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Abstract

Vitamin D deficiency is common and has been proposed as a risk factor for

cardiovascular disease (CVD), but much of this evidence is inconsistent. The aim of

the thesis was to explore the associations between vitamin D status (25(OH)D) and

selected risk biomarkers of CVD, in participants of the British 1958 birth cohort free

from CVD. Different methodologies were used in an attempt to avoid confounded

associations. Mediation analysis was used to infer an association between 25(OH)D

and biomarkers from seasonal variations. A genome-wide association study

(GWAS) was done to find single nucleotide polymorphisms (SNPs) associated with

25(OH)D. SNPs found by the GWAS and SNPs in candidate genes were evaluated

as proxy markers for 25(OH)D, and used in Mendelian randomisation (MR) analysis

with the biomarkers. Higher 25(OH)D concentrations were associated with lower

levels of tissue plasminogen activator (tPA), after adjusting for lifestyle, socio-

economic and adiposity covariates. An association between 25(OH)D and tPA was

inferred using mediation analysis. In the GWAS, SNPs from genes involved in the

synthesis, hydroxylation and transportation of vitamin D were associated with

25(OH)D. SNPs passing evaluation as proxy markers for 25(OH)D were classified

as “synthesis” and “metabolism” based on gene function, with the former considered

to be a more robust proxy than the latter. Statistical power to detect an association

was limited in MR analysis. However, there was some evidence that 25(OH)D had a

protective association with tPA, when metabolism SNPs were used as proxy for

25(OH)D in MR analysis. Findings from the different analyses were inconsistent for

CRP, D-dimer and fibrinogen. In conclusion, the findings tentatively suggest that

vitamin D has a beneficial influence on CVD through the mechanism of fibrinolysis.
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However, more evidence is required from large MR studies and randomised

controlled trials before the role of vitamin D in CVD is conclusively understood.
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1. Vitamin D: introduction, association with

cardiovascular disease and aim of the thesis

1.1 Background

Vitamin D is an essential nutrient for maintaining bone health. A severe vitamin D

deficiency leads to rickets in children and osteomalacia in adults (Wassernam 2005).

Emerging evidence suggests that hypovitaminosis D is a risk factor for many serious

conditions including cardiovascular disease (CVD) (Swales & Wang 2010; Wallis et

al. 2008; Zittermann et al. 2005). However much is still to be learnt, as there is still

no consensus on the thresholds of vitamin D status defined as deficient, sufficient or

optimal (Dawson-Hughes et al. 2005; Ginde et al. 2011; Heaney & Holick 2011;

Hollis 2005; Institute of Medicine 2011; Norman & Bouillon 2010). More evidence

is needed and has been called for to better understand the role vitamin D plays in

health and diseases, beyond its classical role in calcium homeostasis (Institute of

Medicine 2011).

1.1.1 History of vitamin D

The study of the paediatric disease rickets led to the discovery of the pro-hormone

vitamin D (DeLuca 2005; Mellanby 1919). At the end of the 19th century,

investigation was underway to discover why children residing in sunlight-deprived

industrial cities developed skeletal deformities, unlike their contemporaries dwelling

in the countryside or sunnier climates (Chick et al. 1923). By the early 20th century,

clinicians had started to successfully treat children suffering from rickets with liver

oil from fish, and later exposure to sunlight or mercury arc lamp (Chick et al. 1923;

Hess 1922; Selkirk et al. 1928). During that period, it was also discovered that foods
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irradiated with ultraviolet B (UVB) could both prevent the onset of rickets and also

treat it (Hess & Weinstock 1924; Steenbock 1924). By mid-20th century, British

children were given cod liver oil and dried milk fortified with vitamin D under the

Welfare Foods Scheme (Department of Health 2002). In addition, food

manufacturers were routinely fortifying infants’ cereals, evaporated and dried milks

(Bransby et al. 1964). However, reported cases of hypercalcaemia in infants and

children were linked with excessive vitamin D quantities in infants’ milk, and

fortification of food was sharply curtailed (British Paediatric Association 1956;

Ministry of Health 1957). A subsequent review of the cases found, that there was a

lack of evidence to conclude whether excessive vitamin D fortification was

responsible for the hypercalcaemia incidences (Fraser 1967). As it stands today in

the UK, vitamin D fortification of margarine and infants’ formula is mandatory

(Ministry of Agriculture 1995a; Ministry of Agriculture 1995b).

1.1.2 Vitamin D intake

The nutrient comes in two forms, vitamin D3 and vitamin D2 (Haddad & Hahn

1973). Vitamin D3, or cholecalcifierol, is synthesised in the skin after exposure to

UVB radiation (typically from sunlight) of wavelengths 290-315 nm (Holick 1995).

The synthesis converts 7-dehydrocholestrol (DHC-7) to pre-vitamin D3, which is

then quickly converted by heat induction to vitamin D3. Over-exposure to UVB

radiation does not cause vitamin D toxicity as excess pre-vitamin D3 and vitamin D3

is inactivated by radiation (Holick et al. 1981; Webb et al. 1989).
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Vitamin D2 or ergocalciferol, is the plant form of vitamin D irradiated from yeast

and can occur naturally in some types of mushrooms (Lamberg-Allardt 2006).

Vitamin D3 can also be found in food from animal-based sources, such as oily fish

e.g. from salmon, sardines and mackerel. Foods can be fortified with analogues of

both forms of vitamin D and taken as dietary supplements (Holden et al. 2008).

Both forms of vitamin D (D3 and D2) will increase an individual’s nutritional vitamin

D status. There is some evidence that vitamin D3 is more effective at increasing the

nutritional status of vitamin D, than vitamin D2 (Armas et al. 2004; Heaney et al.

2011; Trang et al. 1998). However, a biological preference for vitamin D3 over D2

has not been consistently observed in all studies (Biancuzzo et al. 2010; Holick et al.

2008). Regardless, the metabolism of both forms is similar and vitamin D2 and D3

will be referred as vitamin D hereafter.

1.1.3 Metabolism of vitamin D

The majority of vitamin D, whether obtained from skin synthesis or diet, is

transported to the liver for the first hydroxylation to 25-hydroxyvitamin D

(25(OH)D) (Figure 1.1). The 25-hydroxylation has also been shown to occur in

some extra-hepatic tissues (DeLuca 2008). The hydroxylation of vitamin D to

25(OH)D in the liver has little or no regulation and circulating concentrations of

25(OH)D increase in proportion to vitamin D intake (Horst et al. 2005). The half-

life of 25(OH)D is 15 days and is the preferred form for measuring nutritional

vitamin D status (Horst et al. 2005; Jones 2000).
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A second hydroxylation of 25(OH)D in the kidneys and to some extent in extra-renal

tissues produces the active hormonal form of 1,25-dihydroxyvitamin D

(1,25(OH)2D, calcitriol) (Horst et al. 2005; Shultz et al. 1983). Circulating

concentrations of 1,25(OH)2D are tightly regulated, its half-life is 10-20 hours and is

much shorter than 25(OH)D (Jones 2008). The renal synthesis of 1,25(OH)2D is up-

regulated by parathyroid hormone (PTH) to maintain calcium homeostasis (Bergwitz

& Juppner 2010; Galitzer et al. 2008). Phosphorous homeostasis is maintained by

down-regulation of 1,25(OH)2D, triggered by fibroblast growth factor 23 synthesised

from bone cells (osteocytes) (Bergwitz & Juppner 2010; Galitzer et al. 2008).

The vitamin D binding protein (VDBP, GC-group component, Gc-globulin) binds to

circulating vitamin D metabolites (including vitamin D, 25(OH)D, and 1,25(OH)2D)

(Daiger et al. 1975; Speeckaert et al. 2006). Excess 25(OH)D and 1,25(OH)2D are

cleared by 24-hydroxylation, leading to inactive metabolites and eventually

extraction from the system (DeLuca 2008). Genomic actions of 1,25(OH)2D are

mediated by binding with nuclear vitamin D receptors (VDR). The VDR forms a

heterodimer structure with the retinoid-X receptor (RXR), and binds to vitamin D

response elements (VDRE) in the regulatory element region of a vitamin D target

gene (Pike & Shevde 2005). In turn, this can affect the expression of the target gene.

There are over 2700 VDR binding sites that exist in the genome responding to the

active 1,25(OH)2D hormone, suggesting that hormonal vitamin D has a wide range

of influence in the human metabolism (Ramagopalan et al. 2010).
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Figure 1.1 The pathway of the vitamin D metabolism. Taken from (Berry & Hyppönen 2011)
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1.1.4 Thresholds of 25-hydroxyvitamin D

Thresholds of 25(OH)D can be defined in terms of biological and clinical outcomes

associated with vitamin D metabolism (Lips 2005). At sufficient concentrations of

25(OH)D, it is uncorrelated with 1,25(OH)2D and PTH (Lips 2005). However,

below the sufficiency threshold, the synthesis of 1,25(OH)2D becomes dependent on

its pre-cursor, 25(OH)D (

Figure 1.2). Secretion of PTH will increase to maintain normocalcemia as less

calcium is absorbed in the intestine. Triggered by the up-regulation of PTH, more

25(OH)D is synthesised to 1,25(OH)D further aggravating the vitamin D deficiency

(Holick 2006). In a deficient state, calcium and phosphorous absorption will fall to

10-20% and 50-60%, respectively, of what it is during periods of sufficiency and

growth (Ozkan 2010). Calcium and phosphorous will be released from the bone

mediated by PTH responding to depressed calcium levels. A severe vitamin D

deficiency can be characterised by defective bone mineralisation and stunted growth

that can deform bones, especially in growing children (rickets) (Kanis 2002). In

adults, the disease osteomalacia can present with musculoskeletal pain and muscle

weakness.
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Figure 1.2. Physiological symptoms of vitamin D depletion and toxicity.
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Conversely, too much vitamin D will be toxic and leads to hypercalcaemia,

calcification of soft tissue, and bone resorption causing renal and heart damage

(Jones 2008). Excessive vitamin D intake via food or supplements will undergo

synthesis and elevate 25(OH)D concentrations (Jones 2008). Evidence suggests that

excessive 25(OH)D quantities exceeds the capabilities of VDBP and will bind

directly with VDR in target cells (DeLuca et al. 2011). The synthesis to 1,25(OH)2D

does not appear to take place due to its tight regulation by PTH responding to the

increase of plasma calcium levels (Shephard & DeLuca 1980). The vitamin D signal

transduction process becomes overwhelmed and results in an inability to effectively

clear the excess quantities of vitamin D metabolites (Jones 2008).

Difficulties arise in defining exact thresholds of 25(OH)D concentrations for a

number of reasons. One issue has been the ability to reliably compare results across

studies due to the assay variability of 25(OH)D concentrations. To this end, the

International Vitamin D External Quality Assessment Scheme (DEQAS) was

established in 1989 with the aim to “monitor the performance of individual

laboratories” (Carter et al. 2010). Participating laboratories receive a certificate if

80% of their results from the 5 quarterly samples issued by DEQAS are within 30%

of the DEQAS All-Laboratory Trimmed Mean (ALTM) (Carter et al. 2010).

However, the use of ALTM as the standard has its own issues. The ALTM has

drifted away from the gold standard (gas chromatography-mass spectrometry) as

more methods are used to measure 25(OH)D (Carter 2009). A passing result by

DEQAS does not deem a method as accurate but as being relatively accurate

compared with other laboratories that used that method (Carter 2009; Lensmeyer et

al. 2006). Recently, US agencies and government departments have developed a
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serum based reference material and it is hope that this will improve assay

comparability (Wallace et al. 2010).

There is vigorous debate on 25(OH)D thresholds needed for health. One summation

of the arguments surrounding the debate was the two positions held at roundtable

event of the 14th Vitamin D Workshop in 2009 (Henry et al. 2010). The first

position was that 25(OH)D concentrations should be at least 50 nmol/L for

maintaining bone health. This threshold was akin to the IOM’s , but the IOM further

quantified that the 50 nmol/L threshold was sufficient to meet 97.5% of the

population needs for bone health (Institute of Medicine 2011). The second position

was that 25(OH)D levels should be at least 75-100 nmol/L based on newer evidence

of vitamin D associations with non-skeletal diseases (Henry et al. 2010). Some

scientists have also argued for the 75-100 nmol/L threshold on the basis of bone

health (Heaney & Holick 2011; Hollis 2005) .

Convened in 2009, the Rank Forum on Vitamin D concluded that “optimal” should

be defined in terms of vitamin D requirements with health outcomes before

recommendations are made (Lanham-New et al. 2011). An earlier consensus

statement from six scientists suggested that the optimal 25(OH)D threshold was

between 50-80 nmol/L based on evidence about bone health, but five of the authors

had specified the lower end should be higher at 70 nmol/L (Dawson-Hughes et al.

2005). Based on interpretation of PTH levels, a review the same year defined

deficiency as 0-25 nmol/L, insufficient as 25-50 nmol/L, hypovitaminosis D as 50-

70 to 100 nmol/L and adequacy as 70-100 to 250 nmol/L (Zittermann et al. 2005).

The Rank Forum was in agreement that everyone (including infants and children)
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should have 25(OH)D concentrations above 25 nmol/L (Lanham-New et al. 2011).

The IOM report had the 25(OH)D deficient threshold slightly higher at 30 nmol/L,

and concluded that below this threshold there is an increased risk of bone disease

(Institute of Medicine 2011).

Toxicity thresholds are a little less controversial than (sub-) optimal thresholds, and

the general agreement has been that 25(OH)D levels above 250 nmol/L may be

unsafe and lead to hypercalcemia (Hollis 2005; Jones 2008; Zittermann et al. 2005).

The IOM has the 25(OH)D safety level lower at 125-150 nmol/L (Institute of

Medicine 2011). These safety levels were based on reports of adverse associations

with health outcomes when 25(OH)D levels were below 125 nmol/L, and reports of

individuals’ 25(OH)D levels remaining around 125-150 nmol/L after maximal sun

exposure (Institute of Medicine 2011).

Estimates of the prevalence of vitamin D deficiency in the general population vary

given the differences in thresholds. Holick has estimated that, based on the

25(OH)D threshold of 75 nmol/L, vitamin D insufficiency is at epidemic proportions

and affects up to one billion people worldwide (Holick 2008).

1.1.5 Environmental determinants of vitamin D status

The majority of vitamin D intake is from causal sun exposure that initiates the

cutaneous synthesis rather than diet (Haddad & Hahn 1973; Webb et al. 2010).

Since the nutrient can be obtained from UVB exposure it is a pro-hormone rather

than a vitamin (DeLuca 2008). In the UK, 25(OH)D levels are lowest during late

winter and highest during late summer and follows a yearly cycle (Figure 1.3).
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Figure 1.3. Monthly variation of 25(OH)D in the 1958BC at age 45 years old. Data

are geometric means (95% CI) monthly variation in serum 25-hydroxyvitamin D

25(OH)D concentrations in men (n=3725 dark grey) and women (n=3712 light

grey). Taken from (Hyppönen & Power 2007).

The seasonal variation in 25(OH)D is caused by changes in the solar zenith angle,

i.e. the angle at which the sun’s rays enter the earth’s atmosphere (Holick 1995).

The solar zenith angle is measured from the position of the sun to the zenith sky

(directly overhead). The lower the sun is in the sky (as it is in wintertime), the larger

the solar zenith angle, and hence the greater the distance travelled by the sun’s rays.

During wintertime in the UK, most of the UVB rays needed to initiate skin synthesis

of vitamin D are absorbed by the ozone, thereby reducing levels of 25(OH)D

(Engelsen et al. 2005). Likewise, time of day, latitude and altitude will affect the

solar zenith angle and whether the sun’s rays will reach the surface of the earth

(Holick 1995; Kimlin 2004). In the Northern Hemisphere, mean concentrations of
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25(OH)D follow a strong north-to-south gradient (and vice-versa for the Southern

Hemisphere), so individuals dwelling in the northern most latitudes tend to have

lower 25(OH)D concentrations than their southern counterparts (Chapuy et al. 1997;

Hyppönen & Power 2007). Heavy (stratus) cloud cover and thick pollution can

attenuate the necessary UVB rays to initiate the skin synthesis of vitamin D (Webb

2006).

1.1.6 Personal determinants of vitamin D status

There are several personal factors that affect an individual’s vitamin D status.

Lifestyle, culture and working patterns impact on the time spent outside, choice of

clothing, and use of sun protection. Similarly, skin colour (as can be denoted by

ethnicity) and aging influence the levels of vitamin D synthesised (Chen et al. 2007;

MacLaughlin & Holick 1985). Obesity has been consistently found to be associated

with reduced 25(OH)D levels (Cheng et al. 2010; Forrest & Stuhldreher 2011; Jorde

et al. 2010b; Martins et al. 2007).

Individuals with outdoor occupations will have greater exposure to sunlight than

individuals working indoors (Ward et al. 2011). For example, lifeguards will have

higher 25(OH)D concentrations than submarine sailors (Vieth 1999). Clothing cover

limits the amount of skin exposed to UVB, and this is particularly evident in the

Middle East, where it is common for women to be dressed conservatively. In a

Lebanese study, it was found that 61.8% of veiled women had 25(OH)D

concentrations < 12.5 nmol/L, whereas the prevalence among non-veiled women

was 23.5% and in men it was 7.1% (Gannage-Yared et al. 2000). Compared with

the rest of the world, the incidence of rickets is also highest in the Middle East and
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Africa despite an abundance of sunshine (Mithal et al. 2009). In these regions, the

reluctance of pregnant women to expose skin to sunlight due to cultural practises is a

contributing factor of rickets in newborn infants (Baroncelli et al. 2008).

The use of sunscreen is also another personal determinant of vitamin D3, as

depending on the sunscreen’s sun protection factor, it can absorb the UVB

preventing skin synthesis of vitamin D (Sayre & Dowdy 2007). Melanin in the skin

gives it its pigmentation and can act as a sunscreen against UVB (Holick et al.

1981). Compared with individuals with lighter skin, individuals with darker skin

will form less vitamin D3 under the same UVB conditions (Chen et al. 2007).

Furthermore, differences between ethnic groups’ 25(OH)D levels are readily seen in

populations; individuals of ethnicities with darker skin have lower 25(OH)D

concentrations, compared with lighter skin contemporaries (Looker et al. 2002;

Macdonald et al. 2011; Rockell et al. 2005).

Age can also influence the levels of pre-vitamin D3 as the quantity of DHC-7 in skin

reduces with age. In a UVB controlled environment, skin samples from older

subjects (aged 77-82 years) produced less pre-vitamin D3, than samples from

younger subjects (aged 8-18 years) (MacLaughlin & Holick 1985). At a population

mean level, older adults have a lower 25(OH)D concentrations than that of middle-

aged and young adults (Ginde et al. 2009a).

In the general population, obesity is a risk marker of hypovitaminosis D (Cheng et

al. 2010; Forrest & Stuhldreher 2011; Jorde et al. 2010b; Martins et al. 2007).

Analysis of the National Health and Nutrition Examination survey (NHANES) 2005-
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2006, found obese participants  (body mass index (BMI) ≥ 30 kg/m2) had an

increased prevalence of having 25(OH)D < 50nmol/L, compared with non-obese

participants (Forrest & Stuhldreher 2011). An adverse body fat (as measured by

BMI, visceral and subcutaneous adiposity fat) relationship with 25(OH)D has been

consistently found in adults independent of season (Cheng et al. 2010; Jorde et al.

2010b). It has also been observed that individuals of non-European ancestry have a

stronger adverse BMI association with 25(OH)D < 37.5nmol/L, than individuals of

European ancestry residing in northern latitudes (Yanoff et al. 2006). Research is so

far inconclusive on whether obesity reduces 25(OH)D concentrations, however it is

probable that adiposity sequesters vitamin D from circulation thereby lowering

25(OH)D concentrations (Earthman et al. 2011).

1.1.7 Genetic determinants of vitamin D status

Research thus far suggests a strong genetic influence on vitamin D status.

Heritability estimates of 25(OH)D range from 29% from the analysis of the

Framingham Offspring Study (Shea et al. 2009), 43% from the Twins UK Study

(Hunter et al. 2001), to 80% from the German Asthma Study (Wjst et al. 2006). A

Swedish twin study found that the variation explained in 25(OH)D concentrations by

genetic factors changed across season (Snellman et al. 2009). Nearly half of the

variation explained in 25(OH)D during summer was due to genetic factors whereas

this was negligible during winter, which may also suggest an interaction between

genetic preposition and environment. At the initiation of this thesis, candidate gene

studies had used genetic variants of genes expressed in the metabolism vitamin D

pathway to assess their relationship with diseases (Bailey et al. 2007; Ramos-López

et al. 2007).
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1.1.8 Levels of 25-hydroxyvitamin D in the UK

The prevalence of 25(OH)D levels lower than 25 nmol/L is common in UK adults,

and at least 10% of adults of all ages have been found to be under this threshold

(Figure 1.4). The National Diet & Nutrition Survey (NDNS) was carried out

between July 2000 to June 2001, and revealed that the overwhelming majority of the

UK adult population have 25(OH)D levels lower than < 50 nmol/L (Ruston et al.

2004). The subsequent Health for England survey 2005 also found that the near

majority of adults aged at least 65 years had 25(OH)D concentrations < 50 nmol/L

(49% of men and 58% of women), and confirmed that 25(OH)D concentrations < 25

nmol/L were common (8% of men and 14% of women) (Hirani et al. 2010).

Figure 1.4. Prevalence of 25(OH)D < 25 nmol/L in the UK. F, free-living; I,

institutionalised, 2 year British Asians were defined as of those as Pakistani, Indian

and Bangladeshi that had resided in the UK aged 2 years old. Light grey bars are

males and dark grey bars are females. Taken from (Lanham-New et al. 2011)
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Several sub-populations within the UK are particularly susceptible to low vitamin D

intake/status. The NDNS found that of free-living adults, young adults (19-24 years

old) had the highest prevalence of 25(OH)D < 25 nmol/L (Lanham-New et al. 2011).

A study of healthy teenaged girls living in Manchester found that 73% of the girls

had 25(OH)D levels < 30 nmol/L (Das et al. 2006). The differences in 25(OH)D

levels across ethnicities were striking in this study. The teenage girls of European

ancestry had a much higher median levels of 25(OH)D at 37.3 nmol/L, compared

with girls of non-European ancestry at 14.8 nmol/L.

Differences in 25(OH)D levels among ethnic groups have been seen across all ages

in the UK. Analysis of adults aged at least 65 years in the Health for England

survey found that compared with individuals of European ancestry, individuals of

non-European ancestry had nearly an eight fold increase in risk of being 25(OH)D <

50 nmol/L (Hirani et al. 2010). Ethnic differences in vitamin D status were also seen

in post-menopausal women from Blackburn (Lancashire, UK) (Lowe et al. 2010).

Almost all (97%) of the women of South Asian ancestry had 25(OH)D levels < 50

nmol/L, compared with 60% of women of European ancestry (Lowe et al. 2010). At

the lower threshold of 25(OH)D < 25 nmol/L, the difference in prevalence across the

two ethnic groups was even bigger; 85% of women of South Asian ancestry,

compared with 10% of those of European ancestry (Lowe et al. 2010). Similarly,

children (aged 9-10 years old) of South Asian or Black African-Caribbean ancestry

have been observed to have a lower intake of vitamin D, compared with those of

European ancestry (Donin et al. 2010).
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Regional differences of 25(OH)D concentrations have also been readily observed in

the UK. An analysis of the British 1958 birth cohort (1958BC) found that the

prevalence of being 25(OH)D < 40 nmol/L was much greater for individuals residing

in Scotland, compared with those residing at southern latitudes in Britain (Hyppönen

& Power 2007). That said, findings from a cohort of women aged 45-54 years

suggested that regardless of season, women of Asian ancestry residing in Surrey

(South of England) had a higher prevalence of lower vitamin D intake/status than

women of European ancestry residing in Scotland (Macdonald et al. 2011). The

regional differences in 25(OH)D levels were still evident in women of European

ancestry, those residing in Scotland had a greater prevalence of 25(OH)D < 25

nmol/L, than those residing in the South of England.

In recognition of low vitamin D intake/status in the UK, the Department of Health

recommends that all pregnant and breastfeeding women, infants and children from 6

months up to 5 years, people who have limited sun exposure, and people who are 65

years and older supplement their diet with vitamin D (Department of Health 2010).

Since 2006, the Healthy Start statutory scheme in the UK has offered pregnant

women, new mothers and children in low income families free vitamin D

supplements amongst other vitamin supplements and food items (Department of

Health 2011). However, the attendees of the Rank Forum on Vitamin D think that

there had been low compliance with the Healthy Scheme recommendations and

uptake of vitamins (Lanham-New et al. 2011).
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1.2 Cardiovascular disease

CVD is the leading cause of death in the UK, and during 2008 it accounted for a

third of deaths across all ages (Scarborough et al. 2010). CVD is also one of the

main causes of premature death, killing 28% of men and 20% of women before

reaching the age of 75 years (Scarborough et al. 2010). Since the 1970s there has

been a steady decline in mortality rates for CVD and this is attributed to medical

treatment and changes in lifestyle, especially in smoking habits (Unal et al. 2004).

There is a seasonal aspect to CVD-related mortality, with an excess of deaths

occurring during the coldest months of the year (Crawford et al. 2003a)

The progression of CVD typically starts with fatty streaks in the intima layer of

arteries (Hansson 2005). Arteries have a three layer structure of externa, media and

intima (Aaronson & Ward 2007). The external layer (externa) of the artery contains

fibroblasts, collagenous tissue, and if the artery is large enough it will also have

small blood vessels to support it. The middle layer (media) contains vascular

smooth muscle cells that are held within an extracellular matrix consisting of

collagen and elastin. The internal layer or intima is covered by a monolayer of

tightly connected endothelial cells that restrict larger molecules from crossing it.

In situations of hypercholesterolemia, low density lipoproteins (LDL) will pass

across the endothelium cells and be retained in the intima of the artery (Ross 1993)

(Figure 1.5). Modified LDL particles caused by oxidation or enzymatic activity are

picked by the scavenger receptors of macrophages and are turned into cholesterol

laden foam cells, or fatty streaks. Fatty streaks start forming during childhood and in

adulthood some of them will develop into atherosclerosis lesions (Ross 1993).
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Inflammation induced by macrophages in the lesions activate T cells, which

differentiate to T helper cell 1 and maintain a state of inflammation (Hansson 2005).

Vascular smooth muscles cells in this state are either drawn across from the media

into intima or go on to produce and excrete extracellular matrix components. Part of

the lesion core contains crystalline calcium deposits, which accumulate as the lesion

grows and may lead to calcification of the plaque (Wexler et al. 1996). As the lesion

becomes larger the internal space of the artery (lumen) is maintained to some extent

by stretching (Glagov et al. 1987). The lesion forms a fibrous cap created from the

smooth muscle cells and macrophages. Foam cells can die in the lesion causing a

release of cellular debris that may go on to block smaller vessels. A rupture or tear

in the fibrous cap can lead to on-going thrombi that cause intermitted blood flow

(unstable angina) or a large thrombus that blocks the artery. Depending on the artery

blocked, this causes a stroke (cerebral artery) or myocardial infarction (MI)

(coronary artery). However, when the cap remains intact the lesion will continue to

grow and may cause obstruction in the artery (ischaemic). Alternatively, the media

under the lesion can break, weakening and eventually rupturing the vascular wall

(aneurysm).
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Figure 1.5. The progression of an atherosclerosis lesion. a) The lesion is the accumulation of foam cells (originally LDL particles) in the intima

layer of the artery. b) As the lesion develops, inflammation leads to other cells accumulating at the lesion site. c) The lesion ruptures causing a

thrombus that may block the artery. d) Alternatively the lesion continues to grow and may obstruct the blood flow or weaken the external wall

of the artery leading to an aneurysm. Taken from (Rader & Daugherty 2008).
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1.2.1 Risk markers of CVD

Inflammation in the arteries occurs at the creation of the fatty streak (Hansson 2005).

The immune cells guarding the arteries can be triggered by the oxidised LDL

particles in the lesions. The monocytes differentiated into macrophages release

inflammatory cytokines, and likewise, dendritic cells, mast cells and endothelial cells

also release toll-like receptors initiating inflammation.

C-reactive protein

C-reactive protein (CRP) is mainly produced by hepatocytes cells in the liver as part

of the acute-phase response to inflammation (Pepys & Hirschfield 2003). Its

production is triggered by most inflammation, infection and tissue damage and is not

specific to CVD. The production of CRP rises rapidly under the transcriptional

control of interleukin 6 and peaks around 48 hours after a stimulus (Vigushin et al.

1993). Once the stimulus from the damage has ceased so does the production of

CRP (Vigushin et al. 1993). Baseline CRP levels tend to be stable over a long

period of time (Ockene et al. 2001). The population median of circulating plasma

CRP rises with age and is indicative of an increased incidence of sub-clinical

diseases such as CVD (Hutchinson et al. 2000). There is on-going research as to

whether CRP is partly causal of CVD or a risk marker (Casas et al. 2008).

Regardless, elevated CRP is a good predictor of future vascular events (Ridker

2003). The inclusion of CRP to risk prediction models improves individuals’ risk

classification for developing coronary heart disease (Buckley et al. 2009). CRP

concentrations have an adverse relationship with the risk of coronary heart disease,
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ischaemic stroke and non-specified stroke, vascular and non-vascular mortality

(Kaptoge et al. 2010).

1.2.2 Haemostasis and thrombosis

The haemostatic response to vascular damage is a complex and tightly controlled

system that involves several components, from the control of bleeding; adhesion of

the blood platelets in the vessel at the damaged site; the activation of the platelets;

the aggregation of platelets; coagulation of the blood; to the formation of a stable

plug (Figure 1.6) (Aaronson & Ward 2007; Goodnight & Hathaway 2001;

Hoffbrand & Moss 2011a). The mechanisms for creating the stable plug and

restricting the bleeding are the same for a thrombus that can block a vessel

(Macfarlane 1977). Thrombosis has been described as “haemostasis in the wrong

place” (Macfarlane 1977).

Blood vessel damage exposes von Willebrand factor attached to collagen that lies

under the endothelial cells monolayer in the intima (Aaronson & Ward 2007;

Goodnight & Hathaway 2001; Hoffbrand & Moss 2011a). Glycoprotein receptors

on platelet membranes bind to von Willebrand factor, triggered glycoprotein

receptors also bind to the exposed collagen, further attaching the platelet to the

damaged site. The adhered platelets change shape and make thromoboxane, which

excretes serotonin and adenosine diphosphate (ADP), and leads to vasoconstriction,

reducing the flow of blood to the area. The platelets expose lipids on their surface

and activate receptors for fibrinogen (GPIIb/IIIa). Activated platelets further

activate and attract more platelets, and plasma fibrinogen binds to their receptors on

the platelets forming an initial soft plug.
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Figure 1.6. Normal haemostatic response to vascular damage involves blood

vessels, platelets and blood coagulation. Taken from (Hoffbrand & Moss 2011a).

The blood coagulation cascade is initiated by tissue factor exposed on the damaged

site binding with factor VIIa in plasma (Aaronson & Ward 2007; Goodnight &

Hathaway 2001; Hoffbrand & Moss 2011a). The cascade is a sequential stepwise

activation of coagulation factor enzymes that requires calcium to generate thrombin.

Thrombin, in turn, converts the soluble fibrinogen that binds the anchored platelets

into insoluble fibrin, thereby transforming the soft platelet plug to a firm stable

haemostatic plug.

The haemoastasis response has a positive feedback to prevent thromobosis and

involves a series of inhibitors (Aaronson & Ward 2007; Goodnight & Hathaway
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2001; Hoffbrand & Moss 2011a). The first inhibitor is synthesised in the endothelial

cells, which leads to the inhibition of tissue factor binding with factor VIIa.

Circulating antithrombin inactivates thrombin alongside other inhibitors of thrombin

and coagulation factors. Fibrinolysis is part of the feedback to haemostasis response,

where activated plasmin breaks down fibrin into fibrin degradation products such as

small D-dimer particles. The activation of plasmin comes from the release of tissue

plasminogen activator from the disrupted endothelial cells.

von Willebrand factor (vWF)

The synthesis by vascular endothelial cells is main source of vWF (Ruggeri & Ware

1992), and levels of circulating vWF can be related to the individual’s blood type

(Hoffbrand & Moss 2011b). In plasma, vWF forms a complex with coagulation

factor VIII, which stabilises the factor and protects it from degradation. A crucial

role of vWF in the sub-endothelial matrix is forming the initial bridges with platelets

and subsequent aggregation in the haemostasis response to vessel injury (Goodnight

& Hathaway 2001).

Elevated circulating plasma vWF is a common marker of endothelial disturbance and

can be suggestive of vascular clot formation (Lowe 1997). Plasma vWF can increase

rapidly over the short term due to strenuous muscular exercise or in response to

medication, that mediates the exercise-induced increase (Mannucci 1998). Plasma

vWF levels can also rise slowly over the long term due to conditions such as liver

cirrhosis, renal failure, diabetes and CVD (Blann 2006; Mannucci 1998).

Furthermore, plasma vWF levels increase with age (Rumley et al. 2006; Tofler et al.

2005) and in high-risk populations of coronary disease, high plasma levels of vWF
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predict coronary events and mortality as reviewed in Vischer 2006. More recently,

an adverse relationship between vWF and risk of stroke has been found in the

general population (Wieberdink et al. 2010).

Fibrinogen

Plasma fibrinogen is synthesised in the liver by hepatocytes and is an acute phase

reactant simulated by interleukin 6 as part of the inflammation response (Folsom

1995). It is a key glycoprotein in the blood coagulation cascade, as its

transformation to fibrin mediated by thrombin is the basis for forming a stable clot.

Due to its mass, fibrinogen is a strong determinant of plasma viscosity (Lowe 1997),

which is related to peripheral vascular resistance (Koenig & Ernst 1992).

Elevated plasma fibrinogen is adversely associated with several cardiovascular risk

factors including old age (Blann 2006; Mannucci 1998) and smoking; fibrinogen

levels can remain elevated for years after quitting smoking (Sinha et al. 2005).

Conversely, there is evidence that moderate alcohol consumption can decrease

fibrinogen levels (Brien et al. 2011). Evidence suggests that plasma fibrinogen levels

are a predictor of cardiovascular events (Lowe 1997), independent of several

cardiovascular risk factors (Danesh et al. 2005). Furthermore, fibrinogen is

independently associated with all-cause mortality (Woodward et al. 2003).

Tissue plasminogen activator (tPA)

The glycoprotein of tPA is secreted after the inactivation of plasmin activator

inhibitor-1 (PAI-1) initiated by thrombin bound on the endothelial cell surface as
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part of the fibrinolysis process (Hoffbrand & Moss 2011a). Manufactured tPA is

used as part of the immediate treatment for acute ischemic stroke to initiate the

breakdown of the cerebral blockage (Albers et al. 2000; Hacke et al. 2008). The

measurement of plasma tPA is mostly a marker of the inactive complex formed of

tPA and PAI-1, and can be a marker of impaired fibrinolytic activity (Lowe 1997).

In the general population, as with the other haemostatic factors, tPA levels increase

with age (Rumley et al. 2006) and has been associated with other cardiovascular risk

factors such as smoking, lipids and blood pressure (Lowe et al. 2004). Findings

from a 2001 meta-analysis were that elevated tPA levels were associated with the

risk of coronary heart disease in the general population (Lowe et al. 2004). However

in studies where the participants have had vascular disease, tPA levels does not

remain associated with coronary heart disease after adjustment for classical

cardiovascular risk factors (Lowe et al. 2004). In some more recent studies, elevated

tPA has been adversely associated with cardiovascular events exclusive of other

cardiovascular risk markers (May et al. 2007; Smith et al. 2005; Woodward et al.

2007) .

D-dimer

Fibrin degradation is the sequential action of three enzymes; thrombin acting on

fibrinogen, followed by factor XIIIa to create a stable clot of cross-linked fibrin

mesh, and plasmin degrading the cross-linked fibrin to release and expose D-dimer

(Adam et al. 2009). Elevated plasma D-dimer levels are present in patients with

deep venous thrombosis, pulmonary embolism or MI and are a measure of fibrin

turnover (Bounameaux et al. 1991). It has been suggested that D-dimer should be
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measured as part of the diagnostic tools to screen for pulmonary embolism and

venous thromboembolism (Bounameaux et al. 1991; Di Nisio M. et al. 2007). There

is evidence that raised D-dimer levels are adversely associated with the severity of

pulmonary embolism (Galle et al. 2001).

Plasma D-dimer levels increase with age and this might be related to an underlying

inflammation response to atherosclerosis (Cohen et al. 2003; Rumley et al. 2006).

There is evidence that elevated D-dimer levels are adversely associated with the risk

of coronary heart disease (Danesh et al. 2001; Woodward et al. 2007). However, not

all studies have reported a D-dimer association with classical CVD risk factors, such

as smoking, lipids and blood pressure (Danesh et al. 2001). Some evidence suggests

that the use of D-dimer in prediction models can increase the probability of

predicting cardiovascular adverse events in addition to classical risk factors (Smith et

al. 2005). Conversely, other studies have not found a relationship between D-dimer

and CVD, and subsequent mortality has not been observed or remained after

adjustment for risk factors (Empana et al. 2008; May et al. 2007; Wannamethee et

al. 2009).
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1.3 Vitamin D and cardiovascular disease

Vitamin D deficiency has been proposed as a risk factor for CVD (Swales & Wang

2010; Wallis et al. 2008; Zittermann & Gummert 2010), with much of this evidence

coming from observational studies.

CVD mortality has been correlated with determinants of vitamin D status, including

time of year, latitude and altitude. Increases in CVD mortality have been reported

during wintertime when serum vitamin D status is at its lowest level (Scragg 1981;

Zipes 1999). In the past, higher CVD mortality rates have been seen in Scotland,

Finland and Northern Ireland, compared with Eastern Mediterranean countries that

lie at lower latitudes, following patterns of low-high sunlight exposure (Smith &

Tunstall-Pedoe 1984). Similarly, in areas lying at higher altitudes CVD mortality

rates in men are lower, compared with rates from areas lying at lower altitudes

(Fabsitz & Feinleib 1980; Mortimer, Jr. et al. 1977; Pickle & Gillum 1999). Patterns

in CVD mortality rates become somewhat more inconsistent along the south-to-north

gradient of the USA. Sun exposure is less in northern States compared with southern

(Holick et al. 2007); however CVD mortality rates are highest in southern States of

Mississippi and Oklahoma for all ethnicities (Pickle & Gillum 1999), suggesting that

other risk factors of CVD are prominent in these areas.

Nutritional vitamin D status has been associated with risk factors of CVD and

subsequent death caused by it. Vitamin D status has also been found to have a

protective association with hypertension and to a lesser extent with type 2 diabetes

(T2D), which are risk factors of CVD (Forman et al. 2007; Forman et al. 2008;

Hyppönen et al. 2008; Martins et al. 2007; Zhao et al. 2010).
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Hypertension, defined as systolic blood pressure over 140 mmHg, diastolic blood

pressure over 90 mmHg, or taking anti-hypertensive medication, has been negatively

related to vitamin D status in several cross-sectional and prospective studies. Three

large cross-sectional studies have reported a reduced prevalence of hypertension in

participants with high concentrations of 25(OH)D, compared to those with low

25(OH)D concentrations (Hyppönen et al. 2008; Martins et al. 2007; Zhao et al.

2010). Analysis of the data collected in NHANES III of some 15,000 adults, found

that participants with 25(OH)D concentrations <52.5 nmol/L had 30% increased

prevalence of hypertension, compared to participants with 25(OH)D concentrations

≥ 92.5 nmol/ L (Martins et al. 2007). The later NHANES 2003-2006 study showed a

similar protective 25(OH)D association in the prevalence of hypertension (Zhao et

al. 2010).

Further evidence of protective 25(OH)D relationship with the risk of developing

hypertension has come from prospective studies. A prospective study that followed

both sexes, found that individuals with 25(OH)D concentrations ≤ 37.5 nmol/L had a 

much greater risk of developing hypertension, compared to those with ≥ 75 nmol/L, 

and the risk of hypertension was greater in men, compared with women (Forman et

al. 2007). A nested case-control study of a prospective female cohort observed a

negative trend in the risk of incident hypertension by increasing 25(OH)D

concentrations (Forman et al. 2008). A cross-sectional analysis in elderly men aged

70 years, found an increased prevalence of hypertension in men with 25(OH)D

concentrations < 37.5 nmol/L, compared to men with 25(OH)D between 50 and 75

nmol/L; but compared to men with 25(OH)D > 75 nmol/L no association with
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hypertension was observed (Burgaz et al. 2011). Not all studies have reported a

statistically significant relationship between 25(OH)D and hypertension. Results

from the Tromsø Study (Norway) found no association between 25(OH)D and the

risk of developing hypertension or being put on anti-hypertensive medication after

following some 2,400 subjects for 14 years (Jorde et al. 2010a). Likewise, a

relationship between 25(OH)D and the prevalence of hypertension was not

significant in the study of some 2,500 adults of European ancestry living in the USA

that had a mean age of 65 years (Brock et al. 2011).

Observational evidence of an protective 25(OH)D association with T2D (often

defined by the results of fasting glucose tests) is strongest when comparing the

prevalence of T2D between study participants with 25(OH)D concentrations at the

extremes of the range, and trend in prevalence across 25(OH)D categories (Brock et

al. 2011; Gagnon et al. 2011; Martins et al. 2007; Pittas et al. 2010b). A study on

the incidence of T2D based on a 7 year follow up of 1728 participants, predicted a

protective 25(OH)D association with the risk of T2D incidence (Liu et al. 2010).

However, two large prospective studies that followed participants for 7 to 11 years,

respectively, reported a null 25(OH)D association with the risk of incident T2D after

adjusting for BMI (Grimnes et al. 2010; Robinson et al. 2011). Another large

prospective study of two Finnish cohorts pooled together, only found an inverse

25(OH)D relationship with the risk of T2D incidence in men, but not in women

(Knekt et al. 2008).

Mortality from CVD has been linked to serum vitamin D status. An early case-

control study of 179 patients presenting with MI, found participants with 25(OH)D3
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concentrations ≥ 33 nmol/L had a lower relative risk of MI, than participants with  

25(OH)D3 < 25 nmol/L (Scragg et al. 1990). The more recent nested case-control

study from the male Health Professionals Follow-up Study (HPFS), that had a mean

recruitment age of 64 years and followed the men for 10 years, also found a

protective 25(OH)D association with the risk of MI (Giovannucci et al. 2008). In the

follow-up period, 454 men reported having MI out of the initial 18,225 men

recruited.  It was found that those with higher 25(OH)D concentrations (≥ 75 mol/L) 

had a reduced risk of MI, compared to men with lower 25(OH)D concentrations (≤ 

37.5 mol/L). Likewise, a similar aged USA based study of men and women at

baseline, found a reduction in incidence risk of the first cardiovascular event when

comparing participants with 25(OH)D≥ 37.5 nmol/L,  to those with 25(OH)D ≤ 25 

nmol/L (Wang et al. 2008). However, after the data were stratified by the presence

of hypertension in participants, the association between 25(OH)D and risk of

cardiovascular event incidence was only present in those with hypertension.

Results from prospective mortality studies are somewhat more mixed and appear to

depend on age of recruitment and length of follow up (Figure 1.7). The largest

prospective study and the longest was based on the Mini-Finland Health Survey

carried out in 1978-1980, and analysed a random sample of the Finnish adult

population (Kilkkinen et al. 2009). Adults recruited in the study at baseline were

aged at least 30 years and were free from CVD. Concentrations of 25(OH)D

(assayed retrospectively from frozen blood samples) were divided into sex specific

quintiles. For all cardiovascular deaths, there was a significant reduction in the risk

of dying in individuals with 25(OH)D concentrations in the top 20%, compared to

those with concentrations in the bottom 20% after adjustment for several
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confounders. After reclassifying CVD deaths into cerebrovascular or coronary, the

reduction in mortality risk remained significant between the highest and lowest

quintiles of 25(OH)D for cerebrovascular death, but was not so for coronary death.
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Figure 1.7. Hazard ratios (HR) of CVD mortality by 25(OH)D nmol/L categories

fully adjusted as reported in the studies. Kilkkinen et al 2009 and Virtanen et al 2011

hazard ratios were flipped to make it comparable with the other studies. Kilkkinen et

al 2009 used sex-specific 25(OH)D quintiles. The horizontal lines indicate 25(OH)D

categories, and thin grey line indicates the 25(OH)D reference with an open circle at

the left end of the line. The lowest 25(OH)D category is indicated by an open circle

on the right end of the line. The vertical lines are the 95% CI for the HR and where

a dash is absent indicates that the upper 95% CI is beyond the boundaries of the y-

axis in the graph.

In prospective studies of older people, a protective 25(OH)D association with the

risk of mortality caused by CVD has not been consistently observed. For the Uppsala

Longitudinal Study of Adult Men (ULSAM), older men were recruited and at

baseline the mean age was 71 years (Michaelsson et al. 2010). Nearly half of the

men had passed away during the follow-up period that was a median length of 12.7

years. After adjustment for several lifestyle, socio-economic and health factors

including illness and serum biomarkers, a significant 25(OH)D association with the

risk of CVD mortality did not remain across the 25(OH)D categories. This null

finding was also observed in a USA based prospective study in men aged at least 65

years, where after adjusting for similar factors to the ULSAM study, there was no

risk reduction in the incidence of CVD mortality across the 25(OH)D categories

(Cawthon et al. 2010). Likewise, a null finding was also observed in a slightly

younger mixed sexes population based prospective study of eastern Finnish

individuals aged at baseline between 53-73 years (Virtanen et al. 2010).

Two prospective studies based on populations of older individuals from sunny

climates, with comparable sample sizes, and follow up periods have reported

different results. The InCHIANTI study was based in Tuscany, Italy, and
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participants at baseline were aged at least 65 years old (Semba et al. 2010). For

those who had 25(OH)D concentrations in the bottom quartile, there was an

increased risk of CVD mortality, compared to participants with 25(OH)D in the top

quartile. In contrast with these positive findings, were the null findings from the

Rancho Bernardo Study (Jassal et al. 2010). This Southern California study was

based on individuals of European ancestry with baseline median age of 76 years.

There was no significant difference in the risk of CVD mortality per standard

deviation increase of 25(OH)D concentrations.

Data from the multi-ethnic USA based NHANES III have been analysed with respect

to 25(OH)D and CVD mortality in two separate studies, and a cross-sectional study

on CVD. In the prospective analysis of NHANES III adults aged at least 20 years

indicated that the rate ratios of CVD mortality did not vary across 25(OH)D

categories after adjusting for several lifestyle, socio-economic and health factors

(Melamed et al. 2008). In contrast, were the findings from the restricted analysis

that included only older adults aged 65 years or more from NHANES III (Ginde et

al. 2009b). During a median follow up of 7.3 years, nearly half of the participants

had passed away.  Participants with 25(OH)D concentrations ≥ 100 nmol/L had a 

lower incidence of CVD death, than those with 25(OH)D < 50 nmol/L, after

adjusting for key variables including illness. A broader cross-sectional analysis of

NHANES III adults aged at least 18 years, found a protective 25(OH)D association

with self-reported CVD for participants with 25(OH)D ≥ 50 nmol/L, compared with 

participants with lower concentrations (Kendrick et al. 2009).
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The largest reduction in incidence risk of CVD mortality has been found in the

analysis of the individuals in the German LURIC study (Pilz et al. 2008). Study

participants were patients referred to coronary angiography and had a heightened

risk of coronary events at the time of recruitment. After adjustment for lifestyle and

health variables, for sudden cardiac death (SCD) a HR of 5.35 (95% CI 2.09, 13.67)

was found when comparing participants with 25(OH)D < 25 nmol/L, to those with

25(OH)D ≥ 75 nmol/L.  A very similar reduction in risk of CVD mortality incidence 

was also found in the analysis of a population cohort study recruited from the Dutch

town of Hoorn of adults aged 50 to 75 years (Pilz et al. 2009). The 25(OH)D

concentrations were divided into sex-specific quartiles, and after adjusting for

lifestyle and health variables, a HR of 5.02 (95% CI 1.88, 13.42) for CVD mortality

was observed when comparing participants with 25(OH)D concentrations in the

upper three quartiles, with those with levels in the lowest quartile.

The majority of these studies were part of a meta-analysis on cardiometabolic

outcomes that also included randomised control trials (RCT) (Pittas et al. 2010a).

For hypertension, the studies of three cohorts (Forman et al. 2007; Forman et al.

2008) were deemed to be of sufficient quality to be meta-analysed together. A

significant 25(OH)D association was found with incidence of hypertension when

comparing meta-analysed results in the lowest 25(OH)D category (37.1-51 nmol/L)

with the highest (75.1-81 nmol/L). However, in the meta-analysis of RCTs that had

intervened with vitamin D supplements, no significant change was found in systolic

or diastolic blood pressure. Meta-analysis was not performed on the 25(OH)D

association with the risk of incident T2D or cardiovascular mortality or events, due

to the variation in assessment, outcomes and definition of risk. For RCTs on T2D or
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CVD, interventions and outcomes greatly differed and were likewise not meta-

analysed together. A further systematic review of RCTs for cardiovascular events

found two trials that reported supplementing with vitamin D and three trials with

vitamin D and calcium (Wang et al. 2010a). Combined, there was no risk difference

in cardiovascular events between groups not supplemented, supplemented with either

vitamin D alone or vitamin D and calcium together.

1.4 Rationale

Evidence from several observational studies suggests that vitamin D might have a

relationship with risk factors of CVD and subsequent death from the disease.

However, better understanding of this potential role is required as the accumulated

evidence is far from conclusive. Knowledge of whether relationships between serum

vitamin D status and novel biomarkers of CVD in sub-clinical CVD individuals are

needed, as these may elucidate pathways in the progression of the disease.

Regardless of whether associations will be discovered, this investigation will provide

knowledge towards the role of vitamin D in cardiovascular health.

There are challenges with observational research in vitamin D. The inter-

relationships between adiposity, cardiovascular health and vitamin D complicate the

study. Obesity is a determinant of current vitamin D status (Hyppönen & Power

2007), and large adiposity stores are a proposed risk factor of reduced vitamin D

levels (Cheng et al. 2010). Obesity is a direct risk factor of CVD and many of the

conditions that are also risk factors for CVD, such as diabetes mellitus (Brown et al.

2009). High BMI is adversely associated with the risk of CVD (Ni et al. 2004).

Individuals have a 40% higher risk of vascular mortality for each 5 kg/m2 increase in
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BMI above 25 kg/m2, compared to individuals with a BMI between 22.5-25 kg/m2

(Whitlock et al. 2009). Obesity is a confounding factor between vitamin D status

and cardiovascular health (Figure 1.8 A), as 25(OH)D and cardiovascular health

remained linked by obesity after removing the direct path between them (Figure 1.8

B) (Greenland et al. 1999).

A

B

Figure 1.8 The proposed pathway of the exposure’s (vitamin D status) influence on

the outcome of cardiovascular health. Figure A shows the direct path of vitamin D

status on cardiovascular health. Figure B excludes the direct pathway, but due to

role of obesity on both the exposure and outcome there is still a link.

Control for confounding in a cross-sectional observational study can be done by

adjusting for the confounder in the statistical model, but this approach is not without

issues (Glymour & Greenland 2008). It is possible that after adjusting for a
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confounder, its effect will not be completely controlled and residual confounding

will still remain. Furthermore, statistical power to detect a 25(OH)D association

with a cardiovascular biomarker will be reduced after adjusting for adiposity, as the

25(OH)D association is expected to be much smaller than the adiposity association

(Cohen 1988a). In this thesis, different methodologies are used in an attempt to

control the confounding effect of adiposity on 25(OH)D status and cardiovascular

health biomarkers.

1.5 Aim

To explore the associations between vitamin D status (25(OH)D) and novel

biomarkers of cardiovascular health from inflammation and haemostasis, in

participants of the 1958BC free from clinical CVD using different methodologies.

1.5.1 Objectives

1. To explore the associations between 25(OH)D and CRP, D-dimer,

fibrinogen, tPA, vWF by using multiple linear regression and consideration

of confounders such as adiposity.

2. To model seasonal patterns of CRP, D-dimer, fibrinogen, tPA, vWF

unadjusted and adjusted for 25(OH)D. To use the framework of mediation to

infer an association between 25(OH)D and the biomarkers based on the

seasonal patterns observed, since it would be expected that adiposity would

have little seasonal variation.

3. To find genetic variants associated with 25(OH)D using the approach of

genome-wide association.
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4. To review genetic variants associated with 25(OH)D and to explore their

suitability as instruments for 25(OH)D in the framework of Mendelian

randomisation.

5. To explore the associations between 25(OH)D and CRP, D-dimer,

fibrinogen, tPA, vWF by using genetic variants as instruments for 25(OH)D

in the framework of Mendelian randomisation, in order to avoid

confounding typically found in cross-sectional studies.

1.6 Overview of the thesis and related papers

The rest of this thesis is presented in the following order:

Data analysed in this thesis is from the 1958BC, specifically the biomedical survey

that took place when the cohort members were aged 44-46 years old. Data collected

in the survey included blood samples that were used in assays for the biomarkers and

genotyping of the DNA. Chapter 2 provides information on the 1958BC and data

used in this thesis. A description of specific DNA quality control procedures that

were applied to the genetic data is also given in preparation for genome-wide

association study.

Various methodologies and analytical approaches were used in this thesis in an

attempt to control confounding the relationships between 25(OH)D and the

inflammation/haemostatic biomarkers. In Chapter 3 to meet objectives 1 and 2,

methods used are: multiple linear regression; a harmonic function inside random

effects regression to model seasonal patterns; and mediation to infer a 25(OH)D

relationship with the inflammation/haemostatic biomarkers from the seasonal

patterns. Findings from the techniques are presented and discussed.
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Genetic variants that are associated with 25(OH)D are required in order to use the

framework of Mendelian randomisation to infer a relationship between 25(OH)D and

the inflammation/haemostatic biomarkers. Chapter 4 presents a genome-wide

association study (GWAS) on 25(OH)D to meet objective 3. In Chapter 5, genetic

variants associated with 25(OH)D are reviewed. The genes suitability as instruments

for vitamin D status in a Mendelian randomisation study is explored, along with

candidate variants from GWAS on skin/hair pigmentation and tanning ability.

Instrumental variable regression is used to model the framework of Mendelian

randomisation using suitable genetic variants as instruments for the 25(OH)D

association with the inflammation/haemostasis biomarkers. Chapter 5 meets

objectives 4 and 5.

The final discussion of the thesis is presented in Chapter 6.
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(5) e10801

Paper II

Wang, T.J.*, Zhang, F.*, Richards, J.B.*, Kestenbaum, B.*, van Meurs, J.B.*,

Berry, D.*, Kiel, D.P., Streeten, E.A., Ohlsson, C., Koller, D.L., Peltonen, L.,

Cooper, J.D., O'Reilly, P.F., Houston, D.K., Glazer, N.L., Vandenput, L., Peacock,
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2 Data source

2.1 Introduction

The British 1958 birth cohort (1958BC) originated as the Perinatal Mortality study

(Bulter & Bonham 1963). All births in England, Wales and Scotland for one week

in March 1958 were surveyed, and deaths were followed through to the end of May

that year. There were 17,638 infants recruited in total and data were collected from

their mothers, midwives and medical records. Childhood sweeps took place when

the cohort members were aged 7, 11 and 16 years old. As part of the childhood

sweeps, children born in the reference week that had been previously missed by

earlier surveys or had subsequently immigrated into the country since the last survey

were recruited (n=920), giving a total of 18,558 cohort members (Centre for

Longitudinal Studies 2009; Shepherd 1995). Identification of the additional children

recruited was done through school registers (Shepherd 1995). Data collected at the

childhood sweeps were from parents, schools (teachers or head teacher), the cohort

members and medical examinations. The subsequent adulthood sweeps have had no

further recruitment and have taken place when the cohort members have been aged

23, 33, 42, 45, 46, 50 years old (Centre for Longitudinal Studies 2009; Power &

Elliott 2006). At adulthood, the primary method of data collection has mostly been

in the form of questionnaires. The data used in this thesis comes from the first

biomedical sweep when the cohort members were aged 44-46 years old.
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2.2 Biomedical survey

The period of data collection for the biomedical survey was from September 2002

until March 2004 (Fuller et al. 2006). Contact was attempted with cohort members

that had participated directly (not by proxy) in the previous sweep and were still

considered eligible (Fuller et al. 2006). The eligibility criteria for biomedical sweep

was: that the cohort member was alive and residing in the United Kingdom (UK)

with a valid address; was not serving overseas as part of the armed forces; had not

permanently refused or refused via proxy; was not considered a difficult case (on the

basis of inappropriate behaviour at previous sweeps); and had not participated in the

third pilot study for the biomedical sweep (Fuller et al. 2006). Cohort members

were asked to complete questionnaires and each member was visited by a nurse who

collected the questionnaires. If the cohort member had given consent, then the

visiting nurse recorded health and anthropometric measures, took up to four non-

fasting blood samples, and a saliva sample. The blood samples were sent off by the

nurses to the participating laboratories in London, Newcastle and Glasgow. Separate

consent was sought from the cohort member for four different uses of their blood

samples - that being: blood collection and specified analysis; storage of blood and

future analysis; deoxyribonucleic acid (DNA) extraction (storage and analysis); and

storage and creation of immortalised cell lines. The response and numbers achieved

for particular aspects of the survey can be seen in Table 2.1
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Table 2.1 Number of cohort members surveyed in 1958BC biomedical sweep and

percentage of final response achieved for selected body measures and blood samples

(Fuller et al. 2006)

Number (%*)

Issued sample† 11964

Final Response** 9377

At least one blood sample achieved 8207 (87.5%)

Blood pressure and pulse 9269 (98.8%)

Height/sitting height 9248 (98.6%)

Weight 9218 (98.3%)

Waist/hip circumference 9272 (98.9%)

25(OH)D concentrations 7591 (81.0%)

* The percentages are taken from the final response (n=9377)

† Excludes 91 ineligible subjects who had either emigrated or died

** Excluded 10 subjects whose data were lost in transmission or later asked to be

removed from the cohort and includes 29 subjects who took part in the pilot study

prior to the main survey.

The biomedical survey did suffer from some sample loss, however a third of those

lost to the cohort were considered unavoidable due to death or emigration (Atherton

et al. 2008). Particular groups underrepresented in the biomedical survey were

ethnic minorities and the disadvantaged. Disadvantaged participants were those who

had been born in a household with no male head present and who at 7 years of age

had a period of social care, problematic behavioural or poor cognitive characteristics,

or were short for their age. At age 45 years, the total surviving cohort was mostly of

European ancestry (96.8%), and participants of the biomedical survey with European

ancestry had increased slightly to 98%. The survey is considered broadly
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representative of the surviving cohort and of the general middle-aged population in

key adult lifestyle, social-economic and biomedical characteristics (Atherton et al.

2008).

2.2.1 Phenotype data

A description of the phenotype data from the survey that is used in the analyses for

this thesis is described in two tables. The serum biomarkers laboratory techniques

from the collected blood samples are described in Table 2.2, and a description of

lifestyle and socio-economic covariates with categories used in the statistical

analyses in Table 2.3.
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Table 2.2 Biomarker data used in the analyses of this thesis assayed from blood samples taken for the biomedical survey

Description of biomarker

Units of

Measure Laboratory technique

25-Hydroxyvitamin D,

25(OH)D
nmol/L

The IDS OCTEIA enzyme-linked immunosorbent assays (ELISA) automated

application on the Dade-Behring BEP2000 analyser. The concentrations were

then validated and adjusted according to “All-Laboratory Trimmed Mean” of

the Vitamin D External Quality Assessment Scheme (DEQAS) (Hyppönen et

al. 2007)

C-reactive Protein (CRP) g/L

High sensitivity CRP assay using BN Prospec protein analyser (Dabe Behing),

which passes a plane-polarised light through a solution mixed from the plasma

sample to determine the CRP antigen concentrations.

D-Dimer (fibrin) ng/ml

Measured using stored blood samples by ELISA assay over two kits. Replicate

measures done in both kits and standardized for interbatch variation (Johnson

2007).

Fibrinogen g/L
A Biomerieux MDA 180 coagulometer with the Claus method on citrated

plasma.

Tissue plasminogen

activator (tPA) and von

Willebrand factor (vWF)

ng/ml, IU/dl A double sandwich technique on citrated plasma by a Biopool antigen ELISA.
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Description of biomarker

Units of

Measure Laboratory technique

Triglycerides, total

cholesterol, high density

lipoprotein (HDL), low

density lipoprotein (LDL)

mmol/L
Measured using an Olympus AU640 autoanalyser and LDL was calculated

from total cholesterol, HDL and Triglycerides.

Glycosylated haemoglobin,

(Hba1c)
% total

The Tosoh Haemoglobin A
1c

method using a high ion exchange high

performance liquid chromatography (HPLC) on whole blood.

Insulin-like growth factor

(IGF-1)
(nmol/L) Measured by a Nichols Advantage IGF-1 chemiluminescence immunoassay

Total circulating

immunoglobulin (IgE)
kU/L Measured by a HYTEC enzyme immunoassay
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Table 2.3 Lifestyle, socio-economic and anthropometric covariates used in the analyses of this thesis

Covariates from the 1958BC biomedical survey

Name Description of question used

Time spent outside Length of time per day usually spent outside during daylight hours last month recorded as no time, less

than 15 minutes, 15-30 minutes, 30 minutes- 1 hour, 1-2 hours, 3-4 hours and 4 or more hours. For the

analyses it is combined into categories of < 1 hour, 1-2 hours and 3 or more hours.

Skin colour The colour of the inner arm, with the recorded choice of light (white, fair, or ruddy), medium (olive,

light/medium brown) and dark (dark brown or black).

Sun cover The use of skin protection with either sunscreen or clothing in sunny weather in the UK or abroad,

reported as often, sometimes, rarely or never.

Oily fish

consumption

The consumption of oily fish (salmon, trout, mackerel, sardines and fresh tuna) recorded as never,

occasionally, < 1 day/week, 1-2 days/week, 3-6 days/week, once a day, 2-4 times/day, 4 or more

times/day. For the analyses it is combined into categories of daily, weekly and < weekly.

Alcohol

consumption

Drinks per week are calculated using Alcohol Use Disorders Identification Test questionnaire, that

records frequency of drinking and standard drinks per session. Frequency was recorded as not in the

last month, ≤once/month, 2–4 times/month, 2–3 times/week, and >4 times/week.  Quantity recorded 

was converted to standard units and categorised as none, 1–2 units, 3–4 units, 5–6 units, 7–9 units, and

≥10 units per drinking session.  For the analyses it was categorised into non-drinker, light <7, moderate 

7-14 units vs heavy 14-21 and very heavy > 21.
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Covariates from the 1958BC biomedical survey

Name Description of question used

PC/TV time Average leisure time spent per day television (TV) watching or personal computer (PC) usage in the

last year reported as none, < 1 hour/day, 1-2 hours/day, 2-3 hours/day, 3-4 hours/day and 4 or more

hours. For the analyses it was categorised as < 1 hour/day, 1-2 hours/day and 3 or more hours/day.

Recreation MET

hours

The Recreation Metabolic Equivalent of Task (MET) hours per week was derived from up to 37

activities with reported frequencies and usual durations and published MET scores. An additional

category was assigned for those subjects with implausibly high values where the weekly recreation

hours were 3 standard deviations (SD) above the sex mean (Parsons et al. 2009) .

Vigorous activity Calculated from activity where the MET scores derived from recreation MET hours was greater than

six (Atherton et al. 2009).

Geographical

location

Current region of residence, which is categorised into 13 regions and for the analyses is further

reduced to Scotland, northern England, middle England and Wales and southern England.

Respiratory

infections

A respiratory infection (influenza, pneumonia, bronchitis or severe cold) within the last 3 weeks

recorded as yes or no.

Vitamin D

supplements

The use of cod liver or fish oil or other supplements containing vitamin D reported, recorded as yes or

no.

Body mass index,

waist circumference

Weight and standing height were measured without shoes and in light clothing by a trained nurse.

Body mass index was calculated from weight and standing height (kg/m2). The waist circumference
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Covariates from the 1958BC biomedical survey

Name Description of question used

was measured by the nurse midway between the costal margin and the iliac crest.

Blood pressure;

systolic and diastolic

Using an Omron 705CP automated sphygmomanometer after participants had been in a seated position

for an initial 5 minute rest. The measurement was repeated three times and the average was calculated

from successful recordings.

Lung function;

forced expiratory

volume in 1 second

(FEV1) and forced

vital capacity (FVC)

Done in accordance to the criteria of the American Thoracic Society 1987(American Thoracic Society

1987), with the participant in the standing position, without nose-clips. Using the Vitalograph Mirco

spirometer a minimum of three (up to five) spirograms were recorded until three satisfactory blows

were obtained (assessed by best-test variation where the sum of FEV1 and FVC was <5%). Measures

with a best-test variation >10% or values with standardized residuals > ±3 SDs were excluded. The

highest technically satisfactory values for FEV1 and FVC from each set of spirograms were used.

Derived covariates from other 1958BC sweeps

Smoking Recorded at age 42 and supplemented with data from previous adult sweeps coded as never, quit

before age 33 years, quit from ages 33-42 years, smokes 1-19 cigarettes/day and smokes 20 or more

cigarettes/day.

Social class at child-

and adult-hood

Childhood social class is based on paternal occupation at birth and if missing supplemented with data

from sweep in 1965 (at age 7). For adulthood, it was based on the subject’s most recent occupation at

age 42 yrs, and supplemented with data at age 33 if missing. The following Register General’s groups
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Covariates from the 1958BC biomedical survey

Name Description of question used

were used: I professional, II managerial and technical, IIInm skilled non-manual, IIIm skilled manual,

IV partly skilled and V unskilled manual. For childhood social class, the final category was those with

no male head present in the household. For adulthood social class, the final category was those who

were institutionalised, retired, or unemployed over a long period.
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2.2.2 Genetic data

Sub-samples of the cohort have been used as control populations for genome-wide

association studies on various diseases with the WTCCC (Wellcome Trust Case

Control Consortium 2007a), the second phase of the WTCCC and the Type 1

Diabetes Genetics Consortium (T1DGC) (Barrett et al. 2009). DNA was extracted

from blood and the immortalised cell lines, which were created from the collected

serum samples. This thesis utilises these genome-wide data resources as they have

become available. In addition, there has been opportunity to use selected de-novo

genetic variants tagged from the consenting participants in the biomedical survey

(Cooper et al. 2011).

The genetic variants that are used in the analyses of this thesis are single nucleotide

polymorphisms.
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A single nucleotide polymorphism (SNP) is an allele variant or point mutation

(Ingles 2004). The most common type of SNP is a transition, where purines

substitute each other (adenine A or guanine G) or pyrimidines substitute each other

(thymine T or cytosine C). Less common is where a purine is substituted for a

pyrimidine or vice versa, and is referred to as a transversion. SNPs within the coding

region of a gene (exons) can be classified as synonymous or non-synonymous. SNPs

located outside of exons are either in introns (inside the region of a gene) or

intergenic (outside the region of a gene) areas of the chromosome. Synonymous

SNPs do not change amino acid sequence, unlike non-synonymous SNPs that do.

Furthermore, a sequence change may cause the codon to alter the amino acid, which

is to refer as a missense, or the change might be to a stop codon in the sequence,

which is a nonsense SNP.

De novo genotyping

The SNPs were genotyped using the Taqman platform (Applied Biosystems,

Warrington, UK) at the Juvenile Diabetes Research Foundation/Wellcome Trust

Diabetes and Inflammation Laboratory (JDRF/WT DIL), centred in the Cambridge

Institute for Medical Research (Cooper et al. 2011). The de novo SNPs that were

included into this thesis passed the exclusion criteria of Hardy-Weinberg equilibrium

(HWE) p-value > 0.01, minor allele frequency (MAF) > 0.01 and SNP call rate > 80

% (Table 2.4).
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Table 2.4 De novo SNPs genotyped on the Taqman platform call rates, MAF and HWE test

Gene

symbol

Chromosome

position

Gene

names SNPs

Call rate

(%) MAF

HWE

p-value

MC1R 16q24.3 Melanocortin 1 receptor rs1805005 98.4 0.12 0.27

MC1R 16q24.3 Melanocortin 1 receptor rs2228479 98.3 0.10 0.26

OCA2 15q Oculocutaneous albinism II rs4778138 97.4 0.12 0.09

OCA2 15q Oculocutaneous albinism II rs7495174 96.9 0.06 0.42

OCA2 15q Oculocutaneous albinism II rs4778241 95.9 0.17 0.48

SLC45A2 5p13.2 Solute carrier family 45, member 2 rs13289 97.4 0.38 0.90

CYP24A1 20q13
Cytochrome P450, family 24, subfamily

A, polypeptide 1
rs6013897 98.9 0.80 0.64

CYP27B1 12q13.1-q13.3
Cytochrome P450, family 27, subfamily

B, polypeptide 1
rs10877012 95.1 0.33 0.17

CYP2R1 11p15.2
Cytochrome P450, family 2, subfamily

R, polypeptide 1
rs10741657 82.5 0.40 0.39

GC 4q12-q13 Vitamin D binding protein rs4588 83.4 0.30 0.24

GC 4q12-q13 Vitamin D binding protein rs7041 97.8 0.45 0.07

DHCR7/

NADSYN1 11q13.4
7-dehydrocholesterol reductase/ NAD

synthetase 1

rs12785878
100.0 0.22

0.80

CYP27A1 2q33
Cytochrome P450, family 27, subfamily

A, polypeptide 1
rs17470271 80.6 0.44 0.98
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Genome-wide genotyping

The genome-wide data came from three studies (Table 2.5). The first WTCCC

project used 1500 subjects randomly chosen from participants of the biomedical

survey (referred to as the WTCCC), that were genotyped on Affymetrix Genechip

500K and Illumina Infinium 550K chip (Wellcome Trust Case Control Consortium

2007a; Wellcome Trust Case Control Consortium 2011). The second phase of the

WTCCC has re-genotyped the initial 1500 subjects and additional 1500 subjects

(n=3000) on the newer genechip technology Affymetrix 6.0 and Illumina 1.2

(referred to as the WTCCC2) (Sawcer et al. 2011). The T1DGC used 2596 subjects

of the cohort (referred to as the T1DGC), exclusive of the WTCCC subjects, and

were genotyped on the Illumina Infinium 550K (Barrett et al. 2009).
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Table 2.5 Genotyping, quality control and imputation of the 1958BC genome-wide sub-samples

Sub-samples WTCCC WTCCC2 T1DGC

Time of availability for this

thesis

2008 2010 2009

Genotyping

Platform and SNP panel

used in analysis

Affymetrix Genechip 500K*

(Santa Clara, CA, USA)

Affymetrix v6.0*

(Santa Clara, CA, USA)

Illumina 550K Infinium

(San Diego, CA, USA)

Centre Affymetrix Services Lab,

California, USA

Wellcome Trust Sanger

Institute, Cambridge, UK

JDRF/WT DIL Lab in

Cambridge, UK

Calling algorithm Chiamo Chiamo ILLUMINUS

Quality control prior to

imputation

Centre/Project Done as part of the WTCCC Done as part of the WTCCC2 Replicated as part of this thesis

(see next section Quality

Control and Imputation with

application to T1DGC) and

completed in collaboration with

Oxford Centre for Diabetes,

Endocrinology and Metabolism,
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Sub-samples WTCCC WTCCC2 T1DGC

University of Oxford

Sample QC Filters

Call Rate > 0.03/n=9 Outlying individuals were

excluded on the basis of

relatedness, non-European

ancestry, sex discrepancy,

channel differences and identity

> 0.03 / n=2

Heterozygosity > 0.3 or < 0.225/n=0 > 0.34 or <0.29 / n=0

Ethnic outliers Non-European ancestry n=6 Non-European ancestry n=54

Other exclusions External discordance n=4,

1st/2nd degree relatives n=1

Potential sex discrepancy n=6

Subjects for analysis (n) 1480 2703 2530

SNP QC Filters

MAF > 1% > 1% > 1%

HWE p-value > 5.7e-7 > 1e-20 > 1e-7

Call Rate Studywise missing data

proportion > 0.05 or (studywise

MAF < 0.05 and studywise

missing data proportion > 0.01)

> 98% ≥95% 

Other None Statistical info rate ≥ 0.975, 

plate association > 1e-5

None

SNP’s for imputation (n) 383,325 721,428 520,413
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Sub-samples WTCCC WTCCC2 T1DGC

Imputation Statistics

Centre Done in collaboration with the

Oxford Centre for Diabetes,

Endocrinology and Metabolism,

University of Oxford

Done in collaboration with the

Oxford Centre for Diabetes,

Endocrinology and Metabolism,

University of Oxford

Done in collaboration with the

Oxford Centre for Diabetes,

Endocrinology and Metabolism,

University of Oxford

Software Impute Impute Impute

Quality metrics Proper-info > 0.4 Proper-info > 0.4 Proper-info > 0.4

SNP QC filters MAF > 1% MAF > 1% MAF > 1%

SNP’s in analysis 2,357,290 2,446,857 3,140,837

* The WTCCC studies have genotyped subjects on both Affymetrix and Illumina platforms, for this thesis the genetic information was taken

from the Affymetrix chips.
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SNP, subject/sample quality control with application to T1DGC

The quality control (QC) tests and their metrics provide assurance that the data is of

satisfactory quality. The QC process highlights problems with the genotyping,

duplicates, related individuals, ethnic outliers and contaminated samples (Sullivan &

Purcell 2008). The genetic data for the T1DGC sample were provided in the format

of one SNP per file with sample identifier, call of genotype, probability of the call,

normalised X and Y intensities (Figure 2.1). The clusters in the intensity plot

indicate the genotype calls for a SNP, with the middle cluster typically

corresponding to the homozygous genotype, and side clusters corresponding to the

minor and major heterozygous genotypes. The call of genotype and probability of

call were estimated by the Illuminus algorithm (Teo et al. 2007) from the signal

intensities from the genotyping process. The genotype calling algorithm uses a three

component bivariate mixture model where the components correspond to the

genotype call of a SNP. A threshold of 0.95 for the probability of the call was used

to define a null component/genotype call.
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Figure 2.1 The intensity plot for a SNP taken from the T1DGC. Each point

represents an individual’s X and Y intensity for a signal from the genotyping

process. The heterozygous genotypes are in red, the homozygous genotype

correspond to the green cluster, and the other, the blue cluster. The intensities were

used to estimate the genotype call for the individual.

The QC criteria of the T1DGC sample was based on the criteria in the first phase for

the WTCCC (Wellcome Trust Case Control Consortium 2007a). The methods and

results from the T1DGC sample QC thresholds are presented in the order of SNP call

rate, HWE, MAF, sample call rate, sex discrepancy, cryptic relatedness,

heterozygosity, ethnicity/population stratification. The genetic statistical software

PLINK (Purcell et al. 2007; Purcell 2009) was used for the QC procedures.
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SNP call rate

The SNP call rate is the percentage of null genotype calls given the total number of

samples for a SNP. In the T1DGC, 95.6% of the SNPs had no missing genotype

calls (Figure 2.2). When a SNP had data with 5% or more null genotype calls it was

excluded from further analysis.

Figure 2.2 T1DGC frequency of SNPs with missing data.

HWE

The HWE is the (ideal) constant state of the allele and genotype frequencies from an

autosomal bi-allelic genetic marker that occurs in a large population due to random

mating (Thomas 2004c). Copies of the alleles should be inherited independently and

follow a Binomial distribution (Cleeves 1999). If the marker has alleles A and B

with probabilities p and q, where q=1-p, then the genotypes of the marker (AA, AB,
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BB) should follow the Hardy-Weinberg law and have the probabilities of (p2, 2qp,

q2). For SNP QC purposes, any evidence against the HWE can be taken as an

indication of sample contamination or consanguinity in a population, with the SNPs

in question excluded from further analyses. The exclusion threshold in the T1DGC

was SNPs with a HWE p-value ≤ 1e-7 (Figure 2.3). 

Figure 2.3 T1DGC frequency of SNP HWE p-values

MAF

SNPs with low MAF were excluded in genome-wide association analysis as there is

limited statistical power for testing (Sullivan & Purcell 2008). In total 24,415 SNPs

in the T1DGC had a MAF < 1% (Figure 2.4).
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Figure 2.4 T1DGC frequency of SNPs MAF

Sample call rate

The sample call rate is the proportion of SNPs that have a null genotype call for an

individual. Two samples/individuals had more than 3% of SNP data missing in the

T1DGC (Figure 2.5) and were excluded.
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Figure 2.5 T1DGC frequency of sample/subject with missing SNP data

Sex

The sex reported was validated against the X chromosome. This may indicate that

sex for the individual was mis-reported, however, for QC purposes it may also

indicate that the sample had been contaminated in some way. In the T1DGC n=6

samples were excluded on this basis.

Cryptic Relatedness

In the 1958BC it is assumed that the samples are unrelated and this was tested by

estimating the degree of identity by state (IBS) and then inferring the identity by

descent (IBD). The concept of IBS is the amount of allele commonality for a given

SNP that occurs between individuals (Table 2.6).
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Table 2.6 Scenarios of shared SNP genotypes between two individuals and their

degree of IBS

Individual 1 Individual 2 IBS

AA AA 2

BB BB 2

AB AB 2

AB AA 1

AB BB 1

AA BB 0

When alleles are inherited from a common ancestor of the two individuals, it is

termed IBD, which can only be inferred when it is assumed that the samples are

unrelated. The proportion of relatedness ( ) between subjects is estimated for each

SNP given the frequency of the alleles to find the probability of sharing 0, 1 or 2

alleles IBD (Purcell et al. 2007). For instance, monozygotic twins would have a

probability of sharing two alleles IBD near 1, and likewise if the sample has been

contaminated during genotyping. No subjects were excluded due to relatedness in

the T1DGC ( ˆ 0.2  ).

As part of estimating the relatedness of individuals in PLINK, genetically similar

individuals are clustered into subgroups by the pairwise population concordance test.

Pairwise population concordance tests that a pair of individuals in a random-mating

population should follow a 2:1 ratio of IBS 2 SNPs (alleles are the same) to IBS 0

SNPs (alleles are different). A pair of individuals from different populations are

expected to have more IBS 0 SNPs. The IBS distance between two individuals is the

sum of the number of IBS 2 SNPs and half the number of IBS 1 SNPs given the
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number of SNPs and is used as the basis for multidimensional scaling (MDS) to

understand the population stratification of the study.

Heterozygosity

A measure of inbreeding within an individual is assessed by the proportion of

observed heterozygous SNPs given the number of SNPs. In a non-related sample,

the measure should be relatively constant over individuals, and furthermore, it can be

used as indication of sample contamination. There was no evidence of inbreeding

(or contamination) in the T1DGC as the subjects had a heterozygosity score between

0.29 and 0.34 (Figure 2.6).

Figure 2.6 T1DGC The heterozygosity score for each sample/subject
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Ethnicity/Population stratification

Underlying population stratification in genome-wide association study can cause

false positive results and may distort findings (Tian et al. 2008). Population

stratification can be assessed through MDS (Purcell et al. 2007), which uses the pair-

wise IBS distances on subjects. The classical metric MDS implemented in PLINK,

reduces the subject relatedness data to a configuration on a specified number of

dimensions. Typically this representation will have 2 or 3 dimensions. Distances

between individuals are defined in such a way that they match as close as possible to

the observed similarity/dissimilarity. The distances are based on the Euclidean IBS

distance between individuals. To limit the amount of information lost when

reducing the data to a fixed number of dimensions, a goodness-of-fit measure is

minimised between the distances and the observed similarity/dissimilarity (Everitt

1987). Classical MDS assumes a metric structure in the data, which is preserved to

some extent in the lower-dimensional configuration.

For QC purposes, four HapMap sample populations (Han Chinese and Japanese,

Yoruba Nigeria and Caucasian/European) were used as a reference to detect possible

ethnic outliers in the T1DGC. The HapMap populations were merged into the study

and the SNPs are thinned by removing those in high linkage disequilibrium to reduce

the time taken and bias (Price et al. 2008) in estimating the pair-wise IBS distances.

The MDS coordinates are estimated on the merged study. The first two coordinates

in the T1DGC study were sufficient to detect the ethnic outliers from the four

HapMap populations. The emphasis to detect the outliers was based on visual

inspection (Figure 2.7). It was deemed that 54 subjects were of non-European
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ancestry as they were outside of the main cluster on the two dimensional MDS

representations.

Figure 2.7 T1DGC ethnicity analysis. The T1DGC (grey) in comparison to

HapMap US samples with ancestors from Northern and Western Europe (blue),

HapMap Han Chinese and Japanese sample (green) and HapMap Yoruba Nigeria

sample (red).

Imputation

Imputing SNPs that are not covered by the gene-chip can achieve greater coverage

and finer detail of the genome (McCarthy et al. 2008). For the 1958BC genetic

studies, imputation was done either as part of the WTCCC or in collaboration with

the team in Oxford. The imputation software used for the 1958BC was Impute

(Marchini et al. 2007), and uses the appropriate reference population data (for the

1958BC it is the Hapmap Northern and Western European (CEU) sample
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population) that contains recombination rates for the genetic regions and the

genotyped SNPs. The reference population data is in the form of haplotype data, and

is defined as a set of haplotypes,  1 , ..., NH H H where N is the number of

haplotypes. There are three scenarios for missing SNP data for subjects: 1) the SNP

is not genotyped and information exists in the reference population; 2) it is

genotyped and exists in the reference population; 3) it is genotyped and does not

exist in the reference population. For the i-th individual, the genotype set for the j-

th SNP is defined as  0,1, 2, missingijG  and partitioned according to its missing

status, so  0 , MG G G . The probability of an individual’s genotype vector

 Pr iG H is conditional on the reference haplotypes H and is estimated by a Hidden

Markov Model, where the hidden states are sequence pairs of known haplotypes H.

In theory, an imputed SNP uses information across the chromosome, however the

further away a SNP is from the position of the reference haplotype, the less likely

that information will be relevant. The marginal probability distribution for each

individual’s missing SNP is estimated, so   1P   is satisfied, where the sample

space  is the set of the three genotype combinations
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3 The seasonal variation of inflammatory and

haemostatic biomarkers due to the seasonal

variation of 25-hydroxyvitamin D (Paper I)

3.1 Introduction

Evidence suggests that vitamin D has a role in cardiovascular health (Swales &

Wang 2010; Wallis et al. 2008; Zittermann et al. 2005). Much of this evidence has

come from observational studies reporting a protective 25-hydroxyvitamin D

(25(OH)D – nutritional marker for vitamin D status) association with classical risk

factors of cardiovascular disease (CVD), such as hypertension and type 2 diabetes

(T2D), and with the risk of mortality from CVD as introduced in Chapter 1.

However, this evidence is far from conclusive. At the initiation of the thesis it was

uncertain whether vitamin D status was associated with the underlying progression

of CVD, as indicated by biomarkers of inflammation and haemostasis in a middle-

aged adult population free from clinical CVD.

In order, to explore the 25(OH)D associations with novel cardiovascular biomarkers

of CVD (C-reactive protein (CRP), D-dimer, fibrinogen, tissue plasminogen

activator (tPA) and von-Willebrand factor (vWF)) in participants free from CVD in

the British 1958 birth cohort (1958BC), two analytical approaches were used. The

first fitted multiple linear regression models incrementally controlled for lifestyle,

socio-economic and adiposity variables. Adiposity is a strong confounder between

25(OH)D and the inflammation/haemostatic biomarkers, and as such, is adjusted for

in the models. Missing data in the lifestyle factors were imputed in multiple datasets



92

by a multiple imputation by chained equations (MICE) method (Royston et al.

2009), and used in the multiple linear regressions models that accounted for

uncertainty across the imputed datasets.

The second analytical approach uses the framework of mediation (Mackinnon et al.

2007) to explore the relationship between seasonal variations of 25(OH)D and of

haemostatic/inflammatory biomarkers. The seasonal variations of the biomarkers

were used as adiposity is expected to have no or limited seasonal variation, and it

would be unexpected for adiposity to influence the seasonal variations of 25(OH)D

and the biomarkers. To establish whether mediation could be applied in this

situation, seasonal patterns of CRP, D-dimer, fibrinogen, tPA and vWF, and

likewise, of 25(OH)D must be established. The seasonal patterns of the biomarkers

were modelled through a linear transformation of a harmonic function and adjusted

for seasonal lifestyle variables. In the models where the seasonal patterns of the

biomarkers were explored, random effects were used for the laboratory assay batches

to avoid variance inflation caused by multi-collinearity with the batches in the

coefficients of the harmonic components. Mediation analysis was applied in a

Frequentist setting, where it is well established, and in a Bayesian setting, where it is

less so. Using the flexibility afforded by the latter in terms of approximating the

sampling distributions of the derived quantities, the change of seasonal variation

observed in the outcomes due to 25(OH)D was established via the posterior

probability distributions.

The remainder of the chapter is divided into two parts. The first part describes the

methods and data used (including the number of participants), an overview of
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laboratory measures, and covariates (which were covered in greater depth in Chapter

2). The statistical methods mentioned in the previous two paragraphs are also

described in detail. The second part presents and discusses the results of the

analyses. A paper related to these findings has been published in a peer-reviewed

journal (Hyppönen et al. 2010) and is shown in Appendix I.

The work presented in this chapter has extended the work presented in the paper.

The mediation analysis was applied in the Bayesian setting to validate the findings

from the Frequentist setting. Furthermore, in the Bayesian setting the magnitude of

the change in seasonal variation of the biomarkers due to 25(OH)D was quantified.

3.2 Data

3.2.1 Participants

As outlined in Chapter 2, data from participants of the 1958BC biomedical survey

were analysed in this work. Of those participants who responded to the biomedical

survey (n=9377), 80.9% had measures of 25(OH)D concentrations (n=7591). Most

cohort participants are of European ancestry (98%) (Atherton et al. 2008) and the

154 participants who reported belonging to any other ethnic groups were excluded.

One participant was pregnant at the time of the survey and was also excluded from

the analysis. Since the focus of this work was on underlying sub-clinical CVD,

participants who reported use of any type of medication for cardiovascular health

were excluded (n=532, British National Formulary code 2: Cardiovascular

medication). Finally, for participants who had missing data on any of the
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inflammatory/haemostatic biomarkers (n=366) were excluded, leaving in total

n=6538 subjects in the analyses.

3.2.2 Laboratory analyses

The laboratory assays used for 25(OH)D, CRP, D-dimer, fibrinogen, tPA, and vWF

are described in Chapter 2. The study time period comprised 18 months, with nurses

visiting survey participants throughout the time period to take and collect, among

other measures, serum blood samples. The nurses sent the samples to the

participating laboratories as and when collected. This meant that the serum markers

were assayed over several laboratory batches. For the inflammatory/haemostatic

biomarkers there was a potential assay batch effect that may have influence the

seasonal patterns of the biomarkers. A description of the mixed effects model used

to account for the between assay batch variation is provided in the statistical

methods.

3.2.3 Lifestyle, socio-economic and adiposity factors

A fuller description of the lifestyle, socio-economic and adiposity variables appears

in Chapter 2, along with their categorization where applicable. The self-reported

lifestyle and socio-economic variables included in this work were: recreation

metabolic equivalent of task (MET) hours per week, engaging in vigorous physical

activity, time spent watching TV (television) or using a PC (personal computer) in

leisure time, alcohol consumption, chest infections reported in the last three weeks,

smoking history, respiratory infections, socio-economic position at birth and
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adulthood are used in the analysis. Body mass index (BMI) and waist circumference

are used as measures for adiposity.

3.3 Statistical Methods

3.3.1 Descriptive methods

The natural logarithmic transformation was used to calculate geometric means, as the

distribution of 25(OH)D concentration was slightly skewed (Figure 3.1). To describe

the extremes of this distribution, dichotomous indicators were created for

concentrations below 25 nmol/L and above 125 nmol/ L. The inflammatory and

haemostatic biomarkers’ values were transformed to within-sample sex-specific

standard deviation scores (SDS) to compare variation across models. Initial analyses

included validation and graphical examination of data, statistical evaluation of linear

and quadratic terms for 25(OH)D, adiposity measures (BMI and waist

circumference), and single and joint effects of these measures on the

inflammatory/haemostatic outcomes. Interactions between continuous variables of

adiposity measures and 25(OH)D concentrations were tested with each of the

outcomes. The 25(OH)D geometric means were standardized by gender and season

categorised as: spring (March-May); summer (June-August); autumn (September-

November); winter (December-February). The adiposity measures were categorised

to illustrate their relationship with mean concentrations of 25(OH)D and the

outcomes. The BMI variable was categorised as below 20 kg/m2, then by 2.5 kg/m2

divisions, and above 35 kg/m2, and the waist circumference variable was categorised

into below < 75 cm, then by 5cm divisions and above 100cm.
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Figure 3.1 True histogram of 25(OH)D concentrations.

3.3.2 Multiple linear regression models

The first analytical approach used was multiple linear regression models to explore

the role of 25(OH)D as exposure with the inflammation and haemostatic biomarkers

as outcomes. A multiple linear regression model has the form:

(1)

where denotes the individuals in the model, , and

are the unknown parameters corresponding to the independent variables

.

0 1 1 2 2 1 1...i i i p ip iY x x x          

1, ...,i n  2~ 0,i N 

0 1, ..., p  

1 2 1, , ..., px x x 
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Three multiple linear regression models were fitted sequentially for each of the SDS

haemostatic/inflammatory outcomes. In these models, the exposure of 25(OH)D was

a categorized in 10 nmol/L divisions, with tails below 25 nmol/L and above 125

nmol/L, making 12 categories in total. The models included incremental

adjustments for the variables of lifestyle, socio-economic and adiposity factors.

Model one was adjusted for sex and the month of blood sample as a categorical

variable. Model two, in addition, adjusted for recreation MET hours, vigorous

physical activity, time spent watching TV or using PC, alcohol consumption,

smoking history, and socio-economic position at childhood and adulthood. Finally,

model three adjusted for all previous variables and adiposity measures. In model

three, an additional 25(OH)D categorical variable (defined as < 25, 25-74.9 and ≥ 75 

nmol/L) was used to summarize and aggregate the effect size.

Missing data

Some participants had missing data in the questions used to derived the variables for

recreation MET hours, vigorous physical activity, time spent watching TV or using

PC, alcohol consumption, smoking history and waist circumference (Table 3.1). The

proportion of missing entries on one of more variables was 7.9% (n=514) of the

study’s eligible participants. Missing data for the multiple linear regression models

were imputed using multiple imputation (MI) by chained equations implemented in

Stata, version 10 (Royston et al. 2009; StataCorp 2010). MI is not recommended

when 50% or more of the data is missing (Royston 2004), however since the

proportion of missing data was much less in this work, it was not considered to be an

issue.
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Table 3.1 Frequencies of missing information for lifestyle and adiposity variables

Lifestyle and adiposity covariates

Recreation

MET

hours

Vigorous

physical

activity

TV

watching/

use of PC

Alcohol

consumption

Smoking

history

Waist

circum-

ference

Number

missing (%)
96 (1.5) 96 (1.5) 282 (4.3) 18 (0.3) 222 (3.4) 12 (0.2)

MI relies on the assumption that missing values are missing at random (MAR), i.e.

that conditional on the observed data, the missing data mechanism is independent of

the unobserved data (Kenward & Carpenter 2007). Alternatives to the MAR

assumption are missing completely at random (MCAR) or missing not at random

(MNAR). MCAR assumes that the missing mechanism is independent of the

observed or unobserved data, meaning that analysis on the complete data will be

consistent with analysis on multiple imputed datasets (although there would be some

loss of information in the complete data). When the missing data is MNAR, the

missing mechanism depends on the unobserved data and the mechanism is largely

unknown. It is impossible to use the observed data alone to distinguish between

MAR and MNAR, but sensitivity analysis can be used to determine whether MI

introduced any bias in the model’s estimates.

In MI, the imputation model is different from the model used for the statistical

analysis on the participants (the multiple linear regression models described above)

(Kenward & Carpenter 2007). The imputation model should have at least the

outcome and the covariates used in the multiple linear regression model, and MI has

the advantage that additional variables can be considered in the imputation model
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(Allison 2002). The additional variables assessed for use in the imputation model

were time spent outside, vitamin D supplements, geographical region of residence

and marital status. These factors were selected due to the results from two studies on

the 1958BC participants. The first study reported that non-response in the

biomedical survey of the 1958BC showed a significant bias to an earlier covariate

not too dissimilar from marital status (Atherton et al. 2008). The second (Hyppönen

& Power 2007) concluded that 25(OH)D was significantly related to time spent

outside, vitamin D supplements and geographical region. A missing indicator for

each of the covariates adjusted for in the multiple linear regression models was used

as an outcome in a logistic regression model. Backwards stepwise variable selection

with an exclusion threshold of p-value>0.05 was used in the logistic regression

model with the missing indicator, to justify the inclusion of any of the additional

variables for the imputation models (Table 3.2). To test the sensitivity of the MI

procedure, the procedure was re-run without the addition of the four variables from

the imputation models. In total there were two sets of imputed datasets created; the

first set came from imputation models that adjusted for the additional variables of

time spent outside, vitamin D supplements, geographical region of residence, marital

status as well as the covariates used in multiple linear regression models that were

missing data, and the second set came from imputation models that only adjusted for

the covariates missing data.
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Table 3.2 Additional variables included in the imputation models. For imputation of

the lifestyle and adiposity covariates used in the multiple linear regression models

( in the box).

Additional variables for the

imputation models*

Missing data

covariates
Time spent

outside

Vitamin D

supplements

Geographical

region of

residence

Marital

status

Waist

Circumference


Recreation MET

hours
 

Vigorous activity  

TV

watching/using of

PC

  

Smoking 

Alcohol

consumption
 

*The imputation models also adjusted for; sex, month of blood sample, recreation

MET hours, vigorous physical activity, time spent watching TV or using PC, alcohol

consumption, smoking history, and socio-economic position at birth and adulthood,

BMI and waist circumference

Imputation was run over 100 cycles and trace plots of the imputed covariates were

checked for convergence. The trace plots showed the mean value of each imputed

variable over the cycle and highlighted any extreme values or trends. Ten datasets

were imputed in each set, although five datasets are considered a “conservative

choice” for situations where up to 20% of data is missing (Royston 2004). The three

multiple linear regression models for each outcome were run on the complete dataset

(restricted to participants with no missing data) and on the two sets of 10 imputed
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datasets, generated from imputation models with and without the additional

variables. The regression coefficients of 25(OH)D were identical to two decimal

places from the results between the two sets of imputed datasets. Results similar in

direction and approximate size were found between the imputed dataset and the

complete dataset. The final results are presented from the imputation model without

the additional variables.

3.3.3 Mediation Analysis

The framework of mediation analysis was applied to assess whether the seasonal

variations (if they exist) of the haemostatic/inflammation biomarkers (CRP, D-

dimer, fibrinogen, tPA, and vWF) are mediated by the seasonal variations of vitamin

D intake/status, thereby inferring a 25(OH)D association with the biomarkers.

Mediation analysis conceptualises how an independent variable is related to an

outcome, and whether this relationship is partially, fully, or not at all mediated

through an intermediate factor (termed the mediator) (Mackinnon et al. 2007). In

this case, the independent variable is the distinct seasonal patterns of the biomarkers

and their mediator is current vitamin D status (25(OH)D). The pathway of the

seasonal variation of the biomarker mediated by 25(OH)D may avoid the effect of

adiposity, as adiposity is expected to have little or no influence on external

environmental factors that cause seasonal variation, and little or no seasonal

variation itself.

The definition of a single mediator model implies a pathway between an independent

variable and outcome, and an additional pathway from the independent variable
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through the mediator, to the outcome (Figure 3.2); this is defined in the three model

equations (Mackinnon et al. 2007) which can be written as:

0(1) (1)XY X     (2)

0(2) (2)X MY X M       (3)

0(3) (3)XM X    
,

(4)

where Y is the outcome, X the independent variable and M the mediator.

Figure 3.2 Pathway model for a single mediator. The independent variable is

assumed to be associated with the outcome, and the mediator is within the sequence

between the two. Adapted from (Mackinnon et al. 2002).

At least two conditions must be met in order to apply mediation analysis

(Mackinnon et al. 2007). The independent variable X must be associated with the

outcome Y, i.e. (as modelled in Equation (2)) Likewise, the

independent variable X must have an association with the mediator M, i.e.

(as modelled in Equation (4)). In the unusual situation of complete

0 : 0XH  

0 : 0XH  
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mediation, where the association of the independent variable X with the outcome Y is

entirely through the mechanism of the mediator M, the coefficient of will be zero

as the adjustment for the mediator will fully account for the association of the

independent variable (Mackinnon et al. 2002). In the situation of no mediation, the

independent variable X’s association with the outcome Y, the coefficient of , will

be unaffected by the adjustment for the mediator i.e. 0 : X XH    . In the third

situation of partial mediation, it is argued that the inequality should hold

for the mediator’s effect to be valid and a test for direct mediation is thus

, i.e. the difference in the independent variable’s association with

the outcome, unadjusted and adjusted for the mediator (Mackinnon et al. 2002).

However, as the independent variable is related to the mediator they will tend to be

correlated and multi-collinearity may occur when adjusting for both in the same

model (Baron & Kenny 1986). Multi-collinearity can reduce the power for testing

the direct mediation by inflating the effect size of . It is plausible in this situation

to have a valid mediator and , making it conceptually difficult to test for

direct mediation.

An alternative test to is an indirect test on the product of the independent

variable’s association with mediator (as modelled in Equation (4)), and the

mediator’s association with the outcome adjusted for the independent variable (as

modelled in Equation (3)) (Mackinnon et al. 2002). The relationship between the

independent variable and mediator, denoted by , must exist

otherwise the conditions of mediation do not hold (Mackinnon et al. 2007). The

X 

X 

X X  

0 : 0X XH    

X 

X X  

X X  

X 0 : 0XH  



104

second is the strength of the mediator’s association with the outcome, denoted by

from the model that accounts for the independent variable. In the situation of no

mediation, will not be statistically significant i.e. alternative hypothesis will hold

. Therefore, the statistical significance of the indirect mediation test

based on the statistic is largely determined by the statistical significance of

the mediator-outcome association . The product of coefficients test,

is algebraically equivalent to the direct test under maximum

likelihood and linear regression model conditions (Mackinnon et al. 1995), but is

without the inequality restriction of (Mackinnon et al. 2002).

Harmonic function

The seasonal patterns of the haemostatic/inflammatory outcomes and 25(OH)D

concentrations in the 1958BC were modelled using the harmonic function. The

function was used to determine whether the outcomes had a significant seasonal

patterns (represented by the association from Equation (2)) and the validity of

25(OH)D as a mediator (represented by the association from Equation (4)), and

so whether the mediation test could be applied. The harmonic function was the most

attractive choice of method with the data in the 1958BC for the following reasons

(Refinetti et al. 2007).

1) The data were stationary; the sample time frame of the biomedical survey was 18

months from Sept 2002 to March 2004, which gave the opportunity for

investigating a seasonal pattern of the biomarkers. However, there was limited

information for investigating a seasonal trend or a change in pattern over time.

M

M

: 0A MH  

ˆ ˆ
M X 

M

0 : 0M XH   

X X  

X

X



105

2) Simple seasonal patterns of the biomarkers are expected. The frequency

proposed for the patterns were yearly, half yearly (semestral) and quarterly, and a

combination of the frequencies within a time length of a year. Semestral and

quarterly components are unusual in a biological context, but they may reduce

the residual variance in the model.

3) The observations were fairly uniformly distributed over the sampling time period

and did not occur in response to an event or intervention.

Figure 3.3 The mean, period, amplitude and phase of a rhythmic pattern

A rhythmic pattern comprises of mean level, period (or frequency), amplitude and

phase (Figure 3.3) (Halberg et al. 1967). The mean level L is the overall mean

central to the variation of the pattern. The period (or frequency), is the length of
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the full cycle, i.e. the time from one maximum to the next. The amplitude A (or

magnitude, when there is more than one frequency in the pattern), is the variation

from the mean level to the extrema. Finally, the phase determines the time to the

maximum in the cycle measured in radians (Bingham et al. 1982). A singular

frequency harmonic function, h, in a cross-sectional setting, given its properties of L,

A, and , and where the measurements are not necessarily equally spaced can be

expressed in the following form (Tong 1976):

1 2

( ) cos( )

sin( ) cos( )

i i

i i

h t L A t

L t t

 

   

  

  
(5)

where ti is a time point for the individual i within a length of time T. The parameters

are estimated from linear regression and can be used to estimate the amplitude

and phase †. The frequency is defined as

, where p is the number of times the cycle repeats itself within the time

T.

The rhythmic pattern can be extended to account for different, simultaneous

frequencies within time T. The length of time considered for the

haemostatic/inflammation biomarkers and 25(OH)D was a year (365 days) with

frequencies of yearly, semestral and quarterly. The harmonic function in a linear

model can be defined as:

(6)

†
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where mc is the number of frequency components. As the frequency pk, is number of

times the cycle repeats itself, for yearly, semestral and quarterly frequency it is

, respectively,  Further, 1≤ t ≤ T ; and are the regression

parameters from the linear model. The criterion used to include a specific frequency

term in the harmonic function differed between the Frequentist and Bayesian

settings.

Seasonal confounders

To account for a lifestyle that may potentially vary or have an influence on the

seasonality of the haemostatic/inflammatory markers, the covariates adjusted for in

the harmonic function models were: TV watching/PC usage in leisure time;

recreation MET hours; self-reported chest infection within three weeks prior to

survey; and social class at adulthood. Missing data were not imputed for the models

in the mediation analyses, due to the additional complexity of estimating the

standard error of the harmonic function from a multiple imputed datasets.

Harmonic mixed effects model

The logistics of a large survey meant that the venous blood samples were taken and

sent to the laboratories throughout the survey period. The laboratories assayed the

measures in batches as the samples were received. Therefore, measures of the

inflammation and haemostatic biomarkers within laboratory batches may be

correlated with the time of measure due to when it was assayed. In the initial

seasonal variation models for each of the outcomes (CRP, D-dimer, fibrinogen, tPA,

vWF), their laboratory batch was adjusted for as a fixed factor in the linear

(1, 2, 4)kp  1 2,k k 
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regression models. The predicted means from the linear models adjusting for batch

with fibrinogen and vWF had marked inflation compared with the sex-standardized

mean concentrations by month, with some of the predicted means being several

orders of magnitude larger than the standardized means. However, in this context the

laboratory batch is not of intrinsic interest though it needs to be controlled for, and as

such, the laboratory batch was considered as a random effect (Vonesh & Chinchilli

1997).

Fitting mixed effects models and treating laboratory batch as a random effect for

fibrinogen, vWF, tPA and D-dimer, the between-batch variation for the random

effect was significant (p-value <0.05), which met the criteria for including the

laboratory batch as a random effect. Furthermore, using the random effect term

eliminated multi-collinearity between laboratory batch and the harmonic

coefficients. The mean variance inflation factor (VIF) was > 3.4 in the linear models

with laboratory batch and without it, VIF=1. The between-batch variation for CRP

was not significant in the mixed effects model, and for CRP a linear regression

model was used without adjusting for assay batch. The regression model with the

cardiovascular health markers including the harmonic function was of the form:

(7)

where i is the observation within laboratory batch j, T, mc and pk are as in Equation

(6) , Xi3 is a design matrix for the vector of parameters β3 (inclusive of the mediator

variable and seasonal confounders), and ~ ; the random effect term is

assumed ~ .

 0 0 1 2 3 3
1

2 2
sin cos

cm
k k

ij j k k i ij
k

p t p t
Y

T T
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In summary, the steps taken to establish whether mediation analysis can be used for

the seasonal variations of 25(OH)D and haemostatic/inflammation biomarkers are

outlined in Figure 3.4. Different criteria were applied to determine whether there

was seasonal variation in 25(OH)D and the biomarkers, depending on whether the

inference was performed in the Frequentist or Bayesian setting (as expanded on in

the following sub-sections).
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Figure 3.4. Establishing whether mediation analysis can be applied for the seasonal

variations in 25(OH)D and in the haemostatic/inflammation biomarkers
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3.3.4 The mediation product of coefficients test incorporating

seasonal patterns

The seasonal variation of the mediator (as represented by the coefficient from

Equation (4)) had corresponding sine and cosine regression coefficients for each

frequency in the harmonic function (Equation (6)). The Frequentist and Bayesian

inference approaches were used to complement each other with the adapted

mediation test for the seasonal patterns. Each setting used the same models to apply

the mediation test of the product of coefficients.

In the Frequentist setting, the true parameter value (often denoted by ) is fixed but

unknown (Casella & Berger 1990). Inference is defined by the characteristics of the

decision function used for estimating or testing the parameter . In this work, the

maximum likelihood (ML) method was used to estimate the parameter and its

confidence intervals (CI). ML procedures focus on the probability of the data

actually observed, so the likelihood function is conditional on values of the

parameter and the observed data x derived from the sampling distribution.

In contrast, the Bayesian setting also incorporates the likelihood, but considers the

parameter to be random variable with a probability distribution reflecting belief

about possible values (Casella & Berger 1990). Often, there is prior knowledge

about the parameter even before the data are observed, and this is modelled by a

probability distribution on its possible values, denoted by . Using Bayes’s

Theorem, the prior distribution is updated with the data observed, as defined

by the likelihood function , to give a posterior distribution i.e.

X







( ; )L x 
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( | ) ( : ) ( )x L x     . In this chapter, non-informative prior distributions were

used as there was no prior knowledge on the parameters.

The product of coefficients mediation test in the Bayesian approach makes use of the

property that a function of the parameter posterior samples is the posterior sample of

the function of the parameter’s (Yuan & Mackinnon 2009). Furthermore, due to the

flexibility of the Bayesian setting, a quantitative measure of the change of seasonal

variation of the haemostatic/inflammation outcomes due to 25(OH)D was derived.

Frequentist inference on the mediation product of coefficients test

The seasonal pattern (if one existed at all) providing the best fit needed to be

established with CRP, D-dimer, fibrinogen, tPA and vWF as defined in equation (7),

before mediation analysis could be applied. The model selection strategy was based

on the Schwarz’s Bayesian Information Criterion (BIC), and for nested models the

likelihood ratio test (LRT) of the seasonal patterns was used. The BIC between

models 1 and 2 is defined as:

     2 1 2 1BIC 2 logl l n p p      

where    2 1l l  is difference between the log-likelihood functions, 2 1p p is

the difference between the number of parameters for n number of observations

(Kuha 2004). For an outcome, if in two non-nested models the p-values of the

harmonic function’s LRT were both <0.05 then the model with the smallest BIC

took precedence in an effort to penalise the most complicated model (Kuha 2004).

Once a final seasonal pattern was determined for the outcome, the mediation test was

applied.
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The standard error for the mediation test statistic ˆ ˆ
M X  is typically obtained by the

first order approximation of the multivariate delta method,

(Mackinnon et al. 2007). This standard error gives an adequate trade-off for Type 1

error and power across a range of coefficient sizes, compared with other estimators

used for the product, such as the second order approximation (Mackinnon et al.

2002). The sampling distribution of the product ˆ ˆ
M X  can be highly skewed and is

not normally distributed with respect to the distribution’s kurtosis. The distribution

of the product of two Normal densities is found by noting that under 0 : 0M XH   

and using the fact that asymptotically, maximum likelihood estimates are normally

distributed. The standardised quantities and define the

distribution of so that an equivalent null hypothesis is

(Craig 1936). The R function PRODCLIN was used to derive the 95% CI and

significance test for the product of coefficients (Mackinnon & Fritz 2007; R

Development Core Team 2008).

The seasonal pattern of the mediator as represented by modelled by the

harmonic function in the linear form had two parameters for each frequency present.

In order to have a single point measure of the fluctuation in the seasonal pattern to

use in the product of coefficients test, the amplitude (when one frequency was

present) or magnitude (when more than one frequency was present) was considered.

However, using the magnitude meant that an estimator for its variance needed to be

derived. As stated earlier under the harmonic function, the amplitude of a single

2 2 2 2
       

Xz   Mz  

Z z z   0 : 0H Z 

X
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frequency (equation (5)) is defined as and the variance of its ML

estimator is , where is the

variance of , is the covariance between 1̂ and 2̂ (Tong 1976). The

estimated amplitude asymptotically follows a normal distribution, as it is a

function of ML estimates (Rice 1995), since as

(Tong 1976).

The magnitude in the instance of multiple frequencies, as in Equation (6) mc > 1,

depends on when the extrema of the harmonic function h(t) occur. The time of

which the maxima/minima occur can be predicted from the model over the time

period or analytically. The size of the amplitude/magnitude from

harmonic function is half the difference of the levels reached at the extrema time

points. The analytical solution was derived using symbolic algebra in

Mathematica v6 (Wolfram Research 2007) to confirm the solution predicted

from the harmonic function with yearly, semestral and quarterly frequencies over

days.

For estimating the variance of the magnitude, the contribution of each frequency to

the harmonic function was derived. The cosine function in the first line of Equation

(5) oscillates between [-1,1], and each frequency’s amplitude contributes to the

magnitude up to a maximum absolute value of 1. The fraction that the kth

frequency’s amplitude contributes to the magnitude can be obtained as the difference

2 2
1 2A   

 
1 2 1 2

2 2 2 2 2
1 2 1 22

1ˆvar( ) 2AA
A

              2
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j 1 2 

Â
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of each frequency’s cosine function fixed on the magnitude’s extrema time points

divided by two. The frequencies are incorporated to give the magnitude, AC :

(8)

where and are the times in where the extrema occur.

The variance of ˆ
CA is then obtained using the first order approximation from the

delta method (Rice 1995), since the frequencies’ amplitudes are orthogonal. The

magnitude can be thought of as approximately a sum of independent amplitudes.

The maximum likelihood estimates of the amplitudes are asymptotically normally

distributed, and as such, the sum is also asymptotically normally distributed, with

variance;
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   (9)

where is the variance of ˆ
jk , and is the covariance between 1̂k and 2

ˆ
k .

The maximum likelihood estimates of AC and var ( ˆCA ) represent and in the

mediation test of 0 : 0M XH    .

Parametric Bootstrap
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As alternative to using ˆvar( )CA in the Frequentist setting, a parametric bootstrap

approach was taken to derive the magnitude and confidence intervals of the

mediation test from the estimated coefficients (Pyrhonen et al. 2012). The harmonic

terms of the mediator M and association of the mediator X with the outcomes

were calculated by maximum likelihood estimation. In the parametric bootstrap, the

point estimate and confidence interval for the magnitude was derived by sampling

from a multivariate normal distribution 10,000 times with mean and covariance as

taken from the estimated model for the seasonal pattern of the mediator. For each

simulated sample, the magnitude was half the difference of the minimum and

maximum achieved in the year period. The point estimate of the magnitude was the

50% centile of the simulated samples’ magnitudes and the 5th and 95th centiles were

the 95% confidence interval.

For the mediation product of coefficient test, in each dataset the association of the

mediator X with the outcome was sampled from the normal distribution. The

simulated product of M X  centiles (50th, 5th and 95th) was used as the point

estimate and 95% confidence interval. Evidence for the null hypothesis of the

mediation test was concluded when the 95% confidence intervals of all of the test

parameters for a given outcome were overlapping with zero.

Bayesian inference on the mediation product of coefficients test

Mediation analysis was also performed in a Bayesian setting as it is possible to

create a parameter from a function (say that from the product of coefficient test)

without formally defining the parameter’s posterior distribution. The models fitted
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were the same as those used in the Frequentist setting, assuming non-informative

normal distribution priors (  20,
i

N  with the precision defined as 2 51 10
i

  ) for

the covariates. The laboratory batches were fitted as random effects on the

intercept, and assumed to be  20,N  with the precision following a standard

non-informative gamma distribution prior (Goldstein 2010).

The Bayesian mediation analysis in this chapter was run using the software of

WinBUGS (version 1.4.3). WinBUGS uses Markov chain Monte Carlo (MCMC)

techniques as implemented through Gibbs sampling (Lunn et al. 2000). Gibbs

sampling exploits the conditional independence assumptions of the random

variables, so a posterior distribution of a random variable may not exist in analytic

form but it can still be simulated. The chain algorithm iteratively samples in a top-

down approach the probability distributions as defined in the model script, which are

dependent on previous values. Convergence checks of the random values are

required to ensure that the simulated posterior distributions are stable.

For each of the mediation models implemented in WinBUGS, the following checks

were done (Spiegelhalter & Lunn 2009);

 For each model, two independent chains were initiated from different starting

points. Sample monitors were set up on the parameters in the models and after

1000 iterations, the Brooks-Gelman-Rubin diagnostics for each parameter were

inspected to confirm whether the ratio was near 1 and the chains were stable.

 The auto-correlation plots were also inspected for serial dependence of the

iterations, so with increasing lags there should be no or only small correlation

between samples.

21 

(0.001, 0.001)
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 Once convergence had been confirmed, an additional 5000 iterations were run to

give accurate posterior estimates. This was confirmed by following the rule of

thumb that the Monte Carlo standard error should be at least less than 5% of the

posterior standard deviation.

Once a successful model fit of the harmonic components in terms of the model’s

chain convergence was achieved, the best fit seasonal pattern for the each of the

outcomes was based the Deviance Information Criterion (DIC) (Spiegelhalter et al.

2002) and the association of the seasonal pattern with the outcome by checking that

the parameter’s 95% credible interval did not overlap zero. A credible interval is an

interval which includes the true value of the parameter with 1  probability, as

opposed to a CI, which is the range containing the unknown value of the parameter

1  of the time sampled from the observed data.

The mediation test was performed in the Bayesian setting essentially in the same

way as in the Frequentist setting, though with one difference. The harmonic

function’s vector of parameters modelling the seasonal variation of 25(OH)D (as

represented by ) was multiplied by the mediator’s association with the outcome

(as represented by ) as adjusted for the best fit harmonic function. When the

credible interval of the product of parameters did not overlap with zero, then this was

taken as evidence of an association of 25(OH)D with the outcome. The median of

the parameter’s posterior distribution was used as the point estimate to represent the

value of the parameter.

X

M
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A summary of the logic taken to applied the mediation test of the product of

coefficients in the Bayesian and Frequentist setting is outlined in Figure 3.5.

Figure 3.5 The logic taken to applied the mediation test of the product of

coefficients in the Bayesian and Frequentist setting.

The proportion of seasonal variation of the inflammation/haemostatic biomarker

attributed to 25(OH)D was derived by the change in amplitude of the harmonic

function of the biomarker adjusted and unadjusted for 25(OH)D. The difference in

seasonal variations of the biomarker from the two models (adjusted and unadjusted

for 25(OH)D) was calculated by subtracting the same harmonic function frequency

sine and cosine parameters. The amplitude/magnitude of harmonic function was

simulated by predicting and ranking the outcome over a year period, .

The amplitude was then obtained as half the difference in the outcome on the days

1,.., 365t 
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that the extrema had occurred. When there was only a single frequency in the

harmonic function for an outcome, the amplitude could be estimated directly from

the parameters, as previously defined by 2 2
1 2

ˆ ˆ ˆA    .
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3.4 Results

The results are presented in the order of the methods outlined in the statistical

methods section. The first section presents: the distribution of 25(OH)D

concentrations by lifestyle and socio-economic covariates; the relationship of BMI

and waist circumference with 25(OH)D and the inflammation/haemostatic

biomarkers; the association of 25(OH)D with the inflammation/haemostatic

biomarkers, adjusted in stages for lifestyle, socio-economic and adiposity covariates

using multiple linear regression.

The second section presents the results of the mediation analysis applied in

Frequentist and Bayesian settings. Three mediation models were run: the first model

established whether seasonal variation as modelled by the harmonic function existed

for the inflammation/haemostatic biomarkers. The second model established how

the biomarker’s seasonal patterns were altered after adjusting for the mediator

(25(OH)D), and the third model was to establish the seasonal pattern of 25(OH)D.

Frequentist and Bayesian inference was applied to the mediation product of

coefficients test.
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3.4.1 Characteristics of study participants and multiple linear

regression results

Compared with women, men had slightly higher 25(OH)D concentrations and a

lower prevalence of 25(OH)D deficiency (< 25 nmol/L) (Table 3.3). Variations of

25(OH)D concentrations and trends in frequencies of 25(OH)D deficiency were

similar across several lifestyle covariates. Non-smokers, participants who watched

TV/used a PC < 1 hour/day, and who engaged in vigorous activity had higher

25(OH)D levels and a lower prevalence of 25(OH)D < 25 nmol/L, compared with

participants who smoked ≥ 20 cigarettes/day, spent the most time watching TV/using 

a PC (≥ 3 hrs/day), and did not engage in vigorous exercise.  For participants with 

high 25(OH)D levels (≥ 125 nmol/L), trends in prevalence were not significant 

between the sexes, types of smoking behaviour, or engagement of vigorous physical

activity.
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Table 3.3 The distribution of 25(OH)D concentrations by lifestyle and socio-

economic variables.

25-hydroxyvitamin D, nmol/l

Number

(%)

Geometric Mean*

(95% CI)

<25 nmol/l

%* (n)

>125 nmol/l

%* (n)

Sex

Men 3270 (50.0) 53.6 (52.8, 54.5) 6.2 (203) 1.4 (46)

Women 3268 (50.0) 51.9 (51.1, 52.8) 8.4 (273) 1.4 (45)

p-values 0.003 0.0007 0.9

BMI

<25 2361 (36.1) 55.1 (54.0, 56.2) 7.5 (178) 2.2 (52)

25-30 2737 (41.9) 54.2 (53.3, 55.1) 5.8 (159) 1.2 (32)

>30 1440 (22.0) 46.8 (45.7, 47.9) 9.7 (139) 0.5 (7)

p-values ≤0.0001 0.04 ≤0.0001

Waist circumference**

Quartile 1 1642 (25.1) 57.4 (56.0, 58.7) 6.8 (111) 2.8 (46)

Quartile 2 1639 (25.1) 55.2 (54.0, 56.4) 6.2 (102) 1.8 (29)

Quartile 3 1627 (24.9) 52.6 (51.4, 53.7) 6.1 (100) 0.7 (11)

Quartile 4 1618 (24.8) 46.6 (45.6, 47.6) 9.9 (160) 0.2 (4)

Unknown 12 (0.2) 44.8 (29.4, 68.3) 25.0 (3) 8.3 (1)

p-values ≤0.0001 0.003 ≤0.0001

Vigorous physical activity

No 3206 (49.0) 49.6 (48.8, 50.4) 9.4 (300) 1.2 (37)

Yes 3236 (49.5) 56.3 (55.4, 57.2) 5.0 (163) 1.7 (54)

Unknown 96 (1.5) 48.0 (43.2, 53.2) 13.5 (13) 0.0 (0)

p-values ≤0.0001 ≤0.0001 0.07

TV watching/ use of PC

< 1 hours/day 745 (11.4) 56.3 (54.5, 58.2) 5.8 (43) 2.3 (17)

1-2 hours/day 3455 (52.8) 54.9 (54.1, 55.7) 5.5 (191) 1.6 (54)

> 3 hours/day 2056 (31.4) 48.9 (47.9, 49.9) 9.9 (204) 0.9 (19)

Unknown 282 (4.3) 47.7 (44.9, 50.5) 13.5 (38) 0.4 (1)

p-values ≤0.0001 ≤0.0001 0.01

Smoking

None 3039 (46.5) 54.2 (53.3, 55.1) 6.1 (185) 1.3 (41)

Ex-smoker 1795 (27.5) 54.8 (53.7, 55.9) 5.1 (91) 1.3 (23)

1-19 per day 762 (11.7) 50.3 (48.5, 52.1) 10.4 (79) 1.7 (13)
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>20 per day 720 (11.0) 45.5 (43.8, 47.2) 14.4 (104) 1.9 (14)

Unknown 222 (3.4) 51.8 (48.8, 55.1) 7.7 (17) 0.0 (0)

p-values ≤0.0001 ≤0.0001 0.2

Alcohol consumption

Non-drinker 378 (5.8) 46.1 (44.0, 48.4) 11.4 (43) 0.0 (0)

Light < 7 drinks/ wk 3155 (48.3) 52.1 (51.3, 52.9) 7.5 (237) 1.0 (31)

Moderate 7-13 drinks/wk 1651 (25.3) 55.6 (54.4, 56.9) 5.6 (92) 1.8 (30)

Heavy 14-21 drinks/wk 746 (11.4) 55.9 (54.1, 57.8) 4.8 (36) 2.5 (19)

Very heavy >21

drinks/wk

590 (9.0) 49.7 (47.7, 51.8) 10.7 (63) 1.7 (10)

Unknown 18 ( 0.3) 41.5 (31.5, 54.6) 27.8 (5) 5.6 (1)

p-values 0.01 0.9 0.0003

Adult social class (2000)†

I & II 2675 (40.9) 53.3 (52.4, 54.2) 6.7 (180) 1.4 (38)

III non-manual 1363 (20.9) 52.2 (50.9, 53.5) 7.9 (107) 1.1 (15)

III manual 1220 (18.7) 54.5 (53.1, 56.0) 6.1 (74) 2.0 (25)

IV & IV 1013 (15.5) 51.2 (49.8, 52.7) 8.0 (81) 1.0 (10)

Other 267 (4.1) 48.8 (45.9, 51.8) 12.7 (34) 1.1 (3)

p-values 0.007 0.02 0.8

* Values are n (%) or geometric mean. P-values from test for trend in linear or

logistic regression where appropriate adjusted for season and sex. Unknown values

excluded.

**Waist circumference quartiles: for men; 65.4-90.6, 90.7-96.7, 96.8-103.5, 103.6-

151.2 cm; for women; 56.2-75.8, 75.9-82.6, 82.7-91.6, 91.7-138.3 cm.

† Classes I&II are managerial/professional, IV/V unskilled manual. “Other” includes

cohort members who are institutionalised, retired, unemployed and other

unclassifiable.

Participants with BMI below 25 kg/m2 had higher levels of 25(OH)D, compared

with obese participants (BMI > 30 kg/m2) [(46.8 nmol/L (95% CI 45.7, 47.9) vs 55.1

nmol/L (95% CI 54.0, 56.2), p-value ≤0.0001)] (Table 3.3). Overweight participants 

(BMI 25-30 kg/m2 or waist circumference in third quartile) had a lower prevalence

of being 25(OH)D deficiency (<25 nmol/L), compared with those in the lighter and
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heavier BMI categories or in the bottom and top quartiles of waist circumference.

There was evidence that adiposity had a non-linear relationship with 25(OH)D

(curved BMI p-value ≤0.0001, curved waist circumference p-value=0.04 adjusted for

sex and month of blood sample). The curved relationship between 25(OH)D and

measures of adiposity were visibly evident in Figure 3.6, where participants with

BMI between 20-27.5 kg/m2 had higher 25(OH)D levels, than underweight or obese

participants.
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A

B

Figure 3.6 Variation in the mean 25(OH)D concentration by (A) BMI and (B) waist

circumference. Values are geometric means (95% CI) standardized by sex and

season in which measurements were taken.
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Significant adverse relationships were observed between the measures of adiposity

and the haemostatic and inflammatory biomarkers (Figure 3.7) (p-value <0.0001 for

all outcomes adjusted for sex and month of blood sample). There was evidence of a

non-linear BMI association with CRP and vWF (p-value ≤ 0.0001 for CRP and vWF 

adjusted for sex and month of blood sample), but not with the other biomarkers (p-

value ≥0.23 with D-dimer, fibrinogen, tPA adjusted for sex and month of blood 

sample). Evidence of non-linear waist circumference association was found only

with vWF (p-value < 0.0001 for vWF, p-value ≥0.20 for all other outcomes, 

adjusting for sex and month of blood sample). The association between 25(OH)D

and the haemostatic/inflammatory biomarkers did not vary by levels of adiposity

(BMI, waist circumference and 25(OH)D interactions p-value ≥0.13 for all 

comparisons, adjusting for sex and month of blood sample).

1.A 1.B
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2.A 2.B

3.A 3.B

4.A 4.B
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5.A 5.B

Figure 3.7 Variation in the mean sex specific standard deviation (SDS)

concentrations of 1. CRP, 2. D-dimer, 3. fibrinogen, 4. tPA and 5. vWF by (A)

body mass index and (B) waist circumference with 95% CI in the shaded area.

A protective 25(OH)D association was found with CRP, D-dimer, fibrinogen, tPA

and vWF (p-value ≤0.015 for all comparisons, adjusting for sex and month of blood 

sample) (Figure 3.8) using multiple linear regression. After the additional

adjustment for lifestyle and socio-economic covariates, 25(OH)D was no longer

related to CRP and and vWF (p-value ≥0.17 for all comparisons).  For tPA, the 

protective 25(OH)D relationship remained (p-value=0.015) after full adjustment

(sex, month, lifestyle, socio-economic and adiposity covariates) although the size of

the association was reduced with each model adjustment (Figure 3.8 D). Compared

with participants with 25(OH)D < 25 nmol/L, those with 25(OH)D ≥ 75 nmol/L had 

18.4% (95% CI 8.1, 28.8) lower tPA concentrations after full adjustment. After

adjusting for sex, month, lifestyle, socio-economic and adiposity covariates, there

was some evidence that 25(OH)D had a non-linear relationship with D-dimer

(curved 25(OH)D; p-value=0.01), and to some extent with fibrinogen (curved

25(OH)D; p-value=0.06), although the non-linear association with fibrinogen was

not statistically significant (Figure 3.8 B and C). Levels of fibrinogen were higher in
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participants with 25(OH)D concentrations ≥ 125 nmol/L, compared with those with 

25(OH)D < 125 nmol/L after full adjustment (Figure 3.8 C).

A

B
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C

D

E

Figure 3.8 Variation in inflammatory and haemostatic markers by serum 25(OH)D

concentration. Model 1 (solid line): adjusted for month of blood sample and sex.

Model 2 (dashed, long): adjusted for lifestyle and socio-economic indicators
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(physical activity, time spent watching TV/using PC, smoking, alcohol consumption

and birth and adult social class), month of blood sample and sex. Model 3 (dashed,

short): adjusted for adiposity (BMI and waist circumference), lifestyle/socio-

economic indicators, month of blood sample, and sex. Values are coefficients from

linear regression (reference <25nmol/l). 95% CI presented for Model 3 by the shaded

area.

3.4.2 Mediation analysis results

In the Frequentist setting, D-dimer, fibrinogen, tPA and vWF showed evidence of

seasonal variation (p-value ≤0.016 adjusted for seasonal covariates; chest infection, 

alcohol consumption, PC/TC leisure time, recreation MET hours, and social class at

adulthood) (Figure 3.9) (Appendix 2 Table 1). A yearly pattern was the best fit for

fibrinogen, tPA and vWF over all other combinations of the frequencies in harmonic

function. For D-dimer, it was the semestral pattern that had the best fit of the

patterns. Whereas for CRP, none of the combinations of the yearly, semestral or

quarterly patterns were significantly associated (p-value ≥0.77 adjusted for the 

seasonal covariates).

The same seasonal patterns for the haemostatic and inflammation biomarkers were

found using Bayesian inference (Appendix 2 Table 2). These included the lack of

seasonal variation of CRP, where all the harmonic function parameters’ 95%

credible intervals overlapped with zero. Therefore, CRP was excluded from any

further mediation analysis.

The frequencies of the seasonal components remained the same for the biomarkers

after adjusting for 25(OH)D in the Bayesian and Frequentist settings (Appendix 2
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Table 3 for Frequentist, and Table 4 for Bayesian). For tPA, fibrinogen, and D-

dimer, the amplitude of the seasonal pattern slightly increased (Figure 3.9) after

adjusting for 25(OH)D, compared with the models unadjusted for 25(OH)D.

A

B
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C

D

Figure 3.9 Seasonal patterns of A. D-Dimer; B. fibrinogen; C. tPA; and D. vWF.

The solid line is from the model adjusted for chest infection, alcohol consumption,

PC/TV leisure time, recreation MET hours, social class at adulthood. The dashed

line is from a model that is in addition adjusted for 25(OH)D in the 1958BC (aged

45 years). Values are the predicted outcome from models and 95% prediction

intervals are presented by the shaded area for the model adjusted for 25(OH)D. The

squares are the SDS average concentrations and vertical bars the 95% CI.
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For the mediation product of coefficient test in the Frequentist setting, the seasonal

magnitude of 25(OH)D was used as a measure of seasonal variation of the mediator.

Including all three frequencies in the harmonic function (yearly, semestral and

quarterly) was the preferred fit for the seasonal variation of 25(OH)D in the

Frequentist setting, and this combination was reconfirmed in the Bayesian setting

(Appendix 2 Tables 1 for Frequentist setting, and Table 2 for Bayesian setting). In

the Frequentist setting, the seasonal model predicted that over a year period a

minimum in 25(OH)D concentrations of 42.0 nmol/L (95% Prediction Interval PI

40.5, 43.6) occurred during day 29 (end of Jan) and a maximum in concentrations

during day 252 (end of Sept) of 77.3 nmol/L (95% PI 75.9, 78.7). The magnitude of

the seasonal variation of 25(OH)D was 17.9 nmol/L (SE 0.592), as derived from the

individual frequencies’ amplitudes and the fraction of frequencies contribution at the

extrema (Table 3.4). The magnitude as estimated by parametric bootstrap was the

same as estimate derived from the fraction of the harmonic frequencies.

Table 3.4 The individual amplitude and magnitude of the seasonal variation of

25(OH)D. Estimated from a three frequency harmonic function model (adjusted for

sex) used in the mediation test within the Frequentist setting.

Amplitude (SE) (nmol/l) for the individual and combined frequencies

Yearly Semestral Quarterly
Magnitude LRT p-

value

25(OH)D

amplitude
15.8 (0.425) 3.67 (0.428) 2.19 (0.421) 17.9 (0.592) ≤0.0001 

Fraction* 0.903 0.414 0.984 - -

* The fraction each of the harmonic frequencies contributed to the magnitude. The

maximum and minimum of 25(OH)D seasonal variation within a year time frame

occurs at time points tmin=29 days and tmax=252 days

M
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In the Frequentist setting, the mediation product of coefficients test was the product

of the maximum likelihood estimates for the parameters of the 25(OH)D association

with the haemostatic/inflammation biomarker and the magnitude of the seasonal

variation of 25(OH)D. A significant 25(OH)D association was found with tPA,

fibrinogen, and D-dimer (p-value ≤0.004) after adjusting for seasonal covariates and 

seasonal pattern (Table 3.5). From the mediation test, it was inferred that 25(OH)D

was associated with tPA, fibrinogen, and D-dimer, as there was evidence of

25(OH)D mediating the seasonal variations of tPA, fibrinogen and D-dimer (Table

3.5) (p-value ≤0.005).   For vWF, there was no evidence of a 25(OH)D association in 

the model adjusted for seasonal covariates and yearly pattern (p-value=0.83) and,

likewise, in the mediation test (p-value =0.99). The parametric bootstrap mediation

test results also provided confirmation of the associations of 25(OH)D with the

outcomes (Appendix 2 Table 5).
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Table 3.5 The mediation product of coefficients test and 25(OH)D association in the

Frequentist setting with the haemostatic markers adjusted for seasonal variation in

mixed effects model

Outcome adjusted for best fit harmonic terms, 25(OH)D and

seasonal covariates*

D-Dimer,

SDS

adjusted for

semestral

pattern

Fibrinogen,

SDS

adjusted for

yearly pattern

tPA, SDS

adjusted for

yearly

pattern

vWF, SDS

adjusted for

yearly

pattern

25(OH)D per 10

nmol/L

coefficient (SE)

-0.019 (0.005) -0.016 (0.006) -0.047 (0.006) -0.001 (0.006)

LRT p-value <0.001 0.004 <0.001 0.83

Mediation test

estimate

-0.33 (0.10) -0.28 (0.10) -0.85 (0.10) -0.00 (0.010)

Mediation test

p-value

<0.001 0.005 <0.001 0.99

* Seasonal covariates of chest infection, alcohol consumption, PC/TC leisure time,

recreation MET hours, social class at adulthood adjusted for as fixed effects and

laboratory batch included as a random effect.

In the Bayesian setting, the mediation product of coefficient test was the product of

the parameters of 25(OH)D association with the haemostatic/inflammation

biomarker and the harmonic parameters associated with 25(OH)D. From the

Bayesian inference, a 25(OH)D association with D-dimer, tPA, fibrinogen was

confirmed, as was the lack of association with vWF (Appendix 2 Table 6). For tPA,

D-dimer and fibrinogen, it was inferred from the product of coefficients test that

seasonal variation was mediated through 25(OH)D (Appendix 2 Table 7). The

results of mediation tests in the Bayesian setting agreed with those from the tests in

the Frequentist setting.
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For tPA, the change in amplitude that was due to 25(OH)D was 0.079 SDS (SD

0.046), in comparison to the amplitude of the yearly seasonal pattern of 0.176 SDS

(SD 0.034) (after adjusting for 25(OH)D and seasonal covariates) (Table 3.6). The

change in the amplitude for fibrinogen was 0.028 SDS (SD 0.053), compared with

0.131 SDS (SD 0.038) for the fully adjusted model). The findings for tPA from the

mediation analysis were in keeping with the results from the multiple regression

models.

Table 3.6 The seasonal amplitude and change in amplitude associated with the

mediator 25(OH)D in D-Dimer, Fibrinogen, tPA (Bayesian setting).

D-dimer, SDS

Amplitude

mean and SD

Fibrinogen, SDS

Amplitude mean

and SD

tPA, SDS

Amplitude

mean and SD

Amplitude (model

adjusted for 25(OH)D and

seasonal confounders)

0.082 (0.025) 0.131 (0.038) 0.176 (0.034)

Change in amplitude due

to 25(OH)D
0.009 (0.037) 0.028 (0.053) 0.079 (0.046)
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3.5 Discussion

From the different analytical approaches presented in this chapter, it was found that

25(OH)D concentrations were associated with levels of tPA. There was some

evidence from analysis using multiple linear regression models that vitamin D status

was associated with D-dimer and fibrinogen, and the shape of the associations were

non-linear. It was also inferred from the findings of the mediation analysis that

25(OH)D was associated with D-dimer and fibrinogen. In the Bayesian setting,

based on the change in amplitude of the seasonal patterns it appeared that magnitude

of the 25(OH)D association was largest with tPA, then fibrinogen and less so with

D-dimer. No significant associations were observed between 25(OH)D and CRP,

vWF, despite evidence of vWF showing a yearly seasonal rhythm.

3.5.1 Comparisons with other studies

The finding of a yearly pattern of vitamin D status, with peak levels occurring in late

summer and low occurring in mid to late winter was expected, and has been

observed in several studies in the UK, and studies in countries at similar latitudes

(Ashwell et al. 2010; Reusch et al. 2009). The majority of vitamin D intake occurs

from casual sunlight exposure that initiates the skin synthesis of pre-vitamin D3

(Haddad & Hahn 1973). In the UK, as wintertime progresses towards the winter

solstice, the sun becomes lower in the sky and ultraviolet B rays needed to initiate

the synthesis fail to reach the surface, causing a drop in vitamin D status (Webb et al.

2010).
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Coinciding with the low vitamin D status, a wintertime excess of coronary heart

disease mortality has been observed (Pell & Cobbe 1999). However, although

seasonal patterns are common in nature, the causes of the rhythms are complex and

often not well understood. Seasonal weather triggers a cascade of interlinking

factors that range from environment, such as temperature, humidity, rain, cloud

cover and pollution, to social and societal behaviour to adjust to the change in the

environment. Extremes in temperature reached in winter and summer have been

associated with a greater risk of mortality in the elderly population in the UK (Hajat

et al. 2007). However, a change in temperature alone is unlikely to be the cause of

the seasonal variation in CVD mortality, as the excess wintertime mortality did not

significantly decrease from 1964 to 1984, even though considerable improvements

were made in heating homes over those decades (Keatinge et al. 1989). Whereas,

underlying pre-existing conditions and seasonal illness, such as influenza, have been

associated with an increased risk of cardiovascular mortality in winter (Wilkinson et

al. 2004).

There have been several studies that have investigated seasonal patterns of the

haemostatic/inflammatory biomarkers, in particular on CRP and fibrinogen. An

earlier study of the 1958BC biomedical survey participants found evidence of a

seasonal pattern for tPA and vWF, but no evidence of a pattern in CRP, D-dimer,

and fibrinogen, (Rudnicka et al. 2007). However, the earlier study did not exclude

any individuals unlike the work presented in this chapter, where subjects on CVD

medication were excluded. Furthermore, the seasonal analyses presented in this

chapter used random effect regression models to control for the nuisance variable of

multiple assay batches of the haemostatic biomarkers. The assay batches of the
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biomarkers were treated as random effects since they were correlated with the date

of the assay, and therefore, season of when blood was collected. However, the

interest was not in estimating changes in the outcome variables predicted by this

correlation. Differences in the approaches between the earlier study and the work

presented here also altered when the seasonal peaks occurred in tPA and vWF. A

harmonic function was used to model the seasonal variations in the earlier study, but

only a yearly pattern was investigated (Rudnicka et al. 2007).

Of the studies that have investigated seasonal variations in CRP, several studies in

healthy individuals have been consistent with findings of this work (Frohlich et al.

2002; Rogowski et al. 2005; Rudez et al. 2009). Moreover, a longitudinal study also

in healthy individuals found a lack of seasonal variation in CRP and that fibrinogen

levels peaked in summer and had a low in late winter, which agrees with the findings

presented here (Rudez et al. 2009). In contrast, studies in the elderly have found

seasonal variations in CRP and different seasonal peaks in fibrinogen (Crawford et

al. 2000; Woodhouse et al. 1994). Both studies had participants that were at least 65

years old that were repeatedly measured for a year, and also utilised a harmonic

function to model seasonality. It was found that the seasonal patterns of CRP and

fibrinogen levels peaked during mid-to-late winter. CRP and fibrinogen

concentrations are known to increase with age, especially in the older years

(Hutchinson et al. 2000; Lowe 1997). A study stratifying participants into age

groups of 55 to 75 years old and above, found that the seasonal variation of

fibrinogen was more pronounced in the older group, than younger (van der Bom et

al. 1997).
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Seasonal variation of fibrinogen is consistently observed in studies, although results

conflict as to when the peak (and low) occurs during the year (Crawford et al. 2000;

Crawford et al. 2003b; Frohlich et al. 1997; Rudez et al. 2009; Woodhouse et al.

1994). A large four year cross-sectional study found that each year fibrinogen had a

yearly seasonal pattern, but the season of when the peaks occurred varied across the

years (Steinvil et al. 2009). This study concluded that the timing of the peaks of

fibrinogen levels had occurred shortly after episodes of respiratory illness, which

may offer some explanation as to why there are differences in the timing of seasonal

peaks found across studies.

Outside of the studies in the 1958BC participants, there have been no prior studies

investigating seasonal rhythms in D-dimer. However, two studies’ findings may

have indirectly linked the intake of vitamin D with venous thromboembolism, which

due to increased fibrin turnover can be diagnosed by elevated D-dimer levels

(Bounameaux et al. 1991; Di Nisio M. et al. 2007). Venous thromboembolism has a

peak in incidence during the wintertime (Dentali et al. 2011). Furthermore, a large

prospective population based study of 29,317 Swedish women, found 30% reduced

risk of venous thromboembolism in those women that used sunbeds or sunbathed,

compared with those who did not (Lindqvist et al. 2009).

3.5.2 Explanations

There is evidence that vitamin D endocrine system influences cardiovascular health.

Vitamin D receptors (VDR) that bind to and are activated by the active form of

vitamin D have been found in cells from most tissues and organs throughout the

body (Norman & Bouillon 2010). The activated VDR forms a heterodimer complex
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with retinoid X receptor that associates with vitamin D response elements in the

target gene (Pike & Shevde 2005). It is estimated that up to 3% of the human

genome maybe regulated in some way by the vitamin D hormone (Bouillon et al.

2008). Evidence suggests that VDR are expressed in endothelial cells (Suzuki et al.

2009), vascular smooth muscle cells (Wu-Wong et al. 2007a) within human blood

vessels and cardiac myocytes contained within human heart tissue (O'Connell &

Simpson 1996). Cardiac myocytes and fibroblasts have also exhibited expression of

1α-hydroxylase, and therefore are capable of extra-renal synthesis of active vitamin 

D (Chen et al. 2008). Studies in animals have found that VDR knockout mice

develop hypertrophied hearts (Simpson et al. 2007) and renin hypertension (Xiang et

al. 2005), that can lead to systemic hypertension.

Vitamin D may also have a direct role in maintaining normal antithrombotic

homeostasis. In the normal haemostatic response, the expression of tissue factor in

the damaged tissue initiates the blood coagulation cascade, and thrombomodulin and

antithrombin lead to the breakdown of thrombin to prevent thromobosis (Hoffbrand

& Moss 2011a). VDR knockout mice have displayed thrombus formation in the

liver and kidney after intervention, compared with wild type mice (Aihara et al.

2004). Compared with wild type mice, VDR knockout mice have also had a reduced

gene expression of antithrombin in the liver and thrombomodulin in the arota, but

increased tissue factor gene expression in the liver and kidney. A RCT in cancer

patients that intervened with high dosage calcitriol analogue found a reduction in

adverse thrombotic events in participants receiving treatment, compared with those

receiving a placebo (Beer et al. 2006).
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Vascular calcification is an indicator of CVD (van der Bom et al. 1997), and

evidence suggests that vitamin D may have a dual role in its development

(Rodríguez et al. 2011). In patients with chronic kidney disease (CKD), evidence

has linked treatment with an active vitamin D analogue to developing vascular

calcification (Briese et al. 2006; Goldsmith et al. 1997). Conversely, CKD patients

treated with an active vitamin D analogue have shown a decreased risk of CVD

mortality, compared with those not treated (Shoji et al. 2004). Furthermore, in a

case series of paediatric CKD patients both high and low dosages of active vitamin D

were associated with vascular calcification (Shroff et al. 2008). In the case series,

there was some evidence of a curved association between fibrinogen and 25(OH)D

concentrations above > 125 nmol/L, which also happens to correspond with these

findings of a visibly non-linear relationship between fibrinogen and 25(OH)D at

25(OH)D levels > 125 nmol/L (Figure 3.8 C). Toxicity by vitamin D is rarely

evident when 25(OH)D concentrations are below 250 nmol/L (Jones 2008), however

recently the IOM has lowered the safe level of 25(OH)D to 125-150 nmol/L

(Institute of Medicine 2011).

3.5.3 Methodological considerations

Several analytical approaches have been employed in this work to investigate the

associations of 25(OH)D with the inflammation/haemostatic biomarkers. The first

approach used multiple linear regression models and adjusted in successive models

for lifestyle, socio-economic and adiposity variables. A benefit of using multiple

linear regression is the ease at which the exposure’s association with the outcome

can be interpreted. Due to the cross-sectional design of this study, issues of

confounding and temporality of when cause and effect occurred remain (Greenland
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et al. 2008). It is feasible that individuals who have poor cardiovascular health and

elevated tPA levels opt to spend less time outside due to their poor health, thereby

reducing their vitamin D intake/status. In order to control confounding, the linear

regression models were adjusted for possible confounders of lifestyle and social-

economic factors and adiposity. However, confounders might be unknown and not

included in the models, or inadequately measured therefore not be completely

controlled for in the models (Glymour & Greenland 2008). Furthermore, each

additional adjustment for the lifestyle, socio-economic and adiposity variables would

reduce the power in the linear regression models to detect an effect between

25(OH)D and the haemostatic/inflammation biomarker (Cohen 1988a).

Seasonal patterns of the inflammation/haemostatic markers were investigated since it

would be unexpected that these would be affected by adiposity. A harmonic

function was used to model the seasonal variations of the biomarkers and the

function has several desirable features over the alternatives. One alternative could

have been to use a categorical variable for month of blood sample in the models.

However, by doing so information would have been lost since day and month of

when blood was taken would have reduced to a simple month category. Compared

with a categorical month variable, the harmonic function describes continually the

seasonal rhythm of biomarker in terms of frequency, phase and amplitude (Refinetti

et al. 2007). Furthermore it is an efficient way of modelling seasonality, for

instance, for a yearly pattern, the harmonic function requires just two parameters

(derived from day of year) in the model, compared with a categorical month variable

that would have required 11 contrasting parameters. Hence, statistical power would

have been reduced in the seasonality analyses if the harmonic function had not been
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used. The differences in power across models that adjusted for the harmonic

function as opposed for the month variable, may partially explain the additional

findings of the 25(OH)D associations with fibrinogen and D-dimer in the mediation

analysis. The seasonal rhythm is modelled with smooth sinusoidal curves that may

not precisely fit all fluctuations of the biomarker across the period. In this study,

multiple frequencies of yearly, semestral and quaterly were investigated with the

biomarkers that would have reduce the residual variance of the model and improved

model fit (Refinetti et al. 2007).

Modelling a seasonal pattern of an inflammation/haemostatic biomarker that was

similar to the seasonal pattern of 25(OH)D is not sufficient in itself to conclude a

correlation between the two. The framework of mediation analysis was adapted to

investigate whether the seasonal pattern of the inflammation/haemostatic biomarkers

was mediated through the seasonal variation of 25(OH)D. In a cross-sectional study

design, a seasonal variation of the inflammation/haemostatic biomarkers can be

observed, but a seasonal effect on the inflammation/haemostatic outcomes as implied

by the mediation framework cannot be inferred (Mackinnon et al. 2007). However,

the direction of the path between season and biomarkers is certain, since it is

nonsensical that a biomarker would cause seasonal changes in the environment.

Furthermore, as the cause of the seasonal variation in 25(OH)D is well understood, it

is more likely that the seasonal variation in the biomarkers is mediated by the

seasonal variation in 25(OH)D rather than the other way around. Therefore, the

adaption of the mediation analysis with the seasonal variations reduces the

possibility of reverse causation between 25(OH)D and the haemostatic biomarkers.
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However, the findings from the mediation analyses are still susceptible to

confounding, as were the analyses that used multiple linear regression models.

The mediation test of product of coefficients was adapted to accommodate the

seasonal patterns. The association of the mediator with the outcome (adjusted for the

independent variable) largely determines the statistical significance of the mediation

product of coefficient test. In mediation analysis, it is assumed that to be a valid

mediator of the independent variable that a relationship between the two would exist.

An alternative test to the product of coefficients is the direct test of mediation, i.e.

the difference between the independent variable associations with the outcome

adjusted and unadjusted for the mediator. In the situation of different seasonal

frequencies being observed in the outcome when adjusted and unadjusted for

25(OH)D, the direct test of mediation could not be easily reduced down to one

statistic in the Frequentist setting. Furthermore, the direct test can be affect by multi-

collinearity when the independent variable is strongly associated with the mediator

(Baron & Kenny 1986). In the Bayesian setting, attempts were made to quantify the

magnitude of the association of 25(OH)D with tPA, fibrinogen and D-dimer. More

work is required to develop the seasonal adaption of the mediation analysis in the

Bayesian setting. Future work could investigate the use of the direct mediation test

with seasonal patterns, whether there are differences in results from the two

mediation tests, and whether the direction of the mediator’s association can be

inferred from the adapted mediation tests.
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4 Genome-wide association study on vitamin D status

(Paper II)

4.1 Introduction

Lifestyle, environment and personal factors are influential determinants of the

nutritional status of vitamin D (as measured by 25(OH)D). The majority of intake of

vitamin D is obtained through skin exposure to ultraviolet (UVB) rays from sunlight

that initiates a cutaneous conversion of 7-DHC to pre-vitamin D3 (Holick 1994;

Holick 2002). Season, time of day, cloud cover and altitude play a part in the reach

of the right type of UVB rays needed to initiate the vitamin D synthesis (Webb

2006). Likewise, time spent outside, use of sunscreen and clothing cover affect

whether the UVB rays will reach the skin (Hyppönen & Power 2007; Springbett et

al. 2010). Diet can play a role in providing vitamin D though it exists in narrow

range of foods (Lamberg-Allardt 2006), and fortification of vitamin D in foods in the

UK is scarce (Scientific Advisory Committee on Nutrition 2007). Furthermore,

individual factors such as age, skin colour and weight can influence levels of

25(OH)D (Bell et al. 1985; Chen et al. 2007; MacLaughlin & Holick 1985; Snijder

et al. 2005).

Despite these considerable determinants of vitamin D status and intake, genetic

heritability estimates for 25(OH)D concentrations are large, ranging from 29 to 80%

(Hunter et al. 2001; Shea et al. 2009; Wjst et al. 2007). So far, rare mutations in

genes that are expressed in the metabolism pathway of vitamin D and its uptake have

been found, that can cause functional vitamin D deficiency and diseases such as
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rickets (Glorieux & St Arnaud 2005; Malloy et al. 2005). However, at the time of

initiation of this thesis, it was unknown whether common genetic variants influence

nutritional vitamin D status (as measured by 25(OH)D), and contribute to the risk of

vitamin D deficiency/insufficiency.

In order, to investigate the association of common genetic variants with 25(OH)D

concentrations, this work was done as part of a collaborative effort of cohorts that

comes under the title of the SUNLIGHT consortium, Study of Underlying Genetic

Determinants of Vitamin D and Highly Related Traits. A paper related to these

findings has been published in a peer-reviewed journal (Wang et al. 2010b) and is

shown in Appendix 1. The focus of this work was on analysing the 1958BC genetic

data of the three genome-wide sub-samples labelled WTCCC, WTCCC2 and

T1DGC (as outlined in Chapter 2), and the de-novo genotyped data of the remaining

subjects. Work presented in this chapter has extended the work presented in the

paper and includes detailed linkage disequilibrium (LD) plots, estimation of single

nucleotide polymorphisms (SNP) effect size and allele score with 25(OH)D and the

risk of vitamin D deficiency/insufficiency.

Several key developments led to the realisation of genome-wide association studies

(GWAS)(Seng & Seng 2008). During the 1990s, it became apparent that genetic

linkage studies were limited in their abilities to detect genetic variants with many

types of common diseases (Risch & Merikangas 1996). Linkage studies rely on

genetic data from related individuals, such as siblings or multi-generational families,

and are ideal for finding rare genetic variations in Mendelian (monogenetic) diseases

(Thomas 2004a). However, linkage studies have limited in power for finding
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multiple genetic variants that have a small or modest effect on multi-

factorial/complex diseases (Risch & Merikangas 1996). During the first half of the

2000s, candidate gene association studies on common diseases were popular, but

there was little success when replicating the results in other studies. A 2002 review

of candidate gene studies, found that of the 600 genetic variants associated with

diseases that were reported, only six were consistently replicated in other studies

(Hirschhorn et al. 2002).

The sequencing of the human genome was vital for GWAS, as was related

technology to capture genetic variations. In the early 2000s, there was a move away

from the design of tandem repeats that were typically used in linkage studies, to

single nucleotide polymorphisms (SNPs) (Gray et al. 2000). High throughput

genotyping of large SNP collections became commercially available and

economically feasible during the last decade. Sequencing of the whole genome was

started in 1990 and draft versions of the human genome were published some 11

years later in 2001 (Lander et al. 2001; Venter et al. 2001), and was finally

completed in 2003. The sequence of three billion chemical base pairs that make up

the human genome were identified by the Human Genome Project and included

identification of some 20,000 genes (US Department of Energy Genome Programs

2011). The Human Genome Project in collaboration with the SNP consortium in

2001 identified 1.42 million SNPs throughout the genome (Sachidanandam et al.

2001). The SNP data were placed in the public domain, and today data on some 14

million SNPs identified in the human genome are freely available (National Center

for Biotechnology Information & National Library of Medicine 2011).
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Another significant project in the public domain essential for conducting GWAS is

the International HapMap project (International HapMap Consortium 2003), initiated

in 2002. The HapMap project set out to catalogue the genetic commonality and

differences across and within populations. This was done by identifying sequences

of SNPs that are inherited together within a population (haplotypes), which may vary

across populations. Linkage disequilibrium (Thomas 2004b) is defined as any

correlation beyond what is expected by chance, between groups of SNPs that

typically reside nearby each other on a chromosome. Due to LD, not all SNPs need

to be genotyped in a region since carefully selected SNPs (referred to as tag SNPs)

will represent the region’s genetic variation.

The first GWAS were published in 2005 (Seng & Seng 2008) and by 2007 several

key GWAS emerged including “Genome-wide association study of 14,000 cases of

seven common diseases and 3,000 shared controls” (Wellcome Trust Case Control

Consortium 2007b) and “A common variant of HMGA2 is associated with adult and

childhood height in the general population” (Weedon et al. 2007). The GWAS for

height was a significant publication for several reasons. Human height is a model

polygenic trait and heritably is as high as 90%, but prior to GWAS there had been

limited success in identifying common genetic determinants. Furthermore, height is

a quantitative trait rather than a disease, and case/control studies were the design

used in most of the GWAS at that time (McCarthy et al. 2008). The early GWAS

have undergone iterations where sample size has increased, and new loci related to

the condition of interest have been found; the recent GWAS of 180,000 subjects

found 180 loci associated with height (Lango et al. 2010).
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GWAS are free from any underlying hypothesis, as polymorphisms across the

genome are statistically tested for an association with a trait or disease regardless of

prior knowledge (Hirschhorn & Daly 2005). Unlike candidate gene studies, the

function of the polymorphism might be unknown or unrelated to the trait, and it is

this open approach that has led to an exponential growth of consistent and

reproducible SNP associations with common diseases. The design of a GWAS is

critical for its success, and is typically done in four stages (Pearson & Manolio

2008). The first stage is the identification of a sufficiently large homogeneous study

(or studies) that is representative of a certain population, and that can be genotyped.

Consideration needs also to be given to the outcome of interest, whether it is a

disease or a quantitative trait, as many GWAS are a collaborative effort and the

outcome needs to be sufficiently comparable across studies. The second stage is

genotyping, which is followed by rigorous DNA quality control procedures so that

the genotypes reported are reliable and repeatable. Statistical imputation of genetic

variants follows quality control, so that results of statistical analyses from multiple

studies, that may have genotyped different SNPs, can be meta-analysed together for

maximum power. The third stage is the discovery phase of the statistical analysis,

where a common analysis plan is run across collaborating studies and results are then

combined together through meta-analyses. A pre-defined significance threshold is

applied to the discovery stage SNP associations and those smaller than the threshold

are taken forward for replication. Replication is the final stage, where the analyses

of the genetic variants are repeated in independent studies/samples to confirm

findings (McCarthy et al. 2008; Moonesinghe et al. 2007). It is also possible to

examine the function of the genetic variants to confirm their functional feasibility

with the outcome, however statistical replication is essential.
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The remainder of the chapter is divided into two parts. The first part describes the

data used in the GWAS from the 1958BC including the number of participants,

(which were covered with greater depth in Chapter 2). The earlier stages of study

selection, DNA quality control and imputation of missing SNP data are dealt in

greater depth in Chapter 2. The statistical methods used in the discovery and

replication stages of the GWAS are also described in the Methods section. The

second part presents and discusses the results of the analyses.
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4.2 Methods

4.2.1 Participants

The discovery stage of the GWAS included the two genetic 1958BC sub-studies of

WTCCC (n=1480) and T1DGC (n=2530). In the replication stage for the purposes

of work presented in this chapter, the WTCCC2 data were analysed as in-silico

replication (n=1386) exclusive of subjects in WTCCC. SNPs taken to the final stage

of GWAS replication were de-novo genotyped in the participants of the 1958BC,

and for this work it included additional samples (n=1807) that were not genotyped in

the genome-wide sub-studies. The main analyses were restricted to those

participants with full data on 25(OH)D concentrations and body mass index (BMI).

The number of participants used in the analysis from the sub-samples of WTCCC,

T1DGC, WTCCC2 and participants only de-novo genotyped, were n=1447, n=2390,

n=1310 and n=1470 subjects respectively.

4.2.2 Procedures

The genome-wide data of the three sub-studies, WTCCC, WTCCC2 and TIDGC,

used the gene-chips Affymetrix 500K, Affymetrix 6.0 and Illumina 550K Infinium

respectively (Barrett et al. 2009; Sawcer et al. 2011; Wellcome Trust Case Control

Consortium 2007b). De-novo genotyping was done by JDRF/WT Diabetes and

Inflammation Laboratory, Cambridge, UK (Cooper et al. 2011) using the Taqman

platform (Applied Biosystems, Warrington, UK).
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Additional details of the genotyping methods including quality control procedures

and imputation procedure, and laboratory assays used in the 1958BC are in Chapter

2.

4.2.3 Statistical methods

Power calculations

The power of the GWAS study was calculated with a technique used for simple

linear regression (Hsieh et al. 1998). In a simple linear model, 0 1i iy x     ,

with individuals 1,..,i n and  ~ 0,N  , the correlation coefficient  is related

to the regression parameter by 1 y x    , where y and x are the standard

deviations of outcome y and exposure x. A SNP single exposure (x) with alleles A

and B in HWE and has an allele frequency of q, then the genotype distribution (AA,

AB, BB) has frequencies of (    
22 , 2 1 , 1q q q q  ). If the SNP penetrance is

additive with the quantitative trait then the genotypes AA, AB, BB are coded as 0, 1,

2; and the exposure has mean 2 2x q  and variance
 2

2 1

1
x

nq q

n
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which includes the Fisher transformation for the correlation (Cohen 1988b). For the

1958BC discovery stage, with a total sample size n=3837 and significance threshold

of 85 10   , there was 80% power to detect an additive SNP (with minor allele
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frequency (MAF) of 0.01) association that explains 1.03% of the variation of

25(OH)D concentrations, and 90% power to detect a SNP association that explains

1.18% of 25(OH)D variation (Figure 4.1). In comparison, the SUNLIGHT

consortium analysis at the discovery stage had greater power to detect smaller SNP

associations with 25(OH)D concentrations, as it included five cohorts with an overall

sample size of n=16125, so had 80% power to detect an additive SNP association

that explained 0.28% variation of 25(OH)D concentrations (Wang et al. 2010b).

Figure 4.1 The variation explained in 25(OH)D concentration as a function of the

power to detect an association of a SNP, which has a MAF 0.01, for the 1958BC

discovery samples (WTCCC and T1DGC) with n=3,837 and significance threshold

85 10   .

Analysis plan

In the genome-wide analysis, the standardised residuals of 25(OH)D were used as

the outcome in the model. The 25(OH)D concentrations were slightly left-skewed



157

and transforming with the natural log achieved a more normal distribution (as seen in

Chapter 3). The standardised residuals came from a linear regression model with

natural log transformed 25(OH)D concentrations that adjusted for sex, age, BMI and

season. Season was coded as categorical variable with categories: summer (July-

September); autumn (October-December); winter (January-March); and spring

(April-June). The seasonal coding used in the SUNLIGHT analysis reflected the

seasons of the studies across the Northern Hemisphere. The decision to use

standardised residuals for the outcome was also part of the SUNLIGHT analysis, as

at the time of the collaboration some of the studies were using genetic statistical

software where it was not possible to adjust for covariates. The penetrance function

of the SNPs in the analysis was assumed to be additive, that is, for each copy of the

risk allele there is an equal increased effect on 25(OH)D concentrations. The SNP

genotypes of AA, AB, BB are coded as 0, 1, 2 for an additive penetrance, which is

equivalent to testing for trend across genotypes (van der Sluis & Posthuma 2008).

For the 1958BC genome-wide analysis, the statistical software used was SNPtest

v1.1.5 (Marchini et al. 2007), that complements the genotype probability

distribution from the imputation program Impute. The analysis was run using a

frequentist approach to account for the uncertainty in the imputed SNP’s genotype

probability distribution, so the log likelihood incorporated the degree of missingness

with the standardised residuals of 25(OH)D concentrations. For each SNP

association there is a measure of relative statistical information referred to as “proper

info” with range 0-1, 1 being complete information and 0 no information. The

SNPtest program is a UNIX -based command line application and scripts were

written to run the analyses in batches by chromosome. Depending on the hardware
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and operating system available, the chromosome batches can run at the same time to

reduce computational time (which can be several hours for a large chromosome and

days for a complete analysis).

The results of the 1958BC discovery samples were checked for discrepancies and

errors that may have occurred during the genome-wide analysis, prior to meta-

analysing results together. Specifically, the histogram and extreme values of SNP

coefficients, standard errors and p-values were visually inspected. A cut-off value of

0.4 is applied to the statistical score “proper info” to remove the imputed SNPs with

most uncertain genotype calls. Also excluded were SNPs whose MAF is less than

0.0,1 as the power to detect an association is limited and the estimates from the

statistical software tend to be unreliable (Marchini et al. 2007; Sullivan & Purcell

2008). To reduce false-positive findings, the p-values are divided by the genomic

control  , which approximates the inflation that has occurred due to population

stratification within a study (Evans 2008). The genomic control is estimated from

the median of the test statistic Y of the SNPs ( 1,...,i s ) trend test, and squared is

assumed to be distributed as 2
1 . An estimate of is;

 2 2
1

ˆ median ,..., 0.456sY Y     ,

where the divisor of 0.456 is the median of the 2
1 distribution, since the test

statistics Y’s are assumed to be normally distributed.

Meta-analysis

To meta-analyse the results of some 2.3 million SNP associations, a weighted Z-

score approach was taken as implemented in the genetic statistical software, METAL
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(Abecasis 2009). Here, a two-sided p-value is transformed to a Z-score with sign of

direction for the effect allele of the SNP. The Z-scores are weighted by the square

root of the sample size in the study, so i iw n for each study 1,..,i k and then

aggregated. A statistic to test the null hypothesis of no effect, also known as

Stouffer’s Z score (Borenstein et al. 2009b), follows a standard normal distribution

and is calculated as:
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and generates corresponding two-sided p-value. The SNPs taken forward to

replication are selected on the basis of their association’s p-value with the

standardised residuals of 25(OH)D and whether similar “hits” have occurred nearby.

The threshold used for the genome-wide significance was p-value<5×10-8

(Dudbridge & Gusnanto 2008; Pe'er et al. 2006), which comes from a Bonferroni-

type correction for the number of independent tests (or tests for genes) across the

genome (Dudbridge & Gusnanto 2008).

Quantile-quantile (QQ) plots were used to assess how the observed p-values deviate

from their expected values of their plot position. This is done by ranking the

observed p-values and plotting log( )p vs   log 1i n  where n is the number

of observations. If the p-values in the top-right of the plot deviate strongly from

their expected values it is taken as indication of a possible “hit”, so evidence against

the null hypothesis of no association (Balding 2006).
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The degree of LD in the loci associated with 25(OH)D was assessed by LD plots that

showed correlation amongst the SNPs as drawn by using Haploview v4.2 (Wang et

al. 2005) with CEU population (v2 release 24).

The size of the relationship between SNP and 25(OH)D concentrations was assessed

by using a linear regression model with ln 25(OH)D adjusted for age, sex, BMI and

season. The coefficients from the models were reported as percentages, since the

outcome was transformed by the natural logarithm and can be interpreted as a

fractional difference on the original scale (Cole 2000). The variation explained in

25(OH)D concentrations by the SNP was calculated from the difference of the

adjusted coefficient of determination (R2). The overall mean variation explained by

the SNP in 25(OH)D concentrations across studies was weighted by the sample size

of the study. The coefficient and standard error of the SNP association with

25(OH)D were meta-analysed using the inverse-variance method (Borenstein et al.

2009a; Willer et al. 2010), which weights the coefficient by the inverse of its

variance (v), so 1/i iw v for each study 1,..,i k . The meta-analyzed coefficient

calculated as is:
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can be used to give a Z score and corresponding two-sided p-value.
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Allele score

To observe how the size of SNP association changed with thresholds of 25(OH)D

concentrations, dichotomous outcomes were created at the deficient level of

25(OH)D < 25 nmol/l, the proposed sufficiency threshold of < 50 nmol/l, and the

higher proposed sufficiency threshold of < 75 nmol/l. The 25(OH)D thresholds of

25 nmol/l, 50 nmol/l and 75 nmol/l were used as outcomes in a logistic regression

models adjusted for age, sex and BMI. A weighted allele score was created to

assess the influence of multiple common genetic variants with the risk of vitamin D

deficiency/insufficiency. The allele score aggregated SNPs weighted by their effect

size and rescaled to a relative score:

1 1 2 2

1

SNP SNP ... SNP
Allele Score

2

s s

s
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w w w
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,

where s is the number of SNPs (as described in (Lin et al. 2009)). The allele score

was used in the logistic regression models to assess the combined allele risk with

thresholds of 25(OH)D from deficiency through to sufficiency.

Candidate gene analysis

Genetic variants within candidate genes were also investigated for an association

with the standardised residuals of 25(OH)D, since it is feasible that some of the

genes expressed in the metabolism pathway of vitamin D and regulation of its active

form may influence its status. At the discovery stage, polymorphisms within 30 kb

of the candidate genes were taken through to replication if the meta-analysed

discovery results had p-value<0.001. The candidate genes were vitamin D receptor

(VDR), retinoid X receptor α and β (RXRA and RXRB), 1α-hydoxylase (CYP27B1),
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24-hydroxylase (CYP24A1), and 27-hydroxylase and 25-hydroxylase (CYP27A1).

Regional LD plots for the candidate gene regions were drawn using the web-based

SNAP program at the Broad Institute (Johnson et al. 2008), to elucidate the level of

significance of the SNP associations with 25(OH)D in the 1958BC.

The results presented in this chapter are mostly from the analysis of the available

1958BC genetic sub-samples. The results of the SUNLIGHT consortium analysis

have been included where necessary to clarify the SUNLIGHT consortium findings.
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4.3 Results

The mean 25(OH)D concentrations across the 1958BC genetic sub-samples ranged

from 50.7 nmol/L (95% CI 49.4, 52.0) to 54.9 nmol/L (95% CI 53.7, 56.1) (Table

4.1). The sexes were evenly distributed across the sub-samples. The proportion of

participants who had blood taken in the winter (Jan-Mar) was different between the

discovery sub-samples of WTCCC and T1DGC (8.4% vs 24.9%). However, a

reasonable number of participants had blood taken in each season across the sub-

samples. The BMI distribution of the participants appeared similar across the sub-

samples, and 65.7% of participants had a BMI above 25 kg/m2 (above normal), with

41.2% of the participants falling into BMI overweight category of 25-30 kg/m2.
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Table 4.1 Characteristics of 1958BC genetic sub-samples with 25(OH)D

concentrations and covariates used in genome-wide analysis

Discovery Replication

WTCCC T1DGC WTCCC2 in-

silico*

De-novo

genotyping

n† 1447 2390 1310 1470

25(OH)D

geometric mean

nmol/l (95% CI)

54.9

(53.7, 56.1)

51.0

(50.0, 52.0)

50.7

(49.4, 52.0)

54.1

(52.8, 55.4)

< 25 nmol/l, % 4.5 9.3 8.3 7.0

< 50 nmol/l, % 35.6 44.0 44.6 39.3

< 75 nmol/l, % 76.4 78.3 79.8 73.8

Women, % 49.6 51.8 47.0 50.9

Age years,

mean

44.9 45.3 45.2 45.3

Season

Jan-Mar, % 8.4 24.9 26.8 20.3

Apr-Jun, % 22.8 23.6 23.4 15.8

Jul-Sep, % 32.5 23.7 24.4 29.1

Oct-Dec, % 36.4 27.7 25.3 34.8

BMI

< 20 kg/m2, % 2.8 2.4 2.6 3.3

20-24.9 kg/m2
,

%

32.1 30.9 32.5 31.2

25-29.9 kg/m2,

%

39.9 41.8 42.5 42.6

≥30 kg/m2, % 25.2 24.9 22.4 22.9

* The sub-sample of WTCCC2 excludes participants in the WTCCC sample

† Excludes missing data for 25(OH)D concentrations and BMI
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4.3.1 Meta-analyses results

From the meta-analysis of the 1958BC discovery samples, the lowest observed p-

values of the SNP associations (with standardised residuals of 25(OH)D) deviated

strongly from their expected p-values in the QQ-plot (Figure 4.2). The genomic

control for the WTCCC results was 0.990 and for the T1DGC results was 1.000, so

no adjustment was made for controlling population stratification in either result set.

Of the 1958BC samples analysed at the discovery stage, 11 polymorphisms had a p-

value < 5 ×10-8 with all of the SNPs located in 4p12, as seen by peak of SNPs in that

region (Figure 4.3). This region is near to the GC gene that encodes the vitamin D

binding protein. The association of SNP rs2298850 had the lowest p-value

=2.05×10-14 of all the SNPs with the standardised residuals of 25(OH)D in the

1958BC (Table 4.2).

Figure 4.2 QQ Plot of the Z-score meta-analysed 1958BC sub-samples (WTCCC

and T1DGC) SNP associations with standardised residuals of 25(OH)D. The blue

dots are the observed log p-values and red line is their expected log values.
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Figure 4.3 Manhattan plot of the observed p-values from Z-score meta-analysed

1958BC sub-samples (WTCCC and T1DGC) over chromosomes (alternating

blue/green shading). The y-line in red is p-value= 5×10-8.

Of the SUNLIGHT consortium results that included 12288 additional samples from

another four cohorts, there was much greater deviation of the observed p-values from

the expected p-values, than seen in the QQ-Plot of the 1958BC results (Figure 4.4).

As with the 1958BC results, the same locus of GC the association of SNP rs2282679

had the smallest p-value=4.57×10-63 of all the SNPs. In the SUNLIGHT consortium

meta-analysis, regions of 11q12 and 11p15 also had SNP associations reaching

genome-wide significance at p-value<5×10-8. In the region 11q12, the associated

locus was near the genes DHCR7 and NADSYN1 that encode 7-dehydrocholesterol

reductase and nicotinamide adenine dinucleotide synthetase, respectively. Near the

associated locus in region 11p15, was gene CYP2R1, which is a member of the
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cytochrome P450 superfamily of enzymes. Although the SNPs’ associations of the

1958BC discovery samples did not reach GWA significance at p-value < 5×10-8, all

of the top six SNP associations in these loci were conventionally significant at p-

value < 0.05 (Table 4.2). In the 1958BC replication analysis, the associations of the

top six SNPs from the loci of GC and DHCR7/NADSYN1 were successfully

replicated with 25(OH)D at p-value < 0.05. For the polymorphisms near the

CYP2R1 locus, two SNPs had additional 1958BC samples from de-novo genotyping.

The associations of the two CYP2R1 SNPs (rs12794714 and rs10741657) with

25(OH)D were successfully confirmed at p-value< 0.05.

Figure 4.4 QQ Plot of the Z-score meta-analysed SUNLIGHT discovery samples

SNP associations with 25(OH)D standardised residuals. The blue dots are the

observed log p-values and the red line is their expected log values
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Table 4.2 SNPs identified in the SUNLIGHT consortium GWAS with the results from the 1958BC

1958BC results

SNP
*

Chr Position

Nearest

gene(s)

Hapmap

MAF† MAF

p-value for

discovery

p-value for

replication

Hetero-

geneity

p-value n

Combined

p-value

SUNLIGHT

combined

p-value

rs17467825 4 72824381 GC 0.30 0.29 5.15×10-14 4.53×10-7 0.64 5147 1.50×10-19 6.75×10-74

rs2282679
** 4 72827247 GC 0.29 0.29 6.88×10-14 9.10×10-15 0.48 6445 9.14×10-27 1.90×10-109

rs3755967 4 72828262 GC 0.30 0.30 4.49×10-14 5.61×10-7 0.64 5146 1.57×10-19 2.42×10-75

rs2298850 4 72833131 GC 0.27 0.29 2.05×10-14 3.36×10-7 0.74 5147 4.44×10-20 2.03×10-71

rs7041 4 72837198 GC 0.42 0.44 6.35×10-10 1.02×10-9 0.30 6288 5.59×10-18 6.31×10-59

rs1155563 4 72862352 GC 0.32 0.31 4.71×10-12 4.46×10-6 0.89 5145 1.19×10-16 2.37×10-73

rs7944926 11 70843273
DHCR7/

NADSYN1
0.27 0.21 8.14×10-3 7.61×10-3 0.60 5147 2.84×10-4 8.96×10-16

rs12785878
** 11 70845097

DHCR7/

NADSYN1
0.27 0.21 1.00×10-2 2.89×10-5 0.46 6589 3.03×10-6 2.12×10-27

rs4944957 11 70845683
DHCR7/

NADSYN1
0.27 0.21 9.92×10-3 8.94×10-3 0.58 5147 3.92×10-4 8.70×10-15

rs12800438 11 70848651
DHCR7/

NADSYN1
0.29 0.21 1.03×10-2 7.71×10-3 0.56 5147 3.72×10-4 2.54×10-15

rs3794060 11 70865327
DHCR7/

NADSYN1
0.27 0.21 7.93×10-3 9.03×10-3 0.62 5147 3.07×10-4 3.38×10-15
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rs4945008 11 70898896
DHCR7/

NADSYN1
0.28 0.22 6.83×10-3 1.98×10-2 0.73 5147 4.47×10-4 4.55×10-15

rs7116978 11 14838347 CYP2R1 0.34 0.37 1.38×10-2 0.20 0.77 5147 1.30×10-2 4.99×10-9

rs1993116 11 14866810 CYP2R1 0.37 0.40 5.28×10-3 0.19 0.78 5147 2.19×10-3 6.25×10-11

rs10500804 11 14866849 CYP2R1 0.43 0.43 1.36×10-2 0.19 0.92 5147 5.19×10-3 2.67×10-9

rs12794714 11 14870151 CYP2R1 0.40 0.43 1.38×10-2 4.05×10-3 0.64 6430 1.94×10-4 1.84×10-9

rs10741657
** 11 14871454 CYP2R1 0.37 0.40 6.22×10-3 4.97×10-2 0.91 6430 7.82×10-4 3.27×10-20

rs2060793 11 14871886 CYP2R1 0.37 0.40 1.32×10-2 0.19 0.68 5145 5.14×10-3 1.73×10-11

* The SNPs that were identified in the SUNLIGHT consortium GWAS that were successfully replicated (Wang et al. 2010b)

† Hapmap build 36, release 24/phase 11 for the CEU population

** SNPs that had the lowest p-value overall in the SUNLIGHT consortium GWAS



170

The LD structures of the regions near the genes GC, CYP2R1 and

DHCR7/NADSYN1 were assessed using Haploview. Using the technique of (Gabriel

et al. 2002), three LD blocks were estimated in the 4kb region of GC, with five out

of the six top SUNLIGHT SNP hits found in the first block (Figure 4.5 A). The first

LD block of GC contained the two non-synonymous SNPs, rs7041 and rs4588. The

SNP rs4588 was not included in the Hapmap dataset at the time of imputation, but is

in high LD with several of the top GC SNPs found. The top SUNLIGHT GC SNPs

did include the other non-synonymous missense SNP rs7041, which alters the amino

acid sequence from aspartic to glutamic. The five out of the six top GC SNPs from

the SUNLIGHT results are located in the intron region of the gene, except for SNP

rs17467825, which is downstream of the gene. In 38kb region for

DHCR7/NADSYN1 (Figure 4.5 B), all of the six top SNPs were located in the intron

region of NADSYN1. However, one LD block was estimated for the region that

included both genes DHCR7 and NADSYN1, and contained the non-synonymous

SNP, rs2276360 (amino acid sequence change from valine to leucine), that did not

feature in the top six SUNLIGHT SNPs. The top SNP rs12785878 for DHCR7 was

in perfect LD (R2=1.0) with the non-synonymous SNP rs2276360. For CYP2R1

(Figure 4.5 C), in the 14kb region one LD block was estimated that had all of the top

six SUNLIGHT SNPs contributing towards the haplotype. Five out of the six top

SNPs for CYP2R1 were within the intron region of the gene, with the exception of

synonymous SNP rs12794714.
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Figure 4.5 LD blocks of SNPs for regions A) region 4q12 near GC, B) region 11q12 near DHCR7/NADSYN1 and C) region 11p15 near

CYP2R1. The numbers within the blocks are the R2 between SNPs, and the darkness of the block indicates the degree that the SNPs are LD, i.e.

black is high LD and white no LD. The black lines grouping SNPs show the LD block. Dashed lines below the SNP indicate that the SNP is not

necessary for the block’s haplotype.
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4.3.2 Associations of SNPs with 25(OH)D and 25(OH)D

deficiency/insufficiency in the 1958BC

The GC, CYP2R1 and DHCR7 SNPs that had the lowest p-values of the meta-

analysed 1958BC discovery and replication sub-samples, were re-analysed to assess

their size of association with 25(OH)D after adjusting for age, sex, BMI and season.

For GC SNP rs2298850 and DHCR7 SNP rs12785878, the minor alleles were

associated with lower 25(OH)D concentrations, compared with the major alleles

(Figure 4.6 A,B). For CYP2R1 SNP rs10741657, it was the major allele that was

associated with lower 25(OH)D concentrations; participants carrying allele G had

4% (95% CI 2, 6, p-value=8.1×10-4) lower 25(OH)D concentrations, compared with

participants carrying the minor allele A (Figure 4.6 C). For the nearby non-

synonymous (functional) CYP2R1 SNP rs12794714, the effect direction of the minor

allele was reversed, and it was participants carrying the minor allele A that had 5%

(95% CI 2, 7, p-value =6.6×10-5) lower 25(OH)D concentrations, compared with

participants carrying the major allele G. The difference in effect direction of the two

CYP2R1 SNPs was somewhat surprising given that they were in moderate LD

(R2=0.42).

The risk allele of GC SNP rs2282679 had the largest association size with 25(OH)D

at -13% (95% CI -16, -11 p-value=9.9×10-25), compared with two SNPs from

DHCR7 and CYP2R1 (Figure 4.6). The GC SNP rs2298850 explained the most

variation in 25(OH)D concentrations of 2.00% out of the top SNPs found; SNPs

rs12785878 and rs10741657 explained less of the variation at 0.71% and 0.65%,

respectively.
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Figure 4.6 The top SUNLIGHT consortium SNPS for GC, DHCR7/NADSYN1 and

CYP2R1 meta-analysis results of the 1958BC samples.
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The prevalence risk of vitamin D deficiency/insufficiency was assessed in

participants carrying the risk alleles of SNPs from the GC, DHCR7/NADSYN1 and

CYP2R1 (Figure 4.7). For the risk of 25(OH)D deficiency (< 25 nmol/l), only

carriers of the GC SNP (rs4588) risk allele had 47% (95% OR 1.26, 1.72, p-value =

1.27×10-6) increased risk, compared with the other two variants for CYP2R1 and

DHCR7, where there was no evidence of risk (p-value >0.14). However, for the risk

of 25(OH)D insufficiency (< 75 nmo/L), there was evidence of an increased risk per

copy of any of risk alleles from the three variants of GC, CYP2R1, DHCR7 (p-

value≤3.07×10-6 for all comparisons).

Figure 4.7 The GC, CYPR21 and DHCR7 SNP OR with thresholds of 25(OH)D at

< 25 nmol/l, < 50 nmol/l and < 75 nmol/l (dark grey to light grey) in the 1958BC.

All logistic regression models were adjusted for age, sex, BMI and season. The 95%
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CI are indicated by the extended bars. * indicates the OR has p-value < 0.05 and >

5×10-8, ** p-value ≤ 5×10-8and > 5×10-10, *** p-value ≤ 5×10-10.

There was an increased risk of 25(OH)D deficiency/insufficiency among participants

at the top 25% of the genotype score combined from three variants of GC,

DHCR7/NADSYN1 and CYP2R1, compared with participants at the bottom 25% of

the genotype score, after adjusting for age, sex, season and BMI (Figure 4.8). The

risk of 25(OH)D insufficiency (< 50 nmol/L) was the same as for the risk of

25(OH)D deficiency (< 25 nmol/L) for participants in the top quarter of score,

compared with participants in the bottom quarter. For the threshold of 25(OH)D

insufficiency (< 75 nmol/l), the risk was nearly 3-fold higher among participants in

the top quarter of the genotype score [OR 2.80 (95% CI 2.32, 3.38, trend p-value

=7.5×10-27)], compared with participants in the bottom quarter. The risk of

25(OH)D insufficiency (< 75 nmol/L) was much larger than that for the lower

thresholds of 25(OH)D at < 50 nmol/L and 25 nmol/L.
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Figure 4.8 The genotype score odds ratio with thresholds of 25(OH)D at < 25

nmol/l, < 50 nmol/l and < 75 nmol/l (dark grey to light grey) in the 1958BC. All

logistic regression models were adjusted for age, sex, BMI and season. The 95% CI

are indicated by the extended bars. * indicates the OR has p-value < 0.05 and >

5×10-8, ** p-value ≤ 5×10-8 and > 5×10-10, *** p-value ≤ 5×10-10

4.3.3 Candidate gene results

Of the candidate gene analysis of the 1958BC discovery samples, none of the SNPs

associations, except for those near GC, reached the pre-specified threshold at p-

value< 1×10-3. The associations of polymorphisms near genes CYP24A1, CYP27B1

and VDR showed conventional significance of p-value < 0.05 (Appendix 3) with the

standardised residuals of 25(OH)D. In the SUNLIGHT consortium results, SNP

rs6013897 near the CYP24A1 locus, was associated with standardised residuals of

25(OH)D (p-value =6.0×10-10) after meta-analysing the discovery and replication

samples together. The SNP rs6013897 was de-novo genotyped in 6522 samples of

the 1958BC, and participants carrying the minor allele A had 2% (95% CI 0, 4, p-

value=0.023) lower concentrations of 25(OH)D, compared with participants carrying

the major allele T.
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4.4 Discussion

Common polymorphisms from the vitamin D binding protein gene (GC) were found

to be associated with 25(OH)D and the risk of vitamin D insufficiency in the

1958BC. The top GC SNP rs2282679 of the GWAS is common in the Europeans,

with 30% of the population carrying the risk allele. The common loci found in the

SUNLIGHT consortium GWAS could assist in identifying groups in the population

susceptible to vitamin D insufficiency. These findings may also lead to the

identification of novel causal mechanisms in vitamin D deficiency and elucidate its

role in other diseases, such as cardiovascular disease.

A comprehensive review of the genetic variants found to be associated with

25(OH)D concentrations from the SUNLIGHT GWAS and other recent genetic

studies is in Chapter 5. The following discussion will focus primarily on

methodological considerations of GWAS.

The success of GWAS has come from its hypothesis free approach, that is testing

genome-wide genetic variants regardless of function or prior knowledge with the

trait (Hirschhorn & Daly 2005). This approach incorporates a multi-stage design and

includes rigorous DNA quality control, genetic imputation, and discovery and

replication statistical analysis. The identification of common polymorphisms by

GWAS has been prolific, some 4300 polymorphisms have been identified in 800

GWAS since 2008 (Hindoff et al. 2011). Polymorphisms found in the first waves of

GWAS were common (MAF ≥ 5%), had small to modest effect size with complex 

traits (Manolio et al. 2008; Wellcome Trust Case Control Consortium 2007b), and

followed the “common variant to common disease” model. The model assumes
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multiple common variants have an additive and/or multiplicative effect with the

disease, as suggested in a meta-analysis of genetic associations prior to the advent of

GWAS (Lohmueller et al. 2003). The GC variants found in this work had the largest

association and explained the most variation in 25(OH)D concentrations, compared

with the other loci found. However, the GC association with 25(OH)D is still

modest compared with the familial heritability estimates of 28% and upwards

(Hunter et al. 2001; Shea et al. 2009; Wjst et al. 2007).

Typically in GWAS, variants found to be associated with the trait are unlikely to be

the underlying causal variant, but are in LD with the causal variant (McCarthy et al.

2008). SNP rs2282679 in the GC locus is in high LD (R2=0.973) with the non-

synonymous SNP rs4588, which was not covered by the gene-chips (or in the

HapMap 2 CEU population, that was used for the reference population in the

imputation analysis). The other non-synonymous SNP rs7041 in the GC locus, that is

commonly studied with rs4588, was also highlighted in the results as its association

achieved low p-values with 25(OH)D. The allele combinations of rs4588 and rs7041

form the GC haplotypes of GC1F, GC1S and GC2 (Braun et al. 1992; Fang et al.

2009); where each respective haplotype varies by a single amino acid (Speeckaert et

al. 2006). It has been argued that non-synonymous polymorphisms are likely to be

causal variants, due to the potential impact an amino acid substitution has on gene

expression (Botstein & Risch 2003; Jegga et al. 2007). However, as findings have

accumulated from GWAS it has been discovered that variants other than non-

synonymous polymorphisms can influence a common disease (Hirschhorn & Gajdos

2011). In a single locus, there might be more than one underlying causal variant that

has an independent risk with the disease, a combination of common variants with
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weak effects and rare variants with large effects, or a different type of mutation (i.e.

deletion) (Altshuler et al. 2008). In this study, LD blocks were estimated for the

identified loci to demonstrate the genetic variation that occurs within inherited

blocks, which may expand across multiple genes - as seen with DHCR7 and

NADSYN1. The start and end location of the blocks estimated were based on the

location of the genes (Gabriel et al. 2002), but can expand over a larger area of the

chromosome than shown here (Price et al. 2008). Nevertheless, it is biologically

feasible that the genes found were associated with 25(OH)D concentrations (as

expanded in Chapter 5). However, as demonstrated by the two polymorphisms near

the CYP2R1 locus, the minor alleles associated with 25(OH)D were in opposite

directions, despite moderate LD of the SNPs. Therefore, much can still be learnt

from further investigation of the found regions, for instance, through fine mapping

and functional translation of the variants.

In the analysis of the allele risk score that combined the top GC, CYP2R1 and

CYP24A1 variants, there was little difference in the odds ratios of the 25(OH)D

thresholds at 25 nmol/l and 50 nmol/l of participants who carried the most risk

compared with those who carried the least. This was somewhat surprising as an

increasing trend of risk by increasing thresholds of 25(OH)D concentrations was

expected. Since each allele of the SNPs used in the score indicated an increased risk

with increasing thresholds of 25(OH)D concentrations, with the exception of GC.

There are several possible reasons for the static risk over vitamin D status thresholds.

It might be due to rarity of the prevalence of severe vitamin D deficiency, overall in

the 1958BC sub-samples 7.5% had a vitamin D status of less than 25 nmol/l. As

noted, the polymorphism for GC had a higher allele risk associated with 25(OH)D <
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25 nmol/l than that with 25(OH)D < 50 nmol/l, which may have also changed the

risk profile of the allele score over the thresholds of vitamin D status. As part of the

SUNLIGHT consortium analysis, it was found that the GC polymorphism rs2282679

risk allele for lower 25(OH)D concentrations, was also associated with lower vitamin

D binding protein concentrations in the Twins UK cohort (Wang et al. 2010b). The

GC haplotypes in the order of most to least common in European populations are

GC1S, GC2 and GC1F (Fang et al. 2009). The haplotype GC1S contains the

combination of the major alleles from the two SNPs. Vitamin D binding protein has

been demonstrated to effect the bio-availability of 25(OH)D to monocyctes (Chun et

al. 2010). From the same study, it was also found that human serum with the GC2

haplotypes show a higher induction of cathelicidin by 25(OH)D compared with the

serum with GC1F haplotype (Chun et al. 2010). The differences in response to the

GC genetic variation might be a form of genetic canalisation (Debat & David 2001),

that dampens the risk allele’s associated risk with 25(OH)D at certain thresholds,

where biological mechanisms have been developed to attempt to keep vitamin D

homoeostasis.

Although the analyses in this work were done solely with the 1958BC data,

population stratification may still bias the results. In this study, genomic control was

used to control for the over-inflation of results due to underlying population

stratification, which was a null adjustment for both sub-studies. The use of genomic

control does have issues (Price et al. 2006; Tian et al. 2008). An uniform inflation

statistic adjusts all SNP associations as oppose to adjusting individual variants

according to their allele frequency differences, hence some variants maybe under

adjusted whilst other might be over adjusted (Price et al. 2006; Tian et al. 2008). As
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part of the WTCCC “Genome-wide association study of 14,000 cases of seven

common diseases and 3,000 shared controls” study, the WTCCC 1958BC sub-

sample (as used in this analysis) was compared against the other control sample (UK

Blood service) to investigate population sub-structure differences (Wellcome Trust

Case Control Consortium 2007b). For the control samples in the WTCCC study, it

was concluded that “population structure has at most a small confounding effect”

and did not adjust for population structure. Given the decision made in the WTCCC

publication, the use of the genomic control statistic should suffice to control over-

inflation of the results presented in this chapter.

In the broader context of the SUNLIGHT consortium, the results from the studies

were meta-analysed together at the discovery and replication stages with a Z-score

weighted approach. Heterogeneity of results across studies can be an issue, which

may be caused by differences in the definition of the trait (Zeggini & Ioannidis

2009). Techniques for measuring 25(OH)D concentrations are known to produce

substantial differences (Carter 2009). To address the reliability of 25(OH)D

measures, the International Vitamin D External Quality Assessment Scheme

(DEQAS) was established in 1989 with the aim of “monitor(ing) the performance of

individual laboratories” (Carter et al. 2010). Furthermore, variability from study-

specific 25(OH)D measurement techniques are kept to a minimum as the Z-score

meta-analysis approach is not scale-dependent.

In the SUNLIGHT consortium results, two additional loci from the CYP2R1 and

DHCR7/NADSYN1 regions were identified using the genome-wide approach, and

CYP24A1 locus was identified using a candidate gene approach. The additional



184

samples confirmed that sample size is critical to GWAS for identifying true

associations (Wang et al. 2005). The loci of CYP2R1, DHCR7 and CYP24A1 were

conventionally significant (p-value<0.05) in the discovery analysis of the 1958BC,

however so were numerous other loci. The level of significance used in this study

was α<5×10-8, which has come from the Bonferroni correction to adjust for a million

independent tests (Risch & Merikangas 1996). This threshold is strict compared

with other thresholds used in GWAS (Wang et al. 2005; Wellcome Trust Case

Control Consortium 2007b). Alternative procedures for ranking p-values are

Bayesian approaches, False Discovery Rate or permutation methods, but these

provide equally stringent significance thresholds as those used here (Dudbridge &

Gusnanto 2008) However, the consensus is that only low p-values are evidence of

an association and should be followed-up by replication in additional samples

(McCarthy et al. 2008; Moonesinghe et al. 2007). The sample size of the discovery

and replication analyses presented in this work was relatively low for GWAS and

came from the same birth cohort. Therefore, the results might suffer from the

“winners’ curse”, where the results are upwardly biased due to an overestimate of the

significance of the associated loci (Garner 2007). However, it is unlikely that the

association of the GC variants is upwardly biased, since the main GWAS took place

within the collaboration of SUNLIGHT that confirmed this association.

Further study is underway to increase the sample size of the GWAS with nutritional

vitamin D status under the SUNLIGHT consortium with the primary aim of

discovering novel loci. The analysis strategy has changed to reflect the

enhancements of the genetic statistical software, and requires the studies to explicitly

adjust for the covariates in the model, rather than the use residuals as the outcome.
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Furthermore, in the analysis plan the covariates used to account for seasonal

differences in 25(OH)D concentrations is month of measure, which is a more precise

adjustment of season than what was used in this work. It also gives the opportunity

to study the association sizes of the loci with 25(OH)D concentrations. For the

analysis of 1958BC data, the larger genome-wide dataset of the WTCCC2 will be

included in the discovery stage. Correction for potential population stratification in

the larger genetic dataset will also include using components from multi-dimensional

scaling. Further study has also been proposed within the consortium to investigate

gene-environment interactions. Initial environmental factors that are being

considered for modifying genetic effects are the vitamin D determinants of diet

(including vitamin D supplementation) and season of when blood was taken for

vitamin D assay.
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5 A Mendelian randomisation study on 25-

hydroxyvitamin D and inflammation/haemostatic

biomarkers in the British1958 birth cohort (Papers

III & IV)

5.1 Introduction

In observational studies, the relationship between exposure and disease is commonly

affected by a mutual risk factor, which is termed a confounder (Hennekens & Buring

1987a). Undoubtedly, the hypothesised association between 25(OH)D (a nutritional

marker for vitamin D status) and sub-clinical cardiovascular disease (CVD) (as

measured by the inflammation/haemostatic biomarkers) in participants of the British

1958 birth cohort (1958BC) will be affected by confounding. This occurs despite

the comprehensive background information that exists on the 1958BC, as there will

always be some uncertainty as to whether the confounders are known, adequately

measured and fully taken into consideration (Rothman & Greenland 1998). In

Mendelian randomisation (MR) studies, genetic variants that influence the exposure

are used as its proxy measure (or instrument) in estimating the relationship between

the exposure and outcome (Davey Smith & Ebrahim 2003). Due to the random

nature of how organisms are assigned deoxyribonucleic acid (DNA) from both

parents via meiosis, it has been proposed that using genetic instruments to mimic the

exposure avoids confounding and removes the possibility of reverse causation in

cross-sectional studies (Davey Smith & Ebrahim 2005).
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The term “Mendelian randomisation” has been coined from the laws first proposed

by Gregor Mendel in 1865 after studying inheritance of traits in pea plants (Thomas

2004b). His first law states that a single polygenetic locus has two copies of an

allele with one copy inherited from each parent. Furthermore, the inherited alleles

are randomly selected from a parent’s two alleles. The second law is that variants

are independently inherited from one another. The random allocation of genetic

variation within the population has meant that MR studies have been described as

“Nature’s randomised trial” (Hingorani & Humphries 2005) (Figure 5.1). The

random allocation of the treatment in a trial is comparable with the allocation of

genotypes that influence the level of the exposure, and as such, the confounders are

evenly distributed amongst the groups (Davey Smith & Ebrahim 2005). A disease

that is yet to develop is unlikely to affect the allocation of genotypes that takes place

prior to inception, and implies that the reduced exposure levels precedes the disease

in a cross-sectional setting. The lack of confounding that typically affects

observational studies, and inferred temporality of the effects has meant that MR can

strengthen the evidence for causality (Lawlor et al. 2008).
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Figure 5.1 The similarities between a randomised control trial and a MR study.

Taken from (Davey Smith & Ebrahim 2005).

In the framework of MR, a genetic variant Z is associated with the modifiable

environmental exposure X, and the exposure X associated with the outcome Y. The

confounders U are associated with both the exposure X and the outcome Y, but not

with the genetic variant Z (Figure 5.2).
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Figure 5.2 The pathways of the MR framework. The genetic variant Z is causally

associated with exposure X and used as X’s proxy/instrument. Z is not associated

with confounders U which affect the relationship between outcome Y and exposure

X. Exposure X is assumed to be causally associated with outcome Y. The figure is

adapted from reference (Didelez & Sheehan 2007)

There are three main assumptions in MR studies (Lawlor et al. 2008):

1) The genetic variant Z is causal in changing levels of the exposure X;

2) Exposure X is causal of the outcome Y. There might be unknown

confounders U that are causal of both X and Y affecting their relationship, but

the genetic variant Z is independent of those confounders U;

3) Genetic variant Z is only associated with the outcome Y through its

association with the exposure X.

The assumption of null association between the genetic variant Z and exposure X can

be formally tested; however the second and third assumptions cannot (Sheehan et al.

2008). A fourth assumption is made when inferring causality:
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4) The relationships between the genetic variant Z, exposure X and outcome Y

are linear, and so have a dose-response trend or biological gradient (Lawlor

et al. 2008).

The identification of genetic proxies (instruments) for the exposure is critical to the

success of a MR study. Ideally the function of a genetic variant’s that alters the

levels of the exposure is well known, reliable and singular, and will only affect the

outcome through the mechanism of the exposure (Lawlor et al. 2008). MR studies

can also be affected by ethnic differences within the study (population stratification),

but there are methods to identify and control for these differences (Evans 2008).

Genetic confounding may affect MR studies as the independent inheritance of

genetic variants in close proximity may not hold due to linkage disequilibrium (LD).

However, this will only be an issue when LD masks an underlying genetic variant

associated with the outcome outside of the relationship with the exposure (Lawlor et

al. 2008).

The remainder of the chapter is divided into three sections. The first section is a

review of genetic determinants of 25-hydroxyvitamin D and lists potential genetic

candidates from genome-wide association studies (GWAS) on hair and skin colour

and tanning ability. Genetic variants associated with variations of hair, skin colour

and ability to tan may also affect vitamin D status due to its dependence on

ultraviolet B (UVB) rays from sun exposure. A paper related to the review of

genetic determinants of 25(OH)D has been published in a peer-reviewed journal

(Berry & Hyppönen 2011) and is shown in Appendix 1. The second section covers

the methods and data used, including number of participants used from the 1958BC,
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and gives an overview of the biomarkers and lifestyle and socio-economic covariates

considered (which are discussed in greater detail in Chapter 2). The statistical

methods used to determine the suitability of genetic variants for instruments of

25(OH)D concentrations and the statistical techniques used for the MR study are also

described in this section. The third section presents and discusses the results of the

analyses and the MR approach. A paper related to the work of evaluating genetic

variants for use in MR studies is under review in a journal and is shown in Appendix

1.

Work presented in this Chapter has been expanded on and differs slightly from the

work presented in the papers. Single nucleotide polymorphisms (SNP) from the

candidate gene loci were tested for an association with 25(OH)D concentrations,

since when discussing the plausibility of a variant with a trait, it is the genes that are

considered with trait rather than the variant. The protein isoforms of GC were also

investigated to determine their suitability as instruments for 25(OH)D

concentrations, since variants from GC were the top hits in the SUNLIGHT

consortium GWAS. To control for multiple testing for the SNP association with

25(OH)D concentrations, a False Discovery Rate (FDR) procedure that was adapted

for groups was used, since there were SNPs grouped by genes and number of SNPs

for each gene varied greatly. This work also included a simulation MR study on the

effects of a pleiotropic SNP to gain an understanding of how results from

instrumental variable (IV) regression might be distorted. Finally, presented in this

chapter is a MR study to investigate the relationship between 25(OH)D

concentrations and inflammation/haemostatic biomarkers using the evaluated genetic

instruments.
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5.2 Genetic determinants of 25-hydroxyvitamin D for

instruments in Mendelian randomisation

Recent genetic studies with nutritional vitamin D status were identified by searching

in PubMed for articles published within the two previous years (from November

2010) with the following search criteria:

("vitamin D" or ergocalciferols or calcifediol or calcidiol or

"25-hydroxyvitamin D" or "25-hydroxyvitamin D" or "25-

hydroxyvitamin D2" or "25-hydroxyvitamin D3") AND

(single or polymorphism or nucleotide or snp or gene or

"genome-wide" or genome or loci or gwas or haplotype )

The search identified 1364 articles and, after scrutinising the abstracts, three

independent GWAS studies were identified, including the SUNLIGHT consortium

publication, 14 candidate gene studies (Table 5.1) and one linkage study. The rest of

the articles were not considered as the studies had not evaluated associations

between genetic variants and 25(OH)D concentrations. The linkage study of some

1700 related individuals of European ancestry reconfirmed that 25-hydroxyvitamin

D was highly heritable at 29% (Shea et al. 2009), with earlier estimates from studies

being 43% and 80% (Hunter et al. 2001; Wjst et al. 2007).
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Table 5.1 25-hydroxyvitamin D candidate gene studies since 2008

Study description Results

Country Ethnicity Sex Design Sample Size Gene tested

Genetic variant

associated with

25(OH)D Author

USA Caucasians

non-Hispanic

Men Prostate cancer

case-control

749 cases

781 controls

CYP27A1, GC,

CYP27B1,VDR,

RXRA, RXRB,

PPAR, NCOA1,

NCOA2, NCO3,

SMAD3 (212

snps)

GC

rs12512631

rs2282679

rs7041

rs1155563

(Ahn et al.

2009)

USA and

Sweden

Not stated Women Epithelial ovarian

cancer case-

control

123 controls

from NY

189 controls

from Sweden

VDR

(SNPs and

haplotype)

None reached

significance

(Arslan et al.

2009)

Spain Not stated Mixed Bariatric surgery

with secondary

hyper-

parathyroidism

case-control

26 cases

31 controls

VDR

(4 polymorphisms

into 4 haplotypes)

None reached

significance

(Balsa et al.

2010)

USA Caucasians Mixed Population based

study

156 discovery

340 replication

(women only)

ALPL,

CYP24A1,

CYP27A1,

CYP27B1,

CYP2R1,

CYP3A4,

CYP2R1

rs12794714,

rs10741657

rs1562902

rs10766197

GC

(Bu et al. 2010)
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Study description Results

Country Ethnicity Sex Design Sample Size Gene tested

Genetic variant

associated with

25(OH)D Author

GC,

VDR,

PTH (49 SNPs)

rs222020,

rs2298849

Netherlands Dutch

Caucasians

Mixed The Rotterdam

study, a

prospective

population-

based cohort

study aged > 55

years

1317 GC (2 SNPs) GC

rs4588 and rs7041

(Haplotypes)

(Fang et al.

2009)

Canada Not stated Mostly

women

(91%)

Crossover trial for

vitamin D

supplementation

98 GC (2 SNPs) GC

rs4588

rs7041

(Fu et al. 2009)

Netherlands Not stated Mixed Case series,

subjects had cured

differentiated

thyroid carcinoma

154 D2 polymorphism

Thr92AIa

None reached

significance

(Heemstra et al.

2010)

USA Caucasians Mixed Urso-deoxycholic

(UDCA)

randomised

control trial

415 VDR (35 SNPs)

RXRA (23 SNPs)

None reached

significance

(Hibler et al.

2010)

UK European Mixed The 1958BC, a

prospective birth

cohort

6429 CYP27B1 (1

SNP)

CYP27B1 rs10877012 (Hyppönen et

al. 2009)
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Study description Results

Country Ethnicity Sex Design Sample Size Gene tested

Genetic variant

associated with

25(OH)D Author

Not stated Mixed COPD case-

control

262 cases

152 control

GC (2 SNPs) GC rs4588, rs7041 (Janssens et al.

2010)

Netherlands Dutch

Caucasians

Mixed The Rotterdam

Study and

Longitudinal

Aging Study

Amsterdam

(LASA), both

population based

cohorts

6367 Rotterdam

study

844 LASA

LPH (1 SNP) None reached

significance

(Koek et al.

2010)

UK Gujarati

Asians

Mixed Case series,

subjects had TB

contacts

36 GC (haplotypes –

2 genotypes)

None reached

significance

(Martineau et

al. 2010)

Germany German

ethnicity

Mixed Type 1 diabetes

case-control

100 cases

100 controls

Cubilin (5 SNPs) None reached

significance

(Ramos-López

et al. 2010)

Canada Caucasians

(mostly

French

ancestry)

Women Cross-sectional

premenopausal

women

741 GC (2 SNPs) GC rs4588, rs7041 (Sinotte et al.

2009)

Netherlands Not stated Mixed Multiple sclerosis

case-control

212 cases

289 controls

VDR (1 SNP) Fok-I rs10735810 (Smolders et al.

2009)
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In addition to the SUNLIGHT consortium GWAS, a similar independent GWAS was

published on participants of European ancestry (Ahn et al. 2010). This consisted of

nine cohorts, mainly from the USA, with 4501 participants in the discovery phase

and an additional 2221 in the replication analysis. As with the SUNLIGHT meta-

analysis, the study identified three SNPs (DHCR7, CYP2R1 and GC), which were all

in or near genes encoding steps in the vitamin D metabolism or associated with its

transport. The SUNLIGHT meta-analysis also confirmed a variant that is a catalyst

for the clearance of 25(OH)D (CYP24A1) (Wang et al. 2010b). A much smaller

third GWAS on a US Hispanic population was published in 2010. This study was

based on a discovery sample of 229 and found no associations at the GWAS

significance level (Engelman et al. 2010). These findings, alongside candidate gene

studies, have provided evidence on the following genetic determinants of nutritional

vitamin D status.

DHCR7 [7-dehydrocholesterol reductase] expresses a reductase catalysing the

conversion of 7-DHC to cholesterol. The DHCR7 reductase removes the pre-

cholesterol from the vitamin D pathway and reduces the substrate of 7-DHC

available for conversion to 25(OH)D. In the synthesis of vitamin D, 7-DHC is

converted to a pre-cursor of vitamin D3 after the skin is exposed to UVB rays.

Mutations in DHCR7 are known to lead to the rare Smith-Lemli-Opitz syndrome,

where impaired activity of the gene leads to accumulation of 7-DHC and a

deficiency of cholesterol along with congenital abnormalities and intellectual

disabilities (Tint et al. 1994). Limited information exists on individuals with the

syndrome and whether their vitamin D status is affected (Rossi et al. 2005).
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However, in earlier animal studies, the use of DHCR7 inhibitors have led to

increased 7-DHC and 25(OH)D concentrations (Bonjour et al. 1987; Morris 1999).

CYP2R1 locus was one of the top hits in both GWAS in participants of European

ancestry (Ahn et al. 2010; Wang et al. 2010b) and there was prior evidence for an

association with 25(OH)D concentrations from a candidate gene study (Bu et al.

2010). CYP2R1 is a member of the cytochrome P450 superfamily of enzymes,

which are the catalysts of numerous reactions in the synthesis of cholesterol, lipids

and steroids (Schuster 2010). GWAS’ findings confirmed the role of CYP2R1 as the

enzyme primarily responsible for the hepatic hydroxylation of vitamin D by the

microsomal enzyme of 25-hydroxylase. Furthermore, a genetic mutation in CYP2R1

is known to lead to vitamin D deficiency (Cheng et al. 2004). It has been

demonstrated in animal studies that vitamin D does not accumulate in the liver, and

the 25-hydroxylation is primarily regulated by the quantity of available circulating

vitamin D (Gascon-Barré 2005).

Four cytochrome P450 forms: CYP2R1; CYP27A1; CYP2J; and CYP3A4I; had been

considered candidates for the catalyst of hydroxylation in the liver (Gascon-Barré

2005; Schuster 2010). Of these, CYP2R1 has the highest affinity and specificity to

vitamin D, however other CYP genes may contribute to a lesser extent to the 25-

hydroxylation (Schuster 2010).

Variants from the gene region GC (group-specific component or Gc globulin),

which encodes the vitamin D binding protein (VDBP), have consistently been

associated with 25(OH)D concentrations in candidate gene studies (Ahn et al. 2009;
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Bu et al. 2010; Fang et al. 2009; Fu et al. 2009; Janssens et al. 2010; Sinotte et al.

2009) and were the top hits in the two GWAS (Ahn et al. 2010; Wang et al. 2010b).

Most of the circulating 25(OH)D is bound by the protein (83-85%; high affinity),

less by albumin (12-15%; low affinity) and 0.04% of 25(OH)D is free (Bikle et al.

1986a). In an in vitro study, protein isoforms of GC were associated with 25(OH)D

bioavailability to target cells, that of monocytes, and the cells’ subsequent response

(Chun et al. 2010).

No individuals have been found to be deplete in VDBP, but GC null type animals are

viable (Safadi et al. 1999; Zella et al. 2008). Compared with the wild type, the GC

null animals are more likely to develop secondary hyperparathyroidism and

hypocalcaemia when subjected to a vitamin D deficient diet, but they are also likely

to be more resistant to hypercalcemia and vitamin D toxicity after being overloaded

with vitamin D (Safadi et al. 1999). Protein bound vitamin D metabolites have a

longer half-life in circulation as they are less susceptible to hydroxylation and

degradation (Speeckaert et al. 2006). This suggests that an important function for

VDBP is to stabilise and maintain circulating concentrations of 25(OH)D and other

vitamin D metabolites (Safadi et al. 1999). There are three common isoforms in the

VDBP, namely GC1F, GC1S, and GC2. These protein isoforms can be based on the

combination of alleles from non-synonymous SNPs rs4588 and rs7041 (Fu et al.

2009; Speeckaert et al. 2006). The common variants differ by amino acid

substitutions and/or by the degree of glycosylation (Braun et al. 1992). In

populations of European ancestry, either for SNPs rs4588 (or rs2282679, a close

proxy with R2>0.99) and/or rs7041, the minor allele is consistently associated with

lower 25(OH)D concentrations (Ahn et al. 2009; Fu et al. 2009; Janssens et al. 2010;
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Sinotte et al. 2009). Concentrations of the circulating VDBP tend to be lower in

carriers with GC2, compared to those with GC1 (Lauridsen et al. 2001). It has been

proposed that carriers of GC2 might also be related to a faster metabolism of

25(OH)D (Kawakami et al. 1981; Lauridsen et al. 2005). There is evidence for

ethnic and geographical differences in the GC variants, suggesting that the GC1F

type is a more common isoform in people with dark skin compared with those with

pale skin, whilst GC1S and GC2 are more common in those with pale skin compared

with dark (Kamboh & Ferrell 1986). This can be confirmed by the genetic

information available for the Hapmap populations (International HapMap

Consortium 2003). This suggests that, compared with GC2, VDBP in people

carrying GC1 may have a higher affinity to vitamin D metabolites (Chun et al. 2010;

Speeckaert et al. 2006), and potentially, that there may be variations in the

bioavailability of 25(OH)D between the different ethnicities.

A locus near the CYP24A1 achieved the genome-wide significance threshold (p-

value<5×10-8) with 25(OH)D concentrations after combining the discovery and

replication studies in the SUNLIGHT meta-analysis (Wang et al. 2010b). As with

CYP2R1 and CYP27B1 (next gene), CYP241 is a member of the cytochrome P450

superfamily. The 24-hydroxylation is crucial in the regulation of the concentrations

of the active 1,25(OH)2D hormone in renal and in extra-renal sites. It is also known

to degrade 25(OH)D into an inactive compound that can be excreted from the system

(Omdahl & May 2005). Within the kidney, the primary regulators of the 24-

hydroxylation are the parathyroid hormone (PTH) and the active metabolite of

1,25(OH)2D; in a normal state increased PTH concentrations will block expression

of CYP24A1, whilst increased 1,25(OH)2D will activate it (Horst et al. 2005).
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Calcium deficient animals have elevated 1,25(OH)2D but very limited CYP24A1

activity (Horst et al. 2005), and it is suspected that PTH is the primary mediator in a

calcium deficient state (Reinhardt & Horst 1990). The expression of CYP24A1 has

been detected in most of the active vitamin D target cells and tissues (Schuster

2010). CYP24A1 is considered as a drug target, and inhibitors for the enzyme are

under development (Schuster 2010). In the future, these might be used on chronic

kidney disease patients who are susceptible to vitamin D deficiency by blocking the

24-hydroxylation breakdown (Schuster 2010).

Other vitamin D related genetic variations have been considered in candidate gene

studies. A large population based cohort with 6288 participants (Hyppönen et al.

2009) has reported an association between the gene coding 1α-hydroxylase 

CYP27B1 and 25(OH)D. Additional evidence of an association has been seen in a

smaller case-control study for gestational diabetes mellitus for the same

polymorphism (Ramos-López et al. 2008) and in a twin multiple sclerosis study for a

different polymorphism (Orton et al. 2008). However, there was no genome-wide

significant CYP27B1 locus association in the SUNLIGHT candidate analysis (Wang

et al. 2010b) or in two other studies (Ahn et al. 2009; Bu et al. 2010), where it was

analyzed with 25(OH)D. It is biologically plausible for CYP27B1 to influence

25(OH)D concentrations as it converts 25(OH)D to its active hormone, 1,25(OH)2D.

However, given the tight regulation of circulating 1,25(OH)2D concentrations and

1α-hydroxylation, it is unsurprising that its association with 25(OH)D is fairly 

inconsistent.  The principal renal activator of 1α-hydroxylase is PTH, acting in its 

regulatory role for calcium homeostasis (DeLuca 2004). Rare mutations in

CYP27B1 prevent the renal hydroxylation of 25(OH)D, causing a deficiency in
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1,25(OH)2D, a disorder known as vitamin D-dependent rickets type 1 (Glorieux & St

Arnaud 2005).

The vitamin D receptor (VDR) mediates the hormonal actions of 1,25(OH)2D and

is the classical gene for vitamin D metabolism; until recently, most vitamin D

relevant genetic studies were focused on VDR. There has been interest in assessing

VDR – disease associations and recent meta-analyses suggest links between selected

VDR variants and the risk of fractures (Ji et al. 2010), rheumatoid arthritis (Lee et al.

2011), tuberculosis (Gao et al. 2010) and various types of cancer (Chen et al. 2009;

Kostner et al. 2009; Raimondi et al. 2009; Randerson-Moor et al. 2009; Tang et al.

2009; Yin et al. 2009). Given the distance of VDR from 25(OH)D in the metabolic

pathway, strong associations between them would not be expected. Evidence for

VDR association with 25(OH)D concentrations is weak (Arslan et al. 2009; Balsa et

al. 2010; Bu et al. 2010; Hibler et al. 2010), although some evidence has been found

in small multiple sclerosis studies. In a case-control study based in the Netherlands,

the VDR polymorphism Fok-1 was associated with 25(OH)D in season, case and

control stratified analysis of 289 controls and 212 cases (Smolders et al. 2009).

Similarly, in a Canadian twin-based study of 99 twin pairs, again a Fok-1

polymorphism association persisted after controlling for multiple testing of genetic

markers (Orton et al. 2008). Additionally, no association has been found for the

heterodimer partner of VDR, RXR (RXRA and RXRB), with 25(OH)D (Ahn et al.

2009; Hibler et al. 2010).
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5.2.1 Candidate genes from hair and skin colour, tanning GWAS for

instruments of 25(OH)D

The majority of vitamin D is sourced through sun exposure (Holick 1994), and

pigmentation of skin and hair colour can affect the level of tolerable UVB exposure

(Andreassi et al. 1987; Cummings et al. 1997). It has been hypothesised that human

pigmentation has partially evolved to optimise levels of vitamin D (Jablonski &

Chaplin 2010). Findings from three GWAS on hair and skin colour and tanning

ability have found associations in seven loci (Table 5.2).
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Table 5.2 Genetic loci associated with skin, hair colour and tanning ability in

GWAS

Gene Region SNP Phenotype Author

MATP/

SLC45A2

5p13.2 rs16891982 Black vs blonde hair

Tanning ability

Skin colour

(Han et al.

2008)

rs28777 Black vs blonde hair

Black vs red hair

(Han et al.

2008)

IRF4 /

EXOC2

6p25-p23 rs1540771 Freckles (Sulem et al.

2007)

rs12203592 Black vs blonde hair

Skin colour

Tanning ability

(Han et al.

2008)

rs12210050 Tanning ability (Nan et al.

2009)

MC1R 16q24.3 rs1805008 Red vs non red hair

Blond vs brown hair

Skin sensitivity to sun

Freckles

(Sulem et al.

2007)

rs258322 Black vs. red hair (Han et al.

2008)

rs11648785 Tanning ability (Nan et al.

2009)

rs464349 Tanning ability (Nan et al.

2009)

TYR 11q14-q21 rs1042602 Freckles (Sulem et al.

2007)

rs1393350 Skin sensitivity to sun (Sulem et al.

2007)

rs1393350 Tanning ability (Nan et al.

2009)

KITLG 12q22 rs12821256 Blond vs brown hair (Sulem et al.

2007)

SLC24A4 14q32.12 rs12896399 Blond vs brown hair (Sulem et al.

2007)

rs12896399 Black vs blond hair (Han et al.

2008)

OCA2/

HERC2

15q12-q13 rs1667394 Blond vs brown hair (Sulem et al.

2007)

rs11855019 Black vs blond hair

Black vs red hair

(Han et al.

2008)

rs12913832 Hair colour

Tanning ability

(Han et al.

2008)
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5.2.2 Summary of genetic variants considered as instruments for

25(OH)D in MR

The genetic variants highlighted in the two reviews were taken forward as potential

instruments for vitamin D status in a MR study. For the purpose of learning in this

thesis, the strategy to select SNPs to take forward as potential instruments differed

slightly from paper IV. Excluding SNPs highlighted in GWAS on 25(OH)D, all

SNPs from candidate genes were tested for an association with 25(OH)D. Multiple

testing of the candidate gene SNPs with 25(OH)D was corrected for by a false

discovery rate procedure. Haplotypes from GC were estimated from the two

functional GC SNPs, and the association of the haplotypes with 25(OH)D was

assessed. The genetic variants underwent statistical analysis to assess their

suitability as instruments. Formal MR analysis was applied by IV regression using

the suitable genetic instruments for 25(OH)D with the outcomes of the

inflammatory/haemostatic biomarkers.
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5.3 Methods

5.3.1 Participants

The number of participants from the 1958BC Biomedical survey analysed to assess

the suitability of the instruments were: WTCCC2 (n=2703), T1DGC (n=2530) and

the additional de novo genotyped (n=1807). These analyses were restricted to

participants with full data on 25(OH)D concentrations, and reduced the number in

the sub-studies to n=2598 in WTCCC2, n=2390 in T1DGC and n=1470 in the de-

novo genotyped samples.

The formal MR analyses were done using IV regression for the outcomes of C-

reactive protein (CRP), D-dimer, fibrinogen, tissue plasminogen activator (tPA) and

von Willebrand factor (vWF). The analyses were further restricted to participants

with any data on the outcomes and full data on the covariates of body mass index

(BMI) at age 45 years and geographical region of residence (n=5898). Since the

focus was on individuals free from CVD, subjects who had reported taking

hypertensive medication and/or lipid regulating medication (n=401) were excluded

from the IV regression analyses. The final analyses were performed on at most 5497

participants who had information on at least one SNP or more.

5.3.2 Procedures

A full description on the laboratory techniques used for the serum biomarkers,

procedures to measure lung function, height, waist circumference and weight from

the biomedical survey, when the cohort members were aged 44-45 years, are in

Chapter 2. Genome-data was used from the two sub-studies of WTCCC2 and
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TIDGC, genotyped on chips Affymetrix 6.0 and Illumina 550K Infinium and

respectively (Barrett et al. 2009; Sawcer et al. 2011). De-novo genotyping was done

by JDRF/WT Diabetes and Inflammation Laboratory, Cambridge, UK using the

Taqman platform (Applied Biosystems, Warrington, UK).

The serum biomarkers used as outcomes or to assess the suitability of the

instruments were 25(OH)D, CRP, D-dimer, fibrinogen, tPA, vWF, IGF-1,

Glycosylated haemoglobin (HbA1c), triglycerides, total and HDL cholesterol and

IgE. BMI was calculated from height and weight measurements at age 45 years.

Other measurements used in this chapter were forced expiratory volume 1 (FEV1)

and blood pressure.

5.3.3 Lifestyle and socio-economic covariates

A detailed description of the lifestyle and socio-economic covariates used in these

analyses are in Chapter 2. The lifestyle and socio-economic variables were used to

assess whether the instruments (SNPs) associated with 25(OH)D were mediated

through them, or whether the instrument was directly associated with them. The

following covariates used in these analyses recorded at age 44-45 years were:

physical activity as coded by recreation metabolic equivalent of task (MET) hours;

alcohol consumption; time spent watching a television and/or using a PC; time spent

outside; use of sun cover; oily fish consumption; use of vitamin D supplements; and

geographical region. Variables used in these analyses taken from earlier 1958BC

sweeps were socio-economic class and smoking at age 42 years.
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The variables were dichotomised when used as outcomes by collapsing into the

following categories: time spent watching a television/using a PC (coded as <1 h vs

≥ 1 h); time spent outside (coded as <1 h vs ≥ 1 h); protecting skin when in the sun 

(often/sometimes vs rarely/never); oily fish consumption (≥3 days/ week vs. < 3 

days/ week); use of vitamin D supplement (yes/no); and season of blood drawn

(winter/spring vs. summer/autumn).

5.3.4 Selection of SNPs, candidate genes and genotyping procedures

Five SNPs were de-novo genotyped from four genes found as recent hits in the

SUNLIGHT GWAS (Wang et al. 2010b). For the candidate gene analysis, in total

11 loci were identified from literature that have a potential role in skin and hair

pigmentation and tanning ability (Han et al. 2008; Nan et al. 2009; Sulem et al.

2007), or have a role in the hydroxylation of vitamin D or 25(OH)D (Gascon-Barré

2005; Horst et al. 2005; Schuster 2010) (Figure 5.3). The GC SNP rs2282679 found

to be the top hit in the SUNLIGHT consortium GWAS was in high LD with the

candidate non-synonymous SNP rs4588 (R2= 0.98), and rs4588 was chosen due to its

functional role. The functional SNP rs7041 was also selected to allow the

investigation of the association of GC haplotypes with 25(OH)D. The analysis of the

candidate genes was run using the data from the genome-wide sub-studies of

WTCCC2 and T1DGC and supplemented with two additional SNPs that were

genotyped in the 1958BC. The 1447 SNPs genotyped by the gene-chips selected for

further assessment as potential instruments were imported into Stata and a threshold

of 0.8 was applied to the genotype certainty, via the program GTOOL (Freeman &

Marchini 2011).
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Figure 5.3 Polymorphisms and candidate regions considered as instruments for

25(OH)D

5.3.5 Statistical Methods

The hypothesised relationships between the genetic markers, exposure and outcome

in the MR study for 25(OH)D on the inflammation/haemostatic markers are

characterised in Figure 5.4.
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Figure 5.4 The relationships between the genetic markers, exposure, and outcome

in MR.

Methods used to assess and evaluate genetic variants as instruments for

25(OH)D

Testing H0 : βZX = 0

The SNPs identified as possible instruments for 25(OH)D were tested for their

associations with 25(OH)D in the 1958BC. The 25(OH)D concentrations were left

skewed in the 1958BC and were transformed by natural logarithm (ln) to achieve a

normal distribution, when used as an outcome in the linear regression models. The

models used to assess the SNP associations were adjusted for sex, and a p-value

threshold was applied depending on how the SNP was initially identified as a

possible instrument. The SNPs identified through GWAS on 25(OH)D had a

significance threshold of p-value < 0.05 applied to reflect the prior evidence. For

candidate gene polymorphisms, in total 1449 SNPs from within the 11 loci were
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tested for an association with 25(OH)D and adjusted for sex. As all but two of the

SNPs were from the genetic sub-samples of WTCCC2 and T1DGC genotyped on the

gene-chips, the analysis was run using the program SNPtest (Marchini et al.

2007), and then meta-analysed using the inverse-variance method with the program

METAL (Abecasis 2009). Prior to the meta-analysis, the SNP results of the

WTCCC2 and T1DGC were filtered out by minor allele frequency (MAF) of less

than 0.01, and lack of genotype certainty in the model as measured by the score

statistic (i.e. proper info) with a cut-off of less than 0.4, as typically used for GWAS

(Freathy et al. 2010; Marchini et al. 2007).

A false discovery rate (FDR) procedure was applied to the candidate SNP

associations with 25(OH)D to control for multiple testing (Benjamini & Hochberg

1995). The FDR procedure has been adapted to grouped results (Hu et al. 2010),

which lent itself this situation of 11 genetic loci and number of SNPs varying in each

locus from 7 to 440. A FDR procedure was used as opposed to a simple Bonferroni

correction, since a Bonferroni correction may have been too stringent and led to

rejecting true findings.

The FDR procedure (Benjamini & Hochberg 1995) ranks the p-values 1 2, ,..., mP P P

from m number of tests,     ( )1 2
, ..., mP P P   , where Pi corresponds to test i, with a

significance level of  . Then k is the largest P ranked ith in the list that satisfies

( )i

i
P

m
  , and the null hypotheses are rejected according to their associated order

of ( ) 1,2,..., .iP i k A two-stage FDR has been adapted to a grouped data structure

(Hu et al. 2010), and each group (i.e. loci as in this work) is weighted according to
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the proportion of true null hypotheses in the group ,0g , g = 1, … G. The true value

of ,0g is unknown for each of the G loci, so an adaptive two-stage approach of

FDR was used with an initial significance level of 0.05  , that was adjusted to

 1     . The first stage of the FDR procedure was applied to the SNPs

grouped by their regions at level  . In each group, the number of tests that did not

reject the null hypothesis is used to estimate the proportion of true hypotheses ,0g

and the proportion of alternative hypotheses. The p-values that have passed the first

stage (i.e. rejected null hypotheses) are weighted by the ratio of the proportion of

true hypotheses over alternative hypotheses, to give ,
w

g iP . The overall proportion of

null hypotheses is estimated from the average number of null hypotheses and tests in

each group for the second stage significance level w . The FDR procedure is then

re-run on the weighted p-values of ,
w

g iP with the second stage significance level w .

Polymorphisms passing the two-stage FDR control were taken forward in the

analysis to assess suitability as possible instruments.

Relationship of SNPs with social, lifestyle and dietary measures and disease-

relevant biomarkers

In a MR study, the second assumption that the genetic variant does not have risk

factors in common with the exposure or outcome is primarily justified from

Mendel’s laws (Lawlor et al. 2008). Although the lack of confounding between the

SNP and exposure cannot be proven, several multiple linear regression models were

run with 25(OH)D as the outcome to provide as much possible evidence. To assess

the strength and sensitivity of the SNP association with 25(OH)D, the models were
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adjusted for the social, lifestyle and dietary covariates and then separately for

disease-relevant biomarkers. The social, lifestyle and dietary covariates adjusted for

were: time spent outside; sun cover; oily fish consumption; vitamin D supplements;

season; smoking; alcohol consumption; personal computer (PC)/television (TV)

time; recreational metabolic equivalent task hours; adult social-economic class;

geographical region of residence; BMI and waist circumference; alongside sex. The

adjustment for the disease-relevant biomarkers, also assessed whether the SNP

association with 25(OH)D was due to other health factors. The biomarkers adjusted

for in the model together were: vWF; tPA; D-dimer; fibrinogen; CRP; IgE;

triglycerides; low-density lipoproteins (LDL); high-density lipoproteins (HDL); total

cholesterol; forced expiratory volume in 1 second (FEV); diastolic and systolic blood

pressure; IGF1; HbA1c; BMI and waist circumference.

The association of SNP with the social, lifestyle and dietary variables and

biomarkers was next considered, as if pleiotropy did exist the association should be

strong and not affected by 25(OH)D adjustment. The social, lifestyle and dietary

variables were dichotomised and used as outcomes in a logistic regression model.

The SNP associations with the social, lifestyle and dietary variables were corrected

for multiple testing, 14 in total, and with a threshold of p-value < 0.004 =0.05/14 that

was applied. Interactions between the social/lifestyle/dietary variables and SNPs

with 25(OH)D concentrations were also investigated and corrected for multiple

testing of the 14 variables. For each of the biomarkers as outcomes (ln transformed

as appropriate to normalise left skew distributions), linear regression models were

used and adjusted for 25(OH)D and geographical region of residence. Again, the
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significance threshold was corrected for multiple testing with the biomarkers, and a

threshold of p-value ≤ 0.003 =0.05/17 was applied. 

The final step before combining the polymorphisms into single allele counts, scores

and haplotypes was testing for interaction between pairs of SNPs with 25(OH)D

adjusted for sex to investigate whether a non-linear relationship existed between the

genetic proxy and exposure.

Haplotypes, allele scores and counts

The SNPs that passed evaluation were taken forward as instruments and combined as

an allele count or a weighted allele score. Genetic variants where the related gene

expressions took place prior to or as part of the 25-hydroxylation of vitamin D were

referred to as the “synthesis” polymorphisms. Variants that were expressed post the

25-hydroxylation were referred to as the “metabolism” polymorphisms. A

distinction was made in this work between the SNPs found in GWAS (labelled

“GWAS”) and the SNPs found in both GWAS and candidate gene analysis (labelled

“non-GWAS”) when creating the allele scores and counts.

The GC non-synonymous SNPs were also investigated separately as an instrument

by estimating their GC haplotypes, since these polymorphisms alone explained a

relatively sizable proportion of variation in 25(OH)D compared with the other

variants from different loci. The haplotypes were estimated from rs4588 and rs7041

using SimHap, and haplotypes with a posterior probability < 0.95 were removed

(Carter et al. 2008). After considering various forms of categorisation of the

haplotypes (Appendix 4), a variable categorising participants by the number of Gc2
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haplotype copies carried was taken forward as a potential instrument for 25(OH)D

concentrations.

For creating the allele count and the weighted allele score, the SNPs genotypes were

coded as (0-2) with their risk allele for lowering 25(OH)D concentrations as the

effect allele (i.e. homozygous genotype with both risk alleles is coded as 2). The

allele count for the synthesis and metabolism SNPs were then summed on the basis

of the risk alleles. When the tails of the counts were carried by only a few

participants, those carrying the maximum number of risk alleles were collapsed into

the next count category. For the allele score, the technique is as outlined in the

Statistical methods section of Chapter 4 and created separately for the synthesis and

metabolism SNPs. The weights used were taken from the SNP association with

25(OH)D from linear regression models adjusted for sex in the 1958BC. For scale

display purposes in the figures, the scale of the score was put on a similar scale to the

count by multiplying by a quarter. Each score and count was created solely with the

SNPs found in the GWAS studies and recreated again with the SNPs combined from

the GWAS studies and the candidate gene analysis.

The proportion of variation explained in 25(OH)D concentrations by the counts,

scores and haplotypes was estimated from the adjusted R2 for the number of

parameters in the linear regression models with 25(OH)D as the outcome. The F-

statistic for the allele counts, scores and haplotype was also considered from the

linear regression models with 25(OH)D, since it is used as indicator of instrument

strength in IV analysis. The F-statistic should ideally be greater than 10 in order for

an instrument to be considered strong enough to use (Staiger & Stock 1997). The
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proportion of variance explained (R2) and the F-statistic of an instrument(s) with the

exposure are tightly related since

2

2

( 1 )
=

(1 )

R n k
F

R k

 

 ,

where k is the number of instruments (or variables) and n is the sample size (Rice

1995). An increase in sample size will increase the value of F even when an

instrument only explains a small proportion of the variation in an exposure.

However, biasing will increase in IV analysis compared with ordinary least squares

(OLS) (linear regression) when multiple weak instruments are used together (Palmer

et al. 2011a). The relative bias of the IV analysis to linear regression is defined as

2k nR . The final allele score or count from each group of the synthesis, metabolism

and GC SNPs/haplotypes was assessed in the same way as the individual SNPs with

the social, lifestyle and dietary variables and biomarkers.

Methods used for the IV analyses between 25(OH)D and the haemostatic/

inflammation outcomes with genetic instruments

Testing H0 : βXY = 0, H0 : βZY = 0, H0 : βIV = 0

Linear regression models were used with each of the haemostatic/inflammation

biomarkers ln transformed as outcome adjusted for sex, BMI, month of measure,

geographical region of residence, and ln transformed 25(OH)D. The normal

probability plot of the studentised residuals of each model was used to assess the

assumption of normality (Appendix 4). The untransformed curvature term of

25(OH)D was significantly associated with each of the haemostatic/inflammation

outcomes after adjustment for sex, BMI, month of measure and geographical region.
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Plots of model residuals and 25(OH)D (ln and raw) were visually assessed for a

trend.

The covariates adjusted for in IV regression were sex, month of blood sample, BMI

and geographical region. In IV analysis each (exogenous) covariate is treated as its

own instrument (Baum 2006). Therefore, co-linearity amongst the exogenous

variables should be avoided to minimise the standard error of the IV estimator

(Wooldridge 2009), therefore additional lifestyle covariates were not considered for

this reason.

To establish the association size of ln 25(OH)D with the ln outcomes (i.e. to test for

0 : 0XYH   ), linear regression models were run adjusting for sex, month of blood

sample, BMI and geographical region of residence. The linear regression models

were repeated with the same adjustments, to investigate whether the individual SNPs

and allele counts or scores had an association with the ln outcomes (i.e. to test for

0 : 0ZYH   ). For a significant relationship between 25(OH)D and any of the

haemostatic/inflammation outcomes to exist, it would be expected that there would

be some evidence against both null hypotheses. The final step was to run IV

regression between 25(OH)D and the haemostatic/inflammation outcomes using the

genetic instruments to test the null hypothesis of 0 : 0IVH   .

The first model form of IV regression can be written as (Baum 2006; Wooldridge

2009)

0 1 2 1 1i i i iy x z      
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where 1,...,i n are for the individuals in the model, and  2
1 ~ 0,i N  ,

independently. The parameters of interest are 0 1 2, ,   , and, unlike OLS regression,

the exogenous variables are distinguished from the endogenous. The exogenous

variables are assumed to be uncorrelated with the error term, unlike the endogenous

variables. In the above equation, the main exposure x is correlated with the error

term 1 making it an endogenous variable, but z1 is uncorrelated with 1 , making it

an exogenous variable. Furthermore, the outcome y will also be correlated with its

error term 1 making it endogenous. An instrument must be correlated with the

exposure, but exogenous (thus uncorrelated with 1 ) . The second model form in IV

regression defines the relationship between the exposure and the exogenous variables

as:

0 1 1 2 2 2i i i ix z z      
,

where the assumptions are as before for the distribution of the error term and number

of individuals. To be a valid instrument of x, it is assumed that the defining

exogenous variables are 1 2, 0   . It is also worth noting that variable z1 is in both

equations and is its own instrument, but that the endogenous variable x must have at

least one associated exogenous (instrument) variable (i.e. z2).

For each of the haemostatic/inflammation biomarkers, a two-stage least squares

(2SLS) regression was run with the genetic variants as exogenous variables for ln

25(OH)D and adjusted for sex, BMI, month of sample and geographical region of

residence. To test that the errors of the 2SLS model were identical and

independently distributed, i.e. homoscedastic, the Pagan-Hall statistic was used

(Baum et al. 2007). This statistic is distributed as a 2
p under the null hypothesis of
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homoscedasticity in 2SLS regression and is also valid when heteroscedasticity is

present in the regression model outside the IV (Baum et al. 2003). When evidence

of heteroscedasticity was present in the 2SLS regression model, a generalised

method of moments (GMM) estimator with a robust variance estimate was used

instead as it is heteroscedastic consistent (Baum 2006). Hansen’s J statistic was used

to assess whether any of the SNPs as individual instruments were over-identified in

the IV regression (Baum et al. 2007), therefore whether there unnecessary

instruments for the exposure in the model. Over-identification of instruments relies

on there being sufficient correlation between the instruments and exposure, however

in large sample sizes over-identified endogenous variables can be more efficient (i.e.

have smaller standard errors) at estimating (Baum 2006).

The use of IV regression as opposed to OLS regression does come at a cost of

efficiency (Baum 2006). The asymptotic variance of an IV estimator will always be

larger than that of an estimator from OLS (Baum 2006). The Durbin-Wu-Hausan

test for endogeneity determines whether IV regression is appropriate to use over

OLS regression, given the loss of efficiency of using an IV estimator against using a

potentially biased and inconsistent OLS estimator. Under a null hypothesis of

endogeneity, OLS is an appropriate method and evidence against this null hypothesis

suggests that the OLS estimator is inconsistent. The analysis was run in Stata 11

(StataCorp 2010) and the IV regression were fitted using the ivreg2 command

(Baum 2006).
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The interpretation of the IV estimate – elasticity

In the IV regression the ln of 25(OH)D (x) was regressed on the ln of the biomarkers

(y) of CRP, D-dimer, fibrinogen, tPA and vWF. A ln coefficient with ln outcome in

econometrics is often referred to as an elasticity (Wooldridge 2009). An elastic

effect size is can be considered as the relative change in y with respect to the relative

change in x;

1

%

%

y

x







Power calculations

For 2SLS regression there is no standard approach for estimating power and sample

size, however one way is through repetitive simulation of a dataset. This was done

by simulating a dataset of a fixed sample size (n) by imposing constraints on the

known relationships, running IV regression and then testing the parameter of interest

at a fixed significant level α. The dataset was re-simulated a 1000 number times for

the same sample size (n) and the proportion of times the parameter of interest was

less than the significant level α is an estimate of the power yielded by the sample

size (Feiveson 2002).

The model based on the MR assumptions was used for the simulated dataset, and

defined as:

0 1

0 1

i i xi

i i yi

x g

y x

  

  

  

  
,

where i is the number of individuals, xi,gi, yi are the exposure, genetic variant, and

outcome with    2 2
1 2~ 0, and ~ 0,xi yiN N    . The genetic variant gi takes the
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values for the single marker  0,1, 2 and joint allele count  0,1, 2,3 . The

parameters were set to the effect sizes as found in the 1958BC from the relationship

between ln 25(OH)D and ln tPA. tPA was used as the example outcome in the

simulation since a relationship was observed between 25(OH)D and tPA in Chapter

3. The SNP and allele count genotypes in the simulated dataset were set to the

observed proportions in the 1958BC.

Simulation of pleiotropic SNP in a MR study

Simulation was also used to understand the effect pleiotropy might have on the

reliability of 2SLS regression estimates, when the assumptions of MR are invalidated

by one SNP that is subsequently combined with other markers. The datasets created

had pathways from the genetic variant Zp going to different intermediate exposures X

and P (Figure 5.5 Scenario A). The exposures X and P were created in such way so

that both were independently associated with the outcome Y and correlated to each

other. The correlation between exposures X and P were set to 0.57 (based on the

reported correlation between 25(OH)D and VDBP (Bikle et al. 1986b)). The initial

parameters were based on the ln 25(OH)D (as exposure X) and ln tPA (as outcome

Y). The effect size of exposure P regressed on Y was set at three values based on the

effect size of X on Y; 50% smaller (“small”), the same size (“moderate”) and 50%

larger (“large”). The offending pleiotropic SNP was combined into an allele count

ZC1 with a SNP Z1, which did meet the assumptions of MR in its own right. The

allele count ZC1 was also used together with another allele count ZC2 (which did met

the assumptions of MR) as instruments for the main exposure X (Figure 5.5
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Scenarios B-C). As before, the simulation was repeated 1000 times for each

scenario.

Figure 5.5 Proposed scenarios of pleiotropic SNP in a MR study. SNP Zp through

exposure P to outcome Y outside of the pathway of the exposure of interest X

(scenario A). The offending pleiotropic SNP Zp is then used in an allele count ZC1

along with another SNP Z1, that meets the assumptions of MR (scenario B). The

allele count ZC1 is used together with another allele count ZC2, which also meets the

assumptions of MR, as instruments for exposure X (scenario C).
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5.4 Results

5.4.1 Evaluation of the genetic instruments

All six polymorphisms selected from GWAS results on 25(OH)D had significant

associations with 25(OH)D (p-value<0.02 for all), after adjustment for sex (Table

5.3). The non-synonymous SNP rs4588 from the GC locus explained the largest

proportion of variation in 25(OH)D at 1.18% and had the largest F statistic, 73.5,

compared with the other SNPs (Table 5.3). Of the 11 candidate genes tested for an

association with 25(OH)D, eight SNPs passed an adapted two-stage FDR control.

Seven of those SNPs were from the CYP27B1 gene and the one other was from

SLC45A2 (Appendix 5 Figure 1). The association of SNP rs10877012 with

25(OH)D (adjusted for sex) had the lowest p-value of the CYP27B1 SNPs, and was

one of the de-novo genotyped SNPs in the 1958BC. The other candidate gene SNP

was rs16892096 from the gene SLC45A2, which had a risk MAF of 1.5% and larger

effect size with 25(OH)D than the other SNPs found (Table 5.3). Participants who

carried the T allele of rs16892096 had 12% lower 25(OH)D concentrations (95% CI

4, 20, p-value=0.0007), than non-carriers. In total, seven SNPs from six genes (two

SNPs were from GC) were taken forward for further assessment as potential

instruments for 25(OH)D concentrations in IV analyses. Of the seven SNPs taken

forward, SNPs from CYP24A1 and CYP27B1 were considered to be weak

instruments on the basis of the F < 10.
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Table 5.3 The SNP associations with ln 25(OH)D concentrations adjusting for sex

Gene SNPs n MAF Alleles* 

Std

error p-value

% of

variance

explained F-statistic

GC rs4588 6027 0.30 G > T -0.08 0.009 1.5×10-17 1.18 73.5

GC rs7041 5412 0.45 G > T -0.06 0.009 9.5×10-11 0.75 42.5

DHCR7/NADSYN1 rs12785878 6504 0.22 T > G -0.05 0.009 1.2×10-6 0.35 22.4

CYP2R1 rs10741657 5968 0.40 G > A 0.03 0.009 0.0003 0.21 13.3

CYP24A1 rs6013897 6534 0.20 T > A -0.03 0.010 0.016 0.07 5.4

SLC45A2† rs16892096 4923 0.02 C > T -0.12 0.039 0.0007 0.19 10.3

CYP27B1†‡ rs10877012 6877 0.33 C > A -0.02 0.008 0.008 0.09 7.2

* Major allele as reference > Minor allele as effect.

† Genes SLC45A2 and CYP27B1 were the top hits from the candidate gene analysis that passed an adapted two-stage FDR

‡ SNP rs10877012 was the top hit in the CYP27B1 locus.
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The consistency of the SNP associations with 25(OH)D were considered next and

whether the SNP-25(OH)D associations were sensitive to potential lifestyle

confounders (region, dietary, lifestyle and adiposity variables), or to confounding

from different pathways (biomarkers). All of the SNPs remained significantly

associated with 25(OH)D after adjusting for social, lifestyle, region and dietary

covariates, and after adjusting for biomarkers (Figure 5.6). The SLC45A2 SNP

association with 25(OH)D did attenuate somewhat after adjusting for the social,

lifestyle, region and dietary covariates, but still remained significant (p-

value=0.010).

Figure 5.6 SNP associations with 25(OH)D after three model adjustments for; 1)

adjusted for sex (black solid line); 2) adjusted for biomarkers (dark grey long dashed

line); 3) adjusted for social, dietary, lifestyle and region covariates (light grey short
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dashed line). The coefficient of the SNP association is denoted by the solid square

and 95% CI by the horizontal bars.

The SNPs were individually regressed on the dichotomous variables representing

time spent outside; sun cover; oily fish consumption; vitamin D supplements;

season; smoking; alcohol consumption; PC/TV time; recreational metabolic

equivalent task hours; adult social-economic class; geographical region; BMI and

waist circumference. After correcting the p-values for multiple testing, some

relationships between SNPs and lifestyle variables were observed (Figure 5.7). Both

of the GC SNPs, rs7041 and rs4588, were associated with oily fish consumption (p-

value=0.028, p-value=0.027 respectively). The DHCR7 SNP was associated with

region (p-value=0.0004), and the CYP2R1 SNP was associated with adulthood socio-

economic position (p-value=0.040). The DHCR7 SNP rs12785878 MAF in the

1958BC is 22%, compared with Hapmap CEU population at 27% (International

HapMap Consortium 2003), which is higher. There was no evidence of an

interaction between region, social, dietary, lifestyle, and adiposity variables and

SNPs with 25(OH)D (p-value=0.083 corrected for multiple testing).
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Figure 5.7 SNP odds ratios with selected dichotomous dietary, lifestyle and region

variables (light to dark shading for each outcome), and all models were adjusted for

sex except region, where the model was also adjusted for season. The odds ratio of

the SNP association is denoted by the solid square and 99.6% CI (corrected for

multiple testing) by the horizontal bars.
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The final test of possible SNP pleiotropy with the biomarkers, was assessing the

SNP association with the biomarkers after adjusting for 25(OH)D, sex and region

(Appendix 6 Table 1), and correcting for multiple testing. The SNP from SLC45A2

was associated with LDL, cholesterol and lung function (p-value=0.019 and p-

value=0.005 respectively). After these associations with LDL and FEV1, the

SLC45A2 SNP was removed from any further analysis with the allele counts and

scores.

A distinction was made between the SNPs from genes expressed prior to and as part

of the 25-hydroxylation (labelled “synthesis”), genes post 25-hydroxylation of

vitamin D (labelled “metabolism”), SNPs found in GWAS on 25(OH)D (labelled

“GWAS”), and SNPs found from the GWAS and candidate gene analysis (labelled

“non-GWAS”), an un-weighted allele count (labelled “count”), weighted score

(labelled “score”) (Table 5.4). The metabolism scores that were weighted in favour

of the GC rs4588 association with 25(OH)D, explained the greatest proportion of

variance in 25(OH)D and had the largest F-statistics, compared with all other

combinations of SNPs. For the synthesis SNPs, it was the synthesis count that

explained slightly more variation in 25(OH)D concentrations, compared with the

synthesis score. All combinations of SNPs had F > 10, which implied that none of

the potential instruments were “weak”.
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Table 5.4 Allele counts/scores and haplotype association with ln 25(OH)D adjusted

for sex.

SNP from

genes n

ln 25(OH)D

Coefficient

(95% CI) p-value

R2,

%

F-

stati

stic

Rel.

bias,

%

Synthesis allele

count

DHCR7,

CYP2R1

5856 -0.040

(-0.053, -0.026)

5.99 x10-9 0.56 33.4 3.0

Synthesis allele

score

DHCR7,

CYP2R1

5856 -0.154

(-0.206, -0.101)

9.04 x10-9 0.55 33.4 3.1

Metabolism

GWAS allele

count

GC*,

CYP24A1

5936 -0.057

(-0.071, -0.043)

1.81 x10-15 1.04 63.1 1.6

Metabolism

GWAS allele

score

GC*,

CYP24A1

5936 -0.196

(-0.240, -0.152)

3.76 x10-18 1.24 75.8 1.4

Gc2 haplotype GC 5301 -0.077

(-0.096, -0.058)

2.94 x10-15 1.14 62.6 1.7

Metabolism non-

GWAS allele

count

GC*,

CYP24A1,

CYP27B1

5623 -0.046

(-0.057, -0.035)

8.60 x10-16 1.12 64.6 1.6

Metabolism non-

GWAS allele

score

GC*,

CYP24A1,

CYP27B1

5623 -0.238

(-0.289, -0.186)

2.01 x10-19 1.41 81.7 1.3

* GC SNP rs4588

The strength of the association of the synthesis count, metabolism scores, and Gc2

haplotype with 25(OH)D was assessed against potential lifestyle confounders and the

health biomarkers. The allele count/score associations showed minimal attenuation

after the model adjustments for both groups of covariates (Figure 5.8). Furthermore,
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the allele counts/scores were no longer directly associated with some of the social,

dietary, lifestyle and region variables that the individual SNPs had been associated

with (Figure 5.7 vs Figure 5.9). Unlike the DHCR7 SNP, the synthesis count was

not associated with adulthood socio-economic class (p-value=0.57 corrected for

multiple testing). The metabolism count (non-GWAS) was not associated with oily

fish consumption (p-value=0.10 corrected for multiple testing), unlike the individual

GC SNPs. However, the synthesis score was associated with region (p-

value=0.0002 corrected for multiple testing), as had been observed for the DHCR7

SNP. None of the allele scores/counts were significantly associated with the health

biomarkers (p-value ≥0.16 for all allele scores/counts and corrected for multiple 

testing) and showed no direct evidence of pleiotropy (Appendix 6 Table 2).
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Figure 5.8 Allele score, counts and haplotype associations with 25(OH)D after three

model adjustments; 1) adjusted for sex (black solid line); 2) adjusted for biomarkers

(dark grey long dashed line); 3) adjusted for diet/lifestyle and region covariates (light

grey short dashed line). The coefficient of the count/score association is denoted by

the solid square and 95% CI by the horizontal bars.
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Figure 5.9 Allele score, counts and haplotype odds ratios with selected dichotomous

dietary, lifestyle and region variables (light to dark shading for each outcome), and

all models were adjusted for sex except for region, where the model was also
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adjusted for season. The odds ratio of the count/score association is denoted by the

solid square and 99.6% CI (corrected for multiple testing) by the horizontal bars.

5.4.2 Power calculation and MR simulation study

The effect size of the 25(OH)D association with tPA was used as the basis for the

power calculations to detect a true effect by IV regression (Figure 5.10). The

combination of synthesis and metabolism (non-GWAS) scores together as

instruments in IV regression had the most power to detect an effect, compared with

the power when using the other genetic instruments. There was little difference in

power between the metabolism scores (GWAS vs non-GWAS). Of the individual

SNPs, the GC SNP (rs4588) as an instrument in IV regression had the largest power

to detect a true effect. The power in IV regression to detect an effect with the GC

SNP as an instrument was similar to the power when using the metabolism scores as

instruments.



233

A

B

Figure 5.10 Power calculations for IV analysis with the single SNPs as instruments

(A) and allele scores/counts/haplotypes as instruments (B) based on the ln 25(OH)D

association with ln tPA.

The simulation study of a SNP with varying degrees of pleiotropy (none, small,

moderate, large) had the following instrument scenarios in 2SLS regression: the SNP

alone as a single instrument; combined into an allele count with another SNP (that
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met the assumptions of MR as a single instrument); two instruments with an allele

count that included the pleiotropic SNP and another allele count (that met the

assumptions of MR) (as outlined in Figure 5.5). The simulation revealed that the

size of the association between the exposure and outcome became larger as the

strength of the SNP’s pleiotropy increased from small to large (Appendix 5 Figure

2). The inflated estimate of the association between the exposure and outcome

occurred regardless of the instruments used in the IV regression model.

Furthermore, increasing the sample size had little effect on the IV estimate when the

SNP had some degree of pleiotropy, as the exposure’s effect size on the outcome

remained inflated. Compared with a single SNP as the instrument, the allele count

did not give a more accurate estimate of the true effect size of the exposure-outcome

relationship. Of all three types of instruments (single SNP as instrument, allele

count as instrument, and two allele counts as instruments) used in the IV regression,

the two allele counts as instruments gave the least inflated IV estimate of the

association between the exposure and outcome. It was the two allele counts used as

two instruments in 2SLS regression that also had the greatest power to detect an

effect, compared with the other combinations of SNPs.

5.4.3 IV regression of 25(OH)D with haemostatic/inflammation

markers using genetic instruments

Concentrations of 25(OH)D were not associated with the haemostatic/inflammatory

markers in IV regression that used the synthesis count or SNPs in anyway as

instruments (p-value≥0.29) (Table 5.5), even when combined with the metabolism 

score or SNPs (p-value≥0.29) (Appendix 6 Table 5).  In comparison with the IV 

regression results, 25(OH)D was negatively associated with CRP, D-dimer,
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fibrinogen and tPA (p-value ≤0.004) in the multiple linear regression analysis, after 

adjusting for sex, BMI , month of measure and geographical region, except for vWF

(p-value=0.37) (Table 5.5). However based on the Durbin-Wu-Hausman test, the

associations between 25(OH)D and the haemostatic/inflammatory biomarkers did

not differ when estimated by IV regression, when using the synthesis count or SNPs

as instrument(s), and compared with the estimates from OLS (linear regression) (p-

value≥0.19) (Appendix 6 Table 4).  

There was no evidence that the synthesis count was directly associated with the

haemostatic/inflammatory markers. However, there was some evidence that genetic

markers that included GC SNPs were directly associated with CRP and tPA. Each

unit increase of the metabolism (GWAS) score was associated with 10.4% (95% CI -

21.3, 0.5 p-value= 0.061) lower CRP levels (Appendix 6 Table 3). For tPA, each

copy of Gc2 increased levels of tPA by 2.1% (95% CI -0.1, 4.2, p-value= 0.057)

(Appendix 6 Table 3).

Initially the IV regression was run using 2SLS estimation, however in most instances

there was evidence of heteroscedasticity in the model (Appendix 6 Table 4). The IV

regression was re-run using GMM estimation and there was very little difference

between the results estimated with 2SLS or GMM (Appendix 6 Table 5). For all

outcomes, there no evidence that any of SNPs, allele scores and counts were

redundant as instruments in the 2SLS regression (p-value≥0.09) (Appendix 6 Table 

4), and in the GMM regression (p-value≥0.09) (Appendix 6 Table 5). 
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Increasing 25(OH)D concentrations were tentatively associated with higher CRP

levels in the IV regression results, when using the metabolism allele (GWAS) score

as an instrument [IV coefficient: 0.50 (95% CI -0.03, 1.02, p-value=0.065)] (Table

5.5). The association of 25(OH)D with CRP strengthen slightly when using GC

(rs4588) and CYP24A1 SNPs together as two instruments [IV coefficient: 0.53 (95%

CI 0.00, 1.05, p-value= 0.049) (Appendix 6 Table 5). The direction of the 25(OH)D

association with CRP observed in IV regression was opposite from that found in

OLS (linear) regression. Furthermore, there was evidence that the 25(OH)D

association with CRP substantially differed when estimated by IV regression, using

metabolism scores as instruments, compared with the OLS estimate of the

association (Durbin-Wu-Hausman test (p-value≤0.041) (Appendix 6 Table 4).  As 

noted before, no association was observed between 25(OH)D and CRP in the IV

regression results when using the synthesis count or SNPs, including in combination

with the metabolism score (p-value≥0.34) (Table 5.5, Appendix 6 Table 5).     

From IV regression, the observed inverse association between ln 25(OH)D with ln

tPA fell slightly short of statistical significance when using Gc2 as an instrument [IV

coefficient: -0.24 (95% CI -0.49, 0.00, (p-value=0.054); which translates into a 6%

decrease in tPA with every 25% increase of 25(OH)D concentrations] (Table 5.5).

However, no association between 25(OH)D and tPA was observed when using any

other instrument (p-value=0.21) (Table 5.5, Appendix 6 Table 5) in the IV

regression, despite other instruments having the larger F values and more statistical

power to detect an effect.
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Table 5.5 25-hydroxyvitamin D association with the inflammation/haemostatic biomarkers and the 25(OH)D association using the genetic

proxies as instruments for inflammation/haemostatic biomarkers adjusted for sex, month of measure, geographical region and BMI

n

ln 25(OHD)

β (95% CI) 

ln 25(OH)D

p-value

Instrument(s) for ln

25(OH)D

ln 25(OH)D

IV Beta (95% CI)

IV

p-value

Outcome : ln CRP

5592 -0.105

(-0.177, -0.032)

0.004 Synthesis allele count

(DHCR7, CYP2R1)

-0.406

(-1.247, 0.435)

0.34

Metabolism allele score A

(GC, CYP24A1)

0.495

(-0.030, 1.021)

0.065

- - - Gc2 haplotype 0.434

(-0.130, 0.997)

0.13

Metabolism allele score B

(GC, CYP27B1, CYP24A1)

0.427

(-0.082, 0.936)

0.10

Outcome : ln D-Dimer

5576 -0.058

(-0.094, -0.023)

0.001 Synthesis allele count

(DHCR7, CYP2R1)

-0.187

(-0.599, 0.225)

0.37

Metabolism allele score A

(GC, CYP24A1)

-0.101

(-0.360, 0.158)

0.45

- - - Gc2 haplotype -0.094

(-0.371, 0.184)

0.51

Metabolism allele score B

(GC, CYP27B1, CYP24A1)

-0.097

(-0.353, 0.158)

0.46

Outcome: ln fibrinogen

5588 -0.031 <0.001 Synthesis allele count -0.065 0.40
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n

ln 25(OHD)

β (95% CI) 

ln 25(OH)D

p-value

Instrument(s) for ln

25(OH)D

ln 25(OH)D

IV Beta (95% CI)

IV

p-value

(-0.044, -0.018) (DHCR7, CYP2R1) (-0.215, 0.085)

- - - Metabolism allele score A

(GC, CYP24A1)

0.025

(-0.068, 0.117)

0.60

- - - Gc2 haplotype 0.012

(-0.088, 0.111)

0.82

- - - Metabolism allele score B

(GC, CYP27B1, CYP24A1)

0.028

(-0.064, 0.119)

0.55

Outcome: ln tPA

5592 -0.138

(-0.170, -0.106)

<0.001 Synthesis allele count

(DHCR7, CYP2R1)

0.062

(-0.318, 0.441)

0.75

- - - Metabolism allele score A

(GC, CYP24A1)

-0.132

(-0.360, 0.097)

0.26

- - - Gc2 haplotype -0.240

(-0.485, 0.004)

0.054

- - - Metabolism allele score B

(GC, CYP27B1, CYP24A1)

-0.140

(-0.361, 0.080)

0.21

Outcome: ln vWF

5593 -0.010

(-0.032, 0.012)

0.37 Synthesis allele count

(DHCR7, CYP2R1)

-0.136

(-0.391, 0.118)

0.29

- - - Metabolism allele score A

(GC, CYP24A1)

0.029

(-0.130, 0.187)

0.72
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n

ln 25(OHD)

β (95% CI) 

ln 25(OH)D

p-value

Instrument(s) for ln

25(OH)D

ln 25(OH)D

IV Beta (95% CI)

IV

p-value

- - - Gc2 haplotype 0.023

(-0.145, 0.191)

0.79

- - - Metabolism allele score B

(GC, CYP27B1, CYP24A1)

-0.013

(-0.166, 0.141)

0.87
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5.5 Discussion

5.5.1 Methodological considerations

Choosing the right instruments

The choice of genetic variant as an instrument for the exposure is crucial to MR

studies (Lawlor et al. 2008). Early studies of MR typically had a protein based

exposure expressed by a singular gene, making the choice of gene obvious (Davey

Smith et al. 2004; Timpson et al. 2005). However, vitamin D is a pro-hormone

synthesised after UVB exposure and metabolised into an active form. Nevertheless,

there are several key genes in the vitamin D synthesis and metabolism pathway that

have been found to influence 25(OH)D concentrations. On the basis of their

influence, these genes seem obvious candidates to be used as instruments in MR

studies on 25(OH)D. Compared with single SNPs as instruments in IV regression,

SNPs combined into allele scores/counts had greater power, explained a greater

proportion of variance in 25(OH)D, and also in some cases the associations were less

sensitive to changes after adjusting for lifestyle covariates.

In an MR study, the genetic variants should have a reliable association with the

exposure that is not confounded, and is unrelated with the outcome except through

the mechanism of the exposure (Lawlor et al. 2008). LD and population

stratification can affect and introduce confounding in the relationship of the genetic

variant with the exposure. To some extent, social behaviour may also mask the

genetic marker-exposure relationship. Based solely on the SNPs associations with

25(OH)D, DHCR7, CYP2R1, GC, CYP24A, CYP27B1 and SLC45A2 were found to

be suitable instruments, and thus can conclude the formal testing of MR (Sheehan et
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al. 2008). To further address the issue of suitability, the assumptions of MR analysis

were quantified where possible by assessing the potential effects of lifestyle, diet,

socio-economic variables and health biomarkers.

Ethnic differences in the population as reflected in the differences in allele

frequencies may confound the results in IV analysis (Lawlor et al. 2008). It was

found that the SNP for DHCR7 was associated with geographical region of

residence, and its MAF in the 1958BC appeared to be different from the CEU

population frequency in Hapmap (International HapMap Consortium 2003). There

are also known ethnic differences in the distribution of GC SNPs (Kamboh & Ferrell

1986). Geographical region of residence was controlled for in the models to

minimise the effects of population stratification in the IV analysis. However, further

work will need to be done to fully understand the extent to which population

stratification affects the 25(OH)D genetic determinants.

The second assumption, that the polymorphism is not associated to the confounding

variables that affect the 25(OH)D -outcome’s relationship, is inferred through

Mendel’s laws (Davey Smith & Ebrahim 2003). To assess this as much as possible,

the second assumption was investigated by testing the SNP associations with

lifestyle, dietary and socio-economic variables. Although some associations were

evident between genetic variants and diet, lifestyle variables, combining the SNPs

into allele scores/counts did reduce confounding (Palmer et al. 2011a).

The third assumption of MR, that the genetic variant Z is associated only with the

outcome Y through X, cannot be formally tested (Didelez & Sheehan 2007). In this
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work, the direct association between the genetic variants and the biomarkers were

tested after adjustment for 25(OH)D, since if a relationship had been observed this

would be taken as evidence of possible pleiotropy. Based on the analysis, there was

no evidence of an association between Gc2 and tPA outside of the pathway of

25(OH)D, and this was likewise with the relationship between metabolism score

(GWAS) and CRP. However, the evaluation was not without merit as the SLC45A2

SNP was deemed to be an unsuitable as instrument for 25(OH)D, since relationships

were observed with some of the biomarkers. Furthermore, when testing the strength

of the SLC45A2 SNP association with 25(OH)D, after adjustment for the biomarkers

this relationship did attenuate more than any of the other individual SNPs.

Instruments in IV regression

In the IV analysis on the five haemostatic/inflammation biomarkers, 25(OH)D was

not significantly associated with any of the biomarkers when the synthesis count or

SNPs were used as instruments. However, there was some evidence that 25(OH)D

had an association with CRP and tPA, when using the variants from GC as

instruments in the IV regression.

For the allele scores/counts, consideration was given to the position in the pathway

where the gene was expressed by creating two distinct combined markers, i.e.

“synthesis” and “metabolism”. The genes DHCR7 and CYP2R1 are expressed prior

to, or as part of, the 25-hydroxylation to 25(OH)D. The evidence for the gene

DHCR7 suggests that its chosen SNP is associated with lower concentrations of

25(OH)D, and it can be conceptualised that the SNP’s underlying causal variant is

more efficient at removing DHC-7 from the vitamin D pathway, therein by reducing
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the quantities of DHC-7 from being synthesised to vitamin D. Likewise with

CYP2R1, where again the conceptualisation can be that the causal variant is a more

efficient catalyst of the 25-hydroxylation of vitamin D, thus increasing quantities of

25(OH)D. However using this conceptualisation, the quantification of the genes

expected effects on 25(OH)D expressed past the 25-hydroxylation of vitamin D

becomes less certain. As reviewed, evidence suggests that the VDBP affects the bio-

availability of 25(OH)D (Chun et al. 2010) and so the conceptualisation of what

direction Gc influences 25(OH)D becomes complex. Similarly, both CYP27B1 and

CYP24A1 are regulated by other hormones (Horst et al. 2005), and the extent of the

regulation can be dependent on levels of 25(OH)D, so it is unclear what direction the

polymorphisms may truly influence 25(OH)D concentrations.

From the IV analysis, 25(OH)D had a tentative relationship with CRP and tPA, but

significance of this relationship depended on the instrument used. The combination

of both synthesis and metabolism (non-GWAS) scores together as instruments had

slightly more power to detect an effect than other instruments, and it would be

expected that an association using these two as instruments would be evident first.

However, the borderline significant associations in IV regression were observed

when weaker instruments were used than of the metabolism and synthesis

instruments together. There would be much more confidence in the IV analysis

results, if the relationship of 25(OH)D with CRP and tPA had been observed when

the synthesis score was used as an instrument. Since conceptually the roles of the

genes behind the synthesis score are more straightforward with regards to 25(OH)D

levels, than the genes behind the metabolism scores. However the power

calculations revealed that whilst it was unlikely that a relationship between 25(OH)D
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and tPA would be observed in IV regression, there was even less chance that it

would be seen when using the synthesis score as instrument in a study the size of the

1958BC.

The tests of endogeneity for CRP did suggest that the IV estimate differed from the

OLS estimate when using the metabolism scores as instruments. The test is often

used in econometrics as a justification for IV regression (Baum 2006). However, the

large positive association of 25(OH)D with CRP by IV regression was in keeping

with results of the simulation study. In the simulation, when a pleiotropic SNP was

used as an instrument, the association size by IV regression was much larger than the

true effect size. Therefore, suggesting that instruments using variants from GC were

particularly not suitable for CRP.

The allele scores were based on coefficients from the same sample, and this can also

bias IV results (Pierce et al. 2011). The SNPs behind the allele scores were used as

single instruments to formally test whether any of the SNPs were unnecessary as

instruments, and whether the IV estimates were biased by the weighted scores. In

the IV regression, individual SNPs used as instruments gave a comparable result to

their associated genetic score, without assuming the effect size or direction of the

association. In situations in which individual data are available, it has been shown

that single SNPs vs allele scores have similar power as instruments in MR analysis

(Palmer et al. 2011a; Pierce et al. 2011).

The final assumption of MR analysis is that the relationships between genetic

variants and exposure, and exposure and outcome, are linear and are unaffected by



245

statistical interactions (Lawlor et al. 2008). No interactions were evident between

SNPs and lifestyle variables with 25(OH)D. However, a curved 25(OH)D

relationship was observed for the inflammation and haemostatic outcomes, so

25(OH)D was transformed to reduce curvature. There has been ongoing debate

about whether a threshold for 25(OH)D concentrations exists for diseases (Bischoff-

Ferrari et al. 2006; Dawson-Hughes et al. 2005; Heaney 2005; Vieth & El-Hajj

2005), which may affect the linearity assumption and the ability to estimate the

magnitude of the effect (Didelez & Sheehan 2007; Sheehan et al. 2008).

5.5.2 Explanations

The relationship between 25(OH)D concentrations, VDBP, and tPA

In this work, a negative 25(OH)D association was found with tPA. This association

was observed in the IV analysis when the instrument was the functionally known

Gc2 haplotype of VDBP. Although 25(OH)D is associated with tPA, an association

between VBDP and tPA could also exist, implying that VDBP has a pleiotropic

effect on tPA. A possible mechanism between VDBP and tPA, might be via actin

filaments, which are released from the vascular smooth muscle cells after their death

caused by tissue damage (Janmey et al. 1992). Elevated concentrations of actin in

the blood can increase blood viscosity to dangerous levels of resistance and can

cause clot formation by aggregating platelets (Bogaerts et al. 2005). The majority of

25(OH)D is carried by VDBP, however only 5% of the protein is occupied by

vitamin D sterols (Laing & Cooke 2005). The binding protein can act as an actin-

sequestering agent and lead to its clearance from circulation (Bogaerts et al. 2005).

The release of tPA occurs in fibrinolysis that forms plasmin from the fibrin-bound



246

plasminogen (Hoffbrand & Moss 2011a). Some evidence suggests that actin can

interact with tPA and other fibrinolytic proteins to affect clot structure and lysis

(Janmey et al. 1992).

There also is plausible evidence of a 25(OH)D-tPA pathway. In a cross-sectional

study, a similar negative 25(OH)D association with tPA remained after adjusting for

age and BMI (Jorde et al. 2007). However, in a subsequent trial no change was

observed in tPA levels after overweight and obese participants took high weekly

dosages of cholecalciferol for a year compared with the placebo group, although

their 25(OH)D levels had increased (Jorde et al. 2010d). Evidence that vitamin D

may have a direct influence on fibrinolysis has been observed in-vitro studies, where

the expression of vitamin D receptors has been found in vascular smooth muscle

cells (Wu-Wong et al. 2006; Wu-Wong et al. 2007a). In smooth muscle cells from

the aorta, expression of PAI-1 mRNA was down-regulated to a maximum of 60%

after treatment with active vitamin D analogues, whereas expression of

thrombomodulin mRNA was up-regulated (Wu-Wong et al. 2007a).

Thrombomodulin binds to thrombin on the endothelial cell surface and leads to the

expression of tPA, and subsequent breakdown of fibrin by plasmin after the

inhibition of PAI-1 (Hoffbrand & Moss 2011a). The expression of tPA was directly

observed in rat microvascular cells, which mostly consisted of endothelial cells, after

treating with active vitamin D (Puri et al. 2000). However, not all in-vitro studies

have consistently seen expression of VDR agonists in endothelial cells (Koyama et

al. 1998; Wu-Wong et al. 2006; Wu-Wong et al. 2007a). Further evidence of VDR

enhancing fibrinolysis and potentially having antithrombotic effects has come from

an in-vivo study. In the animal study, VDR knockout mice had higher platelet
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aggregation and reduced expression of thrombomodulin mRNA in the aorta, liver

and kidney compared with wild type mice (Aihara et al. 2004).

The role of tPA is not limited to the fibrinolysis cascade, and its association found in

this work might represent another process. tPA is produced by other cells, such as

osteoblasts and osteoclasts, that are essential for bone remodelling (Allan & Martin

1995). In osteoblasts cells, tPA was secreted after administration of active vitamin

D, and this was confirmed by evidence of the expression of the tPA mRNA

(Merchiers et al. 1999). Two vitamin D response elements (VDRE) were discovered

upstream of the tPA gene, and the mutated VDRE showed a decrease of active

vitamin D induction of tPA (Merchiers et al. 1999). Treatment of active vitamin D

has also up-regulated thrombomodulin mRNA and down-regulated tissue factor in

monocyctic leukaemia cells found in marrow (Koyama et al. 1998).

The relationship between 25(OH)D concentrations, VDBP, and CRP

The pleiotropic nature of VDBP was also potentially observed with CRP. A

detrimental association 25(OH)D with CRP was observed when using the

metabolism score (non-GWAS) as instrument, which is heavily weighted in favour

of a functional SNP from GC. Furthermore, the direction of the effect of vitamin D

lowering alleles for the SNPs in the metabolism score were opposite to the

relationship observed in the IV regression between 25(OH)D and CRP.

Recent observational evidence does support a relationship between CRP and VDBP.

In a study of 6,720 subjects from the Twins UK registry, serum CRP was

significantly correlated with serum VDBP (Arora et al. 2011). More interestingly, a
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SNP from the CRP gene locus that was positively associated with CRP

concentrations was also positively associated with serum VDBP. In an animal

experiment it was found that in rats who had had a biomaterial patch placed on the

gastrointestinal tract, CRP and VDBP RNA were present locally, which was not

evident in the control rats (Lobler et al. 2002). Less convincing evidence of a

relationship between CRP and VDBP was presented in a study following 33 patients

who had undergone elective knee surgery (Reid et al. 2011). Patients’ serum CRP

levels were elevated in the days immediately after surgery, whereas VDBP did

decrease the same day as the surgery and then started to rise, although the levels

were not significantly different to those prior to the surgery. The lack of change in

VDBP levels was in contrast to the decrease in 25(OH)D and free 25(OH)D

concentrations in the patients after surgery.

The role of VDBP in the inflammatory process is multifaceted and has been

established in several areas (Laing & Cooke 2005): the prevention of thrombotic

events by binding to actin; the stimulation of chemotaxis by neutrophil; and the

activation of macrophages. Neutrophils are the dominant white cell and are recruited

by the chemotactic activity of complement activation peptides as part of the acute

phase of inflammatory response (Roitt & Rabson 2000). VDBP can greatly enhance

the effect of complement peptide C5a and its derivate, and subsequent chemotaxis of

neutrophils (Kew & Webster 1988). Macrophages are the key cells in the immunity

response (Roitt & Rabson 2000) and a de-glycosylated VDBP can act as their

activating factor (Yamamoto & Homma 1991). Macrophages activated by the de-

glycosylated VDBP have shown anti-tumour behaviour and can inhibit the
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proliferation of endothelial cells from several different tissues, including the aorta

(Kanda et al. 2002).

Evidence suggests that the active form of vitamin D also has a role in immunity

outside VDBP (Mora et al. 2008). However, in this chapter the inferred causal

positive relationship of 25(OH)D on CRP is in contrast to findings from several

trials. So far, trials investigating the inflammatory response after supplementing

participants with vitamin D metabolites have observed either no change or a decrease

in CRP concentrations (Barnes et al. 2011; Jorde et al. 2010d; Matias et al. 2010;

Pittas et al. 2007; Wu et al. 2011). Trials reporting a decrease in CRP levels have

been in patients of hemodialysis after supplementing with analogues of active

vitamin D (Matias et al. 2010; Wu et al. 2011). Randomised control trials (RCT)

based on healthy subjects have observed no changes in CRP concentrations after

supplementing with cholecalciferol. The study reported by (Barnes et al. 2011) had

two age groups from the ages of 20-40 years and ≥ 65 years, supplemented with 

three dosages of cholecalciferol over winter. In the younger group, the 25(OH)D

concentrations were lower in all but the highest dosage group of cholecalciferol, and

for the highest supplemented group the 25(OH)D concentrations had not changed.

In a three-year RCT with participants aged ≥ 65 years, analysis was stratified by 

baseline glucose tolerance and neither group had a change in CRP levels prior to and

after treatment of cholecalciferol and calcium citrate, although 25(OH)D levels had

increased for those treated (Pittas et al. 2007). Similarly, no change was observed in

CRP levels after overweight and obese participants took 40,000 IU of cholecalciferol

weekly for a year, compared with the placebo group, although their 25(OH)D levels

had increased (Jorde et al. 2010d).
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There has been one population based observational study that reported a positive

association between 25(OH)D and CRP (Sacheck et al. 2011), whilst similar studies

have reported no association (Ganji et al. 2011; Jorde et al. 2007; Michos et al.

2009) or an inverse association (Ngo et al. 2010). The US study reporting a positive

25(OH)D relationship with CRP was based on 263 ethnically diverse children aged

9-14 years and remained significant after adjusting for BMI, sex and puberty

(Sacheck et al. 2011). However, the analysis of the much larger group of 5867

children aged 12-19 years, surveyed in NHANES 2001-2006, observed no difference

in CRP concentrations across the in-study tertiles of 25(OH)D (Ganji et al. 2011).

5.5.3 Conclusions

There are several ways in which assumptions in a MR (or IV) study maybe violated

by poor instrument choice. Thorough statistical testing can identify unsuitable genes

as instruments for an exposure, despite the inability to formally test all possible

violations. The final choice of gene variant as an instrument and how it is used with

other variants in MR analyses ultimately relies on knowledge of its function. The

combination of genetic markers as instruments for 25(OH)D were defined by the

position of the gene expression in the vitamin D pathway, and quantification of how

the gene may influence 25(OH)D levels. On this basis, the synthesis count was

considered a more reliable instrument for 25(OH)D than the metabolism scores or

GC variants. No evidence of a 25(OH)D association with tPA was observed in the

IV analysis, when the synthesis count or SNPs were used as instruments.

Nevertheless, findings in this investigation did tentatively suggest that 25(OH)D has

a protective relationship with tPA, despite uncertainty over the use of GC variants as
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an instrument. Due to uncertainty, there is sufficient doubt on whether this is truly

evidence of causal relationship between vitamin D and CVD, or if it is evidence of

pleiotropic gene or a chance finding. Therefore, more evidence is required from

larger MR studies using the synthesis count or SNPs as instruments for 25(OH)D

and from RCTs.
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6 Discussion

6.1 Conclusions

The aim of this thesis was to investigate the associations of nutritional vitamin D

status (25(OH)D) with novel biomarkers of sub-clinical cardiovascular disease

(CVD) that pertain to inflammation and haemostasis, in participants of the British

1958 birth cohort (1958BC). Vitamin D insufficiency is widespread in the UK and

the deficiency is common and unnecessary, as is death caused by CVD (Lanham-

New et al. 2011; Scarborough et al. 2010). However, deficient levels of vitamin D

are easily preventable by raising vitamin D intake throughout the year, as the cost of

vitamin D supplementation is relatively small. Evidence of vitamin D having a

beneficial influence on inflammation and haemostasis would have broad public

health implications, in terms of contributing to the prevention of a common disease

that blights the general population. Despite accumulating evidence from

observational studies, further evidence is required before the role of vitamin D in

CVD is conclusive. Evidence of a causal role remains to found by randomised

control trials (RCTs), and to some extent by large Mendelian Randomisation (MR)

studies that use reliable genetic proxies as instruments for 25(OH)D levels in the

analysis.

In this thesis, different methodologies using cross-sectional data were applied to

fulfil the objectives. This included a MR study that can be interpreted to infer

causality, if it is felt that all of the assumptions made in the MR analysis are true.

Some evidence for a protective association of 25(OH)D with tPA was seen in the

results of all the approaches, tentatively suggesting a role in CVD through the



253

mechanism of fibrinolysis. For the other haemostatic and inflammatory biomarkers,

inconsistent findings were observed in the results of the different methodologies

applied. A cautious interpretation has been given in the context of the criteria used

to assess causality as outlined below.

6.1.1 Judging the evidence

In order, to judge the existence of a cause-effect relationship between vitamin D

status and the biomarkers of inflammation and haemostasis, judgement was made on

whether the associations were due to chance, bias and/or confounding, and whether

the methods used infers temporality of the effects (Hennekens & Buring 1987c).

Following these considerations, the evidence was judged in terms of shape and

strength of the association, consistency with other investigations and biological

credibility.

Chance finding

A relationship was observed between 25(OH)D and tissue plasminogen activator

(tPA) from the three analytical approaches used in this investigation of multiple

linear regression, mediation analysis, and MR analysis using instrumental variable

(IV) regression. A protective association of 25(OH)D with tPA was found when

using multiple linear regression and MR analysis, and a relationship was inferred in

the mediation analysis, suggesting that the significant association was not by chance

alone. In contrast, conflicting results were observed for C-reactive protein (CRP),

D-dimer and fibrinogen, which implies that the significance of these associations

were more likely to be due to chance. However, in the mediation analysis it was
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expected that seasonal variations of the biomarkers were not affected by

confounding from adiposity so the adjustment for number of confounders was less,

compared with the multiple linear regression models. Therefore, the power to detect

an effect was probably greater in the mediation analysis, compared with the multiple

linear regression models, and may explain in part why associations with D-dimer and

fibrinogen were observed. The power to detect an effect by IV regression was very

limited in the 1958BC, and large samples are required before causality can be

inferred.

Bias

The main strength of this work lays in the data resource of the 1958BC, and

therefore, the ability to apply multiple methodologies to the data. The 1958BC is a

large sample with extensive information on the cohort members’ lifestyle, economic

situation, and health that were relevant to this thesis. This considerable resource

meant that many factors could be taken into account in the statistical models, and

where relevant exclusions could be made (i.e. excluding participants on

cardiovascular medication). Furthermore, the survey took place over an 18 month

period that made analytical work on seasonal variations possible. In addition, many

of the variables in the 1958BC biomedical survey underwent thorough quality

control prior to and during this thesis, so that results found here can be compared

with other studies. The 25(OH)D concentrations in the 1958BC were standardized

to the mean of the Vitamin D External Quality Assessment Scheme (Hyppönen et al.

2007). The DNA were subjected to specific quality control procedures and imputed

as outlined in Chapter 2.
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The 1958BC does have a few limitations that need mentioning, which may have

introduced bias to the study design. It has suffered sample attrition since its

inception, with disadvantaged groups and ethnic minorities are under-represented in

biomedical survey (Atherton et al. 2008). However, it is still considered largely

representative of the original cohort and broadly comparable with adults aged 45-49

years old surveyed in the 2001 census (Atherton et al. 2008). The lack of ethnic

minorities has also worked to the advantage of 1958BC as it is desirable to have

ethnicity homogenous populations for genetic studies. The sample homogeneity

meant that the 1958BC participants were genotyped by large consortiums; data that

this thesis has utilised. Nevertheless, it means that the findings here may not be

generalised to other populations without further work. The data were restricted to

individuals of European ancestry and further work is required to investigate whether

in individuals of non-European ancestry the relationships found persist, and whether

the same genes found to influence vitamin D status are as influential. Furthermore,

the analyses were restricted to individuals free of CVD, so it uncertain whether the

relationships observed in this work can be generalised to older age groups or

individuals with CVD.

Confounding

The different methods used in this thesis had different approaches for controlling

confounding. For the analysis presented in Chapter 3, the multiple linear regression

models were adjusted for relevant confounders. However, it may be possible that

low vitamin D status and elevated tPA levels were caused by a mutual unknown

factor not accounted for or the association was affected by residual confounding. A

known confounder of vitamin D and cardiovascular health is obesity. Adiposity was
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accounted for in the models with measures of body mass index (BMI) and waist

circumference, however this may not have adequately controlled for obesity and

resulted in residual confounding (Glymour & Greenland 2008). Adiposity was not

controlled for in the models used to explore seasonal patterns of the outcomes, as it

would be unexpected that adiposity would vary by season or affect the seasonal

variations of the biomarkers. However, it is not possible to eliminate confounding

from the associations due to the cross-sectional design of study and the framework of

the analysis. Therefore the seasonal variations observed in 25(OH)D and tPA maybe

confounded. To my knowledge, mediation analysis has not been adapted for

seasonal variations before, and more work is required to better understand its

strengths and limitations in this context.

Genetic confounding may affect the findings from the genome-wide association

study (GWAS) presented in Chapter 4. Furthermore, as the genetic variants found in

the GWAS were used as instruments in IV regression, genetic confounding may

have also affected the findings from the MR study presented in Chapter 5. Genetic

variants found to be associated with a trait in GWAS are unlikely to be the

underlying causal variant of the different levels in a trait, but in linkage

disequilibrium with the causal variant (McCarthy et al. 2008). Nevertheless, GWAS

do identify loci that influence the outcome that further studies, such as MR studies,

can build on. The genetic variants found to be associated with 25(OH)D were all

near or within genes that were expressed during the vitamin D pathway, which

strengthen the plausibility of the GWAS findings. Underlying population

differences within the study and across the studies may cause false findings and
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techniques were used in the GWAS to reduce the possibility of this occurring (Evans

2008).

More weight is given to the evidence presented in Chapter 5, than to the evidence

presented in Chapter 3. The analysis of MR has been equated to a RCT since DNA

is randomly allocated, much like an intervention in a trial. Due to the random

allocation of DNA this means that confounders should be equally distributed across

individuals (Hingorani & Humphries 2005). When all of the assumptions are met,

the findings from a MR study are the closest to a RCT in an observational study

setting without the expense and complications of running a RCT (Nitsch et al. 2006).

Moreover, extensive research is underway in the application of MR and has been

applied in numerous studies (Burgess et al. 2010; Burgess et al. 2011; Palmer et al.

2011b; Pfister et al. 2011; van Durme et al. 2011).

Temporality of the effects

The data used in this work was cross-sectional and, so the order of when the changes

in 25(OH)D and the biomarkers occurred are unknown for associations found from

the analyses presented in Chapter 3. The approach of using seasonal variations in

mediation analysis to some extent addresses the unknown order of effects. The

external changes in the environment that are the causes of the seasonal patterns must

logically precede the change in 25(OH)D and tPA concentrations. The cause of the

seasonal variations in 25(OH)D are well understood, therefore it is more likely that

the seasonal variations in 25(OH)D would influence and precede variation in tPA. In

the MR study, the association of the exposure and outcome is not affected by reverse
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causation since genetic variants are used as a proxy for the exposure, which have

been allocated prior to inception and subsequent development of disease.

Shape and strength of association

A consistent dose-response relationship between 25(OH)D concentrations and tPA

was observed after successive adjustments in multiple linear regression models for

lifestyle and socio-economic variables and measures of adiposity, as presented in

Chapter 3. In contrast, there was evidence of a curved relationship between

25(OH)D and D-dimer and fibrinogen. Observing a dose-response relationship in

itself does not confirm a causal relationship; however it does add credibility to some

degree that one may exist (Hennekens & Buring 1987c). Thresholds of 25(OH)D

concentrations are required for health and the level of insufficiency is vigorously

debated, yet conversely vitamin D toxicity can lead to death, as reviewed in Chapter

1 (Heaney & Holick 2011; Henry et al. 2010; Institute of Medicine 2011; Jones

2008). The existence of thresholds may suggest that a non-linear relationships

between 25(OH)D and outcomes are likely, since it is fairly common that an

exposure below a certain threshold will have a very different shape relationship with

a disease than to what it is above that threshold (Rothman et al. 2008).

It has been argued that the relationship between a cause and effect should be strong

in terms of magnitude of risk, whereas a weak relationship might be the result of

confounding or bias (Rothman et al. 2008). Comparing with the other biomarkers,

the strength of the association between 25(OH)D and tPA was strongest, which again

does add more credibility to this relationship than the others. However, as with

observing a dose-response relationship, a strong relationship between exposure and
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outcome does not conclude causality, furthermore, a weak relationship does not

eliminate the possibility of causality either (Rothman et al. 2008).

Consistency with other studies and biological credibility

There is observational evidence that vitamin D deficiency is a risk factor with CVD

and subsequent mortality, as discussed in Chapter 1. In the progression of CVD,

mechanisms that form a stable plug after vascular damage can also lead to thrombi,

causing intermitted blood flow, or a single large thrombus that blocks an artery

(Ross 1993). An essential factor in the feedback of the haemostatic response is tPA,

as it prevents thrombus from forming after vascular damage (Hoffbrand & Moss

2011a). Elevated tPA levels can be taken as an indication of impaired fibrinolysis

(Lowe 1997), and are associated with an increased incidence risk of coronary heart

disease (Lowe et al. 2004).

It is biologically plausible that vitamin D does have a role in haemostasis, although

very few epidemiology studies have investigated this relationship. In a small

observational study of 206 subjects, a protective association of vitamin D status with

tPA was observed after adjustment for age, gender, BMI and smoking status (Jorde

et al. 2007). A RCT in obese and overweight subjects, observed no difference in

tPA levels after supplementing subjects for a year with high dosage cholecalciferol,

compared with those not supplemented with cholecalciferol (Jorde et al. 2010c).

There is in-vitro evidence that vitamin D receptors have been found to exist in

vascular smooth muscle cells (Wu-Wong et al. 2006; Wu-Wong et al. 2007b), and

that the inhibitor of tPA is down regulated in vascular smooth muscle cells after

treatment with active vitamin D analogues (Wu-Wong et al. 2007a). In animal
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studies, after treatment with a calcitriol analogue the expression of tPA was observed

in microvascular cells (Puri et al. 2000). Evidence also suggests that VDR knockout

mice have an impaired fibrinolytic system (Aihara et al. 2004).

Further methodological considerations

Consideration must also be given to whether all of the assumptions made in the MR

analysis were true in the context of 25(OH)D and the inflammation/haemostatic

biomarkers. One assumption that appears particularly vulnerable, is the gene used as

proxy for the exposure is only related to the outcome through the mechanism of the

exposure (Lawlor et al. 2008). No association was seen between 25(OH)D and tPA

when the synthesis count was used as an instrument in the MR analysis, which

conceptually is a more robust instrument for 25(OH)D than the metabolism score or

variants from GC. The protective association of 25(OH)D with tPA was only found

when variants from GC were used as a proxy for 25(OH)D concentrations. It was

not statistically proven that GC was associated with tPA outside of its relationship

with 25(OH)D. In contrast, the evidence of GC’s pleiotropic nature is clearer for

CRP and 25(OH)D. Concentrations of 25(OH)D were detrimentally associated with

CRP when variants from GC formed part of the proxy for 25(OH)D. However, the

significance of this association was contrary to the null findings presented in Chapter

3, and findings from RCTs (Barnes et al. 2011; Jorde et al. 2010d; Pittas et al. 2007).

There is a clear biological case of vitamin D binding protein (VBDP) role in

inflammation, but a case can also be made that it has a role in haemostasis, as

discussed in Chapter 5.
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6.1.2 Future work

Further evidence of the role vitamin D plays in cardiovascular health may be drawn

from several sources. There is a need for high quality RCTs to investigate the

mechanism and the role of vitamin D in cardiovascular health. RCTs are the gold

standard for evidence as they “provide a degree of assurance about the validity of a

result that is simply not possible with any observational design option” (Hennekens

& Buring 1987b). A recent systematic review found that the majority of RCTs in

this area were too heterogeneous to be meta-analysed (Pittas et al. 2010a).

MR studies can in part fill the evidence gap for vitamin D’s role. The next round of

GWAS on vitamin D status is underway and should provide novel genetic variants

that can be used as instruments for 25(OH)D in MR studies. More power is gained

when SNPs are combined into a single instrument, as demonstrated by the power

calculations presented in Chapter 5. So far the genetic variants found to influence

25(OH)D have a relatively small effect, and MR studies will require a collaborative

effort to have sufficient power to detect an association. Consideration will also need

to be given as to what genetic variants should be used as instruments in MR studies

on vitamin D, since evidence suggests that the gene for VDBP is pleiotropic and has

many overlapping functions with vitamin D. Furthermore, the other variants used in

the metabolism score influence on 25(OH)D were not as conceptually

straightforward as the synthesis variants. However, there is less chance that a single

pleiotropic gene will dominate an instrument when using multiple genetic variants as

instruments, as it is unlikely that the combined genetic score will exhibit pleiotropy

in the same manor (Davey Smith 2011).
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Opportunities will also arise as the 1958BC cohort members grow older to do

prospective studies on vitamin D status and the incidence of CVD. In future, it is

hoped that another biomedical survey will take place providing invaluable

opportunities to investigate the relationship of vitamin D status and the progression

of CVD over time. It is also hoped that there will be opportunities to measure

additional biomarkers from the stored blood of the 1958BC participants. So far

1958BC biomedical survey serum measures were restricted to common biomarkers.

For this work it meant that the vitamin D exposure was solely limited to total 25-

hydroxyvitamin D, however if there had been serum data on parathyroid hormone

then thresholds of optimal vitamin D status with the inflammation/haemostatic

biomarkers could have been explored. Furthermore, serum measures of VDBP could

have been used to directly investigate its relationship with the

haemostatic/inflammation biomarkers. Depending on whether a relationship was

found between VDBP and biomarkers, this would have helped determine the

suitability of the GC variants as proxies for 25(OH)D in the MR study.
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Table S1. Call rates and P values for Tests of Hardy-Weinberg Equilibrium for Vitamin D Polymorphisms Identified from Candidate Gene and

Genome-wide Association Studies

Gene symbol

Chromosome

position: Gene names SNP

Call rate

(%)

HWE P

value

GWA on 25(OH)D

GC 4q12-q13 Vitamin D binding protein rs4588* 83.4 0.24

DHCR7/

NADSYN1 11q13.4 7-dehydrocholesterol reductase/ NAD synthetase 1 rs12785878† 100 0.80

CYP2R1 11p15.2 Cytochrome P450, family 2, subfamily R, polypeptide 1 rs10741657† 82.5 0.39

CYP24A1 20q13 Cytochrome P450, family 24, subfamily A, polypeptide 1 rs6013897† 98.9 0.64

Vitamin D pathway genes

CYP27B1 12q13.1-q13.3 Cytochrome P450, family 27, subfamily B, polypeptide 1 rs10877012 95.1 0.17

CYP27A1 2q33 Cytochrome P450, family 27, subfamily A, polypeptide 1 rs17470271 80.6 0.98
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GWA on skin colour/ tanning

OCA2 15q Oculocutaneous albinism II rs7495174 96.9 0.42

OCA2 15q Oculocutaneous albinism II rs4778241 95.9 0.48

OCA2 15q Oculocutaneous albinism II rs4778138 97.4 0.09

OCA2 15q Oculocutaneous albinism II rs12913832‡ 99.9 0.72

SLC45A2 5p13.2 Solute carrier family 45, member 2 rs13289 97.4 0.90

SLC45A2 5q13.2 Solute carrier family 45, member 2 rs16891982‡ 97.1 0.14

MC1R 16q24.3 Melanocortin 1 receptor rs11648785‡ 96.5 0.18

MC1R 16q24.3 Melanocortin 1 receptor rs1805005 98.4 0.27

MC1R 16q24.3 Melanocortin 1 receptor rs464349‡ 99.5 0.05

MC1R 16q24.3 Melanocortin 1 receptor rs2228479 98.3 0.26

MC1R 16q24.3 Melanocortin 1 receptor rs1805007 ‡ 91.6 0.17

IRF4 6p23-p25 Interferon regulatory factor 4 rs12203592‡ 99.8 0.01
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IRF4 6p23-p25 Interferon regulatory factor 4 rs12210050‡ 99.9 0.73

TYR 11q14-q21 Tyrosinase rs1393350‡ 100 0.50

HWE, Hardy-Weinberg equilibrium P value; MAF, minor allele frequency

*SNP rs4588 used as a proxy for the GWAS SNP rs2282679 (r2= 0.98)

†SNPs identified from genome-wide association study (GWAS)

‡SNPs are from gene-chips and QC procedures are outlined under Genotyping in the Methods section
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Table S2. The SNP association with biomarkers adjusted for 25(OH)D, sex and

region

Biomarker* Gene/Count SNP

Coefficient

(95% CI)

P-

value†

Interaction

P-value†

Coagulation markers

vWF DHCR7 rs12785878

-0.008

(-0.022, 0.007) 0.30 0.88

CYP2R1 rs10741657

0.011

(-0.002, 0.023) 0.10 0.16

Synthesis count

0.005

(-0.005, 0.015) 0.32 0.72

CYP27B1 rs10877012

0.005

(-0.007, 0.017) 0.44 0.89

CYP24A1 rs6013897

0.000

(-0.015, 0.014) 0.97 0.88

GC rs4588

-0.005

(-0.019, 0.008) 0.43 0.33

Metabolism

count

0.001

(-0.008, 0.009) 0.89 0.37

MetabolismGWA

-0.004

(-0.014, 0.007 ) 0.50 0.80

tPA DHCR7 rs12785878

-0.016

(-0.038, 0.007) 0.17 0.009(0.14)

CYP2R1 rs10741657

-0.009

(-0.029, 0.010) 0.34 0.32

Synthesis count

-0.012

(-0.028, 0.003) 0.13 0.13

CYP27B1 rs10877012

-0.009

(-0.028, 0.01) 0.38 0.46

CYP24A1 rs6013897

-0.013

(-0.036, 0.01) 0.27 0.075

GC rs4588

0.007

(-0.014, 0.028) 0.51 0.34

Metabolism

count

-0.001

(-0.014, 0.012) 0.88 0.04(0.51)

MetabolismGWA

0.004

(-0.020, 0.012) 0.60 0.55

D-dimer DHCR7 rs12785878

0.005

(-0.018, 0.028) 0.66 0.40

CYP2R1 rs10741657

0.005

(-0.016, 0.025) 0.65 0.005(0.08)

Synthesis count

0.006

(-0.01, 0.022) 0.48 0.25

CYP27B1 rs10877012 0.007 0.48 0.91
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(-0.012, 0.026)

CYP24A1 rs6013897

-0.006

(-0.03, 0.018) 0.63 0.64

GC rs4588

0.003

(-0.019, 0.025) 0.80 0.79

Metabolism

count

0.003

(-0.010, 0.017) 0.65 0.37

MetabolismGWA -0.001

(-0.017, 0.016)
0.95

0.80

Fibrinogen DHCR7 rs12785878

0.001

(-0.008, 0.009) 0.90 0.42

CYP2R1 rs10741657

0.003

(-0.004, 0.011) 0.40 0.28

Synthesis count

0.001

(-0.005, 0.007) 0.83 0.81

CYP27B1 rs10877012

0.002

(-0.005, 0.009) 0.57 0.43

CYP24A1 rs6013897

-0.002

(-0.011, 0.007) 0.61 0.72

GC rs4588

-0.002

(-0.010, 0.006) 0.66 0.60

Metabolism

count

-0.001

(-0.006, 0.004) 0.74 0.71

MetabolismGWA

-0.003

(-0.009, 0.003) 0.37 0.65

Inflammatory marker

CRP DHCR7 rs12785878

0.020

(-0.031, 0.071) 0.44 0.40

CYP2R1 rs10741657

0.000

(-0.045, 0.045) 0.99 0.07

Synthesis count

0.004

(-0.032, 0.039) 0.83 0.26

CYP27B1 rs10877012

0.017

(-0.026, 0.06) 0.44 0.87

CYP24A1 rs6013897

-0.046

(-0.098, 0.006) 0.08 0.78

GC rs4588

-0.051

(-0.099, -0.003) 0.04 0.96

Metabolism

count

-0.025

(-0.055, 0.005) 0.10 0.34

MetabolismGWA

-0.051

(-0.088, -0.015)

0.006

(0.09) 0.99

Lipid markers

Triglycerides DHCR7 rs12785878

-0.010

(-0.033, 0.013) 0.38 0.94

CYP2R1 rs10741657 0.008 0.47 0.14
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(-0.013, 0.028)

Synthesis count

0.000

(-0.016, 0.017) 0.97 0.43

CYP27B1 rs10877012

0.007

(-0.013, 0.027) 0.48 0.18

CYP24A1 rs6013897

0.007

(-0.017, 0.031) 0.54 0.22

GC rs4588

-0.003

(-0.025, 0.019) 0.81 0.92

Metabolism

count

0.006

(-0.008, 0.019) 0.42 0.22

MetabolismGWA

0.000

(-0.017, 0.017) 0.96 0.49

LDL DHCR7 rs12785878

-0.011

(-0.022, 0.001) 0.07 0.61

CYP2R1 rs10741657

-0.006

(-0.016, 0.005) 0.28 0.80

Synthesis count

-0.007

(-0.015, 0.001) 0.08 0.76

CYP27B1 rs10877012

0.004

(-0.006, 0.013) 0.47 0.41

CYP24A1 rs6013897

-0.003

(-0.015, 0.009) 0.62 0.07

GC rs4588

-0.004

(-0.015, 0.007) 0.50 0.89

Metabolism

count

0.001

(-0.006, 0.008) 0.82 0.48

MetabolismGWA

-0.003

(-0.011, 0.005) 0.48 0.56

HDL DHCR7 rs12785878

-0.002

(-0.012, 0.007) 0.62 0.13

CYP2R1 rs10741657

0.000

(-0.008, 0.009) 0.95 0.23

Synthesis count

-0.002

(-0.008, 0.005) 0.63 0.39

CYP27B1 rs10877012

0.001

(-0.007, 0.009) 0.77 0.15

CYP24A1 rs6013897

-0.003

(-0.013, 0.007) 0.52 0.27

GC rs4588

0.000

(-0.010, 0.009) 0.94 0.33

Metabolism

count

-0.002

(-0.007, 0.004) 0.55 0.31

MetabolismGWA

-0.001

(-0.008, 0.007) 0.88 0.17

Cholesterol DHCR7 rs12785878 -0.006 0.10 0.26
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(-0.014, 0.001)

CYP2R1 rs10741657

-0.003

(-0.009, 0.004) 0.39 0.90

Synthesis count

-0.005

(-0.01, 0.001) 0.082 0.64

CYP27B1 rs10877012

0.003

(-0.003, 0.009) 0.37 0.53

CYP24A1 rs6013897

-0.002

(-0.009, 0.006) 0.70 0.15

GC rs4588

-0.001

(-0.008, 0.006) 0.73 0.70

Metabolism

count

0.001

(-0.004, 0.005) 0.71 0.54

MetabolismGWA

0.001

(-0.007, 0.004) 0.65 0.56

Lung function marker

FEV DHCR7 rs12785878

0.001

(-0.023, 0.025) 0.95 0.04 (0.54)

CYP2R1 rs10741657

0.014

(-0.007, 0.035) 0.20 0.44

Synthesis count

0.010

(-0.007, 0.027) 0.23 0.73

CYP27B1 rs10877012

0.001

(-0.02, 0.021) 0.95 0.70

CYP24A1 rs6013897

0.004

(-0.021, 0.029) 0.76 0.97

GC rs4588

0.007

(-0.016, 0.03) 0.56 0.51

Metabolism

count

0.006

(-0.008, 0.02) 0.43 0.77

MetabolismGWA

-0.006

(-0.011, 0.024) 0.47 0.03 (0.48)

Cardiovascular disease related markers

Diastolic BP DHCR7 rs12785878

0.003

(-0.003, 0.008) 0.34 0.68

CYP2R1 rs10741657

-0.004

(-0.008, 0.001) 0.12 0.04 (0.62)

Synthesis count

-0.002

(-0.006, 0.002) 0.29 0.46

CYP27B1 rs10877012

-0.002

(-0.006, 0.003) 0.50 0.11

CYP24A1 rs6013897

-0.005

(-0.011, 0.000) 0.065 0.35

GC rs4588

-0.004

(-0.009, 0.001) 0.17

0.004

(0.07)

Metabolism -0.003 0.09 0.69
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count (-0.006, 0)

MetabolismGWA

-0.004

(-0.008, 0.000)

0.03

(0.50) 0.33

Systolic BP DHCR7 rs12785878

0.003

(-0.002, 0.007) 0.30 0.57

CYP2R1 rs10741657

0.000

(-0.004, 0.005) 0.89 0.072

Synthesis count

0.001

(-0.003, 0.004) 0.67 0.52

CYP27B1 rs10877012

-0.001

(-0.005, 0.003) 0.67 0.49

CYP24A1 rs6013897

-0.005

(-0.01, 0) 0.03 0.38

GC rs4588

-0.003

(-0.007, 0.002) 0.26 0.058

Metabolism

count

-0.002

(-0.005, 0.001) 0.15 0.77

MetabolismGWA

-0.004

(-0.008, 0.000)

0.03

(0.39) 0.16

IgE DHCR7 rs12785878

-0.010

(-0.069, 0.05) 0.75 0.47

CYP2R1 rs10741657

0.058

(0.005, 0.111) 0.03 0.39

Synthesis count

0.037

(-0.005, 0.079) 0.08 0.79

CYP27B1 rs10877012

0.047

(-0.003, 0.098) 0.07 0.72

CYP24A1 rs6013897

0.016

(-0.045, 0.078) 0.60 0.88

GC rs4588

-0.016

(-0.072, 0.041) 0.59 0.03 (0.44)

Metabolism

count

0.019

(-0.016, 0.054) 0.29 0.59

MetabolismGWA

0.005

(-0.039, 0.048) 0.84 0.58

IGF-1 DHCR7 rs12785878

0.001

(-0.012, 0.013) 0.90 0.091

CYP2R1 rs10741657

-0.002

(-0.013, 0.009) 0.70 0.21

Synthesis count

-0.001

(-0.010, 0.008) 0.77 0.99

CYP27B1 rs10877012

-0.008

(-0.019, 0.002) 0.12 0.31

CYP24A1 rs6013897

-0.001

(-0.014, 0.012) 0.84 0.15

GC rs4588 0.012 0.06 0.61
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(-0.001, 0.024)

Metabolism

count

-0.002

(-0.01, 0.005) 0.52 0.70

MetabolismGWA

0.004

(-0.005, 0.013) 0.39 0.62

HbA1c DHCR7 rs12785878

0.000

(-0.004, 0.005) 0.94 0.13

CYP2R1 rs10741657

0.000

(-0.004, 0.004) 0.90 0.63

Synthesis count

0.000

(-0.003, 0.003) 0.82 0.60

CYP27B1 rs10877012

0.000

(-0.003, 0.004) 0.88 0.39

CYP24A1 rs6013897

0.001

(-0.004, 0.005) 0.72 0.69

GC rs4588

-0.001

(-0.005, 0.003) 0.56 0.46

Metabolism

count

0.000

(-0.002, 0.003) 0.84 0.17

MetabolismGWA

0.000

(-0.003, 0.003) 0.90 0.51

*Where required the biomarker has been natural log transformed to achieve normal

distribution

†In brackets, the p-value adjusted for multiple testing.
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Appendix S1 – Sample size calculations

Mendelian randomisation (MR) studies can be modelled using two-stage least

squares (2SLS) regression for instrumental variable (IV) analysis. In this setting the

endogenous variable is environmental exposure (in our example 25(OH)D

concentrations), exogenous /instrumental variable is the genetic marker (in our

example SNPs or allele count from multiple SNPs), and outcome is a quantitative

bio-marker (in our example the standardized systolic BP). For 2SLS regression there

is no standard approach for estimating power and sample size, however one way is

through repetitive simulation of a dataset. This was done by simulating a dataset of a

fixed sample size (n) by imposing constraints on the known relationships, running

the regression model and then testing the parameter of interest at a fixed significant

level α. The dataset was re-simulated a 1000 times for the same sample size (n) and

the proportion of times the parameter of interest was less than the significant level α

was used to indicate the power of the study with the sample size in question [1].

To create a dataset for the simulation, the models are defined as:

0 1

0 1

i i xi

i i yi

x g

y x

  

  

  

  
,

where i is the number of individuals, xi,gi, yi are the exposure, genetic variant, and

outcome for each individual, respectively, with    2 2
1 2~ 0, and ~ 0,xi yiN N   

. The genetic variant gi takes the values for the single marker  0,1, 2 and joint

allele count  0,1, 2, 3 . We assumed an effect of a 5% reduction in a standardized

blood pressure outcome by 10nmol/l increase in 25(OH)D based on effect estimates
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from the 1958BC. The MAF of the SNPs were also based on the proportions from

the 1958BC.

Reference List

1. Feiveson AH (2002) Power by simulation. Stata Journal 2: 107-124
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Appendix 2: Additional tables for Chapter 3
Table 1 Results from fitting the mediation models using a Frequentist approach in the 1958BC (aged 45 yrs); iterative inclusion of harmonic

terms with 25(OH)D (mediator) and individually with the inflammatory/haemostatic markers (outcomes) . Greyed boxes highlight models with

the significant harmonic terms p-values and lowest Bayesian Information Criterion.

Likelihood ratio test (LRT) p-value

Mediator* Outcome†

Harmonic term(s) in the

model 25(OH)D CRP D-Dimer Fibrinogen tPA vWF

Yearly p-value <0.001 0.77 0.76 0.021 0.010 0.012

Semestral p-value <0.001 0.82 0.016 0.77 0.227 0.23

Quarterly p-value <0.001 0.91 0.19 0.89 0.732 0.42

Semestral p-value,

and adjusted for yearly
<0.001 0.85 0.015 0.71 0.14 0.10

Quarterly p-value,

and adjusted for yearly
<0.001 0.89 0.14 0.97 0.84 0.27

Quarterly p-value,

and adjusted for semestral
<0.001 0.91 0.40 0.92 0.82 0.54

Quarterly p-value,

and adjusted for yearly

and semestral

<0.001 0.88 0.33 0.94 0.90 0.42
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Bayesian Information Criterion (BIC)

Mediator1 Outcome2

Harmonic term(s) in the

model 25(OH)D CRP D-Dimer Fibrinogen tPA vWF

Yearly 56421 17479 17589 17210 17429 17522

Semestral 57616 17479 17582 17217 17435 17527

Quarterly 57697 17480 17586 17217 17437 17528

Yearly and semestral 56353 17496 17599 17227 17443 17534

Yearly and quarterly 56400 17497 17603 17228 17447 17536

Semestral and quarterly 57588 17497 17598 17234 17452 17543

Yearly, semestral and

quarterly
56344 17514 17614 17244 17460 17550

* Linear regression model adjusted for sex
† Mixed effects model with sex-specified standard deviation scores where variability among laboratory batches was modelled as a random effect

on the intercept adjusted for seasonal confounders (chest infection, alcohol consumption, PC/TC leisure time, recreation MET hours, social class

at adulthood), except for C-reactive protein that was model using linear regression.
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Table 2 Results from fitting the mediation models using a Bayesian approach in the 1958BC (aged 45 yrs); iterative inclusion of harmonic terms

with 25(OH)D (mediator) and individually with the inflammatory/haemostatic markers (outcomes) . Greyed boxes highlight models with the

harmonic terms parameters credible intervals that do not overlap zero and lowest Deviance Information Criterion (DIC).

Parameter estimates with 95% credible interval

Harmonic term(s) in

the model

Mediator* Outcome†

25(OH)D,

nmol/L

CRP,

SDS

D-Dimer,

SDS

Fibrinogen,

SDS

tPA,

SDS

vWF,

SDS

Yearly terms

Cosine
-7.02

(-7.86, -6.18)

-0.007

(-0.044, 0.028)

0.019

(-0.039, 0.081)

-0.089

(-0.164, -0.011)

-0.052

(-0.117, 0.015)

0.039

(-0.032, 0.111)

Sine
-14.7

(-15.5, -13.9)

-0.009

(-0.043, 0.025)

0.012

(-0.043, 0.068)

-0.051

(-0.12, 0.022)

-0.076

(-0.137, -0.015)

0.097

(0.029, 0.167)

Semestral terms

Cosine
-5.15

(-6.02, -4.23)

-0.007

(-0.042, 0.028)

-0.021

(-0.073, 0.03)

-0.013

(-0.089, 0.063)

0.002

(-0.062, 0.064)

-0.06

(-0.133, 0.007)

Sine
2.43

(1.51, 3.34)

-0.004

(-0.038, 0.031)

0.069

(0.018, 0.118)

0.02

(-0.055, 0.096)

0.058

(-0.007, 0.121)

0.003

(-0.068, 0.074)

Quarterly terms

Cosine
2.84

(1.97, 3.72)

0.001

(-0.033, 0.034)

0.046

(-0.005, 0.099)

0.011

(-0.055, 0.079)

0.022

(-0.045, 0.084)

0.025

(-0.04, 0.095)

Sine
-2.70

(-3.61, -1.78)

0.008

(-0.027, 0.042)

0.003

(-0.048, 0.055)

-0.008

(-0.075, 0.057)

0.013

(-0.051, 0.077)

-0.036

(-0.106, 0.032)

Semestral terms,

adjusted for yearly

Cosine -2.87 -0.007 -0.021 -0.011 0.018 -0.073
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Parameter estimates with 95% credible interval

Harmonic term(s) in

the model

Mediator* Outcome†

25(OH)D,

nmol/L

CRP,

SDS

D-Dimer,

SDS

Fibrinogen,

SDS

tPA,

SDS

vWF,

SDS

(-3.72, -2.07) (-0.043, 0.029) (-0.073, 0.032) (-0.083, 0.064) (-0.043, 0.079) (-0.143, -0.005)

Sine
2.58

(1.76, 3.40)

-0.004

(-0.04, 0.03)

0.069

(0.017, 0.123)

0.025

(-0.046, 0.096)

0.06

(-0.001, 0.121)

-0.006

(-0.078, 0.063)

Quarterly terms,

adjusted for yearly

Cosine
1.31

(0.508, 2.12)

-0.001

(-0.036, 0.033)

0.052

(0, 0.108)

-0.001

(-0.066, 0.065)

0.015

(-0.045, 0.075)

0.039

(-0.029, 0.105)

Sine
-2.29

(-3.12, -1.47)

0.009

(-0.026, 0.044)

-0.001

(-0.053, 0.052)

-0.002

(-0.067, 0.065)

0.014

(-0.048, 0.076)

-0.039

(-0.11, 0.025)

Quarterly terms,

adjusted for

semestral

Cosine
1.74

(0.863, 2.65)

0.000

(-0.036, 0.034)

0.034

(-0.016, 0.088)

0.008

(-0.055, 0.076)

0.017

(-0.045, 0.082)

0.019

(-0.052, 0.088)

Sine
-2.56

(-3.45, -1.67)

0.008

(-0.027, 0.044)

0.004

(-0.046, 0.054)

-0.008

(-0.074, 0.06)

0.014

(-0.047, 0.081)

-0.03

(-0.102, 0.039)

Quarterly terms,

adjusted for yearly

and semestral

Cosine
0.479

(-0.329, 1.31)

-0.002

(-0.037, 0.033)

0.04

(-0.012, 0.094)

-0.006

(-0.07, 0.062)

0.008

(-0.053, 0.07)

0.032

(-0.034, 0.099)
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Parameter estimates with 95% credible interval

Harmonic term(s) in

the model

Mediator* Outcome†

25(OH)D,

nmol/L

CRP,

SDS

D-Dimer,

SDS

Fibrinogen,

SDS

tPA,

SDS

vWF,

SDS

Sine
-2.15

(-2.96, -1.33)

0.009

(-0.027, 0.044)

0.001

(-0.052, 0.051)

-0.002

(-0.064, 0.063)

0.014

(-0.047, 0.079)

-0.033

(-0.102, 0.034)

Deviance Information Criterion (DIC)

Harmonic term(s)

in the model

Mediator* Outcome†

25(OH)D CRP D-Dimer Fibrinogen tPA vWF

Yearly 56396 17362 17424 17042 17273 17321

Semestral 57591 17362 17420 17044 17273 17320

Quarterly 57672 17362 17422 17045 17274 17322

Yearly and

semestral
56315 17365 17421 17043 17272 17318

Yearly and quarterly 56361 17365 17422 17044 17274 17320

Semestral and

quarterly
57550 17366 17420 17046

17274
17321

Yearly, semestral

and quarterly
56292 17369 17421 17045 17273 17318

* Linear model adjusted for sex with non-informative priors for the parameters and model error.

† Mixed effects model with sex-specified standard deviation scores where variability among laboratory batches was modelled as a random effect

on the intercept adjusted for seasonal confounders (chest infection, alcohol consumption, PC/TC leisure time, recreation MET hours, social class
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at adulthood), except for C-reactive protein that was model using linear regression. All models had non-informative priors for the parameters and

model error terms.



355

Appendix 2: Additional tables for Chapter 3

Table 3 Results from using the Frequentist approach to fit models adjusted for 25-

hydroxyvitamin D (mediator) in the 1958BC (aged 45 yrs); iterative inclusion of

harmonic terms individually with the haemostatic markers (outcomes). Greyed boxes

highlight models with the significant harmonic terms p-values and lowest BIC

Likelihood ratio test (LRT) p-value

Harmonic term(s)

in model

Outcome*

D-Dimer Fibrinogen tPA vWF

Yearly p-value 0.81 0.004 <0.001 0.019

Semestral p-value 0.007 0.71 0.15 0.20

Quarterly p-value 0.13 0.86 0.70 0.40

Semestral p-value,

adjusted for yearly
0.006 0.60 0.059 0.10

Quarterly p-value,

adjusted for yearly
0.12 0.95 0.84 0.27

Quarterly p-value,

adjusted for

Semestral

0.33 0.90 0.85 0.51

Quarterly p-value,

adjusted for yearly

and semestral

0.31 0.92 0.95 0.41

Bayesian Information Criterion (BIC)

Harmonic term(s)

in model

Outcome*

D-Dimer Fibrinogen tPA vWF

Yearly 17588 17211 17361 17530

Semestral 17579 17220 17381 17535

Quarterly 17584 17220 17384 17536

Yearly and

semestral
17595 17227 17373 17543

Yearly and quarterly 17601 17228 17378 17545

Semestral and

quarterly
17594 17237 17398 17551

Yearly, semestral

and quarterly
17611 17244 17390 17559

* Mixed effects model with sex-specified standard deviation scores where variability

among laboratory batches was modelled as a random effect on the intercept adjusted

for seasonal confounders (chest infection, alcohol consumption, PC/TC leisure time,

recreation MET hours, social class at adulthood) and 25(OH)D.
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Table 4 Results from using the Bayesian approach to fit models adjusted for 25-hydroxyvitamin D (mediator) in the 1958BC (aged 45 yrs);

iterative inclusion of harmonic terms individually with the haemostatic markers (outcomes) . Greyed boxes highlight models whose harmonic

terms parameters’ 95% credible intervals do not include zero and had lowest DIC.

Parameter estimates with 95% credible interval

Harmonic term(s) in

the model

Outcome*

D-Dimer Fibrinogen tPA vWF

Yearly terms

Cosine 0.008 (-0.051, 0.067) -0.100 (-0.178, -0.022) -0.087 (-0.155, -0.018) 0.040 (-0.032, 0.113)

Sine -0.016 (-0.071, 0.040) -0.076 (-0.145, -0.004) -0.149 (-0.212, -0.085) 0.092 (0.023, 0.159)

Semestral terms

Cosine -0.029 (-0.080, 0.020) -0.017 (-0.094, 0.07) -0.022 (-0.093, 0.046) -0.062 (-0.129, 0.007)

Sine 0.073 (0.023, 0.125) 0.025 (-0.052, 0.099) 0.066 (-0.004, 0.137) 0.003 (-0.065, 0.076)

Quarterly terms

Cosine 0.051 (0.003, 0.103) 0.014 (-0.051, 0.078) 0.030 (-0.042, 0.096) 0.027 (-0.040, 0.095)

Sine -0.002 (-0.056, 0.052) -0.010 (-0.076, 0.062) 0.007 (-0.058, 0.076) -0.036 (-0.103, 0.029)

Semestral terms,

adjusted for yearly

Cosine
-0.025 (-0.078, 0.027) -0.017 (-0.089, 0.056) 0.001 (-0.061, 0.063)

-0.073 (-0.140, -

0.007)

Sine 0.074 (0.024, 0.127) 0.030 (-0.039, 0.104) 0.074 (-0.012, 0.136) -0.006 (-0.074, 0.063)

Quarterly terms,

adjusted for yearly

Cosine 0.054 (0.002, 0.106) 0.000 (-0.061, 0.062) 0.020 (-0.043, 0.080) 0.038 (-0.026, 0.103)



357

Appendix 2: Additional tables for Chapter 3

Parameter estimates with 95% credible interval

Harmonic term(s) in

the model

Outcome*

D-Dimer Fibrinogen tPA vWF

Sine -0.004 (-0.057, 0.05) -0.004 (-0.069, 0.062) 0.002 (-0.060, 0.066) -0.040 (-0.105, 0.029)

Quarterly terms,

adjusted for semestral

Cosine 0.037 (-0.011, 0.087) 0.010 (-0.056, 0.076) 0.017 (-0.052, 0.085) 0.022 (-0.043, 0.091)

Sine 0.002 (-0.048, 0.052) -0.009 (-0.076, 0.059) 0.012 (-0.056, 0.084) -0.033 (-0.101, 0.034)

Quarterly terms,

adjusted for yearly and

semestral

Cosine 0.039 (-0.010, 0.091) -0.004 (-0.070, 0.063) 0.010 (-0.052, 0.068) 0.031 (-0.037, 0.097)

Sine -0.001 (-0.053, 0.050) -0.005 (-0.070, 0.063) 0.004 (-0.057, 0.070) -0.033 (-0.100, 0.033)

Deviance Information Criterion (DIC)

Harmonic term(s) in

the model

Outcome*

D-Dimer Fibrinogen tPA vWF

Yearly 17414 17034 17190 17323

Semestral 17410 17037 17195 17322

Quarterly 17412 17038 17197 17324

Yearly and semestral 17412 17035 17190 17321

Yearly and quarterly, 17413 17037 17192 17322

Semestral and quarterly 17410 17039 17196 17322
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Yearly, semestral and

quarterly
17412 17038 17191 17320

* Mixed effects model with sex-specified standard deviation scores where variability among laboratory batches was modelled as a random effect

on the intercept adjusted for seasonal confounders (chest infection, alcohol consumption, PC/TC leisure time, recreation MET hours, social class

at adulthood) and 25(OH)D. All models had non-informative priors for the parameters and model error terms.
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Table 5 The parametric bootstrap mediation product of coefficients test for the

product of the best fit harmonic function with 25(OH)D and the 25(OH)D

associations with the haemostatic markers in the 1958BC (aged 45 years). Greyed

boxes highlight models whose harmonic terms’ 95% confidence intervals do not

include zero.

Product of the three frequency harmonic function parameters and

25(OH)D parameter for the haemostatic markers (95% CI)

D-Dimer, SDS Fibrinogen, SDS tPA, SDS vWF, SDS

Mediation test

product of

harmonic terms

and 25(OH)D

parameter

Yearly cosine 0.012 (0.006,

0.019)

0.009 (0.003,

0.015)

0.032 (0.025,

0.039)

-0.000 (-0.006,

0.006)

Yearly sine 0.026 (0.013,

0.039)

0.019 (0.006,

0.032)

0.067 (0.054,

0.081)

-0.000 (-0.014,

0.013)

Semestral cosine 0.005 (0.002,

0.008)

0.004 (0.001,

0.006)

0.013 (0.009,

0.017)

-0.000 (-0.003,

0.003)

Semestral sine -0.004 (-0.007,

-0.002)

-0.003 (-0.006, -

0.001)

-0.012 (-0.016,

-0.008)

0.000

(-0.002, 0.002)

Quarterly cosine -0.001 (-0.002,

0.001)

-0.001 (-0.002,

0.001)

-0.002 (-0.006,

0.002)

0.000

(-0.001, 0.001)

Quarterly sine 0.004 (0.002,

0.006)

0.003 (0.001,

0.005)

0.010 (0.006,

0.014)

-0.000 (-0.021,

0.002)
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Table 6 Associations between 25-hydroxyvitamin D and the haemostatic markers

adjusted for the best fit (Bayesian) harmonic terms and seasonal confounders in a

mixed effect model in the 1958BC (aged 45 years).

Outcome adjusted for best fit harmonic terms, 25(OH)D and

seasonal confounders (95% credible intervals)*

D-Dimer,

SDS

adjusted for

semestral

pattern

Fibrinogen,

SDS

adjusted for

yearly pattern

tPA, SDS

adjusted for

yearly

pattern

vWF, SDS

adjusted for

yearly

pattern

25(OH)D per

10 nmol/L

parameter

-0.019 (-0.029,

-0.008)

-0.017 (-0.028, -

0.006)

-0.051 (-0.062,

-0.040)

-0.002 (-0.013,

0.009)

* Seasonal confounders adjusted for as fixed effect chest infection, alcohol

consumption, PC/TC leisure time, recreation MET hours, social class at adulthood

and random effect was laboratory batch. All models had non-informative priors for

the parameters and model error terms.
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Table 7 The Bayesian mediation product of coefficients test for the product of the

best fit harmonic function parameters with 25(OH)D and 25(OH)D parameters with

the haemostatic markers in the 1958BC (aged 45 yrs). Greyed boxes highlight

models whose harmonic terms’ parameters 95% credible intervals do not include

zero.

Product of the three frequency harmonic function parameters

and 25(OH)D parameter for the haemostatic markers (95%

credible intervals)

D-Dimer,

SDS

Fibrinogen,

SDS

tPA, SDS vWF, SDS

Mediation test

product of

harmonic terms

and 25(OH)D

parameter

Yearly cosine 0.013 (0.006,

0.02)

0.011 (0.004,

0.019)

0.034 (0.026,

0.043)

0.001 (-0.006,

0.009)

Yearly sine 0.027 (0.012,

0.042)

0.024 (0.009,

0.04)

0.073 (0.056,

0.089)

0.003 (-0.013,

0.019)

Semestral

cosine
0.005 (0.002,

0.009)

0.004 (0.002,

0.008)

0.014 (0.009,

0.019)

0.001 (-0.002,

0.006)

Semestral sine -0.005 (-0.008,

-0.002)

-0.004 (-0.008, -

0.001)

-0.013 (-0.018,

-0.008)

0.001 (-0.003,

0.002)

Quarterly

cosine
-0.001 (-0.003,

0.001)

-0.001 (-0.003,

0.001)

-0.002 (-0.007,

0.002)

-0.001

(0.001, 0.001)

Quarterly sine 0.004 (0.002,

0.007)

0.004 (0.001,

0.007)

0.011 (0.006,

0.016)

0.003 (-0.013,

0.019)
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Appendix 3: Additional figures for Chapter 4
A

B
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C

D
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E

F
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G

Regional linkage disequilibrium plots for A) VDR, B) RXRA, C) RXRB, D)

CYP27B1, E) CYP24A1, F) GC and H) CYP27A1. The light blue line on the graphs

is the recombination rate for the region. The diamonds indicate the SNPs p-value for

its association with the 25(OH)D standardised residuals in the 1958BC discovery

samples. The colour of the diamond indicates the LD between SNPs with the

gradient of the LD on the top right hand side.
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Appendix 4: Additional methods for Chapter 5

Estimation of the Gc haplotypes

The two non-synonymous SNPs rs4588 and rs7041 located in exon 11 of gene GC

were used to estimate the Gc haplotypes (Figure 1). The haplotypes were inferred by

SimHap (Carter et al. 2008), which uses expectation maximisation methods to

estimate the haplotypes from SNP data despite the unknown phase of the alleles. In

the instances in which individuals had haplotypes with a posterior probability < 0.95,

these haplotypes were excluded from further analysis.

Figure 1 Exon/functional regions (dark green) of GC and haplotypes estimated from

SNPs rs4588 and rs7041 in the 1958BC (adapted from (Fang et al. 2009)).

The haplotypes were categorised in slightly different ways to assess which

categorisation gave the best fit with ln 25(OH)D. The categorisations were: Gc

haplotype variables were created to represent the the number of copies they carried

of the Gc1s, Gc1f and Gc2 haplotypes (Table 1), by the genotypes of the haplotypes,



367

Appendix 3: Additional methods for Chapter 5

and similarly by the haplotype pairs of first haplotype vs second haplotype (Table 2).

Each haplotype variable was assessed on balance of the adjusted R2, F-statistic and

the Bayesian Information Criterion (BIC). The R2 adjusted for the number of

parameters was considered, as is the proportion of variation explained in 25(OH)D,

calculated from the difference in adjusted R2 from a linear regression model with ln

25(OH)D including and excluding the Gc variable (or additive trend of the variable).

The value of F should be greater than 10 to considered as an instrument for an

exposure, on the basis of probability of the instrument’s association with the

exposure and sample size (Staiger & Stock 1997). The BIC was also considered

when choosing the haplotype variable(s) as it penalises a model’s likelihood by its

number of estimated parameters (or degrees of freedom) proportionally to the

logarithm of the number of independent observations. This results in selecting

models more conservative against over-parametrisation, tha other likelihood-based

criteria, which assign less severe penalties to the model’s goodness-of-fit (Kuha

2004).
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Table 1 Copies of the Gc haplotypes with mean 25(OH)D concentrations in the

1958BC

Haplotype copies n

25(OH)D, nmol/l

geometric mean (95% CI)

Gc1s

no copies 1029 50.6 (49.2, 52.0)

1 copy 2701 53.4 (52.5, 54.4)

2 copies 1600 57.1 (55.9, 58.4)

Gc1f

no copies 3852 53.7 (52.9, 54.4)

1 copy 1346 54.8 (53.5, 56.2)

2 copies 132 52.7 (48.4, 57.5)

Gc2

no copies 2652 56.6 (55.6, 57.6)

1 copy 2240 51.9 (50.9, 52.9)

2 copies 438 49.2 (47.2, 51.3)
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Table 2 Copies of the Gc genotypes (haplotype pairs) with mean 25(OH)D

concentrations in the 1958BC

Gc Genotype

n

25(OH)D, nmol

geometric mean

(95% CI) F
ir

st
ha

pl
ot

yp
e

Gc1s Gc1f Gc2 Gcx

Second haplotype

Gc1s

1600

57.1

(55.9, 58.4)

0

-

0

-

0

-

Gc1f

902

56.4

(54.7, 58.1)

132

52.7

(48.4, 57.5)

0

-

0

-

Gc2

1785

52.0

(50.9, 53.1)

444

51.8

(49.7, 54.1)

438

49.2

(47.2, 51.3)

11

35.9

(25.9, 49.8)

Gcx

14

51.8

(40.9, 65.7)

0

-

0

-

4

41.2

(16.5, 102.7)

The Gc haplotype pairs explained the most variation in 25(OH)D concentrations at

1.26%, then the Gc genotypes at 1.25% compared to the other Gc variables (Table

3). However, since the haplotype pairs and genotypes were fitted as category

variables in the models, the BIC statistic was larger than many of the other model

fits. Copies of the Gc2 variable fitted as a trend had the smallest BIC and largest

value of F compared to all other coding with only a modest decrease in the variation

explained of 25(OH)D. On balance of the three statistics used, Gc2 fitted as trend

had the best fit for the purposes of an instrument for 25(OH)D in instrumental

variable analysis.
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Table 3 Variation explained in 25(OH)D concentrations, F-statistic and BIC by

combinations of Gc genotypes/haplotypes in 1958BC

Gc genotype/haplotype

variable(s)*

Degrees of

freedom for

variable(s) R2, % F-statistic BIC

Gc genotypes 8 1.25 56.3 6773.7

Gc genotypes as trend 1 1.01 9.7 6733.4

Gc haplotype pairs

mutually adjusted

6 1.26 12.6 6758.1

Gc haplotype pairs as

trend mutually adjusted

2 1.20 34.0 6730.9

Copies of Gc1s 2 0.82 23.6 6751.3

Copies of Gc1s as trend 1 0.84 46.9 6742.8

Copies of Gc1f 2 0.01 1.3 6794.9

Copies of Gc1f as trend 1 0.00 0.9 6787.7

Copies of Gc2 2 1.14 31.8 6733.9

Copies of Gc2 as trend 1 1.14 62.6 6726.4
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Regression diagnostics for transformed variables

Model diagnostics were used to assess whether it was appropriate to transform the

inflammatory/hemostatic outcomes and 25-hydroxyvitamin D with the natural

logarithm in the subsequent instrumental variable analysis.

Diagnostics for natural log transformed inflammatory/haemostatic

outcomes

To assess the adequacy of model fit with the natural log transformed outcomes of C-

reactive protein (CRP), D-Dimer, fibrinogen, tissue plasminogen activator (tPA) and

von Willebrand factor (vWF), the studentised residuals were predicted from linear

regression models for each of the outcomes adjusted for sex, month of measure,

body mass index and geographical region. As the studentized residuals should be

normally distributed with mean 0 and standard deviation 1 (Armitage & Berry 1994),

these were plotted in a normal probability plot and inspected for strong deviations

from normality.

The normality probability plots for each of the outcomes (Figure 2) showed some

departures from normality at the tails; however for all of the outcomes the plots did

appear to be satisfactory.
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A

B

C
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D

E

Figure 2 Normal probability plots of the studentised residuals from linear regression

models (adjusted for sex, BMI, month and region) with the outcomes A) CRP, B) D-

dimer, C) fibrinogen, D) tPA, E) vWF. The black line is the cumulative probability

of a standard normal random variable.

Diagnostics for natural log transformed 25(OH)D vs 25(OH)D

covariate

After establishing the satisfactory model fit with the natural log outcomes, linear

regression models for each of the outcomes were run twice with the raw 25(OH)D

concentrations and natural logarithm transformed 25(OH)D. In both instances, the

linear regression models were adjusted for sex, month of measure, body mass index
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and geographical region. The residuals were predicted from the models and plotted

against 25(OH)D covariate used in the model, and inspected for a non-linear trend.

Furthermore, a quadratic term of 25(OH)D was created and used as additional

covariate in the linear regression models for each of the outcomes in the above

model, adjusted for the non-transformed 25(OH)D concentrations. The likelihood

ratio test was used to assess whether there was evidence of curvature of the 25(OH)D

concentrations as modelled by its quadratic term.

In the residuals plots vs the 25(OH)D covariate (untransformed) for each of the

outcomes, there was indication of clustering on the left-hand side of the plots (Figure

3-1). Furthermore, for each of the outcomes there was evidence of a curved

25(OH)D association (p≤0.033 for all outcomes, adjusted for sex, month of measure, 

BMI and region). In the residuals plots vs ln 25(OH)D covariate, the clustering had

improved for each of the outcomes and the plots appear visually random (Figure 3-

2).
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A-1 A-2

B-1 B-2

C-1 C-2
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D-1 D-2

E-1 E-2

Figure 3 The model residuals of linear regression models (adjusted for sex, BMI,

month and region) with the outcomes A) CRP, B) D-dimer, C) fibrinogen, D) tPA,

E) vWF vs the 1) 25(OH)D covariate non-transformed 2) and natural logarithm

transformed.
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Appendix 5: Additional figures for Chapter 5

Figure 1 QQ Plots by genes of the SNPs associations with 25(OH)D, where the blue dots are the observed log p-values and red line is their

expected log values
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Figure 2  The effect of a pleiotropic SNP on the instrumental variable (IV) β estimate when used as a a) single instrument, b) in a allele count as 

in instrument, c) in a allele count as one of two instruments in two-stage least squares (2SLS) regression.
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Table 1 SNP association with biomarkers adjusted for sex, geographical location

and 25(OH)D in the 1958BC

Biomarker Gene SNP

SNP

Coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

Haemostatic markers

D-Dimer SLC45A2 rs16892096 0.061 0.046 0.18

DHCR7 rs12785878 0.005 0.012 0.66

CYP2R1 rs10741657 0.005 0.010 0.65

GC rs7041 0.008 0.011 0.44

GC rs4588 0.003 0.011 0.80

CYP27B1 rs10877012 0.007 0.010 0.48

CYP24A1 rs6013897 -0.006 0.012 0.63

Fibrinogen SLC45A2 rs16892096 0.016 0.017 0.37

DHCR7 rs12785878 0.001 0.004 0.90

CYP2R1 rs10741657 0.003 0.004 0.40

GC rs7041 -0.001 0.004 0.86

GC rs4588 -0.002 0.004 0.66

CYP27B1 rs10877012 0.002 0.004 0.57

CYP24A1 rs6013897 -0.002 0.005 0.61

Tissue

plasminogen

activator SLC45A2 rs16892096 0.000 0.045 0.99

DHCR7 rs12785878 -0.016 0.011 0.17

CYP2R1 rs10741657 -0.009 0.010 0.34

GC rs7041 -0.003 0.010 0.78

GC rs4588 0.007 0.011 0.51

CYP27B1 rs10877012 -0.009 0.010 0.38

CYP24A1 rs6013897 -0.013 0.012 0.27

von SLC45A2 rs16892096 0.004 0.028 0.89



384

Appendix 6: Additional tables for Chapter 5

Biomarker Gene SNP

SNP

Coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

Willebrand

factor

DHCR7 rs12785878 -0.008 0.007 0.30

CYP2R1 rs10741657 0.011 0.006 0.096

GC rs7041 -0.006 0.007 0.32

GC rs4588 -0.005 0.007 0.43

CYP27B1 rs10877012 0.005 0.006 0.44

CYP24A1 rs6013897 0.000 0.007 0.97

Inflammation marker

C-reactive

protein SLC45A2 rs16892096 -0.007 0.101 0.95

DHCR7 rs12785878 0.020 0.026 0.44

CYP2R1 rs10741657 0.000 0.023 1.00

GC rs7041 -0.038 0.024 0.11

GC rs4588 -0.051 0.024 0.0361 (0.61)

CYP27B1 rs10877012 0.017 0.022 0.44

CYP24A1 rs6013897 -0.046 0.027 0.084 (0.99)

Lipid markers

Triglycerides SLC45A2 rs16892096 0.068 0.047 0.15

DHCR7 rs12785878 -0.010 0.012 0.38

CYP2R1 rs10741657 0.008 0.010 0.47

GC rs7041 -0.008 0.011 0.47

GC rs4588 -0.003 0.011 0.81

CYP27B1 rs10877012 0.007 0.010 0.48

CYP24A1 rs6013897 0.007 0.012 0.54

Low density

lipoproteins SLC45A2 rs16892096 -0.077 0.023 0.001 (0.019)

DHCR7 rs12785878 -0.011 0.006 0.072 (0.99)

CYP2R1 rs10741657 -0.006 0.005 0.28
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Biomarker Gene SNP

SNP

Coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

GC rs7041 0.006 0.005 0.28

GC rs4588 -0.004 0.006 0.50

CYP27B1 rs10877012 0.004 0.005 0.47

CYP24A1 rs6013897 -0.003 0.006 0.62

High density

lipoproteins SLC45A2 rs16892096 -0.014 0.019 0.48

DHCR7 rs12785878 -0.002 0.005 0.62

CYP2R1 rs10741657 0.000 0.004 0.95

GC rs7041 0.000 0.005 0.99

GC rs4588 0.000 0.005 0.94

CYP27B1 rs10877012 0.001 0.004 0.77

CYP24A1 rs6013897 -0.003 0.005 0.52

Total

cholesterol SLC45A2 rs16892096 -0.030 0.015 0.042 (0.72)

DHCR7 rs12785878 -0.006 0.004 0.097 (0.99)

CYP2R1 rs10741657 -0.003 0.003 0.39

GC rs7041 0.001 0.003 0.75

GC rs4588 -0.001 0.004 0.73

CYP27B1 rs10877012 0.003 0.003 0.37

CYP24A1 rs6013897 -0.002 0.004 0.70

Hypertension markers

Diastolic SLC45A2 rs16892096 -0.004 0.011 0.73

DHCR7 rs12785878 0.003 0.003 0.34

CYP2R1 rs10741657 -0.004 0.002 0.12

GC rs7041 -0.002 0.003 0.54

GC rs4588 -0.004 0.003 0.17

CYP27B1 rs10877012 -0.002 0.002 0.50

CYP24A1 rs6013897 -0.005 0.003 0.069 (0.99)

Systolic SLC45A2 rs16892096 -0.004 0.010 0.65

DHCR7 rs12785878 0.003 0.002 0.30
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Biomarker Gene SNP

SNP

Coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

CYP2R1 rs10741657 0.000 0.002 0.89

GC rs7041 -0.002 0.002 0.46

GC rs4588 -0.003 0.002 0.26

CYP27B1 rs10877012 -0.001 0.002 0.67

CYP24A1 rs6013897 -0.005 0.003 0.034 (0.58)

Glucose related marker

HbA1c SLC45A2 rs16892096 -0.002 0.048 0.97

DHCR7 rs12785878 0.001 0.012 0.95

CYP2R1 rs10741657 0.014 0.011 0.20

GC rs7041 0.006 0.011 0.59

GC rs4588 0.007 0.012 0.56

CYP27B1 rs10877012 0.001 0.010 0.95

CYP24A1 rs6013897 0.004 0.013 0.76

Lung function marker

FEV1

SLC45A2 rs16892096 0.032 0.009

0.0002

(0.005)

DHCR7 rs12785878 0.000 0.002 0.94

CYP2R1 rs10741657 0.000 0.002 0.90

GC rs7041 -0.002 0.002 0.27

GC rs4588 -0.001 0.002 0.56

CYP27B1 rs10877012 0.000 0.002 0.88

CYP24A1 rs6013897 0.001 0.002 0.72

Allergy

marker

IgE SLC45A2 rs16892096 0.136 0.119 0.25

DHCR7 rs12785878 -0.010 0.030 0.75

CYP2R1 rs10741657 0.058 0.027 0.032 (0.45)

GC rs7041 0.027 0.028 0.34

GC rs4588 -0.016 0.029 0.59
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Biomarker Gene SNP

SNP

Coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

CYP27B1 rs10877012 0.047 0.026 0.065 (0.99)

CYP24A1 rs6013897 0.016 0.031 0.60

Growth related marker

IGF-1 SLC45A2 rs16892096 -0.016 0.025 0.53

DHCR7 rs12785878 0.001 0.006 0.90

CYP2R1 rs10741657 -0.002 0.006 0.70

GC rs7041 0.002 0.006 0.69

GC rs4588 0.012 0.006 0.061 (0.99)

CYP27B1 rs10877012 -0.008 0.005 0.12

CYP24A1 rs6013897 -0.001 0.007 0.84

Adiposity markers

BMI SLC45A2 rs16892096 -0.001 0.014 0.95

DHCR7 rs12785878 -0.002 0.004 0.50

CYP2R1 rs10741657 -0.006 0.003 0.069 (0.99)

GC rs7041 -0.001 0.003 0.69

GC rs4588 0.000 0.003 0.98

CYP27B1 rs10877012 0.001 0.003 0.74

CYP24A1 rs6013897 0.000 0.004 0.99

Waist

circumference SLC45A2 rs16892096 0.001 0.010 0.94

DHCR7 rs12785878 -0.003 0.003 0.25

CYP2R1 rs10741657 -0.005 0.002 0.047 (0.79)

GC rs7041 -0.003 0.002 0.19

GC rs4588 -0.003 0.002 0.21

CYP27B1 rs10877012 0.000 0.002 0.88

CYP24A1 rs6013897 0.000 0.003 0.89
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Table 2 Synthesis count, metabolism scores and Gc2 haplotype associations with

biomarkers adjusted for sex, geographical location and 25(OH)D in the 1958BC

Biomarker

Combined

genetic

marker

SNP of

genes in

marker

Combined

marker

coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

Hemostasis markers

D-Dimer
Synthesis

count

DHCR7,

CYP2R1 0.006 0.008 0.48

Metabolism

score GWAS

GC,

CYP24A1 0.007 0.027 0.80

Gc2

haplotype
GC

0.006 0.012 0.64

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 0.017 0.032 0.59

Fibrinogen
Synthesis

count

DHCR7,

CYP2R1 0.001 0.003 0.83

Metabolism

score GWAS

GC,

CYP24A1 -0.007 0.010 0.48

Gc2

haplotype
GC

-0.001 0.004 0.84

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.006 0.012 0.60

Tissue

plasminogen

activator

Synthesis

count

DHCR7,

CYP2R1
-0.012 0.008 0.13

Metabolism

score GWAS

GC,

CYP24A1 0.007 0.026 0.78

Gc2

haplotype
GC

0.014 0.011 0.21

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 0.015 0.031 0.63

von

Willebrand

factor

Synthesis

count

DHCR7,

CYP2R1
0.005 0.005 0.32

Metabolism

score GWAS

GC,

CYP24A1 -0.012 0.017 0.49

Gc2

haplotype
GC

-0.004 0.007 0.63
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Biomarker

Combined

genetic

marker

SNP of

genes in

marker

Combined

marker

coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.003 0.020 0.88

Inflammation marker

C-reactive

protein

Synthesis

count

DHCR7,

CYP2R1 0.004 0.018 0.83

Metabolism

score GWAS

GC,

CYP24A1 -0.134 0.060 0.025 (0.42)

Gc2

haplotype
GC

-0.046 0.026 0.083

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.133 0.070 0.058 (0.99)

Lipid

markers

Triglycerides
Synthesis

count

DHCR7,

CYP2R1 0.000 0.008 0.97

Metabolism

score GWAS

GC,

CYP24A1 -0.004 0.028 0.90

Gc2

haplotype
GC

0.001 0.012 0.95

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 0.008 0.032 0.80

Low density

lipoproteins

Synthesis

count

DHCR7,

CYP2R1 -0.007 0.004
0.075 (0.99)

Metabolism

score GWAS

GC,

CYP24A1 -0.009 0.014 0.50

Gc2

haplotype
GC

0.000 0.006 0.98

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.005 0.016 0.74

High density

lipoproteins

Synthesis

count

DHCR7,

CYP2R1 -0.002 0.003 0.63

Metabolism

score GWAS

GC,

CYP24A1 0.002 0.011 0.85

Gc2 GC -0.002 0.005 0.73



390

Appendix 6: Additional tables for Chapter 5

Biomarker

Combined

genetic

marker

SNP of

genes in

marker

Combined

marker

coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

haplotype

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.001 0.013 0.95

Total

cholesterol

Synthesis

count

DHCR7,

CYP2R1 -0.005 0.003 0.082 (0.99)

Metabolism

score GWAS

GC,

CYP24A1 -0.003 0.009 0.77

Gc2

haplotype
GC

0.000 0.004 0.95

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 0.001 0.010 0.90

Hypertension markers

Diastolic
Synthesis

count

DHCR7,

CYP2R1 -0.002 0.002 0.29

Metabolism

score GWAS

GC,

CYP24A1 -0.011 0.006 0.089 (0.99)

Gc2

haplotype
GC

-0.003 0.003 0.33

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.010 0.008 0.19

Systolic
Synthesis

count

DHCR7,

CYP2R1 0.001 0.002 0.67

Metabolism

score GWAS

GC,

CYP24A1 -0.009 0.006 0.12

Gc2

haplotype
GC

-0.003 0.003 0.27

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.007 0.007 0.28

Glucose related marker

HbA1c
Synthesis

count

DHCR7,

CYP2R1 0.000 0.002 0.82

Metabolism

score GWAS

GC,

CYP24A1 -0.002 0.005 0.68

Gc2

haplotype
GC

0.000 0.002 0.88
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Biomarker

Combined

genetic

marker

SNP of

genes in

marker

Combined

marker

coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.002 0.006 0.70

Lung function markers

FEV1
Synthesis

count

DHCR7,

CYP2R1 0.010 0.009 0.23

Metabolism

score GWAS

GC,

CYP24A1 0.019 0.029 0.50

Gc2

haplotype
GC

0.010 0.012 0.41

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 0.028 0.034 0.41

Allergy marker

IgE
Synthesis

count

DHCR7,

CYP2R1 0.037 0.021 0.082 (0.99)

Metabolism

score GWAS

GC,

CYP24A1 -0.020 0.071 0.78

Gc2

haplotype
GC

-0.021 0.031 0.50

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 0.011 0.083 0.90

Growth related marker

IGF-1
Synthesis

count

DHCR7,

CYP2R1 -0.001 0.005 0.77

Metabolism

score GWAS

GC,

CYP24A1 0.023 0.015 0.13

Gc2

haplotype
GC

0.008 0.007 0.21

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 0.015 0.018 0.40

Adiposity markers

BMI
Synthesis

count

DHCR7,

CYP2R1 -0.005 0.003 0.032 (0.55)

Metabolism

score GWAS

GC,

CYP24A1 0.000 0.008 0.98

Gc2 GC 0.001 0.004 0.70
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Biomarker

Combined

genetic

marker

SNP of

genes in

marker

Combined

marker

coefficient

Standard

Error

Unadjusted

p-value

(adjusted)

haplotype

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 0.001 0.010 0.91

Waist

circumference

Synthesis

count

DHCR7,

CYP2R1 -0.005 0.002 0.010 (0.16)

Metabolism

score GWAS

GC,

CYP24A1 -0.008 0.006 0.21

Gc2

haplotype
GC

-0.001 0.003 0.58

Metabolism

score non-

GWAS

GC,

CYP27B1,

CYP24A1 -0.009 0.007 0.20
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Table 3 Allele score, count and haplotype association with inflammation/hemostatic outcomes adjusted for sex, month of measure, BMI and

geographical region in the 1958BC.

ln CRP ln D-dimer ln Fibrinogen ln TPA ln vWF
n β (95% CI) n β (95% CI) n β (95% CI) n β (95% CI) n β (95% CI) 

Synthesis
allele count 5383

0.016
(-0.017,0.049) 5369

0.007
(-0.009, 0.024) 5379

0.003
(-0.003, 0.009) 5383

-0.002
(-0.017, 0.012) 5384

0.005
(-0.005, 0.015)

(DCHR7, CYP2R1)

p-value 0.34 0.38 0.39 0.74 0.29

Metabolism
allele count
GWAS

5457
-0.104

(-0.213, 0.005) 5441
0.021

(-0.033, 0.075) 5454
-0.005

(-0.025, 0.014) 5457
0.028

(-0.021, 0.076) 5458
-0.006

(-0.039, 0.027)

(GC, CYP24A1)

p-value 0.061 0.45 0.61 0.26 0.72

Gc2
Haplotype 4930

-0.037
(-0.085, 0.011) 4916

0.008
(-0.015, 0.031) 4931

-0.001
(-0.010, 0.008) 4930

0.021
(-0.001, 0.042) 4931

-0.002
(-0.016, 0.012)

(GC)

p-value 0.13 0.51 0.82 0.057 0.79

Metabolism
allele count
non-GWAS

5175
-0.108

(-0.237, 0.020) 5159
0.024

(-0.039, 0.088) 5172
-0.007

(-0.030, 0.016) 5176
0.036

(-0.021, 0.093) 5176
0.003

(-0.035, 0.042)

(GC, CYP27B1, CYP24A1)

p-value 0.098 0.45 0.55 0.22 0.87
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Table 4 IV analysis using 2SLS regression for the 25(OH)D association using the genetic proxies as instruments for inflammation/hemostatic

biomarkers adjusted for BMI, geographical region, month of measurement and sex in the 1958BC

n
Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%
CI)

IV

p-value
Homoscedasticity

Pagan Hall p-value
Over-identified
Sargan p-value

OLS vs IV Durbin
Wu Hausman p-

value

Outcome: ln CRP
5383 Synthesis SNPs

(DHCR7, CYP2R1)
-0.416

(-1.267,0.434)
0.34 <0.001 0.91 0.46

5383 Synthesis allele count
(DHCR7, CYP2R1)

-0.406
(-1.242,0.430)

0.34 <0.001 - 0.46

5457 Metabolism GWAS
SNPs (GC, CYP24A1)

0.529
(0.000,1.059)

0.050 <0.001 0.15 0.015

5457 Metabolism allele score
GWAS
(GC, CYP24A1)

0.495
(-0.035,1.025)

0.067 <0.001 - 0.022

4930 Gc2 haplotype 0.434
(-0.135,1.002)

0.14 <0.001 - 0.055

5175 Metabolism non-GWAS
SNPs (GC, CYP27B1,
CYP24A1)

0.451
(-0.059,0.961)

0.083 <0.001 0.33 0.031

5175 Metabolism allele score
non-GWAS
(GC, CYP27B1,
CYP24A1)

0.427
(-0.086,0.941)

0.10 <0.001 - 0.041

4989 Synthesis and
metabolism non-GWAS
SNPs (DHCR7,

0.210
(-0.238,0.659)

0.36 <0.001 0.26 0.19
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n
Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%
CI)

IV

p-value
Homoscedasticity

Pagan Hall p-value
Over-identified
Sargan p-value

OLS vs IV Durbin
Wu Hausman p-

value

CYP2R1, GC,
CYP27B1, CYP24A1 )

4989 Synthesis allele count
and metabolism allele
score non-GWAS
(DHCR7, CYP2R1, GC,
CYP27B1, CYP24A1 )

0.193
(-0.256,0.642)

0.40 <0.001 0.090 0.22

Outcome: ln D-Dimer
5369 Synthesis SNPs

(DHCR7, CYP2R1)
-0.151

(-0.575,0.273)
0.49 0.043 0.65 0.66

5369 Synthesis allele count
(DHCR7, CYP2R1)

-0.187
(-0.605,0.231)

0.38 0.052 - 0.53

5441 Metabolism GWAS
SNPs (GC, CYP24A1)

-0.095
(-0.354,0.165)

0.47 0.034 0.63 0.77

5441 Metabolism allele score
GWAS
(GC, CYP24A1)

-0.101
(-0.361,0.160)

0.45 0.025 - 0.74

4916 Gc2 haplotype -0.094
(-0.370,0.183)

0.51 0.033 - 0.75

5159 Metabolism non-GWAS
SNPs (GC, CYP27B1,
CYP24A1)

-0.090
(-0.340,0.160)

0.48 0.068 0.92 0.78

5159 Metabolism allele score
non-GWAS
(GC, CYP27B1,

-0.097
(-0.350,0.155)

0.45 0.051 - 0.74
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n
Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%
CI)

IV

p-value
Homoscedasticity

Pagan Hall p-value
Over-identified
Sargan p-value

OLS vs IV Durbin
Wu Hausman p-

value

CYP24A1)
4975 Synthesis and

metabolism non-GWAS
SNPs (DHCR7,
CYP2R1, GC,
CYP27B1, CYP24A1 )

-0.099
(-0.322,0.124)

0.39 0.11 0.97 0.68

4975 Synthesis allele count
and metabolism allele
score non-GWAS
(DHCR7, CYP2R1, GC,
CYP27B1, CYP24A1 )

-0.112
(-0.336,0.112)

0.34 0.10 0.62 0.60

Outcome: ln fibrinogen
5379 Synthesis SNPs

(DHCR7, CYP2R1)
-0.060

(-0.212,0.092)
0.44 0.063 0.35 0.68

5379 Synthesis allele count
(DHCR7, CYP2R1)

-0.065
(-0.214,0.084)

0.39 0.049 - 0.62

5454 Metabolism GWAS
SNPs (GC, CYP24A1)

0.025
(-0.068,0.118)

0.60 0.022 0.94 0.25

5454 Metabolism allele score
GWAS
(GC, CYP24A1)

0.025
(-0.069,0.118)

0.61 0.016 - 0.25

4931 Gc2 haplotype 0.012
(-0.088,0.111)

0.82 0.11 - 0.42

5172 Metabolism non-GWAS
SNPs (GC, CYP27B1,

0.027
(-0.063,0.118)

0.56 0.031 0.99 0.23
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n
Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%
CI)

IV

p-value
Homoscedasticity

Pagan Hall p-value
Over-identified
Sargan p-value

OLS vs IV Durbin
Wu Hausman p-

value

CYP24A1)
5172 Metabolism allele score

non-GWAS
(GC, CYP27B1,
CYP24A1)

0.028
(-0.064,0.119

0.55 0.016 - 0.24

4986 Synthesis and
metabolism non-GWAS
SNPs (DHCR7,
CYP2R1, GC,
CYP27B1, CYP24A1 )

0.015
(-0.065,0.095)

0.72 0.076 0.66 0.33

4986 Synthesis allele count
and metabolism allele
score non-GWAS
(DHCR7, CYP2R1, GC,
CYP27B1, CYP24A1 )

0.013
(-0.067,0.094)

0.74 0.035 0.21 0.35

Outcome: ln tPA
5383 Synthesis SNPs

(DHCR7, CYP2R1)
0.100

(-0.280,0.480)
0.61 <0.001 0.55 0.21

5383 Synthesis allele count
(DHCR7, CYP2R1)

0.062
(-0.310,0.433)

0.75 <0.001 - 0.29

5457 Metabolism GWAS
SNPs (GC, CYP24A1)

-0.114
(-0.342,0.114)

0.33 <0.001 0.096 0.82

5457 Metabolism allele score
GWAS

-0.132
(-0.361,0.098)

0.260 <0.001 - 0.94
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n
Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%
CI)

IV

p-value
Homoscedasticity

Pagan Hall p-value
Over-identified
Sargan p-value

OLS vs IV Durbin
Wu Hausman p-

value

(GC, CYP24A1)
4930 Gc2 haplotype -0.240

(-0.487,0.007)
0.056 <0.001 - 0.40

5176 Metabolism non-GWAS
SNPs (GC, CYP27B1,
CYP24A1)

-0.123
(-0.344,0.099)

0.28 <0.001 0.30 0.91

5176 Metabolism allele score
non-GWAS
(GC, CYP27B1,
CYP24A1)

-0.140
(-0.363,0.083)

0.22 <0.001 - 0.97

4990 Synthesis and
metabolism non-GWAS
SNPs (DHCR7,
CYP2R1, GC,
CYP27B1, CYP24A1 )

-0.059
(-0.256,0.138)

0.56 <0.001 0.67 0.46

4990 Synthesis allele count
and metabolism allele
score non-GWAS
(DHCR7, CYP2R1, GC,
CYP27B1, CYP24A1 )

-0.074
(-0.271,0.123)

0.46 <0.001 0.51 0.56

Outcome: ln vWF
5384 Synthesis SNPs

(DHCR7, CYP2R1)
-0.081

(-0.336,0.175)
0.54 0.011 0.12 0.57

5384 Synthesis allele count
(DHCR7, CYP2R1)

-0.136
(-0.390,0.117)

0.29 0.010 - 0.31
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n
Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%
CI)

IV

p-value
Homoscedasticity

Pagan Hall p-value
Over-identified
Sargan p-value

OLS vs IV Durbin
Wu Hausman p-

value

5458 Metabolism GWAS
SNPs (GC, CYP24A1)

0.031
(-0.125,0.186)

0.70 0.002 0.74 0.60

5458 Metabolism allele score
GWAS
(GC, CYP24A1)

0.029
(-0.128,0.185)

0.72 0.001 - 0.62

4931 Gc2 haplotype 0.023
(-0.143,0.189)

0.79 0.070 - 0.69

5176 Metabolism non-GWAS
SNPs (GC, CYP27B1,
CYP24A1)

-0.013
(-0.163,0.137)

0.87 0.002 0.69 0.99

5176 Metabolism allele score
non-GWAS
(GC, CYP27B1,
CYP24A1)

-0.013
(-0.164,0.139)

0.87 0.002 - 0.98

4990 Synthesis and
metabolism non-GWAS
SNPs (DHCR7,
CYP2R1, GC,
CYP27B1, CYP24A1 )

-0.001
(-0.135,0.133)

0.99 0.019 0.32 0.91

4990 Synthesis allele count
and metabolism allele
score non-GWAS
(DHCR7, CYP2R1, GC,
CYP27B1, CYP24A1 )

-0.016
(-0.150,0.118)

0.81 0.010 0.21 0.91
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Table 5 IV analysis using a robust generalised methods of moments (GMM)

estimator for the 25(OH)D association using allele counts/scores SNPs as

instruments for inflammation/hemostatic biomarkers adjusted for BMI, geographical

region, month of measurement and sex in the 1958BC

n

Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%

CI)

IV

p-value

Over-identified

Hansen J p-

value

Outcome: ln CRP

5383 Synthesis SNPs

(DHCR7, CYP2R1)

-0.416

(-1.272,0.440)

0.34 0.91

5457 Metabolism GWAS

SNPs (GC, CYP24A1)

0.526

(0.001,1.052)

0.049 0.14

5175 Metabolism non-

GWAS SNPs (GC,

CYP27B1, CYP24A1)

0.444

(-0.063,0.951)

0.086 0.31

4989 Synthesis and

metabolism non-

GWAS SNPs

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

0.214

(-0.236,0.665)

0.35 0.26

4989 Synthesis allele count

and metabolism allele

score non-GWAS

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

0.201

(-0.249,0.651)

0.38 0.090

Outcome: ln D-Dimer

5369 Synthesis SNPs

(DHCR7, CYP2R1)

-0.152

(-0.577,0.272)

0.48 0.65

5441 Metabolism GWAS

SNPs (GC, CYP24A1)

-0.093

(-0.351,0.164)

0.48 0.63

5159 Metabolism non-

GWAS SNPs (GC,

CYP27B1, CYP24A1)

-0.090

(-0.343,0.162)

0.48 0.92

4975 Synthesis and

metabolism non-

GWAS SNPs

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

-0.101

(-0.330,0.129)

0.39 0.98

4975 Synthesis allele count -0.112 0.34 0.60



401

Appendix 6: Additional tables for Chapter 5

n

Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%

CI)

IV

p-value

Over-identified

Hansen J p-

value

and metabolism allele

score non-GWAS

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

(-0.342,0.119)

Outcome: ln fibrinogen

5379 Synthesis SNPs

(DHCR7, CYP2R1)

-0.059

(-0.210,0.093)

0.45 0.36

5454 Metabolism GWAS

SNPs (GC, CYP24A1)

0.025

(-0.067,0.117)

0.60 0.94

5172 Metabolism non-

GWAS SNPs (GC,

CYP27B1, CYP24A1)

0.027

(-0.063,0.117)

0.56 0.99

4986 Synthesis and

metabolism non-

GWAS SNPs

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

0.015

(-0.064,0.094)

0.72 0.66

4986 Synthesis allele count

and metabolism allele

score non-GWAS

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

0.014

(-0.066,0.093)

0.74 0.21

Outcome: ln tPA

5383 Synthesis SNPs

(DHCR7, CYP2R1)

0.101

(-0.286,0.489)

0.61 0.56

5457 Metabolism GWAS

SNPs (GC, CYP24A1)

-0.108

(-0.335,0.118)

0.35 0.094

5176 Metabolism non-

GWAS SNPs (GC,

CYP27B1, CYP24A1)

-0.119

(-0.337,0.099)

0.29 0.29

4990 Synthesis and

metabolism non-

GWAS SNPs

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

-0.056

(-0.248,0.137)

0.57 0.68

4990 Synthesis allele count -0.074 0.45 0.53
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n

Instrument for ln

25(OH)D

ln 25(OH)D

IV Beta (95%

CI)

IV

p-value

Over-identified

Hansen J p-

value

and metabolism allele

score non-GWAS

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

(-0.267,0.119)

Outcome: ln vWF

5384 Synthesis SNPs

(DHCR7, CYP2R1)

-0.084

(-0.343,0.176)

0.53 0.12

5458 Metabolism GWAS

SNPs (GC, CYP24A1)

0.031

(-0.126,0.189)

0.70 0.74

5176 Metabolism non-

GWAS SNPs (GC,

CYP27B1, CYP24A1)

-0.012

(-0.164,0.139)

0.87 0.68

4990 Synthesis and

metabolism non-

GWAS SNPs

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

0.005

(-0.127,0.137)

0.94 0.31

4990 Synthesis allele count

and metabolism allele

score non-GWAS

(DHCR7, CYP2R1,

GC, CYP27B1,

CYP24A1 )

-0.017

(-0.151,0.116)

0.80 0.22


