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INTRODUCTION 
VITAMIN D 
Vitamin D is a fat soluble vitamin ingested from the diet and 
dietary supplements, but the main source of vitamin D is solar 
radiation of the skin which transforms 7-dehydrocholesterol to 
vitamin D (1). Whether ingested or synthesised, vitamin D is 

transported to the liver by a specific vitamin D binding protein 
(VDBP) and hydroxylated into the primary circulating form, 25-
hydroxyvitamin D (25-OH-D) (2). It is then mainly metabolised to 
its active form, 1,25-dihydroxyvitamin D, in the kidneys, although 
many tissues can in fact convert the primary circulating form of 
vitamin D into its active form (1).  

 Vitamin D exists in two forms: Vitamin D2 (ergocalciferol) 
and vitamin D3 (cholecalciferol). Vitamin D3 is of animal origin or 
produced in the skin, while vitamin D2 is of plant origin (1). Natu-
ral dietary sources of vitamin D are mostly D3 (e.g. from fish and 
egg yolk) with only very small amounts of D2 coming from plants. 
25-OH-Ds are the intermediate metabolites of vitamin D2 and D3.  

Vitamin D is an essential regulator of calcium homeostasis 
and bone mineralisation. It is known to play a key role in bone 
health, and deficiency causes rickets, osteomalacia and osteopo-
rosis. Vitamin D controls the uptake of intestinal calcium, which in 
turn regulates the expression, production and secretion of para-
thyroid hormone (PTH) (3). PTH is an important hormone for 
bone health, maintaining normal serum concentrations of calcium 
and phosphate. Also, there is a long-recognised inter-relationship 
between bone and muscle tissue; decreased muscle mass leads to 
decreased bone mass due to decreased muscle loading applied on 
the bone (4). However, the question of whether vitamin D sup-
plementation can prevent reduced muscle strength, falls and 
fractures in the elderly is still unresolved (1;4-6).  

The vitamin D receptor is found in most body tissues, and the 
hormonally active form of vitamin D has a diverse array of biolog-
ical functions ranging from anti-proliferative and anti-angiogenic 
effects to modulation of the immune system (1). Low vitamin D 
status has recently been found to be associated with a wide range 
of diseases including cardiovascular disease (CVD) and diabetes 
(1;7;8).  

Serum 25-OH-vitamin D is generally accepted as first choice 
measurement of vitamin D status, and it is used to classify vitamin 
D status (9). Most assays use some form of antibody technology, 
although several reference and research laboratories use liquid 
chromatography tandem mass spectroscopy enabling a distinc-
tion between 25-OH-D2 and 25-OH-D3 (4). The optimal vitamin D 
level is still under debate, in part because of the difficulty in com-
paring assays – inter-assay and inter-laboratory comparisons 
show significant variability – and in part because of the different 
possible thresholds of adequacy for different diseases; classifica-
tions are primarily based on bone-related outcomes because 
existing evidence is insufficient to make recommendations re-
garding other diseases (4;8). Thus, the Endocrine Society Guide-
lines classify 25-OH-D levels below 50 nmol/L (divide by 2.496 to 
convert nmol/L to ng/mL) as deficient and levels of 75 nmol/L as 
sufficient, whereas the Institute of Medicine (IOM) suggests vita-
min D deficiency to be indicated by 25-OH-D levels below 30 
nmol/L and a level of 50 nmol/L to be sufficient (10). The classifi-
cations of vitamin D status according to the Danish Health and 
Medicines Authority are summarised in table 1 (11). 
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Table 1  
Classification of vitamin D status according to the Danish Health and 
Medicines Authority 

 

Vitamin D, nmol/l   

<12  Severely deficient  

12-25  Deficient  

25-50  Insufficient  

>50  Sufficient  

75-150  Optimal for patients with osteoporosis or 
kidney disease  

>200  Risk of toxicity  

 
Vitamin D deficiency and insufficiency are common worldwide 

(1). In Denmark, Thuesen et al. found the prevalence of vitamin D 
deficiency (<25nmol/l) and insufficiency (<50nmol/l) among 
adults to be 13.8% and 52.2%, respectively (12). A recent meta-
analysis found that more than one-third of the studies included 
mean 25-OH-D values below 50 nmol/l. They also concluded that 
newborns and institutionalised elderly worldwide appeared to be 
at a higher risk of exhibiting lower 25-OH-D values (13). Other 
determinants of vitamin D include season of blood sampling, age, 
gender, skin pigmentation, sun exposure, body mass index (BMI), 
physical activity, smoking habits, and alcohol consumption 
(8;12;14).  
 
GENETIC DETERMINANTS OF VITAMIN D  
Recently, genetic markers of various exposures have become 
popular instruments for evaluating causal effects (15). The most 
frequently used genetic markers, single-nucleotide polymor-
phisms (SNPs), are DNA sequence variations with a single nucleo-
tide in the genome differing between members of a biological 
species or paired chromosomes in a human. A number of known 
SNPs, including common variants at the DHCR7/NADSYN1 and 
CYP2R1 loci, have been shown to be associated with circulating 
25-hydroxyvitamin D (16). Also, loss-of-function mutations in the 
filaggrin gene have been found to result in up to 10% higher 
serum vitamin D concentrations (17), supposedly due to a de-
creased UV-protection of the keratinocytes (18). Mutations affect 
almost 10% of Northern Europeans, of which 2282del4 and R501X 
account for about 80% of the known mutations (19;20). Filaggrin 
deficiency is known to cause ichtyosis vulgaris, which is character-
ised by xerosis, keratosis pilaris and palmar hyperlinearity, but 
also increases the risk of atopic dermatitis, allergic rhinitis, asth-
ma, and food allergies (21;22).  

Mendelian randomisation is a term describing the random al-
location of alleles during meiosis (23). The allocation is expected 
to be independent of behavioural and environmental factors 
allowing the estimation of un-confounded risk associations that 
are not due to reverse causation (23). If there is a lack of evidence 
from randomised controlled trials (RCTs), a Mendelian randomisa-
tion approach may be used to strengthen causal inference. 
Mendelian randomisation uses genetic variants, i.e. as instrumen-
tal variables (IVs), to estimate the causal effect of phenotypes, 
such as vitamin D status, on disease-related outcomes, and is 
believed to overcome unmeasured confounding factors such as 
sun exposure or dietary habits (24;25).  

The three main assumptions when using a genetic variant as 
an instrumental variable are that it is associated with phenotype, 
it is independent of unmeasured confounders, and it is independ-
ent of the outcome (here cardiovascular risk factors) given the 

phenotype (here vitamin D status) and the unmeasured con-
founders (see figure 1) (24).  

 
 
Figure 1  
Directed acyclic graph (DAG) of an instrumental variable (IV). U refers to 
unmeasured confounders, X to the exposure and Y to the outcome. 

 
 
VITAMIN D AND MORTALITY 
Vitamin D affects a large number of genes, including those re-
sponsible for the regulation of cellular differentiation, prolifera-
tion, apoptosis, and angiogenesis, giving it the potential to affect 
much more than the musculoskeletal system (1). Low vitamin D 
status has been associated with mortality in several studies 
(26;27). A meta-analysis of vitamin D supplementation reported a 
decrease in mortality, whereas a recent one found reduced mor-
tality with vitamin D and calcium supplementation in the elderly, 
but no effect of vitamin D supplementation alone (28;29). A 
Cochrane review found that vitamin D3 seemed to decrease 
mortality in elderly people, whereas vitamin D2 had no statistical-
ly significant effect; the study concluded that more RCTs are 
needed (30). 

The specific causes of death underlying the association with 
mortality are uncertain, but there is no shortage of possibilities: in 
observational studies, in addition to cardiovascular disease (CVD), 
low vitamin D status is associated with an increased risk of endo-
crine and metabolic diseases such as diabetes mellitus, obesity, 
and metabolic syndrome, cancers such as colorectal cancer (31), 
lung cancer (32), and breast cancer (33), respiratory disease such 
as chronic obstructive pulmonary disease (COPD) (34;35), and 
respiratory infections (36), diseases of the digestive system such 
as liver disease (37;38), inflammatory bowel disease (39), and 
coeliac disease (39), and mental disorders such as dementia 
(40;41), and depression (42), and kidney disease (1) such as al-
buminuria (43). Some of the possible extraskeletal effects are 
shown in table 2. 

 
VITAMIN D AND CARDIOVASCULAR DISEASE 
CVD is a major cause of mortality and morbidity with ischaemic 
heart disease (IHD) and stroke accounting for more deaths 
worldwide than any other disease and is the leading cause of 
death in the western world (57). Although IHD and stroke have 
several well-established risk factors in common, the reasons for 
the global variation in the relative burdens of these diseases are 
poorly understood (58). The pathogenesis involves the formation 
of atherosclerotic plaques, which eventually ruptures with super-
imposed thrombosis (59).  

Atherosclerotic plaque formation in the vascular tree is a 
complex process, involving several pathological pathways. Hyper-
tension, abnormal blood lipids, and the metabolic syndrome are 
three of the major modifiable risk factors for CVD (60). The meta-
bolic syndrome is a cluster of cardiovascular and metabolic disor-
ders with insulin resistance, central obesity, dyslipidaemia and 
hypertension being the major components (61;62). 
Hypercholesterolaemia results in an increased influx of low densi-
ty lipoprotein (LDL) cholesterol, which is released from the LDL  
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particles and oxidised, in turn attracting and stimulating macro-
phages – a key step in the inflammatory process (63). The process 
is increased in cases of insufficient HDL-cholesterol, which nor-
mally removes cholesterol from tissues and carries it back to the 
liver. Adipose tissue can give rise to cytokines that decrease insu-
lin sensitivity and puts the system into a pro-inflammatory state 
(63). Hypertension puts added force on the artery walls. Over 
time, the extra pressure and the exertion of oxidative stress will 
damage the arteries and make them more vulnerable to the 
narrowing and formation of plaques associated with atheroscle-
rosis (64). 

Microalbuminuria refers to a situation where the kidney leaks 
small amounts of albumin into the urine. As a marker of chronic 
kidney disease, it is associated with a higher risk of cardiovascular 
disease (65-67) and can be diagnosed from the albumin to 
creatinine ratio in the urine. A decrease in UACR is associated 
with a lower renal and cardiovascular risk, making UACR an im-
portant therapeutic target (68;69). Previous studies have implied 
an effect of vitamin D on microalbuminuria (43;69). PTH, on the 
other hand, is inversely associated with glomerular filtration rate 
(GFR), is known to be closely related to vitamin D status (3), and 
diseases with increased PTH are associated with a higher risk of 
cardiovascular disease and death (70): Hagstrom et al. found 
elevated plasma PTH to account for 20% of the population-
attributable risk proportion of cardiovascular mortality (70).  

The presence of vitamin D receptors in tissues like vascular 
smooth muscle, endothelium and cardiomyocytes and an increas-
ing amount of epidemiological evidence suggest that vitamin D  
deficiency can adversely affect the cardiovascular system; as a 
result, vitamin D has been proposed as a modifiable risk factor for 
cardiovascular disease (1;71). Vitamin D has many proposed 
effects that could affect the cardiovascular system. A selection of 
these is summarised in table 3. 

 

 
A meta-analysis of prospective studies reported an inverse as-

sociation between vitamin D status and cardiovascular risk. RCTs  
of the effect of vitamin D supplementation or UV radiation (to 
improve the vitamin D status) on the lipid profile and blood pres-
sure have been divergent, but two meta-analyses of vitamin D 
supplementation found weak evidence to support a small effect 
of vitamin D on blood pressure (79;80). 
 
Table 3  
Possible vitamin D mediated effects on different cardiovascular risk 
factors 

 

Cardiovascular risk factors Possible vitamin D mediated effect 

Hypercholesterolaemia 
/dyslipidaemia 

Suppression of PTH (3) (PTH can reduce 
lipolysis)  
Increased calcium levels causing a 
reduction of hepatic triglyceride for-
mation and secretion (72) 

Hypertension Inhibition of the renin-angiotensin 
system (73;74) 
Reduction of vascular calcification (75) 

Obesity Mobilisation of free fatty acids from 
adipose tissue (76) 
Increase in energy expenditure due to 
uncoupling of oxidative phosphoryla-
tion in adipose tissue (77) 

Albuminuria Prevention of podocyte loss (43) 
Prevention of glomerulosclerosis (43) 

Diabetes Insulin production increase (78) 
Insulin resistance decrease (78) 

Metabolic syndrome Please see under the individual compo-
nents* 

* The individual components of metabolic syndrome are insulin re-
sistance, central obesity, dyslipidaemia and hypertension. 
Abbreviations: PTH, parathyroid hormone 

 

Table 2  
Proposed effects of low vitamin D status on different organ systems/diseases 

 

Organ system or disease Example Possible pathway or mechanism 

Liver disease 
Cirrhosis 
Viral hepatitis 
Fatty liver disease 

Inflammation and fibrosis (39) 
Reduced antiviral response (44) 
Fat accumulation in hepatocytes (45) 
Steatosis (46) 

Kidney 
Chronic kidney disease 

Albuminuria (43) 
Reduced GFR (47) 
Increased PTH (3) 

Mental disorders Alzheimer’s 
Depression 

Neuronal degeneration (48) 
Vascular neuropathology (49) 

Respiratory disease 
COPD 
Infections (e.g. tuberculosis) 

Fibroblast proliferation (50) 
Reduced tissue remodelling (50) 
Reduced innate immunity (51) 

Neoplasms Breast cancer 
Colorectal cancer 
Lung cancer 

Reduced induction of apoptosis (1) 
Reduced prevention of angiogenesis in malignant cells (1) 

Endocrine diseases 
Diabetes mellitus 

Reduced insulin production (52) 
Increased insulin resistance (52) 
Reduced insulin sensitivity due to a reduction of osteocalcin (8) 

Other autoimmune disorders Multiple sclerosis Reduced restraining of the adaptive immune system (4) 

Circulatory disease 

Ischaemic heart disease 
Stroke 

Hypercholesterolaemia (53) 
Hypertension (54) 
Obesity (55) 
Metabolic syndrome (56) 
Diabetes (7) 

Abbreviations: COPD, chronic obstructive pulmonary disorder; GFR, glomerular filtration rate; PTH, parathyroid hormone 
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OBJECTIVES 
The aims were to investigate 
1. the association of vitamin D status to 5-year changes in 

cardiovascular risk factors such as blood pressure, lipid pro-
file, the metabolic syndrome and UACR 

2. the causal effect of vitamin D status on cardiovascular risk 
factors using a known genetic determinant of vitamin D sta-
tus and a Mendelian randomisation approach 

3. the association of vitamin D status to the incidence of cardi-
ovascular disease and all-cause mortality 

4. the association of vitamin D status to cause-specific mortali-
ty 

 
 
Figure 2  
Simplified diagram of determinants of vitamin D status and cardiovascu-
lar outcomes and mortality. 

 

MATERIAL AND METHODS 
STUDY POPULATIONS 
Data from the 3 population based studies Monica10, Inter99 and 
Health2006 conducted at the Research Centre for Prevention and 
Health were used (81). The three populations were recruited 
from the Danish Central Personal Register as random samples of 
the same background population at different time points. The 
studies included questionnaires, physical examinations, and blood 
tests. Characteristics of the included studies and main exposures 
are summarised in table 4. For a more comprehensive descrip-
tion, please see the article in question.  

Serum samples from the participants in the Monica10 and the 
Inter99 studies were stored at -20°C, while the samples from the 
Health2006 study were stored at -80°C, until the analyses of 25-
OH-D in 2009, 2010, and 2011, respectively (see table 4). 
 
REGISTRY-BASED DIAGNOSES 
Denmark has several unique and comprehensive nationwide 
registries. The assignment of a unique civil registration number of 
all citizens enables the cross-linkage of different registers. Infor-
mation on deaths and emigration status was obtained from the 
Danish Civil Registration System (82). The Danish National Patient 
Register holds information on all admissions to Danish hospitals 
since 1977 (83). Each admission is registered by one primary 
diagnosis and one or more optional secondary diagnoses accord-
ing to the International Classification of Diseases (ICD). Likewise 
The Danish Registry of Causes of Death contains the date of death 
and up to three ICD-10 diagnoses suspected to be the cause of 
death (84). Denmark has never used the ICD-9, instead moving 
directly from the ICD-8 to the ICD-10 before the studies took 
place.  

In paper 4, the included diagnoses were the ICD10 and ICD8 
diagnoses involving IHD (ICD10; I20-25, and ICD8; 410-414) and 
stroke (ICD10; I60-69, and ICD8; 431, 433-434, and 436). We 
defined three end-points: A diagnosis of or death caused by IHD; 
a diagnosis of or death caused by stroke; or death by any cause. 
Participants were followed until 31 December 2008.  

In paper 5, the major groups of diagnoses of death were (all 
ICD-10): neoplasms, C00–D48; endocrine, nutritional and meta-
bolic diseases, E00–E90; mental and behavioural disorders, F00–
F99; diseases of the nervous system, G00–G99; diseases of the 
circulatory system, I00–I99; diseases of the respiratory system, 
J00–J99; and diseases of the digestive system, K00–K93. The 
remaining deaths (n=96) consisted mainly of deaths caused by 
“Symptoms, signs and abnormal clinical and laboratory findings, 
not elsewhere classified” (R) and external causes of morbidity and 
mortality (X). Participants were followed until 31 December 2009. 
 
CARDIOVASCULAR RISK FACTORS 
Height and weight were measured with light clothes and without 
shoes. BMI was calculated as weight (kg) divided by height (m) 
squared. Waist circumference was measured between the lowest 
rib and the iliac crest. Blood pressure (mmHg) was calculated as 
the average of two measurements in the sitting position. 

From fasting blood samples, the concentration of triglycer-
ides, total cholesterol and high density lipoprotein (HDL) choles-
terol was measured by enzymatic procedures (Boehringer Mann-
heim). The concentration of low density lipoprotein (LDL) 
cholesterol and very low density lipoprotein (VLDL) cholesterol 
was calculated by Friedewald’s equation (85). The metabolic 
syndrome was defined according to the International Diabetes 
Foundation (86). PTH was measured as intact PTH (IMMULITE 
2000 System, Siemens Healthcare Diagnostics, Deerfield, IL, USA). 
From spot urine samples, urine albumin and creatinine were 
analysed and the ratio calculated. Increased UACR was defined as 
UACR >4mg/g (the upper quartile at baseline). The classification 
of cardiovascular risk factors is summarised in table 5. For more 
detailed information, please see the article in question. 
 
OTHER COVARIATES 
The other covariates (and possible confounders) used for adjust-
ments are summarised in table 6. For a more detailed description 
and definition, please see the relevant article. 
 

STATISTICAL METHODS 
Stata/IC 12.1 for Mac (StataCorp, College Station, Texas) was used 
for the IV analyses with dichotomous outcomes. All other anal-
yses were performed with SAS, version 9.2 or 9.3 (SAS Institute 
Inc., Cary, N.C., USA). All p values were two-tailed, and statistical 
significance was defined as p<0.05. Descriptive characteristics of 
the participants were compared with non-parametric statistics 
(paper 4+1+5) or the chi-squared test (paper 2).  

To take potential confounders into account, we used regres-
sion analyses (please see table 7 and the respective paper for 
more information). We used a complete case analysis in the 
regressions (only participants with complete information on all 
considered variables were included). In paper 2, the Bonferroni 
adjusted p-values were also given to adjust for multiple compari-
sons. Inter99 data were considered observational, and analyses 
were adjusted for randomisation status. 
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POWER CALCULATION 
Some of the hypotheses tested in this project are inherently 
explorative. However, an example of a calculation of power using 
Power3.0 is as follows: Of the approximately 2600 individuals 
participating in Monica10, we assumed that 500 individuals had 
died before 31 December 2007. The prevalence of low (< 50 
nmol/l) vitamin D status was approximately 50% (12). Choosing a 
power of 0.8 and a two-sided alpha-level of 0.05 we would be 
able to detect an odds ratio of at least 1.3 for the association 
between low vitamin D and cumulated mortality during the fol-
low-up.  
 
COX REGRESSION 
Multivariate Cox regression analyses were used in paper 4 and 5 
where data from the Monica10 and Inter99 studies were merged. 
We used age as an underlying time axis and delayed entry. The 
few participants lost to follow-up (emigrated, disappeared, or 
unknown cause of death) contributed to the risk time until the 
date of their last registered activity. 

In paper 4, the associations of baseline vitamin D status and 
the incidence of IHD, stroke, and total mortality were examined. 
Individuals with a diagnosis of IHD or stroke at baseline were 
excluded from the analyses of incident IHD and stroke.   

In paper 5, the association of baseline vitamin D status and 
cause-specific mortality was examined. Vitamin D levels were 
divided into quartiles before merging the two studies to account  
for the different methods used to measure vitamin D and differ-
ent storage times. The first (lowest) quartile was used as a refer 

 
ence. Participants were followed and contributed with risk time in 
the analyses until date of death, date of emigration or 31 Decem-
ber 2009, whichever came first.  
 
LINEAR REGRESSION 
We used linear regression analysis to model the cross-sectional 
associations between vitamin D status and lipids, blood pressure, 
anthropometrics (paper 2), UACR and PTH (paper 3) and to exam-
ine the changes during follow-up in blood pressure, lipids (paper 
1), UACR and PTH (paper 3) as a function of baseline vitamin D 
status. The outcomes were transformed by the natural logarithm 
to obtain a normal distribution. All of the prospective models 
were adjusted for the baseline value of the outcome to adjust for 
regression to the mean and allow changes in explanatory varia-
bles to be interpreted as effects on outcome changes from base-
line to follow-up (88). The ß-coefficients were back-transformed 
and reported as percent with 95% confidence intervals (CI). 
 
LOGISTIC REGRESSION 
The cross-sectional association of vitamin D status and metabolic 
syndrome (paper 2) and the prospective associations between 
baseline vitamin D status and the dichotomous outcomes devel-
opment of metabolic syndrome, hypertension and 
hypercholesterolaemia (paper 1) were analysed by logistic regres-
sion models. Participants with baseline hypertension were ex-
cluded from the analyses of incident hypertension, and likewise 
when analysing for the outcomes incident metabolic syndrome 
and hypercholesterolaemia.  

Table 4  
Characteristics of the included studies and main exposures. 

 

Characteristics Monica10* Inter99** Health2006 

Year of examination 1993-1994 1999-2001 2006-2008 

Number 2656 6794 3471 

Age, years 40-71 30-60 18-69 

Participation rate 64.3%*** 52.5% 43.8% 

In paper 2, 4, 5 1, 2, 3, 4, 5 2 

25-OH-D    

Method IDS-SYS 25-Hydroxy Vitamin D method 
with the IDS-iSYS Multi-Discipline Sys-
tem (IDS Nordic A/S, Herlev, Denmark) 

High performance liquid chromatog-
raphy (HPLC) 

Immunoassay using Cobas e411 (Roche 
Diagnostics, Mannheim, Germany) 

Median (IQR), nmol/l 60.9 (44.7-80.8) 48.0 (33.0-65.0) 41.2 (29.2, 55.2) 

Filaggrin genotype    

Genotyped mutations R501X and 2282del4 R501X, 2282del4 and R2447X R501X, 2282del4 and R2447X 

Fractions genotyped 99.96% 99.95% 99.40% 

Mutation carriers 7.6% 8.9% 9.0% 

* The Monica10 study is a 10-year follow-up study of the Monica1 study conducted in 1982-1984. 

** Baseline data. The 5-year follow-up study used in paper 1 and 3 included 4,513 persons between 35-65 years. 

*** Is calculated as: 2656/4130 (Please observe that the number differs from the participation rate given in paper 2, 4, and 5)  
Abbreviations: 25-OH-D, 25-hydroxyvitamin D 

 
Table 5  
Classification of cardiovascular risk factors 
 

Hypertension 
Systolic blood pressure > 140 mmHg, a diastolic blood pressure > 90 mmHg or in treatment for previously diagnosed 
hypertension 

Hypercholesterolaemia* Total cholesterol > 6.6 mmol/l or current treatment with cholesterol-lowering medication (paper 1). 

Metabolic syndrome Waist circumference ≥94 cm for European men and ≥80 cm for European women and at least two of the following 
criteria: raised triglycerides (>1.7 mmol/l or specific treatment for this lipid abnormality); reduced HDL-cholesterol 
(<1.03 mmol/l for men, <1.29 mmol/l for women, or specific treatment for this lipid abnormality); raised blood pres-
sure (systolic ≥ 130 mmHg, diastolic ≥85 mmHg, or treatment of previously diagnosed hypertension); elevated fasting 
plasma glucose (≥ 5.6 mmol/L or previously diagnosed type 2 diabetes). 

* Notice that the most frequently used clinical threshold is 5.0 mmol/l (87) 
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INSTRUMENTAL VARIABLE ANALYSIS 
Since very few participants had more than one filaggrin mutation 
(homozygotes or compound heterozygotes), filaggrin genotype 
was dichotomised into non-mutation carriers or carriers of at 
least one of the R501X, 2282del4, or R2447X filaggrin mutations. 
Filaggrin genotype was used as an instrumental variable (IV) for 
vitamin D status. Instrumental variable analysis, e.g. two stage 
least squares (2SLS), is a 2-stage analysis. Serum 25-OH-D concen 
trations were log2-transformed (since they were used as outcome 
in the first stage regression) and the continuous outcomes were 
log-transformed to meet requirements of normality. In the first 
stage of the IV analyses, the log2-transformed vitamin D status 
was regressed on the instrument, the dichotomised filaggrin 
genotype, and the observed covariates. In the second stage, the 
outcome of interest was regressed (e.g. log[HDL]) on the predict-
ed values from the first-stage regression and the same observed 
covariates as for the first stage regression. For more information, 
please see paper 2. The regression coefficient of the predicted 
values from the second stage can be interpreted as the causal 
effect per doubling of vitamin D on the outcome. For continuous 
outcomes, the regression coefficients were back-transformed and 
reported as percent with 95% confidence intervals (CI). For di-
chotomous outcomes, the estimate is only an approximation of 
the causal effect (89). 
 
ETHICS 
All participants gave their informed written consent, and the 
studies were approved by the local Ethics Committees and the 
Danish Data Protection Agency. The recommendations of the 
Declaration of Helsinki were followed.  
 

RESULTS 
The main findings are summarised in table 7. 
 

 
PAPER I  
Vitamin D status and changes in cardiovascular risk factors: a 
prospective study of a general population 
Among the 4,330 individuals who participated at baseline and the 
5-year follow-up of the Inter99 study, the median baseline vita-
min D concentration was 48.0 nmol/l. In multivariable linear 
regression analyses, a 10 nmol/l higher baseline level of vitamin D 
was associated with small but statistically significant decreases in 
triglycerides and VLDL-cholesterol by 0.52% (p = 0.03) and 0.66% 
(p = 0.005), respectively. Vitamin D status was not significantly 
associated with changes in total, HDL and LDL cholesterol, and 
systolic or diastolic blood pressure. In multivariable logistic re-
gression analyses, the odds ratios per 10 nmol/l higher baseline 
vitamin D level were 0.95 (p<0.05) and 0.94 (p = 0.01) for the 
development of the metabolic syndrome and 
hypercholesterolaemia, respectively. There was no association 
between vitamin D and hypertension.  
 
PAPER II  
Vitamin D status, filaggrin genotype, and cardiovascular risk 
factors: a Mendelian randomization approach 
Among the 11,983 included individuals from the Monica10, In-
ter99 and Health2006 studies, 8.6% were carriers of at least one 
filaggrin mutation. The distribution of genotype was not associat-
ed with the covariates, except for vitamin D. Carrying a filaggrin 
mutation was significantly associated with a higher vitamin D 
status in all three of the studies. Instrumental variable analyses 
showed a 23.8% (95% confidence interval, CI: 3.0, 48.6) higher 
HDL cholesterol level and a 30.5% (95% CI: 0.8, 51.3) lower serum 
level of triglycerides per vitamin D doubling. However, these 
associations were not statistically significant when applying the 
Bonferroni adjusted significance level. The remaining lipids 
showed non-significant changes in a favourable direction. A dou-
bling of vitamin D gave a non-significantly lower odds ratio = 0.26 
(95% CI: 0.06, 1.17) of the metabolic syndrome. There were no  

Table 6  
Exposure, outcome and other covariates used for adjustments in the included studies. 

 

Paper Exposure Outcome Other covariates in model 1 Other covariates in model 2 Other covariates in model 3 

1 

25-OH-D 

Lipids, blood pressure, 
metabolic syndrome, 
hypertension, hyper-
cholesterolaemia 

Crude* 

+Gender, age, season, randomisation 
status, physical activity, alcohol 
consumption, diet, WC**, BMI**, 
smoking habits and education 

+PTH, UACR, and 5-year changes in 
BMI, smoking habits, alcohol 
consumption, diet and physical 
activity 

2 

25-OH-D*** 
Lipids blood pressure 
anthropometrics 
metabolic syndrome 

+Study population, age, gender, 
education, season, intake of fish, 
physical activity, smoking habits, 
alcohol consumption and BMI** 

NA NA 

3 

25-OH-D 
UACR, PTH, increased 
UACR 

Crude* 

+gender, age, season, randomization 
status, physical activity, alcohol 
consumption, diet, BMI, blood pres-
sure****, smoking habits and educa-
tion, 5-year changes in BMI, smoking 
habits, alcohol consumption, diet and 
physical activity. 

NA 

4 
25-OH-D 

IHD, stroke all-cause 
mortality 

+Study group +Gender, education, season 
+Intake of fish, physical activity, 
smoking habits, BMI, and alcohol 
consumption 

5 
25-OH-D 

Cause-specific mortali-
ty 

+Study group 
+Gender, education, season, intake of 
fish, physical activity, smoking habits, 
BMI and alcohol consumption 

NA 

* Adjusted for the baseline value of the outcome in the prospective linear regression analyses 
** Not metabolic syndrome and anthropometrics 
*** Filaggrin mutation carrier status used as instrument  
**** Not PTH 
Abbreviations: 25-OH-D, 25-hydrocyvitamin D; BMI, body mass index; IHD, ischaemic heart disease; NA, not applicable; PTH, parathyroid hormone; UACR, 
urinary albumin creatinine ratio; WC, waist circumference 



 DANISH MEDICAL JOURNAL   7 

 
 
statistically significant causal effects of vitamin D status on body 
mass index, waist circumference, or blood pressure.  

 The ordinary regression analyses showed statistically signifi-
cant associations between vitamin D status and HDL, triglycerides, 
BMI, waist circumference and metabolic syndrome at the 
Bonferroni adjusted significance level. 
 
 
PAPER III 
Vitamin D status and 5-year changes in urine albumin creatinine 
ratio and parathyroid hormone in a general population 
Among the 4,330 individuals who participated at baseline and the 
5-year follow-up in the Inter99 study, cross-sectional analyses 
showed statistically significant associations between vitamin D 
status and UACR and PTH. In multivariable linear regression anal-
yses, a 10 nmol/l higher baseline level of vitamin D was associate 
 

 
 
ed with a small but statistically significant decrease in UACR by 
0.92% (p = 0.02), but a non-significantly lower PTH. In multivarible  
logistic regression analyses, the odds ratio for an increased UACR 
was 0.96 (p=0.0006) per 10 nmol/l higher baseline vitamin D 
level.  
 
 
PAPER IV 
Vitamin D status and incident cardiovascular disease and all-
cause mortality: a general population study 
Among the 9,146 individuals from the Monica10 and Inter99 
studies followed until 31 December 2008, there were 478 cases of 
ischaemic heart disease, 316 cases of stroke, and 633 deaths 
during follow-up. The mean follow-up time was 10 years. Cox 
regression analysis with age as an underlying time axis showed a 
significant association between vitamin D status and all-cause 
mortality with a hazard ratio (HR) of 0.95 (p=0.005) per 10 nmol/l 

Table 7  
Summary of the main findings in paper I-V regarding the prospective associations between vitamin D status, cardiovascular risk factors, disease and 
mortality 

 

Outcome Total number of participants Adjusted estimate 

Paper 1   
HDL-cholesterol 
LDL-cholesterol 
Triglycerides 
VLDL-cholesterol 
Total cholesterol 
Systolic blood pressure 
Diastolic blood pressure 
Metabolic syndrome 
Hypertension 
Hypercholesterolaemia 

3426 
3362 
3426 
3374 
3426 
3274 
3274 
2623 
2571 
2363 

0.12 (–0.07, 0.31)€ 
–0.16 (–0.42, 0.11) € 

–0.52 (–0.99, –0.05) € 
–0.66 (–1.1, –0.20) € 
–0.08 (–0.25, 0.10) € 
–0.05 (–0.18, 0.08) € 
0.08 (–0.06, 0.22) € 
0.95 (0.90, 1.00) & 
1.01 (0.97, 1.05) & 
0.94 (0.90, 0.99) & 

Paper 2   
HDL-cholesterol 
LDL-cholesterol 
Triglycerides 
VLDL-cholesterol 
Total cholesterol 
Systolic blood pressure 
Diastolic blood pressure 
Body mass index 
Waist circumference 
Metabolic syndrome 

10601 
10492 
10601 
10496 
10601 
9940 
9940 

10940 
10931 
10931 

23.8 (3.0, 48.6)¤ 
-16.9 (-31.9, 1.5) ¤ 
-30.5 (-51.3, -0.8) ¤ 
-27.0 (-47.6, 1.8) ¤ 
-9.1 (-20.2, 3.5) ¤ 
-2.8 (-9.9, 4.9) ¤ 

-3.8 (-11.1, 4.1) ¤ 
-2.5 (-11.8, 7.7) ¤ 
-1.9 (-9.2, 6.1) ¤ 

0.26 (0.06, 1.17)# 

Paper 3   
Urine albumin creatinine ratio 
Parathyroid hormone 
Increased urine albumin creatinine ratio 

3493 
3440 
2603 

-0.92 (-1.71, -0.13)€ 
-0.11 (-0.51, 0.30) € 
0.96 (0.92, 0.98)& 

Paper 4   
IHD 
Stroke 
All-cause mortality 

8131 
8131 
8329 

1.01 (0.98, 1.05)£ 
1.00 (0.96, 1.05) £ 
0.95 (0.92, 0.99) £ 

Paper 5   
Death caused by   
Neoplasms 
Endocrine, nutritional and metabolic diseases 
Mental and behavioural disorders 
Diseases of the nervous system 
Diseases of the circulatory system 
Diseases of the respiratory system 
Diseases of the digestive system 

8329 
8329 
8329 
8329 
8329 
8329 
8329 

0.81 (0.57, 1.2)% 
0.21 (0.04, 1.1) % 
0.44 (0.14, 1.4) % 
0.75 (0.21, 2.7) % 
1.1 (0.70, 1.7) % 

0.26 (0.09, 0.75) % 
0.28 (0.10, 0.78) % 

£Hazard ratio (95% CI) per 10 nmol/l higher 25-OH-D. &Odds ratio (95% CI) per 10 nmol/l higher 25-OH-D. %Hazard ratio (95% CI) for the 4th 25-OH-D 
quartile compared with the 1st quartile. ¤Relative difference in % (95% CI) per 25-OH-D doubling. # Odds ratio (95% CI) per 25-OH-D doubling. € % 
change per 10 nmol/l higher 25-OH-D. 



 DANISH MEDICAL JOURNAL   8 

higher vitamin D level after adjustment for confounders. We 
found no association between vitamin D status and incident 
ischaemic heart disease or stroke (HR=1.01, p=0.442 and 
HR=1.00, p=0.920, respectively).  
 
PAPER V 
Vitamin D status and cause-specific mortality: a general popula-
tion study 
Among the 9,146 individuals from the Monica10 and Inter99 
studies who were followed until 31 December 2009, there were 
832 deaths in total. The median follow-up time was 10.3 years. 
Most people died from neoplasms (n=338) or circulatory disease 
(n=221). Vitamin D was highest among those individuals who died 
of diseases of the nervous system or the circulatory system and 
lowest among those who died of endocrine, nutritional and met-
abolic diseases, mental and behavioural disorders and diseases of 
the digestive system. 

We found statistically significant inverse associations between 
vitamin D status and death caused by diseases of the respiratory 
system (ptrend=0.0042), the digestive system (ptrend=0.0040), 
and endocrine, nutritional and metabolic diseases 
(ptrend=0.035). The hazard ratios were approximately 0.25 for all 
three groups for the fourth vitamin D quartile compared to the 
first. We found non-significantly lower hazard ratios for higher 
vitamin D status for death caused by mental and behavioural 
diseases and diseases of the nervous system, but no association 
between vitamin D status and death caused by neoplasms or 
diseases of the circulatory system.  
 

DISCUSSION 
MAIN FINDINGS 
In this thesis, we found a significant inverse association between 
vitamin D status and all-cause mortality, but no associations 
between vitamin D status and the incidence of IHD or stroke. 
Rather, we found statistically significant inverse associations 
between vitamin D status and death caused by diseases of the 
respiratory and the digestive system and by endocrine, nutritional 
and metabolic diseases, but no association with death caused by 
neoplasms or diseases of the circulatory system. 

In the traditional observational study, we found vitamin D sta-
tus to be significantly associated with the incidence of 
hypercholesterolaemia and the metabolic syndrome, but there 
was no association between vitamin D status and incident hyper-
tension. Triglycerides and VLDL cholesterol levels decreased 
significantly with higher vitamin D levels. In the Mendelian ran-
domisation study, we found a causal association between vitamin 
D status and HDL cholesterol and triglycerides; however, this was 
not statistically significant when applying the Bonferroni adjusted 
significance level. In both studies, vitamin D status seemed to be 
associated with a more favourable lipid profile overall, strength-
ening causal inference between vitamin D status and lipid profile. 
The inverse association between vitamin D status and metabolic 
syndrome was statistically non-significant in the Mendelian ran-
domisation study. In neither the traditional nor the Mendelian 
randomisation study was an association found between vitamin D 
status and blood pressure, BMI, or waist circumference.  

We found statistically significant inverse cross-sectional and 
prospective associations between vitamin D status and UACR and 
incident increased UACR. As for PTH, we found an inverse cross-
sectional but no prospective association with vitamin D status. 

Regarding the observed effects of vitamin D on both lipids and 
UACR, the effect sizes were small. 

The observed association between filaggrin genotype and vit-
amin D status in the Inter99 study is confirmation of the results 
reported by Thyssen et al. in the Monica10 and Health20006 
studies (17). 
 
COMPARISON WITH OTHER STUDIES 
Mortality 
We confirmed the findings from similar studies reporting an 
inverse association between vitamin D status and all-cause mor-
tality, an association which has shown to be both strong and 
consistent in observational studies (26;27;90-94). Interestingly, in 
a Mendelian randomisation study by Trummer et al. on vitamin D 
and mortality, using 3 genetic markers of vitamin D status and 
including 3,316 middle aged with a median follow-up of 9.9 years, 
a joint analysis yielded a mortality hazard ratio of 1.015 (95% CI: 
0.962, 1.07) per 2.5 nmol/l genetically determined 25-OH-D (95). 
Likewise, a study by Jorde et al. using a genetic score of 4 vitamin 
D associated genetic variants found that the hazard ratio of dying 
was 1.01 (95% CI: 0.92, 1.10) for the genotype score quartile with 
the lowest vitamin D status compared to the highest. Although 
unable to exclude it, the findings suggest that the association 
between vitamin D and mortality may not be causal. However, a 
Cochrane review and meta-analysis of RCTs found vitamin D 
supplementation to give a moderate reduction of total mortality 
compared with placebo predominantly in older populations (96). 
They found that 161 people needed to be treated in order to 
prevent one death. The results, however, must be interpreted 
with caution because competing risks in older people might affect 
the results: the results are based on the assumption that the 
distribution of deaths among complete cases and participants lost 
to follow-up is equal. In a recent update of the Cochrane review, 
Bjelakovic et al. found that vitamin D3 seemed to decrease mor-
tality in elderly people, whereas vitamin D2 had no statistically 
significant effect; the study concluded that more RCTs are needed 
(30). This is in line with an umbrella review of systematic reviews 
and meta-analyses of observational studies and randomised trials 
by Theodoratou et al. who concluded that highly convincing evi-
dence of the role of vitamin D does not exist for mortality or any 
other outcome (6). 
 
Cardiovascular disease 
In general, cross-sectional and prospective studies often report an 
inverse association between vitamin D status and CVD, although 
there are some inconsistencies (91;92;97). Thus, the observed 
lack of association between vitamin D status and cardiovascular 
disease (paper 4) and circulatory disease mortality (paper 5) is 
inconsistent with the results from at least three studies finding an 
inverse association between vitamin D levels and risk of all-cause 
and CVD mortality among older people (26;93;94) and two stud-
ies who found an inverse association between vitamin D status 
and incident cardiovascular disease (98;99). Possible explanations 
for the different results include the fact that the above-
mentioned studies examined older people, or subgroups, where 
vitamin D could be more important regarding CVD risk.  

RCTs on this matter are few and inconclusive. Most were de-
signed to evaluate the effect of vitamin D supplementation on 
bone health and often, vitamin D supplementation was combined 
with calcium supplementation. As a meta-analysis suggested 
calcium supplementation to be associated with a higher risk of 
cardiovascular disease, it is difficult to interpret the results of 
supplementation with both vitamin D and calcium (100). Howev-
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er, two meta-analyses showed non-significant reductions of CVD 
events with vitamin D supplementation (98;101). In the previous-
ly mentioned umbrella review by Theodoratou et al., the relative 
risk of cardiovascular disease was 0.95 (95% CI: 0.86, 1.05) in the 
supplementation group (6).  
 
Cardiovascular risk factors 
Our results regarding serum lipids are in line with both the results 
from cross-sectional studies reporting a higher vitamin D level to 
be associated with a favourable lipid profile and a prospective 
study which showed an inverse association between vitamin D 
status and triglycerides (53). However, a Mendelian randomisa-
tion study found no significant associations between vitamin D 
associated SNPs and total cholesterol or triglycerides (102), and 
Jorde et al. summarised evidence from the few randomised con-
trolled trials (RCTs), examining a possible effect of vitamin D 
supplementation on lipid profile as inconclusive (103). None of 
the intervention studies included were, however, designed for 
evaluating the relation between vitamin D and lipids, and they 
may have lacked power (103).  

Most observational studies of vitamin D status and blood 
pressure are in favour of an inverse association, although the 
results are somewhat divergent. Thus, Kunutsor et al. performed 
a large meta-analysis on prospective studies and reported a sig-
nificant inverse association of baseline vitamin D status with 
incident hypertension (104). In a Mendelian randomisation study 
of more than 100,000 individuals, Vimaleswaran et al. found that 
an increase in genetically instrumented vitamin D was associated 
with a statistically significant decreased risk of hypertension 
(105). A meta-analysis on RCTs of vitamin D supplements and 
blood pressure reported weak evidence to support a small effect 
of vitamin D supplementation on lowering the blood pressure in 
hypertensive patients, whereas another meta-analysis found a 
non-significant reduction of systolic blood pressure (80;106). 
Interestingly, in two recently performed RCTs by Forman et al. 
and Larsen et al., there was a blood lowering effect of vitamin D 
supplementation in hypertensive individuals with below normal 
vitamin D levels, in black Americans and in Danes during winter, 
respectively (107;108). The above-mentioned results indicate that 
vitamin D supplementation may have a beneficial effect on blood 
pressure in hypertensives with a low vitamin D status rather than 
in normotensives with a normal vitamin D level. This may partly 
explain our observed lack of association and could also explain 
why another recent Mendelian randomisation case-control study 
reported no effect (102). Further RCTs are needed to determine 
whether the above-mentioned findings are brought about by a 
causal effect of vitamin D status on blood pressure, or if they are 
due to e.g. chance or publication bias. 

Although small cohorts have found associations between low 
vitamin D status and obesity, the underlying mechanisms and 
direction of causality are not clear (55). The inverse association 
might be explained by the fact that the fat soluble vitamin D is 
sequestered in the adipose tissue, resulting in lower levels in 
obese individuals, i.e. that obesity causes low vitamin D status. 
Interestingly, Vimaleswaran et al. performed a large bi-directional 
Mendelian randomisation study which showed that obesity leads 
to vitamin D deficiency and not vice versa (109). Likewise, Jorde 
et al. found no association between vitamin D associated SNPs 
and BMI (102). An important question – and a possible direction 
for further research – is the level of bioavailability of vitamin D in 
adipose tissue.  

Our results support the inverse association between vitamin 
D status and the incidence of the metabolic syndrome reported 

by Forouhi et al. (56). However, as mentioned above, vitamin D 
status is associated with obesity, and since excess weight is a 
major component of the metabolic syndrome, the association 
between vitamin D status and the metabolic syndrome could be 
confounded by the association between vitamin D status and 
excess weight. 

The observed association between vitamin D status and UACR 
is in line with a cross-sectional study by de Boer et al. who found 
a stepwise increase in the albuminuria prevalence with decreas-
ing vitamin D quartiles (43). A recent prospective study by 
O’Seaghdha et al., however, found no association between vita-
min D status and incident albuminuria (110). As for PTH, we con-
firmed the well-established cross-sectional association with vita-
min D, but failed to show a longitudinal association.  
 
Cause-specific mortality and disease 
The observed inverse association between vitamin D status and 
death caused by endocrine, nutritional and metabolic diseases – 
diabetes mellitus accounting for three quarters – is consistent 
with results from previous observational studies (111). On the 
other hand, RCTs have largely failed to show a beneficial effect of 
vitamin D supplementation on glucose homeostasis (112;113). 
Thus, Davidson et al. found no effect of one year treatment with 
high dose vitamin D therapy on glucose outcomes in pre-diabetics 
with low vitamin D status (114).  

 For respiratory disease and gastrointestinal disease, the lit-
erature is sparse. Regarding respiratory disease, our results are in 
line with those of Romme et al. who found that vitamin D defi-
ciency was present in the majority of patients with COPD entering 
pulmonary rehabilitation, Black et al. who found a dose-response 
relationship between the serum concentration of 25-
hydroxyvitamin D and FEV1, and Ginde et al. who found an in-
verse association between 25-OH-D levels and recent upper res-
piratory tract infections (34-36). We recently found a cross-
sectional but no prospective association between vitamin D status 
and COPD (115), and no consistent association of vitamin D with 
lung function (116).  

Regarding digestive disease – liver disease accounting for over 
half – our findings are consistent with previous reports of a high 
prevalence of vitamin D deficiency in patients with liver disease, 
and low 25-OH-D levels predicting hepatic decompensation and 
mortality in patients with chronic liver failure (38;117). Also, we 
recently found vitamin D status to be inversely associated with 
incident liver disease (118). The lack of association between vita-
min D status and cancer mortality is in line with the findings that 
vitamin D status was not associated with incident cancer (119). 
 
STRENGTHS AND LIMITATIONS 
A summary of the major strengths and limitations are described 
below. In addition, a selection of potential problems is summa-
rised in table 8. For a more detailed discussion, please see the 
relevant article.  
 
Power 
A key limitation of the thesis is the shortage of power, which is 
clearly illustrated by the often wide confidence intervals, which 
makes it difficult to distinguish whether or not there is an effect. 
Larger studies or meta-analyses are needed to enable the detec-
tion of small to moderate effects. 
 
Registries 
We used registry-based data from the Danish National Patient 
Register, the Danish Registry of Causes of Death, and the Danish 
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Civil Registration System, which are registries with a high degree 
of completeness overall. The major strength of using these regis-
tries is the fact that there is virtually no loss to follow-up.  
Regarding the Danish Registry of Causes of Death, classification of 
causes of death is performed in accordance with the rules of 
WHO and by the ICD-10 codes that have been in use since 1994 
(120). However, changes in coding practice and fewer autopsies 
affect the continuity and validity of cause-specific mortality.  

 The Danish National Patient Register, internationally consid-
ered the best of its kind, is a sound data source overall, but both 
definitions and content have changed over time (121). Also, the 
reported diagnoses underlie the payments made to the hospitals. 
Since the payment rates for specific diagnoses change over time, 
this may cause a drift in the coding of diagnoses, which will inap-
propriately be reflected as a change in the disease pattern (121).  

Non-differential misclassification of diagnoses may have at-
tenuated the associations and could be an explanation for the 
observed lack of association between e.g. vitamin D status and 
IHD and stroke. Madsen et al., however, found that the combina-
tion of national registries was a valid tool for monitoring the 
population incidence of myocardial infarction (122). 
 
Design 
Prospective cohort studies permit multiple outcomes to be as-
sessed in the same study and allow the demonstration of tem-
poral relationships, although these are less able to infer causality 
than RCTs. We used different approaches to investigate the asso-
ciation between vitamin D status and cardiovascular risk factors, 
which is a major strength. Other strengths include the large ran-
dom sample of the Danish population with a high prevalence of 
low vitamin D levels, a relatively long-term follow-up and the use 
of standardised registry-based diagnoses with hardly any individ-
uals lost to follow-up (paper 4, 5), the objective measurements of 
instrument (paper 2), exposure (paper 4, 1, 2, 5), and outcome (1, 
2). 
  
Mendelian randomization 
In paper 2, in particular, the strengths also include the ethnic 
homogeneity, enabling genetic association studies, and the 
Mendelian randomisation approach with the potential to avoid 
some of the limitations of observational epidemiology (confound-
ing, reverse causality, and regression dilution bias) for making 
causal inferences. Genetic variants are generally not associated 
with the behavioural, social, and physiological factors that con-
found the association between e.g. vitamin D and disease risk. 
The genetic variants associated with vitamin D status will not be 
affected by the onset of disease, and the estimates are less biased 
by reverse causation. Also, a genetic variant will often indicate 
long-term levels of exposure and will not suffer from measure-
ment error in phenotypes that are highly variable, such as vitamin 
D status (15). 

Several issues could violate the core assumptions of the 
Mendelian randomisation methodology (paper 2): developmental 
changes compensating for genetic variation (canalisation); linkage 
disequilibrium between filaggrin genotype and other causal vari-
ants; pleiotropy, which refers to a single gene having multiple 
biological functions (123); and epigenetic effects i.e. non-
Mendelian, heritable changes in gene expression that are not 
accompanied by DNA sequence changes (25;124): we need to 
assume a random distribution of epigenetic changes at concep-
tion. It is an important limitation that we only used a single in-
strument. Had we found more genetic variants associated with 
vitamin D status that were not in linkage disequilibrium with each 

other, and both had been associated with the outcome, it would 
be unlikely that confounding would explain the association. It 
would have to act in a similar way for the unlinked variants, which 
is not plausible (125). However, vitamin D and cholesterol share 
the 7-dehydrocholesterol metabolic pathway (126). It may be 
speculated that lipid status i.e. HDL-cholesterol could affect vita-
min D status and not vice versa. Likewise, it has been proposed 
that some statins may increase the absorption of vitamin D by 
stimulating the expression of cholesterol transporters. However, 
only few and small studies have evaluated this, and the results 
are inconsistent (127). Larger RCTs are needed to clarify the effect 
of statins on vitamin D levels. 
 
Non-participation and loss to follow-up 
Non-participation could limit the generalisability of the results, if 
there are differences between participants and non-participants. 
Baseline participation rates were relatively low, ranging from 
64.3% in Monica10, to 52.5% in Inter99, and 43.8% in the 
Health2006 study. Non-participation is generally associated with 
less favourable socioeconomic characteristics (128). Thus, Bender 
et al. found strong socioeconomic inequality in participation at 
baseline and follow-up in the Inter99 study (129). Also, in popula-
tion studies comparable to ours, researchers have found a higher 
age and a higher number of women among the participants (130). 
Overall, the selection bias may limit the generalisability of the 
results to the general population, although studies with much 
lower participation than ours were not biased by non-
participation (131). 

 Loss to follow-up bias results when persons lost from a co-
hort study have different health response distributions from 
subjects who remain in the follow-up. Differential loss to follow-
up may have introduced bias in the results from papers 1 and 3, 
where 2271 persons (33.5%) were lost to follow-up in the 5-year 
follow-up study of the Inter99. Compared to participants, non-
participants at the 5-year follow-up had a less healthy lifestyle 
and a less favourable risk factor profile, including lower vitamin D 
levels at baseline. Also, non-participants were more likely to be 
female and of younger age. We have, however, no reason to 
believe that the persons lost to follow-up have different health 
responses, i.e. that vitamin D has a different role on the outcome 
among non-participants compared to participants, but that the 
loss to follow-up may have attenuated the observed associations. 
 
Missing data  
We used complete case analysis for missing covariates due to the 
simplicity and comparability across analyses. Limitations of this 
approach include loss of precision and power (132). An alterna-
tive approach to analysing incomplete data would be multiple 
imputations, which is the practice of “filling in” missing data with 
plausible values; however, the method needs to be used carefully 
to avoid misleading conclusions (132). It allows for the uncertain-
ty about missing data by creating a number of different plausible 
imputed data sets, and appropriately combines the results from 
each of them (132). Covariates are referred to as “missing com-
pletely at random” (MCAR), where there are no systematic differ-
ences between the missing and the observed values; “missing at 
random” (MAR) which means that any systematic difference 
between the missing and observed values can be explained by 
differences in observed data; or “missing not at random” (MNAR) 
where even after the observed data are taken into account, sys-
tematic differences between the missing and observed data 
remain (132).  
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Complete case analysis may give biased estimates when co-

variates are MAR but not MCAR, at which point it is preferable to 
use multiple imputation (132). Neither complete case analysis nor  
multiple imputation is universally applicable, although the multi-
ple imputation method seems appropriate across a wider range 
of settings (133). In cases where covariates are MNAR, bias can 
only be addressed by sensitivity analyses (132). Not using an 
alternative to complete case analysis is a limitation of our studies, 
which may have biased our results if our covariates were not 
MCAR. In the regression analyses, we excluded a number of per-
sons due to missing data on vitamin D, filaggrin genotype or 
lifestyle factors such as smoking habits, e.g. 85 persons in the 
Monica10 study had missing data on vitamin D, filaggrin genotype 
or both. Enabling complete case analyses, we excluded persons 
with missing data on one or more of the included variables, e.g. 
985 (out of 11,983) persons were excluded due to missing data in 
the adjusted ordinary linear regression and instrumental variable 
analyses of total cholesterol in paper 2, mainly due to missing 
data on alcohol intake (please see table 8). This may have affect-
ed our results if persons with missing data differed from those 
without. For some of the outcomes, we performed analyses in-
cluding all individuals with exposure, outcome, age and gender 
and compared the results to the same analysis with the exclusion 
of persons with missing data on the variables used in the fully 
adjusted models. The estimates were comparable, thus indicating 
that missing data did not seriously bias our results.  
 
Confounding 
Other limitations include the risk of residual confounding, un-
measured confounders or reverse causation, all of which are  
 

 
 
inherent in an observational study. To reduce confounding, we 
stepwise adjusted for several covariates (potential confounders).  
As previously mentioned, some of the diseases are likely to cause 
rather than be caused by the low vitamin D status. Possible ex-
amples include liver disease and mental disease caused by alcohol  
abuse, which may also have reduced liver function (a substantial 
part of the mental and liver diseases included in paper 5 were 
alcohol-related). Likewise, vitamin D could simply be a marker of 
a healthy lifestyle. Thus, the associations may at least be ex-
plained partly by residual confounding. In addition, the inverse 
association between vitamin D status and all-cause mortality 
could still be due to residual confounding. Regarding confounding 
by co-morbidity, having a chronic disease may lower vitamin D 
levels, e.g. by decreasing dietary intake and reducing exposure to 
sunlight, making vitamin D status simply an indicator of chronic 
disease.  

In paper 1, we increased the likelihood of the causality of as-
sociations (i.e. by minimising reverse causation) with vitamin D 
deficiency by excluding participants with hypertension, 
hypercholesterolaemia and the metabolic syndrome at baseline 
for each of the analyses. 
 
Validity, misclassification and regression dilution bias 
Regression dilution bias is caused by measurement error and 
poses a particular problem, as there was only a single vitamin D 
measurement for each participant. The predictive value of a 
single vitamin D measurement at baseline on future health out-
comes is an important issue because it may lose predictive power 
over time (134). Repeated measurements could reduce this bias.  

The validity of the method used for the measurement of vit-
amin D status is another issue, as it is recommended to store 

Table 8  
Selected examples of potential weaknesses and counter actions 

 

Potential problem Example Effect on estimate Counteraction 

Reverse causation Patients with digestive disease are prone to 
vitamin D deficiency; the low vitamin D levels 
associated with liver disease could be a con-
sequence of the disease rather than a cause 

Risk of false-positive 
result 

Exclusion of persons with a diagnosis of digestive 
disease before the study 

Misclassification Baseline 25-OH-D may lose predictive power 
over time 

Attenuation Describe the issue in the discussion 

Confounding/residual 
confounding 

Low BMI is an independent risk factor for 
mortality in COPD so vitamin D status might 
just reflect the level of malnutrition 

Risk of false-positive 
result 

Adjustment for BMI/describe in discussion 

Multiple testing When investigating several out-
comes/hypotheses, e.g. in genetic association 
studies. 

Risk of false-positive 
result (type 1 error) 

We provided the Bonferroni adjusted significance 
level and described all the performed analyses for 
making a balanced conclusion 

Using the interven-
tional Inter99 data as 
observational 

If the participants at highest cardiovascular 
risk with presumably lowest vitamin D levels 
participated in the interventions and changed 
their cardiovascular risk factors 

Attenuation 
We adjusted for changes in risk factors, e.g. smoking 
(paper 1 and 3) 

Sampling bias (a type 
of selection bias) 

If filaggrin genotype was unequally distributed 
among the persons who died before the study 

Risk of false-positive 
result 

Filaggrin genotype was not associated with mortality, 
cardiovascular disease or cancer in previous studies 
(150;151) 

Missing data 

A total of 527 persons were excluded from the 
regression analyses in paper 2 due to missing 
data on alcohol intake 

Risk of biased 
estimate 

Additional analyses showed that filaggrin genotype 
was not associated with alcohol intake. Also, the 
genotype distribution among those with missing 
information on alcohol intake was similar to the 
overall distribution of the filaggrin genotype. There-
fore, the risk of bias is small. 

Regression toward 
the mean 

If a variable is extreme the first time, it will 
tend to be closer to the average the second 
time 

Risk of biased 
estimate 

We adjusted for the baseline value of the outcome in 
the prospective linear regressions in paper 1 and 3 
(88) 
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samples for measurement of 25-OH-D at –80°C, but several stud-
ies have shown 25-OH-D to be stable under different conditions 
(135;136). Measuring serum 25-OH-D in general is associated with 
methodological concerns, and variations between methods are 
considerable (137). Any misclassification is, however, likely to be 
random and would have attenuated the associations towards the  
null value. The findings are likely an underestimate of the actual 
effect and could be part of the explanation for the lack of associa-
tion between vitamin D status and incident stroke and ischaemic 
heart disease. 

The 25-OH-D concentrations reported for the various studies 
are different. This could be due to several factors such as the 
different methods used for measuring vitamin D, evaporation 
during storage, or a real decrease in vitamin D levels in the popu-
lation over the years. We adjusted for the different levels of 
vitamin D by adjusting for study population. Results of analyses 
for each cohort separately were consistent with the combined 
analyses of the three cohorts, indicating that methodological 
differences between the cohorts did not influence our results 
substantially. 

Finally, 25-OH-D may not be as good a marker of active vita-
min D as previously believed (138). Powe et al. found that lower 
levels of VDBP in black individuals seem to result in levels of 
bioavailable 25-hydroxyvitamin D that are equivalent to the levels 
in whites. Likewise, mice lacking VDBP have low levels of total 25-
OH-D, but no signs of vitamin D deficiency (139). Thus, low total 
25-OH-D levels do not necessarily indicate vitamin D deficiency, 
and further research should investigate whether VDBP should in 
fact be incorporated into the assessment of vitamin D status 
(138). 

Another limitation is the single spot urine sample at baseline 
and follow-up for UACR determination, which is not as accurate 
as 24-h urine collections or first morning voids (140). However, it 
has been shown to be quite consistently associated with cardio-
vascular disease and mortality (141). 
 
Multiple testing 
The issue of multiple testing refers to the problem of finding false 
positive results due to multiple tests/comparisons and not due to 
a true association. Put simply, when we perform numerous tests, 
we are bound to find a significant result by chance at some point 
(142). This is clearly illustrated by the fact that results from highly 
cited clinical research are often contradicted or found to be exag-
gerated in subsequent studies (143) where the results of smaller 
studies are more often contradicted than results from larger 
studies (143). For cohort studies in particular, multiplicity is an 
issue due to multiple publications focusing on the significant 
findings (144).  

The Bonferroni method is often used to adjust for multiple 
testing due to its simplicity. An important weakness of the 
Bonferroni method is that the interpretation of a result is de-
pendent on the number of tests performed, and the method is 
criticised for being too conservative (145;146). Adjusting for 
multiple testing may be used in subgroup analyses (142) and in 
confirmative studies, but it is not recommended in explorative 
studies (147). However, the Bonferroni method is not appropriate 
when the tests are correlated, since it will be too conservative 
and the risk of not detecting a true effect will be too great (142). 

According to “The strengthening the reporting of observa-
tional studies in epidemiology (STROBE) statement”, it is im-
portant to give a cautious overall interpretation of results consid-
ering objectives, limitations, multiplicity of analyses, results from 
similar studies and other relevant evidence rather than necessari-

ly adjusting for multiple testing (148). In accordance, it is im-
portant to define a priori hypotheses to decrease the risk of im-
plausible associations (149), to describe what tests were per-
formed and why (146), to show both crude and adjusted 
estimates to enable the reader to evaluate the effect of the cho-
sen confounders (144), and to make a critical assessment of the 
results (145). Other alternatives to adjusting for multiple testing 
are considering trends and consistency in subgroup analyses 
rather than statistical significance and to replicate unexpected 
findings in separate studies (142;149). That goes both ways, how-
ever; even if an association is statistically significant, the null 
hypothesis may still be the most probable in the absence of other 
explanations (145). 
 

CONCLUSION AND PERSPECTIVES 
FUTURE RESEARCH 
It is now recognised that vitamin D deficiency and insufficiency 
are common worldwide. It is well known that vitamin D levels are 
highest at the end of summer and lowest at the end of winter 
(4;12). It seems to make little physiological sense to have such 
large variations (4). The questions, therefore, are what the opti-
mal vitamin D range is and how it can be achieved. As previously 
suggested, vitamin D supplementation might be beneficial in 
certain groups only, e.g. among old people, individuals with liver 
disease, etc. It may only be beneficial to improve the vitamin D 
status among vitamin D deficient or insufficient patients instead 
of increasing vitamin D status among all individuals. It is of utmost 
importance to rule out a possible harmful effect of supplementa-
tion. 

Data of the effect of vitamin D on cardiovascular disease from 
RCTs are few; thus a possible causal effect remains to be investi-
gated (6). Several large interventional trials investigating an effect 
on cardiovascular end-points are on-going, the results of which 
are expected in 2017-2020 (152;153). 

An alternative to traditional observational studies and RCTs is 
Mendelian randomisation. Mendelian randomisation studies can 
in theory provide an estimate of the causal effect, and they can 
be performed in a representative sample with no random treat-
ment allocation required compared with RCTs. The limited 
generalisability, high costs, feasibility and ethics, all of which can 
be limitations of RCTs, also make the Mendelian randomisation 
approach attractive as a supplement to RCTs (124).  

An important issue in instrumental variable analyses is having 
a sufficiently strong instrument (154). Filaggrin genotype and 
other vitamin D-related genetic variants only explain a small 
proportion of the variance in the observed vitamin D levels com-
pared with the variance explained by strong determinants such as 
sun exposure. There are several ways to move forward. Future 
research should focus on developing more efficient IV tools and 
the use of more than one IV for strengthening causal inference. 
Another option would be to use more accurate classifications of 
diseases and refined phenotypes, e.g. use 24 h ambulatory blood 
pressure instead of the traditional blood pressure. The inclusion 
of persons with missing data by e.g. the multiple imputations 
method which is evolving and now available in many statistical 
packages would also provide more powerful statistical analyses 
(132;155). The trend is already moving towards international 
consortia and individual participant data meta-analyses with a 
greater number of participants, enabling researchers to expose 
important gene-environment interactions and find and use genet-
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ic variants with smaller effect sizes (156). This progress will in turn 
demand more sophisticated statistical methods.  
 
CONCLUSION 
A higher vitamin D status is associated with a more favourable 
lipid profile in both a traditional observational study and in a 
Mendelian randomisation approach. After adjustment for multi-
ple testing, none of the IV associations remained statistically 
significant, emphasising the fact that our results need confirma-
tion in other and larger populations. We found statistically signifi-
cant inverse cross-sectional and prospective associations between 
vitamin D status and UACR and incident increased UACR. 

The inverse association between vitamin D status and mortal-
ity was not explained by a similar association with ischaemic heart 
disease or stroke. Rather, we found significant inverse associa-
tions between vitamin D status and death caused by respiratory, 
digestive disease or death caused by endocrine, nutritional and 
metabolic disorders (no association with cancer or circulatory 
death).  

Due to the explorative nature of the studies, further studies, 
e.g. RCTs or Mendelian randomisation studies, are needed to 
clarify whether vitamin D deficiency is a causal and reversible 
factor in the prevention of disease and mortality. 
 

SUMMARY 
Vitamin D is essential for bone mineralisation, but a growing body 
of evidence points at a broader role; vitamin D deficiency has 
been found to be associated with mortality and several diseases 
ranging from cardiovascular disease to autoimmune diseases and 
liver diseases. The evidence is, however, inconclusive and the 
possible pathways remain unresolved. 

The aims of the thesis were to investigate the association of 
vitamin D status to 5-year changes in cardiovascular risk factors 
such as blood pressure, lipid profile, the metabolic syndrome and 
urine albumin creatinine ratio (UACR); the association of a known 
genetic determinant of vitamin D status to cardiovascular risk 
factors; the association of vitamin D status to the incidence of 
cardiovascular disease (CVD) and all-cause mortality; and the 
association of vitamin D status to cause-specific mortality. 

Data from the 3 population-based studies Monica10 (n=2,656, 
1993-94), Inter99 (n=6,794, 1999-2001) and Health2006 (n=3,471, 
2006-2008) conducted at the Research Centre for Prevention and 
Health were used. The studies included questionnaires, physical 
examinations, and blood tests. Vitamin D status was measured at 
baseline. Participants were genotyped for the most frequent 
filaggrin mutations. Registry-based diagnoses and causes of death 
were obtained from The Danish National Patient Register and the 
Danish Registry of Causes of Death, respectively. Linear, logistic, 
Cox and instrumental variable regressions were used to model 
the associations between vitamin D status and cardiovascular risk 
factors, disease and mortality.  

With a 10 year mean follow-up time, we found a significant 
association between vitamin D status and all-cause mortality with 
a HR=0.95 (p=0.005) per 10 nmol/l higher vitamin D level. We 
found no association between vitamin D status and incidence of 
ischaemic heart disease or stroke (HR=1.01, p=0.442 and 
HR=1.00, p=0.920, respectively).  

We found a baseline level of vitamin D that was 10 nmol/l 
higher to be associated with a decrease in triglycerides and very 
low density lipoprotein cholesterol by 0.52% (p = 0.03) and 0.66% 
(p = 0.005), respectively. The odds ratios per 10 nmol/l higher 

baseline vitamin D level were 0.95 (p<0.05) and 0.94 (p = 0.01) for 
the development of the metabolic syndrome and 
hypercholesterolaemia, respectively. There was no association 
between vitamin D and blood pressure.  

With filaggrin genotype as an instrumental variable, we found 
a 23.8% (95% confidence interval, CI: 3.0, 48.6) higher HDL cho-
lesterol level and a 30.5% (95% CI: 0.8, 51.3) lower serum level of 
triglycerides per doubling of vitamin D. These associations were 
no longer statistically significant when applying the Bonferroni-
adjusted significance level. The remaining lipids showed non-
significant changes in a favourable direction. A doubling of vita-
min D gave a non-significantly lower odds ratio=0.26 (95% CI: 
0.06, 1.17) of the metabolic syndrome. There were no statistically 
significant causal effects of vitamin D status on blood pressure or 
anthropometrics.  

With a total of 832 deaths and a 10.3 year median follow-up 
time, we found significant associations between vitamin D status 
and death caused by respiratory diseases, digestive diseases, and 
endocrine, nutritional and metabolic diseases with hazard ratios 
(HRs) 0.26 (ptrend=0.0042), 0.28 (ptrend=0.0040), and 0.21 
(ptrend=0.035), respectively, for the fourth vitamin D quartile 
compared to the first. We found non-significantly lower HRs for 
death caused by mental and behavioural diseases and diseases of 
the nervous system, but no association between vitamin D status 
and death caused by diseases of the circulatory system or neo-
plasms.  

We found that a baseline level of vitamin D that was 10 
nmol/l higher was associated with a small but statistically signifi-
cant decrease in UACR by 0.92% (p = 0.02), but a non-significantly 
lower PTH. The odds ratio for an increased UACR were 0.96 
(p=0.0006) per 10 nmol/l higher baseline vitamin D level.  

Our studies support the idea that vitamin D can affect lipid 
status in a favourable direction and the incidence of metabolic 
syndrome and increased UACR but neither blood pressure nor 
anthropometrics. Vitamin D status was inversely associated with 
mortality, but this was not explained by an association with cardi-
ovascular disease. Rather, the association seemed to be caused 
by an inverse association with death caused by digestive disease, 
endocrine, metabolic and nutritional diseases, and respiratory 
disease. Further studies, e.g. RCTs or Mendelian randomisation 
studies, are needed to clarify whether low vitamin D status is a 
causal and reversible factor to prevent disease and mortality. 
 

ABBREVIATIONS 
BMI body mass index 
CI confidence interval 
COPD chronic obstructive pulmonary disease 
CVD  cardiovascular disease 
DAG directed acyclic graph  
GFR glomerular filtration rate 
HDL high density lipoprotein 
HR hazard ratio 
ICD  International Classification of Disease 
IHD ischaemic heart disease 
IOM Institute of Medicine 
IV instrumental variable 
LDL low density lipoprotein 
MAR missing at random 
MCAR missing completely at random 
MNAR  missing not at random 
NA not applicable 
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OR odds ratio 
PTH  parathyroid hormone  
RCT randomised controlled trial 
SNP single nucleotide polymorphism 
STROBE  the strengthening the reporting of observation-

al studies in epidemiology 
25-OH-D 25-hydroxyvitamin D 
2SLS two stage least squares 
VDBP vitamin D binding protein 
VLDL very low density lipoprotein 
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