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Background and Purpose—Recent findings suggest that vitamin D, a neuroprotective prohormone, is involved in the
pathogenesis of cardiovascular disease. However, previous studies investigating the association between vitamin D and
stroke have shown inconsistent findings. In view of these discrepancies, we determined the association of vitamin D

status with stroke using data from a population-based study.

Methods—Within the RS (Rotterdam Study), an ongoing prospective population-based study, we measured serum
25-hydroxyvitamin D concentrations between 1997 and 2008 in 9680 participants (56.8% women) aged 245 years. We
assessed a history of stroke at baseline and subsequently followed for incident stroke until January 1, 2016. Regression
models were used to investigate the association of serum 25-hydroxyvitamin D with prevalent and incident stroke
separately, adjusted for age, sex, study cohort, season of blood sampling, and other cardiovascular risk factors.

Results—Of 9680 participants, 339 had a history of stroke at baseline. Serum 25-hydroxyvitamin D concentration was
associated with prevalent stroke, adjusted odds ratio per SD decrease, 1.31; 95% CI, 1.14-1.51. After excluding
participants with prevalent stroke, we followed 9338 participants for a total of 98529 person-years. During follow-up,
735 participants developed a stroke. Lower serum 25-hydroxyvitamin D concentration was not associated with a higher
stroke risk, adjusted hazard ratio per SD decrease, 1.06; 95% CI, 0.97—-1.16. However, severe vitamin D deficiency did
show a significant association: hazard ratio, 1.25; 95% CI, 1.05-1.50.

Conclusions—In this population-based cohort, we found an association between vitamin D and prevalent stroke. Only severe
vitamin D deficiency was associated with incident stroke. This suggests that lower vitamin D levels do not lead to a higher stroke
risk but are instead a consequence of stroke. (Stroke. 2019;50:2293-2298. DOI: 10.1161/STROKEAHA.119.025449.)
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itamin D (25-hydroxyvitamin D [25(OH)D] is most com-
monly known for its effects on bone metabolism and cal-
cium homeostasis.! In recent years, it has received attention for
its nonskeletal effects. Accumulating evidence suggests that vi-
tamin D has additional health benefits such as reducing risk of
cardiovascular disease and even cognitive disorders.! Vitamin D
is also neuroprotective because of its involvement in regulating
the release of neurotrophic factors and in maintaining the blood-
brain barrier integrity.>~ Since vitamin D insufficiencies can be
treated, vitamin D may have an important public health implica-
tion in the prevention of neurological disorders, including stroke.
In recent decades, several studies have been performed on the
relationship between vitamin D and stroke risk, showing incon-
sistent results. A recent meta-analysis showed a 62% increased
risk of stroke in individuals on the lowest end of the spectrum
of 25(OH)D serum levels compared with the highest end, with
the included studies individually using different cutoff values in
their analyses.® In contrast, studies evaluating more common di-
chotomous serum level cutoffs found no effect on stroke risk.”®

In addition to using different cutoffs, another explanation for
the inconsistent findings may be differing follow-up periods.
Studies with a short follow-up may be less suited to analyze
long-term effects of serum vitamin D levels on stroke risk.>'?
Although the most recent meta-analysis of observational studies
found an association between vitamin D status and stroke risk,
this was not confirmed in the recently published data from the
VITAL trial (Vitamin D and Omega-3 Trial).”® In view of these
discrepancies, we determined the association of vitamin D status
with stroke using data from the population-based RS (Rotterdam
Study). We present results on both prevalent and incident stroke.
Furthermore, we assessed both long-term and short-term effects
of vitamin D and finally explored the effect of using different
vitamin D cutoffs on stroke risk.

Methods
Study Population

We conducted this study using data from the RS, a large prospective
population-based cohort in the Netherlands with participants aged >45.
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The study began in 1990 with 7983 participants and was further ex-
tended in 2000 and 2006 with 3011 and 3932 participants, respectively.
Participants are invited for follow-up examinations every 3 to 4 years
and are continuously monitored through electronic linkage of the study
database with corresponding medical records. Further details of the
study are described elsewhere.'* Blood samples for our analyses were
taken in 3828 participants from the first cohort during the third visit
(RS-I-3: 1997-1999, 79.8% of surviving participants) and during the
first visits of cohorts 2 and 3 with 2473 and 3445 participants, respec-
tively (RS-1I-1: 2000-2001, 82.1%; RS-III-1: 2006-2008, 87.6%). For
further details regarding the inclusion process, see Figure 1.

The RS has been approved by the medical ethics committee at the
Erasmus University of Rotterdam and the Ministry of Health, Welfare
and Sport of the Netherlands. The study is implemented in the
Population Studies Act: Rotterdam Study (Wet Bevolkingsonderzoek
ERGO). All participants provided written informed consent for par-
ticipation in the study and for researchers to access medical informa-
tion from their personal physicians. Requests to access the dataset
from qualified researchers trained in human subject confidentiality
protocols may be sent to Department of Epidemiology, Erasmus MC
University Medical Center at f.vanrooij @erasmusmc.nl.

Serum 25-Hydroxyvitamin D Concentration

Vitamin D status is commonly determined by measuring 25(OH)
D levels," and these were measured in the study participants using
an electrochemiluminescence binding assay (COBAS Roche
Diagnostics GmbH, Germany). Detailed test characteristics have
been described elsewhere.!*!

Stroke Assessment

We defined stroke based on the definition set by the World Health
Organization. These include a syndrome of rapidly developing clin-
ical symptoms, with an apparent vascular cause, of focal or global
disturbance of cerebral function lasting for >24 hours or leading to
death.'®!? We assessed prevalent stroke at baseline during an inter-
view with a trained physician and verified this data with medical
records. After enrollment, we continuously monitored participants
for incident stroke through linkage of the study database with files
from general practitioners. Files from nursing home physicians and
from general practitioners of participants who moved out of the study
district were also checked. Additional information, such as clin-
ical notes and neuroimaging reports, were obtained from hospital
records. These records were used to categorize stroke as ischemic
or hemorrhagic. If this information was insufficient to differentiate
between these types, then the stroke was classified as unspecified.
Subarachnoid hemorrhages due to ruptured aneurysms were not
considered stroke events.'” Potential strokes were reviewed by re-
search physicians and verified by an experienced stroke neurologist.
Follow-up for incident stroke was conducted until January 1, 2016.
Participants were followed from study entry until stroke, death, last
health status update when they were known to be stroke-free, or
January 1, 2016, whichever came first. Follow-up was complete for
96.8% of potential person-years.

Covariate Assessment

Covariates were originally selected on whether they have a biolog-
ically plausible role in either the risk of developing a stroke or as
a determinant of vitamin D concentration or both.?’ Detailed infor-
mation on covariates was assessed by personal interview and phys-
ical examination with a trained physician and blood sampling during
visits to the research center. This information was gathered at the
same examination round as the blood collection for serum 25(OH)
D concentration measurements. We defined season of blood collec-
tion by dividing collection dates into the following categories: March
21 to June 20; June 21 to September 20, September 21 to December
20, and December 21 to March 20. Level of education was catego-
rized as primary education and advanced education at first through
third level. Information regarding ethnicity (white or not), smoking

Rotterdam Study

N = 14926
n =459
No 25(0OH)D
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N = 5180
No informed
> consent
N =65
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A -
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\ 4
Prevalent stroke
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n =339
> Prevalent stroke
n =339
Incorrect follow-up
} N=1
\ 4

Incident stroke
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Figure 1. Flowchart of the study population. n denotes number of events;
and N, number of people at risk. 25(OH)D indicates 25-hydroxyvitamin D;
and RS, Rotterdam Study.

habits, and education level were obtained by trained interview-
ers during home interviews. We calculated body mass index using
the measured weight of participant at baseline in kg, divided by the
measured height of the participant at baseline in m squared. Smoking
habit was categorized as never smoking, former smoking, or cur-
rently smoking. Blood pressure was measured in a seating position
after a resting period of 5 minutes on the right upper arm using a
random-zero sphygmomanometer. Hypertension was defined as the
use of antihypertensive medication or otherwise as the average of 2
measurements performed with a 2-minute interval, >2140/90 mm Hg.
Hypercholesterolemia was defined as a total cholesterol >26.2 mmol/L
or the use of serum lipid-reducing agents. Estimated kidney function
was calculated with the CKD-EPI equation (Chronic Kidney Disease
Epidemiology Collaboration).? Physical activity was assessed using a
validated adapted version of Zutphen Physical Activity Questionnaire
and expressed in MET (Metabolic Equivalent of Task) hours/week
within cohorts RS-1-3 and RS-II-1.%> For RS-1II-1, we used data from
the LASA-questionnaire (Longitudinal Aging Study Amsterdam).”
To combine this data for use in our analyses, we used the standard-
ized Z scores of these questionnaires and included them in one scaled
variable. History of myocardial infarction and heart failure status was
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assessed by self-report during home interviews and were verified by
ongoing monitoring of medical records. We used an automated enzy-
matic procedure (Boehringer Mannheim System) to assess levels of
serum calcium and total cholesterol.

Statistical Analysis

We devised 2 different models for adjustment to study the association
between vitamin D and stroke. The first model was adjusted for age,
sex, and cohort. In the second model, we additionally adjusted for
ethnicity, highest attained education level, body mass index, smok-
ing habit, hypertension, hypercholesterolemia, estimated kidney
function, history of myocardial infarction, history of heart failure,
physical activity level, season of blood collection, and serum cal-
cium concentration. The association between vitamin D and preva-
lent stroke was analyzed with binary logistic regression models, and
we used Cox-regression models for incident stroke. We excluded
prevalent strokes in the longitudinal analyses. We also assessed the
assumptions for proportional hazards, linearity, and additivity and
found no major violations.

Serum 25(OH)D concentrations were analyzed per SD decrease
and categorized into tertiles with the highest tertile as reference. We
additionally used a priori specified, clinically relevant concentra-
tion cutoffs where we grouped our participants into categories of vi-
tamin D inadequacy, using guidelines set by the National Academy
of Medicine in the United States and by the Endocrine Society.**?
Insufficiency was defined as 25(OH)D <75 nmol/L, deficiency as lev-
els of <50 nmol/L, and severe deficiency as <30 nmol/L.

Finally, we examined the association of vitamin D with stroke
subtypes: ischemic and hemorrhagic stroke.

To illustrate the effect of different cutoffs for vitamin D and
stroke risk, we performed a cutoff analysis where we shifted the
cutoffs per 5 nmol/L increments to compare those below versus
those above the cutoff. And to address short- and long-term effects
of lower serum 25(OH)D levels on stroke risk, we performed an
additional analysis where we divided our participants by follow-up
time in 3-year increments.

All analyses were performed in IBM SPSS version 24.%° Missing
values among covariates were imputed using 5-fold multiple impu-
tation. We used determinant, outcome, and included covariates for
imputation and predictors of missing data. We had <1.5% missings
for all covariates except for hypercholesterolemia (28.8%), physical
activity (12.7%), and ethnicity (3.6%).

Results

Baseline Characteristics

Table 1 shows baseline characteristics used in the cross-sec-
tional analysis. At baseline, 339 people had a history of stroke.
During 98529 observed person-years (mean follow-up time
10.6 years, interquartile range, 7.8), 735 people had a stroke.
Of these, 526 were ischemic events, 83 were hemorrhagic, and
126 were unspecified.

Vitamin D and Prevalent Stroke

At baseline, participants with lower serum 25(OH)D concen-
tration were more likely to have had a stroke compared to
participants with higher 25(OH)D concentration: odds ratio
per SD decrease 1.36 (95% CI, 1.19-1.55). These results at-
tenuated but were still statistically significant after further
adjustment: odds ratio, 1.31 (95% CI, 1.14-1.51). According
to previously established categories, participants with low vi-
tamin D were more likely to have had a stroke at baseline in all
categories, with severely vitamin D deficiency (<30 nmol/L
versus 230 nmol/L) having the highest odds ratio, 1.48 (95%
CI, 1.12-1.96; Table 2).

Vitamin D and Risk of Stroke: Rotterdam Study 2295

Table 1. Baseline Characteristics of the Study Population (N=9680)

Characteristic Mean/n SD/%
Age, y 65.1 9.9
Women 5502 56.8%
White ethnicity 9266 95.7%
BMI, kg/m? 27.3 4.2
Education
Primary 1226 12.7%
Low 3920 40.5%
Intermediate 2804 28.4%
High 1730 17.8%
Physical activity (SD) 0.1 1.0
Hypertension 4767 48.3%
Hypercholesterolemia 4941 51.0%
Kidney function* 79.7 14.9
Smoking
Never 2986 30.3%
Former 4521 45.9%
Current 2173 22.0%
History of heart failure 254 2.6%
History of myocardial infarction 485 5.0%
Season of sampling
Spring 3133 32.4%
Summer 1566 16.2%
Autumn 2898 29.9%
Winter 2083 21.5%
Serum calcium, mmol/L 2.4 0.1
Vitamin D categoryt
Sufficient 2304 23.8%
Insufficient 2782 28.7%
Deficient 2748 28.4%
Severely deficient 1846 19.1%

N denotes count where applicable, else mean values; and SD, SD where
applicable, else percentage of group. BMI indicates body mass index; and CKD-EPI,
Chronic Kidney Disease Epidemiology Collaboration.

*Estimated glomerular filtration rate (CKD-EPI).?'

tVitamin D sufficiency =75 nmol/L; insufficiency <75 =50 nmol/L; deficiency
<50 >30 nmol/L; severe deficiency <30 nmol/L. Missing values are imputed.

Vitamin D and Incident Stroke

Per SD lower serum 25(OH)D level was related to an
increased risk of stroke after adjusting for age, sex, and co-
hort: hazard ratio (HR), 1.09 (95% CI, 1.01-1.19) per SD
decrease (Table 2). This effect became statistically nonsignifi-
cant after further adjustment: HR, 1.06 (95% CI, 0.97-1.16).
These results were similar for the subtypes ischemic stroke
(adjusted HR, 1.06; 95% CI, 0.96—1.18 per SD decrease) and
hemorrhagic stroke (adjusted HR, 0.96; 95% CI, 0.75-1.23
per SD decrease). Severe vitamin D deficiency (<30 versus
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=30 nmol/L) was the only clinical category that showed a sig-
nificant increase in stroke risk after further adjustment: HR,
1.25 (95% CI, 1.05-1.50).

Figure 2 shows a forest plot of results for the cutoff analy-
ses. Adjusted HRs become statistically significant with serum
25(0OH)D level cutoff values starting from 35 nmol/L and
lower: HR, 1.21 (95% CI, 1.03-1.44) until 25 nmol/L: HR,
1.30 (95% CI, 1.06-1.59).

Finally, we also found no increase in stroke risk with
longer follow-up time increments (Table I in the online-only
Data Supplement).

Discussion
In this population-based study, we found that serum 25(OH)D
levels are associated with prevalent stroke, but not with inci-
dent stroke. Only severe vitamin D deficiency was associated
with incident stroke.

Previous studies on the association between vitamin D and
stroke may be inconsistent®® for several reasons: first, previous
studies used different cutoff values of serum 25(OH)D in their
analyses, and this may have influenced their findings. A ter-
tile comparison, for example, with the lowest tertile below 45
nmol/L, might not yield a statistically significant association,'

Table 2. Results Analyses of Serum 25(0H)D and Stroke

Prevalent Stroke Incident Stroke

N/n=9680/339 N/n=9338/735
Total Sample OR (95% Cl) HR (95% CI)
Model 1*

Per SD decrease 1.36 [1.19-1.55]F 1.09 [1.01-1.19]F

]
Insufficientt: 1.55 [1.13-2.11]F 1.12 [0.92-1.36]
Deficient 1.56 [1.23-1.97]F 1.11 [0.95-1.30]
Severely deficient 1.60 [1.24-2.07]F 1.30 [1.09-1.54]F

Lowest tertile 1.81 [1.35-2.44]F 1.18 [0.97-1.43]

Middle tertile 1.36 [1.00-1.84] 1.02 [0.84-1.24]
Highest tertile 1.00 (ref) 1.00 (ref)
Model 2

Per SD decrease 1.31 [1.14-1.51]F
1.41[1.02-1.94]t

[ 1.06 [0.97-1.16]
[

Deficient 1.43 [1.11-1.84]t
[
[

1.07 [0.87-1.31]
1.05 [0.90-1.24]
1.25 [1.05-1.50]t
1.10 [0.90-1.34]

Insufficient

Severely deficient 1.48 [1.12-1.96]1

1.63 [1.18-2.24]t
Middle tertile 1.320.96-1.80] 0.98 [0.80-1.19]
Highest tertile 1.00 (ref) 1.00 (ref)

N denotes number of people at risk; and n, number of events. 25(0H)D
indicates 25-hydroxyvitamin D; HR, hazard ratio; and OR, odds ratio.

*Model 1: adjusted for age, sex, study cohort; model 2: adjusted for model 1
and for ethnicity, BMI, highest level of education, physical activity (in SD scores),
prevalent hypertension, prevalent hypercholesterolemia, estimated kidney
function, smoking habit, prevalent heart failure, prevalent myocardial infarction,
season of sampling, and serum calcium concentration.

1P<0.05.

FVitamin D insufficiency: <75 nmol/L vs >75 nmol/L; deficiency: <50 nmol/L
vs >50 nmol/L; severe deficiency: <30 nmol/L vs >30 nmol/L.

Lowest tertile

whereas a quintile comparison, with the lowest quintile of
25(OH)D below the 35 nmol/L cutoff, may indeed lead to sig-
nificant results.”’ In view of these observations, our data did
suggest an association when we lowered the cutoff value for
vitamin D deficiency to <35 nmol/l (Figure 2). However, for
cutoff values below <20 nmol/L the association again became
nonsignificant, probably because of small number of cases.

A second possible explanation for the inconsistent find-
ings is that vitamin D deficiency is only harmful in the short-
term. This harmful effect on stroke risk would only be visible
within a short follow-up time. Indeed, previous studies with
shorter follow-up periods have shown statistically significant
associations for higher stroke risk in vitamin D deficient indi-
viduals.”!*22 In line with these findings, our sensitivity anal-
ysis with follow-up increments showed an increased stroke
risk, although statistically nonsignificant, within 3 years of
follow-up (Table I in the online-only Data Supplement), with
decreasing effect estimates in longer follow-up increments.
This would explain why we do not find an effect of lower
vitamin D in our total follow-up period. Similarly, a Danish
study by Skaaby et al” had a comparable mean follow-up time
to our study and also found no increased risk of stroke in vi-
tamin D deficient individuals.

Another Danish study with comparable follow-up times
found an increased stroke risk (HR, 1.23; 95% CI, 1.06-1.42)
in individuals aged 20 to 100 years with serum 25(OH)D
values <25 nmol/L compared with =50 nmol/L.?° The severe
deficiency studied here could explain the observed associa-
tion, as we also found a significantly increased risk of stroke
when assessing severe vitamin D deficiency. Another cohort
study within Chinese individuals from Hong Kong compared
lowest versus highest quintiles of serum 25(OH)D) and found
an increased risk for developing stroke with lower vitamin D
levels (HR, 1.78; 95% CI, 1.16-2.74).%° This study also had
a comparable follow-up, but the retrospective nature of the
study makes it more prone to bias than a prospective design.

The results from our analyses with prevalent stroke offer
a third explanation, as these suggest that low vitamin D serum
levels are a consequence of stroke. People who develop a
stroke may have limited vitamin D production because of
reduced exposure to sunlight and diet quality, among other
factors.?*3! Another explanation for these findings is that lower
vitamin D predominantly may only be associated with non-
fatal stroke instead of fatal stroke, as prevalent strokes are
nonfatal, whereas incident stroke includes both types. Finally,
the recent published VITAL trial,”® a randomized, placebo-
controlled trial, comparing the use of vitamin D supplements
and marine omega-3 fatty acids with placebo in the elderly,
found no decrease in incidence of cardiovascular events, in-
cluding stroke, in the intervention group during the mean fol-
low-up of 5.3 years. The findings of the VITAL trial suggest
that any benefit of vitamin D supplementation is too mild to
have an impact on stroke risk, unless the individuals are al-
ready severely vitamin D deficient, as rightfully suggested by
the VITAL trial investigators. Direct and indirect effects of
vitamin D have been proposed for pathophysiological path-
ways leading to stroke.>*3? Directly, vitamin D is involved
in maintaining endovascular function**-** and regulating
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All Stroke Incidence
n N Cut-Off
668 8151 90 nmol/L e
652 7817 85 nmol/lL —a—
630 7486 80 nmol/L ——
606 7086 75 nmol/L ——
571 6632 70 nmol/L ——
542 6105 65 nmol/L ——
498 5583 60 nmol/L ——
460 4975 55 nmol/lL ——
416 4383 50 nmol/L ——
371 3726 45 nmol/L i
315 3054 40 nmol/L i
267 2399 35 nmol/lL —a—
205 1740 30 nmol/L ——
140 1128 25 nmol/L ——
75 615 20 nmol/L ——
21 237 15 nmol/L —
0 10
HR (95% CI) - model 2

Figure 2. Forest plot of incident all stroke cutoff analysis using adjusted models. n denotes number of events under cutoff point; and N, number of people
at risk under cutoff point. Results adjusted for age, sex, study cohort, ethnicity, body mass index, highest level of education, physical activity (in SD scores),
prevalent hypertension, prevalent hypercholesterolemia, estimated kidney function, smoking habit, prevalent heart failure, prevalent myocardial infarction,

season of sampling, and serum calcium concentration. HR indicates hazard ratio.

inflammatory activity within vascular walls.**¥ Indirectly,
vitamin D is involved in regulating renin production through
the Renin-Angiotensin-Aldosterone system-pathway, thereby
attenuating hypertension.® Although hypertension and ath-
erosclerosis are important factors in the pathophysiology of
stroke,>>¥ other established cardiovascular risk factors have
also been linked to vitamin D status, such as serum lipid status
and insulin sensitivity.*>*° Indeed, any association within our
data became statistically nonsignificant after adjustment for
any of these risk factors.

Our study has several limitations. We were unable to per-
form repeated vitamin D measurements over time to assess
if the vitamin D status remained stable. However, previous
epidemiological studies on serum 25(OH)D have suggested
that a single measurement is an adequate biomarker that rep-
resents long-term levels of vitamin D.*'#* Furthermore, this
study was performed within a predominantly white popula-
tion, limiting its generalizability to other populations with a
different ethnic makeup, as shown by Judd et al.!” Strengths
of this study are its prospective design with a long and almost
complete follow-up. We additionally assessed a large selec-
tion of potential confounders and adjusted our results accord-
ingly. Furthermore, we used an established method to measure
25(OH)D serum levels. Finally, stroke cases were assessed
using an elaborate adjudication method.

Conclusions
Within the population-based Rotterdam Study, we found an
association between vitamin D and prevalent stroke, whereas
no association was found with incident stroke. Only severe
vitamin D deficiency suggested an association. This suggests
that lower vitamin D levels do not lead to a higher stroke risk
but are instead a consequence of stroke.
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