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Observational studies indicate that low concentrations of 
plasma 25-hydroxyvitamin D (25(OH)D), usually used to 

asses vitamin D status, are associated with higher blood pressure, 
hypertension, and ischemic stroke.1–4 In addition, a Mendelian 
randomization study has shown an increased risk of hypertension 
with genetically low 25(OH)D.3 However, randomized studies 
have shown minor to no effects of vitamin D supplementation 
on lowering of blood pressure and cardiovascular disease risk.4–6 
Furthermore, genetic studies show that some risk factors for isch-
emic stroke, such as obesity and an atherogenic lipid profile, may 
be causally associated with low concentrations of 25(OH)D.7–9 
Thus, it is unclear whether low 25(OH)D is a cause of high blood 
pressure, hypertension, and ischemic stroke or whether the asso-
ciations are largely a result of confounding and reverse causation.

The use of genetic variants in Mendelian randomization 
studies allows for analyses less susceptible to confounding and 

free of reverse causation because the random assortment of 
genetic variants that occurs during gamete formation secures 
an equal distribution of confounding factors among different 
genotypes and genotypes are not affected by outcome10,11; thus, 
genetic variants in DHCR7 and CYP2R1 that specifically lower 
25(OH)D concentrations provide an instrument for assessing 
the potential consequences of lifelong low 25(OH)D concen-
trations on blood pressure, hypertension, and ischemic stroke, 
largely free of confounding and free of reverse causation.

We tested the hypothesis that genetically low 25(OH)
D concentrations are associated with high blood pressure, 
hypertension, and ischemic stroke (Figure 1). First, in obser-
vational analyses, we tested the association of 25(OH)D con-
centrations with blood pressure, hypertension, and ischemic 
stroke (Figure  1A, arrow 1); second and third, whether the 
selected genotypes were associated with plasma 25(OH)D 
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concentrations and with blood pressure, hypertension, and 
ischemic stroke (Figure  1A, arrows 2 and 3); and fourth, 
whether the selected genotypes were associated with blood 
pressure, hypertension, and ischemic stroke consistent with 
their effect on 25(OH)D concentrations by using instrumental 
variable analysis (Figure 1A, arrow 4).

Methods

Study Cohorts
The CCHS (Copenhagen City Heart Study) was initiated in 1976 
to 1978 with follow-up examinations after 5 (1981–1983), 15 
(1991–1994), and 25 years (2001–2003).12 Individuals aged 20 to 

Figure 1. A, The diagram shows the 4 main analyses performed in the present study. Arrow 1, Observational association. Arrows 2 to 
4, Genetic analyses. Double sided arrows show associations with undetermined direction of causality, whereas 1 sided arrows show 
association where a probable direction of causality can be derived. *The sample size for ischemic stroke was reduced because those 
with previous ischemic stroke were excluded (arrow 1, n=365 excluded; arrow 3: 2257 excluded). B, Flowchart of number of individuals 
included in each analysis.
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100 years were randomly invited from the national Danish Central 
Person Register to reflect the Danish general population. In observa-
tional analyses, we included 9896 individuals with plasma 25(OH)
D measurements from the 1981 to 1983 examination and in genetic 
analyses, 9740 individuals with all genotypes from the 1991 to 1994 
and 2001 to 2003 examinations. Of these, 5458 individuals had both 
25(OH)D measurements and genotype data available.

The CGPS (Copenhagen General Population Study) was initiated 
in 2003 with ongoing enrollment and with individuals recruited as 
for to the CCHS.7,8 In observational analyses, we included 25 621 in-
dividuals with plasma 25(OH)D measurements and in genetic analy-
ses, 106 915 individuals with all genotypes. Of these, 25 518 had both 
25(OH)D measurements and genotype data available.

The studies were approved by institutional review boards and 
Danish ethical committees, and individuals provided written in-
formed consent. No individuals appeared in >1 study, and all were 
white of Danish descent. A flowchart depicting how we arrived at our 
sample sizes is presented in Figure 1B.

Plasma 25(OH)D Measurements
We used the DiaSorin Liaison 25(OH)D TOTAL assay blinded to out-
come and genotype data. CGPS plasma samples were collected in 2004 
to 2005 (n=12 501; stored at −80°C for ≈5 years) and in 2009 to 2011 
(n=13 120; measured on fresh samples) while CCHS plasma samples 
were collected in 1981 to 1983 (n=9896; stored at −20°C for ≈26 
years); all samples were collected on the day of examination. Assay 
precision was tested daily while assay accuracy was tested using an 
external quality control program (DEQAS). The interassay coefficient 
of variance was 10% for a low level control (≈40 nmol/L) and 8% for a 
high level control (≈135 nmol/L). Samples for measurement were con-
secutive individuals for the time periods mentioned for CGPS and all 
available plasma samples from the CCHS 1981 to 1983 examination.

Genotypes
Genotyping using TaqMan assays was conducted blinded to 25(OH)
D concentration and outcome data. Genotypes were selected among 
those having the strongest, largest association with 25(OH)D con-
centration in genome-wide association studies13,14; genetic vari-
ants around DHCR7 (rs7944926 and rs11234027) and CYP2R1 
(rs10741657 and rs12794714) were specifically chosen because they 
are expected to influence 25(OH)D concentration through synthesis 
of 25(OH)D. We deliberately did not include polymorphisms in the 
vitamin D–binding protein because these do not associate predict-
ably with 25(OH)D’s biological activity.15 Genotypes were verified 
by sequencing of 32 randomly selected samples in the 2 cohorts. 
Call rates for the genotypes were >99% after 2 reruns. For DHCR7, 
CYP2R1, and DHCR7/CYP2R1 allele scores, weighted allele scores 
were constructed by multiplying each variant allele with its effect on 
plasma 25(OH)D concentration adjusted for the effect of the other 
variant in each gene, for example, the effect of DHCR7 rs7944926 
on plasma 25(OH)D was adjusted for DHCR7 rs11234027, because 
these 2 genotypes are correlated. Weighted allele score were used for 
all allele score and instrumental variable analyses. Furthermore, for 
sensitivity analyses, allele scores were created by simply counting all 
alleles across the 4 genotypes instead of the more complex weighted 
scores.16

Potential Confounders
Confounders were chosen based on the known important risk factors 
for ischemic stroke and their possible association with plasma 25(OH)
D.1 Individuals reported on smoking status, daily tobacco consump-
tion, alcohol consumption, intensity of leisure time physical activity, 
income, diabetes mellitus, and occurrence of stroke in parents, and all 
information was reviewed together with an investigator on the day of 
attendance. Cumulative tobacco consumption was calculated in pack-
years, where 1 pack-year was 20 cigarettes or equivalent smoked daily 
for 1 year. Body mass index was measured weight (kg) divided by 
measured height (m) squared on the day of examination. Furthermore, 
baseline atrial fibrillation was determined by registry diagnoses. 
Standard hospital assays were used to measure total and high-density 

lipoprotein (HDL) cholesterol; non-HDL cholesterol was total minus 
HDL cholesterol. Last, we adjusted for kidney function using esti-
mated glomerular filtration rate (CKD-EPI equation [Chronic Kidney 
Disease Epidemiology Collaboration])17 because kidney function 
affects both blood pressure and 25(OH)D levels.

Outcomes
Brachial systolic and diastolic blood pressures on the left arm 
(mm Hg) were measured on the day of examination by trained techni-
cians either using a London School of Hygiene sphygmomanometer 
or an automatic Digital Blood Pressure Monitor (Kivex) as a single 
measurement on the left arm after 5 minutes of rest and with the 
subject in the sitting position.18 Hypertension was defined as self-
reported use of antihypertensive medication as systolic blood pres-
sure ≥140 mm Hg or as diastolic blood pressure ≥90 mm Hg. Severe 
hypertension was defined as self-reported use of antihypertensive 
medication as systolic blood pressure ≥160 mm Hg or as diastolic 
blood pressure ≥100 mm Hg. Blood pressure was adjusted for use of 
antihypertensives by adding 10 and 5 mm Hg to systolic and diastolic 
blood pressures, respectively.19

Diagnosis of cerebrovascular disease, including ischemic and hem-
orrhagic strokes, was collected from 1976 until November 2014 by 
reviewing hospital admissions with diagnoses entered in the national 
Danish Patient Registry and causes of death entered in the national 
Danish Causes of Death Registry.2,12,20 For individuals with regis-
tered cerebrovascular disease, records from general practitioners and 
hospital were requested, and the diagnosis of ischemic stroke was 
validated by 2 independent doctors with special interest in stroke 
according to World Health Organization criteria and classified into 
subgroups using clinical description, computed tomography or MRI 
scan, spinal fluid examination, autopsy, or surgical description.20 
Median follow-up for incident ischemic stroke was 9.3 years (range, 
1 day–33.6 years). Case-fatality rate, defined as death within 30 days 
of an ischemic stroke event, was 5.8%.

Statistical Analyses
We used Stata/S.E. 13.1. χ2 tests evaluated Hardy–Weinberg equilib-
rium. More than 99% of observations were present for the included 
variables. We imputed missing data by using multivariable chained 
imputation (mi impute chained) with fully conditional specification; 
however, results were similar without using imputation. All analy-
ses were adjusted for age, sex, and study as a minimum; in addition, 
observational analyses were adjusted for smoking status, cumulative 
tobacco consumption, alcohol consumption, leisure time physical 
activity, body mass index, income, diabetes mellitus, ratio of non-
HDL to HDL cholesterol, stroke in parents, atrial fibrillation, and 
month and year of blood sample. Hypertension was not included in 
the ischemic stroke model because it could be a mediator from low 
25(OH)D to ischemic stroke. All analyses with blood pressure and 
hypertension as outcome were cross-sectional, whereas the analyses 
with ischemic stroke were prospective when using measured plasma 
25(OH)D and the allele scores as exposures. To maximize power the 
instrumental variable estimates for ischemic stroke, all registered 
cases were used.

First, we tested whether plasma 25(OH)D concentrations were 
observationally associated with blood pressure, hypertension, and 
ischemic stroke (Figure 1A, arrow 1). For these analyses, we used 
multiple linear regression, logistic regression, and Cox regression 
models with age as time scale, respectively. The 25(OH)D concentra-
tions were categorized as deficient (<25 nmol/L), insufficient (25–49 
nmol/L), and sufficient (≥50 nmol/L)21 and were also modeled using 
nonlinear terms in the regression models. Specifically, we used re-
stricted cubic splines with 3 knots for nonlinear associations.22

Second, we used Cuzick nonparametric trend test to assess trend 
across genotypes and allele scores of 25(OH)D concentrations. We 
assessed the strengths of genotypes and allele scores as instruments 
by using the F statistic and R2 as a measure of variation explained by 
genotypes and allele scores (Figure 1A, arrow 2).11

Third, we examined associations of DHCR7/CYP2R1 allele score 
with blood pressure, hypertension, and ischemic stroke using the 

 by guest on A
ugust 2, 2017

http://hyper.ahajournals.org/
D

ow
nloaded from

 

http://hyper.ahajournals.org/


4    Hypertension    September 2017

same models as in observational analyses; however, these analyses 
were only adjusted for age, sex, month and year of blood sample, and 
study because allele scores were randomly distributed across poten-
tial confounders (Figure 1A, arrow 3).

Fourth, we calculated instrumental variable estimates per 10 
nmol/L lower 25(OH)D by using the Wald-type ratio estimator, 
which involves taking the ratio of the outcome allele score coef-
ficient to the exposure allele score coefficient and for odds ratios 
exponentiating to express the estimate as an odds ratio (Figure 1A, 
arrow 4).11,23 We used the delta method to derive SEs of Wald-type 
instrumental variable log odds ratios.24 For comparison, we derived 
observational estimates per 10 nmol/L lower 25(OH)D by using 
multiple linear regression for blood pressure and logistic regression 
models for hypertension and ischemic stroke adjusted for age, sex, 
and study. Additional details can be found in the online-only Data 
Supplement.

Results
Plasma 25(OH)D concentration was associated with all major 
risk factors for ischemic stroke except for occurrence of stroke 
in parents (Table). In contrast, the DHCR7/CYP2R1 allele 
score was not associated with these potential confounders 
(Table S1 in the online-only Data Supplement), illustrating 
that the allele score can be used as a largely unconfounded 
instrument to assess the association of genetically low 25(OH)
D with blood pressure, hypertension, and ischemic stroke. 
DHCR7 and CYP2R1 genotypes were not in linkage disequi-
librium (R2=0%), implying that genetic variants in the 2 genes 
were completely unrelated. Within each gene, the variants 
each explained 49% of the variation in the other. However, 
there were no linkage disequilibrium with other genetic vari-
ants associated with hypertension and stroke on chromosome 

11 identified through genome-wide association studies (Figure 
S1). The characteristics of individuals included in the observa-
tional and genetic studies were comparable (Table S2).

25(OH)D, Blood Pressure, Hypertension, and 
Ischemic Stroke: Observational Estimates
We tested the association of 25(OH)D concentrations with 
blood pressure, hypertension, and incident ischemic stroke 
using in cubic spline models that indicated an almost linear 
increase in blood pressure and risk of hypertension and isch-
emic stroke with decreasing 25(OH)D concentrations <50 
nmol/L (Figure 2).

Systolic blood pressures was 2.56 (95% confidence 
interval [CI], 1.85–3.27) mm Hg higher for individuals with 
25(OH)D of <25 versus ≥50 nmol/L; the corresponding differ-
ence in diastolic blood pressure was 1.88 (95% CI, 1.47–2.29) 
mm Hg (Figure S2). The multivariable-adjusted odds ratio for 
hypertension was 1.28 (95% CI, 1.18–1.38) for individuals 
with 25(OH)D of <25 versus ≥50 nmol/L. The multivariable-
adjusted hazard ratio for incident ischemic stroke was 1.23 
(95% CI, 1.06–1.42) for individuals with 25(OH)D of <25 
versus ≥50 nmol/L.

Genotypes and Plasma 25(OH)D
The combined unweighted DHCR7/CYP2R1 allele score was 
associated with 8.4 (95% CI, 7.4–9.5) nmol/L lower 25(OH)
D concentration for 6 to 8 versus 0 to 1 variant alleles; the 
F-value was 328 and R2 was 1.0% (Figure 3). For each vari-
ant allele, 25(OH)D was lowered by 1.9 (95% CI, 1.7–2.1) 
nmol/L for the unweighted allele score. Each increase in 

Table.  Baseline Characteristics According to Plasma 25-Hydroxyvitamin D Concentration in the General 
Population

Characteristics

Plasma 25-Hydroxyvitamin D, nmol/L

P Value* ≥50 25–49 <25

n=17 630 n=12 984 n=4903 n=35 517

Age, y 59 (49–68) 58 (48–66) 57 (49–65) 1×10–20

Men, % 42 48 49 3×10–33

Current smokers, % 24 33 51 1×10–260

Cumulative tobacco consumption, pack-years† 18 (8–31) 20 (10–35) 26 (15–40) 1×10–106

Alcohol consumption, g/wk 84 (36–168) 84 (24–168) 72 (0–180) 5×10–23

Leisure time physical activity <2 h/wk, % 6 10 19 7×10–153

Body mass index, kg/m2 24.8 (22.7–27.5) 25.7 (23.3–28.7) 26.2 (23.3–29.4) 8×10–108

Low income, % 17 21 30 4×10–67

Diabetes mellitus, % 4 5 5 5×10–11

Ratio of non-HDL to HDL cholesterol 2.6 (1.9–3.7) 3.2 (2.2–4.5) 3.7 (2.6–5.1) <1×10–300

Stroke in parents, % 22 22 22 0.6

Atrial fibrillation, % 3 2 1 3×10–11

Use of antihypertensive medication, % 19 17 14 9×10–19

eGFR, mL/min per 1.73 m2 78 (66–90) 76 (64–88) 74 (61–87) 1×10–43

Continuous variables are summarized as median and interquartile range.
 eGFR indicates estimated glomerular filtration rate; and HDL, high-density lipoprotein.
*P values were calculated using Cuzick nonparametric trend test.
†In former and current smokers only.
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weighted allele score corresponded to a 1 nmol/L lowering of 
25(OH)D concentration. The association of individual geno-
types with 25(OH)D showed similar results though with less 
power (Figure S3).

Allele Score and Blood Pressure, Hypertension, and 
Ischemic Stroke: Genetic Estimates
Systolic blood pressure was 0.07 (95% CI, 0.02–0.12) mm Hg 
higher per 1-unit increase in the weighted DHCR7/CYP2R1 

allele score; the corresponding estimate for diastolic blood 
pressure was 0.04 (95% CI, 0.01–0.06) mm Hg (Figure  4). 
The odds ratio for hypertension was 1.002 (95% CI, 0.997–
1.007) per one increase in the weighted DHCR7/CYP2R1 
allele score. The corresponding hazard ratio for incident isch-
emic stroke was 0.997 (95% CI, 0.980–1.013).

25(OH)D, Blood Pressure, Hypertension, and 
Ischemic Stroke: Instrumental Variable and 
Observational Estimates
A genetically determined 10 nmol/L lower 25(OH)D con-
centration was associated with a 0.68 (95% CI, 0.20–1.17) 
mm Hg higher systolic blood pressure and a 0.36 (95% CI, 
0.08–0.63) mm Hg higher diastolic blood pressure (Figure 5). 
Corresponding observational estimates were 0.59 (95% CI, 
0.50–0.68) and 0.40 (95% CI, 0.35–0.45) mm Hg, respectively. 
The odds ratio for hypertension was 1.02 (95% CI, 0.97–1.08) 
for genetically determined 10 nmol/L lower 25(OH)D con-
centration. The corresponding observational odds ratio was 
1.06 (95% CI, 1.05–1.07). The odds ratio for ischemic stroke 
was 0.98 (95% CI, 0.86–1.13) for genetically determined 10 
nmol/L lower 25(OH)D concentration. The corresponding 
observational odds ratio was 1.03 (95% CI, 1.01–1.05).

Sensitivity Analyses
Using individual genotypes or unweighted alleles scores, the 
results were similar to those using the weighted allele score 
for all outcomes (Figures S4–S6). Because the 2 genotypes 
within DHCR7 and CYP2R1 were correlated, supplementary 
instrumental variable analyses using only one genotype from 
each gene were performed, and results were similar to the 
main analyses for associations with 25(OH)D and for blood 
pressure, hypertension, and ischemic stroke (Figures S7–S9). 
Furthermore, the instrumental variable for systolic and dia-
stolic blood after exclusion of those on antihypertensive medi-
cation showed similar results to those presented in Figure 5 
albeit with reduced power (Figure S10). Finally, the genetic 
analyses were restricted to those with a 25(OH)D measure-
ment, and the results were statistically comparable to results 
presented in Figure 5 albeit with reduced power (ie, broad CIs; 
Figure S11).

In addition, we compared the estimates for difference in 
blood pressure with each genetic variant in our study with pub-
lically available genome-wide association data (International 
Consortium for Blood Pressure25,26); for all 4 genetic vari-
ants, the estimates were comparable with the estimates from 
International Consortium for Blood Pressure (Figure S12). 
Likewise, we compared estimates from our study with a previ-
ous Mendelian randomization Study on 25(OH)D concentra-
tions and blood pressure and hypertension3; the results were 
again similar (Figure S13).

Also, we tested the association of 25(OH)D concentration 
with severe hypertension defined as systolic/diastolic blood 
pressure >160/100 mm Hg or use antihypertensive medica-
tion (Figure S14). The odds ratio for severe hypertension 
was 1.10 (95% CI, 1.04–1.17) for a genetically determined 
10 nmol/L lower 25(OH)D concentration. The corresponding 
observational odds ratio was 1.04 (95% CI, 1.02–1.05). Last, 
we investigated our blood pressure measurements for last digit 

Figure 2. Association of plasma 25-hydroxyvitamin D 
concentration with blood pressure, hypertension, and incident 
ischemic stroke in the general population using a spline 
model. Multivariable-adjusted regression models included 
age, sex, smoking status, cumulative tobacco consumption, 
alcohol consumption, leisure time physical activity, body mass 
index, income, diabetes mellitus, ratio of non–high-density 
lipoprotein (HDL) to HDL cholesterol, stroke in parents, atrial 
fibrillation, estimated glomerular filtration rate, antihypertensive 
medication, month and year of blood sample, and study. The 
analyses for blood pressure and hypertension were cross-
sectional because 25-hydroxyvitamin D, blood pressure, and 
use of antihypertensive medication were assessed on baseline 
measurements, whereas analysis of ischemic stroke was 
prospective. Differences, odds ratios (ORs), and hazard ratios 
(HRs) are given with 95% confidence intervals. *The sample size 
for ischemic stroke was reduced because those with previous 
ischemic stroke were excluded (n=365). E indicates number of 
events; DBP, diastolic blood pressure; and SBP, systolic blood 
pressure.
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preference; there was a tendency for rounding to 0 and to a 
lesser degree 5 (Figure S15).

Discussion
Using a Mendelian randomization approach in 116 655 indi-
viduals from the general population, we found that genetic and 
observational low 25(OH)D concentrations were associated 
with high blood pressure and hypertension compatible with 
causal relationships. Because observational but not genetic 
low 25(OH)D concentration was associated with ischemic 
stroke, and as the CIs overlapped, we can neither support nor 
exclude a causal relationship.

Biological mechanisms proposed to link low vitamin D 
concentrations with blood pressure include effects on the 
renin–angiotensin system and arterial wall thickness or stiff-
ness. Some animal and human studies suggest that the active 
form of vitamin D, 1,25-dihydroxyvitamin D, may suppress 
renin secretion,27,28 whereas other studies show little effect 
of 1,25-dihydroxyvitamin D on renin secretion.29 Likewise, 

results from randomized intervention trials investigating the 
effects of vitamin D supplementation on arterial stiffness have 
been conflicting, some supporting a reduction in arterial stiff-
ness while other studies show no effect.30 Also, blood pressure 
is affected by plasma concentrations of parathyroid hormone 
and calcium that are suppressed and increased, respectively, 
by vitamin D supplementation, indicating that vitamin D may 
have indirect effects on blood pressure through other mol-
ecules.31 Thus, plausible mechanisms have been suggested 
that link low 25(OH)D with increased blood pressure and 
hypertension, but the evidence supporting these mechanisms 
is conflicting.

The results from the present study are at odds with recent 
randomized intervention trials showing no effects of vitamin D 
supplementation on blood pressure in normotensive and hyper-
tensive individuals.5 This could be explained by the nonlinear 
association of 25(OH)D concentration with blood pressure 
observed in the present study, where the inverse association was 
primarily present for 25(OH)D <50 nmol/L with an average 

Figure 3. Concentrations of 25-hydroxyvitamin D adjusted for age, sex, month and year of blood sample, and study according to the 
allele score used as instrumental variables in genetic analyses. Columns show mean concentrations with 95% confidence intervals, F test 
is for statistical strength of instrument, and R2 is a measure of explained variation. The 25-hydroxyvitamin D analyses are based on 30 976 
individuals from the general population (Copenhagen City Heart Study and Copenhagen General Population Study combined), where 
both genotypes and 25-hydroxyvitamin D were measured. Analyses were cross-sectional.

Figure 4. Blood pressure, hypertension, and incident ischemic stroke according to DHCR7/CYP2R1 allele score. Analyses were adjusted 
for age, sex, and study. The analyses for blood pressure and hypertension were cross-sectional because 25-hydroxyvitamin D, blood 
pressure, and use of antihypertensive medication were assessed on baseline measurements, whereas analysis of ischemic stroke was 
prospective. Blood pressure was analyzed using multiple regression, hypertension using logistic regression, and ischemic stroke using 
Cox regression. We used a weighted allele score meaning that a unit increase in the allele score corresponded to approximately a 1 
nmol/L higher 25-hydroxyvitamin D concentration. The sample size for ischemic stroke was reduced because those with previous and 
those recruited after end of follow-up for ischemic stroke were excluded (n=2257). CI indicates confidence interval.
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estimated effect of ≈0.5 mm Hg increase in blood pressure per 
10 nmol/L decrease in 25(OH)D. Thus, little effect is expected 
in individuals with 25(OH)D >50 nmol/L, and the sample size 
required to show a 1-mm Hg change in systolic blood pressure 
with 80% power in a randomized intervention trials would 
be ≈3000 individuals (based on data from the DAYLIGHT 
trial [The Vitamin D Therapy in Individuals at High Risk of 
Hypertension Trial]32). Furthermore, although the implica-
tion of a positive finding in a Mendelian randomization study 
is the presence of causality, it should be remembered that the 
setting is different from a randomized intervention trial, that 
is, we investigated lifelong exposure to low 25(OH)D and not 
short-term intervention with vitamin D. Nonetheless, a previ-
ous Mendelian randomization study has also shown an effect of 
genetically low 25(OH)D concentration on high blood pressure 
and hypertension, indicating that these findings are robust.3

Although a modest genetic effect on blood pressure could 
be shown, a clear genetic effect of low vitamin D could not 
be seen on risk of ischemic stroke in the present study. Given 
the small effect size on blood pressure and failure to dem-
onstrate causal associations of low 25(OH)D with cardiovas-
cular risk factors and outcomes in previous studies,7–9,33 this 
is perhaps not surprising. In principle, this could be a power 
issue because the present study had 80% power to show odds 
ratios of ≥1.5; however, given the present results and the risk 
of adverse events,4 supplementation with vitamin D for pre-
vention of ischemic stroke does not seem like a viable option 
for general clinical practice.

Strengths of our study include that we had enough statisti-
cal power to detect an association of 25(OH)D lowering geno-
types with blood pressure. Furthermore, we did not detect any 
violations of the assumptions underlying Mendelian random-
ization as far as they could be tested, and our instruments used 
for instrumental variable analyses were strong with an F-value 

of 328. In addition, because individuals were included at ran-
dom and consecutively from the general population, both for 
genetic and 25(OH)D analyses, the potential for selection bias 
is minimal.

The Mendelian randomization approach assumes absence 
of genetic pleiotropy and linkage disequilibrium with other 
genetic variants associated with the outcome for the genetic 
variants used as instruments. However, as shown previously, 
there is no evidence of genetic pleiotropy,7,34 and the variants 
affecting 25(OH)D concentration are not in linkage disequi-
librium with other genetic variants associated with blood 
pressure, atrial fibrillation, or ischemic stroke in genome-
wide association studies. Furthermore, 25(OH)D concentra-
tions are known to vary with sun exposure and skin color, and 
we only studied white Danes, thus potentially limiting the 
generalizability of the results to other geographical regions. 
However, population homogeneity does eliminate population 
admixture as a potential confounder in our study. Ideally, we 
would have preferred to have 25(OH)D measurements in all 
included individuals; however, although our study is one of 
the largest cohorts with plasma 25(OH)D measurements, the 
cost is too high for measurement in all participants with geno-
types. Furthermore, Mendelian randomization approaches are 
not dependent on complete measurement of phenotype; rather, 
several approaches advocate use of subsets or independent 
samples with phenotype or genotype measurements, respec-
tively, to reduce bias, save cost, and maximize power instead 
of restricting to analyses to samples with complete measure-
ments, which could introduce bias.35–38 Other potential limita-
tions are that we only measured blood pressure once and that 
we adjusted for use of antihypertensive medication by adding 
10 and 5 mm Hg to systolic and diastolic blood pressures. This 
adds measurement noise to our data decreasing power as the 
first read in a blood pressure measurement may yield higher 

Figure 5. Observational and genetic 
risk estimates for blood pressure, 
hypertension, and all registered ischemic 
stroke cases in the general population for 
a 20 nmol/L lower 25-hydroxyvitamin D 
concentration. Observational estimates 
were by linear or logistic regression 
and genetic estimates by instrumental 
variable analyses. Analyses were 
cross-sectional and adjusted for age, 
sex, and study. 25(OH)D indicates 
25-hydroxyvitamin D; and CI, confidence 
interval.
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blood pressures on average and as the correction may be more 
or less precise for each individual. However, our sensitivity 
analyses indicate that results were similar when excluding 
those using antihypertensive medication and using a higher 
cut off for defining hypertension yielded stronger evidence 
for a causal effect. Thus, these potential biases are unlikely 
to explain any positive findings. Last, given the small effects 
sizes and somewhat limited power for ischemic stroke, we can 
neither support nor exclude that low 25(OH)D leads to isch-
emic stroke.

Perspectives
In summary, genetic and observational low 25(OH)D con-
centrations were associated with higher blood pressure, as 
well as with hypertension consistent with causal relation-
ships. Because observational but not genetic low 25(OH)D 
concentration was associated ischemic stroke, and as the CIs 
overlapped, we can neither support nor exclude a causal rela-
tionship. Thus, our study indicates the need for larger genetic 
studies and larger randomized intervention trials investigating 
the effects of vitamin D on ischemic stroke. However, given 
the modest effects of vitamin D status on blood pressure, the 
data do not support a clear-cut recommendation for vitamin D 
supplementation for reducing blood pressure to prevent car-
diovascular complications, such as ischemic stroke.
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What Is New?
•	 We used a Mendelian randomization design to test whether the associa-

tion of low 25-hydroxyvitamin D with high blood pressure, hypertension, and 
ischemic stroke is causal or the result of confounding and reverse causation. 
One previous large scale Mendelian randomization has investigated the as-
sociation with high blood pressure and hypertension while the genetic asso-
ciation with ischemic stroke has not been investigated in this setting before.

What Is Relevant?
•	Vitamin D supplementation is easily administered, and if low 25-hy-

droxyvitamin D is causally associated with high blood pressure, hyper-

tension, or ischemic stroke, it could have wide implications for public 
health strategies.

Summary

Given the present results with a causal but modest effect of low 
vitamin D on high blood pressure, a clear-cut recommendation for 
supplementation with vitamin D for prevention of hypertension can-
not be given. Further studies are required to investigate potential 
minor effects if any on risk of ischemic stroke.

Novelty and Significance
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Supplementary Methods 

 

The Mendelian randomization approach 

Several reviews of the Mendelian randomization approach have been published both with regard to concepts 
and methods.1-6 Here we summarize the general assumptions and some aspects of use in in with multiple 
samples. The Mendelian randomization approach is a variant of instrumental variable analysis using genetic 
variants as instruments. Instrumental variable analysis is different from other observational designs in that it 
tries to eliminate confounding without measuring confounders. This can only be achieved if the three core 
assumptions of instrumental variable analysis hold: 
 

1. The instruments (genetic variants) are associated with the exposure. 
2. The instruments (genetic variants) are associated with the outcome only through the exposure.  
3. The instruments (genetic variants) are independent of the confounders of the exposure and 

outcome association.  
 

Of these assumptions only the first is directly testable. Assumptions 2 and 3 cannot be directly tested, but one 

can try to estimate whether the assumptions are reasonable, e.g. by testing whether the measured 

confounders are associated with the instruments, studying whether the instruments are associated with other 

unrelated phenotypes, or there may be confounding due to the genetic architecture around the chosen genetic 

variant. If assumptions hold, the instrumental variable estimates are considered to be largely free of 

confounding and reverse causation, since disease cannot affect the genotypes you are born with and 

genotypes are acquired randomly at conception independently of confounders measured later in life. 

Measurement of phenotypes and genotypes is not required to be carried out in the same populations as 

genotype-outcome and genotype-phenotype can be combined across studies if the populations are considered 

to be comparable. Furthermore, if the analyses for the genotype-phenotype are carried out in a subsample, 

those results can be extended to whole population without worrying about comparability. The combing of 

results across samples or extending results from a subsample to the complete sample have been 

recommended for economic reasons, statistical reasons (may reduce bias away from null), and increasing 

power.7-10 Thus, methods combining multiple data sources should be used to avoid spurious results due to low 

power or bias and this approach has become standard practice in major Mendelian randomization studies.11-18      
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Tables 

 

Supplementary Table S1. Baseline characteristics according to DHCR7/CYP2R1 allele score in the general population. 

 DHCR7/CYP2R1 allele score  

 0-1 2 3 4-5 6-8 P* 
Characteristics N=20387 N=28454 N=21036 N=36539 N=10239 N=116655 

Age, years 58 (48-68) 58 (48-68) 58 (48-67) 58 (48-68) 58 (48-66) 0.1 
Men, % 45 45 45 45 45 0.2 
Current smokers, % 19 19 19 20 20 0.1 
Cumulative tobacco consumption, pack-years† 17 (7-31) 17 (6-31) 17 (7-31) 17 (7-32) 17 (6-30) 0.6 
Alcohol consumption, g/week 96 (36-180) 96 (36-180) 96 (36-180) 96 (36-180) 96 (36-168) 0.3 
Leisure time physical activity <2 hours/week, % 6 7 7 7 6 0.5 
Body mass index, kg/m2 25.6 (23.2-28.4) 25.5 (23.1-28.3) 25.5 (23.1-28.3) 25.5 (23.2-28.4) 25.5 (23.1-28.4) 0.6 
Low income, % 13 13 12 13 13 0.2 
Diabetes, % 4 4 4 4 4 0.6 
Ratio of non-HDL to HDL cholesterol 2.5 (1.8-3.6) 2.5 (1.8-3.6) 2.5 (1.8-3.6) 2.5 (1.8-3.6) 2.5 (1.8-3.6) 0.01‡ 
Stroke in parents, % 21 23 22 22 22 0.6 
Atrial fibriallation, % 3 3 3 3 3 0.2 
Use of antihypertensive medication, % 19 19 19 19 19 0.9 
eGFR, mL/min per 1.73 m2 80 (69-90) 80 (69-91) 80 (69-91) 80 (69-91) 80 (69-91) 0.3 

Continuous variables are summarised as median and interquartile range. 
HDL = high-density lipoprotein. 
*P-values were calculated using Cuzick’s nonparametric trend test. 
†In former and current smokers only. 
‡Not significant after correction for 11 parallel tests (required P=0·05/12=0·004) 
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Supplementary Table S2. Baseline characteristics for cohorts used for observational and genetic analyses. Cohorts were partially overlapping as 

indicated in Supplementary Figure S1.   

 Cohort 

 Observational Genetic    
Characteristics N=35517 N=116655    

Age, years 58 (49-67) 58 (48-68)    
Men, % 45 45    
Current smokers, % 31 20    
Cumulative tobacco consumption, pack-years† 20 (9-34) 17 (7-31)    
Alcohol consumption, g/week 84 (24-168) 96 (36-180)    
Leisure time physical activity <2 hours/week, % 10 7    
Body mass index, kg/m2 25.4 (23.0-28.2) 25.5 (23.1-28.4)    
Low income, % 21 13    
Diabetes, % 4 4    
Ratio of non-HDL to HDL cholesterol 2.9 (2.0-4.2) 2.5 (1.8-3.5)    
Stroke in parents, % 22 22    
Atrial fibriallation, % 2 3    
Use of antihypertensive medication, % 18 19    
eGFR, mL/min per 1.73 m2 77 (65-89) 80 (69-91)    

Continuous variables are summarised as median and interquartile range. 
HDL = high-density lipoprotein. 
†In former and current smokers only. 
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Figures 

 

 

 

Supplementary Figure S1. Linkage disequilibrium plot of available genetic variants on chromosome 11 
found in genome-wide association studies to be associated with blood pressure, atrial fibrillation, 
stroke, or 25-hydroxyvitamin D concentration. Plot made from data on the HapMap population. The 
marked haplotype blocks are genetic variants associated with 25-hydroxyvitamin D in CYP2R1 (left) and 
DHCR7 (right). These or tagging polymorphisms (R2>0.9) were genotyped in the present study. *Association 
with stroke in pediatric patients. **Association with atrial fibrillation. ***Association with blood pressure. 
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Supplementary Figure S2. Association of plasma 25-hydroxyvitamin D concentration with blood 

pressure, hypertension, and ischemic stroke in the general population in clinical categories. 

Multivariable adjusted regression models included age, sex, smoking status, cumulative tobacco consumption, 

alcohol consumption, leisure time physical activity, body mass index, income, diabetes, ratio of non-HDL to 

HDL cholesterol, stroke in parents, atrial fibrillation, eGFR, antihypertensive medication, month and year of 

blood sample and study. The analyses for blood pressure and hypertension were cross-sectional as 25-

hydroxyvitamin D, blood pressure, and use of anti-hypertensive medication were assessed on baseline 

measurements, while analysis of incident ischemic stroke was prospective. Differences, odds ratios, and 

hazard ratios are given with 95% confidence intervals. *The sample size for ischemic stroke was reduced, 

since those with previous ischemic stroke were excluded (N=365). SBP = systolic blood pressure. DBP = 

diastolic blood pressure. OR = odds ratio. HR = hazard ratio. N = number of individuals. E = number of events.  
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Supplementary Figure S3. Concentrations of 25-hydroxyvitamin D adjusted for age, sex, month and 
year of blood sample, and study according to genotypes and allele scores used as instrumental 
variables in genetic analyses. Columns show mean concentrations with 95% confidence intervals, F test is 
for statistical strength of instrument, and R2 is a measure of explained variation. 25-hydroxyvitamin D analyses 
are based on 30976 individuals from the general population (Copenhagen City Heart Study and Copenhagen 
General Population Study combined), where both genotypes and 25-hydroxyvitamin D were measured. These 
analyses were cross-sectional. PHWE = P for Hardy-Weinberg equilibrium.  
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Supplementary Figure S4.  Blood pressure according to individual genotypes and unweighted and 
weighted allele scores. Analyses were adjusted for age, sex, and study. Blood pressure was analysed using 
multiple regression. These analyses were cross-sectional. Δ25(OH)D=difference per allele. CI = confidence 
interval. 
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Supplementary Figure S5. Risk of hypertension according to individual genotypes and unweighted and 
weighted allele scores. Analyses were adjusted for age, sex, and study. Hypertension was analysed using 
logistic regression. These analyses were cross-sectional. Δ25(OH)D=difference per allele. CI = confidence 
interval. 
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Supplementary Figure S6. Risk of ischemic stroke according to individual genotypes and unweighted 
and weighted allele scores. Analyses were adjusted for age, sex, and study ischemic stroke was analysed 
using cox regression. These analyses were prospective, thus, the sample size for ischemic stroke was 
reduced, since those with previous and those recruited after end of follow-up for ischemic stroke were 
excluded (N=2257, see Supplementary Figure S1). Δ25(OH)D=difference per allele. CI = confidence interval. 
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Supplementary Figure S7. Concentrations of 25-hydroxyvitamin D adjusted for age, sex, month and 
year of blood sample, and study according to allele scores constructed from only two genotypes used 
as alternative instrumental variables in genetic analyses. Columns show mean concentrations with 95% 
confidence intervals, F test is for statistical strength of instrument, and R2 is a measure of explained variation. 
25-hydroxyvitamin D analyses are based on 30976 individuals from the general population (Copenhagen City 
Heart Study and Copenhagen General Population Study combined), where both genotypes and 25-
hydroxyvitamin D were measured. These analyses were cross-sectional.  
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Supplementary Figure S8. Instrumental variable analysis in the general population for difference in 
blood pressure per 10 nmol/L lower 25-hydroxyvitamin D using combinations of only two uncorrelated 
genotypes as instruments. Observational estimates were by linear regression and genetic estimates by 
instrumental variable analyses. Analyses were adjusted for age, sex, and study. These analyses were cross-
sectional. 25(OH)D = 25-hydroxyvitamin D. CI = confidence interval. 
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Supplementary Figure S9. Instrumental variable analysis in the general population for risk of 
hypertension and ischemic stroke per 10 nmol/L lower 25-hydroxyvitamin D using combinations of 
only two uncorrelated  genotypes as instruments. Observational estimates were by logistic regression and 
genetic estimates by instrumental variable analyses. Analyses were adjusted for age, sex, and study. These 
analyses were cross-sectional. 25(OH)D = 25-hydroxyvitamin D. CI = confidence interval. 
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Supplementary Figure S10. Instrumental variable analysis in the general population for difference in 
blood pressure per 10 nmol/L lower 25-hydroxyvitamin D after exclusion of those on antihypertensive 
medication. Observational estimates were by linear regression and genetic estimates by instrumental variable 
analyses. Analyses were adjusted for age, sex, and study. These analyses were cross-sectional. 25(OH)D = 
25-hydroxyvitamin D. CI = confidence interval. 
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Supplementary Figure S11. Instrumental variable analysis in the general population for difference in 
blood pressure per 10 nmol/L lower 25-hydroxyvitamin D in the reduced sample of those with both 
25(OH)D measurement and genotypes. Observational estimates were by linear regression and genetic 
estimates by instrumental variable analyses. Analyses were adjusted for age, sex, and study. These analyses 
were cross-sectional. 25(OH)D = 25-hydroxyvitamin D. CI = confidence interval.  
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Supplementary Figure S12. Meta-analysis and comparison of difference in blood pressure with our 
genetic variants using ICBP and present study. Fixed effects estimates were used for the meta-analysis 
and I2 was used to estimate heterogeneity between the estimates. These analyses were cross-sectional. CI = 
confidence interval. ICBP = International Consortium for Blood Pressure19,20. *Overall estimates assume 
independence of the individual estimates; however, the genotypes within the same gene, e.g. DHCR7, are 
correlated, but the error should be marginal. 
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Supplementary Figure S13. Meta-analysis and comparison of difference in blood pressure and risk of 
hypertension using instrumental variable analysis in D-cardia, ICBP, CHARGE, Global BPGen, and 
present study. Fixed effects estimates were used for the meta-analysis and I2 was used to estimate 
heterogeneity between the estimates. CI = confidence interval. D-cardia = Vitamin D and the risk of 
cardiovascular disease. ICBP = International Consortium for Blood Pressure.19,20 CHARGE=Cohorts for Heart 
and Aging Research in Genomic Epidemiology.21 Global BPGen=Global Blood Pressure Genetics.22 
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Supplementary Figure S14.  Observational and genetic risk estimates for severe hypertension in the 
general population for a 20 nmol/L lower 25-hydroxyvitamin D concentration. Severe hypertension was 
defined as systolic/diastolic blood pressure > 160/100 mmHg or use of antihypertensive medication. 
Observational estimates were by logistic regression and genetic estimates by instrumental variable analyses. 
Analyses were adjusted for age, sex, month and year of blood sample, and study. These analyses were cross-
sectional. 25(OH)D = 25-hydroxyvitamin D. CI = confidence interval. 
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Supplementary Figure S15. Last digit preference in blood pressure measurements. These analyses 

were cross-sectional. SBP = systolic blood pressure. DBP = diastolic blood pressure. 
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