5

rs6920220 TNFAIP3 1.2  1.2  1.3

rs6476839 GLIS3 1.2   1.1 1.2

rs61839660 IL2RA  1.2  1.0 1.2

rs11258747 PRKCQ   1.2 1.0 1.1

rs12416116 RNLS 0.5 1.3   1.2

rs10741657 CYP2R1  1.4  1.2 1.0

rs12794714 CYP2R1 1.4  1.1  1.2

rs689 INS 1.1 1.1 1.2

rs694739 BAD 1.3  1.2  1.1

rs12785878 DHCR7   1.1 1.2 1.1

rs11170466 ITGB7  1.2  0.0 0.9

rs705704 ERBB3 1.4 1.3 1.0

rs10877012 CYP27B1   1.4 0.7 1.1

rs653178 SH2B3 1.1  1.3  1.2

rs56994090 DLK1  1.0  1.4 1.2

rs34593439 CTSH 0.7  1.1  1.5

rs12927355 CLEC16A  1.2  0.7 1.3

rs151234 IL27  0.8 1.1  1.5

rs12453507 ORMDL3  1.0 1.2  1.3

rs1893217 PTPN2 1.2  0.9  1.1

rs34536443 TYK2   1.2  1.0

rs516246 FUT2  1.1  1.3 1.2

rs11203202 UBASH3A  1.1 1.7  1.2
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4.4.5 Hardy-Weinberg equilibrium 

Prior to conducting association analyses, each SNP needs to be tested for HWE, which is a 

state in which the maternally and paternally inherited alleles at a locus are statistically 

independent448.  The Hardy-Weinberg law states that the genotype frequencies and allele 

frequencies remain constant, i.e. no evolution is occurring, in each succeeding generation of 

sexually reproducing diploids provided the following conditions: i) a large population size so 

that genetic drift (random chance) does not cause a random change in allele frequencies; ii) 

random mating (as inbreeding causes an increase in homozygosity); iii) no mutation (i.e. no 

new alleles enter the population), no migration (i.e. gene flow), no selection (i.e. specific alleles 

are not selected for or against); iv) equal allele frequencies between the sexes.  A significant 

departure from HWE indicates non-random mating, non-random genotyping error, or missing 

genotype data448.  Of note, genotypes in the MHC region may not segregate according to HWE 

as this region is known to be undergoing selection449. 

  Each SNP was tested for HWE (Table 4-5) using the goodness-of-fit chi-square test as 

shown in Figure 4-6, which was deemed more appropriate — albeit linked to inflated type 1 

error rates — than the Exact test, which is conservative and preferred for smaller sample sizes 

and/or multi-allelic loci450.  The chi-square test for HWE assumes one degree of freedom (df) 

as the number of quantities free to vary is number of genotypes minus number of alleles.  For 

1 df, a chi-square value of ≥3.841 corresponds to a P value <0.05, which provides statistical 

support to reject the null model and conclude that the population is not in HWE.     

Figure 4-6 | The HWE test. 

 

 

The criterion used to decide whether to omit a SNP from association analyses or not 

depends on various factors, including the number of SNPs tested and the call rate, but often 

SNPs with HWE test values of P<0.01 or 0.001 are omitted448.  In the CBGS, the rs694739 in 

BAD and rs34593439 in CTSH marginally deviated from HWE at the 0.05 significance level, 

with P values of 0.0450 and 0.0218 respectively.  However, both SNPs were included in the 

analyses as the HWE test P values were >0.01, their call rates were respectable and genotype 

frequencies by sex were similar. 

Genotype Observed Counts Expected Counts HWE test 

AA (major homozygote) OAA EAA (OAA-EAA)2 / EAA 

Aa (heterozygote) OAa EAa (OAa-EAa)2 / EAa 

aa (minor homozygote) Oaa Eaa (Oaa-Eaa)2 / Eaa 

 χ2 = ∑ (above) 



Collecting and exploring the genotypes                                                                                                                   ELEFTHERIOU  

 - 122 -  

4.5 STATISTICAL FRAMEWORK  

4.5.1 Rationale and approach 

Multivariate linear regression was used for the hypothesis testing of associations between 

each phenotype, i.e. anthropometric index or whole blood hormone levels (explained variable), 

and genotype (explanatory variable) after adjusting for covariates.  Regression offers two 

advantages over the alternative technique of Analysis of Covariance (ANCOVA): i) it provides 

an estimate of the size of the difference in the outcome, ii) it is more flexible as some of its 

assumptions are not as restrictive, e.g. ANCOVA requires that the cell size ratio should not be 

larger than 1:4425.  This assumption would be problematic for my study as there are genotypic 

groups which differ immensely in size due to the rarity of the minor allele, e.g. PTPN22, ITGB7, 

TYK2.  Regressions were performed with the ‘forced entry’ method as it is agnostic to the order 

of variables entered.  Hence, estimates are not dependent on certain combinations of 

variables, which is a limitation of the alternative stepwise method451.  Another flaw of the 

stepwise method is that it fits best on the dataset used than on a new dataset due to sample 

variance451.  Herein, predictors of growth were determined in the entire CBGS cohort (n=1,660) 

and subsequently adjusted for in regressions performed on the genotyped subset (36%).   

Genetic variants were tested individually or aggregated in a genetic risk score.  

Genotype-phenotype association analyses were carried out under an additive genetic model, 

which is considered pragmatic for testing biological associations452 and consistent with the 

general notion, predicated on empirical data and theoretical models, that genetic variance 

across a range of complex traits is additive453.  Specific to T1D, an additive model was 

considered the best fit based on a study from the Finnish Twin Cohort reporting that 88% of 

phenotypic variance was due to additive genetic effects and 12% due to environmental 

factors454.  In an additive genetic model, genotypes are coded depending on the number of 

copies of T1D risk-increasing alleles.  The overarching null hypothesis stated that there is no 

difference in the outcome by the infant’s T1D susceptibility loci after adjusting for covariates.  

As the hypothesis tested was the presence of a correlation of unspecified direction, a two-way 

test was used.  So long as SNPs are independent, i.e. not associated with each other, an effect 

found by a SNP on the outcome is reflective of a relationship not influenced by other SNPs.   

4.5.2 SNP independence 

The issue of association redundancy of SNPs was assessed by the extent of LD, which refers 

to the non-random association of alleles at two or more different loci in the genome.  Physical 

proximity on the same chromosome is the main reason that variants are inherited together; 
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variants are in LD if their distributions are correlated455.  The undesirable effect of  LD lies in 

the possibility that genetic variants that correlate with the variant used in the analysis influences 

competing risk factors, raising doubts about the inferences made455.  LD is judged by the 

measures of r2 (square of correlation coefficient) and D’ (a correlation coefficient that teases 

out the allele frequency, which could obscure the presence of LD if the allele of one 

polymorphism is rare).  The extent of LD between pairs of the 34 SNPs in the panel was 

assessed by three online sources: SNAP (https://data.broadinstitute.org, accessed 2016), 

rAaggr (http://raggr.usc.edu/, accessed 2016) and ImmunoBase (www.immunobase.org, 

accessed 2016).  In line with the assumptions of large genetic association studies, SNPs 

sourced from GWAS were not in disequilibrium with each other.  However, the two SNPs 

mapped to CYP2R1 were in high disequilibrium based on the D’ (1.0) but not so based on the 

r2 (0.5).  Judging by their high and similar MAFs of 0.4, it is possible that the r2 value bears 

more credibility.  However, to mitigate the possibility of LD between these two SNPs, models 

that used the collective panel of SNPs excluded the rs10741657 and retained the rs12794714 

due to the latter’s higher genotyping success and stronger association with T1D. 

4.5.3 SNP codes 

Genotypes were coded as 0, 1, or 2 depending on the number of copies of T1D risk-increasing 

allele carried by each infant.  Hence, a genetic code of ‘2’ is interpreted as carrying 2 copies 

of a T1D predisposing allele (OR>1) or nil copy of a protective allele (OR<1).  Table 4-9 lists 

the genotype codes assigned to each SNP necessary for the analysis of individual SNPs or 

creating genetic risk scores.  For non-HLA SNPs, the genetic codes were assigned based on 

the published OR, i.e. <1 or >1 in consideration of the strand that the assay was designed for.  

For instance, for the SNP rs689, T is listed as the major and T1D risk-increasing allele in the 

reference fine mapping study102, whereas in the CBGS A is the major allele as the assay was 

designed on the reverse strand.  For HLA SNPs, the assignment of genetic codes was guided 

by the allele frequencies in the CBGS, i.e. the minor allele was considered the risk allele except 

for the HLA-DQB1*06:02 which is protective.  The codes were validated by calculating their 

frequencies in the CBGS (Table 4-10) and ensuring they adhered to the following pattern:   

❖ Risk allele (OR>1): count of genotype code ‘0’ > count of genotype code ‘2’; 

❖ Protective allele (OR<1): count of genotype code ‘0’ < count of genotype code ‘2’.   

Put otherwise, homozygosity for the risk allele or protective allele is less frequent than the 

alternative, i.e. most individuals possess average risk of T1D.  This validation step surfaced 

that the rs516246 in FUT2 did not conform to the expected pattern, most likely owing to the 

equal distribution of its alleles.  For the analysis herein, the risk allele of FUT2 is considered to 

be the one claimed by the reference fine mapping study102. 

https://data.broadinstitute.org/
http://raggr.usc.edu/
http://www.immunobase.org/
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Table 4-9 | SNP codes per allele and weights, calculated from OR, for generating genetic risk scores.  

 

SNP Gene(s) Weight
Effect 

size
OR Alleles A/A C/C G/G T/T

DR3/DR4-DQ8 3.87 48.18 48.18

DR4-DQ8/DR4-DQ8 3.09 21.98 21.98

DR3/DR3 3.05 21.12 21.12

DR4-DQ8/DRx 1.95 7.03 7.03

DR3/DRx 1.51 4.53 4.53

rs2476601 PTPN22 0.64 1.89 1.89 G>A 2 0

rs3024505 IL10 0.15 1.16 0.86 G>A 0 2

rs2111485 IFIH1 0.16 1.18 0.85 G>A 0 2

rs3087243 CTLA4 0.17 1.19 0.84 G>A 0 2

rs4588 GC 0.05 1.05 0.95 C>A 0 2

rs75793288 IL2 0.14 1.15 1.15 C>G 0 2

rs3135388 HLA-DQB1*06:02 2.70 14.88 G>A 0 2

rs72928038 BACH2 0.18 1.20 1.20 G>A 2 0

rs6920220 TNFAIP3 0.11 1.12 1.12 G>A 2 0

rs6476839 GLIS3 0.11 1.12 1.12 A>T 0 2

rs61839660 IL2RA 0.48 1.61 0.62 C>T 2 0

rs11258747 PRKCQ 0.37 1.45 0.69 G>T 2 0

rs12416116 RNLS 0.16 1.18 0.85 C>A 0 2

rs10741657 CYP2R1 0.04 1.04 0.96 C>T 2 0

rs12794714 CYP2R1 0.04 1.04 1.04 G>A 2 0

rs689 INS 0.87 2.38 0.42 A>T 2 0

rs694739 BAD 0.05 1.05 0.95 A>G 2 0

rs12785878 DHCR7 0.07 1.07 1.07 T>G 2 0

rs11170466 ITGB7 0.17 1.19 1.19 C>T 0 2

rs705704 ERBB3 0.30 1.35 1.35 G>A 2 0

rs10877012 CYP27B1 0.20 1.22 0.82 G>T 2 0

rs653178 SH2B3 0.26 1.30 1.30 A>G 0 2

rs56994090 DLK1 0.13 1.14 0.88 T>C 0 2

rs34593439 CTSH 0.25 1.28 0.78 G>A 0 2

rs12927355 CLEC16A 0.20 1.22 0.82 C>T 2 0

rs151234 IL27 0.17 1.19 1.19 G>C 2 0

rs12453507 ORMDL3 0.11 1.11 0.90 G>C 0 2

rs1893217 PTPN2 0.19 1.21 1.21 A>G 0 2

rs34536443 TYK2 0.40 1.49 0.67 G>C 0 2

rs516246 FUT2 0.14 1.15 0.87 T>C 0 2

rs11203202 UBASH3A 0.15 1.16 1.16 C>G 0 2

Risk codes

rs2187668                                                                                                                                                                             

rs17426593                

rs7454108
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Table 4-10 | Counts (N) of infants by genotype code (0, 1, or 2) assigned.  

 

SNP Gene(s) Effect on T1D N[0] N[1] N[2] N[0] > N[2]

rs2476601 PTPN22 Risk 480 96 3 yes

rs3024505 IL10 Protective 10 126 443 no

rs2111485 IFIH1 Protective 90 287 206 no

rs3087243 CTLA4 Protective 108 280 182 no

rs4588 GC Protective 52 248 281 no

rs75793288 IL2 Risk 220 275 81 yes

rs17426593 HLA-DR4 Risk 366 189 14 yes

rs2187668 HLA-DR3 Risk 436 140 8 yes

rs7454108 HLA-DQ8 Risk 468 103 6 yes

rs3135388 HLA-DQB1*06:02 Protective 11 136 424 no

rs72928038 BACH2 Risk 400 162 14 yes

rs6920220 TNFAIP3 Risk 349 201 28 yes

rs6476839 GLIS3 Risk 180 293 104 yes

rs61839660 IL2RA Protective 6 114 454 no

rs11258747 PRKCQ Protective 29 199 350 no

rs12416116 RNLS Protective 50 227 299 no

rs10741657 CYP2R1 Protective 93 283 196 no

rs12794714 CYP2R1 Risk 207 278 96 yes

rs689 INS Protective 43 245 278 no

rs694739 BAD Protective 94 247 231 no

rs12785878 DHCR7 Risk 338 205 37 yes

rs11170466 ITGB7 Risk 514 62 2 yes

rs705704 ERBB3 Risk 250 249 69 yes

rs10877012 CYP27B1 Protective 60 256 263 no

rs653178 SH2B3 Risk 180 269 127 yes

rs56994090 DLK1 Protective 110 276 191 no

rs34593439 CTSH Protective 12 101 470 no

rs12927355 CLEC16A Protective 62 245 273 no

rs151234 IL27 Risk 424 145 9 yes

rs12453507 ORMDL3 Protective 133 292 153 no

rs1893217 PTPN2 Risk 390 174 19 yes

rs34536443 TYK2 Protective 0 57 516 no

rs516246 FUT2 Protective 144 294 138 yes

rs11203202 UBASH3A Risk 245 248 80 yes
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4.6 GENETIC RISK SCORES 

4.6.1 Overview 

Genetic risk scores were generated as indicators of the infant’s T1D cumulative genetic risk 

by considering the HLA regions and non-HLA loci separately, owing to the disparate nature of 

their effect on T1D risk.  Specifically, the HLA-DRB1 and HLA-DQB1 do not behave 

multiplicatively in conferring risk of T1D, hence genotypes, rather than alleles, were used to 

model the HLA risk effect449.  For non-HLA loci, GWAS summary statistics were sourced from 

appropriate study samples (Table 4-3).  Regression analyses on individual SNPs was done 

using the genotyping output as delivered.  However, this approach would imply a complete 

case analysis in models that use multiple SNPs in tandem (i.e. genetic risk scores) as they 

exclude subjects with missing genotypes.  The reduction in sample size would compromise 

statistical power and bias estimates.  Towards maximising use of subjects for this analysis, 

missing genotypes were tackled by a two-stage approach: ‘enhancement’ and imputation. 

4.6.2 SNP enhancement 

SNP enhancement refers to the self-devised method of assigning unreported genotypes by 

mining through raw data files and genotype cluster plots.  This was carried out via three steps 

of decreasing degree of confidence and resulted in three additional data outputs (Table 4-11): 

1. Supplementation of rs689 genotypes with data obtained with KASP-genotyping in a 

bigger subset of the CBGS, provided by Dr Clive Petry at the Department of Paediatrics. 

2. LGC raw data files were reviewed to identify calls not assigned due to non-confirmatory 

but non-conflicting reads of the same or duplicated sample(s), e.g the first read was 

assigned a call but the second was labelled as ‘Unidentified’, thus annulling the call. 

3. Genotyping cluster plots were inspected for unassigned calls that could qualify based on 

Cartesian coordinates by applying the following criteria: proximity of the data point to a 

distinct genotype cluster and absence of overlap with another cluster (Figure 4-7). 

Table 4-11 | Outputs of SNP enhancement.  

 

 

Output Source of data Counts of SNPs enhanced 

  HLA non-HLA 

Enh _rs689 LGC output (Petry, C) - +17 

Enh _duplicate LGC raw data +2 +16 

Enh _SNPviewer LGC SNPviewer +6 +65 
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Figure 4-7 | Application of SNP enhancement rules for reviewing missing data from LGC SNPviewer. 

  

 

Despite marginal gains (relatively low count of data points enhanced), enhancement increased 

the counts of infants with the full set of non-HLA data (Figure 4-8) without affecting mean SNP 

codes.  Thus, analyses were done on the Enh_SNPviewer output albeit subject to judgement. 

Figure 4-8 | Effect of SNP enhancement on counts of infants for non-HLA genotypes. 

4.6.3 SNP imputation 

Missing data ranged between 28 to 43 across HLA SNPs and between 29 to 46 across non-

HLA SNPs, which were reduced after SNP enhancement.  Imputation was not conducted on 

SNPs tagging the HLA region owing to its large and non-additive genetic effect on T1D risk.  

Non-HLA missing data were imputed by the mean SNP risk code (Table 4-12). 

Not assigned due to overlapping 

X coordinates of two clusters. 

 

Not assigned due to lack of 

proximity to a distinct cluster. 

Assigned a genotype of G/G due to 

close proximity to the respective cluster 

and no overlap with other clusters. 
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Table 4-12 | Statistical mean and counts (N[ ]) of non-HLA risk codes (0, 1, 2, mean) after imputation. 

 

 

 

SNP Gene(s) Effect on T1D OR Mean N[0] N[1] N[2] N[Mean]

rs2476601 PTPN22 Risk 1.89 0.19 466 97 4 30

rs3024505 IL10 Protective 0.86 1.75 10 122 433 32

rs2111485 IFIH1 Protective 0.85 1.19 89 281 200 27

rs3087243 CTLA4 Protective 0.84 1.13 105 276 176 40

rs4588 GC Protective 0.95 1.39 52 242 272 31

rs75793288 IL2 Risk 1.15 0.76 213 271 80 33

rs72928038 BACH2 Risk 1.20 0.34 387 163 14 33

rs6920220 TNFAIP3 Risk 1.12 0.44 342 194 28 33

rs6476839 GLIS3 Risk 1.12 0.87 174 290 100 33

rs61839660 IL2RA Protective 0.62 1.78 6 111 445 35

rs11258747 PRKCQ Protective 0.69 1.56 28 194 343 32

rs12416116 RNLS Protective 0.85 1.44 47 222 295 33

rs10741657 CYP2R1 Protective 0.96 1.18 92 273 195 37

rs12794714 CYP2R1 Risk 1.04 0.81 202 270 95 30

rs689 INS Protective 0.42 1.41 44 250 275 28

rs694739 BAD Protective 0.95 1.23 95 241 224 37

rs12785878 DHCR7 Risk 1.07 0.48 329 200 36 32

rs11170466 ITGB7 Risk 1.19 0.11 507 60 2 28

rs705704 ERBB3 Risk 1.35 0.68 248 248 69 32

rs10877012 CYP27B1 Protective 0.82 1.36 58 252 261 26

rs653178 SH2B3 Risk 1.30 0.91 176 263 124 34

rs56994090 DLK1 Protective 0.88 1.14 106 273 184 34

rs34593439 CTSH Protective 0.78 1.79 12 98 459 28

rs12927355 CLEC16A Protective 0.82 1.36 62 241 263 31

rs151234 IL27 Risk 1.19 0.28 415 142 9 31

rs12453507 ORMDL3 Protective 0.90 1.03 131 286 147 33

rs1893217 PTPN2 Risk 1.21 0.37 379 170 19 29

rs34536443 TYK2 Protective 0.67 1.90 1 55 507 34

rs516246 FUT2 Protective 0.87 0.99 140 287 137 33

rs11203202 UBASH3A Risk 1.16 0.72 237 248 79 33
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4.6.4 HLA genetic risk score 

The tags for the high-risk HLA are rs17426593 for HLA-DR4 [T>C], rs2187668 for HLA-DR3 

[G>A], and rs7454108 for HLA-DQ8 [T>C].  The combinatorial rules for deriving the genotypes 

based on the 3-tag SNP model are depicted in Figure 4-9. 

Figure 4-9 | Algorithm for determining HLA genotypic risk groups.  Adapted from Nguyen et al.441. 

 

Two principles guiding the algorithm are: 

i. DR3 and DR4 are in biallelic combinations, 

ii. DQ8 is in haplotypic association with DR4.   
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According to Walker’s 3-SNP model (unpublished data), the allelic permutations of DR3, DR4 

and DQ8 yield ten distinct HLA-DR genotypes which fall under six T1D HLA risk levels, with 

the highest risk level assigned a score of 6 and the lowest assigned a score of 1 (Table 4-13).  

A binary HLA risk score was generated by coding high-risk genotypes (DR3/DR4-DQ8, DR4-

DQ8/DR4-DQ8, DR3/DR3) as 1, and the rest as 0.  A 3-level HLA risk score was also 

constructed — in reflection of the non-HLA risk codes — whereby codes 0,1 and 2 were 

respectively assigned to HLA risk levels 1 and 2, 3 and 4, 5 and 6.  In parallel, the HLA-DR 

genotypes were grouped according to the six risk levels defined by Winkler et al437 based on 

the 2-SNP model, as they underpin the method for creating the combined genetic risk score. 

Table 4-13 | HLA-DR classification by genotype, risk level and risk score. 

HLA-DR genotypes   HLA risk level  HLA risk score 

Winkler Walker  Winkler Walker  binary 3-level 

DR3/DR4-DQ8   6 6  1 2 

DR4-DQ8/DR4-DQ8   5 5  1 2 

DR3/DR3   4 5  1 2 

DR4-DQ8/DRx 
DR4-DQ8/DR4  3 4  0 1 

DR4-DQ8/DRx  3 3  0 1 

DR3/DRx 
DR3/DR4  2 3  0 1 

DR3/DRx  2 3  0 1 

DRx/DRx 

DR4/DR4  1 3  0 1 

DR4/DRx  1 2  0 0 

DRx/DRx  1 1  0 0 

The main distinction between Winkler’s broad and Walker’s detailed classification of genotypes 

into risk levels is the effect of DR4 on T1D risk; the former classification (2-SNP model) is 

agnostic to DR4, whereas the latter (3-SNP model) makes a fine distinction. 

Each CBGS infant was assigned an HLA-DR type based on the count of minor alleles 

of DR3, DR4 and DQ8.  A total of 556 infants (93%) were indisputably assigned an HLA-DR/DQ 

genotype based on 3 or 2 HLA-tag SNPs, and 13 additional infants were made possible to be 

classified as ‘high-risk’ (1) or not (0) even in the absence of complete SNP data (Table 4-14).  

Excluded were 28 samples for which none of the high-risk HLA tag SNPs was genotyped.  
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Table 4-14 | Allelic permutations of DR3-DR4-DQ8 based on their count of minor alleles in the CBGS. 

DR3/DR4 DR3 DR4 DQ8 HLA-DR type 
Risk 

level 

Risk 

score 

CBGS 

count 

1/1 

1 1 2 DR3/DR4-DQ8 6 1 - 

1 1 1 DR3/DR4-DQ8 3 1 22 

1 1 0 DR3/DR4 3 0 19 

2/0 

2 0 2 DR3/DR3 5 1 - 

2 0 1 DR3/DR3 5 1 - 

2 0 0 DR3/DR3 5 1 8 

1/0 

1 0 2 DR3/DRx 3 0 - 

1 0 1 DR3/DRx 3 0 1 

1 0 0 DR3/DRx 3 0 93 

0/2 

0 2 2 DR4-DQ8/DR4-DQ8 5 1 6 

0 2 1 DR4-DQ8/DR4 4 0 7 

0 2 0 DR4/DR4 3 0 3 

0/1 

0 1 2 DR4-DQ8/DRx 3 0 - 

0 1 1 DR4-DQ8/DRx 3 0 73 

0 1 0 DR4/DRx 2 0 68 

0/0 

0 0 2 DRx/DRx 1 0 - 

0 0 1 DRx/DRx 1 0 - 

0 0 0 DRx/DRx 1 0 251 

? 

1 0 ? DR3/DRx 3 0 2 

1 ? 0 DR3/DR4 or DR3/DRx 3 0 2 

0 1 ? DR4-DQ8/DRx or DR4/DRx 3 or 2 0 2 

0 ? 0 DR4/DRx or DRx/DRx 2 or 1 0 9 

0 0 ? DRx/DRx 1 0 3 

? ? ? NA NA NA 28 

Total       597 
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Table 4-15 summarises the aggregate counts of infants by definitive HLA-DR types and risk 

levels.  A total of 36 infants carried the high-risk T1D HLA-DR genotypes.  In contrast, almost 

half of the children carried none of the DR3, DR4 or DQ8 risk alleles. 

Table 4-15 | HLA-DR genotypes in the CBGS (n=597). 

 

 

In comparison, the combinatorial rules proposed by Nguyen et al.441, based on a 3-SNP 

model, require two copies of DQ8 minor alleles for the very high risk DR3/DR4-DQ8 genotype; 

this haplotypic association does not feature in the CBGS cohort of ~600 HLA-DR genotyped 

infants and was thus discounted as extremely rare or biologically implausible.  In support of 

my claim, Barker et al.440, who correlated 2 HLA-tag SNPs with HLA-DR genotypes (the 

rs2040410 A allele associating with DRB1*03:02 and the rs7454108 C allele associating with 

DQB1*03:02) in children of the DAISY cohort and Type 1 Diabetes Genetics Consortium 

(T1DGC), found two genotypes as markers of the DR3/DR4-DQ8: AG/CT and AA/CT.  Neither 

of these contains two copies of the DQ8 minor allele, thus confirming the finding in the CBGS.   

On the grounds of the 2-SNP tag model retaining the SNPs that tag the DR3 and DQ8, 

I compared the effect of the 3-tag and 2-tag models on genotype distributions in the CBGS.  

  HLA risk level  CBGS 

HLA-DR genotypes  Winkler Walker  Counts Valid % 

DR3/DR4-DQ8            6 6  22 3.7% 

DR4-DQ8/DR4-DQ8    5 5  6 1.0% 

DR3/DR3                4 5  8 1.3% 

DR4-DQ8/DR4     3 4  7 1.2% 

DR4-DQ8/DRx  3 3  73 12.2% 

DR3/DR4         2 3  19 3.2% 

DR3/DRx                2 3  96 16.1% 

DR3/DR4 or DR3/DRx    2 3  2 0.3% 

DR4/DR4  1 3  3 0.5% 

DR4/DRx         1 2  68 11.4% 

DR4/DRx or DRx/DRx  1 2 or 1  9 1.5% 

DRx/DRx                1 1  254 42.5% 

  Total   567  94.9% 

   Total  558 93.5% 
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This comparison surfaced that the 3-tag model annuls the genotype AA/CT of Barker et al.440 

as a marker for the DR3/DR4-DQ8, i.e. there were no infants in the CBGS carrying two DR3 

minor alleles and one DQ8 minor allele.  Further, the comparison identified two gains of the 3-

SNP tag model vs. the 2-SNP model, predicated on the latter being agnostic to the DR4 allele: 

i. The 2-SNP model captures more risk than expected, e.g. it allows infants with DR3-DR4-

DQ8 associations of minor alleles 1/0/1 or 2/0/1 to be misclassified as carriers of the 

high-risk HLA-DR3/DR4-DQ8.  However, the discrepancies are small; in the CBGS the 

2-tag model over-captured only one infant as DR3/DR4-DQ8;   

ii. the 3-tag model differentiates between DR4 on DQ8 vs. DR4 not on DQ8, allowing for a 

finer classification, i.e. DR4/DR4 maps to Risk Level 3 vs. being bundled with DRx/DRx. 

Finally, the mutual exclusivity of two DR3 minor alleles and two DR4 minor alleles, i.e. DR3 is 

biallelic with DR4, is further testimony to the genotyping success of the HLA-DR tag SNPs in 

the CBGS.   

4.6.5 Non-HLA genetic risk score 

Two non-HLA genetic risk scores were created per infant, designated and calculated as below: 

i. Genetic risk sum score (‘Risk Sum’):  arithmetic sum across SNPs of the number of 

copies of risk-increasing alleles (0, 1, or 2) at each SNP, converted to an integer where 

missing genotypes were imputed by the mean; 

ii. Genetic weighted risk score (‘w-Risk Score’):  sum across SNPs of the number of copies 

of risk-increasing alleles (0, 1, or 2) at each SNP multiplied by the natural logarithm of 

the respective effect size (Table 4-9).  The premise of this score is that each risk allele 

has a log-additive effect on T1D risk456.   

The genetic risk scores were scaled to unity by dividing them by the total number of alleles.  It 

was confirmed that using the scaled-to-unity risk score had no bearing on parameter estimates 

of regression models vs. using the score prior to scaling.  Quality control was conducted by 

excluding subjects where genotyping failed for >2 SNPs.  As a result, 39 infants were excluded.  

As the vitamin D genetic risk score was generated by collating a very small number of SNPs, 

subjects with one or more missing SNPs were excluded.  The distributions of the Risk Sum 

(PKolmogorov-Smirnov<0.001) and weighted genetic Risk Scores (PKolmogorov-Smirnov=0.200) are shown 

in Figure 4-10. 
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Figure 4-10 | Distribution of non-HLA genetic risk scores.  

4.6.6 Combined genetic risk score 

An overall T1D genetic risk score was generated by combining the weighted contributions of 

variants in the HLA region and non-HLA loci based on the approach described by Oram et 

al.456 and replicated in other cohorts457,458.  The weights used for the combined risk score are 

shown in Table 4-9.  Weights for the DR3/DR4 haplotype combinations and the protective 

HLA-DRB1*15 were sourced from Oram et al. (Supplementary Table)456, which had been 

based on prior publications171,437.  Whereas the abovementioned studies made use of the 

rs3129889 to tag the DRB1*15 region on the grounds of it being predisposing to multiple 

sclerosis457,  I selected the rs3135388 because it specifically tags the DQB1*06:02, as well as 

DRB1*15, and also associates with multiple sclerosis459.  The rationale lies in that the 

DRB1*15:01 without the DQA1*01:02-DQB1*06:02 did not associate with protection against 

T1D in family studies, which confirms that protection from the disease associates more strongly 

to the DQ molecule than the DR2 of this haplotype460.     

As the protective HLA allele fits the log-additive model for T1D risk, it was used along 

with the 29 non-HLA independent SNPs to create a non-DR weighted genetic risk score, by 

taking the sum across SNPs of the number of copies of risk-increasing alleles multiplied by the 

natural log of the effect size,  which was added to the weight carried by the HLA-DR (Equation 

4-1).  Excluded were subjects with missing genotypes for alleles of the greatest weight, namely 

DR3/DR4-DQ8 or HLA-DQB1*06:02456,457, and >2 missing genotypes for the non-HLA SNPs.   

Equation 4-1 | Construction of Combined Genetic Risk Score. 

Combined Genetic Risk Score =  DRj + ∑ ln(βi) × SNPcodeij

30

𝑖=1

 

for SNP 𝑖=1, 2,…30, jth study participant. 
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The distribution of the non-DR genetic risk score is right-handed, compared with the distribution 

of the non-HLA genetic risk score (Figure 4-11), because it incorporates alleles of the T1D 

protective DQB1*06:02, which exert a relatively large effect.   

Figure 4-11 | Distributions of non-DR and Combined Genetic Risk Scores. 

 

4.6.7 Summary of genetic risk scores 

Tables 4-16 and 4-17 respectively summarise and describe the genetic risk scores generated.   

The non-HLA and vitamin D scores were scaled to unity by dividing by the number of total 

alleles, which allows for a comparison between their weighted and unweighted aggregates. 

Table 4-16 | Summary of genetic risk scores constructed. 

 Categorical Continuous 

Gene cluster 2-level 3-level unweighted weighted 

HLA √ √   

non-HLA   √ √ 

vitamin D   √ √ 

non-DR    √ 

combined    √ 
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Table 4-17 | Description of genetic risk scores constructed. 

Genetic risk score Definition

HLA Risk Score Assignment based on DR3/DR4-DQ8 genotypes

HLA Risk_2level Binary HLA-DR risk score (1='high risk', 0='no risk')

HLA Risk_3level Three-level HLA-DR risk score (2='high risk',1='medium risk',  0='no risk')

Genetic Risk Sum Score Arithmetic sum of risk-increasing alleles

nonHLA RiskSum 29 SNPs: all non-HLA excluding rs10741657 in CYP2R1

VitD RiskSum 4 SNPs: in vitamin D metabolism genes excluding rs10741657 in CYP2R1

Genetic Weighted Risk Score Weighted sum of risk-increasing alleles multiplied by the respective natural log of the effect size for T1D risk 

non-DR w-RiskScore 30 SNPs: HLA-DQB1*06:02 + 29 non-HLA excluding rs10741657 in CYP2R1

non-HLA w-RiskScore 29 SNPs: all non-HLA excluding rs10741657 in CYP2R1

VitD w-RiskScore 4 SNPs: in vitamin D metabolism genes excluding rs10741657 in CYP2R1

Combined Risk Score Sum of HLA-DR haplotype score + non-DR w-RiskScore
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Chapter 5 

5 INS VNTR AND EARLY GROWTH 

 

 

5.1 CONTEXT 

Observational studies in the past few decades have concurred on high birth weight, an 

established indicator of foetal growth, correlating with increased risk of developing T1D 

(Chapter 2).  However, prospective studies have not provided causative proof for any 

exogenous agent, such as gestational virus infection, to account for this association.  It is thus 

plausible that the child’s genetic background could explain the link between birth weight and 

T1D risk.  Insulin is tasked with the dual role of regulating foetal growth232 and glucose 

metabolism.  Plasma insulin levels positively correlate with birth weight293.  In this context, 

variation at the insulin gene VNTR minisatellite on chromosome 11p15.5, which following its 

discovery461 was shown to be in association with T1D462, is the obvious suspect.  This 

hypothesis is fuelled by the critical location of the INS VNTR polymorphism; it is 365 bp 

upstream of the INS promoter in the 5’ flanking region of the insulin gene and 5 kb upstream 

of IGF-2 (Figure 5-1)461, both of which encode the major regulators of foetal growth.   

Figure 5-1 | INS VNTR upstream of the INS promoter and IGF-2 and 10kb downstream of the tyrosine  

                    hydroxylase gene (TH).  From Kim and Polychronakos175.
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The polymorphic nature of INS VNTR minisatellite constitutes heterogeneity in length 

and, to a lesser extent, variation in the nucleotide sequence within individual repeats463. VNTRs 

are dispersed throughout the human genome and located both upstream and downstream of 

genes, as well as within introns464.  They are tandem sequences of short DNA motifs, which 

are moderately repeated and found clustered near telomeres, i.e. end of chromosomes247.  The 

most known structure of the INS VNTR minisatellite is composed of a variable number of 

tandem repetition of the 14-15 bp oligonucleotide sequence ACAGGGGTGTGGGG461.  The 

number of repeats that are of relevance to T1D corresponds to a biallelic polymorphism: short 

alleles cluster at 26-63 repeats (class I) and long alleles cluster at 141-209 repeats (class III)462.  

Alleles of intermediate sizes (class II) are very rare462.   

The INS VNTR polymorphism is located outside coding regions, and therefore does 

not alter the sequence of the insulin peptide.  Its location upstream of the INS promoter 

suggests that its biological effect is mediated through differences in insulin gene transcription 

levels175.  Studies have shown that class III alleles are associated with lower levels of steady-

state INS mRNA expression in both foetal465 and adult pancreatic tissue28.  In non-diabetic 

adults, INS VNTR class III alleles were associated with variations in insulin secretion at the 

physiological level466.  On the population level, class III alleles were found to confer dominant 

protection with a 60% to 70% reduction in T1D risk28, whereas homozygosity for the short class 

I allele was predisposing with a moderate effect27.   

On these grounds, several studies explored associations between the INS VNTR and 

size at birth, but the findings have been inconsistent.  In the British Avon Longitudinal Study of 

Pregnancy and Childhood (ALSPAC) cohort of 758 normal full-term newborns, homozygosity 

for class III was associated with larger head circumference at birth, and the effect was 

pronounced in a subset of infants who showed no postnatal growth realignment (‘non-

changers’)16.  The authors found that within the subset of non-changers, the III/III genotype 

was also associated with higher birth weight and birth length16.  The finding with head 

circumference, but not weight or length, at birth was subsequently replicated in a second 

ALSPAC sub-cohort independent of the first17.  The association between larger birth weight 

and the III/III genotype was also observed in a cohort of precocious pubertal girls in Spain467.  

However, the results have not been replicated in other large normal Caucasian cohorts from 

Britain468,469, Germany470, France471, Finland472, the Netherlands410,473 and, more recently, 

Poland474.  One of these studies found that the III/III genotype was associated with lower 

gestational length and lower birth weight, but not birth weight after adjusting for gestational 

age473.  Nor an association was found between the INS VNTR and birth weight in a Dutch 

family-control study on early growth and juvenile onset of T1D346.  A study in Pima Indians 

showed an association in the opposite direction, i.e. III/III was associated with lower birth 

weight, which might have been confounded by the high prevalence of obesity and gestational 
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diabetes in this population475. Of note, two studies in non-Caucasian populations, Gambia476 

and Japan477, generated evidence in support of the influence of the INS VNTR on accelerated 

growth via the involvement of an imprinting mechanism.  This seems a plausible scenario 

considering that INS and IGF2 are both imprinted genes which preferentially express the 

paternal allele478,479.  It was originally suggested that the INS VNTR was unlikely the 

susceptibility locus itself, but a marker for linked genes that influence susceptibility to 

phenotypes462.  However, IGF2 has been precluded from being a target for allelic regulation 

by the INS VNTR on the grounds of non-differential IGF2 mRNA expression between the VNTR 

class alleles175,480,481.  

Prior to drawing on mechanisms, the replication of associations between genetic 

variants and polygenic traits is vital to conclusively establish the functional effect of the locus.  

The aim of this chapter is to verify the effect of the INS VNTR on size at birth, gestational age, 

and postnatal growth in the CBGS population, which is ethnically similar but of larger size than 

the ALSPAC cohort of the initial positive studies.  The rationale for this pursuit is reinforced by 

the finding that the INS VNTR is specific to T1D and not shared by other autoimmune 

diseases102.  Thus, the INS VNTR stands a good chance of explaining the growth alterations 

that are specifically observed in prediabetic children. 
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5.2 METHODS 

5.2.1 Study design and subjects 

The CBGS is a prospective observational birth cohort that examines infancy growth in children 

from the general population of Cambridgeshire, UK.  The details of the study were described 

in Chapter 3.  The CBGS enrolled 1,660 children, of which >95% were Caucasians.  Of these, 

915 were genotyped for the INS VNTR.     

5.2.2 INS VNTR genotyping 

INS VNTR typing was performed using genomic DNA from blood or buccal samples collected 

as described in Chapter 3.  The SNP rs689, which displays almost complete linkage with INS 

VNTR27,482, was genotyped by LGC Genomics (Hoddesdon, UK) using the KASP genotyping 

assay designed on the reverse strand.  In Caucasians specifically, both loci display >99.7% 

LD thus qualifying the rs689 as a precise surrogate for VNTR genotyping483.  The rs689 A allele 

corresponds to class I VNTR allele, and the rs689 T allele tags the class III allele.   

5.2.3 Outcome measures 

Age- and sex-appropriate SD scores of weight, height, head circumference, BMI and mean 

skinfold thickness were available for the first 2 years of life as detailed in Chapter 3.  Gains of 

weight or height between birth and 12 months or birth and 24 months had been calculated.  

Whole blood concentrations of IGF-1, C-peptide and leptin were measured in DBS samples as 

described in Appendix II.   

5.2.4 Statistical analysis 

After excluding infants born to mothers with T1D, premature newborns (<36 weeks of 

gestation) and twins, a total of 875 children remained in the study.  HWE was assessed using 

chi-square tests to compare the observed genotype frequencies against the expected 

genotype frequencies inferred from allele frequencies.  Stratification of the cohort by postnatal 

growth realignment was based on changes in weight SDS between birth and 12 months or 

birth and 24 months.  Assignment of subjects as catch-up, catch-down or non-changers was 

done using the criteria defined by the ALSPAC studies.  A gain in weight SDS >0.67 between 

birth and 12 months or birth and 24 months indicated clinically significant catch-up gain; a 

decrease in weight SDS indicated catch-down and in between values were characteristic of 

non-changers.   
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Statistical analyses were done by assuming additive genetic effects as explained in 

Chapter 4.  The INS VNTR genotypes were coded as 0, 1, or 2 depending on the count of 

copies of the risk-increasing allele carried by each child.  A dominant model was also 

considered on the grounds of the known dominant protective effect of the class III allele, 

whereby genotypes were coded as 1 (I/I) or 0 (I/III, III/III).  Gestational age, which did not follow 

a normal distribution, was reflected, i.e. each value was subtracted from a constant, and log-

transformed.  Differences in gestational age were tested across VNTR genotypic groups using 

one-way ANOVA (additive effects) and independent samples t-test (dominant effects).  

Multivariate linear regression models were used to test for associations between each 

concerned phenotypic trait (explained variable) and the rs689 (explanatory variable) with 

adjustment for preselected covariates (Table 3-21) by co-entering those variables in the 

models (Equation 5-1).   

Equation 5-1 

𝑌𝑖 = 𝛽0 +  ∑ 𝛽𝑗 × 𝑋
𝑖𝑗

𝑚

𝑗=1

 +  𝛽𝑆𝑁𝑃 ×  𝑆𝑁𝑃𝑖    

for study participant 𝑖=1, 2,…n; X is one of m covariates.   

The null hypothesis tested was H0: βSNP=0 vs. H1: βSNP≠0.  Statistical analyses were performed 

using the IBM Statistical Package for Social Sciences (SPSS 23.0, Chicago, IL, USA) for 

Windows.  Tests were two-tailed and a P≤0.05 was considered statistically significant.      

  

5.3 RESULTS 

5.3.1 Growth characteristics  

Overall, 875 children (462 boys and 413 girls) were included in the analysis. Table 5-1 displays 

the anthropometric characteristics of the participants.  IGF-1 levels at 3, 12, 18 and 24 months 

were measured in 335, 255, 203 and 118 children respectively.  C-peptide levels at 3 and 12 

months were measured in 176 and 84 children respectively.  Leptin levels at 3 and 12 months 

were measured in 173 and 145 children respectively. 
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Table 5-1 | Growth characteristics of participating infants genotyped for the INS VNTR.                                                   

 

N Mean ± SD N Mean ± SD

Gestation (wk) 462 40.0 ± 1.3 413 40.0 ± 1.2

Birth

Weight (kg) 461 3.61 ± 0.50 412 3.45 ± 0.47

Weight SDS 461 0.11 ± 0.97 412 0.10 ± 0.94

Height (cm) 443 52.1 ± 2.3 397 51.1 ± 2.6

Height SDS 443 -0.02 ± 0.87 397 -0.06 ± 1.01

HC (cm) 445 35.7 ± 1.6 397 35.1 ± 1.6

HC SDS 445 -0.14 ± 0.96 397 -0.13 ± 0.96

BMI (kg/m
2
) 442 13.3 ± 1.5 396 13.2 ± 1.5

BMI SDS 442 -0.05 ± 1.23 395 0.06 ± 1.24

Ponderal Index 442 25.6 ± 3.2 396 25.9 ± 3.3

Skinfold thickness SDS 444 -0.05 ± 0.88 393 0.11 ± 0.87

3 months

Weight (kg) 420 6.50 ± 0.78 372 5.87 ± 0.68

Weight SDS 420 0.11 ± 0.97 372 -0.13 ± 1.01

Height (cm) 420 62.2 ± 2.2 367 60.4 ± 2.4

Height SDS 420 0.28 ± 0.86 367 0.08 ± 1.04

Skinfold thickness SDS 421 0.02 ± 0.77 371 0.01 ± 0.77

12 months

Weight (kg) 395 10.41 ± 1.12 343 9.58 ± 1.09

Weight SDS 395 0.16 ± 1.01 343 -0.03 ± 1.09

Height (cm) 391 77.0 ± 2.5 342 75.1 ± 2.7

Height SDS 391 0.47 ± 0.97 342 0.31 ± 1.09

HC (cm) 393 47.1 ± 1.3 342 45.8 ± 1.2

HC SDS 393 -0.58 ± 1.10 342 -0.66 ± 1.01

BMI (kg/m
2
) 391 17.5 ± 1.4 342 17.0 ± 1.3

BMI SDS 391 -0.14 ± 0.99 342 -0.27 ± 1.03

Skinfold thickness SDS 393 -0.03 ± 0.79 342 0.07 ± 0.78

18 months

Weight (kg) 373 11.74 ± 1.22 330 10.98 ± 1.23

Weight SDS 373 0.16 ± 0.98 330 0.03 ± 1.05

Height (cm) 373 83.3 ± 2.9 331 81.4 ± 3.1

Height SDS 373 0.48 ± 1.1 331 0.22 ± 1.08

HC (cm) 369 48.4 ± 1.3 329 47.1 ± 1.3

HC SDS 369 -0.68 ± 1.05 329 -0.77 ± 1.09

BMI (kg/m
2
) 373 16.9 ± 1.2 330 16.6 ± 1.3

BMI SDS 373 -0.22 ± 0.91 330 -0.20 ± 0.99

Skinfold thickness SDS 373 -0.07 ± 0.74 330 0.09 ± 0.84

24 months

Weight (kg) 362 12.98 ± 1.37 317 12.27 ± 1.42

Weight SDS 361 0.25 ± 0.97 317 0.11 ± 1.04

Height (cm) 362 88.4 ± 3.0 311 87.0 ± 3.4

Height SDS 361 0.60 ± 0.97 311 0.32 ± 1.07

HC (cm) 364 49.3 ± 1.4 316 48.1 ± 1.3

HC SDS 363 -0.66 ± 1.04 316 -0.79 ± 1.05

BMI (kg/m
2
) 360 16.4 ± 1.4 311 16.2 ± 1.3

BMI SDS 359 -0.22 ± 0.96 311 -0.19 ± 0.96

Skinfold thickness SDS 364 -0.08 ± 0.78 317 -0.09 ± 0.85

Boys Girls
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5.3.2 Allele and genotype distributions 

The INS VNTR distribution of genotypes were I/I 48.0%, I/III 42.5%, III/III 9.5%.  The 

frequencies were comparable with those reported for the ALSPAC cohort as 47.6%, 43.0% 

and 9.4% respectively16. The rs689 SNP was common in the CBGS (MAF=0.3) and in HWE 

(Pchi-square=0.96).   

5.3.3 Growth trajectories by INS VNTR genotypes 

Trajectories of mean SDS for weight, height, head circumference and overall skinfold thickness 

by VNTR class genotype were plotted for the infancy period by excluding cases with missing 

values to follow the same subjects (Figure 5-2).  The mean weight SDS from birth to 2 years 

of age appeared consistently lower in homozygotes for class III alleles compared with the other 

two genotypes, providing ground for proceeding with statistical analyses.  Similarly, height SDS 

and head circumference SDS were consistently but marginally higher for homozygotes I/I. No 

differences were discerned for overall skinfold thickness SDS across genotypic groups. 
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Figure 5-2 | Trajectories of SDS for infancy growth parameters by INS VNTR class, assuming                                        

                      additive or dominant genetic effects.  Genotype frequencies are listed in legends.  
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5.3.4 Distribution of INS VNTR genotypes by size at birth 

The occurrence of the INS VNTR genotypes I/I, I/III and III/III were similar amongst the SGA, 

AGA and LGA groups (Table 5-2). 

Table 5-2 | Distribution of the INS VNTR genotypes by relative birth weight class. 

  

Likewise, the frequency of the genotypes did not differ amongst categories of postnatal growth 

realignment between birth and 12 months (Table 5-3) or birth and 24 months (Table 5-4). 

Table 5-3 | Distribution of the INS VNTR genotypes by weight gains between birth and 12 months. 

 

 

Table 5-4 | Distribution of the INS VNTR genotypes by weight gains between birth and 24 months. 

 

Relative birth weight I/I I/III III/III

SGA (n=40) 19 (47.5) 16 (40.0) 5 (12.5)

AGA (n=774) 377 (48.7) 325 (42.0) 72 (9.3)

LGA (n=59) 24 (40.7) 29 (49.2) 6 (10.2)

P chi-square = 0.755

INS  VNTR genotypeNewborns N (%) 

Birth-12mo growth I/I I/III III/III

catch-down (n=191) 87 (45.5) 86 (45.0) 18 (9.4)

normal (n=347) 166 (47.8) 146 (42.1) 35 (10.1)

catch-up (n=198) 104 (52.5) 75 (37.9) 19 (9.6)

P chi-square = 0.679

Newborns N (%) INS  VNTR genotype

Birth-24mo growth I/I I/III III/III

catch-down (n=166) 82 (49.4) 68 (41.0) 16 (9.6)

normal (n=304) 139 (45.7) 134 (44.1) 31 (10.2)

catch-up (n=206) 109 (52.9) 75 (36.4) 22 (10.7)

P chi-square = 0.529

Newborns N (%) INS  VNTR genotype
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5.3.5 Gestational age by INS VNTR genotypes 

The natural log-transformed gestational age approximated a normal distribution (Figure 5-3).  

There was no evidence of a difference in the transformed gestational age between the VNTR 

class genotypic groups I/I, I/III and III/III (PANOVA=0.593) or between I/I and III+ (P=0.315).  The 

results remained non-significant after expanding the dataset to include preterm newborns. 

Figure 5-3 | Distribution of gestational age before and after logarithmic transformation (n=875). 

 

  

 

5.3.6 INS VNTR and early growth 

Table 5-5 displays the summary statistics (standardised Beta, P value) of multivariate 

regressions of each standardised growth parameter by age on the rs689 by additive or 

dominant genetic effects after adjusting for covariates as summarised in Table 3-21.  With 

additive genetic effects, the standardised regression coefficient Beta is interpreted as the 

change in the response for each additional risk allele.  With dominant effects, the regression 

coefficient represents the difference in the response between carrying no copy of the T1D 

protective allele (I/I) vs. carrying a minimum of one copy of the T1D protective allele (III+).  

There was no significant effect of the INS VNTR genotype on any anthropometric parameter 

at birth or postnatally, or on growth gains between birth and 12 months or birth and 24 months. 
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Table 5-5 | Associations between the rs689 and standardised growth parameters by age in 

                   infancy, assuming additive or dominant genetic effects†. 

†Models were adjusted for covariates as outlined in Table 3-21 by growth parameter and infant’s age. 

  

Beta P  value Beta P  value

Weight SDS

Birth 0.011 0.776 -0.007 0.860

3 months -0.001 0.987 -0.030 0.442

12 months 0.066 0.080 0.067 0.074

18 months 0.041 0.291 0.028 0.472

24 months 0.072 0.077 0.064 0.117

Height SDS

Birth 0.007 0.847 0.004 0.914

3 months 0.015 0.703 -0.009 0.821

12 months 0.050 0.182 0.049 0.187

18 months 0.067 0.091 0.039 0.329

24 months 0.052 0.197 0.037 0.359

HC SDS

Birth -0.026 0.496 -0.020 0.603

12 months 0.018 0.648 0.025 0.531

18 months 0.006 0.876 0.005 0.903

24 months -0.006 0.886 0.017 0.691

BMI SDS

Birth 0.032 0.416 0.027 0.501

12 months 0.047 0.251 0.050 0.221

18 months -0.014 0.742 -0.005 0.903

24 months 0.044 0.308 0.039 0.360

Skinfold thickness SDS

Birth -0.020 0.554 -0.036 0.291

3 months -0.018 0.617 -0.029 0.424

12 months 0.042 0.255 0.051 0.168

18 months 0.057 0.136 0.045 0.245

24 months 0.009 0.820 -0.001 0.985

Deltas

Δ weight SDS 0-12 months 0.058 0.080 0.062 0.058

Δ weight SDS 0-24 months 0.055 0.109 0.053 0.123

Δ height SDS 0-12 months 0.002 0.957 -0.024 0.508

Δ height SDS 0-24 months 0.051 0.132 0.049 0.141

rs689 additive model rs689 dominant model
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5.3.7 INS VNTR and endocrine factors 

Similarly, the INS VNTR genotype did not influence the major regulators of growth in infancy, 

namely IGF-1 and C-peptide, but showed a weak association with leptin levels at 12 months 

(Table 5-6).  Highlighted are P values <0.05 

Table 5-6 | Associations between the rs689 and levels of IGF-1, C-peptide and leptin by age in 

                   infancy, assuming additive or dominant genetic effects†. 

†Models were adjusted for covariates as outlined in Table 3-21 by endocrine factor. 

 

5.3.8 Stratification by postnatal growth realignment 

After allowing for postnatal growth realignment between birth and 12 months (Tables 5-7 and 

5-8) or birth and 24 months (Tables 5-9 and 5-10), the T1D predisposing rs689 A allele was 

associated with higher BMI at 24 months in the group of catch-down growth realignment from 

birth to 12 months (overall per-A allele increase=0.306 SDS units, P=0.0004) and in the group 

of catch-down growth realignment from birth to 24 months (overall per-A allele increase=0.292 

SDS units; P=0.001).  The associations were corroborated by the dominant model. 

Associations, albeit not as strong, were also observed for weight at 24 months.  There were 

no significant associations with head circumference or height in any category by postnatal 

growth realignment, or with weight in the catch-up group.  

 

 

Beta P  value Beta P  value

IGF-1 (ng/ml)

3 months -0.042 0.438 -0.024 0.655

12 months 0.045 0.460 0.061 0.310

18 months 0.055 0.423 0.037 0.590

24 months -0.163 0.093 -0.154 0.115

C-peptide (pmol/L)

3 months -0.058 0.445 -0.049 0.518

12 months 0.111 0.324 0.068 0.544

Leptin (ng/ml)

3 months -0.113 0.137 -0.019 0.804

12-months 0.182 0.026 0.170 0.037

rs689 dominant modelrs689 additive model
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Table 5-7 | Associations between the rs689 and standardised growth parameters by age in infancy,  

                   stratified by birth-12mo weight SDS realignment and assuming additive genetic effects†. 

 

†Models were adjusted for covariates as outlined in Table 3-21 by growth parameter and infant’s age. 

rs689 additive model

Beta P  value Beta P  value Beta P  value

Weight SDS

Birth 0.066 0.387 0.077 0.175 -0.052 0.514

3 months 0.058 0.482 0.062 0.289 -0.087 0.275

12 months 0.110 0.155 0.099 0.080 -0.019 0.808

18 months 0.108 0.177 0.081 0.175 -0.058 0.473

24 months 0.214 0.010 0.090 0.149 -0.043 0.598

Height SDS

Birth 0.024 0.768 0.020 0.738 0.061 0.454

3 months -0.068 0.397 0.055 0.339 0.071 0.371

12 months 0.017 0.833 0.076 0.176 0.036 0.624

18 months 0.021 0.795 0.086 0.153 0.111 0.171

24 months 0.018 0.827 0.077 0.207 0.079 0.319

HC SDS

Birth -0.003 0.967 0.037 0.522 -0.114 0.142

12 months -0.002 0.980 0.094 0.104 -0.117 0.131

18 months -0.011 0.896 0.069 0.245 -0.072 0.385

24 months -0.076 0.380 0.079 0.195 -0.071 0.384

BMI SDS

Birth 0.081 0.324 0.075 0.221 -0.054 0.516

12 months 0.118 0.153 0.055 0.371 -0.052 0.518

18 months 0.118 0.171 0.011 0.856 -0.182 0.031

24 months 0.306 <0.0001 0.019 0.771 -0.148 0.077

Skinfold thickness SDS

Birth 0.048 0.516 -0.007 0.893 -0.060 0.398

3 months -0.007 0.925 0.038 0.501 -0.126 0.085

12 months 0.146 0.047 -0.032 0.565 0.043 0.557

18 months 0.126 0.103 0.027 0.642 0.019 0.803

24 months 0.110 0.161 -0.028 0.632 -0.044 0.566

Deltas

Δ weight SDS 0-12 months 0.101 0.151 0.060 0.319 0.076 0.315

Δ weight SDS 0-24 months 0.193 0.011 0.031 0.620 0.020 0.794

Δ height SDS 0-12 months -0.093 0.206 0.063 0.286 0.049 0.516

Δ height SDS 0-24 months 0.009 0.896 0.080 0.157 0.016 0.810

catch-down non-changers catch-up
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Table 5-8 | Associations between the rs689 and standardised growth parameters by age in infancy,  

                   stratified by birth-12mo weight SDS realignment and assuming dominant genetic effects†. 

 

†Models were adjusted for covariates as outlined in Table 3-21 by growth parameter and infant’s age. 

rs689 dominant model

Beta P  value Beta P  value Beta P  value

Weight SDS

Birth 0.072 0.344 0.054 0.337 -0.047 0.561

3 months 0.066 0.426 0.008 0.889 -0.123 0.124

12 months 0.110 0.156 0.074 0.191 -0.022 0.770

18 months 0.117 0.144 0.044 0.467 -0.094 0.244

24 months 0.193 0.020 0.081 0.196 -0.069 0.397

Height SDS

Birth 0.000 0.997 0.017 0.773 0.064 0.431

3 months -0.053 0.507 0.020 0.734 0.019 0.816

12 months 0.028 0.719 0.059 0.292 0.026 0.720

18 months 0.013 0.869 0.048 0.425 0.062 0.450

24 months 0.022 0.795 0.030 0.623 0.088 0.269

HC SDS

Birth 0.038 0.646 0.014 0.805 -0.103 0.185

12 months 0.022 0.793 0.078 0.175 -0.106 0.173

18 months -0.005 0.953 0.047 0.428 -0.068 0.411

24 months -0.037 0.672 0.080 0.189 -0.055 0.498

BMI SDS

Birth 0.117 0.154 0.061 0.320 -0.033 0.689

12 months 0.099 0.229 0.040 0.518 -0.048 0.550

18 months 0.127 0.137 0.001 0.993 -0.176 0.037

24 months 0.252 0.004 0.039 0.550 -0.190 0.023

Skinfold thickness SDS

Birth 0.022 0.768 -0.037 0.495 -0.075 0.294

3 months -0.051 0.500 0.034 0.542 -0.152 0.037

12 months 0.156 0.032 -0.028 0.614 0.028 0.698

18 months 0.110 0.154 0.010 0.870 -0.022 0.776

24 months 0.086 0.274 -0.016 0.784 -0.099 0.192

Deltas

Δ weight SDS 0-12 months 0.100 0.157 0.056 0.349 0.042 0.577

Δ weight SDS 0-24 months 0.172 0.023 0.059 0.347 -0.025 0.746

Δ height SDS 0-12 months -0.071 0.329 0.004 0.943 -0.028 0.710

Δ height SDS 0-24 months 0.024 0.724 0.059 0.297 -0.010 0.884

catch-down non-changers catch-up
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Table 5-9 | Associations between the rs689 and standardised growth parameters by age in infancy,  

                   stratified by birth-24mo weight SDS realignment and assuming additive genetic effects†. 

 

†Models were adjusted for covariates as outlined in Table 3-21 by growth parameter and infant’s age. 

rs689 additive model

Beta P  value Beta P  value Beta P  value

Weight SDS

Birth 0.113 0.178 0.018 0.761 0.050 0.526

3 months 0.139 0.098 -0.024 0.697 -0.001 0.991

12 months 0.175 0.039 0.072 0.229 0.029 0.697

18 months 0.117 0.160 0.072 0.229 0.011 0.887

24 months 0.207 0.013 0.056 0.353 0.027 0.725

Height SDS

Birth 0.056 0.543 0.020 0.750 0.081 0.306

3 months -0.007 0.936 0.031 0.619 0.061 0.434

12 months 0.073 0.383 0.078 0.200 0.054 0.451

18 months 0.066 0.427 0.084 0.174 0.118 0.130

24 months 0.032 0.703 0.062 0.304 0.071 0.346

HC SDS

Birth 0.018 0.842 0.028 0.649 -0.064 0.410

12 months -0.019 0.836 0.095 0.132 -0.030 0.691

18 months -0.048 0.591 0.108 0.083 -0.051 0.515

24 months -0.124 0.163 0.055 0.376 -0.034 0.652

BMI SDS

Birth 0.117 0.193 0.020 0.759 0.030 0.718

12 months 0.164 0.066 0.013 0.847 -0.003 0.969

18 months 0.092 0.306 0.004 0.945 -0.116 0.156

24 months 0.292 0.001 -0.012 0.857 -0.049 0.541

Skinfold thickness SDS

Birth -0.012 0.877 -0.062 0.289 0.035 0.612

3 months 0.027 0.732 -0.060 0.303 -0.032 0.663

12 months 0.119 0.135 -0.070 0.237 0.099 0.169

18 months 0.035 0.658 0.028 0.636 0.063 0.396

24 months 0.123 0.117 -0.063 0.282 0.029 0.688

Deltas

Δ weight SDS 0-12 months 0.161 0.043 0.070 0.271 0.002 0.977

Δ weight SDS 0-24 months 0.214 0.005 0.070 0.255 -0.024 0.745

Δ height SDS 0-12 months -0.072 0.344 0.058 0.334 -0.011 0.881

Δ height SDS 0-24 months 0.036 0.618 0.086 0.154 0.012 0.859

catch-down non-changers catch-up
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Table 5-10 | Associations between the rs689 and standardised growth parameters by age in infancy,  

                   stratified by birth-24mo weight SDS realignment and assuming dominant genetic effects†. 

 

†Models were adjusted for covariates as outlined in Table 3-21 by growth parameter and infant’s age. 

rs689 dominant model

Beta P  value Beta P  value Beta P  value

Weight SDS

Birth 0.099 0.231 0.007 0.913 0.031 0.694

3 months 0.127 0.130 -0.050 0.417 -0.065 0.402

12 months 0.149 0.076 0.074 0.213 -0.014 0.854

18 months 0.113 0.173 0.053 0.381 -0.069 0.384

24 months 0.176 0.032 0.061 0.313 -0.041 0.597

Height SDS

Birth 0.021 0.817 0.025 0.685 0.076 0.338

3 months -0.001 0.988 0.006 0.925 0.011 0.887

12 months 0.069 0.404 0.076 0.211 0.029 0.693

18 months 0.039 0.636 0.062 0.322 0.049 0.533

24 months 0.015 0.858 0.032 0.597 0.045 0.547

HC SDS

Birth 0.058 0.506 0.022 0.713 -0.068 0.381

12 months -0.002 0.982 0.094 0.139 -0.053 0.489

18 months -0.065 0.467 0.106 0.092 -0.063 0.422

24 months -0.073 0.405 0.076 0.221 -0.036 0.636

BMI SDS

Birth 0.136 0.126 0.018 0.781 0.040 0.629

12 months 0.131 0.137 0.016 0.808 -0.041 0.609

18 months 0.109 0.217 -0.001 0.991 -0.144 0.078

24 months 0.243 0.006 0.008 0.895 -0.116 0.144

Skinfold thickness SDS

Birth -0.051 0.522 -0.066 0.256 0.013 0.849

3 months -0.009 0.914 -0.026 0.657 -0.093 0.200

12 months 0.110 0.166 -0.038 0.521 0.066 0.362

18 months 0.038 0.630 0.016 0.792 0.014 0.855

24 months 0.096 0.224 -0.040 0.498 -0.032 0.659

Deltas

Δ weight SDS 0-12 months 0.143 0.068 0.088 0.163 -0.043 0.550

Δ weight SDS 0-24 months 0.190 0.012 0.090 0.144 -0.100 0.176

Δ height SDS 0-12 months -0.047 0.542 0.015 0.800 -0.065 0.376

Δ height SDS 0-24 months 0.051 0.483 0.078 0.196 -0.026 0.699

catch-down non-changers catch-up
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5.4 DISCUSSION 

5.4.1 Associations with size at birth and during infancy 

Reports on the association between size at birth and the VNTR class genotype in the promoter 

region of the insulin gene locus are equivocal.  The class III variant has been reported to have 

a positive effect, no effect, or a negative effect on anthropometric measures at birth, namely 

weight, length, head circumference and BMI16,17,410,467-476.  I addressed the inconclusive 

findings by taking advantage of the homogeneous Caucasian CBGS population, which is of 

British origins but larger in size than the ALSPAC study of 758 singletons in which a 

relationship was found between the INS VNTR and head circumference16.  Nevertheless, no 

material differences could be evidenced for any measure of size at birth, or at ages 3, 12, 18 

and 24 months by VNTR class genotype based on multivariate linear regression assuming 

either additive or dominant genetic effects.  My results on growth beyond birth concur with a 

Dutch study that examined associations in infancy410.  In comparison, a Dutch family-controlled 

study in T1D showed that non-carriers of the protective INS VNTR class III showed increased 

first-year growth in siblings of patients but absence of an effect in patients346.   

On the grounds of familial aggregation of SGA484 and significant paternal contribution to 

SGA485, which point to a genetic contribution to IUGR, studies in other Caucasian populations 

tested for an association between the INS VNTR genotypes and SGA vs. AGA471,474. 

Analogous to these findings, I found that the frequency of the INS VNTR genotypes was similar 

between newborns by relative size at birth (SGA, AGA, LGA).  In contrast to a study that found 

associations between III/III genotypes and lower gestational age473, I found no evidence of 

differences in gestation by INS VNTR genotype even after including preterm singletons. 

The ALSPAC study reported that the association with birth weight was limited to the 348 

children that did not show catch-up growth in the first 2 years of life, which was explained by 

infants following their genetic growth trajectory post-delivery in the absence of maternal-uterine 

growth constraints, such as nutrition16.  However, this finding was not replicated in other 

European cohorts17,468,472.  Similarly, in my study there was no association with any measure 

of size at birth and the INS VNTR after stratifying by growth realignment between birth and 12 

or 24 months of age.   

However, the stratified analysis provided evidence of a consistent positive association 

between BMI SDS at 24 months and the INS VNTR in the catch-down group.  Specifically, 

under the additive genetic model, infants whose weight SDS grew by less than -0.67 between 

birth and 12 months showed an average BMI increase of 0.31 SDS per class I allele 

(P=0.0004).  The findings suggest that the pronounced slow-down in weight gain after birth, 
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presumably arising from accelerated foetal growth, is countered by a pronounced increase in 

adiposity in the T1D-predisposing I/I carriers compared with children carrying the III+ 

genotypes.  I speculate that the effect is specific to the catch-down group due to absence of 

strong environmental factors, such as nutrition, that drive sizeable weight gains which would 

otherwise mask minuscule genetic effects on adiposity.  In the ALSPAC study, class I+ 

genotypes were associated with higher BMI at age 7 years compared with class III 

homozygotes but in the group of children that showed postnatal catch-up growth instead17.  

These findings are further perplexed by the subsequent claim that III/III children of the ALSPAC 

cohort had higher BMI arising from FM at age 9 years486 and young British adults homozygous 

for class III had higher BMI than class I homozygotes at a nominal significance level468.  In 

contrast, a study investigating the body composition in early life in 738 children410 and another 

study in 7,999 middle-aged Europeans found that INS VNTR made no contribution to BMI487.    

5.4.2 Associations with hormone levels during infancy 

In concordance with my findings on foetal and postnatal growth in the CBGS population, no 

compelling association was evident between the INS VNTR polymorphisms and the major 

endocrine regulators of infancy growth.  The relationship between the INS VNTR variants and 

insulin secretion or obesity, which are established T2D-related metabolic traits, has been 

studied with equal vigour as infancy growth, predicated on the propositions that INS VNTR 

class III allele associates with increased risk of T2D469 and paternal transmission of class I 

allele predisposes to early onset obesity488.  Notwithstanding an abundance of studies, the 

relevance of the INS VNTR polymorphism with insulin resistance and secretion remains 

inconclusive.  The III/III genotype was claimed to confer higher insulin resistance in British 

men469, lower insulin resistance in British young adults468, higher insulin resistance in young 

SGA adults471, lower insulin resistance in prepubertal SGA children474 and lower insulin 

resistance in precocious pubarche girls467.  With respect to insulin supply and β-cell function, 

the class I allele was associated with higher insulin secretion at the physiological level in 

healthy adults466.  In contrast, associations between class I and lower insulin secretion were 

predominantly observed in disease-enriched populations, namely obesity489 and polycystic 

ovary syndrome (PCOS)490, as well as paediatric populations, such as infants at age 1 year491 

and prepubertal SGA children474.  Still, other studies found no association with insulin secretion 

in healthy individuals468 or obese children492.  A large-scale study in Danish Caucasians found 

that the III/III genotype was associated with reduced glucose-induced insulin and C-peptide 

release in young healthy adults but not in middle-aged subjects493.  A study in healthy adult 

Caucasians reported an association between allelic variation at the INS VNTR locus and the 

pulsatility of insulin secretion, but not the rate or amount of insulin secretion494.   
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Collectively, studies lack consensus on the role, if any, of the INS VNTR in β-cell 

dysfunction and altered insulin resistance, and in effect, T2D.  Credence to the lack of an effect 

is given by a case-control study which found no differences in the VNTR class genotype 

distribution amongst T2D patients and controls493.  The most compelling evidence stems from 

a recent meta-analysis of GWAS data from subjects of European ancestry which established 

no association between the SNP rs689 and T2D (OR=1.01 [95% CI 0.98, 1.04])495.   

The lack of an association with IGF-1 reported here does not provide support of the 

contribution of the INS VNTR to infancy growth.  The positive association of nominal statistical 

significance detected with leptin levels at 1 year of age echoes prior associations found 

between the INS VNTR genotypes and fat mass, as well as BMI, in children486,496.  Similar 

results for endocrine factors have not been previously reported for infants, but a study in 

Poland found no evidence of an association between either leptin or IGF-1 and the INS VNTR 

class in SGA-born prepubertal children474.  Could there be a role of the INS VNTR in foetal 

growth instead, considering its proximity to INS and IGF2463,465,497,498, both of which are major 

foetal growth regulators?  Despite non-differential IGF2 mRNA expression between the VNTR 

class alleles175,480,481, the INS VNTR genotypes previously associated independently with cord 

blood IGF-2 levels17 and  foetal growth in mid-pregnancy but not late pregnancy473, leading me 

to suggest that INS VNTR might exert its effect early in utero. Stratification analysis by 

postnatal growth realignment (data not shown) elucidated that lower IGF-1 levels at 24 months 

of age significantly associated with the T1D high-risk INS VNTR alleles in infants who did not 

show weight realignment between birth and 24 months of age (Beta=-0.413, P=0.006, additive 

genetic effects). Since ‘non-changers’ are indicative of genetic growth potential, because they 

are not subject to significant maternal-uterine enhancement or restraint of foetal growth17, the 

finding opens the possibility for a genetic interaction between the INS VNTR and IGF-1, albeit 

not reflected in differences in postnatal growth between genotypic groups of ‘non-changers’.  

5.4.3 The possible role of the INS VNTR 

The VNTR class III allele was previously associated with lower levels of INS mRNA in both 

foetal and adult pancreas28,465, suggesting that the class III allele encodes insulin deficiency490.  

In my study, the association of borderline significance observed between the rs689 and weight 

at 12 months, supported by the additive (P=0.080) and dominant models (P=0.074), concur 

with these findings and feebly suggest that if class III were to associate with infancy growth, it 

would correlate with lower size.  This argument resonates with the main outcome of my 

systematic literature review (Chapter 2), which cemented that high birth weight is a 

predisposing factor for T1D whereas low birth weight confers a protective effect.   
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It has been argued that the preponderant dominant effect of the VNTR class III cannot 

be explained by the marginal influence of class III on the reduced INS expression levels in 

pancreatic tissue175.  In fact, thymus appears to be the site where the INS VNTR manifests a 

prominent biological effect, where class III alleles were independently associated with higher 

steady-state levels of INS mRNA expression499.  This finding frames a plausible explanation 

for the class III dominant protective effect via central tolerance mechanisms, such as 

hampering negative selection of autoreactive T-cells, which enhances deletion of insulin-

specific autoreactive T-cells and averts development of autoimmunity against insulin499.  

Conceivably, T1D susceptibility and resistance may derive from differential expression of 

insulin in the thymus but not the pancreas499 and the absence of insulin in the thymus induces 

insulin autoimmunity and aggravates the risk of T1D500.  The role of central tolerance in organ-

specific autoimmunity has been reassessed following discovery of the remarkable 

phenomenon of the promiscuous expression of diverse tissue-specific self-antigens in the 

thymus501.  I posit that the role of the INS VNTR in immunity, which distances it from the view 

of its effect on the pancreas, is supported by additional lines of argument.  A meta-analysis 

found a lack of association between the INS VNTR and PCOS502, which hints that the link 

between this genetic polymorphism and T1D might not be mediated by an endocrine gland.  

Compellingly, recent breakthrough findings identified that the autoimmune regulator (AIRE) 

gene on chromosome 21q22.3 modulates, along with the INS VNTR, the differential 

expression of insulin in the thymus503.  Specifically, mutations in the AIRE gene affect human 

insulin gene expression in epithelial cells in the thymus through INS VNTR, which subsequently 

result in either insulin tolerance or autoimmunity504.  Hence, it is likely that the INS VNTR has 

a central role in immunity at an early age. 

5.4.4 Explaining the discrepant findings  

Attempts have been made to explain the discrepant findings on the INS VNTR and early 

growth.  Ethnic differences are unlikely to be accountable since LD relationships and nearby 

modifying variants are quite similar in Caucasians483.  A possible explanation could be the 

biological differences between study samples (environmental exposures, antenatal 

management) and different measures of growth used472.  Additionally, it has been proposed 

that the variation in the molecular structure of the VNTR allele, and not its length, accounts for 

the divergent insulin levels relating with this polymorphism505.  A methodological consideration 

is the exploitation of the high concordance of the -23HphI A and T alleles with the adjacent 

VNTR class I and III alleles, which justifies the use the -23HphI as a tag of the VNTR 

polymorphism464.  Nevertheless, the -23Hphl might have a functional effect on its own506, which 

could obscure associations.  In addition, the complementary nature of the alternative alleles -

23HphI A and T, misleadingly denoted in genome browsers as the ‘ancestral’ and ‘minor’ allele 
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respectively (when A is the minor allele on the forward strand), may obfuscate interpretation 

of genotyping results.  An advantage to my study, in addition to its large sample size and ethnic 

homogeneity, was the multiple testing of phenotypes, which surfaced associations of nominal 

significance that might have arisen by chance; this warns about stringent requirements for P 

values at significance levels well below 0.05 in genetic associations of small effects to avoid 

haphazard results.  Nevertheless, the power of this study to detect small genetic effects, 

particularly those of imprinted genes which express one parental allele, is questioned.  The 

recent GWAS for birth weight detected effect sizes in the range of 0.020 to 0.053 SDS per 

allele (equivalent to 10 to 26 g) at the 8x10-8 level of significance in a sample of circa 150 

thousand individuals, a substantial subset of which was proved underpowered to conduct 

parent-of-origin analyses336.     

5.4.5 Conclusion 

My results do not support the positive ALSPAC studies that showed associations between INS 

VNTR polymorphisms and size at birth.  In fact, if an association were to exist, it would be in 

the opposite direction to that reported by the ALSPAC studies, judging by the borderline 

associations found here between the III/III genotype and lower weight, and reconciled with the 

unequivocal relationship between increased risk of T1D and higher birth weight and vice versa.  

This discussion underscores the need to interrogate the biological plausibility of statistical 

associations with molecular- and observational-based arguments.  The authors of the initial 

ALSPAC study proposed that the III/III genotype may confer the survival advantage of 

increased growth in utero in times of low food availability16.  If the VNTR polymorphism is a 

relatively recent evolutionary acquisition found only in primates, as suggested after the 

discovery of this polymorphism463, I argue that its role is unlikely to be implicated in the ability 

to survive or thrive on food supply, common to all species since creation.  Instead, my view is 

that we might as well search for features of the immune system of primates, which evolves in 

response to the changing landscape of threats in the inter-species race of survival, as a 

possible influence of the INS VNTR.  Nevertheless, the significant association with BMI leaves 

open the possibility that the INS VNTR could influence obesity at the end of and beyond infancy 

with a small magnitude of effect.  This emerging hypothesis is supported by studies which 

found associations between T1D risk in childhood and accelerated BMI gains beyond the first 

2 years of life364,396,417.  Replication in larger cohorts is required but it remains to be seen 

whether a SNP is a representative tag of a VNTR. 
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Chapter 6 

6 T1D LOCI AND GROWTH: A CROSS-SECTIONAL VIEW 

 

 

6.1 CONTEXT 

The remarkable advances in human genetics, made possible by GWAS that exploit high-

throughput genotyping platforms, mapped out the genetic architecture of T1D by identifying 

approximately 50 susceptibility loci31,117 which explain up to 80% of heritability507.  

Nevertheless, understanding the precise aetiological disease mechanisms has been hindered 

by two factors: i) the lack of identification of causal genes, owing to T1D susceptibility loci 

harbouring numerous genes508, and ii) the challenge of assigning molecular function to most 

GWAS hits as they comprise indistinguishable causal and neutral variants in LD and do not 

alter protein coding sequences, which complicates their interpretation349.  At its simplest, the 

genetic factors that contribute to risk of developing T1D influence β-cell autoimmunity 

(aetiology) and/or affect the progression to clinical onset (pathogenesis)31.  These candidate 

genes had been known to exert their effects at the immune system level, specifically on T 

cells117.  An interesting twist has been the recent finding that >80% of T1D candidate genes 

are expressed in pancreatic islets101,509, indicating that they also act at the level of the β-cell26.  

This notion has been given momentum by a subsequent study that compared SNP locations 

with chromatin maps for different cell types and identified that the primary signature of T1D 

SNPs found in T-cell enhancers, is also significantly enriched in pancreatic islet enhancers349.   

Conceivably, T1D is a disease of the pancreas as much as of the immune system26, 

but the nature and exact timing of the injurious processes inflicted on the β-cell are not clear.  

The DIPP study has recently reported that insulin secretion is perturbed as early as 6 years 

prior to the onset of T1D, whilst insulin sensitivity remains unaffected, ‘implying an intrinsic 

defect in β-cell mass and/or function’148.  This stretched timeframe from the impairment of 

insulin secretion to clinical onset suggests that the β-cell pathology emerges very early in life.  

Genotype-phenotype correlation studies are amongst integrated methods that are employed 

to probe into the underlying mechanisms of β-cell destruction508.   This approach enables our 

understanding of how a susceptible infant’s pertinent genetic constitution determines 

phenotypes early in life, when small genetic effects are most discernible due to the absence  
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of strong lifestyle influences.  However, population studies in search for a genetic justification 

of the association between somatic growth and risk of T1D have limited their scope to the HLA 

and INS.  The findings on the former have been contradictory (Chapter 2) and the INS VNTR 

locus failed to provide evidence of a robust association with size at birth or during infancy in 

the CBGS cohort (Chapter 5).  It follows that there is scope beyond the two most predisposing 

candidate genes to contribute, individually or collectively, to traits that pervade the prodrome 

of T1D.   

The aim of this chapter is to test the hypothesis that the biology-screened T1D variants 

and candidate genes — exclusively selected upon their functional properties, exemplified by 

actions on the β-cell — influence somatic growth in infancy, a proxy for β-cell function, at each 

age measured (cross-sectionally) with the purpose of gaining insights into the mechanisms 

behind disease susceptibility.  Growth in disease operates via a different mechanism than in 

health346, hence it is essential to disentangle the confounding effect of the disease (e.g. altering 

gene expression) on physiological processes.  I have accounted for this by taking advantage 

of the CBGS cohort of infants from the general population to test for unbiased genotype-

phenotype associations. 

 

6.2 METHODS 

6.2.1 Study design and subjects 

The CBGS is a prospective observational birth cohort that examines infancy growth in children 

from the general population of Cambridgeshire, UK.  The details of the study were described 

in Chapter 3.  During 2001 and 2009, the CBGS recruited >2,000 mother-baby dyads 

antenatally and enrolled 1,660 children of which >95% were Caucasians.  Of these, 612 infants 

were included in the current study as they had genomic DNA available.  The number of children 

with both phenotype and genotype data was 597.      

6.2.2 SNP selection 

T1D susceptibility loci and candidate genes were screened for biological evidence of relevance 

to somatic growth as described in Chapter 4.  At the end of the screening process, I selected 

a panel of 34 SNPs (Table 4-3) that have been robustly associated with T1D in large-scale 

genetic studies and conjectured on having a link with i) growth, ii) gut/microbiome, or iii) vitamin 

D, based on biological facts which I collected from credible sources.   
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6.2.3 SNP genotyping  

Genotyping was performed on genomic DNA extracted from blood or buccal samples collected 

as described in Chapter 3.  All 34 SNPs were genotyped by LGC Genomics (Hoddesdon, UK) 

using the KASP genotyping assay.  Quality control filters for SNPs and samples were based 

on a prior publication445 as described in Chapter 4.  In brief, the following exclusion criteria 

were applied to SNPs: missing data rate >5%, study-wide MAF <5% and HWE P value <0.01.  

Out of 597 samples, 426 had genotype data across all 34 SNPs; for the remaining samples 

missing data were ‘enhanced’ and imputed for use in generating genetic risk scores. 

6.2.4 Genetic risk scores 

I constructed genetic risk scores for T1D using the SNPs genotyped and clustered by i) HLA- 

DR3/DR4-DQ8 haplotypes, ii) non-HLA loci, iii) vitamin D loci, and iv) combined, as detailed in 

Chapter 4.  Due to LD between the two SNPs in CYP2R1, the rs10741657 was excluded on 

the grounds of a lower study-wide genotyping rate than the alternative rs12794714.  In brief, 

non-HLA loci were collated in unweighted and weighted risk scores under the assumptions 

that risk alleles have an additive or log-additive effect on risk of T1D respectively.  For the 

DR3/DR4-DQ8 haplotypes, which do not have a log-additive effect on risk of T1D, the weights 

were obtained from a published study456.  Table 4-9 summarises the SNPs and respective 

weights used.  Quality control was performed by excluding samples with ≥1 missing 

genotype(s) for the HLA SNPs or >2 missing genotypes for the non-HLA SNPs.  For the vitamin 

D genetic risk scores, only subjects with complete genotyping data were included.   

6.2.5 Outcome measures 

Age- and sex-appropriate SD scores of weight, height, head circumference, BMI and mean 

skinfold thickness were available for the first 2 years of life as detailed in Chapter 3.  Gains of 

weight or height from birth to 12 or 24 months had been calculated.   

6.2.6 Statistical analysis 

Analyses were restricted to 586 children after excluding extremes of growth trajectories 

(maternal T1D, <36 weeks of gestation, twins).  Genetic correlation with the T1D high-risk HLA 

SNPs was explored for every SNP by pairwise associations using the chi-square test.  

Multivariate linear regression was used to test for associations between each phenotype 

(explained variable) at a single age measured and each individual SNP or genetic risk score 
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(explanatory variable), with adjustment for preselected covariates (Table 3-21) by co-entering 

those variables in the model (Equation 6-1).  Additive genetic effects were assumed.       

Equation 6-1 

𝑌𝑖 = 𝛽0 +  ∑ 𝛽𝑗 × 𝑋
𝑖𝑗

𝑚

𝑗=1

 +  𝛽𝑆𝑁𝑃 ×  𝑆𝑁𝑃𝑖    

for study participant 𝑖=1, 2,…n; X is one of m covariates.   

The null hypothesis tested was H0: βSNP=0 vs. H1: βSNP≠0.  Statistical analyses were performed 

using the IBM Statistical Package for Social Sciences (SPSS 23.0 Chicago, IL, USA) for 

Windows.  Tests were two-tailed and a P≤0.05 was considered statistically significant.     

 

6.3 RESULTS 

6.3.1 Descriptive statistics  

Characteristics of the children genotyped for the study are provided in Chapter 3.  Compared 

with infants in the birth cohort that were not genotyped, there were no material differences in 

newborn traits or confounders.  All SNPs were in HWE at the 0.01 level of significance and 

their frequencies in the CBGS were in good agreement with those published (Table 4-5). 

6.3.2 Genetic correlations with HLA SNPs 

Genetic correlations (i.e. associations of population frequencies) were explored with each of 

the SNPs tagging the T1D HLA which have the greatest effect on risk of T1D.  There was a 

significant co-occurrence of homozygosity for the protective HLA-DQB1*06:02 minor allele 

(coded as ‘0’) with homozygosity for each of the major DR3, DR4, DQ8 alleles (Figure 6-1).  

Conversely, homozygous for the high-risk HLA minor alleles did not carry any protective HLA-

DQB1*06:02 allele.  This pattern points to a mutual exclusivity of homozygosity for SNPs 

tagging the extremes on the spectrum of T1D risk, i.e. very high-risk and very protective HLA-

II SNP-tag alleles.  These associations might result from the rarity of the HLA alleles in the 

study population.  However, the genotype distributions of the rarest alleles in the study (TYK2 

and ITGB7) relative to HLA-DQB1*06:02 genotypes did not conform to this pattern.   
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Figure 6-1 | Counts (%) of infants by T1D risk genotypic group between the HLA-DQB1*06:02 and the 

                    HLA- a. DR3, b. DQ8, c. DR4.  

 

a. HLA-DQB1*06:02 and HLA-DR3                      b. HLA-DQB1*06:02 and HLA-DQ8                    

c. HLA-DQB1*06:02 and HLA-DR4     

 

6.3.3 T1D SNPs and early growth 

Tables 6-1 to 6-6 display the summary statistics (standardised Beta, P value) of regressions 

of standardised growth parameters by age on individual SNPs.  Birth weight showed 

associations with SNPs in DLK1, CYP2R1 and TYK2.  Height in infancy was associated with 

SNPs in BACH2 and HLA-DR3.  The strongest genetic associations were identified for 

measures of obesity: PRKCQ and BMI at birth and 12 months; HLA-DR4, GC, BAD and SH2B3 

each strongly associated with overall skinfold thickness postnatally.   
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Table 6-1 | Associations between T1D SNPs and weight SDS at birth and ages 3, 12, 18, 24 months†.  

 

†Models at birth were adjusted for parity, smoking during pregnancy, maternal height and maternal pre-

pregnancy weight.  Models at 3 months were adjusted for parity, maternal height, maternal pre-

pregnancy weight and type of milk feeding at age 3 months.  Models at subsequent ages were adjusted 

for maternal height, maternal pre-pregnancy weight and type of milk feeding at age 3 months. 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 -0.022 0.645 0.002 0.964 0.022 0.640 0.057 0.245 0.029 0.572

2 rs3024505 IL10 -0.025 0.592 -0.032 0.502 -0.024 0.624 0.024 0.620 -0.020 0.688

3 rs2111485 IFIH1 -0.076 0.099 -0.047 0.333 0.025 0.608 0.009 0.862 0.019 0.708

4 rs3087243 CTLA4 0.015 0.750 -0.019 0.696 -0.012 0.800 -0.050 0.321 0.003 0.948

5 rs4588 GC -0.021 0.655 0.107 0.026 0.037 0.449 0.040 0.415 0.028 0.578

6 rs75793288 IL2 0.019 0.680 -0.043 0.379 -0.005 0.916 0.009 0.859 0.049 0.331

7 rs17426593 HLA-DR4 0.005 0.923 -0.001 0.977 -0.043 0.378 -0.049 0.326 -0.029 0.582

8 rs2187668 HLA-DR3 -0.021 0.655 -0.020 0.679 0.047 0.324 0.064 0.194 0.061 0.232

9 rs7454108 HLA-DQ8 -0.001 0.976 -0.006 0.901 -0.080 0.094 -0.052 0.297 -0.049 0.342

10 rs3135388 HLA-DQB1*06:02 -0.016 0.732 -0.026 0.585 -0.019 0.698 -0.019 0.699 0.004 0.931

11 rs72928038 BACH2 0.047 0.321 0.118 0.014 0.089 0.066 0.094 0.058 0.068 0.184

12 rs6920220 TNFAIP3 -0.027 0.568 0.041 0.392 -0.015 0.760 -0.027 0.591 0.024 0.636

13 rs6476839 GLIS3 0.036 0.445 0.096 0.048 0.022 0.646 0.000 0.993 0.027 0.594

14 rs61839660 IL2RA -0.044 0.353 0.054 0.270 0.020 0.682 -0.020 0.694 0.005 0.929

15 rs11258747 PRKCQ -0.063 0.177 -0.061 0.205 -0.074 0.121 -0.003 0.953 0.006 0.908

16 rs12416116 RNLS 0.054 0.248 0.078 0.108 0.056 0.242 0.032 0.524 0.032 0.535

17 rs10741657 CYP2R1 -0.108 0.022 0.021 0.674 0.005 0.917 0.002 0.969 -0.024 0.648

18 rs12794714 CYP2R1 -0.094 0.043 -0.025 0.602 -0.008 0.866 -0.039 0.428 -0.043 0.396

19 rs689 INS 0.026 0.580 -0.054 0.271 0.053 0.280 0.018 0.726 0.054 0.297

20 rs694739 BAD 0.015 0.745 0.065 0.179 -0.016 0.735 -0.017 0.734 -0.029 0.573

21 rs12785878 DHCR7 -0.010 0.831 -0.014 0.770 -0.096 0.047 -0.087 0.082 -0.065 0.206

22 rs11170466 ITGB7 -0.053 0.254 0.013 0.795 0.020 0.677 -0.026 0.602 -0.018 0.729

23 rs705704 ERBB3 -0.065 0.164 -0.022 0.652 -0.028 0.562 -0.009 0.859 -0.018 0.731

24 rs10877012 CYP27B1 0.040 0.384 -0.012 0.799 -0.009 0.853 -0.022 0.655 -0.035 0.488

25 rs653178 SH2B3 -0.025 0.589 0.040 0.409 0.058 0.236 0.027 0.584 0.078 0.130

26 rs56994090 DLK1 0.111 0.018 0.061 0.209 0.076 0.114 0.038 0.443 0.040 0.430

27 rs34593439 CTSH 0.011 0.817 0.057 0.239 -0.015 0.757 0.001 0.986 -0.065 0.208

28 rs12927355 CLEC16A 0.050 0.280 0.068 0.158 0.095 0.047 0.034 0.497 0.015 0.764

29 rs151234 IL27 0.023 0.619 -0.004 0.935 -0.036 0.461 -0.035 0.486 -0.058 0.255

30 rs12453507 ORMDL3 0.004 0.931 0.050 0.302 0.061 0.212 0.067 0.181 0.045 0.380

31 rs1893217 PTPN2 0.035 0.452 0.070 0.147 0.028 0.566 0.015 0.760 0.042 0.414

32 rs34536443 TYK2 0.105 0.024 0.057 0.238 0.075 0.116 0.071 0.150 0.110 0.031

33 rs516246 FUT2 -0.041 0.379 -0.053 0.271 -0.017 0.721 -0.036 0.473 -0.024 0.639

34 rs11203202 UBASH3A -0.027 0.566 -0.092 0.059 -0.044 0.364 -0.009 0.861 -0.084 0.103

24 months
SNP Gene

Birth 3 months 12 months 18 months
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Table 6-2 | Associations between T1D SNPs and height SDS at birth and ages 3, 12, 18, 24 months †.  

 

†Models at birth were adjusted for parity, smoking during pregnancy, maternal height and maternal pre-

pregnancy weight.  Models at 3 months were adjusted for parity, maternal height, maternal pre-

pregnancy weight and type of milk feeding at age 3 months.  Models at subsequent ages were adjusted 

for maternal height, maternal pre-pregnancy weight and type of milk feeding at age 3 months. 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 -0.046 0.339 0.000 0.995 -0.033 0.487 -0.011 0.831 0.006 0.908

2 rs3024505 IL10 -0.052 0.281 -0.020 0.671 0.040 0.399 0.054 0.286 -0.017 0.740

3 rs2111485 IFIH1 -0.026 0.586 -0.038 0.425 0.066 0.163 0.060 0.237 0.048 0.342

4 rs3087243 CTLA4 0.005 0.914 -0.025 0.609 -0.019 0.693 -0.004 0.942 0.026 0.612

5 rs4588 GC -0.027 0.579 -0.031 0.514 -0.016 0.744 -0.013 0.793 0.014 0.779

6 rs75793288 IL2 -0.009 0.855 -0.026 0.595 -0.052 0.280 -0.065 0.200 -0.009 0.865

7 rs17426593 HLA-DR4 0.046 0.337 0.007 0.881 0.002 0.964 -0.022 0.670 -0.023 0.653

8 rs2187668 HLA-DR3 0.018 0.698 -0.005 0.911 0.069 0.143 0.074 0.141 0.116 0.021

9 rs7454108 HLA-DQ8 0.056 0.243 -0.012 0.800 -0.053 0.269 -0.046 0.364 -0.058 0.254

10 rs3135388 HLA-DQB1*06:02 -0.020 0.674 -0.047 0.324 -0.027 0.571 -0.051 0.321 0.013 0.793

11 rs72928038 BACH2 0.067 0.166 0.094 0.050 0.118 0.014 0.130 0.011 0.089 0.083

12 rs6920220 TNFAIP3 -0.017 0.715 0.021 0.662 -0.015 0.754 0.007 0.895 0.069 0.173

13 rs6476839 GLIS3 -0.029 0.541 0.007 0.880 -0.007 0.890 0.005 0.915 0.011 0.831

14 rs61839660 IL2RA -0.052 0.277 0.004 0.940 -0.033 0.495 -0.008 0.873 -0.016 0.755

15 rs11258747 PRKCQ 0.068 0.155 -0.037 0.435 0.031 0.515 0.010 0.844 0.070 0.171

16 rs12416116 RNLS 0.012 0.795 0.031 0.524 -0.013 0.789 -0.009 0.858 0.014 0.776

17 rs10741657 CYP2R1 -0.090 0.063 -0.039 0.418 -0.037 0.447 -0.065 0.210 -0.023 0.657

18 rs12794714 CYP2R1 -0.023 0.636 -0.048 0.320 -0.029 0.543 -0.110 0.031 -0.071 0.160

19 rs689 INS -0.003 0.950 -0.041 0.405 -0.006 0.909 0.046 0.373 0.001 0.982

20 rs694739 BAD 0.003 0.943 0.048 0.319 -0.036 0.452 -0.005 0.930 0.038 0.458

21 rs12785878 DHCR7 -0.046 0.333 -0.085 0.077 -0.046 0.343 -0.066 0.195 -0.079 0.120

22 rs11170466 ITGB7 -0.060 0.207 -0.087 0.070 -0.073 0.126 -0.086 0.091 -0.031 0.539

23 rs705704 ERBB3 -0.055 0.254 -0.030 0.526 -0.044 0.354 -0.029 0.575 -0.055 0.285

24 rs10877012 CYP27B1 -0.009 0.854 -0.008 0.862 -0.043 0.369 -0.023 0.643 -0.022 0.664

25 rs653178 SH2B3 -0.085 0.076 0.009 0.850 0.007 0.880 0.013 0.804 0.030 0.557

26 rs56994090 DLK1 0.058 0.223 0.036 0.455 -0.005 0.919 -0.030 0.555 -0.014 0.790

27 rs34593439 CTSH 0.094 0.051 0.004 0.941 -0.006 0.901 0.006 0.901 -0.011 0.838

28 rs12927355 CLEC16A 0.006 0.908 0.063 0.193 0.014 0.765 -0.012 0.809 -0.066 0.196

29 rs151234 IL27 0.051 0.281 0.016 0.735 -0.038 0.427 -0.033 0.521 -0.056 0.273

30 rs12453507 ORMDL3 0.026 0.591 0.052 0.281 0.046 0.344 0.078 0.130 0.075 0.144

31 rs1893217 PTPN2 0.005 0.918 0.062 0.194 0.038 0.421 0.002 0.970 -0.009 0.856

32 rs34536443 TYK2 0.080 0.097 0.095 0.047 0.084 0.079 0.083 0.103 0.044 0.386

33 rs516246 FUT2 0.011 0.817 -0.032 0.499 -0.001 0.981 -0.036 0.488 -0.047 0.362

34 rs11203202 UBASH3A 0.023 0.634 -0.015 0.756 -0.003 0.955 0.046 0.373 0.008 0.880

SNP Gene
Birth 3 months 12 months 18 months 24 months



T1D loci and growth: a cross-sectional view                                                                                                             ELEFTHERIOU  

 - 165 -  

Table 6-3 | Associations between T1D SNPs and HC SDS at birth and ages 12, 18, 24 months†.  

 

†Models at birth were adjusted for parity, maternal height and maternal pre-pregnancy weight.  Models 

at subsequent ages were adjusted for maternal height and maternal pre-pregnancy weight. 

 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 -0.025 0.586 -0.005 0.918 -0.005 0.924 0.003 0.957

2 rs3024505 IL10 0.021 0.653 0.024 0.640 -0.003 0.956 -0.010 0.854

3 rs2111485 IFIH1 -0.059 0.202 0.084 0.099 0.057 0.272 0.051 0.339

4 rs3087243 CTLA4 0.027 0.565 -0.062 0.232 -0.032 0.539 0.007 0.896

5 rs4588 GC -0.057 0.221 0.020 0.700 0.027 0.606 0.033 0.532

6 rs75793288 IL2 -0.019 0.679 0.024 0.639 0.018 0.737 0.039 0.468

7 rs17426593 HLA-DR4 0.011 0.822 -0.082 0.116 -0.100 0.059 -0.090 0.096

8 rs2187668 HLA-DR3 -0.037 0.423 0.027 0.591 0.041 0.432 0.062 0.242

9 rs7454108 HLA-DQ8 -0.015 0.742 -0.051 0.321 -0.078 0.137 -0.067 0.213

10 rs3135388 HLA-DQB1*06:02 -0.021 0.657 -0.039 0.455 -0.040 0.450 -0.037 0.492

11 rs72928038 BACH2 0.013 0.787 -0.051 0.328 -0.054 0.308 -0.046 0.396

12 rs6920220 TNFAIP3 -0.004 0.927 -0.057 0.269 -0.044 0.396 -0.002 0.977

13 rs6476839 GLIS3 0.074 0.113 0.004 0.945 -0.012 0.816 -0.003 0.950

14 rs61839660 IL2RA -0.088 0.059 -0.020 0.697 -0.027 0.604 -0.002 0.973

15 rs11258747 PRKCQ -0.010 0.834 -0.048 0.348 -0.003 0.947 0.004 0.933

16 rs12416116 RNLS 0.024 0.599 -0.019 0.708 -0.044 0.398 -0.047 0.378

17 rs10741657 CYP2R1 -0.044 0.350 -0.048 0.357 0.003 0.961 -0.043 0.423

18 rs12794714 CYP2R1 -0.065 0.163 -0.093 0.070 -0.056 0.281 -0.056 0.292

19 rs689 INS -0.039 0.413 -0.001 0.977 -0.009 0.865 -0.025 0.650

20 rs694739 BAD 0.002 0.974 0.017 0.751 0.005 0.929 0.005 0.923

21 rs12785878 DHCR7 0.020 0.666 -0.109 0.034 -0.086 0.101 -0.084 0.117

22 rs11170466 ITGB7 -0.033 0.481 0.008 0.882 0.000 0.995 0.008 0.887

23 rs705704 ERBB3 -0.073 0.115 -0.050 0.336 -0.097 0.063 -0.081 0.133

24 rs10877012 CYP27B1 0.058 0.213 0.029 0.577 -0.003 0.955 -0.024 0.646

25 rs653178 SH2B3 0.011 0.810 -0.021 0.685 -0.010 0.844 -0.003 0.957

26 rs56994090 DLK1 0.027 0.563 0.101 0.051 0.055 0.289 0.096 0.073

27 rs34593439 CTSH -0.008 0.857 -0.013 0.799 -0.012 0.814 -0.018 0.737

28 rs12927355 CLEC16A 0.040 0.393 0.105 0.041 0.056 0.287 0.049 0.358

29 rs151234 IL27 0.001 0.988 0.001 0.990 0.034 0.509 0.000 0.993

30 rs12453507 ORMDL3 -0.029 0.537 -0.024 0.648 -0.010 0.841 0.001 0.980

31 rs1893217 PTPN2 -0.004 0.933 -0.004 0.940 0.025 0.624 -0.009 0.864

32 rs34536443 TYK2 0.088 0.059 0.116 0.024 0.100 0.055 0.084 0.118

33 rs516246 FUT2 -0.027 0.555 0.036 0.485 0.003 0.951 0.000 1.000

34 rs11203202 UBASH3A 0.001 0.975 -0.111 0.032 -0.068 0.192 -0.078 0.144

24 months
SNP Gene

Birth 3 months 12 months 18 months
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Table 6-4 | Associations between T1D SNPs and BMI SDS at birth and ages 12, 18, 24 months†.  

 

†Models at birth were adjusted for parity, smoking during pregnancy and maternal pre-pregnancy BMI.  

Models at subsequent ages were adjusted for maternal pre-pregnancy BMI and type of milk feeding at 

age 3 months. 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 -0.006 0.909 0.057 0.270 0.081 0.124 0.021 0.696

2 rs3024505 IL10 -0.002 0.966 -0.064 0.219 -0.017 0.755 -0.013 0.812

3 rs2111485 IFIH1 -0.050 0.312 -0.028 0.590 -0.050 0.345 -0.031 0.570

4 rs3087243 CTLA4 0.022 0.658 -0.011 0.839 -0.078 0.148 -0.032 0.572

5 rs4588 GC 0.035 0.482 0.073 0.159 0.091 0.087 0.031 0.579

6 rs75793288 IL2 0.019 0.708 0.033 0.523 0.066 0.211 0.090 0.101

7 rs17426593 HLA-DR4 0.005 0.927 -0.050 0.340 -0.037 0.484 0.000 0.997

8 rs2187668 HLA-DR3 -0.033 0.500 0.009 0.857 0.019 0.723 -0.034 0.539

9 rs7454108 HLA-DQ8 -0.025 0.613 -0.048 0.355 -0.013 0.803 -0.008 0.881

10 rs3135388 HLA-DQB1*06:02 -0.037 0.462 0.004 0.936 0.041 0.440 -0.010 0.858

11 rs72928038 BACH2 0.003 0.958 0.015 0.782 0.002 0.971 -0.003 0.955

12 rs6920220 TNFAIP3 -0.055 0.263 0.006 0.910 -0.039 0.466 -0.004 0.949

13 rs6476839 GLIS3 0.053 0.285 0.033 0.529 -0.004 0.941 0.023 0.673

14 rs61839660 IL2RA -0.037 0.452 0.051 0.325 -0.031 0.568 0.015 0.782

15 rs11258747 PRKCQ -0.127 0.010 -0.127 0.014 -0.018 0.737 -0.056 0.312

16 rs12416116 RNLS 0.036 0.466 0.097 0.061 0.061 0.252 0.020 0.721

17 rs10741657 CYP2R1 -0.073 0.142 0.030 0.566 0.078 0.151 -0.001 0.991

18 rs12794714 CYP2R1 -0.100 0.042 0.006 0.906 0.059 0.267 0.008 0.886

19 rs689 INS 0.063 0.212 0.084 0.108 -0.021 0.698 0.064 0.250

20 rs694739 BAD -0.056 0.258 0.000 0.996 -0.034 0.528 -0.105 0.059

21 rs12785878 DHCR7 -0.001 0.978 -0.107 0.040 -0.074 0.163 -0.041 0.459

22 rs11170466 ITGB7 -0.045 0.360 0.086 0.098 0.050 0.346 -0.012 0.828

23 rs705704 ERBB3 -0.073 0.140 -0.020 0.702 0.004 0.942 0.022 0.687

24 rs10877012 CYP27B1 0.048 0.331 0.024 0.650 -0.003 0.961 -0.024 0.667

25 rs653178 SH2B3 0.049 0.322 0.068 0.191 0.031 0.567 0.072 0.191

26 rs56994090 DLK1 0.101 0.041 0.107 0.040 0.076 0.153 0.087 0.115

27 rs34593439 CTSH -0.007 0.894 0.008 0.872 0.021 0.691 -0.056 0.311

28 rs12927355 CLEC16A 0.091 0.066 0.117 0.024 0.061 0.256 0.095 0.084

29 rs151234 IL27 -0.010 0.845 -0.017 0.749 -0.018 0.741 -0.029 0.600

30 rs12453507 ORMDL3 -0.022 0.664 0.058 0.267 0.025 0.639 0.012 0.826

31 rs1893217 PTPN2 0.015 0.761 0.013 0.806 0.016 0.756 0.096 0.078

32 rs34536443 TYK2 0.067 0.181 0.047 0.367 0.038 0.479 0.118 0.033

33 rs516246 FUT2 -0.059 0.231 -0.041 0.433 -0.031 0.567 -0.015 0.789

34 rs11203202 UBASH3A -0.028 0.579 -0.058 0.264 -0.059 0.270 -0.125 0.024

SNP Gene
Birth 3 months 12 months 18 months 24 months
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Table 6-5 | Associations between T1D SNPs and skinfold thickness SDS at birth and ages 3, 12, 18, 

                   24 months†.  

 

†Models at birth were adjusted for parity.  Models at subsequent ages were adjusted for type of milk 

feeding at age 3 months. 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 -0.021 0.616 0.031 0.497 0.103 0.029 0.093 0.056 0.075 0.136

2 rs3024505 IL10 -0.075 0.080 -0.056 0.220 -0.040 0.397 0.034 0.485 0.013 0.793

3 rs2111485 IFIH1 -0.083 0.051 -0.008 0.854 -0.007 0.885 -0.029 0.549 -0.039 0.442

4 rs3087243 CTLA4 0.059 0.172 -0.020 0.668 0.009 0.857 -0.024 0.621 0.043 0.399

5 rs4588 GC -0.018 0.674 0.143 0.002 -0.042 0.374 0.052 0.286 0.065 0.194

6 rs75793288 IL2 0.079 0.064 -0.028 0.542 0.044 0.354 0.108 0.026 0.057 0.255

7 rs17426593 HLA-DR4 0.029 0.506 0.093 0.043 0.043 0.372 0.082 0.095 0.150 0.003

8 rs2187668 HLA-DR3 0.072 0.089 -0.003 0.940 0.017 0.717 -0.054 0.269 -0.026 0.608

9 rs7454108 HLA-DQ8 0.004 0.933 0.067 0.142 -0.012 0.809 0.063 0.201 0.120 0.017

10 rs3135388 HLA-DQB1*06:02 0.049 0.259 -0.042 0.358 -0.071 0.135 -0.057 0.244 -0.044 0.384

11 rs72928038 BACH2 0.026 0.543 0.009 0.840 -0.016 0.739 -0.004 0.936 -0.017 0.736

12 rs6920220 TNFAIP3 0.039 0.366 0.009 0.847 -0.104 0.029 -0.047 0.338 -0.010 0.845

13 rs6476839 GLIS3 0.040 0.347 0.015 0.744 -0.001 0.976 -0.048 0.329 -0.052 0.302

14 rs61839660 IL2RA -0.009 0.828 0.069 0.132 0.056 0.241 0.074 0.132 0.065 0.200

15 rs11258747 PRKCQ 0.023 0.595 -0.042 0.361 -0.070 0.142 0.019 0.705 -0.086 0.086

16 rs12416116 RNLS -0.021 0.617 0.075 0.100 0.041 0.391 0.008 0.864 0.083 0.098

17 rs10741657 CYP2R1 0.012 0.788 0.015 0.751 0.027 0.572 0.046 0.351 0.053 0.297

18 rs12794714 CYP2R1 0.030 0.477 -0.054 0.238 0.002 0.974 -0.005 0.911 0.035 0.486

19 rs689 INS -0.079 0.069 -0.063 0.172 0.052 0.276 0.008 0.873 -0.023 0.655

20 rs694739 BAD 0.059 0.171 0.078 0.089 -0.046 0.333 -0.059 0.231 -0.132 0.009

21 rs12785878 DHCR7 0.026 0.534 -0.006 0.888 -0.043 0.371 -0.056 0.253 0.006 0.906

22 rs11170466 ITGB7 0.051 0.237 0.037 0.420 0.058 0.222 0.008 0.870 0.083 0.098

23 rs705704 ERBB3 -0.049 0.257 -0.023 0.619 0.026 0.594 -0.027 0.582 -0.001 0.992

24 rs10877012 CYP27B1 -0.011 0.792 -0.043 0.342 0.002 0.964 -0.038 0.439 -0.060 0.230

25 rs653178 SH2B3 -0.065 0.130 0.064 0.165 0.089 0.063 0.141 0.004 0.128 0.012

26 rs56994090 DLK1 0.077 0.073 0.032 0.480 0.085 0.074 0.072 0.140 0.078 0.120

27 rs34593439 CTSH -0.017 0.684 -0.040 0.384 -0.095 0.046 -0.034 0.485 -0.024 0.629

28 rs12927355 CLEC16A -0.005 0.908 -0.001 0.975 0.079 0.095 0.027 0.586 -0.005 0.928

29 rs151234 IL27 0.004 0.929 0.013 0.778 -0.044 0.360 0.049 0.321 -0.037 0.468

30 rs12453507 ORMDL3 0.028 0.515 0.059 0.195 -0.021 0.658 0.032 0.517 0.063 0.211

31 rs1893217 PTPN2 0.029 0.493 0.094 0.037 0.059 0.211 0.040 0.409 0.074 0.138

32 rs34536443 TYK2 0.081 0.059 -0.014 0.768 0.038 0.429 0.057 0.244 0.029 0.570

33 rs516246 FUT2 -0.026 0.546 -0.054 0.238 0.025 0.603 0.045 0.358 0.057 0.256

34 rs11203202 UBASH3A 0.002 0.960 -0.068 0.139 -0.016 0.734 -0.039 0.431 -0.052 0.303

24 months
SNP Gene

Birth 3 months 12 months 18 months
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Table 6-6 | Associations between T1D SNPs and gains of weight SDS or height SDS between birth   

                   and 12 months or birth and 24 months†.  

 

†Weight models were adjusted for maternal height, maternal pre-pregnancy weight, type of milk feeding 

at age 3 months and birth weight SDS.  Height models were adjusted for maternal height, type of milk 

feeding at age 3 months and birth length SDS.   

Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 0.024 0.557 0.030 0.473 -0.018 0.676 0.025 0.566

2 rs3024505 IL10 -0.017 0.679 -0.014 0.745 0.070 0.100 0.004 0.928

3 rs2111485 IFIH1 0.056 0.182 0.049 0.252 0.061 0.153 0.027 0.534

4 rs3087243 CTLA4 -0.021 0.612 -0.005 0.903 -0.031 0.475 0.009 0.842

5 rs4588 GC 0.045 0.278 0.029 0.502 -0.003 0.950 0.008 0.855

6 rs75793288 IL2 -0.016 0.703 0.030 0.481 -0.033 0.430 -0.011 0.795

7 rs17426593 HLA-DR4 -0.036 0.394 -0.025 0.568 -0.008 0.862 -0.017 0.703

8 rs2187668 HLA-DR3 0.034 0.405 0.052 0.218 0.048 0.259 0.089 0.041

9 rs7454108 HLA-DQ8 -0.068 0.100 -0.039 0.357 -0.067 0.118 -0.070 0.118

10 rs3135388 HLA-DQB1*06:02 -0.015 0.711 0.011 0.796 -0.002 0.957 0.026 0.546

11 rs72928038 BACH2 0.071 0.089 0.058 0.174 0.096 0.025 0.061 0.167

12 rs6920220 TNFAIP3 -0.018 0.658 0.010 0.811 -0.030 0.475 0.044 0.320

13 rs6476839 GLIS3 0.010 0.800 0.010 0.823 -0.010 0.808 -0.006 0.889

14 rs61839660 IL2RA 0.040 0.332 0.021 0.631 -0.012 0.778 -0.008 0.857

15 rs11258747 PRKCQ -0.041 0.321 0.014 0.747 0.015 0.724 0.037 0.405

16 rs12416116 RNLS 0.030 0.463 0.001 0.978 -0.041 0.344 0.011 0.804

17 rs10741657 CYP2R1 0.037 0.379 0.004 0.918 -0.030 0.478 -0.011 0.802

18 rs12794714 CYP2R1 0.026 0.529 -0.009 0.838 -0.027 0.530 -0.052 0.236

19 rs689 INS 0.042 0.327 0.027 0.539 0.021 0.630 0.003 0.953

20 rs694739 BAD -0.002 0.964 -0.020 0.638 -0.055 0.200 0.001 0.975

21 rs12785878 DHCR7 -0.089 0.032 -0.061 0.154 -0.022 0.602 -0.048 0.275

22 rs11170466 ITGB7 0.028 0.495 -0.005 0.908 -0.047 0.270 -0.013 0.770

23 rs705704 ERBB3 -0.016 0.711 0.002 0.969 -0.049 0.249 -0.043 0.330

24 rs10877012 CYP27B1 -0.022 0.602 -0.045 0.291 -0.064 0.132 -0.044 0.317

25 rs653178 SH2B3 0.058 0.160 0.075 0.079 0.010 0.811 0.034 0.447

26 rs56994090 DLK1 0.038 0.363 0.016 0.705 0.001 0.987 0.015 0.728

27 rs34593439 CTSH -0.013 0.756 -0.056 0.192 -0.029 0.505 -0.025 0.570

28 rs12927355 CLEC16A 0.055 0.189 -0.028 0.518 0.007 0.870 -0.074 0.092

29 rs151234 IL27 -0.035 0.397 -0.056 0.191 -0.050 0.238 -0.065 0.138

30 rs12453507 ORMDL3 0.061 0.142 0.045 0.294 0.036 0.406 0.036 0.416

31 rs1893217 PTPN2 0.002 0.960 0.018 0.668 0.022 0.599 0.015 0.738

32 rs34536443 TYK2 0.044 0.291 0.074 0.086 0.064 0.133 0.020 0.649

33 rs516246 FUT2 0.008 0.854 -0.001 0.988 0.007 0.874 -0.045 0.305

34 rs11203202 UBASH3A -0.035 0.399 -0.065 0.130 -0.010 0.814 0.007 0.874

Δ weight SDS Δ height SDS

SNP Gene
0-12 months 0-24 months 0-12 months 0-24 months
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6.3.4 Genetic risk scores and early growth 

Tables 6-7 to 6-12 display the summary statistics (standardised Beta, P value) of regressions 

of standardised growth parameters by age on T1D genetic risk scores.  There was no evidence 

of an association between any genetic risk score and primary growth measures.  BMI showed 

a borderline positive association with the weighted non-HLA risk score at 12 months (P=0.082).  

There was a weak positive association between the HLA binary risk score and skinfold 

thickness at 24 months, i.e. carrying the high-risk HLA-DR/DQ genotype was associated with 

0.115 higher SD score of mean skinfold thickness at the end of infancy (P=0.022). 

Table 6-7 | Associations between T1D genetic risk scores and weight SDS at birth and ages 3, 12, 18,  

                  24 months†. 

†Models were adjusted for covariates as described in the legend of Table 6-1. 

 

 

Table 6-8 | Associations between T1D genetic risk scores and height SDS at birth and ages 3, 12, 18,   

                   24 months†. 

 

†Models were adjusted for covariates as described in the legend of Table 6-2. 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level -0.029 0.536 -0.022 0.649 -0.002 0.972 0.020 0.687 -0.013 0.807

HLA Risk_3level -0.021 0.650 -0.022 0.658 -0.009 0.859 0.026 0.600 0.031 0.549

Unweighted

nonHLA RiskSum -0.008 0.859 0.076 0.121 0.048 0.320 0.006 0.909 0.021 0.679

VitD RiskSum -0.043 0.364 0.021 0.673 -0.038 0.438 -0.058 0.247 -0.063 0.223

Weighted

nonHLA w-RiskScore -0.016 0.733 0.007 0.882 0.061 0.210 0.028 0.575 0.060 0.249

VitD w-RiskScore 0.006 0.894 -0.012 0.813 -0.043 0.382 -0.061 0.228 -0.071 0.171

Combined RiskScore -0.023 0.631 -0.025 0.605 0.006 0.901 0.011 0.827 0.038 0.465

24 months
Genetic Risk Score

Birth 3 months 12 months 18 months

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level -0.019 0.696 -0.043 0.372 -0.004 0.928 0.016 0.754 0.024 0.643

HLA Risk_3level 0.050 0.290 -0.006 0.905 0.037 0.438 0.040 0.430 0.061 0.229

Unweighted

nonHLA RiskSum -0.008 0.869 -0.002 0.960 -0.024 0.626 -0.014 0.791 0.006 0.912

VitD RiskSum -0.053 0.273 -0.082 0.088 -0.067 0.165 -0.097 0.058 -0.081 0.114

Weighted

nonHLA w-RiskScore -0.020 0.679 -0.015 0.756 -0.010 0.839 0.026 0.612 0.015 0.765

VitD w-RiskScore -0.041 0.401 -0.052 0.278 -0.067 0.168 -0.064 0.212 -0.064 0.217

Combined RiskScore 0.009 0.857 -0.041 0.398 -0.007 0.881 -0.007 0.897 0.042 0.419

24 months
Genetic Risk Score

Birth 3 months 12 months 18 months
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Table 6-9 | Associations between T1D genetic risk scores and HC SDS at birth and ages 12, 18, 24  

                   months†. 

†Models were adjusted for covariates as described in the legend of Table 6-3. 

 

 

Table 6-10 | Associations between T1D genetic risk scores and BMI SDS at birth and ages 12, 18,  

                     24 months†. 

†Models were adjusted for covariates as described in the legend of Table 6-4. 

 

 

 

 

 

 

 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level -0.053 0.248 0.005 0.927 0.013 0.798 0.015 0.782

HLA Risk_3level -0.037 0.430 -0.014 0.783 -0.011 0.827 0.021 0.696

Unweighted

nonHLA RiskSum -0.033 0.475 -0.045 0.382 -0.060 0.257 -0.036 0.501

VitD RiskSum -0.030 0.522 -0.084 0.104 -0.074 0.160 -0.074 0.169

Weighted

nonHLA w-RiskScore -0.058 0.211 -0.033 0.523 -0.045 0.396 -0.043 0.429

VitD w-RiskScore 0.023 0.619 -0.031 0.554 -0.051 0.333 -0.063 0.240

Combined RiskScore -0.052 0.267 -0.046 0.376 -0.053 0.320 -0.037 0.498

Genetic Risk Score
Birth 3 months 12 months 18 months 24 months

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level -0.018 0.712 0.010 0.852 0.021 0.694 -0.038 0.487

HLA Risk_3level -0.051 0.302 -0.031 0.555 0.006 0.915 -0.024 0.665

Unweighted

nonHLA RiskSum -0.018 0.724 0.080 0.125 0.014 0.792 0.016 0.772

VitD RiskSum -0.009 0.864 -0.002 0.973 0.019 0.717 -0.018 0.742

Weighted

nonHLA w-RiskScore 0.003 0.948 0.091 0.082 0.006 0.906 0.058 0.298

VitD w-RiskScore 0.033 0.504 -0.007 0.900 -0.018 0.731 -0.042 0.455

Combined RiskScore -0.046 0.360 0.027 0.612 0.037 0.496 0.004 0.937

24 months
Genetic Risk Score

Birth 3 months 12 months 18 months
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Table 6-11 | Associations between T1D genetic risk scores and skinfold thickness SDS at birth and  

                     ages 3, 12, 18, 24 months†. 

†Models were adjusted for covariates as described in the legend of Table 6-5. 

 

 

Table 6-12 | Associations between T1D genetic risk and gains of weight SDS or height SDS between  

                     birth and 12 months or birth and 24 months†. 

 

†Models were adjusted for covariates as described in the legend of Table 6-6. 

                  

 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level 0.007 0.866 0.000 1.000 -0.020 0.645 0.019 0.663

HLA Risk_3level -0.010 0.818 0.030 0.480 0.011 0.793 0.036 0.416

Unweighted

nonHLA RiskSum 0.047 0.255 0.012 0.786 -0.038 0.375 -0.022 0.620

VitD RiskSum -0.019 0.643 -0.048 0.266 -0.057 0.187 -0.066 0.133

Weighted

nonHLA w-RiskScore 0.060 0.153 0.043 0.316 -0.001 0.980 0.006 0.899

VitD w-RiskScore -0.041 0.319 -0.068 0.111 -0.073 0.087 -0.069 0.122

Combined RiskScore 0.006 0.883 0.034 0.429 -0.002 0.960 0.033 0.457

Genetic Risk Score
0-12 months 0-24 months 0-12 months 0-24 months

Δ weight SDS Δ height SDS

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level 0.037 0.389 0.059 0.190 0.044 0.353 0.064 0.190 0.115 0.022

HLA Risk_3level 0.063 0.143 0.044 0.332 0.012 0.801 0.008 0.877 0.074 0.142

Unweighted

nonHLA RiskSum 0.024 0.572 0.026 0.567 0.021 0.665 0.063 0.200 0.047 0.356

VitD RiskSum 0.012 0.785 0.003 0.947 -0.052 0.278 -0.029 0.551 0.006 0.900

Weighted

nonHLA w-RiskScore -0.052 0.222 -0.018 0.689 0.075 0.120 0.088 0.076 0.041 0.424

VitD w-RiskScore -0.010 0.823 -0.035 0.445 -0.042 0.380 -0.058 0.244 -0.049 0.334

Combined RiskScore 0.044 0.310 -0.009 0.850 -0.010 0.836 0.006 0.904 0.020 0.694

Genetic Risk Score
Birth 3 months 12 months 18 months 24 months
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6.3.5 Plots of birth weight by genotypes 

Box plots of birth weight by genotypes were plotted for significant associations (Figure 6-2). 

Figure 6-2 | Weight SDS by T1D-risk genotypic group in a. CYP2R1, b. CYP2R1, c. DLK1, d. TYK2.    

                    Genotype frequencies are listed in graphs (0 / 1 / 2).      

                  

a. CYP2R1                                                               b. CYP2R1 

 

c. DLK1                                                                    d. TYK2 

 

 

 

 

n=90 / 264 / 190 n=197 / 262 / 94 

n=103 / 269 / 178 n=0 / 55 / 490 
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6.4 DISCUSSION 

6.4.1 Evaluation of the gene panel 

In this study, a panel of T1D candidate genes and SNPs were biology-screened and prioritised 

as potential markers of altered early growth — a preponderant phenotype of the 

presymptomatic stage of juvenile-onset diabetes — which serves as a proxy for defects in 

pancreatic β-cells.  My unbiased screening process was assessed by comparing the resulting 

gene panel with the make-up of two published T1D genetic risk scores.  First, juxtaposed 

against a genetic risk score proposed as a predictor of β-cell function510, seven out of eleven 

candidate genes selected by those authors were included in my panel: TNFAIP3, IFIH1, 

GSDMB (ORMDL3), IL10, SH2B3, CTSH, INS.  Second, compared with the referent  combined 

genetic risk score for identifying children at risk of T1D, and very recently applied to other 

cohorts including the TEDDY study353,456,457, my ‘combined’ genetic risk score (vs. published) 

is composed of a total of 33 (vs.30) SNPs, and comprises 3 (vs. 2) SNPs tagging the high-risk 

HLA-II, 1 SNP (vs. 1) tagging the protective HLA-II, nil SNPs (vs. 2) tagging the high-risk HLA-

I, 25 SNPs (vs. 25) at non-HLA loci, and 4 (vs. 0) SNPs at vitamin D metabolism loci.  Within 

the non-HLA region, there is a high degree of shared candidate genes albeit different SNPs 

typed; I sourced the rsID from the contemporaneous fine mapping study.  The most distinctive 

discrepancy between my SNP panel and the SNPs included in the published combined genetic 

risk score is the absence of HLA class I variants from my selection; the effect of HLA class I is 

small compared with class II (OR of HLA-B vs. DR3/DR4-DQ8 is 2.5 vs. 48456).  In addition, 

HLA class I influences rate of progression to clinical disease, as opposed to initiation of 

autoimmunity which is a class II effect122 and thus more relevant to the biological events 

explored in this thesis.  Common to both published genetic risk scores but absent from my 

SNP panel was the COBL, a brain-enriched protein known to control neuronal morphology and 

development511 but present in pancreatic islets101.  Notably, numerous of the candidate genes 

in my panel (IL27, BAD, PRKCQ, CLEC16A, ERBB3, CTSH) were identified, by means of 

ranking the peak signal SNP on likely functional effect (RegulomeDB512), to be causal (or in 

LD with causal SNPs), allowing for a straightforward interrogation of their effect on T1D risk31. 

6.4.2 Genetic correlations with HLA SNPs 

My study generated a wealth of data on genotypes, which passed the quality control 

assessments performed, and allowed for calculation of frequencies in search for genetic 

correlations.  The incompatibility of homozygosity for the rs3135388 minor allele tagging the 

HLA-DQB1*06:02 — which confers dominant protection against T1D172 and predisposes to 

multiple sclerosis in Caucasians459 — and homozygosity for the T1D high-risk HLA-DR/DQ 
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alleles merits further investigation and could indicate an evolutionary advantage.  Phenome-

wide association studies, whose goal is the identification of disease associations, could lend 

themselves to deciphering patterns between common infections in carriers of T1D high-risk vs. 

protective HLA types.  The protective effect of the haplotype DRB1*15:01-DQB1*06:02 against 

T1D is long-range, spanning from the development of islet autoimmunity (e.g. lower likelihood 

of multiple autoantibodies) through all stages of progression (e.g. no metabolic worsening)513.      

In contrast to the DIPP study119, I did not observe a higher prevalence of the secretor 

genotype in FUT2 amongst carriers of the high-risk HLA genotype, possibly attributed to the 

lower frequencies of HLA-DR/DQ haplotypes in the CBGS compared with the Finnish cohort.   

6.4.3 The sexual dimorphism of T1D genetic risk 

The sexual dimorphism of the occurrence of homozygosity for the high-risk HLA-DQ8 allele is 

striking (5 boys vs. 1 girl) and not observed for other equally rare variants (HLA-DR3, PTPN22) 

or rarer (TYK2, ITGB7).  Of note, all these children but one, who had missing data for the HLA-

DR4, were homozygous for the HLA-DR4/DQ8 genotype, i.e. they also carried two HLA-DR4 

minor alleles.  In the CBGS, the rs7454108 tagging the HLA-DQ8 was in HWE and the MAFs 

were almost identical between boys and girls, which probably disqualifies DQ8 from being the 

culprit of sexual dimorphism observed in T1D.  Nevertheless, it still instigates a discussion.   

The non-synonymous variant at position 57 of HLA-DQB1 (DQ8) has long been known 

as a driver of T1D susceptibility, albeit not sufficient by itself to explain inheritance514, and was 

shown by a phenotype-wide association study to have the stronger association with the 

disease than any other HLA variant of T1D515.  That study also elucidated that the effects of 

HLA-DQB1 might stretch beyond pathogenesis; it had a stronger association with T1D 

complications (e.g. ketoacidosis, renal manifestation) than with the T1D phenotype515.  I posit 

that sexual dimorphism, if any, of the occurrence of HLA-DQ8 predisposing genotypes, as 

seen in the CBGS, would reflect the relative incidence of the disease between men vs. women.  

In contrast to the female preponderance observed in most autoimmune diseases, prevalence 

of T1D by sex is near parity with country-specific gender bias516, and controversy exists about 

the factors for the male to female excess in T1D in early adulthood517.  As a comparator, the 

HLA-DQ8 is also a high-risk locus for Coeliac disease, which is twice as prevalent in women 

than men, but the DQ8 heterodimer is reportedly found in only 5-10% of these patients518,519.   

The interpretation of my observation is contrasted by prior reports restricting the bias 

in male incidence of T1D to the HLA-DR3 type520.  Is there a biological plausibility for the male 

excess in T1D and islet autoimmunity?  A linkage between the X chromosome and diabetes 

was speculated520, but GWAS of T1D susceptibility loci identified only one understudied SNP 
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on the X chromosome with an OR of 1.16438, which is inadequate to explain the gender bias.  

Another explanation offered almost two decades ago was based upon the higher BMI SDS 

and isolated GADA-positivity in male, but not female, first-degree relatives of T1D patients, 

conjuring on similarities with T2D and suggesting that the extra metabolic burden incurred by 

puberty and greater BMI precipitated progression to clinical onset in males517.  A subsequent 

study in relatives of T1D showed that male sex conveyed increased risk for development of 

islet cell autoimmunity and multiple autoantibodies, but did not find a sex difference in the 

prevalence of GADA521.  Of note, in the CBGS the BMI at birth, which points to genetic or 

intrauterine differences, was similar between boys and girls.  On a molecular level, the HLA-

DQ8 shows an enhanced binding of insulin peptides, leading to peripheral activation of 

autoreactive T cells347,522.  The TEDDY study has recently shown that homozygosity for the 

DR4-DQ8/DR4-DQ8 predominantly associates with the appearance of IAA as the first 

autoantibody in young children, whereas the DR3-DQ2/DR3-DQ2 is strongly linked to the 

appearance of GADA as the first autoantibody in older children115.  It appears that evidence 

exists to support a putative link between HLA-DR3 and GADA-positivity as initially suggested.    

Whether or not the sex-dimorphic occurrence of HLA, or associated autoantibodies, 

exists, this discussion surfaces the observation of the sex-dimorphism of birth weight, i.e. 

males have a higher birth weight vs. girls (a mean of 140 g larger in the CBGS, P<0.0001).  

Could the reason for the association between male sex and larger birth weight provide a seed 

to our understanding of the pathway that connects risk of T1D and increased birth weight?  

The ‘gender insulin hypothesis’ proposes that boys at birth have lower insulin levels than girls, 

which accounts for intrinsically lower insulin resistance and higher birth weight523.  However, a 

lower insulin secretion in male vs. female infants does not reconcile with the theory of the 

hypersecreting stressed β-cell361,387, which is more prone to cytokine-induced damage104,388 

and sets off the injurious processes that lead to T1D.  In addition, the DIPP study reported that 

whereas insulin secretion is perturbed in the long presymptomatic stage of the disease, insulin 

sensitivity remains unaffected148.  The debate is unresolved, but the differences between male 

and female immune systems, which translate to sex-dimorphic resilience to infectious and non-

infectious diseases516, calls for the investigation of the effect of male sex on T1D.   

6.4.4 T1D SNPs and size at birth 

 HLA 

T1D strongly associates with the HLA-DR3 and HLA-DR4/DQ8 haplotypes.  In Scandinavia, 

almost 90% of children diagnosed with T1D have at least one of these haplotypes524,525.  On 

these grounds, studies in Scandinavia and elsewhere explored the possibility that the HLA 



T1D loci and growth: a cross-sectional view                                                                                                             ELEFTHERIOU  

 - 176 -  

confers susceptibility to T1D via its association with higher birth weight, but the results have 

been inconsistent14,15,89,161,244,245,404,405.  In contrast, studies consistently found that the 

protective HLA types were associated with higher birth weight14,161,403,203,368,404, but such 

direction of effect does not reconcile with the notion that low birth weight is protective against 

T1D.  Notwithstanding these findings, I posit that the familial aggregation found between the 

conditions of IUGR, which results in small size at birth, and preeclampsia526, which was 

previously associated with HLA-DQB1160,  makes a strong case for the involvement of genetic 

factors, namely HLA, in early growth.  Nevertheless, the results in the CBGS did not provide 

support for this hypothesis.  An explanation for the lack of association might rest with the HLA 

region.  Larsen and Alper36 had long expressed the view that the DRB1/DQB1 alleles are 

simply markers for T1D susceptibility but these loci are not themselves the susceptibility genes.   

 Summary of associations with birth weight 

The significant SNP associations with birth weight found in the CBGS (rs10741657 and 

rs12794714 in CYP2R1, P=0.022 and P=0.043 respectively; rs56994090 in DLK1, P=0.018; 

rs34536443 in TYK2, P=0.024) are borderline and would fail the correction for multiple testing.  

Moreover, none of the SNPs here features amongst the 60 loci that were associated with birth 

weight in the mutli-ancestral GWAS meta-analysis in 153,781 subjects336.   

 CYP2R1 

In the CBGS, both SNPs mapped to CYP2R1, which encodes the 25-hydroxylase that 

catalyses the formation of 25(OH)D in the liver, showed a borderline negative association with 

birth weight, with the rs10741657 exhibiting a SNP dose-dependent effect (Figure 6-2).  A prior 

study established that the minor allele for the rs10741657 is protective against T1D and 

associates with increased levels of 25(OH)D, whereas the rs12794714 is predisposing and 

associates with reduced levels of 25(OH)D77.  Taken together, variants at this locus that 

associate with predisposition to T1D and lower 25(OH)D levels, also associate with reduced 

birth weight.  Recently, a study in Denmark was the first to measure levels of 25(OH)D from 

neonatal DBS in 2,868 subjects and report a borderline inverted U-shaped association with 

birth weight527.  The findings were in agreement with a prior study that measured cord blood 

levels of 25(OH)D in Chinese neonates, whose authors interpreted the U-shaped relationship 

as vitamin D having a dual role or conferring no benefit on foetal growth when in excess528.  

Reports on the association between SGA and blood 25(OH)D levels have been conflicting527 

but could be addressed by the novel finding here which isolates the CYP2R1, particularly the 

rs10741657, as the culprit of the relationship between 25(OH)D levels and foetal growth 

(variants in GC, DHCR7 or CYP27B1 did not associate with birth weight in this study). On 

these grounds, alterations in levels of 25(OH)D arising from the rs12785878 polymorphism in 
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DHCR7 — shown to associate with serum 25(OH)D concentrations at GWAS significance 

level529 — would unlikely show an effect on birth weight.  Whether CYP2R1 is on the causal 

pathway of foetal growth, or the relationship found here is an association arising from pleiotropy 

in the network involving a growth factor (e.g. IGF-1, IGF-2) in the liver, is a question to consider. 

 DLK1 

The DLK1 is the only shared candidate gene, apart from INS/IGF2, between my study and the 

GWAS meta-analysis for birth weight336.  However, the GWAS strong significant signal 

rs6575803 (P<0.5x10-8) near DLK1336 is not in LD with the rs56994090 (r2=0.01) of my SNP 

panel.  The DLK1 gene on Chr14 encodes a developmental protein, interchangeably known 

as delta homolog 1 or delta like non-canonical Notch ligand 1, which is a member of the EGF-

like family of homeotic proteins530.  Maternal circulating DLK1 correlated with embryonic mass 

in mice and differentiated between healthy SGA vs. pathologically small newborns in a human 

cohort531.   Prior to the fine mapping study of T1D susceptibility loci, the rs941575 SNP was 

the GWAS hit that was associated with risk of T1D and mapped to the DLK1-MEG3 region.  

Paternal transmission of the T1D protective G allele on the rs941576 (in linkage with the index 

rs56994090, r2=0.91) was previously associated with lower birth weight (P=0.01) and reduced 

head circumference (P=0.01) in a British birth cohort18.  My study did not show an association 

with head circumference.  Notably, doubts are cast on whether the DLK1 is a T1D candidate 

gene due to the absence of functional evidence of its involvement in immune functions102. 

 TYK2 

The rs34536443 (G>C), a missense variant (Pro1104Ala) at the TYK2 locus on Chr19p13 

which confers protection against T1D, was associated with lower birth weight in the CBGS, 

which reconciles with the association between protection against T1D and small size at birth.  

TYK2 encodes tyrosine kinase 2 (TYK2), one of four members of the Janus family of 

intracellular nonreceptor tyrosine kinases (JAKS), which serve essential roles in the 

intracellular signalling of several cytokines and type I IFNs through the phosphorylation and 

activation of signal transducers and activators of transcription (STATs)532.  Experimental 

studies ascribed a ‘self-defense’ role to TYK2, explaining its protective effect against 

autoimmune attack of the islets, by showing that TYK2 inhibition decreases double-stranded 

RNA- (a non-physiological form of RNA) induced apoptosis in human β-cells via reduction of 

the type I IFN pathway activation, and downstream decrease in  β-cell expression of HLA class 

I proteins (a mechanism that renders β-cells ‘visible’ to the immune system533) and CXCL10 (a 

chemokine that recruits T cells to the islet)534.  The rs34536443 has been identified as the only 

SNP in TYK2 with a demonstrable protective impact against autoimmunity, confirming that 

homozygosity of the rs34536443 minor allele is driven by a loss of TYK2 function535.   
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The question that ensues revolves around the possible mechanism underlying the 

influence of the rs34536443 on birth weight.  If inhibition of TYK2, which is protective against 

T1D, averts the deployment of an immune response against the virally-infected β-cells, insulin 

secretion would be uncompromised and birth weight would remain at normal values, which 

contradicts the established view of growth alterations in at-risk children.  Another possible 

explanation is that inhibition of TYK2 allows for replication of viruses in the β-cells, eventually 

killing the host cells.  However, my finding is drawn from the general population of infants and 

not a cohort of prediabetic children who might have a higher frequency of β-cell virus-residing 

infections.  The remaining explanation for the association between reduced foetal growth and 

the polymorphism resulting in inhibition of TYK2 is via interactions with growth factors.  Almost 

20 years ago, an experimental study showed that TYK2 was associated with the GHR in the 

human liver, possibly modulating GHR signalling536.  Hence, a likely mechanism behind the 

influence of TYK2 on birth weight is that TYK2 modulates GHR signalling, which, on the basis 

of GH regulating transcription of IGF-1537 and IGF-2538 in the human liver, influences production 

of insulin-like growth factors, which in turn regulate intrauterine growth.  An alternative scenario 

is an as-yet unidentified role of TYK2 in insulin receptor signalling.  The latter hypothesis arises 

from the recent finding that the rs34536443 is one of few T1D susceptibility SNPs that reached 

nominal association (P<0.05) with T2D (OR=1.12, [95% CI 1.04, 1.22]) in a European ancestry 

meta-analysis of GWAS data in 26,676 T2D patients and 132,532 controls495.   

Speculations about the underlying mechanisms aside, the long-standing correlation 

between low birth weight and risk of infectious disease mortality187,188 and hospitalisation189 

resonates with the functional effects of TYK2.  Rare mutations that result in TYK2 deficiencies 

are clinically manifested by primary immunodeficiencies, including the hyperIgE syndrome, 

which shows increased susceptibility to infections539.  In the CBGS, there was only one 

homozygous for the minor rs34536443 allele out of 573 infants genotyped for this variant, a 

girl born small, implying a selective advantage of TYK2 and a possible common genetic 

background to the condition of IUGR and susceptibility to infections in neonates. 

6.4.5 T1D SNPs and postnatal size 

The association found here between height and HLA-DR3 at the end of infancy (P=0.021) 

supports the notion that accelerated linear growth in prediabetics is mediated by the high-risk 

HLA (Chapter 2).  This study is strengthened by analysing SNPs tagging the T1D high-risk 

HLA haplotypes individually, thus disentangling the HLA effects, which is critical considering 

the ‘heterogeneity between the aetiology of DR4-associated and DR3-associated diabetes’520. 

The negative associations found between BMI at birth and 12 months and the SNP in 

PRKCQ surfaces the long-standing debate of the role, if any, of BMI in T1D development.  For 
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example, a previous study in a Swedish diabetic cohort identified that the association between 

higher BMI and increased predisposition to T1D was mediated by the low-risk HLA-DQ types, 

A1*05:01-B1*02:01540.  A study in first-degree relatives of T1D patients reported an association 

between GADA and higher BMI SDS in males only517.  It is thus reasonable to query if PRCQK 

— which encodes protein kinase C theta with important roles in cytokine secretion from 

cytotoxic T cells541 — associates with islet autoantibodies.  This would be essential to explore 

considering that PRKCQ is deemed a candidate gene based on its functional effects31. 

 Strong significant associations were identified between SNPs in putative causal genes 

with established effects on the immune system, exemplified by the SH2B3 and BAD, and 

measures of skinfold thickness in infancy.  These findings warrant investigation in longitudinal 

analysis (Chapter 7) and in relation to endocrine factors to probe for mechanisms (Chapter 8).  

A recent study has detected a significantly greater co-occurrence of T1D and coeliac disease 

autoimmunities in children who had T1D family history, HLA-DR3/4 haplotypes and the SNP 

rs3184504 (in perfect linkage with the rs653178) at the SH2B3 locus542.  In the CBGS, there 

was no evidence of co-occurrence between the SH2B3 alleles and the T1D high-risk HLA-

DR3/4 genotype, but the SNPs tagging the HLA-DR4 and HLA-DQ8 were also associated with 

skinfold thickness, indirectly conveying a possible link between SH2B3 and DRB1/DQB1.     

6.4.6 Genetic risk scores and early growth 

As most T1D SNPs have modest effects on disease risk, a combination of variants would best 

capture effects of clinical relevance and allow for interactions in a common network510.  In the 

current study, I investigated the aggregate impact of SNPs via genetic risk scores, identifying 

a borderline association between the HLA risk score and skinfold thickness (P=0.022).  As 

discussed in Chapter 2, one study found no role of the adipose tissue in T1D development, but 

it was conducted in only 26 T1D cases357.  The association found here is driven by the SNPs 

tagging the HLA-DR4 and DQ8, evidenced by the weaker association with the genetic risk 

score vs. individual SNPs, DR4 (P=0.003) or DQ8 (P=0.017), suggesting that the cumulative 

effect is ‘diluted’ by incorporating a SNP, namely HLA-DR3, of no robust influence on adiposity.     

6.4.7 Limitations 

There is a limitation worthy of mention.  Albeit the advantages of a background population of 

infants, the frequencies of the T1D high-risk HLA loci are too low in the general population to 

allow for conclusive findings.  Nevertheless, the strong significance attained for associations 

with SNPs that tag the HLA is indicative of robust, yet differentiating, HLA effects on growth, 

namely DR3 on height and DR4-DQ8 on adiposity, which merit replication in larger cohorts.    
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Chapter 7 

7 T1D LOCI AND GROWTH: A LONGITUDINAL VIEW 

 

 

7.1 CONTEXT 

Longitudinal study design, comprising consecutive measurements on the same individual over 

time, has become increasingly popular for examining trends in clinical outcomes as it provides 

the knowledge base for the natural history and development of the disease, and answers 

clinically relevant questions with higher precision than a study of simpler design543.  The main 

goal of a longitudinal study is the characterisation of changes in a recurrent event over time, 

in contrast to a cross-sectional study which assesses the response of interest at a single point 

in time543-545.  Longitudinal analysis has enabled the investigation of genetic variation 

influencing phenotype values over time546 offering clear advantages.  Whereas a cross-

sectional study based on the baseline value can only capture the mean differences of a trait 

across genotypic groups of subjects, a longitudinal study additionally estimates the rates of 

change in the trait in the genotypic groups547.  Despite the complexity arising from following 

subjects over time and measuring change during the follow-up, longitudinal analysis has lent 

itself to medical studies characterised by a long clinical or preclinical development, including 

the Multicentre AIDS Cohort Study548, Alzheimer’s disease547 and obesity549.  As national 

funding agencies are becoming particularly interested in studies with longitudinal designs, new 

(longitudinal) statistical techniques that analyse the whole pattern of recurrent events over time 

have replaced traditional (naive) techniques which use only one observation per subject543,545.   

The distinctive features of longitudinal studies that complicate their analysis include i) 

correlated observations (knowing the value of the response on one occasion is predictive of 

the likely value on a future occasion), ii) heterogeneous variability (the variance of the response 

is not constant over the duration of the study), iii) unbalanced design (due to mistimed 

measurements), iv) missing data (due to skipped visits or study dropouts), v) existence of 

multiple covariates543,544.  The first two features violate the fundamental assumptions of 

independence and homogeneity of variance required for standard statistical techniques, such 

as ANOVA544.  Longitudinal techniques have overcome this limitation by correcting for the 

dependency of observations within a subject.  Specifically, linear mixed effects model (MEM)  
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is a flexible advanced statistical method that accommodates all the distinct features of 

longitudinal study designs by assuming natural heterogeneity among subjects, i.e. each 

subject has its own mean response trajectory in terms of their initial level of response (subject-

specific intercept at baseline), and possibly, in terms of the rate of change in the response over 

time (slope)544.  In practice, the mixed effects model the mean response based on population 

characteristics which are assumed to be shared by all individuals (‘fixed’ effects) and subject-

specific effects that are unique to each individual (‘random’ effects).  Figure 7-1 shows a 

graphic representation of a population-based trajectory and subject-specific trajectories with 

measurement errors above and below the lines that allow for the response on any occasion to 

vary randomly544.  In essence, the introduction of random effects is a means of modelling the 

correlation and variability among repeated measures543,544 and is interpreted as the difference 

between the population-averaged intercept (or slope) and the subject-specific intercept (or 

slope).  In this way, the estimation of the single measure of the variance of intercepts obviates 

the estimation of a different intercept per subject, which would be practically impossible545.     

Figure 7-1 | Graphic representation of mean response trajectory for each of two individuals (A, B) and  

                    mean response trajectory averaged across all individuals.  From Fitzmaurice and   

                    Ravichandran544. 

 

Here, I applied a linear MEM to evaluate associations between the longitudinal 

measures of anthropometric phenotypes in the CBGS and SNPs known to robustly associate 

with the development of T1D.  The premise of this analysis is the assumption of a long 

preclinical stage of the disease, which is thought to start early in life and inflict injurious 

processes on β-cells manifested by alterations in growth. 
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7.2 METHODS 

7.2.1 Study design and measures  

The details of the CBGS design and subjects, SNP selection and genotyping, genetic scores, 

quality controls and outcome measures were described in Chapter 6.  

7.2.2 Statistical analysis 

 Variables 

Longitudinal analyses relating growth rates from birth to 24 months of age (explained variable) 

and individual T1D susceptibility SNP or genetic risk score (explanatory variable) were 

performed using multivariate linear regression with adjustment for preselected covariates 

(Table 3-21) by co-entering those variables in the model.  Additive genetic effects were 

assumed for the analysis of individual SNPs.         

 Observations 

Missing data is a distinct characteristic of longitudinal analysis which may bias estimates of 

change over time when subjects with complete data are not a representative sample from the 

target population544.  In contrast to repeated measures ANOVA, which conducts a ‘complete 

case analysis’ by excluding subjects with one or more missing measurements from the 

analysis544, advanced longitudinal techniques make use of all observations for each subject.  

Consequently, performing such kind of analysis necessitated a long data structure, whereby 

each row represented one observation time per case.  Analyses were restricted to 586 children 

after excluding extremes of growth trajectories (maternal T1D, <36 weeks of gestation, twins).  

Out of the 586 babies included, 381 had complete data for weight SDS at all visits, 79 for four 

visits, 28 for three visits, 46 for two visits, and 52 for only one visit.  For height SDS, 365 babies 

had complete data for five visits, 87 for four visits, 35 for three visits, 43 for two visits, 55 for 

one visit, and 1 for none.  For head circumference SDS, 374 babies had complete data for four 

visits, 89 for three visits, 30 for two visits, 89 for one visit and 4 for none.  For BMI SDS, 371 

babies had complete data for four visits, 87 for three visits, 34 for two visits, 90 for one visit 

and 4 for none. For overall skinfold thickness SDS, 371 babies had complete data for five visits, 

84 for four visits, 31 for three visits, 43 for two visits, 54 for one visit and 1 for none of the visits.   
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 Covariance structure 

Two common features of longitudinal data are the correlation between repeated 

measurements on a subject and the heterogeneous variability of the response variable across 

the population over time.  The term ‘covariance’ captures both characteristics544.  Advanced 

statistical techniques allow for a variety of covariances to be modelled.  A common structure 

is the ‘compound symmetry’ (or exchangeable), which indicates the same correlations between 

all pairs of measurements (sphericity assumption).  Alternatively, we could model the 

correlation of the repeated measurements for each subject in different ways.   For example, 

the ‘unstructured’ covariance is the most liberal as it allows for every term to be different, but 

this comes at the cost of using the most parameters550.  However, as the sample size in this 

study is not adequate to fit such a covariance structure, longitudinal analyses were performed 

without modelling the covariance which makes use of fewer parameters. 

 Mixed effects model 

A linear MEM with random intercept and fixed slope (Equation 7-1) was used because it 

captures the interindividual variation at baseline, i.e. birth (random intercept) and assumes 

identical growth rates (fixed slope).  My choice for the model structure is reinforced by the 

suggestion that a mean-based statistic is more powerful to detect a genetic association than a 

slope-based statistic (e.g. random slope)551.  

Equation 7-1 

𝑌𝑖𝑘 = (𝛽0 + 𝑈0𝑖) +  𝛽1 × 𝑡𝑖𝑘 + 𝛽2 ×  𝑆𝑁𝑃𝑖  +  𝛽3( 𝑆𝑁𝑃𝑖 × 𝑡𝑖𝑘) + ∑ 𝛽𝑗 × 𝑋
𝑖𝑗

𝑚

𝑗=1

    

for study participant 𝑖=1, 2,…n; k is timepoint, U0i is random intercept, X is one of m covariates. 

The aim of the longitudinal analysis is to test for no interaction effects, i.e. the growth 

trajectories are parallel between genotypic groups of subjects.  The null hypothesis tested was 

H0: β3=0 vs. H1: β3≠0.  Linear MEMs were generated using the IBM Statistical Package for 

Social Sciences (SPSS 23.0, Chicago, IL, USA) for Windows and fitted using maximum 

likelihood with number of maximum iterations of 150.  Tests were two-tailed and a P≤0.05 was 

considered statistically significant.      
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7.3 RESULTS 

7.3.1 Descriptive statistics 

Table 7-1 presents the mean and SD of the anthropometric phenotypes used in the analyses.  

Table 7-1 | Mean (SD) of standardised growth parameters by age of infants included in the analysis. 

 

7.3.2 T1D SNPs and early growth 

Table 7-2 displays the summary statistics — estimate of the interaction between the SNP and 

age of infant, standard error (SE) and P value — of linear multivariate regressions of 

longitudinal standardised growth parameters collected from birth to 3 months on individual 

SNPs.  Similarly, Table 7-3 presents the summary statistics of longitudinal analysis of repeated 

measures from birth to 24 months.  Weight and height models were adjusted for parity, 

smoking during pregnancy, maternal height, maternal pre-pregnancy weight and type of milk 

feeding at age 3 months.  Head circumference models were adjusted for parity, maternal height 

and maternal pre-pregnancy weight.  BMI models were adjusted for parity, smoking during 

pregnancy, maternal pre-pregnancy BMI and type of milk feeding at age 3 months.  Skinfold 

thickness models were adjusted for parity and type of milk feeding at age 3 months. 

With additive genetic effects, the estimate of the interaction is interpreted as the per-

allele change in the response variable per unit time.  There was evidence that the rate of 

change in skinfold thickness SDS over the first 3 months of life is significantly influenced by 

the polymorphisms in GC (P=0.008) and SH2B3 (P=0.003).  When analysing the whole 

development over infancy (birth to 24 months), the longitudinal measures of skinfold thickness 

showed strong significant associations with T1D susceptibility SNPs in BAD (P=2.4x10-4) and 

SH2B3 (P=7.0x10-6).  The rate of development of weight and height in infancy were 

significantly influenced by variants in CLEC16A and IFIH1.  The SNP tagging the high-risk 

HLA-DR3 significantly influenced linear growth over infancy.  

Weight SDS Height SDS HC SDS BMI SDS SFT SDS

Birth 0.10 (1.02) -0.05 (0.97) -0.13 (0.99) -0.00 (1.26) 0.08 (0.90)

3 months 0.00 (1.04) 0.16 (0.96) 0.08 (0.75)

12 months 0.06 (1.08) 0.36 (1.01) -0.63 (1.10) -0.20 (1.04) 0.11 (0.81)

18 months 0.08 (1.01) 0.32 (1.05) -0.76 (1.05) -0.20 (0.93) 0.08 (0.76)

24 months 0.17 (1.00) 0.45 (1.01) -0.75 (1.05) -0.22 (0.91) 0.11 (0.82)

SFT, skinfold thickness
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Table 7-2 | Summary statistics of T1D SNP-age interactions for longitudinal measures of SDS for 

                   weight, height and skinfold thickness (SFT) between birth and 3 months of age†.  

 

†Models were adjusted for covariates as described in Section 7.3.2 by growth parameter. 

 

 

Estimate SE P  value Estimate SE P  value Estimate SE P  value

1 rs2476601 PTPN22 0.016 0.130 0.905 0.053 0.108 0.625 0.091 0.121 0.449

2 rs3024505 IL10 -0.030 0.111 0.788 0.052 0.094 0.581 0.094 0.103 0.358

3 rs2111485 IFIH1 0.084 0.075 0.264 -0.007 0.064 0.918 0.095 0.072 0.184

4 rs3087243 CTLA4 -0.080 0.075 0.283 -0.068 0.063 0.285 -0.077 0.070 0.273

5 rs4588 GC 0.190 0.078 0.016 -0.039 0.066 0.561 0.199 0.075 0.008

6 rs75793288 IL2 -0.111 0.078 0.153 -0.007 0.066 0.912 -0.143 0.073 0.052

7 rs17426593 HLA-DR4 -0.008 0.096 0.932 -0.086 0.081 0.287 0.062 0.092 0.500

8 rs2187668 HLA-DR3 -0.024 0.105 0.821 -0.018 0.089 0.844 -0.129 0.100 0.197

9 rs7454108 HLA-DQ8 0.058 0.126 0.646 -0.136 0.100 0.178 0.033 0.119 0.782

10 rs3135388 HLA-DQB1*06:02 -0.043 0.106 0.682 0.002 0.091 0.979 -0.154 0.101 0.127

11 rs72928038 BACH2 0.142 0.099 0.154 0.013 0.084 0.877 -0.036 0.095 0.707

12 rs6920220 TNFAIP3 0.068 0.089 0.444 0.021 0.075 0.779 -0.066 0.083 0.423

13 rs6476839 GLIS3 0.078 0.074 0.295 0.063 0.063 0.318 -0.046 0.071 0.518

14 rs61839660 IL2RA 0.243 0.117 0.038 0.146 0.099 0.139 0.158 0.112 0.158

15 rs11258747 PRKCQ 0.013 0.085 0.881 -0.150 0.071 0.035 -0.093 0.081 0.252

16 rs12416116 RNLS -0.016 0.078 0.836 -0.019 0.067 0.781 0.096 0.076 0.210

17 rs10741657 CYP2R1 0.184 0.074 0.013 0.023 0.063 0.718 0.006 0.072 0.930

18 rs12794714 CYP2R1 0.087 0.072 0.229 -0.047 0.061 0.442 -0.103 0.070 0.140

19 rs689 INS -0.104 0.081 0.202 -0.049 0.069 0.474 0.048 0.078 0.538

20 rs694739 BAD 0.117 0.073 0.112 0.057 0.062 0.362 0.024 0.069 0.729

21 rs12785878 DHCR7 -0.028 0.083 0.733 -0.103 0.070 0.143 -0.050 0.079 0.524

22 rs11170466 ITGB7 0.138 0.168 0.409 -0.207 0.141 0.143 -0.111 0.155 0.475

23 rs705704 ERBB3 0.054 0.075 0.470 0.011 0.063 0.865 0.021 0.073 0.772

24 rs10877012 CYP27B1 -0.073 0.077 0.343 -0.005 0.065 0.944 -0.055 0.074 0.457

25 rs653178 SH2B3 0.103 0.070 0.143 0.117 0.059 0.049 0.198 0.067 0.003

26 rs56994090 DLK1 -0.067 0.075 0.366 -0.014 0.063 0.825 -0.070 0.070 0.316

27 rs34593439 CTSH 0.134 0.111 0.227 -0.134 0.094 0.153 0.031 0.105 0.768

28 rs12927355 CLEC16A -0.019 0.076 0.805 0.049 0.064 0.451 -0.028 0.073 0.703

29 rs151234 IL27 -0.055 0.109 0.612 -0.041 0.093 0.663 0.027 0.102 0.789

30 rs12453507 ORMDL3 0.103 0.075 0.169 0.040 0.063 0.527 0.039 0.072 0.581

31 rs1893217 PTPN2 0.050 0.094 0.596 0.104 0.079 0.186 0.015 0.091 0.869

32 rs34536443 TYK2 -0.112 0.162 0.490 0.126 0.137 0.359 -0.287 0.155 0.065

33 rs516246 FUT2 -0.011 0.074 0.879 -0.061 0.062 0.324 0.017 0.069 0.809

34 rs11203202 UBASH3A -0.113 0.074 0.127 -0.076 0.062 0.221 -0.097 0.071 0.172

SNP Gene
Weight SDS Height SDS SFT SDS
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Table 7-3 | Summary statistics of T1D SNP-age interactions for longitudinal measures of SDS for weight, height, HC, BMI and skinfold thickness (SFT)  

                   between birth and 24 months of age†. 

†Models were adjusted for covariates as described in Section 7.3.2 by growth parameter.

Estimate SE P  value Estimate SE P  value Estimate SE P  value Estimate SE P  value Estimate SE P  value

1 rs2476601 PTPN22 0.046 0.028 0.096 0.027 0.027 0.322 0.032 0.036 0.369 0.035 0.048 0.466 0.046 0.026 0.071

2 rs3024505 IL10 0.027 0.024 0.267 0.043 0.024 0.076 -0.008 0.032 0.798 0.004 0.042 0.918 0.055 0.022 0.013

3 rs2111485 IFIH1 0.042 0.016 0.008 0.040 0.015 0.009 0.051 0.021 0.014 0.026 0.027 0.350 0.008 0.015 0.598

4 rs3087243 CTLA4 -0.019 0.016 0.234 0.005 0.016 0.732 -0.009 0.021 0.682 -0.043 0.028 0.121 -0.001 0.015 0.928

5 rs4588 GC 0.007 0.017 0.666 0.015 0.016 0.363 0.034 0.022 0.124 -0.010 0.029 0.736 0.009 0.016 0.556

6 rs75793288 IL2 0.002 0.016 0.898 -0.010 0.016 0.525 0.013 0.021 0.524 0.002 0.028 0.949 0.005 0.015 0.722

7 rs17426593 HLA-DR4 -0.011 0.020 0.571 -0.028 0.020 0.158 -0.057 0.027 0.033 0.009 0.035 0.800 0.025 0.019 0.191

8 rs2187668 HLA-DR3 0.039 0.022 0.078 0.058 0.022 0.007 0.074 0.029 0.011 -0.010 0.038 0.787 -0.044 0.021 0.034

9 rs7454108 HLA-DQ8 -0.021 0.028 0.456 -0.068 0.027 0.012 -0.060 0.037 0.103 0.072 0.048 0.137 0.025 0.026 0.329

10 rs3135388 HLA-DQB1*06:02 0.022 0.022 0.331 0.026 0.022 0.229 -0.010 0.030 0.725 0.028 0.039 0.476 -0.039 0.021 0.062

11 rs72928038 BACH2 0.009 0.021 0.678 0.008 0.021 0.712 -0.039 0.028 0.169 0.016 0.038 0.672 -0.017 0.020 0.398

12 rs6920220 TNFAIP3 -0.009 0.019 0.653 0.009 0.019 0.655 -0.016 0.025 0.540 0.022 0.034 0.528 -0.036 0.018 0.044

13 rs6476839 GLIS3 -0.006 0.016 0.723 0.019 0.016 0.214 -0.046 0.021 0.024 -0.036 0.028 0.196 -0.027 0.015 0.075

14 rs61839660 IL2RA 0.021 0.025 0.395 0.017 0.025 0.488 0.058 0.032 0.071 0.045 0.044 0.304 0.034 0.024 0.152

15 rs11258747 PRKCQ 0.025 0.018 0.158 -0.002 0.018 0.900 0.027 0.023 0.242 0.063 0.031 0.044 -0.018 0.017 0.298

16 rs12416116 RNLS -0.027 0.017 0.104 -0.016 0.017 0.342 -0.038 0.022 0.087 -0.035 0.029 0.230 0.013 0.016 0.402

17 rs10741657 CYP2R1 0.027 0.016 0.086 0.014 0.016 0.356 0.002 0.021 0.912 0.063 0.028 0.023 0.014 0.015 0.348

18 rs12794714 CYP2R1 0.016 0.015 0.298 -0.021 0.015 0.162 0.002 0.020 0.906 0.069 0.027 0.010 0.006 0.015 0.667

19 rs689 INS 0.016 0.017 0.336 0.014 0.017 0.422 -0.018 0.023 0.435 -0.027 0.030 0.365 0.035 0.016 0.033

20 rs694739 BAD -0.031 0.016 0.044 -0.013 0.015 0.400 0.002 0.020 0.920 -0.009 0.027 0.746 -0.053 0.014 <0.0001

21 rs12785878 DHCR7 -0.040 0.018 0.026 -0.019 0.018 0.280 -0.045 0.023 0.052 -0.030 0.031 0.341 -0.013 0.017 0.447

22 rs11170466 ITGB7 0.019 0.036 0.596 -0.004 0.036 0.906 0.014 0.047 0.762 0.034 0.064 0.589 -0.004 0.033 0.899

23 rs705704 ERBB3 0.014 0.016 0.392 -0.005 0.016 0.741 -0.007 0.021 0.745 0.054 0.028 0.056 0.016 0.016 0.318

24 rs10877012 CYP27B1 -0.028 0.016 0.087 -0.015 0.016 0.366 -0.051 0.022 0.018 -0.030 0.028 0.292 -0.014 0.016 0.386

25 rs653178 SH2B3 0.037 0.015 0.012 0.036 0.015 0.012 0.006 0.019 0.752 0.000 0.026 0.993 0.065 0.014 <0.0001

26 rs56994090 DLK1 -0.025 0.016 0.111 -0.034 0.016 0.031 0.029 0.021 0.156 -0.023 0.027 0.398 0.000 0.015 0.979

27 rs34593439 CTSH -0.014 0.024 0.544 -0.014 0.024 0.552 0.022 0.031 0.477 -0.024 0.042 0.574 0.014 0.022 0.538

28 rs12927355 CLEC16A -0.045 0.016 0.006 -0.055 0.016 0.001 -0.027 0.022 0.220 -0.059 0.028 0.039 0.001 0.016 0.945

29 rs151234 IL27 -0.032 0.023 0.173 -0.051 0.023 0.029 0.006 0.030 0.849 0.004 0.041 0.917 -0.008 0.021 0.725

30 rs12453507 ORMDL3 0.031 0.016 0.054 0.024 0.016 0.125 0.035 0.021 0.088 0.042 0.028 0.137 0.011 0.015 0.456

31 rs1893217 PTPN2 -0.017 0.020 0.404 -0.019 0.020 0.336 0.000 0.027 0.992 0.025 0.035 0.479 -0.005 0.020 0.805

32 rs34536443 TYK2 -0.004 0.034 0.898 -0.025 0.033 0.438 -0.002 0.043 0.957 -0.012 0.058 0.834 -0.016 0.032 0.617

33 rs516246 FUT2 0.005 0.016 0.729 -0.022 0.015 0.150 0.008 0.021 0.711 0.032 0.027 0.244 0.037 0.015 0.012

34 rs11203202 UBASH3A -0.006 0.016 0.687 -0.012 0.015 0.457 -0.037 0.020 0.067 -0.014 0.027 0.603 -0.017 0.015 0.272

BMI SDS
SNP Gene

Weight SDS SFT SDSHeight SDS HC SDS
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Tables 7-4 and 7-5 display the summary statistics — estimate of the interaction between the 

SNP and age of infant, standard error (SE) and P value — of the T1D SNP-age interaction 

from multivariate linear regressions of longitudinal measures of growth parameters, taken from 

birth to 3 months and from birth to 24 months respectively, on genetic risk scores after adjusting 

for covariates as described for individual SNPs.  There was evidence that the development of 

skinfold thickness in infancy is significantly influenced by the non-HLA genetic risk score 

constructed from 29 T1D susceptibility SNPs.  

 

Table 7-4 | Summary statistics of T1D genetic risk score-age interactions for longitudinal measures of  

                   SDS for weight, height and skinfold thickness (SFT) between birth and 3 months of age†. 

                    

  

†Models were adjusted for covariates as described in Section 7.3.2 by growth parameter. 

 

Estimate SE P  value Estimate SE P  value Estimate SE P  value

HLA

HLA Risk_2level 0.111 0.215 0.604 -0.107 0.179 0.550 0.048 0.197 0.807

HLA Risk_3level 0.015 0.085 0.855 -0.058 0.071 0.416 -0.066 0.080 0.405

Unweighted

nonHLA RiskSum 1.178 0.911 0.197 -0.521 0.785 0.508 -0.050 0.901 0.956

VitD RiskSum 0.320 0.310 0.303 -0.328 0.261 0.210 -0.115 0.295 0.696

Weighted

nonHLA w-RiskScore 0.949 3.360 0.778 -0.950 2.896 0.743 2.629 3.271 0.422

VitD w-RiskScore -1.150 2.856 0.688 -1.440 2.412 0.551 -1.910 2.712 0.482

Combined RiskScore -0.003 0.025 0.897 -0.014 0.022 0.511 -0.026 0.024 0.278

Weight SDS Height SDS SFT SDS
Genetic Risk Score
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Table 7-5 | Summary statistics of T1D genetic risk score-age interactions for longitudinal measures of SDS for weight, height, HC, BMI and skinfold thickness  

                   (SFT) between birth and 24 months of age†. 

 

†Models were adjusted for covariates as described in Section 7.3.2 by growth parameter.

Estimate SE P  value Estimate SE P  value Estimate SE P  value Estimate SE P  value Estimate SE P  value

HLA

HLA Risk_2level 0.065 0.045 0.145 0.080 0.044 0.065 0.089 0.060 0.138 0.032 0.077 0.677 0.041 0.041 0.317

HLA Risk_3level 0.026 0.018 0.146 0.015 0.017 0.391 0.028 0.024 0.234 0.033 0.031 0.279 -0.013 0.017 0.422

Unweighted

nonHLA RiskSum -0.100 0.197 0.611 -0.216 0.195 0.268 -0.138 0.264 0.601 0.042 0.347 0.905 0.167 0.193 0.388

VitD RiskSum -0.089 0.067 0.183 -0.077 0.065 0.240 -0.125 0.087 0.152 -0.009 0.115 0.939 -0.033 0.063 0.601

Weighted

nonHLA w-RiskScore 0.985 0.721 0.173 0.283 0.714 0.692 -0.100 0.970 0.918 0.282 1.270 0.824 2.067 0.694 0.003

VitD w-RiskScore -1.322 0.603 0.029 -0.726 0.591 0.220 -1.988 0.794 0.012 -1.210 1.043 0.246 -0.590 0.576 0.306

Combined RiskScore 0.009 0.005 0.085 0.006 0.005 0.246 0.001 0.007 0.918 0.010 0.009 0.264 -0.003 0.005 0.588

Weight SDS Height SDS HC SDS BMI SDS
Genetic Risk Score

SFT SDS
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7.3.3 Plots of growth by genotypes 

Trajectories of mean SD scores of anthropometric traits in infancy were plotted by genotypic 

group for the very significant associations by excluding cases with missing values in order to 

follow the same subjects (Figures 7-2 to 7-4). 

Figure 7-2 | Weight SDS trajectories by T1D-risk genotypic group in a. DLK1, b. TYK2, c. GC,  

                    d. IFIH1, e. CLEC16A.  Genotype frequencies are listed in legends. 

  

a. DLK1                                                                    b. TYK2  

 c. GC                                                                       d. IFIH1 

e. CLEC16A     

 

n=70; n=170; n=114                                                         

 

n=40;       n=313                                                         

 

n=31; n=152; n=174                                                         

 

n=54; n=173; n=132                                                         

 

n=32; n=154; n=171                                                         
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Figure 7-3 | Height SDS trajectories by T1D-risk genotypic group in a. IFIH1, b. CLEC16A, c. BACH2,                    

                    d. HLA-DR3. Genotype frequencies are listed in legends.  

a. IFIH1                                                                    b. CLEC16A 

 c. BACH2                                                                d. HLA-DR3 

 

 

 

Figure 7-4 | Skinfold thickness (SFT) SDS trajectories by T1D-risk genotypic group in a. SH2B3, 

                    b. BAD. Genotype frequencies are listed in legends. 

a. SH2B3                                                                 b. BAD 

 

n=52; n=168; n=124                                                         

 

n=227; n=104; n=6                                                         

 

n=249; n=90; n=6                                                         

 

n=31; n=150; n=161                                                         

 

n=105; n=158; n=80                                                         

 

n=52; n=155; n=135                                                         
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7.4 DISCUSSION 

7.4.1 The advantage of longitudinal analysis  

This chapter has elevated the search for an association between each selected T1D 

susceptibility SNP (or genetic risk score) and somatic growth in infancy by taking advantage 

of the longitudinal anthropometric phenotypes in the CBGS cohort.  Application of a linear MEM 

to repeated measures has illustrated, as claimed by a prior study in Alzheimer’s disease, the 

power gains from longitudinal analysis of measures at various time points, by virtue of using 

more data, vs. cross-sectional analysis at a single time point547.  Specifically, the longitudinal 

analysis in the CBGS strengthened the genetic influences that were detected in the cross-

sectional regressions, exemplified by associations between skinfold thickness in infancy and 

SNPs in BAD (P=2.4x10-4 vs. P=0.009) and SH2B3 (P=7.0x10-6 vs. P=0.004), thus reducing 

doubts about the robustness of these relationships.  It also surfaced SNPs in association with 

growth phenotypes that were not identified by the cross-sectional analysis, e.g. IFIH1 and 

longitudinal weight (P=0.008) or height (P=0.009).  In contrast, longitudinal analysis did not 

corroborate the cross-sectional association between TYK2 and weight or BACH2 and height, 

possibly suggestive of a time-variable effect of these genetic variants.   

Comparison of longitudinal analyses across different time spans of repeated measures 

(first 3 months vs. first 24 months) possibly conveys the dynamic nature of genetic effects; the 

significant associations between GC and repeated measures of skinfold thickness (P=0.008) 

or weight (P=0.016) during the first 3 months of life disappeared when the analysis was 

conducted across the first 24 months of life.  This implicit time-dependent associations between 

SNPs and phenotypes invokes the hypothesis that T1D susceptibility SNPs influence gene 

expression, which might be switched on/off during a critical time of development.  It is currently 

accepted that the location of most T1D susceptibility loci in non-coding regions of the human 

genome provides clear evidence that alteration of gene expression, rather than protein 

sequence, constitutes the primary basis of genetic predisposition to T1D508.  Moulder and 

Lahesmaa552 investigated the influence of SNPs on differential gene expression using the 

Immunochip and reported that where cis eQTL (cis acting expressed quantitative trait loci) 

effect was detected included several genes of the type I IFN activated network that had been 

previously found in children with T1D-associated autoimmunity.  The authors concluded that 

the innate immune response to type I IFN might be present throughout the progression of the 

disease and even before the appearance of autoantibodies552, underscoring the long 

presymptomatic stage of the disease. 
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7.4.2 Interpretation of SNP-growth associations 

 Innate immunity and early growth  

The rs2111485 in IFIH1 (G>A) was found to positively associate with longitudinal measures of 

weight and height during infancy in the CBGS, i.e. accelerated growth per risk allele, which 

reconciles with the findings of the systematic literature review.  The IFIH1 encodes interferon-

induced with helicase C domain protein 1 (IFIH1), a cytoplasmic receptor of viral nucleic acids 

(double-stranded RNA) which plays a key role in sensing viral infection and activating a 

cascade of antiviral responses, such as the induction of type I IFN and proinflammatory 

cytokines.  The mRNA expression of IFIH1 in the human islets is upregulated by enterovirus 

infection88.  Risk alleles associate with the development of autoantibodies targeting β-cells, 

whereas decreased expression of the gene protects against T1D553.  The finding here puts 

forward the possibility that pleiotropy explains the link between early growth and risk of 

infections, complementing the discussion on TYK2 in Chapter 6.  The absence of a longitudinal 

association between growth and TYK2, albeit a significant association with the baseline value 

(at birth), may be interpreted as evidence that its action is restricted to foetal growth.  

Adjacencies are drawn between TYK2 and IFIH1: they are both implicated in type I IFN and 

cytokine pathways that modulate antiviral responses in the β-cell, they are expressed in 

pancreatic islets, and their protective alleles were found to associate with slower foetal and 

postnatal growth respectively in the CBGS.  The fact that the minor alleles of both IFIH1 and 

TYK2 are protective against T1D via a reduction of their immunological activity underscores 

the notion that an excessive inflammatory response to viral infections contributes to 

autoimmunity and ensuing T1D; in contrast, if β-cells were directly destroyed by the virus, 

reduced activity of these responses would be deleterious88.  It follows, and along the lines of 

the discussion in Chapter 6, that both genes mediate independent effects on growth via 

molecular interactions with growth factors.  These lines of evidence converge on the possibility 

that the phenotypes of rapid growth and risk of T1D are the end results of biological events 

partially mediated by virus infection-regulating genes, exemplified by TYK2 and IFIH1 which 

act in utero and postnatally respectively, and whose expression in the islets is upregulated by 

viruses as a mechanism to protect the slow-replicating vulnerable β-cell.  My findings in the 

CBGS have the following implications: i) the association between growth and susceptibility to 

T1D is not causal, ii) the previously reported associations between T1D and enterovirus 

infections in utero56,554 or in early life55,57-59 are biologically credible but genetically distinct, iii) 

interindividual differences in the innate immune system in early life, in conjunction with 

immunomodulatory exogenous factors (e.g. virus), are critical in the aetiology of T1D, thus 

giving justice to the vaccine approach as a preventative strategy for the disease.   
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 CLEC16A and gains in infancy 

The common polymorphism rs12927355 (C>T) pinpointed to CLEC16A on Chr16p13, and 

known to confer protection against T1D, correlated with longitudinal measures of SD scores of 

weight (P=0.006) and height (P=0.001) in infancy and showed borderline association with 

weight SDS at 12 months (Chapter 6).  Graphical representation shows distinct weight 

trajectories from birth by genotypic group of this SNP (Figure 7-2) characterised by i) apparent 

differential weight, i.e. homozygous for the protective allele had less weight and homozygous 

for the risk allele weighed more than the other groups, attaining statistical significance at 12 

months (overall per-risk allele increase was 0.1 SDS, P=0.047); and ii) different rates of weight 

gain, i.e. homozygous for the protective allele showed rapid weight gain from 12 months of 

age onwards vs. carriers of two risk alleles who gained weight in line with the reference.  

CLEC16A encodes a membrane-associated endosomal protein and is expressed in 

various immune cell types.  Islet transcriptomics revealed its expression in pancreatic islets101.  

Functional studies have shown that pancreas-specific deletion of CLEC16A in islets from mice 

resulted in abnormal mitochondria, characterised by reduced oxygen consumption and ATP 

concentration, both of which are required for normal β-cell function; these experimental 

findings suggested that CLEC16A controls β-cell function and prevents diabetes by regulating 

mitophagy555.  Patients harbouring a diabetogenic polymorphism in this gene have reduced 

islet CLEC16A expression and reduced insulin secretion555.  This proposed mechanism 

appears to reconcile with the finding in the CBGS: carriers of the T1D susceptibility allele had 

significantly slower rate of growth albeit weighing significantly more at 12 months.  A possible 

scenario for this observation lies in the T1D-protective polymorphism (minor allele) 

upregulating expression of the gene in mid-infancy, reflected in the abrupt change in the weight 

of minor homozygotes at 12 months.  This debate is perplexed by doubts cast about the correct 

identification of the candidate gene at this locus; CLEC16A is proximal to DEXI, which is the 

gene that has been pinpointed by the fine mapping study of T1D loci102.  Of relevance to this 

thesis, the finding here surfaces that abrupt changes in insulin secretion have pronounced 

effects on rates of growth which are not immediately reflected in somatic size at a single point 

in time.  This lack of synchronisation possibly accounts for the discrepant findings in the 

literature on T1D and cross-sectional measures of size. 

 Chr6 and height gains 

The longitudinal analysis failed to reinforce the cross-sectional association found between the 

predisposing T1D SNP rs72928038 (G>A) in BACH2 and longitudinal measures of height SDS 

at 12 or 18 months (Chapter 6).  The discordance could suggest that change in height (i.e. 

slope) does not differ by number of copies of risk allele carried by the infant at this locus.  This 
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explanation is plausible judging by the near-parallel trajectories of height between genotyping 

groups (Figure 7-3).  The small count (n=6) of homozygous for the minor allele might account 

for the exaggerated height observed amongst this genotypic group at 12 months of age; yet it 

appears that height SDS gets progressively higher for each additional T1D risk allele carried.  

BACH2 (BTB Domain and CNC Homolog 2) encodes a transcription factor of the Basic Region-

Leucine Zipper family that is involved in both innate and adaptive immunity556.  It is one of 

strongly suspected causal T1D genes initially thought to be selectively expressed in B cells23.  

More recent evidence points to its expression and function in β-cells, and upregulation by 

proinflammatory cytokines, whilst itself regulates expression of PTPN2557.  Experimental 

studies in human islets and primary rat β-cells ascribed an anti-apoptotic function to BACH2 in 

β-cells557.  Another SNP harboured on BACH2 (rs11755527, r2=0.194), which was also 

associated with T1D, was previously found to strongly associate with Coeliac disease558 and 

antibodies to Grave’s disease559.  BACH2 is one of five genes identified as a potential 

biomarker for risk stratification of antibody positive subjects552,560.  Collectively, these findings 

provide strong ground for a role of BACH2 in the development of autoantibodies and invoke 

the hypothesis that higher-than-average height during infancy might be a biomarker of 

autoimmunity.  In comparison, the genetic variant in PTPN2 on Chr18p11, which encodes a 

phosphatase that modulates β-cell apoptosis by modulating local IFN production after a viral 

infection561, accelerates progression to T1D after the appearance of islet autoantibodies562.  

Taken together, the T1D susceptibility variant in BACH2 influences development of 

autoimmunity and height in infancy, doing justice to the prediction made in 1992 by Blom et 

al.409 that rapid linear gain ‘is a marker of a physiological mechanism that affects both growth 

and the pathogenesis of T1D’.   

 The other T1D risk locus that is a suspect for the accelerated linear growth in infancy 

is also harboured on Chr6.  The rs2187668 tagging the widely incriminated HLA-DR3 was 

associated with longitudinal measures of height SDS in the CBGS (P=0.007), reflected in both 

higher measures of height at single ages and faster changes over time (Figure 7-3).  The 

literature on the association between risk of T1D and height gains is scarce.  One study found 

that length SDS at birth correlated with high-risk HLA244 but the finding was not replicated by 

a prospective Italian study405.  A combined registry-based study from Norway and Denmark 

found no significant association between height gains from birth to 12 months and T1D 

development.  It would be interesting if future studies consider islet autoimmunity as the 

outcome, which is more proximal to the timing of events explored in this thesis.  Notably, 

longitudinal analysis by sex in the CBGS for this SNP unveiled a much stronger association 

between linear growth in infancy and the rs2187668 in boys (Interaction Estimate=0.142, 

P=3.1x10-7) vs. girls (Interaction Estimate=-0.062, P=0.066). This finding concurs with 

observational studies which reported that height gains between probands and controls were 
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more marked for boys than girls393,409.  Considering the modest male to female excess in the 

incidence of T1D was found to be restricted to the HLA-DR3 type520, the results here ignite the 

hypothesis that the HLA-DR3 exerts a sex-specific effect on the development of autoantibodies 

which is phenotypically manifested by rapid linear growth.  The mechanisms behind the 

influence of the HLA-DR3 on linear growth are unknown but associations with IGF-1 levels 

merit investigation (Chapter 8). 

 Immune genes and skinfold thickness 

This is the first study to establish associations between T1D susceptibility variants on islet-

expressed genes and adiposity proxied by the average value of the SD scores of skinfold 

thicknesses measured at four anatomical sites (triceps, subscapular, flank, and quadriceps).  

In the CBGS, the rs653178 in SH2B3 on Chr12q24 showed one of the strongest 

associations with skinfold thickness SDS (Interaction Estimate=0.065, P=7.0x10-6) amongst all 

pairwise associations conducted in the cohort to-date.  Children homozygous for the rs653178 

T1D risk allele consistently had higher adiposity levels from 3 months onwards, whereas 

homozygous for the major allele consistently showed lower adiposity (Figure 7-4).  The SH2B3 

is an immune gene with pleiotropic effects.  The most compelling evidence of its involvement 

in growth comes from a clinical case reporting that a germline mutation in SH2B3 resulting in 

complete loss of its protein led to the development of growth retardation-mild developmental 

delay, in addition to increased risk of autoimmune hepatitis and B-cell acute lymphoblastic 

leukaemia563.  SH2B3 encodes an SH2-containing protein with adaptor functions on a variety 

of signalling pathways.  It specifically encodes LNK, an important negative regulator of cell-

signalling events relevant to a number of receptors, including the TCR and the MPL 

(myeloproliferative leukaemia virus), which is a receptor for thrombopoietin on platelets23.  

These pleiotropic effects possibly account for the GWAS-level associations between the 

rs3184504 in SH2B3 (a T1D-associated SNP in linkage with the index SNP rs653178, 

r2=0.99102) and platelet count564, cardiovascular disease564, hypertension565, coronary artery 

disease and ischaemic stroke566.  In this context, my finding reinforces the message that 

multiple associations observed with a variant are explained by pleiotropy, with the implication 

that T1D complications might have a genetic background.  Importantly, the result here sheds 

light on the ‘early origins’ of adult disease; consistently increased subcutaneous fat in infancy 

may qualify as a marker of genetic factors with critical roles in cardiovascular-related pathways.   

The T1D predisposing SNP rs694739 (A>G) in BAD on Chr11q13 also demonstrated 

an association with skinfold thickness SDS (Interaction Estimate=-0.053, P=2.4x10-4), yet there 

was no clear differentiation of trajectories by genotypic group (Figure 7-4).  BAD encodes a 

pro-apoptotic BcL-2 member with bifunctional activities in glucose-stimulated insulin secretion 
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and physiologic adaptation of β-cell mass during high-fat feeding567.  Amongst exclusively 

breastfed children, the trajectories of skinfold thickness SDS by the rs694739 genotypic groups 

acquired an inverse SNP dose-dependent effect from 12 months of age, also reflected in 

weight, which were not evident in genotypically similar infants on formula milk (Figure 7-5).   

Figure 7-5 | Trajectories by T1D-risk genotypic group in BAD of the SDS for a. skinfold thickness 

                    (SFT) in breastfed only, b. skinfold thickness in formula-fed, c. weight in breastfed only, d. 

                    weight in formula-fed infants.  Genotype frequencies are listed in legends.   

a. skinfold thickness in breastfed only                     b. skinfold thickness in formula-fed                    

 c. weight in breastfed only                                      d. weight in formula-fed  

 

This inverse association between skinfold thickness and T1D risk rs694739 alleles reached 

statistical significance in the cross-sectional multivariate analysis across all genotyped children 

at 24 months of age (Beta=-0.132, P=0.009, Chapter 6).  What could account for this 

phenomenon which appears to be restricted to breastfed infants?  My suggested explanation 

is drawn from the discussion on nutrients in Chapter 1; triglycerides do not cross the placenta 

during gestation269 and post-delivery capacity for fat oxidation falls behind fat intake267, pointing 

to poor programming of fat metabolism in early life.  Is it possible that the diabetogenic 

rs694739 polymorphism downregulates expression of BAD, resulting in reduced capacity for 

β-cell expansion in response to the high-fat feeding from breast milk, which leads to lower 

n=32; n=61; n=65                                                         

 

n=20; n=91; n=67                                                         

 

n=35; n=62; n=66                                                         

 

n=21; n=95; n=67                                                         
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insulin secretion and thus reduced capacity to store fat in adipose tissue, in parallel with an 

increase in the vulnerability of the stressed β-cell that increases risk of T1D?  This study did 

not measure gene expression.  Nevertheless, despite SNPs representing ‘fixed’ traits of the 

genome, we may infer that the SNP is the effector of gene expression (the missing variable), 

which brings about the differential outcomes of skinfold thickness measured over time.   This 

line of thinking leads me to further hypothesise that breast-milk, or one of its constituents, might 

regulate expression of BAD or other genes that program β-cells early in life with compensatory 

mechanisms for high-fat feeding, resulting in protective effects against β-cell destruction.  

Of note, both the cross-sectional and longitudinal associations with skinfold thickness 

SDS were in opposite direction between the variants in BAD (lower levels and slower change 

of adiposity by T1D risk allele) vs. SH2B3 (higher levels and higher rate of change by T1D risk 

allele), which underscore the different mechanisms operating in T1D.  Despite the discordance, 

the stronger associations for both SNPs detected with skinfold thickness vs. weight invokes 

the possibility that the widely-researched measure of weight has masked the effect of adiposity.  

Weight SDS in the entire CBGS cohort of 1,660 children correlated strongly with skinfold 

thickness SDS (rho=0.462, P<0.0001), as did their changes between birth and 12 months 

(rho=0.507, P<0.0001).  Chapter 8 probes for possible mechanisms behind these associations. 

7.4.3 Genetic risk scores and early growth 

The combined genetic risk score I constructed was comparable with the one independently 

generated and applied by another research group for prediction of T1D risk.  Here, I explored 

its effect on growth in infancy.  This triangulation would answer the question if growth is on the 

causal pathway of the disease.  However, there was no evidence of an association in the 

CBGS, indicating that the putative relationship between rapid growth in early life and risk of 

developing T1D is not aetiological.  Instead, the non-HLA genetic risk score associated with 

skinfold thickness, which is the recurring phenotype in the association analyses of this study.  

7.4.4 Limitations 

In first three months of life, ‘growth rates change so rapidly that size measurements at a single 

time point are not as reliable as measurements at later time points’568, necessitating frequent 

measurements during this period in a longitudinal study.  As this was an exploratory exercise, 

I did not correct for multiple testing, but qualitatively considered the requirement for a stringent 

level of significance in the Discussion.  In contrast to the widely-used metric of weight, the use 

of skinfold thickness is limited by the absence of reference charts; publication of children’s 

skinfold reference data remains a research priority for assessment of relative fatness264.
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Chapter 8 

8 T1D LOCI AND ENDOCRINE FACTORS 

 

 

8.1 CONTEXT 

Susceptibility to T1D, a disease characterised by islet inflammation and immune-mediated 

destruction of pancreatic β-cells, has a strong genetic element ascribed to >50 loci of varying 

effects.  The evolving consensus is that most genes that are associated with these risk-

increasing SNPs are expressed in β-cells, raising the exciting possibility that a large fraction 

of T1D risk is determined by the islet transcriptome, which regulates the development, function, 

apoptosis, antiviral responses and innate immunity of β-cells508,569.  Genetic variants affecting 

target organs, such as pancreatic islets, may shape disease-specific pathology349.  

Conceivably, these variants and their candidate genes could shed light on mechanisms behind 

the archetypal phenotype of accelerated growth in infancy observed in prediabetic children.  

The effect of these variants on growth could be mediated directly via hormone(s) acting 

postnatally.  Additionally, emerging evidence casts lights on the involvement of microbiota in 

growth in infancy:  a causal relationship was established between the immature gut microbiota 

of undernourished infants and impaired growth phenotypes570.  An interesting series of novel 

correlations identified in the CBGS (Chapters 6 and 7) between early growth and T1D 

susceptibility SNPs — including variants mapped to genes expressed in the islets or affecting 

the microbiome — have been woven with existing biological facts about the candidate genes 

to shape hypotheses about the molecular mediators behind these associations (Table 8-1).  

Here, I took advantage of the CBGS cohort and applied the statistical methods I developed 

previously to evaluate associations between the biology-screened T1D susceptibility SNPs 

and cross-sectional or longitudinal whole blood levels of endocrine regulators of somatic 

growth in infancy, namely C-peptide (the fragment that results from the proteolytic cleavage of 

proinsulin to insulin and has a longer half-life than insulin), IGF-1, and leptin.



T1D loci and endocrine factors                                                                                                                                                                                                                                                             ELEFTHERIOU  

 - 199 -  

Table 8-1 | Hypothesised mediators of early growth and risk of T1D.  

Locus Type Hypothesised mediator of growth Rationale 

GLIS3 Non-immune Insulin / β-cell It encodes a transcription factor with involvement in pancreatic β-cell development. 

PTPN2 Immune Insulin / β-cell It encodes a phosphatase that modulates β-cell apoptosis. 

CLEC16A Immune Insulin / β-cell It controls β-cell function by regulating mitophagy. 

BAD Immune Insulin / β-cell 

 

Leptin 

Its product regulates the physiologic adaptation of β-cell mass during high-fat feeding and 

plays a physiological role in glucose-stimulated insulin secretion.   

The proapoptotic activity of its product is induced by affecting the level of heterodimerisation 

of Bcl-x proteins, also implicated in the mechanism behind the association between leptin 

and autoimmunity.  

 

SH2B3 Immune IGF-1 It has an established phenotype of growth in humans.   

FUT2 Immune Microbiome Associates with gut microbiota in healthy individuals.   

PTPN22 Immune Microbiome A study found that PTPN22 did not significantly associate with T1D among those born with 

caesarean section, which in tandem with the finding that children born by caesarean section 

have compositionally different colonisation vs. children born vaginally571,572, could suggest 

that PTPN22, involved in the activation of T cells, operates via interaction between intestinal 

flora and host T cells573.    
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8.2 METHODS 

8.2.1 Study design and measures  

The details of the CBGS study and subjects, SNP selection and genotyping, genetic scores 

and quality controls were described in previous chapters.  The outcomes of this study were 

whole blood levels of IGF-1, C-peptide and leptin, which were measured from DBS samples 

routinely taken at the study visits and assayed as described in Appendix II.      

8.2.2 Statistical analysis 

Cross-sectional and longitudinal association analyses were performed between whole blood 

concentrations of IGF-1 measured at ages 3, 12, 18 and 24 months, C-peptide measured at 

ages 3 and 12 months or leptin measured at ages 3 and 12 months (explained variable), and 

individual T1D susceptibility SNPs or genetic risk scores (explanatory variable), using 

multivariate linear regression as described in Chapters 6 and 7, with adjustment for preselected 

covariates (Table 3-21) by co-entering those variables in the model.  Analyses of endocrine 

factors were restricted to 586 children after excluding extremes of growth trajectories (maternal 

T1D, <36 weeks of gestation, twins).  Table 8-2 lists the counts and percentages of non-

missing observations for hormones by age.  For IGF-1 levels, 25 babies had complete data for 

four visits, 65 for three visits, 91 for two visits, 125 for one visit and 280 for none.  For C-peptide 

levels, 19 babies had data for two visits, 141 for one visit, and 426 for none.  For leptin levels, 

48 babies had data for two visits, 121 for one visit, and 417 for none.   

Table 8-2 | Counts (%) of genotyped infants included in the analysis who had measured levels of IGF 

                   1, C-peptide and leptin by age.    

IGF-1 C-peptide Leptin

Birth    

3 months 212 (36.2) 123 (21.0) 121 (20.6)

12 months 166 (28.3) 56 (9.6) 96 (16.4)

18 months 135 (23.0)   

24 months 89 (15.2)   
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8.3 RESULTS 

8.3.1 Descriptive statistics  

Summary statistics of blood hormone levels by age and sex of children included in the analyses 

are presented in Table 8-3.  

Table 8-3 | Count (N), Mean ± SD and range for levels of IGF-1, C-peptide and leptin by age and sex  

                  of infants included in the analysis.  

 

8.3.2 T1D SNPs and hormone levels: cross-sectional associations 

Tables 8-4 to 8-6 display the summary statistics (standardised Beta, P value) of multivariate 

linear regressions of the blood concentration of each hormone by age on individual SNPs.  As 

leptin levels show a distinct sex-dimorphic effect, the analysis for this hormone was repeated 

by sex (Table 8-7).  There was strong evidence of an association between IGF-1 levels at 12 

months and T1D susceptibility SNPs tagging the HLA-DQ8 (P=0.003) and in CTSH (P=0.005), 

and between IGF-1 levels at 24 months and the SNP tagging the HLA-DR3 (P=0.009).  

Significant associations were detected between leptin at 3 months and the SNP in DHCR7 in 

girls only (P=0.004). 

 

 

 

 

N Mean ± SD Range N Mean ± SD Range

IGF-1 (ng/ml)

3-month 114 49.4 ± 20.2 8.0,  107.0 98 48.2 ± 18.7 19.0,  119.0

12-month 95 42.7 ± 17.8 10.0,  87.0 71 55.8 ± 26.3 14.0,  153.0

18-month 70 51.2 ± 22.5 20.0,  120.0 65 63.5 ± 22.8 23.0,  133.0

24-month 49 56.4 ± 28.7 21.0,  145.0 40 65.3 ± 26.3 24.0,  120.0

C-peptide (pmol/L)

3-month 63 701.6 ± 386.2 124.9,  2,061.0 60 665.5 ± 426.1 177.9,  2,685.0

12-month 36 602.3 ± 343.8 164.5,  1,500.8 20 655.6 ± 363.9 143.3,  1,588.0

Leptin (ng/ml)

3-month 60 2.0 ± 1.1 0.6,  5.5 61 3.4 ± 2.0 0.6,  9.6

12-month 56 1.1 ± 0.6 0.6,  3.2 40 1.6 ± 1.1 0.6,  5.6

Boys Girls
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Table 8-4 | Associations between T1D SNPs and IGF-1 levels (ng/ml) at ages 3, 12, 18, 24 months†.  

†Models were adjusted for sex and type of milk feeding at age 3 months. 

 

 

 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 0.013 0.852 0.061 0.432 0.076 0.377 -0.188 0.102

2 rs3024505 IL10 0.042 0.550 -0.042 0.598 0.053 0.546 -0.114 0.344

3 rs2111485 IFIH1 -0.066 0.350 -0.118 0.139 0.038 0.668 0.026 0.826

4 rs3087243 CTLA4 0.100 0.158 0.004 0.959 0.125 0.147 0.024 0.835

5 rs4588 GC 0.166 0.017 0.108 0.171 0.074 0.395 0.028 0.814

6 rs75793288 IL2 -0.008 0.906 0.001 0.987 0.057 0.506 0.088 0.461

7 rs17426593 HLA-DR4 0.012 0.864 -0.166 0.035 -0.064 0.465 -0.043 0.719

8 rs2187668 HLA-DR3 -0.042 0.551 0.034 0.663 0.183 0.030 0.296 0.009

9 rs7454108 HLA-DQ8 -0.022 0.759 -0.227 0.003 -0.025 0.772 -0.161 0.163

10 rs3135388 HLA-DQB1*06:02 0.009 0.893 -0.022 0.780 0.091 0.287 0.083 0.483

11 rs72928038 BACH2 0.101 0.155 -0.022 0.780 0.077 0.381 0.013 0.910

12 rs6920220 TNFAIP3 -0.016 0.824 -0.001 0.992 -0.040 0.644 0.125 0.310

13 rs6476839 GLIS3 -0.060 0.395 -0.092 0.238 -0.053 0.542 0.004 0.976

14 rs61839660 IL2RA -0.085 0.225 -0.145 0.064 -0.149 0.084 -0.194 0.095

15 rs11258747 PRKCQ 0.096 0.171 -0.054 0.492 -0.037 0.671 0.072 0.535

16 rs12416116 RNLS 0.022 0.762 0.032 0.688 0.030 0.730 0.062 0.594

17 rs10741657 CYP2R1 -0.004 0.955 0.085 0.283 0.139 0.109 0.164 0.171

18 rs12794714 CYP2R1 0.073 0.304 -0.037 0.635 -0.034 0.696 0.296 0.011

19 rs689 INS -0.140 0.048 -0.001 0.985 -0.006 0.947 -0.269 0.022

20 rs694739 BAD 0.021 0.764 -0.023 0.771 -0.059 0.504 0.092 0.435

21 rs12785878 DHCR7 0.056 0.426 0.030 0.705 0.059 0.488 0.063 0.587

22 rs11170466 ITGB7 0.081 0.255 0.018 0.822 0.039 0.652 -0.187 0.101

23 rs705704 ERBB3 0.054 0.455 0.007 0.931 -0.010 0.911 0.019 0.874

24 rs10877012 CYP27B1 0.065 0.355 0.030 0.705 -0.030 0.730 0.153 0.188

25 rs653178 SH2B3 -0.032 0.654 0.197 0.012 -0.028 0.749 0.215 0.065

26 rs56994090 DLK1 0.096 0.167 -0.010 0.898 -0.085 0.326 0.058 0.620

27 rs34593439 CTSH 0.088 0.208 -0.217 0.005 0.093 0.277 -0.242 0.038

28 rs12927355 CLEC16A -0.142 0.042 -0.176 0.024 -0.053 0.537 0.139 0.232

29 rs151234 IL27 -0.052 0.457 -0.059 0.447 -0.012 0.892 0.039 0.737

30 rs12453507 ORMDL3 0.003 0.965 0.063 0.421 -0.029 0.741 0.185 0.114

31 rs1893217 PTPN2 -0.079 0.259 -0.001 0.994 0.130 0.128 0.001 0.994

32 rs34536443 TYK2 0.123 0.082 -0.013 0.871 0.116 0.183 0.087 0.465

33 rs516246 FUT2 -0.100 0.161 -0.156 0.045 0.031 0.723 -0.066 0.571

34 rs11203202 UBASH3A 0.052 0.463 -0.144 0.069 -0.123 0.158 -0.263 0.026

24 monthsBirth
SNP Gene

3 months 12 months 18 months
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Table 8-5 | Associations between T1D SNPs and C-peptide levels (pmol/L) at ages 3 and 12 months†.  

†Models were adjusted for type of milk feeding at age 3 months. 

 

 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 0.157 0.089 0.268 0.064

2 rs3024505 IL10 -0.029 0.762 -0.164 0.246

3 rs2111485 IFIH1 -0.144 0.128 -0.012 0.933

4 rs3087243 CTLA4 0.030 0.749 -0.042 0.771

5 rs4588 GC -0.014 0.879 0.027 0.854

6 rs75793288 IL2 0.011 0.909 0.006 0.969

7 rs17426593 HLA-DR4 0.044 0.641 0.186 0.195

8 rs2187668 HLA-DR3 0.099 0.284 -0.016 0.910

9 rs7454108 HLA-DQ8 0.134 0.152 0.192 0.192

10 rs3135388 HLA-DQB1*06:02 0.040 0.664 0.146 0.302

11 rs72928038 BACH2 -0.073 0.438 0.138 0.329

12 rs6920220 TNFAIP3 0.043 0.645 0.035 0.805

13 rs6476839 GLIS3 0.002 0.985 0.058 0.682

14 rs61839660 IL2RA 0.004 0.963 -0.123 0.387

15 rs11258747 PRKCQ -0.035 0.707 -0.034 0.819

16 rs12416116 RNLS -0.071 0.450 -0.046 0.751

17 rs10741657 CYP2R1 0.036 0.697 -0.111 0.434

18 rs12794714 CYP2R1 0.060 0.518 -0.175 0.215

19 rs689 INS -0.041 0.664 0.115 0.423

20 rs694739 BAD -0.170 0.067 -0.045 0.753

21 rs12785878 DHCR7 -0.009 0.926 0.105 0.457

22 rs11170466 ITGB7 0.033 0.728 -0.098 0.500

23 rs705704 ERBB3 0.004 0.968 0.183 0.198

24 rs10877012 CYP27B1 -0.021 0.821 -0.161 0.250

25 rs653178 SH2B3 0.064 0.499 0.099 0.488

26 rs56994090 DLK1 0.053 0.574 -0.155 0.277

27 rs34593439 CTSH 0.090 0.332 0.088 0.535

28 rs12927355 CLEC16A 0.063 0.498 0.102 0.471

29 rs151234 IL27 0.062 0.502 -0.162 0.252

30 rs12453507 ORMDL3 -0.073 0.430 0.026 0.856

31 rs1893217 PTPN2 0.077 0.409 0.086 0.545

32 rs34536443 TYK2 0.020 0.827 0.082 0.574

33 rs516246 FUT2 0.129 0.168 0.024 0.869

34 rs11203202 UBASH3A -0.054 0.564 -0.008 0.953

Birth 24 months
SNP Gene

3 months 12 months 18 months
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Table 8-6 | Associations between T1D SNPs and leptin levels (ng/ml) at ages 3 and 12 months†.  

†Models were adjusted for sex and parity. 

  

 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 0.002 0.980 0.045 0.654

2 rs3024505 IL10 0.022 0.805 -0.095 0.357

3 rs2111485 IFIH1 0.018 0.843 -0.116 0.248

4 rs3087243 CTLA4 0.038 0.673 0.121 0.231

5 rs4588 GC 0.088 0.325 -0.068 0.508

6 rs75793288 IL2 -0.083 0.349 0.071 0.485

7 rs17426593 HLA-DR4 -0.054 0.551 -0.132 0.199

8 rs2187668 HLA-DR3 -0.162 0.067 0.039 0.703

9 rs7454108 HLA-DQ8 -0.029 0.743 -0.036 0.727

10 rs3135388 HLA-DQB1*06:02 -0.010 0.910 0.115 0.253

11 rs72928038 BACH2 -0.001 0.988 0.062 0.544

12 rs6920220 TNFAIP3 -0.093 0.295 0.025 0.808

13 rs6476839 GLIS3 0.017 0.849 -0.054 0.596

14 rs61839660 IL2RA 0.084 0.350 0.007 0.946

15 rs11258747 PRKCQ -0.019 0.835 -0.157 0.128

16 rs12416116 RNLS 0.004 0.965 0.204 0.051

17 rs10741657 CYP2R1 0.115 0.205 0.141 0.164

18 rs12794714 CYP2R1 0.160 0.073 0.211 0.036

19 rs689 INS 0.007 0.937 0.136 0.182

20 rs694739 BAD 0.129 0.148 -0.003 0.975

21 rs12785878 DHCR7 0.230 0.009 0.021 0.835

22 rs11170466 ITGB7 0.168 0.064 -0.073 0.495

23 rs705704 ERBB3 -0.011 0.904 0.228 0.023

24 rs10877012 CYP27B1 0.108 0.224 -0.039 0.701

25 rs653178 SH2B3 -0.093 0.298 -0.031 0.759

26 rs56994090 DLK1 -0.015 0.869 -0.059 0.564

27 rs34593439 CTSH 0.086 0.336 -0.094 0.358

28 rs12927355 CLEC16A -0.097 0.273 0.166 0.101

29 rs151234 IL27 -0.152 0.085 0.045 0.655

30 rs12453507 ORMDL3 -0.013 0.884 0.117 0.250

31 rs1893217 PTPN2 0.135 0.129 0.051 0.616

32 rs34536443 TYK2 -0.010 0.916 0.062 0.542

33 rs516246 FUT2 -0.183 0.040 -0.110 0.287

34 rs11203202 UBASH3A -0.103 0.255 0.083 0.414

24 months
SNP Gene

Birth 3 months 12 months 18 months
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Table 8-7 | Associations between T1D SNPs and leptin levels (ng/ml) by sex at ages 3 and 12  

                   months†. 

†Models were adjusted for parity. 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value

1 rs2476601 PTPN22 -0.078 0.576 -0.037 0.792 0.059 0.675 0.072 0.644

2 rs3024505 IL10 -0.209 0.125 -0.171 0.228 0.164 0.251 0.037 0.814

3 rs2111485 IFIH1 -0.013 0.923 0.013 0.928 0.039 0.783 -0.231 0.129

4 rs3087243 CTLA4 -0.126 0.371 -0.051 0.720 0.135 0.330 0.254 0.094

5 rs4588 GC 0.032 0.816 0.133 0.345 0.143 0.302 -0.172 0.265

6 rs75793288 IL2 -0.120 0.376 0.071 0.614 -0.079 0.575 0.068 0.662

7 rs17426593 HLA-DR4 0.033 0.812 -0.055 0.704 -0.127 0.368 -0.165 0.285

8 rs2187668 HLA-DR3 -0.037 0.783 0.143 0.309 -0.298 0.031 -0.026 0.867

9 rs7454108 HLA-DQ8 0.054 0.692 -0.109 0.441 -0.094 0.502 0.009 0.954

10 rs3135388 HLA-DQB1*06:02 0.021 0.876 0.175 0.215 -0.030 0.831 0.051 0.740

11 rs72928038 BACH2 0.062 0.658 0.004 0.975 -0.039 0.791 0.156 0.320

12 rs6920220 TNFAIP3 -0.121 0.383 -0.077 0.591 -0.099 0.490 0.097 0.533

13 rs6476839 GLIS3 -0.216 0.109 0.026 0.851 0.143 0.307 -0.026 0.879

14 rs61839660 IL2RA 0.148 0.278 0.033 0.814 0.064 0.650 -0.058 0.703

15 rs11258747 PRKCQ -0.096 0.487 -0.195 0.189 0.017 0.904 -0.063 0.686

16 rs12416116 RNLS 0.153 0.268 0.175 0.224 -0.064 0.646 0.211 0.209

17 rs10741657 CYP2R1 0.279 0.042 -0.012 0.933 0.050 0.723 0.240 0.114

18 rs12794714 CYP2R1 0.293 0.032 0.032 0.821 0.120 0.387 0.306 0.045

19 rs689 INS -0.036 0.796 0.151 0.293 0.029 0.836 0.184 0.231

20 rs694739 BAD 0.057 0.681 -0.165 0.249 0.203 0.144 0.128 0.413

21 rs12785878 DHCR7 0.042 0.765 0.196 0.164 0.384 0.004 -0.058 0.708

22 rs11170466 ITGB7 0.061 0.653 0.085 0.563 0.240 0.089 -0.163 0.320

23 rs705704 ERBB3 -0.050 0.716 0.333 0.015 0.014 0.923 0.058 0.732

24 rs10877012 CYP27B1 0.011 0.933 -0.219 0.124 0.186 0.186 0.037 0.809

25 rs653178 SH2B3 -0.094 0.496 -0.066 0.646 -0.114 0.412 -0.134 0.394

26 rs56994090 DLK1 0.130 0.336 -0.220 0.114 -0.106 0.452 0.067 0.670

27 rs34593439 CTSH 0.080 0.557 0.025 0.860 0.105 0.447 -0.189 0.221

28 rs12927355 CLEC16A -0.059 0.667 -0.108 0.446 -0.138 0.320 0.303 0.048

29 rs151234 IL27 0.031 0.823 0.093 0.509 -0.278 0.040 0.030 0.848

30 rs12453507 ORMDL3 -0.041 0.762 0.244 0.078 0.002 0.989 -0.089 0.593

31 rs1893217 PTPN2 0.071 0.605 0.138 0.338 0.195 0.163 -0.083 0.593

32 rs34536443 TYK2 0.074 0.590 -0.090 0.527 -0.048 0.738 0.126 0.431

33 rs516246 FUT2 -0.061 0.662 -0.135 0.340 -0.288 0.038 -0.085 0.592

34 rs11203202 UBASH3A -0.003 0.985 0.085 0.549 -0.191 0.174 0.054 0.727

Male Female

SNP Gene
3 months 12 months 3 months 12 months
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Tables 8-8 to 8-10 display summary statistics (standardised Beta, P value) of regressions of 

hormone levels at each age on genetic risk scores after adjusting for covariates as described 

for individual SNPs.  The borderline associations detected with genetic risk scores appear to 

be driven by the respective associations with individual SNPs.   

 

Table 8-8 | Associations between T1D genetic risk scores and IGF-1 levels (ng/ml) at ages 3, 12, 18,  

                   24 months†.  

†Models were adjusted for sex and type of milk feeding at age 3 months. 

 

 

Table 8-9 | Associations between T1D genetic risk scores and C-peptide levels (pmol/L) at ages 3 and 

                   12 months†. 

†Models were adjusted for type of milk feeding at age 3 months. 

 

Beta P  value Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level -0.014 0.838 -0.165 0.034 0.171 0.044 -0.114 0.329

HLA Risk_3level -0.052 0.463 -0.159 0.042 0.128 0.144 0.087 0.470

Unweighted

nonHLA RiskSum 0.062 0.383 -0.121 0.126 0.017 0.846 0.114 0.341

VitD RiskSum 0.157 0.025 0.062 0.432 0.035 0.693 0.253 0.028

Weighted

nonHLA w-RiskScore -0.050 0.478 -0.084 0.290 0.018 0.839 -0.145 0.225

VitD w-RiskScore 0.110 0.119 0.059 0.456 -0.005 0.955 0.207 0.074

Combined RiskScore -0.033 0.647 -0.124 0.116 0.118 0.172 0.024 0.842

24 months
Genetic Risk Score

Birth 3 months 12 months 18 months

Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level -0.018 0.844 -0.075 0.605

HLA Risk_3level 0.173 0.062 0.143 0.311

Unweighted

nonHLA RiskSum 0.020 0.833 0.042 0.768

VitD RiskSum 0.016 0.861 -0.100 0.491

Weighted

nonHLA w-RiskScore 0.041 0.659 0.160 0.259

VitD w-RiskScore -0.027 0.773 -0.134 0.351

Combined RiskScore 0.137 0.143 0.210 0.135

Genetic Risk Score
Birth 3 months 12 months 18 months 24 months
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Table 8-10 | Associations between T1D genetic risk scores and leptin levels (ng/ml) by sex at ages 3 

                     and 12 months†. 

†Models were adjusted for parity. 

 

8.3.3 T1D SNPs and hormone levels: longitudinal associations 

Table 8-11 displays the summary statistics — estimate of the interaction between the SNP and 

age of infant, standard error (SE) and P value — of longitudinal association analyses between 

repeated measures of the blood concentration of each hormone and individual SNPs.  

Longitudinal analysis strengthened the previously detected association between IGF-1 levels 

and the SNP tagging the HLA-DR3 (P=0.002) and identified a new association between IGF-

1 and UBASH3A (P=0.005).  Except for a borderline association with the vitamin D genetic 

score, possibly driven by the association with the individual SNP in DHCR7, there was no 

evidence of a relationship between genetic risk scores and changes in levels of hormones 

(Table 8-12). 

 

 

 

 

 

 

 

 

Beta P  value Beta P  value Beta P  value Beta P  value

HLA

HLA Risk_2level 0.094 0.489 0.197 0.158 -0.184 0.182 -0.166 0.283

HLA Risk_3level -0.006 0.967 0.042 0.770 -0.282 0.044 -0.042 0.786

Unweighted

nonHLA RiskSum -0.052 0.711 0.059 0.677 0.167 0.247 0.176 0.263

VitD RiskSum 0.229 0.101 0.061 0.667 0.405 0.003 0.042 0.784

Weighted

nonHLA w-RiskScore -0.081 0.561 0.091 0.514 0.122 0.392 0.185 0.241

VitD w-RiskScore 0.086 0.533 -0.106 0.456 0.334 0.015 0.020 0.899

Combined RiskScore -0.002 0.987 0.175 0.211 -0.119 0.399 0.105 0.496

Male Female

Genetic Risk Score
3 months 12 months 3 months 12 months
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Table 8-11 | Summary statistics of T1D SNP-age interactions for longitudinal measures of levels of  

                     IGF-1 between 3 and 24 months of age, and C-peptide and leptin between 3 

                     and 12 months of age†.  

 

†IGF-1 models were adjusted for sex and type of milk feeding at age 3 months.  C-peptide models were 

adjusted for type of milk feeding at age 3 months.  Leptin models were adjusted for sex and parity. 

 

Estimate SE P  value Estimate SE P  value Estimate SE P  value

1 rs2476601 PTPN22 -2.930 1.918 0.127 121.721 125.143 0.334 0.127 0.405 0.754

2 rs3024505 IL10 -0.572 1.644 0.728 -99.980 135.710 0.463 -0.296 0.389 0.449

3 rs2111485 IFIH1 1.316 1.197 0.272 68.756 82.298 0.407 -0.106 0.250 0.673

4 rs3087243 CTLA4 -0.154 1.165 0.895 -50.496 87.046 0.564 -0.112 0.246 0.650

5 rs4588 GC -1.324 1.373 0.335 1.563 98.455 0.987 -0.146 0.290 0.615

6 rs75793288 IL2 1.822 1.170 0.120 -1.835 99.528 0.985 0.422 0.271 0.123

7 rs17426593 HLA-DR4 -1.573 1.635 0.336 114.474 104.406 0.279 0.135 0.337 0.691

8 rs2187668 HLA-DR3 5.618 1.827 0.002 -107.713 113.309 0.345 0.687 0.352 0.054

9 rs7454108 HLA-DQ8 -2.911 2.197 0.186 32.644 166.280 0.845 0.056 0.468 0.905

10 rs3135388 HLA-DQB1*06:02 0.928 1.654 0.575 56.149 108.971 0.610 0.235 0.321 0.468

11 rs72928038 BACH2 -0.710 1.709 0.678 102.278 103.031 0.326 -0.069 0.329 0.834

12 rs6920220 TNFAIP3 1.945 1.429 0.174 28.645 96.193 0.767 0.374 0.302 0.218

13 rs6476839 GLIS3 1.109 1.205 0.358 50.699 91.503 0.581 -0.137 0.273 0.617

14 rs61839660 IL2RA -1.631 1.744 0.350 -72.227 117.778 0.544 -0.318 0.368 0.392

15 rs11258747 PRKCQ 0.307 1.281 0.811 81.250 103.529 0.434 -0.076 0.329 0.819

16 rs12416116 RNLS -0.452 1.312 0.730 42.806 105.085 0.685 0.285 0.300 0.344

17 rs10741657 CYP2R1 2.473 1.312 0.060 -116.795 83.445 0.168 -0.092 0.271 0.736

18 rs12794714 CYP2R1 1.121 1.192 0.347 -139.745 88.906 0.122 -0.072 0.271 0.792

19 rs689 INS -1.111 1.378 0.420 68.533 92.432 0.461 0.205 0.280 0.467

20 rs694739 BAD 0.525 1.178 0.656 69.405 79.731 0.388 -0.409 0.253 0.111

21 rs12785878 DHCR7 0.848 1.359 0.533 47.447 100.614 0.639 -0.540 0.288 0.064

22 rs11170466 ITGB7 -4.130 2.650 0.120 -54.813 164.038 0.739 -1.257 0.490 0.012

23 rs705704 ERBB3 -0.597 1.203 0.620 79.999 83.428 0.343 0.386 0.234 0.104

24 rs10877012 CYP27B1 0.015 1.289 0.991 -78.957 84.910 0.358 -0.252 0.257 0.333

25 rs653178 SH2B3 2.665 1.198 0.027 68.968 82.223 0.405 0.157 0.259 0.544

26 rs56994090 DLK1 -1.060 1.184 0.371 -85.143 84.311 0.317 -0.077 0.245 0.755

27 rs34593439 CTSH -3.149 1.866 0.092 -24.722 114.277 0.830 -0.401 0.369 0.283

28 rs12927355 CLEC16A 2.110 1.221 0.085 -12.147 81.739 0.882 0.449 0.263 0.091

29 rs151234 IL27 0.542 1.606 0.736 -111.642 115.214 0.338 0.432 0.353 0.226

30 rs12453507 ORMDL3 1.040 1.242 0.403 50.525 80.863 0.536 0.145 0.245 0.557

31 rs1893217 PTPN2 1.050 1.466 0.474 18.765 116.067 0.872 -0.460 0.319 0.154

32 rs34536443 TYK2 -0.122 2.721 0.964 -5.339 156.967 0.973 0.255 0.539 0.638

33 rs516246 FUT2 0.807 1.102 0.464 -41.290 76.994 0.594 0.475 0.231 0.043

34 rs11203202 UBASH3A -3.366 1.184 0.005 -33.313 89.785 0.711 0.534 0.250 0.036

SNP Gene
IGF-1 (ng/ml) C-peptide (pmol/L) Leptin (ng/ml)
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Table 8-12 | Summary statistics of T1D genetic risk score-age interactions for longitudinal measures 

                    of levels of IGF-1 between 3 and 24 months of age, and C-peptide and leptin between 3 

                    and 12 months of age†. 

 

†IGF-1 models were adjusted for sex and type of milk feeding at age 3 months.  C-peptide models were 

adjusted for type of milk feeding at age 3 months.  Leptin models were adjusted for sex and parity. 

8.3.4 Plots of IGF-1 by genotypes  

Dynamic or static plots of the mean IGF-1 concentration by T1D-risk genotypic group were 

generated for significantly-associated SNPs (Figure 8-1).  Trajectories were plotted only for 

infants who completed follow-up, albeit the minimal counts of subjects by genotypic groups for 

some SNPs owing to the rarity of alleles and small sample who had measured IGF-1 levels. 

Figure 8-1 | IGF-1 levels by T1D-risk genotypic group in a. HLA-DR3, b. HLA-DQ8, c. CYP2R1, 

                    d. GC, e. SH2B3, f. UBASH3A, g. FUT2, h. CTSH.  Genotype frequencies are listed in  

                    legends.  

 

 a. HLA-DR3                                                             b. HLA-DQ8 

 

Estimate SE P  value Estimate SE P  value Estimate SE P  value

HLA

HLA Risk_2level 3.264 4.345 0.453 -180.5 331.6 0.587 0.502 0.791 0.527

HLA Risk_3level 2.097 1.491 0.160 -59.5 103.4 0.567 0.474 0.296 0.113

Unweighted

nonHLA RiskSum 9.706 14.828 0.513 429.0 998.3 0.670 0.971 3.283 0.769

VitD RiskSum 1.031 4.854 0.832 -395.5 373.3 0.293 -2.393 1.116 0.036

Weighted

nonHLA w-RiskScore -21.978 54.420 0.687 3257.4 3534.5 0.363 8.784 11.669 0.455

VitD w-RiskScore 3.431 45.056 0.939 -2998.5 3297.7 0.368 -16.826 9.813 0.092

Combined RiskScore 0.319 0.412 0.439 5.6 26.7 0.836 0.134 0.083 0.114

Genetic Risk Score
IGF-1 (ng/ml) C-peptide (pmol/L) Leptin (ng/ml)

n=21;        n=3                                                         

 

n=22;        n=1                                                         
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c. CYP2R1                                                               d. GC 

 

 e. SH2B3                                                                e. UBASH3A 

 

g. FUT2                                                                    h. CTSH 

 

 

 

  n=9;     n=9;    n=9                                                         

 

n=2;    n=7;    n=15                                                         

 

n=10;  n=11;   n=2                                                         

 

  n=6;     n=12;    n=5                                                         

 

  n=11;     n=6;    n=6                                                         

 

n=3 / 34 / 121 
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8.4 DISCUSSION 

8.4.1 IGF-1 in association with T1D SNPs 

 HLA 

Homozygosity for the T1D high-risk alleles of the rs7454108 tagging the HLA-DQ8 associated 

with lower IGF-1 levels at 12 months (Beta=-0.227, P=0.003).  The finding here echoes the 

published association between decreased IGF-1 levels and T1D high-risk HLA genotypes in 

the DIABIMMUNE cohort421.  In contrast, my study also showed that the high-risk HLA-DR3 

allele positively associated with IGF-1 levels at ages 18 (Beta=0.183, P=0.030) and 24 months 

(Beta=0.296, P=0.009), in reconciliation with the association I found in the CBGS between the 

HLA-DR3 minor allele and increased height at 24 months (P=0.021, Chapter 6) or linear gains 

in infancy (P=0.007, Chapter 7). This analysis underscores the heterogeneity between the 

aetiology of ‘DR4-associated’ and ‘DR3-associated’ disease520.  Despite the small sample size, 

which accounts for the absence of homozygous for high-risk HLA alleles and not allowing for 

sex-specific analysis, the study provides emerging evidence that the HLA-DR3 associates with 

rapid height gains in infancy, more strongly in boys than girls, possibly mediated by IGF-1.   

IGF-1 is believed to promote bone formation by inducing osteoblastogenesis and 

reducing apoptosis of osteoblasts, which are responsible for synthesising the bone matrix (in 

contrast, osteocytes influence bone structure and osteoclasts promote bone resorption)574.  It 

is currently accepted that systemic IGF-1 maintains cortical bone integrity (vs. locally produced 

IGF-1 which contributes to trabecular bone integrity)574.  It has been known that IGF-1 and GH 

stimulate production of proinflammatory cytokines (TNF-α, IL-1β and IL-6) in human 

osteoblasts575 as well as immune cells576,577, and children with chronic inflammatory conditions 

show elevated antiinflammatory and proinflammatory cytokines in parallel with abnormalities 

in the GH/IGF-1 axis578.  In the CBGS, the timing of the HLA-DR3 effects on height gains and 

IGF-1 levels in mid-infancy might be explained by the timing of GHR expression, which occurs 

after 6 months of age299.  Taken together, it is plausible that the HLA-DR3 influences 

production/bioactivity of IGF-1, resulting in production of proinflammatory cytokines in bone 

cells and immune cells, which independently affect the outcomes of linear growth and 

autoimmunity in mid to late infancy.  Replication in well-powered samples that allow for sex-

specific analysis, and possibly measurement of growth hormone, would be of the essence.  
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 SH2B3 

A significant association was found between the SNP in SH2B3 and IGF-1 levels at 12 months 

(Beta=0.197, P=0.012).  However, it is dubious whether this result is sufficient evidence that 

IGF-1 mediates the strong significant associations between the SNP in SH2B3 and cross-

sectional measures of skinfold thickness at 18 and 24 months (Chapter 6) or its longitudinal 

trajectory in infancy (Chapter 7).  Nevertheless, considering that the adipose tissue harbours 

immune cells that regulate inflammation and insulin resistance through cytokine and 

chemokine secretion579, I advocate that there is biological plausibility to replicate the 

association between IGF-1 and the rs653178 in larger population samples and identify the 

effect of SH2B3 on IGF-1 by functional studies.  My advocacy is reinforced by the strong 

association of the rs653178 with a range of autoimmune conditions of the joints102.  In 

triangulation, systemic and local interactions between IGF-1 and inflammatory cytokines are 

involved in the pathophysiology of arthritis, which justify the therapeutic effect observed after 

exogenous administration of GH and IGF-1 to patients with a juvenile form of degenerative 

arthritis305,580.  An association between SH2B3 and IGF-1, if present, could aid our 

understanding of the involvement of IGF-1 in the development of autoimmunity.  GWAS on the 

development of islet autoimmunity as the outcome measure are lacking, hence cohort studies 

are instrumental for identifying predisposing genetic variants.  The TEDDY study has 

announced that three regions were associated with the risk of developing any persistent 

confirmed islet autoantibody, one of which was near SH2B3581. 

 UBASH3A 

UBASH3A on Chr21q22 encodes Ubiquitin-associated and SH3 domain-containing protein A, 

which negatively regulates T-cell signalling582.  There is emerging evidence to suggest that 

UBASH3A is a causal gene for T1D by reducing negative regulation of production of the T1D-

protective IL-2582,583.  Todd583 contends that this newfound mechanism of action reinforces the 

disease model according to which the major aetiological pathways of T1D are deficiencies in 

IL-2 signalling and functions of Treg, which are wholly dependent on IL-2.  Non-coding 

polymorphisms in UBASH3A that predispose to T1D have been associated with its increased 

transcription, which leads to reduced expression of IL2 by effector T cells582.  In the CBGS the 

T1D-predisposing allele (G) on the rs11203202 (C>G) was found to negatively associate with 

longitudinal measures of IGF-1 levels during infancy (P=0.005).  In addition to the slower rate 

of change of IGF-1 levels for each T1D-predisposing allele, Figure 8-1 depicts that IGF-1 levels 

were lower amongst homozygous for the T1D-predisposing allele vs. other genotypic groups, 

but the difference reached statistical significance only at 24 months (P=0.026).  Taken 

together, these lines of evidence suggest that the T1D-predisposing polymorphism 

rs11203202 in UBASH3A associates with slower change and lower levels in IGF-1 during 
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infancy, and molecularly associates with increased UBASH3A transcription which leads to 

reduced transcription of IL2. Even though the latter finding was made for the rs112030203 

predisposing allele as the variant that upregulates UBASH3A transcription, it could also apply 

to the designated rs112030202 (r2=0.45) which was reported as the index SNP.  The question 

that ensues is whether IGF-1 is on the causal IL-2-mediated pathway for the development of 

T1D or merely an association with genetic risk of T1D.  Almost 20 years ago, it was shown that 

IGF-1 increased transcription and protein synthesis of IL-2, with proliferative effects on T 

lymphocytes584.  One possible scenario would be that UBASH3A suppresses IGF-1 production 

in infancy, which in turn decreases transcription and protein synthesis of IL-2 (aetiological).  

Alternatively, UBASH3A might exert independent effects on IGF-1 and IL-2 (association).  The 

DAISY study previously found that UBASH3A is a robust predictor of progression to islet 

autoimmunity and diabetes585.  In this context, my finding in the CBGS could unveil a previously 

unrecognised causal role of IGF-1 in the development of islet autoimmunity, or suggest that 

the slow change in IGF-1 levels postnatally serves as a biomarker of disease risk.   

 CTSH 

The T1D-associated variant rs34593439 on Chr15q25 is mapped to CTSH, whose product is 

Cathepsin H, a lysosomal protein involved in protein degradation in most cell types. In β-cells, 

Cathepsin H has the dual role in i) cytokine-induced apoptosis and ii) insulin synthesis by acting 

as a positive regulator of insulin transcription541.  CTSH expression is suppressed by cytokines 

in islets and β-cells, and carriers of variants causing reduced CTSH expression have poorer 

β-cell function and a faster disease progression than carriers of the variant linked to high CTSH 

expression541.  In the CBGS, the T1D susceptibility variant within this gene negatively 

associated with IGF-1 levels at 12 months (P=0.005).  The findings on both CTSH and 

UBASH3A cast light on a negative association between IGF-1 levels in infancy and risk of T1D, 

which, judging by the functions of the implicated genes, is probably mediated by cytokines.   

 FUT2 

The association detected in the CBGS between the rs516246 in FUT2 and IGF-1 levels at 12 

months merits attention albeit its nominal significance (P=0.045).  FUT2 on Chr19q13 encodes 

fucosyltransferase 2, also known as secretor transferase, which is an enzyme expressed in 

epithelial tissue and determines the capacity to secret blood type antigens in body fluids 

(‘secretor’).  Homozygous for the non-functional alleles (‘non-secretors’) do not secrete ABO 

antigens in body fluids, which has implications for health, such as resistance or susceptibility 

to specific infections and increased risk for a range of autoimmune diseases, including T1D586.  

Reportedly, 20% of individuals with European ancestry are non-secretors587; in the CBGS, 25% 

of children were inferred to have the ‘non-secretor’ type.  The identification of FUT2 as a T1D 
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candidate gene is interesting considering that its expression is modulated by the intestinal 

microbiota, casting light on the gut as a critical component in the development of autoimmunity.  

The intestinal bacterial community in non-secretors is characterised by a reduction in the 

diversity and abundance of Bifidobacteria in faecal samples vs.  secretors588.  In mice, the 

expression of FUT2 in the small intestine is absent before weaning and in germ-free animals589.     

In the CBGS, a borderline negative association was detected between the T1D risk-

increasing allele on FUT2 and IGF-1 levels at 12 months, but there was no evidence of an 

association with anthropometric measures.  Yet, triangulation of prior findings indirectly 

suggests a role of FUT2 in growth.  Studies in mice independently demonstrated that 

microbiota promoted somatic growth by facilitating production and bioactivity of IGF-1590, and 

vitamin B12 was found to play a role in regulating postweaning growth and bone formation591. 

A recent GWAS established that inactivation of FUT2 was associated with higher levels of 

vitamin B12 levels when bound to the carrier protein haptocorrin which is only taken by the 

liver592.  Could the putative association between growth and B12 be mediated by FUT2?  This 

is not unlikely; the putative role of vitamin B12 in obesity was found to be an observational 

association mediated by FUT2 and not causal593.   

 Is IGF-1 on the causal pathway of T1D? 

The involvement of IGF-1 in the pathogenesis of T1D remains elusive to-date.  Notwithstanding 

the lack of a genetic association between IGF-1 and T1D in large-scale studies, it is believed 

that a decrease in IGF-1 concentrations after birth may relate to the heightened risk of islet 

autoantibody seroconversion between 6 months and 24 months of age112,113,115, which could 

be mediated by IGF-1 replacement therapies that delay onset of autoimmune diabetes355,594.  

However, a study in German prospective cohorts of at-risk children found that concentrations 

of IGF-1 and IGFBP-3 did not differ between children with and without later islet 

autoimmunity355.  My analyses in the CBGS provide credence to a possible association 

between slower rate of IGF-1 changes, which add to cumulative lower levels of IGF-1, and risk 

of T1D, exemplified by the association with the putative causal UBASH3A.  However, the 

associations with IGF-1 fail to explain the entrenched links between risk of T1D and either 

breastfeeding or accelerated infancy weight gains.  This argument is reinforced by i) the 

observation that IGF-1 levels were lower in exclusively breastfed vs. formula-fed infants in the 

CBGS (Chapter 3), which does not reconcile with the finding that exclusive breastfeeding has 

protective effects, albeit weak, against T1D595 (unless any possible protective effects conferred 

by breast-feeding are not mediated by IGF-1); and ii) the inconsistency between T1D 

susceptibility SNPs that associate with weight and T1D susceptibility SNPs that associate with 

IGF-1.  The novel findings in this study support that the role of IGF-1 in T1D might be searched 

in the production of IL-2.   Alternatively, it has long been known that IGF-1 is endogenously 
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produced in gastrointestinal secretions, which along with the presence of IGF1R in enterocytes 

and the expression of IGF-1 mRNA in all regions of the gastrointestinal tract, support its role 

in increasing intestinal mucosal growth596, and in effect, mucosal immunity. 

8.4.2 C-peptide  

There was no evidence of a genetic association with C-peptide in the CBGS. This could be 

attributed to the sensitivity of insulin secretion to feeding, which was not considered in the 

study design, i.e. there was wide variability in the timing of blood sampling with respect to the 

timing of the child’s feeding.   

8.4.3 Vitamin D metabolism milieu  

 Context 

Vitamin D is implicated in the development of T1D, providing justification for the seasonality of 

diagnosis78,79 and the ‘north-south geographic gradient’80,81.  Genetic studies identified five 

SNPs mapped to genes in the vitamin D metabolism milieu (CYP27B1, DHCR7, CYP2R1, GC) 

that associate with risk of T1D75-77.  Two of these, the rs12785878 in DHCR7 and the 

rs10741657 in CYP2R1, showed GWAS-level associations with serum levels of 25(OH)D529. 

 GC 

The rs4588 (C>A), a common non-synonymous variant (Thr436Lys) within the GC gene that 

was previously found to confer borderline protection against T1D (OR=0.95, P=0.050)77, 

significantly correlated with IGF-1 levels at 3 months (Beta=0.166, P=0.017) in the CBGS.  GC 

encodes DBP, also known as gc-globulin, the binding protein and main carrier of 25(OH)D, 

which is the main storage form and circulating metabolite of vitamin D synthesised by P450-

catalysed hydroxylation in the liver.  The levels of 25(OH)D in the serum serve as the primary 

indicator of vitamin D status because of its long plasma half-life which spans 2 to 3 weeks597.  

Standard analytical methods measure total 25(OH)D comprising free and DBP-bound forms.  

An inverse relationship exists between DBP levels and bioavailability of vitamin D: higher levels 

of DBP-bound 25(OH)D is an indicator of decreased vitamin D function598, possibly owing to 

the reduced availability of DBP-bound vitamin D to target tissues599.   

The common rs4588 polymorphism has been established as a strong genetic 

determinant of circulating DBP and 25(OH)D (independent of its direct effects on DBP) in 

healthy children aged 6 to 36 months old600.  At a molecular level, the substitution of a lysine 

residue for the threonine residue at position 436 eliminates the O-glycosylation site from the 
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DBP molecule; this structural change affects the half-life of the protein600.  DBP is produced in 

the liver and cleared by the kidneys.  It serves as the ligand for the megalin/cubulin complex 

that facilitates entry of bound 25(OH)D into renal tubular cells601, implying that the GC 

polymorphism may affect levels of 25(OH)D beyond its effect on DBP levels600.   

Considering all lines of evidence, the finding here translates as IGF-1 levels in infancy 

decrease with progressive substitution of threonine for lysine in the rs4588 (Figure 8-2a), which 

is known to correlate with suppressed levels of circulating 25(OH)D independent of the direct 

effect on DBP.  In the CBGS, the rs4588 also showed significant associations in the same 

direction, with weight SDS (P=0.026) and skinfold thickness SDS (P=0.002, Figure 8-2b), 

specifically in the triceps (data not shown).   

Figure 8-2 | Measures of a. IGF-1 levels and b. skinfold thickness (SFT) SDS by the rs4588 genotypic 

                    group at age 3 months.  Genotype frequencies are listed in legends (AA / AC / CC). 

a. IGF-1 levels                                                                  b. skinfold thickness SDS  

Poor vitamin D status has been implicated in the pathogenesis of T1D602 but it remains 

unclear whether it is a confounder or mediator in the causal pathway of T1D development.  

Studies reported an association between lower 25(OH)D levels and risk of T1D in children and 

young adults603,604 which was not replicated by the DAISY study605.  Lower concentrations of 

DBP were found in patients with T1D compared with their first-degree relatives606.  A data-

driven candidate gene study (eGWAS) discovered that DBP, which is expressed in pancreatic 

α-cells, is a potential islet autoantigen based on evidence that patients with T1D showed higher 

levels and frequency of serum autoantibodies against DBP (DBP-Ab) which inversely 

correlated with 25(OH)D levels vs. controls607.  A recent study found that lower DBP levels 

particularly in the third trimester of pregnancy were associated with development of T1D in the 

offspring608.  Another study during pregnancy detected no relationship between maternal and 

foetal 25(OH)D or birth weight but reported that women with lower 25(OH)D in early pregnancy 

had higher insulin resistance609.  Figure 8-3 summarises established associations, including 

the ones found here, with the rs4588.  The recently-reported associations of serum levels of 

n=14 / 86 / 97 n=44 / 203 / 240 
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25(OH)D and polymorphisms in the GC and VDR in the TEDDY study of at-risk children610 

point to the immunolomodulatory effect of vitamin D.  Proposed mechanisms for the protective 

effects of  vitamin D include actions on immune cells (downregulates expression of molecules 

impacting T-cell activation, induces expression of IL-10 secreting Treg cells, imprints T cells 

with a Treg profile611) and direct protection of β-cells from proinflammatory cytokines612.     

Figure 8-3 | Novel and reported associations with the rs4588 polymorphism in infancy or adulthood. 

The independent associations found here between the rs4588 and both IGF-1 and skinfold 

thickness SDS at 3 months may provide insights into mechanisms of growth in early life.  

Cross-sectional analysis by sex unveiled that the relationship between the rs4588 and skinfold 

thickness was evident in boys (P=0.005, n=281) but not in girls (P=0.124, n=236), which is 

unlikely explained by differences in statistical power.  However, this SNP did not show a sex-

based association with IGF-1 levels.  In the CBGS, measures of skinfold thickness at 3 months 

significantly correlated with IGF-1 and leptin at the same age (Chapter 3).  The molecular 

interplay between IGF-1 and leptin has been demonstrated experimentally in animal tissues: 

a bidirectional crosstalk exists where IGF-1 induces phosphorylation (activation) of leptin 

receptor and leptin phosphorylates IGF1R613.  Leptin was found to regulate hepatic IGF-1 

production independent of GH614.  In the clinical setting, acquired and congenital 

hypoleptinaemia is followed by a decrease in IGF-1 levels which are restored by leptin 

treatment615.  Thus, there is ground to hypothesise that leptin mediates the sex-specific 

association with adiposity found in the CBGS.  However, the rs4588 did not show evidence of 

a relationship with leptin levels at 3 months.  Unless sample size limits associations with leptin, 

these lines of thinking open up the possibility that the rs4588 influences levels of IGF-1 and 

adiposity independently and mediates its effect on the latter via a male-sex hormone.  

Conclusively, the findings suggest that phenotypes which associate with this genetic variant 

feature lower levels of vitamin D and higher adiposity in boys. 
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 DHCR7 

Inverse associations between adiposity measures (e.g. BMI and body fat content) and serum 

25(OH)D were identified in cross-sectional studies in children, adolescents616, as well as obese 

and healthy adults617-620.  The underlying mechanistic pathway is unclear but has been 

attributed to i) decreased exposure to sunlight due to restricted mobility, ii) sequestration in 

white adipose tissue, the major storage site for vitamin D, or iii) negative feedback from 

increased levels of 25(OH)D on hepatic synthesis of 25(OH)D617,621.  A prospective longitudinal 

study later elucidated that the associations between adiposity measures and 25(OH)D levels 

were mediated by leptin622.  The finding resonated with a prior in vitro tissue culture model that 

demonstrated that leptin secretion by human adipose tissue was negatively and powerfully 

controlled by 25(OH)D623.  The negative regulatory effect of 25(OH)D on leptin concentrations 

was reinforced by a recent study which reported that women with levels of 25(OH)D >100nM 

showed relatively lower leptin levels across a broad range of BMI624.  Leptin is a hormone 

produced by adipose tissue and secreted into the bloodstream, whose circulating levels are 

determined by body fat mass, thus qualifying as a candidate mediator of the associations 

between adiposity and 25(OH)D.  My study lends itself to this investigation as it provides 

access to a number of vitamin D metabolism-related SNPs.  

The rs12785878 (T>G) within DHCR7 on Chr11q12 associated with islet 

autoimmunity625, T1D77 and multiple sclerosis626.  In the CBGS, leptin levels at 3 months were 

found to be significantly higher with progressive addition of the autoimmunity risk-increasing G 

allele (vitamin D-decreasing allele) of the rs12785878 (P=0.009) in a SNP dose-dependent 

manner (Figure 8-4).  This finding has not been reported previously.  The association was 

evident in girls but absent in boys despite their equal proportions in the sample analysed.   

Figure 8-4 | Leptin levels at age 3 months by the rs12785878 genotypic group in a. males, b. females. 

a. males                                                                   b. females 

The DHRC7 encodes dehydrocholesterol reductase, which acts as a ‘switch’ in the 

cross-talk of cholesterol synthesis and vitamin D production; vitamin D impedes cholesterol  

n=31 / 25 / 5 n=31 / 20 / 4 
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production by reducing DHCR7 protein expression in a dose-dependent manner, and 

conversely, the highly labile nature of DHCR7 is further destabilised by cholesterol driving the 

flux towards vitamin D synthesis (Figure 8.5)627.  It is proposed that polymorphisms in DHCR7 

linked to higher vitamin D status are a recent evolutionary adaptation that exerted selective 

pressure during early human migration to Northern latitudes of low sunlight as a protective 

mechanism against vitamin D insufficiency628.  My finding in the CBGS points to the genetic 

constitution of the vitamin D metabolism milieu playing an important role in the ‘north-south 

geographic gradient’ of the incidence of autoimmune diabetes. 

Figure 8-5 | 7-DHCR7 is a substrate to cholesterol or vitamin D.  From Prahbu et al.627. 

 

 Proposed mechanism  

The novel finding of the sex-specific association between leptin levels and the rs1278747 in 

DHCR7 has the potential to unveil a non-previously reported mechanism behind the triangle 

of vitamin D-leptin-T1D.  A prior systematic literature review of observational studies concurred 

on an inverse relationship between leptin and 25(OH)D, albeit not reflected in intervention 

studies of high heterogeneity629.  Association studies fall short of providing a definitive answer 

to the question ‘which is the cart, which is the horse’.  An in vitro study demonstrated that leptin 

secretion by human adipose tissue was negatively and powerfully controlled by 25(OH)D623.  

Interestingly, a molecular study in ovarian cancer cells discovered that the anti-leptin activity 

of vitamin D is mediated by downregulating the human telomerase reverse transcriptase 

mRNA expression and cell growth, which occurs through oestrogen receptor-alpha activation 

(ERα)630.  Of note, women with T1D have a significantly higher risk of ovarian cancer631, which 

could point to ERα as a candidate underlying factor shared by these comorbidities.  The ERα 

is a ‘classical’ oestrogen receptor discovered in 1958, which structurally belongs to the nuclear 
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receptor superfamily and functionally acts as a ligand-activated transcription factor that 

mediates the known effects of oestrogens632.  It is encoded by a gene on Chr6q25.  ERα is 

expressed in most cells of the immune system633 as well as in human β-cells634.  Tiano and 

Mauvais-Jarvis634 reviewed the effect of oestrogen receptors on the β-cell, and deciphered the 

presence of sexual dimorphism in diabetes with β-cell failure in rodent models, that is female 

animals were protected from the development of the disease.  The authors argued that 

activation of ERα promotes β-cell survival and insulin biosynthesis634, with the female steroid 

17β-oestradiol affecting pancreatic β-cell function in mammals by acting through all ER 

receptors635.  Vitamin D plays a role in breast cancer and has been found to suppress the 

production of leptin, which is involved in downstream cell signalling pathways in oestrogen-

dependent cell types636.  The involvement of oestrogen in the leptin-vitamin D pathway could 

explain the sex-dimorphic nature of my finding, but the mechanism remains elusive.  The 

abovementioned molecular analysis showed that vitamin D suppresses leptin activity whereas 

the results here allude to vitamin D suppressing leptin production.  

Recently, an interventional study in women reported that high blood levels of vitamin D 

associated with reduced oestrogen independent of weight loss637.  I identified a molecular 

study that might provide context and direction to this reported association.  In breast adipose 

tissue, calcitriol downregulated the expression of ERα638.  Oestrogen was previously shown to 

increase the production of leptin in women639.  These lines of evidence lead me to suggest that 

the rs12785878 minor allele associates with reduced levels of 25(OH)D, the precursor of 

calcitriol in the liver, with ensuing lower levels of calcitriol resulting in reduced downregulation 

of ERα that leads to increased oestrogen activity and leptin production (Figure 8-6).   

Figure 8-6 | Proposed mechanism linking the rs12785878 to leptin.  

 

 

Interestingly, the T allele (vitamin D-increasing allele) of the rs12785878 in DHCR7 was 

previously associated with greater decreases in insulin and HOMA-IR (P<0.002) in response 

to high-protein diets in adults640.  Considering that leptin decreases insulin synthesis and 

secretion by pancreatic β-cells641, I posit that the effect on insulin secretion and IR observed 

in that study might be mediated by leptin.  However, could these lines of evidence drawn from 

studies in adults explain the existence of sex differences before puberty?  In fact, a surge of 

sex hormones is observed within the first few months of life in both male and female infants, a 

process known as ‘mini-puberty’ and marked by an increase in testosterone in boys and an 

increase in testosterone and oestradiol in girls642, reinforcing the possibility that oestrogen is 

implicated in the association between leptin and the rs12785878 in the early life of females. 

ERα 

rs12785878   

Association Biological pathway Key: 



T1D loci and endocrine factors                                                                                                                                  ELEFTHERIOU 

 - 221 -  

 The emerging role of vitamin D in early growth  

Leptin is a cytokine-like hormone produced in the fat tissue that modulates the adaptive 

immune system.  Elevated leptin levels increase susceptibility to autoimmunity and chronic 

inflammation by an increase and expansion of CD4+ T-cells, decrease in the proportion of Treg 

cells, and increased secretion of proinflammatory cytokines643.  A study in adults found that 

levels of 25(OH)D negatively correlated with leptin in women and positively correlated with 

IGF-1 in men644.  It is thus reasonable to question if other genetic variants in the vitamin D 

milieu show a male-biased association with IGF-1 levels.  This study has not identified such 

an association but detected a male-specific effect of the rs4588 in the GC gene on adiposity, 

which also associated with IGF-1 across boys and girls.  On closer inspection, the additional 

association found here between the rs10741657 (known to correlate with 25(OH)D at GWAS-

level) and birth weight (Chapter 6) was evident in girls (P=0.018) but not in boys (P=0.266).  

As said, previous observational studies reported an inverse U-shaped association between 

birth weight and vitamin D levels in the neonate, and the risk of SGA was reduced at moderate 

concentrations525.  An inverse U-shaped relationship is characteristic of the association 

between IGF-1 and BMI, in adults at least, meaning IGF-1 positively associates with BMI in 

normal weight subjects, but is low in both thin and obese individuals528,645.   Conceivably, tightly 

regulated biological processes across the board might favour a narrow window of physiological 

levels of endocrine regulators.  Alternatively, it is possible that the U-shaped relationship 

observed for vitamin D and birth weight masks the involvement of IGF-1 early in life.  Ong et 

al.646 previously identified strong positive correlations between cord blood IGF-1 and size at 

birth in non-primiparous pregnancies.  That opens up the possibility that the association 

between IGF-1 and size at birth is not linear across all types of pregnancies. 

Collectively, the novel associations found here between polymorphisms in the vitamin 

D metabolism milieu and infancy adiposity or growth regulators (Figure 8-7) convey a possible 

role of this prohormone in growth pathways that involve IGF-1 and leptin in a sex-specific 

manner.  Sex hormones are believed to mediate many of the sex-based differences in the 

immune response of females, who are known to show more resilient immune reactions than 

males in whom inflammation is more severe647.  Sex-dimorphic differences of immunity also 

exist in infancy, with scarce evidence suggesting that boys develop more robust innate 

immunity than girls392.  The results of my study imply that an altered immune-endocrine axis 

plays a critical role in the genetic susceptibility to T1D and cast light on leptin, whose production 

might be influenced by vitamin D in a sex-specific manner during a critical window of endocrine 

and immune development in humans. 
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Figure 8-7 | Associations found for SNPs in the vitamin D metabolism pathway (direction of change  

                    is with respect to the T1D-risk increasing allele).  Illustration adapted from Mokry et al626. 

 

 

 

 

8.4.4 Limitations 

Hormones were measured from DBS by adaptation of standard serum assays with slightly 

different detection limits.  The samples used were stored at -20 °C and subjected to some 

freeze-thaw cycles.  Linear longitudinal analyses on C-peptide and leptin were conducted on 

two timepoints, questioning the validity of their model fit.  Blood levels of hormones, specifically 

IGF-1, were not available at birth to test for associations with SNPs in TYK2 and CYP2R1. 
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Chapter 9 

9 FINAL DISCUSSION 

 

 

9.1 CONTRIBUTION TO RESEARCH 

This study was inspired by the association between T1D development in childhood and 

presymptomatic growth alterations in early life, with the dual objective of identifying novel 

genetic contributors to physiological early growth as well as phenotypic markers of genetic risk 

of T1D.  The study was strengthened by access to a range of longitudinal anthropometric 

measures and growth regulators, along with a panel of 34 biology-screened T1D susceptibility 

loci, which allowed for insightful biological relationships to emerge (Figures 9-1 and 9-2).   

Overall, the study concept, design and outcomes have underscored the pivotal role of genetic 

studies — especially when the rationale is underpinned by biological knowledge — in 

illuminating molecular pathways in health and disease and reducing commonly observed 

associations to pleiotropy.  The concept of pleiotropy is one we still grapple with, possibly 

predicated on the conventional belief which isolates biological processes by anatomical 

systems and chronological age; genetics unveil that molecular pathways have no anatomic 

barriers and biological processes commence as early as in utero and evolve on the continuum 

of life at a slow rate.   

With respect to growth, the study confirmed the intrauterine growth-limiting effects of 

twinship, short gestational length, smoking during pregnancy, primiparity, as well as the 

persistent impact of breastfeeding — most frequently practised by mothers with higher 

academic achievements — on containing excesses of gains throughout infancy.  It 

corroborated the sex-dimorphic nature of growth trajectory, particularly adiposity, in correlation 

with known endocrine regulators.  Arguably, the main contribution made is casting light on the 

possibility of a cross-talk between vitamin D and leptin, and possibly other growth regulators, 

which is speculatively mediated by sex hormones.  The novel strong significant association 

between adiposity and SH2B3, a locus known to be implicated in cardiovascular-related 

pathways, informs of possible biomarkers of at-risk individuals as early as infancy and does 

justice to the concept of the early origins of adult disease.



Final discussion                                                                                                                                                         ELEFTHERIOU 

 - 224 -  

With respect to the genetic risk of T1D, this study conveyed the message that immune 

candidate genes, known to predispose to islet autoimmunity, associate with anthropometric 

measures in infancy, such as height gains and adiposity.  The investigation here makes the 

strong case that the positive association between risk of T1D and birth weight is probably the 

most consistent amongst all anthropometric measures.  Beyond birth, significant associations 

between any index of growth and T1D loci have discordant directions of effect.  Even though 

the study was not sufficiently powered to detect minuscule genetic effects, it illuminated TYK2, 

a strongly suspected T1D causal gene, as a potential contributor to alterations in birth weight.  

Birth weight by viable genotypes at this locus follows a bimodal distribution, with children at 

genetically lower risk of T1D weighing on average 0.22 SDS less than their at-risk counterparts.  

Such magnitude of effect is in line with the contention that differences in birth weight as a risk 

factor for T1D are within physiological range.  Beyond infancy, adiposity takes the 

preponderance over weight in associations with genetic susceptibility to T1D, hinting at the 

common denominator of cytokine signalling between adipose tissue (obesity) and 

development of autoimmunity.  Umbilical cord blood leptin is currently accepted as a biomarker 

of neonatal fat mass323, addressing the limitation of birth weight as an anthropometric index 

that does not differentiate between fat and non-fat mass.  Conceivably, leptin in infancy could 

be investigated as a risk factor for autoimmune diabetes.  Contrary to expectations, significant 

associations were detected with polymorphisms shared by other autoimmune diseases, 

implying that rapid early growth is a phenotype not unique to T1D, or environmental factors 

(including epigenetic effects and viruses) account for the accelerated growth in prediabetic 

children.  The results here highlight the critical importance of the first 3 months of life, in growth 

and risk of disease, when T1D susceptibility polymorphisms in non-coding regions are possibly 

differentially expressed via interaction with the environment.  
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Figure 9-1 | Negative logarithm of P values of longitudinal associations (birth to 24 mo of age) between SNP and skinfold thickness SDS (y-axis) vs. SNP and 

                    weight SDS (x-axis) for each of 34 SNPs in the study; size of bubble represents the OR for T1D risk alleles at each of the indicated loci. 
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Figure 9-2 | Negative logarithm of P values of longitudinal associations between SNP and leptin levels from 3 to 12 mo of age (y-axis) vs. SNP and IGF-1 

                    levels from 3 to 24 mo (x-axis) for each of 34 SNPs in the study; size of bubble represents the OR for T1D risk alleles at each of the indicated loci.
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9.2 IMPLICATIONS 

The wealth of data in this thesis has served to corroborate the idea that T1D is a 

heterogeneous disease.  At the first level, pathogenic mechanisms might operate differentially 

between males and females, evidenced by the sex-dimorphic associations identified between 

growth and polymorphisms in the HLA-DR3, DHCR7, CYP2R1 and GC.  At the next level, 

different susceptibility loci map out to different pathways, largely exemplified by the differences 

between the DR4- and DR3-associated phenotypes.  Phenotypes clustered by gender and 

SNPs identified in this thesis allow for a preliminary arrangement of genetic elements that 

mediate the disease with the potential of taking investigations to the next level of precision 

medicine.  

The findings of this study have implications beyond T1D.  It provides ground for adding 

to the biological plausibility of the recommendation for vitamin D supplementation in individuals 

at risk of autoimmune diseases, particularly multiple sclerosis, which also associates with the 

rs12785878 in DHCR7.  Based on the novel dose-dependent association between this SNP 

(known to also associate with vitamin D levels) and leptin levels, it is reasonable to hypothesise 

that vitamin D supplementation might exert dual effects by increasing serum vitamin D levels 

(protection enhancement) and possibly suppressing leptin (risk aversion).  Considering the 

sex-dimorphic nature of the association found here, the question that merits investigation is 

whether men at risk of multiple sclerosis would benefit from vitamin D supplementation to the 

same extent as women at risk, which could be addressed by interventional studies assessing 

outcomes by sex.   

 

9.3 FUTURE DIRECTION 

It is becoming clear that the field of immune-mediated diseases transitions from GWAS to the 

post-GWAS era where the goal is to define causal variants and understand their effect on 

transcriptional regulation and function by cell types435.  Promising possibilities arising from this 

study include i) epigenetics to decipher when and how gene expression is regulated in infancy, 

ii) functional studies to probe for mechanisms behind the effect of T1D candidate genes on 

adiposity and leptin, and the mediating role of sex hormones, and iii) population studies to 

assess the effect of adiposity during infancy and track its development alongside the 

development of islet autoimmunity by sex.  The progress made by this thesis in fine-tuning 

polymorphisms of importance and elucidating the genetic elements of the sex-dimorphic nature 

of early life phenotypes of T1D genetic risk could hopefully contribute to deciphering the 

incipient foetal origins of the disease.
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APPENDIX I 

A-I-1a | Summary of single-centred prospective cohort studies of islet autoimmunity (IA) and/or T1D.   

Cohort Centre Years  Risk* Description  

BABYDIAB Germany 1989-2000 F Examined natural history of IA in 1,650 children born to a parent with T1D.  

BABYDIET Germany 1989-2006 F, G Randomised 150 newborns with a first-degree relative with T1D and T1D risk HLA 

genotypes to gluten exposure at 6 or 12 mo of age.  

DIPP Finland 1994- G The Type 1 Diabetes Prediction and Prevention recruits newborns based on genetic 

screening (moderate or high risk) and follows them up until 15 yr of age. 

DiPiS Sweden 2000-2004 G The Diabetes Prediction in Skane is a population-based study in Skane (most southern 

province of Sweden) that recruited 35,658 children born during the designated period 

for HLA typing and identified > 2,500 at risk children that were followed annually. 

DIABFIN Italy 1999- G Population-based cohort study that recruits neonates in three cities in continental Italy 

(Rome, Milan, Genoa) to identify those with high and moderate HLA risk genotypes for 

T1D and assess environmental factors contributing to T1D. 

DAISY USA (Colorado) 1993-2009 F, G The Diabetes Autoimmunity Study in the Young recruited newborns carrying T1D high-

risk HLA genotypes, and siblings or offspring of people with T1D after 9 mo of age. 

AUSTRALIAN BABY DIAB Australia (South) 1990s- F Birth cohort recruiting infants who have a first-degree relative with T1D and follows 

them from birth with 6-month reviews. 

ENDIA Australia 2013- F Pregnancy/birth cohort that investigates the determinants of T1D in at-risk children by 

recruiting 1,400 unborn infants less than 6 mo of age with a first-degree relative with 

T1D.  It investigates relationships between genotype, the development of IA, and 

prenatal and postnatal environmental factors. 

* F: familial, G: genetic
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Table A-I-1b | Summary of multi-centred prospective cohort studies of IA and/or T1D. 

Cohort Centre Years  Risk* Description  

DIABIMMUNE Finland,  

Estonia,     

Karelia 

2008- G Birth cohort of infants with increased genetic risk of autoimmune disease followed up 

from birth up to the age of 3 yr and tested for organ-specific autoantibodies, allergies, 

infections, gut microbiota and nutritional factors. 

TEDDY Finland, 

Germany, 

Sweden,       

USA 

2004-2010 F, G The Environmental Determinants of Diabetes in the Young was a multicentre cohort 

across six clinical centres with the purpose of identifying environmental factors that 

trigger or protect against islet autoimmunity.  It recruited 7,751 children from the 

general population and 917 with a first-degree relative with T1D. 

TRIGR US,              

Canada, 

Australia, 

Europe (12) 

2002-2007 G The Trial to Reduce IDDM in the Genetically at Risk was an international double-

blinded trial to test whether hydrolysed infant formula compared to cow’s milk-based 

formula decreases risk of T1D in children with increased genetic susceptibility. 

* F: familial, G: genetic 
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Table A-I-2 | Association studies of T1D susceptibility HLA and size at birth (1/2).  BW, birth weight; BL, birth length, HrBW, high relative birth weight. 

First author 

Year 

Country 

Study 

N Birth 

years 

Design No of HLA 

groups 

Results  

Stene 2001 Norway 969 1982-1998 Retrospective 

(mouth swab) 

5 − Homozygous DQB1*06:02 had highest BW vs. DQ2/8 who 

had lowest BW. Mean ΔBW=354 g (95% CI 105 to 604). 

Aroviita 2004 Finland 1,263 1999-2001 Retrospective 

(cord blood) 

1 − DRB1*13 was more frequent among highest BW vs. 

lowest BW.  Δ(median BW)=40 g, P=0.044.   

Larsson 2005 Sweden   

DiPiS 

16,709 2000-2003 Prospective 

(cord blood) 

7 − DQ2/8, DQ8/604, DQ8/X had higher frequency of HrBW 

vs. other HLA types (OR=1.20 [95% CI 1.09 to 1.60], 

P=0.0006).                               

− DQB1*06:03 had increased frequency of HrBW (OR=1.13 

[95% CI 1.02 to 1.28], P=0.004).                                                                                   

Stene 2006 Norway 471 cases; 

1,369 controls 

1985-1999 Case-control 

(cord blood) 

4 − Hint of DQB1*06:02 carriers having higher BW.                                                       

− Trend of low BW and T1D risk, adjusted for HLA, INS.                

− No interaction between BW and HLA (P=0.62) or INS 

(P=0.83). 

Larsson 2007 Sweden   

DiPiS 

2,848  2000-2004 Prospective 

(cord blood) 

7 − DQ8/DQ2 carriers had higher frequency of HrBW.  If 

infections in 2nd or 3rd trimesters, the OR was aggravated 

(OR=5.24 [95% CI 1.75 to 15.7], P=0.003). 
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First author 

Year 

Country 

Study 

N Birth 

years 

Design No of HLA 

groups 

Results  

Locatelli 2007 Italy       

DIABIN 

4,349 1999- Prospective 

(cord blood) 

3 − No independent association between HLA and BW or BL.                   

− Length of gestation inversely correlated with HLA risk. 

Larsson 2008 Sweden   

DiPiS 

58 cases;   

155 controls 

2000-2004 Prospective 

(cord blood) 

2 − High-risk HLA increased BL SDS (P<0.010) but no 

significant association with BW SDS.   

Jarvinen 2008 Finland 342 1987-1999 Prospective  684 

haplotypes 

− Carriers of Finnish HLA haplotype (n=20) had higher BW 

(3,925 g, SD=446) vs. non-carriers (3,676 g, SD=439).   

− DR13 carriers tended to be heavier vs. non-carriers. 

Stene 2011 Norway 456-463 

cases; 1,377-

1,401 controls  

 Case-Control 

(mouth swab) 

5 − Relative risks conferred by HLA, INS, PTPN22 were 

independent of perinatal factors except for PTPN22 and 

mode of delivery. 

Sterner 2011 TEDDY 5,461 2004-2010 Prospective 4 − Swedish infants were longer at birth if carrying DQ2/8 

(P=0.023) or DQ8/8 (P=0.046) vs. DQ4/8. 

Peet 2012 DIABIMMUNE 7,931 2008-2010 Prospective 

(cord) 

4 − No association between T1D HLA risk and BW. 

Peet 2014 DIABIMMUNE 235 (Est) + 

261 (Fin) 

2008-2010 Prospective  4 − High-risk HLA carriers had lower BW SDS vs. controls at 

12 mo (0.37 SDS [95% CI 0.09 to 0.66] vs. 0.92 SDS 

[95% CI 0.78 to 1.1], P=0.001).  

− Length SDS: lower in high-risk HLA at 12 mo and 24 mo. 



Appendix I                                                                                                                                                                                                                                                                                             ELEFTHERIOU 

 - 232 -  

Table A-I-3 | Association studies of postnatal growth and IA and/or T1D (1/5). 

First author 

Year 

Country       

Study 

N Design BW ΔW ΔH Δ 

BMI 

 Results 

Baum 1975 UK                   

Children’s 

Diabetic Clinic in 

Oxford 

25 cases;  

80 controls 

Retrospective 

case-control 

 

 ↑   − Prediabetic males (8.71 kg, SD=1.20, n=21) were heavier 

at 6 mo vs. controls (8.10 kg, SD=0.99, n=40), P<0.05; 

females (10.65 kg, SD=0.88, n=9) were heavier at 1 yr of 

age vs. controls (9.83 kg, SD=0.99, n=40), P<0.05. 

Blom 1992 Sweden 

Swedish 

Childhood 

Diabetes Register 

337 cases, 

517 controls 

Retrospective   ↑  − Mean height SDS after birth was consistently higher in 

prediabetic vs. referent boys (albeit overlap of 95% CI), 

but no consistent differences in girls.   

− Weight SDS showed similar patterns for diabetic and 

referent children of both sexes. 

Johansson 

1994 

Sweden 

5 paediatric 

departments 

(1974-1988) 

297 cases, 

192 controls 

Retrospective  ↑   − Weight gain from birth to 30 mo was greater in probands 

vs. referents (P<0.02) with the difference up to 18 mo 

and 30 mo was more marked in girls (0.54 vs. 0.21 SD 

and 0.56 vs. 0.14 SD, P<0.05) than in boys (0.60 vs. 0.44 

SD and 0.60 SD vs. 0.44 SD, non-significant).  

Hypponen 

1999 

Finland 

Childhood 

Diabetes in 

Finland (1986-89) 

435 cases 

386 controls 

Retrospective 

nationwide 

 ↑   − T1D girls grew faster vs. controls in infancy; ΔW 

increased from 111 g (95% CI 0 to 218), P=0.04 at 1 mo 

to 286 g (95% CI 123 to 450), P=0.0006 at 7 mo after 

birth.   For boys, the ΔW was stable in infancy (95 g [95% 

CI -2 to 205], P=0.09). 
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First author 

Year 

Country       

Study 

N Design BW ΔW ΔH Δ 

BMI 

 Results 

Hypponen 

2000 

Finland 

Childhood 

Diabetes in 

Finland (1986-89) 

586 cases 

571 controls 

Retrospective 

nationwide 

 ↑ ↑  − Prediabetic boys and girls were heavier than controls:    

<2 yr of age, ΔrW in boys was 1.0% (-0.2 to 2.1, P=0.09),  

and in girls 1.5% (0.3 to 2.6, P=0.01); from 2 to 9.9 yr of 

age, ΔrW in boys was 2.7% (1.4 to 4.1, P<0.001), in girls 

was at max 5.6% (2.9 to 8.2, P<0.001) at 8 yr of age. 

− ΔrH between diabetic and control boys was 0.26 SDS 

(0.12 to 0.41, P<0.001) for < 2 yr of age; and 0.23 SDS 

(0.08 to 0.38, P=0.003) from 2 to 9.9 yr of age.  In girls, 

ΔrH was 0.19 SDS (0.01 to 0.37, P=0.03) from 6 mo to 

1.9 yr of age; and 0.28 SDS (0.12 to 0.44, P<0.001) from 

2 to 9.9 yr of age]. 

Bruining 2000 Netherlands 91 cases 

125 healthy 

siblings 

2,151 

controls 

Retrospective 

family & 

population-

based 

  ↑ ↑ − BMI from birth to 1 yr of age increased in probands 

(+0.31 SDS, P=0.002) vs. siblings (0.10 SDS, P=0.17). 

− Length from 1 to 3 yr of age increased in probands (0.49 

SDS, P=0.001) vs. siblings (0.47 SDS, P=0.001). 

EURODIAB 

2002 

Europe (5 

centres) 

616 cases 

1,616 

controls 

Retrospective  ↑ ↑ ↑ − Height SDS and Weight SDS increased in probands from 

1 mo after birth to a max of 0.32 (P<0.001) and 0.41 

(P<0.001) respectively between 1 to 2 yr of age. 

− BMI: largest Δ of 0.27 SDS from 1 to 2 yr of age 

(P=0.002). 
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First author 

Year 

Country       

Study 

N Design BW ΔW ΔH Δ 

BMI 

 Results 

Svensson 

2007 

Denmark 490 cases 

696 controls 

Prospective 

population-

based 

    − No association between T1D and linear increase in any 

growth parameter. 

Ljungkrantz 

2008 

Sweden 

Diabetes and 

environment 

around Baltic Sea 

316 cases 

1:2 controls 

Case-control  ↑ ↑  − Prediabetics had more pronounced weight and height 

gains vs. controls with the differences being more 

pronounced for girls.  Children who developed diabetes 

<5 yr of age, gained more weight than controls between 

3mo to 3 yr after birth (0.76 vs. 0.33 SDS, P<0.01).  

− Prediabetics had similar BMI from birth to 3 yr of age vs. 

controls. 

Lammi   2009 Finland 

 

218 case-

control pairs 

Retrospective 

record-

linkage 

   ↑ − Max BMI <3 years of age per 1 kg/m2 (OR=1.19 [95% CI 

1.03 to 1.36], P=0.02). 

Couper 2009 Australia 

Australian Baby 

Diab Study 

548 subjects 

(46 T1D) 

Prospective   ↑  ↑ − Weight z-score was a predictor of IA, even after 

controlling for HLA (HR=1.43 [95% CI 1.10 to 1.84] per 

unit increase in z, P=0.007). 

− BMI z-score over time was a predictor of IA, even after 

controlling for HLA (HR=1.29 [95% CI 1.01 to 1.67] per 

unit increase in z, P=0.04). 
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First author 

Year 

Country       

Study 

N Design BW ΔW ΔH Δ 

BMI 

 Results 

Kharagjitsingh

2010 

Netherlands  

5 childhood 

diabetes clinics in 

Rotterdam 

213 cases 

255 healthy 

siblings 

Retrospective 

family-

controlled 

 ↑ ↑  − ΔW in cases vs. siblings in1st yr after birth: 0.27 vs. 0.02, 

P=0.04. 

− ΔH in cases vs. siblings in 1st yr after birth: 0.15 vs. -0.09, 

P=0.02. 

Carlsson   

2012 

Sweden 

Better Diabetes 

Diagnosis (2005-) 

2,294 Ab- 

positive, 

T1D cases 

Prospective 

population-

based 

   HLA − The proportion of highest risk HLA-DQ genotype 

decreased with increasing BMI (P<0.0004). 

− Lower risk DQ genotypes were associated with increased 

% of patients who were overweight (P<0.0001). 

Peet 2014 Finland + Estonia 

DIABIMMUNE 

235 (Est) + 

261 (Fin) 

Prospective  HLA HLA  − Weight SDS in high-risk HLA vs. controls at 12 mo (0.37 

[95% CI 0.09 to 0.66] vs. 0.92 [95% CI 0.78 to 1.1], 

P=0.001). 

− Length SDS was lower in high-risk HLA at 12 mo (0.36 

[95% CI 0.03 to 0.70] vs. 0.83 [95% CI 0.67 to 0.96], 

P=0.01), and 24 mo (-0.11 [95% CI 0.45 to 0.20] vs. 0.47 

[95% CI 0.28 to 0.65], P=0.035). 

Beyerlein 2014 Germany 

BABYDIAB + 

BABYDIET  

1,011 Prospective    ↑ − Age at infant BMI peak was associated with IA (HR=0.60 

[95% CI 0.41 to 0.87] per 2SD increase in age). 

− ΔBMI peak and rebound was associated with IA, 

unadjusted (HR=1.52 [95% CI 1.04 to 2.22] per 2SD 

increase in age). 
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First author 

Year 

Country       

Study 

N Design BW ΔW ΔH Δ 

BMI 

 Results 

Magnus 2015 Denmark (DNBC 

birth cohort) 

Norway (MoBa 

birth cohort) 

99,832 Prospective 

population-

based  

 

 ↑   − Weight gain in the 1st yr of life positively associated with 

T1D (HRpooled adj=1.24 per 1 SD [95% CI 1.09 to 1.41]). 

− Length gain in the 1st yr after birth did not associate 

(HRpooled adj=1.06 per 1 SD [95% CI 0.86 to 1.32]).  

 

Yassouridis 

2016 

Germany 

BABYDIAB + 

BABYDIET 

2,236           

(191 with IA) 

Prospective   ↑ ↑ − IA was associated with rapidly increasing BMI SDS until 

the age of 3 yr (adjusted OR 2.02 [95% CI 1.03 to 3.73]). 

− High height SDS at birth followed by a decrease to 

average values after 3 yr of age was protective against IA 

(OR 0.16 [95% CI 0.01 to 0.62]). 

Larsson 2016 Finland, 

Germany, 

Sweden, US 

TEDDY 

575 Prospective  ↑   − Development of IA (n=575) was related to weight z-

scores at 12 mo, (HR 1.16 per 1.14 kg in males or per 

1.02 kg in females [95% CI 1.06 to 1.27], P<0.001), but 

not at 24 or 36 mo.  

− No association found with either weight or height and 

T1D (n=169). 
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APPENDIX II 

Details of DNA extraction 

DNA was extracted from cord blood, capillary blood or buccal samples, using a chloroform-

based method, quantified using Picogreen, and stored at a normalised concentration of 50 

ng/µl at 4 °C in the MRC Compound Unit at the Institute of Metabolic Sciences, Addenbrooke’s 

Hospital, Cambridge, UK. 

Details of hormone assays (adapted from Prentice424) 

IGF-1 and IGFBP-3 concentrations were measured from DBS in Tüebingen, Germany.  IGF-1 

was extracted from two 3.2-mm blood-spot disks using 400 µL acidifying buffer and quantified 

with a radioimmunoassay according to the manufacturer’s instructions (Mediagnost, 

Tüebingen, Germany).  IGFBP-3 was extracted from a single blood-spot disk in 1 ml of a buffer 

at neutral pH and measured with a specific radioimmunoassay as described elsewhere648.   

Laboratory analyses for C-peptide and leptin were done by Peter Barker and Keith Burling at 

the Core Biochemical Assay Laboratory, Cambridge Biomedical Research Centre.  C-peptide 

levels were measured using the Mercodia Ultrasensitive C-peptide enzyme linked 

immunosorbent assay (ELISA) for plasma adapted for DBS based on the adaptation of the 

Mercodia insulin assay for DBS described previously649.  A blood-spot disk was transferred 

into the assay plate coated with mouse monoclonal anti-C-peptide, followed by addition of 25 

µL zero calibrator and 50 µL assay, and incubation with mixing at 4 °C for 16 hours.  Once the 

plate reached room temperature, the blood spot was removed.  After washing, 100 µL of diluted 

enzyme conjugate, prepared according to manufacturer’s instructions, were added to the plate 

and incubated for 1 h.  Following washing with a buffer, 200 µL substrate TMB was added and 

the plate incubated in the dark for half an hour before stopping the reaction with 50 µL stop 

solution and reading the absorbances at 450 nm with the Victor plate reader (Perkin Elmer).   

Leptin levels were determined from a single blood-spot disk eluted in 200 µL DELFIA 

Multibuffer (Perkin Elmer) and measured using DELFIA® (dissociation-enhanced lanthanide 

fluorescence immunoassay) time-resolved fluorescence technology according to the 

manufacturer’s instructions.  As a result of the lower detection limit (1.25 ng/ml) set higher than 

the serum detection limit, in order to counteract the reduced blood volume provided by the 

DBS samples (1/25th of the equivalent serum volume), 43 samples and 115 samples were 

below the detection limit at 3 and 12 months respectively (P. Barker, personal communication, 

2018).   
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Table A-II-1 | Kolmogorov-Smirnov tests for anthropometric measures by age. 

 

 

 

 

Statistic df P  value
Gestation (wk) 0.1 1,660 <0.0001
Birth

Weight (kg) 0.034 1,657 <0.0001
Weight SDS 0.019 1,657 0.142
Height (cm) 0.065 1,599 <0.0001
Height SDS 0.023 1,599 0.040
HC (cm) 0.038 1,602 <0.0001
HC SDS 0.025 1,602 0.025

BMI (kg/m
2
) 0.027 1,596 0.090

BMI SDS 0.030 1,586 0.002
SFT SDS 0.069 1,592 <0.0001

3 months
Weight (kg) 0.020 1,340 0.200
Weight SDS 0.021 1,340 0.149
Height (cm) 0.036 1,335 <0.0001
Height SDS 0.023 1,335 0.091
SFT SDS 0.024 1,342 0.069

12 months
Weight (kg) 0.035 1,182 0.001
Weight SDS 0.022 1,181 0.200
Height (cm) 0.022 1,175 0.200
Height SDS 0.016 1,174 0.200
HC (cm) 0.058 1,179 <0.0001
HC SDS 0.030 1,178 0.017

BMI (kg/m
2
) 0.035 1,175 0.002

BMI SDS 0.016 1,174 0.200
SFT SDS 0.034 1,177 0.003

18 months
Weight (kg) 0.038 1,094 0.001
Weight SDS 0.023 1,093 0.200
Height (cm) 0.031 1,096 0.015
Height SDS 0.014 1,095 0.200
HC (cm) 0.053 1,088 <0.0001
HC SDS 0.025 1,087 0.118

BMI (kg/m
2
) 0.034 1,092 0.004

BMI SDS 0.019 1,091 0.200
SFT SDS 0.052 1,095 <0.0001

24 months
Weight (kg) 0.046 1,051 <0.0001
Weight SDS 0.018 1,050 0.200
Height (cm) 0.019 1,043 0.200
Height SDS 0.019 1,042 0.200
HC (cm) 0.044 1,051 <0.0001
HC SDS 0.029 1,050 0.041

BMI (kg/m
2
) 0.037 1,037 0.002

BMI SDS 0.017 1,036 0.200
SFT SDS 0.059 1,057 <0.0001



Appendix II                                                                                                                                                                ELEFTHERIOU 

 - 239 -  

Table A-II-2 | Kolmogorov-Smirnov tests for blood levels of endocrine factors by age. 

Statistic df P  value

IGF-1 (ng/ml) 0.064 569 <0.0001

3-month 0.084 387 <0.0001

12-month 0.070 300 0.001

18-month 0.105 164 <0.0001

24-month

IGFBP-3 (ng/ml)

3-month 0.045 566 0.007

12-month 0.058 377 0.004

18-month 0.047 289 0.200

24-month 0.057 155 0.200

C-peptide (pmol/L)

3-month 0.074 317 <0.0001

12-month 0.108 144 <0.0001

Leptin (ng/ml)

3-month 0.145 311 <0.0001

12-month 0.268 238 <0.0001
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Table A-II-3 | Pairwise associations with Y=Weight (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth 12 months 24 months 

Name Type rho Δ / F P value rho Δ / F P value Rho Δ / F P value 

Newborn index          

 Gestational Age Continuous 0.541  <0.0001 0.144  <0.0001 0.122  <0.0001 

 Infant Sex (baseline: males) Binary  0.142 <0.0001  0.739 <0.0001  0.641 <0.0001 

Pregnancy influences           

 Maternal T1D (baseline: non-T1D) Binary   -0.703 0.004  -1.108 0.038  -1.779 0.036 

 Parity (baseline: primiparous) Binary   -0.163 <0.0001  -0.035 0.619  0.075 0.414 

 Smoking (baseline: non-smoking) Binary   0.128 0.033  -0.465 0.017  -0.687 0.008 

 Maternal height Continuous 0.216  <0.0001 0.244  <0.0001 0.239  <0.0001 

 Maternal pre-pregnancy weight Continuous 0.216  <0.0001 0.230  <0.0001 0.266  <0.0001 

 Maternal pre-pregnancy BMI Continuous 0.143  <0.0001 0.138  <0.0001 0.175  <0.0001 

 Maternal pregnancy weight gain Continuous 0.143  <0.0001 0.035  0.354 0.031  0.429 

 Maternal age Continuous 0.035  0.202 -0.086  0.003 -0.041  0.184 

 Paternal age Continuous 0.042  0.134 -0.068  0.026 -0.047  0.143 

Post-pregnancy influences          

 Birth delivery Categorical  2.894 0.021  5.539 <0.0001  2.286 0.058 

 3-month feeding (baseline: breast milk only) Binary      -0.519 <0.0001  -0.331 <0.0001 

 Birth weight SDS Continuous    0.452  <0.0001 0.437  <0.0001 

 Birth length SDS Continuous    0.351  <0.0001 0.343   

Sociodemographic influences          

 Ethnicity (baseline: White Caucasian) Binary   0.009 0.907  -0.076 0.687  -0.072 0.775 

 Index of multiple deprivation Continuous -0.037  0.258 0.074  0.035 0.076  0.034 

 Marital status Categorical  0.960 0.383  0.509 0.601  0.466 0.627 

 Maternal education Categorical  1.079 0.341  5.332 0.005  0.790 0.455 
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Table A-II-4 | Pairwise associations with Y=Height (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth 12 months 24 months 

Name Type rho Δ / F P value rho Δ / F P value Rho Δ / F P value 

Newborn index          

 Gestational Age Continuous 0.419  <0.0001 0.211  <0.0001 0.171  <0.0001 

 Infant Sex (baseline: males) Binary  0.929 <0.0001  1.781 <0.0001  1.438 <0.0001 

Pregnancy influences           

 Maternal T1D (baseline: non-T1D) Binary   -0.363 0.780  -2.450 0.057  -1.950 0.422 

 Parity (baseline: primiparous) Binary   -0.433 0.001  0.082 0.634  0.423 0.051 

 Smoking (baseline: non-smoking) Binary   0.161 0.585  -0.871 0.063  -1.594 0.009 

 Maternal height Continuous 0.203  <0.0001 0.309  <0.0001 0.313  <0.0001 

 Maternal pre-pregnancy weight Continuous 0.149  <0.0001 0.210  <0.0001 0.217  <0.0001 

 Maternal pre-pregnancy BMI Continuous 0.074  0.012 0.092  0.004 0.088  0.009 

 Maternal pregnancy weight gain Continuous 0.082  0.017 0.036  0.333 0.052  0.191 

 Maternal age Continuous 0.043  0.122 -0.075  0.011 -0.060  0.053 

 Paternal age Continuous 0.002  0.942 -0.063  0.039 -0.050  0.123 

Post-pregnancy influences          

 Birth delivery Categorical  8.082 <0.0001  1.382 0.238  1.994 0.093 

 3-month feeding (baseline: breast milk only) Binary      -1.093 <0.0001  -0.962 <0.0001 

 Birth weight SDS Continuous    0.430  <0.0001 0.392  <0.0001 

 Birth length SDS Continuous    0.351  <0.0001 0.343  <0.0001 

Sociodemographic influences          

 Ethnicity (baseline: White Caucasian) Binary   -0.117 0.747  0.207 0.651  -0.300 0.611 

 Index of multiple deprivation Continuous -0.050  0.133 0.030  0.394 0.090  0.012 

 Marital status Categorical  0.265 0.768  0.245 0.783  0.521 0.594 

 Maternal education Categorical  1.644 0.194  1.954 0.143  0.003 0.997 
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Table A-II-5 | Pairwise associations with Y=Δweight SDS (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth-12 months Birth-24 months 

Name Type rho Δ / F P value rho Δ / F P value 

Newborn index       

 Gestation Continuous       

 Infant Sex (baseline: males) Binary       

Pregnancy influences        

 Maternal T1D (baseline: non-T1D) Binary   1.835 <0.0001  1.603 0.388 

 Parity (baseline: primiparous) Binary   0.363 <0.0001  0.400 <0.0001 

 Smoking (baseline: non-smoking) Binary   -0.650 <0.0001  -0.590 0.002 

 Maternal height Continuous 0.069  0.027 0.037  0.268 

 Maternal pre-pregnancy weight Continuous 0.040  0.212 0.037  0.264 

 Maternal pre-pregnancy BMI Continuous 0.003  0.920 0.009  0.796 

 Maternal pregnancy weight gain Continuous -0.030  0.431 -0.037  0.353 

 Maternal age Continuous -0.144  <0.0001 -0.094  0.003 

 Paternal age Continuous -0.118  <0.0001 -0.086  0.007 

Post-pregnancy influences       

 Birth delivery Categorical  5.281 <0.0001  5.861 <0.0001 

 3-month feeding (baseline: breast milk only) Binary   -0.496 <0.0001  -0.263 <0.0001 

 Birth weight SDS Continuous -0.487  <0.0001 -0.527  <0.0001 

 Birth length SDS Continuous -0.204  <0.0001 -0.211  <0.0001 

Sociodemographic influences       

 Ethnicity (baseline: White Caucasian) Binary   -0.156 0.390  -0.085 0.655 

 Index of multiple deprivation Continuous 0.129  <0.0001 0.125  <0.0001 

 Marital status Categorical  1.141 0.320  1.576 0.207 

 Maternal education Categorical  7.750 <0.0001  1.828 0.162 
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Table A-II-6 | Pairwise associations with Y=Δheight SDS (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth-12 months Birth-24 months 

Name Type rho Δ / F P value rho Δ / F P value 

Newborn index       

 Gestation Continuous       

 Infant Sex (baseline: males) Binary       

Pregnancy influences        

 Maternal T1D (baseline: non-T1D) Binary   0.927 0.077  0.9995 0.192 

 Parity (baseline: primiparous) Binary   0.274 <0.0001  0.340 <0.0001 

 Smoking (baseline: non-smoking) Binary   -0.466 0.007  -0.555 0.005 

 Maternal height Continuous 0.128  <0.0001 0.092  0.006 

 Maternal pre-pregnancy weight Continuous 0.054  0.097 0.005  0.872 

 Maternal pre-pregnancy BMI Continuous -0.002  0.960 -0.050  0.152 

 Maternal pregnancy weight gain Continuous -0.049  0.203 -0.043  0.282 

 Maternal age Continuous -0.128  <0.0001 -0.106  0.001 

 Paternal age Continuous -0.087  0.005 -0.060  0.069 

Post-pregnancy influences       

 Birth delivery Categorical  1.191 0.313  3.255 0.012 

 3-month feeding (baseline: breast milk only) Binary   -0.466 <0.0001  -0.378 <0.0001 

 Birth weight SDS Continuous -0.273  <0.0001 -0.305  <0.0001 

 Birth length SDS Continuous -0.436  <0.0001 -0.482  <0.0001 

Sociodemographic influences       

 Ethnicity (baseline: White Caucasian) Binary   -0.070 0.682  -0.173 0.368 

 Index of multiple deprivation Continuous 0.087  0.016 0.133  <0.0001 

 Marital status Categorical  1.155 0.315  0.899 0.407 

 Maternal education Categorical  6.106 0.002  0.912 0.402 
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Table A-II-7 | Pairwise associations with Y=HC SDS (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth 12 months 24 months 

Name Type rho Δ / F P value rho Δ / F P value Rho Δ / F P value 

Newborn index          

 Gestation Continuous          

 Infant Sex (baseline: males) Binary          

Pregnancy influences           

 Maternal T1D (baseline: non-T1D) Binary   -1.113 0.023  0.002 0.998  -0.466 0.536 

 Parity (baseline: primiparous) Binary   -0.230 <0.0001  -0.687 0.283  -0.003 0.964 

 Smoking (baseline: non-smoking) Binary   0.159 0.156  -0.024 0.891  -0.150 0.432 

 Maternal height Continuous 0.188  <0.0001 0.196  <0.0001 0.191  <0.0001 

 Maternal pre-pregnancy weight Continuous 0.208  <0.0001 0.188  <0.0001 0.166  <0.0001 

 Maternal pre-pregnancy BMI Continuous 0.133  <0.0001 0.106  0.001 0.091  0.007 

 Maternal pregnancy weight gain Continuous 0.077  0.024 0.048  0.203 0.019  0.627 

 Maternal age Continuous 0.046  0.100 0.007  0.824 0.033  0.285 

 Paternal age Continuous 0.052  0.065 0.023  0.443 0.029  0.371 

Post-pregnancy influences          

 Birth delivery Categorical  12.805 <0.0001  6.261 <0.0001  2.431 0.046 

 3-month feeding (baseline: breast milk only) Binary      -0.014 0.831  0.151 0.026 

 Weight SDS at respective age Continuous 0.624  <0.0001 0.447  <0.0001 0.466  <0.0001 

 Head Circumference SDS at birth Continuous    0.516  <0.0001 0.512  <0.0001 

Sociodemographic influences          

 Ethnicity (baseline: White Caucasian) Binary   0.083 0.547  0.001 0.997  0.102 0.570 

 Index of multiple deprivation Continuous -0.099  0.003 -0.013  0.704 -0.008  0.828 

 Marital status Categorical  3.565 0.029  0.039 0.961  0.168 0.846 

 Maternal education Categorical  0.736 0.479  1.440 0.238  4.380 0.013 
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Table A-II-8 | Pairwise associations with Y=BMI SDS (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth 12 months 24 months 

Name Type rho Δ / F P value rho Δ / F P value Rho Δ / F P value 

Newborn index          

 Gestation Continuous          

 Infant Sex (baseline: males) Binary          

Pregnancy influences           

 Maternal T1D (baseline: non-T1D) Binary   -3.047 <0.0001  -0.483 0.289  -0.992 0.128 

 Parity (baseline: primiparous) Binary   -0.336 <0.0001  -0.071 0.237  -0.047 0.414 

 Smoking (baseline: non-smoking) Binary   0.404 0.004  -0.290 0.080  0.350 0.036 

 Maternal height Continuous 0.093  0.001 0.088  0.005 0.051  0.125 

 Maternal pre-pregnancy weight Continuous 0.171  <0.0001 0.170  <0.0001 0.192  <0.0001 

 Maternal pre-pregnancy BMI Continuous 0.138  <0.0001 0.151  <0.0001 0.189  <0.0001 

 Maternal pregnancy weight gain Continuous 0.059  0.087 0.016  0.677 -0.033  0.412 

 Maternal age Continuous 0.039  0.158 -0.063  0.033 -0.004  0.897 

 Paternal age Continuous 0.062  0.028 -0.031  0.315 -0.002  0.951 

Post-pregnancy influences          

 Birth delivery Categorical  20.840 <0.0001  6.676 <0.0001  3.370 0.009 

 3-month feeding (baseline: breast milk only) Binary      -0.269 <0.0001  -0.017 0.768 

 Weight SDS at respective age Continuous 0.737  <0.0001 0.770  <0.0001 0.721  <0.0001 

 BMI SDS at birth Continuous    0.268  <0.0001 0.275  <0.0001 

Sociodemographic influences          

 Ethnicity (baseline: White Caucasian) Binary   0.101 0.561  -0.168 0.296  -0.063 0.696 

 Index of multiple deprivation Continuous -0.049  0.140 0.046  0.199 0.006  0.871 

 Marital status Categorical  0.638 0.528  0.407 0.665  0.847 0.429 

 Maternal education Categorical  0.329 0.720  3.423 0.033  1.647 0.193 
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Table A-II-9 | Pairwise associations with Y=Skinfold thickness (SFT) SDS (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA). 

Variable Birth 12 months 24 months 

Name Type rho Δ / F P value rho Δ / F P value rho Δ / F P value 

Newborn index          

 Gestation Continuous          

 Infant Sex (baseline: males) Binary          

Pregnancy influences           

 Maternal T1D (baseline: non-T1D) Binary   -1.291 <0.0001  -0.039 0.911  0.521 0.358 

 Parity (baseline: primiparous) Binary   -0.290 <0.0001  0.076 0.094  0.080 0.108 

 Smoking (baseline: non-smoking) Binary   -0.054 0.589  -0.048 0.703  -0.131 0.348 

 Maternal height Continuous 0.053  0.064 -0.007  0.817 0.013  0.688 

 Maternal pre-pregnancy weight Continuous 0.096  0.001 0.060  0.058 0.092  0.006 

 Maternal pre-pregnancy BMI Continuous 0.089  0.003 0.083  0.010 0.098  0.004 

 Maternal pregnancy weight gain Continuous 0.010  0.780 -0.039  0.295 0.002  0.965 

 Maternal age Continuous 0.033  0.235 -0.046  0.120 -0.024  0.433 

 Paternal age Continuous 0.005  0.860 -0.005  0.872 -0.026  0.413 

Post-pregnancy influences          

 Birth delivery Categorical  1.596 0.173  5.275 <0.0001  2.065 0.083 

 3-month feeding (baseline: breast milk only) Binary   0.093 0.061  -0.260 <0.0001  -0.065 0.198 

 Weight SDS at respective age Continuous 0.462  <0.0001 0.488  <0.0001 0.455  <0.0001 

 STF SDS at birth Continuous    0.094  0.002 0.104  0.001 

Sociodemographic influences          

 Ethnicity (baseline: White Caucasian) Binary   0.136 0.263  0.020 0.875  0.183 0.182 

 Index of multiple deprivation Continuous -0.047  0.159 0.058  0.104 0.033  0.359 

 Marital status Categorical  2.562 0.078  0.869 0.420  0.388 0.679 

 Maternal education Categorical  0.841 0.432  2.386 0.093  0.645 0.525 
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Table A-II-10 | Pairwise associations with Y=[IGF-1] (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA).  *1 case 

Variable [IGF-1]3months [IGF-1]12months [IGF-1]24months 

Name Type rho Δ / F P value rho Δ / F P value Rho Δ / F P value 

Newborn index          

 Gestation Continuous -0.057  0.175 -0.092  0.070 -0.119  0.130 

 Infant Sex (baseline: males) Binary  3.892 0.021  -11.057 <0.0001  -8.725 0.039 

Pregnancy influences           

 Maternal T1D (baseline: non-T1D) Binary   -13.25 0.351  -13.53 0.248  -37.05 0.174* 

 Parity (baseline: primiparous) Binary   2.848 0.093  7.382 0.002  3.838 0.374 

 Smoking (baseline: non-smoking) Binary   -1.024 0.831  -15.68 0.034  1.736 0.889 

 Maternal height Continuous -0.034  0.451 -0.057  0.304 -0.035  0.671 

 Maternal pre-pregnancy weight Continuous 0.063  0.166 -0.013  0.820 -0.035  0.693 

 Maternal pre-pregnancy BMI Continuous 0.092  0.046 0.016  0.772 -0.014  0.871 

 Maternal pregnancy weight gain Continuous -0.090  0.096 -0.013  0.845 0.112  0.261 

 Maternal age Continuous -0.001  0.988 -0.026  0.612 -0.003  0.967 

 Paternal age Continuous 0.007  0.875 -0.060  0.264 -0.146  0.070 

Post-pregnancy influences          

 Birth delivery Categorical  2.538 0.039  1.192 0.314  0.041 0.997 

 3-month feeding (baseline: breast milk only) Binary   -9.949 <0.0001  -6.202 0.011  -3.750 0.396 

 Weight SDS at respective age Continuous -0.312  <0.0001 0.224  <0.0001 0.282  <0.0001 

 [IGF-1]3months Continuous    -0.246  <0.0001 0.325  0.003 

Sociodemographic influences          

 Ethnicity (baseline: White Caucasian) Binary   -5.769 0.251  2.743 0.733  -4.301 0.778 

 Index of multiple deprivation Continuous 0.127  0.011 0.030  0.605 -0.051  0.551 

 Marital status Categorical  0.177 0.837  0.579 0.561  1.295 0.277 

 Maternal education Categorical  4.619 0.011  6.009 0.003  2.087 0.129 
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Table A-II-11 | Pairwise associations with Y=[C-peptide] (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA).   *1 case 

Variable [C-peptide]3months [C-peptide]12months 

Name Type rho Δ / F P value Rho Δ / F P value 

Newborn index       

 Gestation Continuous -0.148  0.008 -0.090  0.281 

 Infant Sex (baseline: males) Binary  25.983 0.547  8.708 0.871 

Pregnancy influences        

 Maternal T1D (baseline: non-T1D) Binary   -408.8 0.286*  N/A N/A 

 Parity (baseline: primiparous) Binary   48.319 0.274  108.10 0.042 

 Smoking (baseline: non-smoking) Binary   101.70 0.460  -77.26 0.638 

 Maternal height Continuous 0.071  0.240 0.168  0.061 

 Maternal pre-pregnancy weight Continuous 0.032  0.607 0.099  0.276 

 Maternal pre-pregnancy BMI Continuous 0.008  0.899 0.029  0.755 

 Maternal pregnancy weight gain Continuous 0.056  0.443 0.075  0.481 

 Maternal age Continuous -0.063  0.269 -0.071  0.403 

 Paternal age Continuous -0.006  0.917 -0.173  0.044 

Post-pregnancy influences       

 Birth delivery Categorical  0.194 0.942  1.280 0.281 

 3-month feeding (baseline: breast milk only) Binary   -112.60 0.012  1.294 0.981 

 Weight SDS at respective age Continuous 0.239  <0.0001 -0.185  0.027 

 [C-peptide]3months Continuous    -0.127  0.399 

Sociodemographic influences       

 Ethnicity (baseline: White Caucasian) Binary   -65.497 0.514  18.090 0.881 

 Index of multiple deprivation Continuous 0.097  0.198 0.046  0.653 

 Marital status Categorical  0.094 0.911  0.313 0.732 

 Maternal education Categorical  0.948 0.390  2.726 0.074 
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Table A-II-12 | Pairwise associations with Y=[Leptin] (rho ≡ Spearman’s coefficient; Δ ≡ mean difference for t-test; F ≡ F-statistic for ANOVA).   *1 case 

Variable [Leptin]3months [Leptin]12months 

Name Type rho Δ / F P value rho Δ / F P value 

Newborn index       

 Gestation Continuous -0.022  0.702 -0.230  <0.0001 

 Infant Sex (baseline: males) Binary  -0.760 0.002  -0.338 0.003 

Pregnancy influences        

 Maternal T1D (baseline: non-T1D) Binary   0.196 0.929*  -0.084 0.924* 

 Parity (baseline: primiparous) Binary   -0.414 0.105  0.207 0.068 

 Smoking (baseline: non-smoking) Binary   -1.278 0.649  -0.851 0.029 

 Maternal height Continuous -0.025  0.688 -0.038  0.593 

 Maternal pre-pregnancy weight Continuous -0.019  0.755 0.015  0.833 

 Maternal pre-pregnancy BMI Continuous 0.006  0.927 0.046  0.524 

 Maternal pregnancy weight gain Continuous -0.024  0.742 -0.040  0.633 

 Maternal age Continuous 0.022  0.697 -0.153  0.019 

 Paternal age Continuous -0.108  0.069 -0.012  0.865 

Post-pregnancy influences       

 Birth delivery Categorical  1.404 0.233  0.786 0.535 

 3-month feeding (baseline: breast milk only) Binary   0.140 0.582  -0.115 0.326 

 Weight SDS at respective age Continuous 0.349  <0.0001 0.198  0.002 

 [Leptin]3months Continuous    -0.410  <0.0001 

Sociodemographic influences       

 Ethnicity (baseline: White Caucasian) Binary   -0.480 0.395  -0.346 0.138 

 Index of multiple deprivation Continuous 0.062  0.422 0.101  0.194 

 Marital status Categorical  1.593 0.205  4.336 0.014 

 Maternal education Categorical  0.397 0.673  0.922 0.401 
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Table A-II-13 | Endocrine blood levels by a. twinship, b. gestational length, c. maternal T1D.  

     

yes no ≥ 36 wk < 36 wk no yes

Mean ± SD (N) Mean ± SD (N) P  value Mean ± SD (N) Mean ± SD (N) P  value Mean ± SD (N) Mean ± SD (N) P  value

IGF-1 (ng/ml)

3-month 50.3 ± 20.1 (559) 48.8 ± 14.7 (10) 0.934 50.1 ± 19.9 (561) 61.0 ± 27.0 (8) 0.282 50.3 ± 20.0 (567) 63.5 ± 21.9 (2) 0.301

12-month 51.3 ± 23.3 (383) 54.0 ± 14.3 (4) 0.587 50.8 ± 23.1 (377) 71.7 ± 21.0 (10) 0.004 51.2 ± 23.1 (383) 64.8 ± 35.8 (4) 0.358

18-month 58.7 ± 24.3 (296) 58.5 ± 18.6 (4) 0.942 58.3 ± 24.2 (292) 70.1 ± 23.3 (8) 0.163 58.6 ± 24.2 (299) 89.0 (1) 0.200

24-month N/A N/A N/A 62.0 ± 27.1 (161) 74.3 ± 29.3 (3) 0.432 62.0 ± 27.0 (163) 99.0 (1) 0.220

IGFBP-3 (ng/ml)

3-month 1,704.4 ± 385.0 (557) 1,602.4 ± 210.7 (9) 0.435 1,702.6 ± 379.3 (559) 1,711.7 ± 654.4 (7) 0.759 1,701.8 ± 383.2 (564) 1,974.3 ± 135.3 (2) 0.189

12-month 1,965.0 ± 500.2 (374) 1,649.7 ± 235.8 (3) 0.196 1,958.8 ± 500.0 (367) 2,098.8 ± 498.7 (10) 0.421 1,958.8 ± 500.0 (373) 2,310.8 ± 307.2 (4) 0.082

18-month 2,003.0 ± 473.9 (286) 1,899.3 ± 380.8 (3) 0.726 1,997.9 ± 473.9 (218) 2,140.4 ± 431.5 (8) 0.308 2,001.2 ± 473.3 (288) 2,208.6 (1) 0.588

24-month N/A N/A N/A 2,054.1 ± 473.9 (152) 2,242.2 ± 666.5 (3) 0.603 2,051.8 ± 473.3 (154) 2,968.7 (1) 0.103

C-peptide (pmol/L)

3-month 805.6 ± 437.5 (309) 733.8 ± 246.6 (8) 0.841 804.5 ± 434.3 (312) 759.0 ± 437.0 (5) 0.834 802.3 ± 433.5 (316) 1,266.0 (1) 0.259

12-month 584.5 ± 320.4 (141) 734.7 ± 252.8 (3) 0.272 N/A N/A N/A N/A N/A N/A

Leptin (ng/ml)

3-month 2.9 ± 2.2 (304) 3.0 ± 2.2 (7) 0.998 2.9 ± 2.2 (307) 2.9 ± 2.2 (4) 0.760 2.9 ± 2.2 (310) 2.8 (1) 0.862

12-month 1.3 ± 0.9 (236) 1.7 ± 0.0 (2) 0.210 N/A N/A N/A 1.3 ± 0.9 (237) 1.4 (1) 0.782

Singleton Gestation Maternal T1D
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Table A-II-14 | Rationale for gene selection based on biological knowledge. 

Gene Molecular function Phenotype: human Phenotype: mouse Pathways & Interactions 

PTPN22 
  

growth/size/body 
 

IL10   growth/size/body  

IFIH1 growth/inhibition of tumour cell lines    

CTLA4    PTPN22 signalling 

IL2   growth/size/body  

TNFAIP3   growth/size/body  

GLIS3  Hypothyroidism growth/size/body  

IL2RA   growth/size/body IL2 signalling 

PRKCQ     

INS growth factor    

BAD link between growth factor receptor 

signalling and apoptotic pathways 

 growth/size/body  

ITGB7 gut-associated    

CYP27B1   growth/size/body  

ERBB3 epidermal-growth factor receptor  growth/size/body  

SH2B3 signalling activities by growth factor and 

cytokine receptors 

growth retardation-mild developmental 

delay 

  

DLK1 epidermal growth factor  growth/size/body  

CTSH   growth/size/body  

CLEC16A   growth/size/body  

PTPN2 epidermal growth factor receptor with roles 

in growth factor mediated cell signalling  

 growth/size/body  

TYK2 gene ontology: GHR binding  growth/size/body  

FUT2 affects intestinal microbiota composition    

UBASH3A    interacts with c-CBL but binds to ubiquitin 

via its UBA domain 
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