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25-Hydroxyvitamin D and Symptomatic
Ischemic Stroke: An Original Study and
Meta-Analysis

Peter Brendum-Jacobsen, MD,? Berge G. Nordestgaard, MD, DMSc¢, %3
Peter Schnohr, MD, DMSc,® and Marianne Benn, MD, PhD, DMSc'?#

Objective: We tested the hypothesis that low plasma concentrations of 25-hydroxyvitamin D are associated with
increased risk of symptomatic ischemic stroke in the general population.
Methods: We measured plasma 25-hydroxyvitamin D in 10,170 individuals from the general population, the Copenhagen
City Heart Study. During 21 years of follow-up, 1,256 and 164 persons developed ischemic and hemorrhagic stroke,
respectively. In a meta-analysis of ischemic stroke, we included 10 studies, 58,384 participants, and 2,644 events.
Results: Stepwise decreasing plasma 25-hydroxyvitamin D concentrations were associated with stepwise increasing
risk of ischemic stroke both as a function of seasonally adjusted percentile categories and as a function of clinical
categories of 25-hydroxyvitamin D (p for trend < 2 x 107°). In a Cox regression model comparing individuals with
plasma 25-hydroxyvitamin D concentrations between the 1st and 4th percentiles to individuals with 25-
hydroxyvitamin D concentrations between the 50th and 100th percentiles, multivariate adjusted hazard ratio of
ischemic stroke was 1.82 (95% confidence interval, 1.41-2.34). Comparing individuals with clinical categories of
severe vitamin D deficiency (<25.0nmol/l [<10.0ng/ml]) to individuals with optimal vitamin D status (>75.0nmol/I|
[>30.0ng/ml]), the multivariate adjusted hazard ratio of ischemic stroke was 1.36 (1.09-1.70). 25-Hydroxyvitamin D
concentrations were not associated with risk of hemorrhagic stroke. In a meta-analysis comparing lowest versus
highest quartile of 25-hydroxyvitamin D concentrations, the multivariate adjusted odds ratio of ischemic stroke was
1.54 (1.43-1.65) with a corresponding hazard ratio of 1.46 (1.35-1.58) in prospective general population studies.
Interpretation: In this large population-based prospective study, we observed stepwise increasing risk of symptomatic
ischemic stroke with decreasing plasma 25-hydroxyvitamin D concentrations. This finding was substantiated in a meta-analysis.
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Reduced plasma 25-hydroxyvitamin D (25-OH-vitD)
concentrations as a diagnostic marker of vitamin D defi-
ciency have been associated with several well-established risk
factors for ischemic stroke, such as arterial hypertension,
thrombosis, atherosclerosis, and inflammation,' and a lim-
ited number of observational studies have directly associated
reduced 25-OH-vitD concentrations with increased risk of
ischemic stroke, although results have been inconsistent.” '*

In the present study, we tested the hypothesis that
reduced concentrations of 25-OH-vitD are associated
with increased risk of symptomatic ischemic stroke in the
general population. We included 10,170 individuals from

the Copenhagen City Heart Study with baseline 25-
OH-vitD measurements, and followed them for up to
30 years, during which time 1,256 and 164 developed
ischemic and hemorrhagic stroke, respectively. Also, the
association of reduced 25-OH-vitD concentrations with
increased risk of ischemic stroke/stroke was summarized
in a meta-analysis including previous and present
studies.

Subjects and Methods

The study was approved by a Danish ethical committee (No.
KF-V.100.2039/91)  and

conducted  according to the
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Declaration of Helsinki. Written informed consent was
obtained from participants.

Study Cohort

The Copenhagen City Heart Study is a prospective study of the
general population of Copenhagen, Denmark, initiated in 1976~
1978 with follow-up examinations in 1981-1983, 1991-1994,
2001-2003, and 2011 with ongoing re-examinations.' "2 At
each examination, participants completed a questionnaire, under-
went a physical examination, and provided blood samples. We
included individuals aged 20 to 100 years from the 1981-1983
examination randomly selected to represent an age- and gender-
stratified distribution of the general population of the City of
Copenhagen (n = 87,172), irrespective of disease status; 18,089
were invited, 12,698 participated, and 10,170 had 25-OH-vitD
measurements and of these, 1,256 and 164 individuals developed
ischemic and hemorrhagic stroke during follow-up. Median fol-
low-up time up to May 2011 was 21 years (range, 029 years).
All individuals were followed from baseline in 1981-1983 until
the occurrence of stroke, death, or May 9, 2011, whichever
came first. Follow-up was 100% complete.

Information on diagnosis of cerebrovascular disease,
including ischemic and hemorrhagic stroke (World Health Or-
ganization [WHO]; International Classification of Diseases
[ICD], 8th edition: codes 431-438; and International Classifi-
cation of Diseases, 10th edition: codes 160-168 and G45) was
collected from 1976 until May 2011 from questionnaires at the
initial examination and at the 3 follow-up examinations, and
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.'® For partici-
pants with registered cerebrovascular disease, records from gen-
eral practitioners and hospital records were requested, and the
diagnosis of ischemic and hemorrhagic stroke was validated by
2 independent doctors with special interest in stroke' and
blinded to the test results. Ischemic stroke was defined accord-
ing to WHO criteria as rapidly developed signs of focal (or
global) disturbance of cerebral function lasting >24 hours
(unless interrupted by death), with no apparent nonvascular
cause.”” Hemorrhagic stroke and subarachnoidal hemorrhage
were excluded from the ischemic stroke group. To distinguish
among infarction, intracerebral hemorrhage, and subarachnoidal
hemorrhage, either computed tomography or magnetic reso-
nance imaging scan, spinal fluid examination, autopsy, or surgi-
cal description was necessary. If the scan did not show an in-
farction or hemorrhage, but the individual had symptoms that
met the criteria of the stroke definition, then the event was
diagnosed as an ischemic stroke. The diagnosis of ischemic and
hemorrhagic stroke was not applied in cases in which a scan
revealed signs of prior cerebrovascular disease, but without his-
tory of any symptoms, if symptoms were nonfocal, or if symp-
toms lasted <24 hours.

Biochemical Analyses
Plasma 25-OH-vitD (D2+D3) was measured using a competi-
(DiaSorin,

tive  chemiluminescent immunoassay, CLIA
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Stillwater, MN), with intra- and interassay coefficients of varia-
tion of 10% and 11%, respectively, and a lower detection limit
of 5nmol/l. Colorimetric assays (Bochringer Mannheim, Mann-
heim, Germany or Konelab, Espoo, Finland) were used to mea-
sure creatinine, total cholesterol, and high-density lipoprotein
(HDL) cholesterol in plasma. Total cholesterol and HDL cho-
lesterol were measured the same day as the blood sample was
collected in 1981-1983. On these samples stored at —20°C
without previous thawing, creatinine and 25-OH-vitD were
measured in 2010-2011.

Other Covariates

For stratified analysis, covariates were dicotomized as follows:
body mass index was expressed as measured weight in kilograms
divided by measured height in meters squared and coded as
low (<25kg/m2) or high (225kg/m2). Physical activity was
coded as low or high using information on physical activity
during work and leisure time; low physical activity was predom-
inantly sedentary work and <2 hours of leisure time physical
activity per week. Smoking status was classified as current, for-
mer, or never smokers. Alcohol consumption was based on av-
erage weekly consumption of beer, wine, and liquor during the
preceding month categorized into low to abstinent (<14/21U)
or high (>14/21U per week for women/men); 1U alcohol =
~12g. Hypertension was diastolic blood pressure >90mmHg
(>85mmHg for diabetics) and/or systolic blood pressure
>140mmHg (>135mmHg for diabetics)'® and/or use of anti-
hypertensive medication perscribed specifically for hypertension.
Diabetes mellitus was nonfasting blood glucose concentrations
>11.0mmol/l'” and/or insulin or other antidiabetic treatment.
Atrial fibrillation was diagnosed from electrocardiographic
recordings obtained at the 4 study examinations and/or from
the national Danish Patient Registry (ICD8: 427.93, 427.94;
ICD10: 148.9). Hormone replacement therapy and lipid-lower-
ing therapy were self-reported. Estimated glomerular filtration
rate'® was low (<60ml/min per 1.73m?) or high (>60ml/min
per 1.73m?).

Statistical Analysis

Data were analyzed using Stata/SE. To adjust for seasonal varia-
tion in 25-OH-vitD concentrations, we assigned individuals to
percentiles of 25-OH-vitD concentration by month of sample
collection. Participants were grouped according to 25-OH-vitD
concentrations into the upper 2 quartiles (the 50th—100th per-
centiles; interquartile range within the group: 47-71nmol/l) as
a reference group to achieve a large group representative of the
population, the third quartile as an intermediate group (the
25th—49th percentiles; 28-46nmol/l), and the lowest fourth
quartile (1st—24th percentiles; 1423 nmol/l); to explore the
association with very low concentrations, we further divided the
lowest quartile into the 10th to 24th percentiles (18-26nmol/l),
the 5th to 9th percentiles (13-17nmol/l), and the 1st to 4th
percentiles (7.5-12nmol/l). We also assigned categories of
25-OH-vitD concentrations according to widely used clinical
cutpoints'”:  severe vitamin D deficiency as 25-OH-vitD
<25.0nmol/l (<10.0ng/ml), moderate vitamin D deficiency as
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TABLE : Characteristics of Participants in the Danish General Population, the Prospective Copenhagen City
Heart Study
25-Hydroxyvitamin D Percentile Categories
Characteristics All 50th—100th 25th—49th 1st—24th Prrend
No. of participants 10,170 5,085 2,532 2,553
25-hydroxyvitamin D, nmol/l 44 (26-58) 62 (47-71) 34 (28-40) 19 (14-23) <0.001
Age, yr 56 (48-65) 56 (48-64) 56 (49-65) 57 (50-65) <0.001
Women 56% 57% 55% 55% 0.02
Body mass index, kg/m’ 25 (22-28) 25 (24-27) 26 (25-28) 26 (25-29) <0.001
High physical activity 66% 70% 66% 60% <0.001
Current smoking 58% 52% 59% 68% <0.001
High alcohol consumption 13% 12% 12% 15% 0.36
Total cholesterol, mmol/l 5.9 (5.1-6.6) 5.9 (5.1-6.6) 6.0 (5.1-6.7) 6.0 (5.1-6.7) 0.003
High-density lipoprotein 1.2 (0.9-1.3) 1.2 (1.0-1.4) 1.2 (1.1-1.3) 1.1 (1.1-1.3) <0.001
cholesterol, mmol/l
Hypertension 63% 60% 64% 68% <0.001
Diabetes mellitus 3% 2% 4% 5% <0.001
Atrial fibrillation 5% 5% 5% 6% 0.04
Hormone replacement therapy 9% 10% 8% 7% <0.001
Lipid-lowering therapy 0% 0% 0% 0% N.A.
Antihypertensive medication 11% 11% 12% 10% 0.54
Low estimated glomerular 35% 34% 35% 35% 0.15
filtration rate
Continuous variables are reported as median and interquartile range, and categorical variables are reported in percentage. Tests for
trend across percentile categories are nonparametric tests by Cuzick for continuous variable and Cuzick extension of Wilson rank
sum test for categorical variables (for all tests, 2-sided, Bonferroni-corrected p values<0.05/16 = 0.0031). Information on covari-
ates reported in this table was >99% complete. Data are from the 1981-1983 examination of the Copenhagen City Heart Study.
To convert 25-hydroxyvitamin D from nanomoles per liter to nanograms per liter, divide by 2.496; to convert cholesterol from
millimoles per liter to milligrams per deciliter, divide by 0.0259. N.A. = not applicable.

25.0 to 49.9nmol/l (10.0-19.9ng/ml), vitamin D insufficiency
as 50.0 to 74.9nmol/l (20.0-29.9ng/ml), and optimal vitamin
D range as >75.0nmol/l (>30.0ng/ml). Tests for trend across
percentile categories were nonparametric tests by Cuzick for
continuous variables and Cuzick extension of Wilson rank sum
test for categorical variables (for all tests, 2-sided, Bonferroni-
corrected p values < 0.05/15 = 0.0033).

Cumulative incidence of ischemic stroke was plotted
against age using the Kaplan—-Meier method, and log-rank trend
tests were used to examine differences across groups of 25-OH-
vitD percentiles or concentrations.

Cox proportional hazard regression models with age as a
time scale and use of left truncation (delayed entry) were used
to examine the association between 25-OH-vitD concentrations
and risk of ischemic or hemorrhagic stroke; individuals with is-
chemic/hemorrhagic stroke before study entry were excluded.

40

Multivariate Cox regression analyses included adjustment for
physical activity, hypertension, diabetes mellitus, atrial fibrilla-
tion, hormone replacement therapy, lipid-lowering therapy, and
use of antihypertensive medication as dichotomous variables,
smoking as current, former, or never, and body mass index, alco-
hol consumption, plasma total cholesterol, HDL cholesterol, and
estimated glomerular filtration rate as continuous variables;
month of blood sampling was also adjusted for in analyses of
clinical categories. Data from examinations in 1981-1983,
1991-1994, and 2001-2003 were used as time-dependent cova-
riates for multivariate adjustment. We tested the assumption of
proportional hazards by plotting —In (survival probability)
against In (analysis time), and by the use of Schoenfeld global
test; we did not detect violatons of this assumption.

The association between 25-OH-vitD percentiles and risk
of ischemic stroke was examined overall, and in strata of the
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FIGURE 1: Mean 25-hydroxyvitamin D concentration in nanomoles per liter as a function of sampling month in 10,170 individ-
uals from the Danish general population, the Copenhagen City Heart Study. Whiskers represent +1 standard deviation.

same covariates as in the multivariate adjustment above, but
with the covariate stratified for excluded from the adjustment.
Interaction between 25-OH-vitD concentrations and other
covariates on ischemic stroke was evaluated by including 2-fac-
tor interaction terms, 1 at a time, in the multivariate Cox

regression model.

Meta-Analysis
The meta-analysis was performed according to the MOOSE
guidelines,20 and to summarize results from present and previ-
ous studies, we identified relevant peer-reviewed population-
based prospective, cross-sectional, and patient-based studies on
the association between 25-OH-vitD concentrations and risk of
ischemic stroke or stroke by an electronic search of published
work in PubMED up until June 2012, using combinations of
key words (Supplementary Data), and by scanning relevant ref-
erence lists. Both studies using ischemic stroke and the compos-
ite endpoint of stroke/fatal stroke were included. This search
strategy identified 9 previous studies on ischemic stroke/
stroke.”"°

To compare risk estimates from the different studies, we
estimated the log hazard ratio, f3, of the risk between the lowest
versus the highest quartile group of 25-OH-vitD concentrations
in the studies, assuming a log-linear association with the end-
point over the midrange of baseline values of 25-OH-vitD.*'
Standard errors were calculated from the approximation: s* =
2.54 x (1/ny + 1/n,), where n; is the number of events and 7,
is the number of disease-free participants.

Meta-analyses were performed using random and fixed
effect models overall and by study design. Publication bias was
evaluated by funnel plots, Begg rank correlation test, and
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Egger regression test. Heterogeneity was evaluated by I?
statistics.

Results

The Table shows baseline characteristics of all partici-
pants and by percentile categories of 25-OH-vitD con-
centrations. During follow-up, 1,256 and 164 ischemic
and hemorrhagic stroke events occurred. Individuals with
25-OH-vitD concentrations between the 1st and 24th
percentiles were more often physically inactive, current
smokers, and high alcohol consumers and more often
had hypertension or diabetes mellitus than individuals
with 25-OH-vitD concentrations above the 24th percen-
tile. Seasonal variation in 25-OH-vitD concentration is
shown in Figure 1.

Ischemic Stroke
Cumulative incidence of ischemic stroke as a function of
age increased stepwise with decreasing 25-OH-vitD con-
centrations (log-rank trend, p = 3 x 1077 Fig 2).
Stepwise decreasing 25-OH-vitD  concentrations
were associated with stepwise increased risk of ischemic
stroke both as a function of seasonally adjusted percen-
tile categories and as a function of clinical categories
(Fig 3; p for trend: 2 X 10°t 9 x 107°). Compar-
with  25-OH-vitD
between the 1st and 4th percentiles (interquartile range,
7.5-12nmol/l) to individuals with 25-OH-vitD concen-
trations between the 50th and 100th percentiles (47—

ing  individuals concentrations
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FIGURE 2: Cumulative incidence by the Kaplan-Meier method of ischemic stroke as a function of age in years and by 25-
hydroxyvitamin D percentile categories of the 1st to 24th percentiles, 25th to 49th percentiles, and 50th to 100th percentiles.
Log-rank trend test is for trend across percentile categories.

71nmol/l), age- and gender-adjusted hazard ratio for is- tion, plasma total cholesterol, HDL cholesterol, hyperten-
chemic stroke was 1.88 (95% confidence interval, 1.46- sion, diabetes mellitus, atrial fibrillation, hormone replace-
2.41). The corresponding hazard ratio after multivariate ment therapy, lipid-lowering therapy, antihypertensive
adjustment for potential confounders, including body medication, and estimated glomerular filtration rate, was
mass index, physical activity, smoking, alcohol consump- 1.82 (1.41-2.34). For clinical categories, comparing
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FIGURE 3: Risk of ischemic stroke as a function of 25-hydroxyvitamin D (25-OH-vitD) by seasonally adjusted percentile catego-
ries (top) and by clinical categories of absolute 25-OH-vitD concentration in nanomoles per liter (bottom). Multivariate adjust-
ment was for age, gender, body mass index, physical activity level, smoking, alcohol consumption, total cholesterol level, high-
density lipoprotein cholesterol level, hypertension, diabetes mellitus, atrial fibrillation, hormone replacement therapy, lipid-
lowering therapy, use of antihypertensive medication, and estimated glomerular filtration rate; in analysis of clinical categories,
month of blood sampling was also adjusted for. Black dots represent hazard ratio, and error bars the 95% confidence interval
(Cl). Probability values for trend are by Cuzick extension of a Wilcoxon rank sum test.
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Hazard ratio(95% confidence interval) for 13-9' percentile

versus 50" 100" percentile of 25-hydroxyvitamin D levels

P interaction

All 1.51(1.25-1.83)
Age,years

<57 (49%) 1.71(1.24-2.36)

>57 (51%) 1.38(1.10-1.74)
Gender

Women (56%) 1.67(1.30-2.13)

Men (44%) 1.30(0.97-1.75)
Body mass index, kg/m?

<25 (52%) 1.57(1.17-2.12)

>25 (48%) 1.43(1.12-1.82)
Physical activity

Low (34%) 1.81(1.37-2.39)

High (66%) 1.25(0.96-1.63)
Current smoking

No (42%) 1.15(0.83-1.60)

Yes (58%) 1.67(1.32-2.11)
Alcohol consumption

Low (96%) 1.50(1.23-1.81)

High (4%) 1.14(0.26-5.14)
Total cholesterol, mmol/L

<5.9 (52%) 1.31(0.82-2.10)

>5.9 (48%) 1.52(1.24-1.87)

High-density lipoprotein cholesterol, mmol/L
>1.2 (66%) 1.41(1.10-1.81)

<1.2 (34%) 1.65(1.23-2.22)
Hypertension

No (37%) 1.87(1.22-2.87)

Yes (63%) 1.40(1.13-1.73)
Diabetes mellitus

No (97%) 1.49(1.23-1.82)

Yes (3%) 1.48(0.74-2.95)
Atrial fibrillation

No (95%) 1.41(1.16-1.73)

Yes (5%) 2.38(1.36-4.18)
Hormone replacement therapy

No (91%) 1.47(1.21-1.79)

Yes (9%) 1.90(0.99-3.67)
Lipid lowering therapy

No (99%) 1.49(1.24-1.81)

Yes (1%) N.A.

Estimated glomerular filtration rate
High (65%) 1.28(0.95-1.72)
Low (35%) 1.65(1.29-2.11)

|
|—|t.—¢ N.S.
el
|
i P N.S.
|
|
'Ir( N.S.
I
He—y N.S.
)
|
|
H N.S.
I
| s
i {
| ol N.S.
I-|_‘|_i
|
|
o N.S.
|
r—1—0—| N.S.
ek
|
y_—t:q N.S.
e
|
For N.S.
H—e————
I
[ N.S.
I
HH N.S.
I
Lot NS
l S.
|

0.0

1.0 20 3.0 40 50 6.0

FIGURE 4: Risk of ischemic stroke for the 1st to 9th percentiles versus 50th to 100th percentiles of 25-hydroxyvitamin D con-
centrations. Black dots represent hazard ratio with 95% confidence interval, adjusted multivariably for age, gender, body mass
index, physical activity level, current smoking, alcohol consumption, plasma total cholesterol, high-density lipoprotein choles-
terol, hypertension, diabetes mellitus, atrial fibrillation, hormone replacement therapy, lipid-lowering therapy, and estimated
glomerular filtration rate. Probability values are for test of interaction between 25-hydroxyvitamin D in percentiles and covari-
ates on risk of ischemic stroke with Bonferroni correction for multiple comparisons; p values were multiplied by 14. N.A. =
not applicable; N.S. = not significant as original p value multiplied by 14 was >1.0.

individuals with severe vitamin D deficiency to individu-
als with optimal vitamin D status, the age- and gender-
adjusted hazard ratio was 1.45 (1.16-1.80), and after
multivariate adjustment the corresponding hazard ratio
was 1.36 (1.09-1.70; see Fig 3).

In stratified analyses, individuals in the Ist to 9th
versus 50th to 100th percentiles of 25-OH-vitD concen-
trations had increased risk of ischemic stroke in all strata
of other covariates (Fig 4). In accordance with this, tests
of interaction between 25-OH-vitD percentiles and other
covariates on risk of ischemic stroke showed no evidence

for interaction.
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Hemorrhagic Stroke
25-OH-vitD concentrations were not associated with risk
of hemorrhagic stroke (Supplementary Fig 1).

Meta-Analysis

In a meta-analysis including 10 studies with a total of
58,384 participants and 2,644 ischemic stroke/stroke
events, the odds ratios for ischemic stroke in the lowest
versus highest quartile of 25-OH-vitD concentrations
were 1.54 (95% confidence interval, 1.43-1.65; fixed
effect) and 1.67 (1.43-1.96; random effect; Fig 5). The

corresponding hazard ratios in prospective studies were
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Author No. of No. of Hazard/odds ratie Weight, %
participants Evenis (95% CI) Fixed Random
Pilz? 3,299 42 1.33(0.54-3.30) 1 3
Buelf® 318 52 2.29¢1.09-482) 1 5
Bolland* 6F 1,471 59 * 1.40(0.93-2.13) 3 g
Marnie mi® OF 755 70 B e 1.12(0.76-1.66) 3 9
Sun® 928 464 . R 1.73(1.18-2.55) 3 9
Drechsler” 1,108 39 — 2.53(1.80-3.58) 4 10
Michos® @ 7,981 176 —— 1.73(1.37-2.20) 0 13
Anderson® 26,205 197 —— 1.79(1.43-2.23) 10 14
Kilkkinen!0. 6P 6,219 239 — 1.95(1.59-2.40) 12 14
Brandur-Taochsen & 10,170 1,256 '— 1.36(1 .24-1.49) 54 18
General population studies (HR) 26,596 1,800
Fixed effect model S 1.46(1.35-1.58)
Random effect model = 1.52(1.26-1.84)
Pstatistics: 3% (95% CI: 17% to 45%)
Other studies (OR) 31,788 844
Fixed effect model P 1.92(1.64-2.26)
Random effect model P 1.92(1.64-2.26)
Pstatistics: 1% (95% CI: -3% to 3%)
Overall (OR) 58,384 2,644
Fixed effect model & 1.54(1.43-165
Random effect model i 1.67(1.43-1.96)
Pstatistics: 59% (95% CI: 44% to 69%)
T T T
10 20 30 40

Hazard/odds ratio(95%0 confidence interval)

FIGURE 5: Meta-analysis of studies of 25-hydroxyvitamin D concentrations and risk of ischemic stroke. In the forest plot, the
black box area is proportional to the fixed effect weight of each study, and horizontal lines correspond to the 95% confidence
interval (Cl). Black diamonds and the dashed vertical line represent the summary estimate, and the confidence interval for sum-
mary estimate corresponds to the width of the black diamond. The solid vertical line corresponds to a hazard ratio (HR) of 1.0,
equivalent to no association. GP = general population study; HR = hazard ratio; OR = odds ratio.

1.46 (1.35-1.58) and 1.52 (1.26-1.84). There was a
moderate degree of heterogeneity (I* = 59%; 95% confi-
dence interval, 44-69%; see Fig 5) and no evidence of
publication bias (Supplementary Fig 2).

Discussion

In this large population-based prospective study, we
observed a stepwise increase in risk of symptomatic ische-
mic stroke with stepwise decreasing 25-OH-vitD concen-
trations, as a function of both percentile and clinical cat-
egories. This finding was substantiated in a meta-analysis
in which the present study contributed 48% of all ische-
mic stroke events.

The biological mechanism explaining the associa-
tion between vitamin D status and ischemic stroke is
most likely linked to the association between reduced 25-
OH-vitD concentrations and traditional risk factors for
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ischemic stroke. Other than age, hypertension is the
most important risk factor for ischemic stroke,?” and ex-
perimental studies have shown that low 25-OH-vitD
concentrations lead to increased renin gene transcrip-
tion, causing hypertension predisposing to ischemic
stroke, but also atherosclerosis and atrial fibrillation, thus
facilitating cerebral embolism. However, several other
consequences of low 25-OH-vitD concentrations have
been associated with increased risk of ischemic stroke
such as:

1. Thrombosis. In vitamin D receptor knockout mice,
enhanced thrombogenicity was observed by upregula-
tion of thrombomodulin expression and downregula-
. . . 2426
tion of tissue factor expression.

2. Atherosclerosis in the carotid arteries. Reduced 25-

OH-vitD concentrations have been associated with
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carotid intima—media thickness, although results are

conflicting.*”*®

3. Inflammation. This is considered a risk factor for is-
chemic stroke, and reduced 25-OH-vitD is associated

with overall increased inflammatory activity.*’

In addition to ischemic stroke, low 25-OH-vitD
concentrations have also been associated with increased
risk of ischemic heart disease,*® peripheral vascular dis-
ease,’! and overall cardiovascular mortallity.32 Moreover,
there is an ongoing debate on a potential dual role of
vitamin D on vascular calcification,® and epidemiologi-
cal studies have reported increased risk of cardiovascular
disease in individuals with both low and high 25-OH-
vitD concentrations.>4

Although slightly attenuated, our results are in
agreement with the overall result from the present and a
parallel meta-analysis® not including the present study. In
some of the included studies, diagnoses of ischemic
stroke/stroke relied solely on information from national
death registries and thus did not meet the same valida-
tion criteria as previously described in the present
study. 121335
The robustness of the association between reduced
25-OH-vitD concentrations and increased risk of ische-
mic stroke is demonstrated by our observation of step-
wise increases in risk both across 5 percentile categories
and across clinical categories, and by the finding that
adjustment for several known confounders only attenu-
ated the risk slightly. However, from the present data we
cannot exclude the possibility of confounding by
unknown sources or reverse causation, and to establish
causality either randomized controlled trials like the
ongoing VITAL study®® or Mendelian randomization
studies are needed.

Strengths of our study include the large prospec-
tive sample from a homogenous general population
recruited from a limited geographic area with detailed
information on several potential confounders, a high
participation rate, a long follow-up time with no loss
to follow-up, a high number of events, and the use of
extensively validated diagnoses of ischemic and hemor-
rhagic stroke. Because participants were enrolled and
blood samples drawn during 1981-1983 when focus
on vitamin D supplementation or dietary intake
(including fortified products) was very limited, our
data are for practical purposes free of confounding by
these factors.

Potential limitations include that some degradation
of 25-OH-vitD may have occurred during storage at
—20°C; however, such degradation is unlikely to have
affected the result of the present study to a large extent
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for 2 reasons. First, 25-OH-vitD has been observed to
be minimally degradable during storage at —20°C and
through multiple freeze—thaw-cycles.””*® Second, the
well-preserved seasonal variation observed in our study
suggests that degradation is limited. Another potential
limitation is selection bias, which is also unlikely, as we
randomly selected participants from the general popula-
tion. Additionally, although our validation of ischemic
and hemorrhagic stroke was thorough, we cannot com-
pletely exclude some misclassification of diagnoses in
the present study, and we cannot exclude that a fraction
of participants may have had silent or unregistered is-
chemic strokes.>’ Importantly, however, such misclassifi-
cation would bias the result toward the null hypothesis
and therefore cannot explain the present findings.
Unavailable data on potential confounding factors,
including skin color, use of vitamin supplements, serum
parathyroid hormone, and calcium concentrations, rep-
resent yet another limitation. Regarding reverse causa-
tion/confounding, it is well known from epidemiologi-
cal studies that low 25-OH-vitD concentrations are
seen in individuals with low physical activity, in smok-
ers, and in obese individuals, all of which are risk fac-
tors for ischemic stroke, and therefore low 25-OH-vitD
concentrations may merely be a proxy for these risk fac-
tor. However, we have adjusted for these factors in the
multivariate adjusted Cox regression model. For hemor-
rhagic stroke, we had less statistical power than for is-
chemic stroke (164 vs 1,256 events), and therefore we
cannot completely exclude that the negative finding for
hemorrhagic stroke could be caused by insufficient sta-
tistical power. Also, in white but not in black Ameri-
cans, optimal vitamin D status has been shown to
attenuate the age-associated increase in systolic blood
pressure.”® Finally, as 25-OH-vitD concentrations differ
between individuals with different skin color and
depend on the amount of sun exposure, our results
may not necessarily apply to all populations, but would
certainly be applicable to populations with similar skin
color and living in countries with similar sun exposure
as in Northern Europe.

In conclusion, in this large population-based pro-
spective study, we observed a stepwise increase in risk of
symptomatic ischemic stroke with stepwise decreasing
25-OH-vitD concentrations. This finding was substanti-
ated in a meta-analysis. To establish causality, either
Mendelian
randomized clinical intervention trials are needed. Before

randomization studies or conventional
such evidence is available, it should be recognized that
vitamin D is important for musculoskeletal health, and

that poststroke patients are particularly prone to develop
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musculoskeletal diseases for which vitamin D is an effec-

tive treatment.

Acknowledgment

The study was funded by the Danish Heart Foundation;
the Faculty of Health and Medical Sciences, University
of Copenhagen; and Herlev Hospital, Copenhagen Uni-
versity Hospital. These are private or nonprofit sources
with no right to approve or disapprove of the present
results. Diasorin provided free kits for measurement of
25-OH-vitD, but had no influence on the submitted
work and had no right to approve or disapprove of the
manuscript.

We thank staff and participants in the Copenhagen
City Heart Study for their important contributions.

Authorship

B.G.N. initiated the study, which was designed in detail by
PB.-]., B.G.N., and M.B. All authors had access to all data.
PS. collected raw data. Database handling and statistical
analyses were by PB.-]., B.G.N., and M.B. PB.-]., B.G.N,,
and M.B. contributed to analyses and interpretation of
data. PB.-]. wrote the first draft of the paper, which was
revised and finally accepted by the other 3 authors.

Potential Conflicts of Interest

Nothing to report.

References

1. Pilz S, Tomaschitz A, Drechsler C, et al. Vitamin D supplementa-
tion: a promising approach for the prevention and treatment of
strokes. Curr Drug Targets 2011;12:88-96.

2. Pilz' S, Dobnig H, Fischer JE, et al. Low vitamin d levels predict
stroke in patients referred to coronary angiography. Stroke 2008;
39:2611-2613.

3. Buell JS, Dawson-Hughes B, Scott TM, et al. 25-Hydroxyvitamin
D, dementia, and cerebrovascular pathology in elders receiving
home services. Neurology 2010;74:18-26.

4. Bolland MJ, Bacon CJ, Horme AM, et al. Vitamin D insufficiency
and health outcomes over 5 y in older women. Am J Clin Nutr
2010;91:82-89.

5. Marniemi J, Alanen E, Impivaara O, et al. Dietary and serum vita-
mins and minerals as predictors of myocardial infarction and
stroke in elderly subjects. Nutr Metab Cardiovasc Dis 2005;15:
188-197.

6. Sun Q, Pan A, Hu FB, et al. 25-Hydroxyvitamin D levels and the
risk of stroke: a prospective study and meta-analysis. Stroke 2012;
43:1470-1477.

7. Drechsler C, Pilz S, Obermayer-Pietsch B, et al. Vitamin D defi-
ciency is associated with sudden cardiac death, combined cardio-
vascular events, and mortality in haemodialysis patients. Eur Heart
J 2010;31:2253-2261.

8. Michos ED, Reis JP, Post WS, et al. 25-Hydroxyvitamin D defi-
ciency is associated with fatal stroke among whites but not blacks:
the NHANES-III linked mortality files. Nutrition 2012;28:367-371.

46

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Anderson JL, May HT, Horne BD, et al. Relation of vitamin D defi-
ciency to cardiovascular risk factors, disease status, and incident
events in a general healthcare population. Am J Cardiol 2010;
106:963-968.

Kilkkinen A, Knekt P, Aro A, et al. Vitamin D status and the risk of
cardiovascular disease death. Am J Epidemiol 2009;170:
1032-1039.

Nordestgaard BG, Benn M, Schnohr P, et al. Nonfasting triglycer-
ides and risk of myocardial infarction, ischemic heart disease, and
death in men and women. JAMA 2007;298:299-308.

Kjaergaard AD, Bojesen SE, Johansen JS, et al. Elevated plasma
YKL-40 levels and ischemic stroke in the general population. Ann
Neurol 2010;68:672-680.

Freiberg JJ, Tybjaerg-Hansen A, Jensen JS, et al. Nonfasting tri-
glycerides and risk of ischemic stroke in the general population.
JAMA 2008;300:2142-2152.

Truelsen T, Gronbaek M, Schnohr P, et al. Stroke case fatality in
Denmark from 1977 to 1992: the Copenhagen City Heart Study.
Neuroepidemiology 2002;21:22-27.

Hatano S. Experience from a multicentre stroke register: a prelimi-
nary report. Bull World Health Organ 1976;54:541-553.

Whitworth JA. 2003 World Health Organization (WHO)/Interna-
tional Society of Hypertension (ISH) statement on management of
hypertension. J Hypertens 2003;21:1983-1992.

Alberti KG, Zimmet PZ. Definition, diagnosis and classification of
diabetes mellitus and its complications. Part 1: Diagnosis and clas-
sification of diabetes mellitus provisional report of a WHO consul-
tation. Diabet Med 1998;15:539-553.

Levey AS, Bosch JP, Lewis JB, et al. A more accurate method to
estimate glomerular filtration rate from serum creatinine: a new
prediction equation. Modification of Diet in Renal Disease Study
Group. Ann Intern Med 1999;130:461-470.

Pilz S, Marz W, Wellnitz B, et al. Association of vitamin D defi-
ciency with heart failure and sudden cardiac death in a large
cross-sectional study of patients referred for coronary angiogra-
phy. J Clin Endocrinol Metab 2008;93:3927-3935.

Stroup DF, Berlin JA, Morton SC, et al. Meta-analysis of observa-
tional studies in epidemiology: a proposal for reporting. Meta-
analysis Of Observational Studies in Epidemiology (MOOSE)
group. JAMA 2000;283:2008-2012.

Danesh J, Collins R, Appleby P, et al. Association of fibrinogen,
C-reactive protein, albumin, or leukocyte count with coronary
heart disease: meta-analyses of prospective studies. JAMA 1998;
279:1477-1482.

Sierra C, Coca A, Schiffrin EL. Vascular mechanisms in the patho-
genesis of stroke. Curr Hypertens Rep 2011;13:200-207.

Li YC, Qiao G, Uskokovic M, et al. Vitamin D: a negative endo-
crine regulator of the renin-angiotensin system and blood pres-
sure. J Steroid Biochem Mol Biol 2004;89-90:387-392.

Ohsawa M, Koyama T, Yamamoto K, et al. 1alpha,25-Dihydroxyvi-
tamin D (3) and its potent synthetic analogs downregulate tissue
factor and upregulate thrombomodulin expression in monocytic
cells, counteracting the effects of tumor necrosis factor and oxi-
dized LDL. Circulation 2000;102:2867-2872.

Aihara K, Azuma H, Akaike M, et al. Disruption of nuclear vitamin
D receptor gene causes enhanced thrombogenicity in mice. J Biol
Chem 2004;279:35798-35802.

Wu-Wong JR, Nakane M, Ma J. Vitamin D analogs modulate the
expression of plasminogen activator inhibitor-1, thrombospondin-
1 and thrombomodulin in human aortic smooth muscle cells. J
Vasc Res 2007;44:11-18.

Reis JP, von Mihlen D, Michos ED, et al. Serum vitamin D, para-
thyroid hormone levels, and carotid atherosclerosis. Atherosclero-
sis 2009;207:585-590.

Volume 73, No. 1



28.

29.

30.

31.

32.

33.

34.

Pilz S, Henry RM, Snijder MB, et al. 25-hydroxyvitamin D is not
associated with carotid intima-media thickness in older men and
women. Calcif Tissue Int 2009;84:423-424.

Bobryshev YV. Vitamin D3 suppresses immune reactions in athero-
sclerosis, affecting regulatory T cells and dendritic cell function.
Arterioscler Thromb Vasc Biol 2010;30:2317-2319.

Wang TJ, Pencina MJ, Booth SL, et al. Vitamin D deficiency
and risk of cardiovascular disease. Circulation 2008;117:
503-511.

Melamed ML, Muntner P, Michos ED, et al. Serum 25-hydroxyvita-
min D levels and the prevalence of peripheral arterial disease:
results from NHANES 2001 to 2004. Arterioscler Thromb Vasc
Biol 2008;28:1179-1185.

Ginde AA, Scragg R, Schwartz RS, et al. Prospective study of se-
rum 25-hydroxyvitamin D level, cardiovascular disease mortality,
and all-cause mortality in older U.S. adults. J Am Geriatr Soc
2009;57:1595-1603.

Razzaque MS. The dualistic role of vitamin D in vascular calcifica-
tions. Kidney Int 2011;79:708-714.

Rajasree S, Rajpal K, Kartha CC, et al. Serum 25-hydroxyvitamin
D3 levels are elevated in South Indian patients with ischemic heart
disease. Eur J Epidemiol 2001;17:567-571.

January 2013

Brandum-Jacobsen et al: 25-OH-vitD and Ischemic Stroke

35.

36.

37.

38.

39.

40.

Varbo A, Nordestgaard BG, Tybjaerg-Hansen A, et al. Nonfasting
triglycerides, cholesterol, and ischemic stroke in the general popu-
lation. Ann Neurol 2011:69:628-634.

Manson JE, Bassuk SS, Lee IM, et al. The VITamin D and OmegA-
3 TriaL (VITAL): rationale and design of a large randomized con-
trolled trial of vitamin D and marine omega-3 fatty acid supple-
ments for the primary prevention of cancer and cardiovascular
disease. Contemp Clin Trials 2012;33:159-171.

Ocke MC, Schrijver J, Obermann-De Boer GL, et al. Stability of
blood (pro)vitamins during four years of storage at —20 degrees
C: consequences for epidemiologic research. J Clin Epidemiol
1995;48:1077-1085.

Antoniucci DM, Black DM, Sellmeyer DE. Serum 25-hydroxyvita-
min D is unaffected by multiple freeze-thaw cycles. Clin Chem
2005;51:258-261.

Fried LP, Borhani NO, Enright P, et al. The Cardiovascular Health
Study: design and rationale. Ann Epidemiol 1991;1:263-276.

Judd SE, Nanes MS, Ziegler TR, et al. Optimal vitamin D status
attenuates the age-associated increase in systolic blood pressure
in white Americans: results from the third National Health and
Nutrition Examination Survey. Am J Clin Nutr 2008;87:136-141.

47



