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UK Biobank

Non-linear Mendelian randomization analysis

Non-linear Mendelian randomization analyses support a role for
vitamin D deficiency in cardiovascular disease risk

Outcome: Exposure:

Finding: Implication:

Non-linear Mendelian randomization analyses support a L-shaped association of serum 25-hydroxyvitamin D concentration with CVD risk, suggesting that
with respect to cardiovascular health the benefits of improving vitamin D status are the strongest for those within the deficiency range.
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Aims Low vitamin D status is associated with a higher risk for cardiovascular diseases (CVDs). Although most existing
linear Mendelian randomization (MR) studies reported a null effect of vitamin D on CVD risk, a non-linear
effect cannot be excluded. Our aim was to apply the non-linear MR design to investigate the association of serum
25-hydroxyvitamin D [25(OH)D] concentration with CVD risk.

...................................................................................................................................................................................................
Methods
and results

The non-linear MR analysis was conducted in the UK Biobank with 44 519 CVD cases and 251 269 controls. Blood
pressure (BP) and cardiac-imaging-derived phenotypes were included as secondary outcomes. Serum 25(OH)D
concentration was instrumented using 35 confirmed genome-wide significant variants.
We also estimated the potential reduction in CVD incidence attributable to correction of low vitamin D status.
There was a L-shaped association between genetically predicted serum 25(OH)D and CVD risk (Pnon-linear =
0.007), where CVD risk initially decreased steeply with increasing concentrations and levelled off at around 50
nmol/L. A similar association was seen for systolic (Pnon-linear = 0.03) and diastolic (Pnon-linear = 0.07) BP. No evi-
dence of association was seen for cardiac-imaging phenotypes (P = 0.05 for all). Correction of serum 25(OH)D
level below 50 nmol/L was predicted to result in a 4.4% reduction in CVD incidence (95% confidence interval: 1.8–
7.3%).

...................................................................................................................................................................................................
Conclusion Vitamin D deficiency can increase the risk of CVD. Burden of CVD could be reduced by population-wide correc-

tion of low vitamin D status.
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Introduction

As an essential micronutrient, vitamin D is well-known for its role in
calcium homeostasis and bone health. Beyond skeletal health, low
vitamin D status has also been associated with higher risk for cardio-
vascular disease (CVD) and mortality.1–5 However, the causal nature
of such associations remains debated, as no beneficial effect is seen in
randomized controlled trials (RCTs) testing the effects of vitamin D
supplementation.6 The presence of a threshold effect has been pro-
posed, where disease risk and benefits of vitamin D supplementation
may only surface below certain thresholds of vitamin D status.7 If this
is true, possible benefits of vitamin D supplementation cannot be
excluded, given the RCTs have been carried out in populations that
are not clinically vitamin D deficient.7,8 Indeed, recruiting participants
with vitamin D deficiency in supplementation trials has been acknowl-
edged to raise serious practical and ethical issues,9 as severe defi-
ciency is relatively rare and it is not acceptable to subject participants
to undue harm.

Mendelian randomization (MR) is increasingly used to provide
causal evidence for exposures, such as smoking10 and alcohol in-
take,11 where it is either unethical or infeasible to conduct RCTs.
Sitting at the interface between observational studies and interven-
tional trials, MR is considered as a natural analogue of the classical

RCTs.12 It uses genetic variants associated with the exposure of inter-
est to approximate the exposure, and conditional on the key method
assumptions being met, MR has the benefit of reducing bias due to
confounding and reverse causation, commonly seen in observational
studies.12 However, the standard MR approach assumes linearity, and
hence, it cannot describe the shape of the association. If the proposed
threshold effect is true, where the disease risks are only related to a
deficiency state,7 the standard MR approach is likely to overlook such
non-linear effect. This may explain the null findings from MR studies
assessing the effect of vitamin D status on CVD risk.13,14 A recently
developed extension to the MR analyses allows for non-linear associ-
ations between the exposure and the outcome.15 This promising
new approach has already been used to investigate the association
between body mass index (BMI) and mortality,16 where it confirmed
the well-established J-shaped association where both being under-
weight and excess weight increase the risks.17–19 To better character-
ize the association between vitamin D status and CVD risk, we used
the non-linear MR approach to investigate the causal association be-
tween serum 25-hydroxyvitamin D [25(OH)D, an established mark-
er for nutritional vitamin D status] concentrations and CVD risk. We
conducted the analyses in the UK Biobank, where information on
genetic variants, 25(OH)D concentrations, and disease status are
available for up to 295 788 participants. As secondary analyses, we

Translational perspective
This study employed the non-linear Mendelian randomization approach to characterize the shape of the association of serum 25-hydroxyvita-
min D [25(OH)D] concentration with cardiovascular diseases (CVDs). An L-shaped association of genetically predicted serum 25(OH)D con-
centration with CVD risk and blood pressure was observed, providing evidence for benefits are the strongest for those within the deficiency
range. These results suggest that improving vitamin D status among people with low concentrations can support heart health and that a
population-wide approach to eradicate vitamin D deficiency could reduce the burden of CVDs.
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also examined the association of 25(OH)D with blood pressure (BP)
and cardiovascular imaging phenotypes.

Methods

Study participants
The UK Biobank is a large prospective cohort study with over 500 000
participants aged 37–73 years recruited from 22 assessment centres
across the UK between 13 March 2006 and 1 October 2009 with a goal
to improve the prevention, diagnosis, and treatment of diseases of middle
and old age.20,21 Participants filled in questionnaires to provide broad in-
formation on health and lifestyles at baseline survey and provided blood
samples for biomarker and genetic assays. Information on health out-
comes has been enhanced by the linkage to electronic health records and
mortality registrations. Sub-groups of participants also took part in a
multimodal imaging study, which involved a cardiac magnetic resonance
(CMR) imaging scan and carotid ultrasound imaging. Genetic profiling
identified patterns of relatedness in the UK Biobank.22 We restricted the
analyses to unrelated individuals, who were identified as white British
based on self-report and genetic profiling,22 and excluded participants
with mismatched information between self-reported and genetic sex.
Final genetic analyses were conducted among individuals with complete
information on serum 25(OH)D [calcidiol, 25(OH)D concentration, and
relevant covariates (n up to 295 788, see Supplementary material online,
Figure S1)]. The present study was conducted under UK Biobank applica-
tion number 20175. The UK Biobank study was approved by the
National Information Governance Board for Health and Social Care and
North West Multicentre Research Ethical Committee (11/NW/0382).
All participants provided informed consent to participate.

Cardiovascular traits
Our primary outcome measure is CVD, with BP and cardiovascular imag-
ing phenotypes being secondary outcome measures. CVD events were
identified using data linkage to Hospital Episodes Statistics and mortality
data.23 Cases were classified using International Classification of Disease
9 and 10 codes, as well as Classification of Interventions and Procedures
(see Supplementary material online, Table S1). Controls were those who
were free from a CVD diagnosis. For phenotypic analyses, to minimize
potential reverse causality, we restricted CVD events to the incident
cases, who had their first CVD-related diagnosis after the baseline visit,
and removed prevalent CVD (i.e. those who had their first CVD-related
diagnosis before the baseline visit) from the analyses. BP was measured
during the baseline assessment using digital monitors (HEM-7015IT;
Omron Healthcare Inc). We calculated the mean systolic (SBP) and dia-
stolic BP (DBP) values from two BP measurements. For participants
reported to be taking BP-lowering medication (21%), we accounted for
medication use by adding 15 and 10 mmHg to SBP and DBP, respective-
ly.23,24 We included the following cardiac-imaging phenotypes in our ana-
lysis: augmentation index (AI, %) and central augmentation pressure
(mmHg) obtained from the pulse wave analysis (PWA), mean carotid
intima-medial thickness (mm) taken from the carotid imaging, and cardiac
output (L/min) and left ventricular end-diastolic volume (mL), end-
systolic volume (mL), and ejection fraction (%) attained from CMR imag-
ing scan. The imaging studies were carried out at the UK Biobank imaging
facility at Cheadle, Stockport, UK, with CMR being performed on a clinic-
al wide bore 1.5 Tesla scanner (MAGNETOM Aera, Syngo Platform
VD13A, Siemens Healthcare, Erlangen, Germany), carotid imaging being
performed using a CardioHealth Station (Panasonic Healthcare
Corporation of North America, Newark, NJ, USA) with a 9 MHz linear
array transducer, and PWA being performed using a VICORDERVR device

(http://biobank.ndph.ox.ac.uk/showcase/showcase/docs/vicorder_in_
cmri.pdf). Protocols for the CMR scan and carotid imaging can be
found elsewhere.25,26 For each of these image-derived phenotypes,
participants with values beyond 3 SD were removed from the
analysis.

Serum 25-hydroxyvitamin D concentration
Blood samples of participants were collected at the time of recruitment.
Serum 25(OH)D concentration (nmol/L) was measured using the
LIAISON XL 25(OH)D assay (DiaSorin, Stillwater, USA).

Genetic instrument for serum 25-

hydroxyvitamin D concentration
We constructed a weighted genetic score (VitaminD-GS) consisting of
35 single nucleotide polymorphisms (SNPs) to instrument serum
25(OH)D concentration. All 35 SNPs are genome-wide significant var-
iants, discovered in a recent genome-wide association analysis (GWAS)
for serum 25(OH)D concentration in the UK Biobank.27 In the original
GWAS, a total of 143 independent loci were identified.27 We restricted
variants to autosomal common SNPs (minor allele frequency >5%),
which can also be replicated (with a consistent direction and a P-value <
0.05) in the earlier GWAS by the SUNLIGHT Consortium,28 leaving us
with 35 variants (see Supplementary material online, Figure S2). Benefits
of replication in the SUNLIGHT Consortium are two-fold. It ensures the
robustness of the GWAS signals, and also allows us to take weights for
the vitaminD-GS from an independent sample, avoiding bias arising from
using internal weights.29 Information on the 35 variants can be found in
Supplementary material online, Table S2. VitaminD-GS was constructed
by first computing the weighted average of the number of 25(OH)D-
increasing alleles for an individual, and then multiplying it by the number
of available variants. As aforementioned, the weight for each SNP was the
effect estimate of the association of the SNP with serum 25(OH)D in the
SUNLIGHT Consortium.28 As a sensitivity analysis, we constructed an al-
ternative instrument using a broader set of SNPs consisting of 122 auto-
somal variants (excluding 1 variant on the sex chromosome and 20
insertion/deletion variants from the original 143 GWAS variants, see
Supplementary material online, Text S1, Supplementary material online,
Figure S2, and Supplementary material online, Table S2).

Covariates
For the phenotypic analyses, we adjusted for a wide range of potential
confounders, which were obtained during the baseline assessment. These
covered basic and sociodemographics (age, sex, assessment centre, area
deprivation, and education), anthropometric measures (BMI and waist
circumference), lifestyle factors (smoking, alcohol intake, physical activ-
ity), and general health indicators (self-reported health status and
long-term illness). Smoking was grouped into 10 categories (non-smok-
ers, ex-smokers, current smokers with no information on the type of to-
bacco that they smoke, cigar/pipe smokers, cigarette smokers <1–5 cigs/
day, 6–10 cigs/day, 11–15 cigs/day, 16–20 cigs/day, 21–25 cigs/day, and
>25 cigs/day). Alcohol intake was categorized as ‘never’, ‘special occa-
sions only’, ‘1–3 times per month’, ‘1 or 2 times/week’, ‘3–4 times/week’,
or ‘>_5 times/week’, and intensity of physical activity as ‘light’, ‘moderate’,
or ‘vigorous’. Self-reported health was classified as ‘poor’, ‘fair’, ‘good’, or
‘excellent’, and long-term illness as binary ‘no’ or ‘yes’. We used
Townsend deprivation index to indicate area deprivation,30 and grouped
education as ‘None or vocational education’, ‘CSE (secondary educa-
tion)’, or ‘A-levels or higher (further education)’. We also included nuis-
ance variables that could affect serum 25(OH)D measurements, including
month in which blood sample was taken, fasting time before blood sam-
ple was taken, and sample aliquots for measurement (http://biobank.
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.
ndph.ox.ac.uk/showcase/showcase/docs/biomarker_issues.pdf). For the
genetic analyses, we included the following covariates: age, sex, assess-
ment centre, birth location, SNP array, top 40 genetic principal compo-
nents, and nuisance factors, which could affect serum 25(OH)D
measurements. Adjustment of birth location and 40 genetic components
are recommended to account for latent population structure in the UK
Biobank.31

Statistical analysis
Phenotypic associations of serum 25(OH)D concentration with cardio-
vascular traits were examined by fitting logistic (for CVD risk) or linear
(for continuous traits) regression models, adjusting for covariates cover-
ing demographic, anthropometric, lifestyle, general health, and socioeco-
nomic aspects of participants, as well as nuisance factors affecting serum
25(OH)D measurements (see covariates section). Fractional polynomial
models were used to determine the appropriate function form for serum
25(OH)D concentration.32 Likelihood ratio test was used to compare
model fit between the best-fitting fractional polynomial model and the lin-
ear model, taking P < 0.05 to indicate a non-linear association.

We performed linear and non-linear MR analyses to examine genetic
evidence for the associations of serum 25(OH)D concentration with car-
diovascular traits. For the linear MR analysis, we computed the MR esti-
mate using the ratio of coefficients method.33 Linear regression was used
to estimate the association of vitaminD-GS with serum 25(OH)D and
continuous cardiovascular traits, and logistic regression to estimate the
association of vitaminD-GS with CVD risk. We adjusted these analyses
for age, sex, assessment centre, birth location, SNP array, top 40 genetic
principal components, and nuisance factors related to serum 25(OH)D
measurements. We also performed the stratified analyses, in which MR
estimates were computed within categories of residual 25(OH)D con-
centration (<25.0 nmol/L, 25–49.9 nmol/L, 50.0–74.9 nmol/L, and
>_75.0 nmol/L). Residual 25(OH)D concentration is defined as partici-
pants’ serum 25(OH)D concentration minus the centred genetic contri-
bution by vitaminD-GS. Stratification was performed using residual
25(OH)D concentrations [rather than raw 25(OH)D] to avoid collider
bias.34

For non-linear MR, we used the fractional polynomial method to cap-
ture non-linear genetic associations.15 Briefly, we stratified our sample
into 100 strata using the residuals of serum 25(OH)D after regressing on
vitaminD-GS. Within each stratum, we computed the localized average
causal effect (LACE), which is the ratio of coefficient of vitaminD-GS–
outcome association to that of vitaminD-GS–25(OH)D association.
LACE is equivalent to the traditional linear MR estimate within a stratum.
We performed meta-regression of LACE against stratum-specific mean
25(OH)D by fitting a range of fractional polynomial exposure–outcome
models of Degree 1 and 2, and selected the best-fitting model based on
the likelihood ratio test. The fractional polynomial test is reported for
non-linearity, which compares the best-fitting fractional polynomial
model of Degree 1 against the linear model.15 Non-linear MR analyses as-
sume that the association of genetic instrument with the exposure is con-
stant over the entire distribution of exposure. To test this assumption,
we computed vitaminD-25(OH)D estimate in each of the 100 strata and
then examined the heterogeneity between strata using the trend test and
Cochran’s Q test.15 Furthermore, as sensitivity analyses, we performed
leave-one-out and leave-block-out analyses to examine if our primary
non-linear MR analysis were driven by any particular variant or groups of
variants (see Supplementary material online, Texts S2 and S3). For the
leave-block-out analyses, variants were assigned to functional blocks
based on the traits that they were associated with in the PhenoScanner
search35 (see Supplementary material online, Text S3). We identified four
functional blocks, including blocks for ‘blood’, ‘metabolic’, and ‘renal’

traits, with variants whose associated traits did not fall into one of these
three blocks grouped together as the ‘unclassified’ block (see
Supplementary material online, Table S3). Moreover, we also imple-
mented non-linear MR analyses where we computed the LACE within
each stratum of residuals of serum 25(OH)D using two-sample
approaches, including inverse variance weighted, MR-Egger, weighted me-
dian, weighted mode, and MR-Presso (see Supplementary material online,
Text S4). As the two-sample methods have different assumptions on hori-
zontal pleiotropy, a good agreement across these methods implies that
the result is robust to different patterns of horizontal pleiotropy.36

We calculated the potential impact fraction (PIF)37 to estimate the
average reductions in the incidence of CVD attributable to correction of
low vitamin D status (see Supplementary material online, Text S5).

Analyses for phenotypic associations, linear MR, and PIF were per-
formed using STATA, version 14.1 (StataCorp LP, College Station, TX,
USA). Non-linear MR analyses were conducted in R (version 4.0.2) using
the NLMR package (version 2.0).15

Results

Up to 267 980 participants were involved in phenotypic analysis (see
Supplementary material online, Figure S1). The average 25(OH)D
concentration was 50.0 nmol/L (range: 10–340 nmol/L), and 11.4%
(n = 32 868) of the participants had concentrations < 25 nmol/L,
41.3% (n = 119 243) 25–49.9 nmol/L, 35.3% (n = 101 848) 50–
74.9 nmol/L, 10.5% (n = 30 314) 75–99.9 nmol/L, 1.4% (n = 4110)
100–124.9 nmol/L, and 0.2% (n = 570) >_125 nmol/L. Only 107 indi-
viduals had concentrations above 150 nmol/L. There were notable
variations in serum 25(OH)D concentration and the incidence of
CVD with respect to distributions of demographics, lifestyle, general
health, and socioeconomic factors (Table 1). For the phenotypic asso-
ciation analyses, we have adjusted for all these covariates.

Instrument validation
VitaminD-GS was robustly associated with serum 25(OH)D concen-
tration in the UK Biobank, explaining 2.8% of variation (F statistic =
8672, P < 1.0E-300, Supplementary material online, Figure S3). We
examined the association of vitaminD-GS with serum 25(OH)D
across 100 strata of residuals of serum 25(OH)D. We detected evi-
dence for heterogeneity (PCochran’s Q = 4.15E-9; Ptrend = 0.38), where
vitaminD-GS–25(OH)D association in the 1st and 100th stratum
appeared to be outliers (see Supplementary material online, Figure
S4). We found little evidence that vitaminD-GS was associated with
potential confounders in the UK Biobank, including BMI, smoking, al-
cohol intake, physical activity, education, and Townsend deprivation
index (see Supplementary material online, Table S4, uncorrected
P>_0.044 for all). We also examined vitaminD-GS–confounder associ-
ations across 100 strata of residuals of serum 25(OH)D, and found
no evidence of association after accounting for multiple testing (see
Supplementary material online, Figure S5).

Phenotypic associations
Every 10 nmol/L increase in serum 25(OH)D was associated with a
1.6% lower odds of CVD [odds ratio (OR): 0.98, 95% confidence
interval (CI): 0.98–0.99, Figure 1A, Plinear = 0.0001, Pnon-linear = 0.48].
Non-linear associations were evident for SBP and DBP (Figure 1B and
C, Pnon-linear <_1.8E-04). Null associations were observed for cardiac-
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Table 1 Serum 25-hydroxyvitamin D and cardiovascular disease by baseline characteristics in the UK Biobank

25(OH)D (nmol/L) CVD Incident CVD

n (%) Mean (SD) Case (%) Case (%)

Age

<65 years 232 521 (80.47) 49.49 (20.99) 26 353 (11.33) 13 791 (6.27)

>_65 years 56 432 (19.53) 52.23 (20.51) 15 425 (27.33) 7014 (14.61)

Pa 2.15E-188 <1.0E-300 <1.0E-300

Sex

Male 135 912 (47.04) 50.06 (21.00) 27 060 (19.91) 13 110 (10.75)

Female 153 041 (52.96) 50.00 (20.85) 14 718 (9.62) 7695 (5.27)

Pa 0.021 <1.0E-300 <1.0E-300

BMI

<18.5 kg/m2 1427 (0.49) 51.04 (24.10) 166 (11.63) 102 (7.48)

18.5–25 kg/m2 96 302 (33.33) 53.06 (21.78) 9197 (9.55) 5030 (5.46)

25–30 kg/m2 123 593 (42.77) 50.68 (20.54) 18 585 (15.04) 9330 (8.16)

>_30 kg/m2 67 631 (23.41) 44.50 (19.17) 13 830 (20.45) 6343 (10.55)

Pa <1.0E-300 <1.0E-300 1.26E-194

Smoking

Non-smokers 159 209 (55.10) 50.19 (20.61) 17 591 (11.05) 9398 (6.22)

Ex-smokers 101 758 (35.22) 50.98 (21.01) 18 622 (18.30) 8419 (9.20)

Smokersb 7371 (2.55) 49.33 (21.59) 1097 (14.88) 545 (7.99)

Cigars/Pipes 1626 (0.56) 45.93 (21.14) 392 (24.11) 212 (14.66)

<1 to 15 cigs/day 11 404 (3.95) 45.65 (21.64) 2110 (18.50) 1163 (11.12)

>15 cigs/day 7585 (2.62) 41.93 (21.76) 1966 (25.92) 1068 (15.97)

Pa <1.0E-300 <1.0E-300 6.64E-286

Alcohol intake

Non-drinkers 17 985 (6.22) 46.29 (20.90) 3748 (20.84) 1632 (10.28)

Special occasions or 1–3 times/month 61 149 (21.16) 47.38 (20.31) 9389 (15.35) 4498 (8.00)

1 or 2 times/week 76 506 (26.48) 50.54 (20.72) 10 301 (13.46) 5185 (7.26)

3 or 4 times/week 70 947 (24.55) 51.50 (20.87) 9075 (12.79) 4651 (6.99)

Daily or almost daily 62 366 (21.58) 51.40 (21.46) 9265 (14.86) 4839 (8.35)

Pa <1.0E-300 2.04E-269 2.47E-76

Physical activity

Light 87 259 (30.20) 46.34 (20.19) 13 923 (15.96) 6657 (8.32)

Moderate 144 193 (49.90) 50.64 (20.80) 19 497 (13.52) 9720 (7.23)

Vigorous 57 501 (19.90) 54.08 (21.42) 8358 (14.54) 4428 (8.27)

Pa <1.0E-300 3.11E-73 2.64E-22

Education

None 47 373 (16.39) 50.90 (21.36) 11 622 (24.53) 5153 (12.60)

NVQ/CSE/A-levels 103 346 (35.77) 50.76 (21.16) 14 027 (13.57) 7169 (7.43)

Degree/professional 138 234 (47.84) 49.18 (20.56) 16 129 (11.67) 8483 (6.50)

Pa 1.92E-98 5.39E-294 3.50E-94

Townsend deprivation index quartiles

Q1 lowest 72 235 (25.00) 52.00 (20.69) 9253 (12.81) 4860 (7.16)

Q2 72 238 (25.00) 51.66 (20.67) 9818 (13.59) 5007 (7.43)

Q3 72 235 (25.00) 50.14 (20.80) 10 151 (14.05) 5173 (7.69)

Q4 highest 72 245 (25.00) 46.31 (21.04) 12 556 (17.38) 5765 (8.81)

Pa <1.0E-300 3.44E-285 3.76E-82

Self-rated health

Excellent 50 613 (17.52) 53.03 (21.14) 3302 (6.52) 2300 (4.64)

Good 171 701 (59.42) 50.71 (20.70) 20 613 (12.01) 11 591 (7.13)

Fair 56 331 (19.49) 46.58 (20.61) 13 748 (24.41) 5647 (11.71)

Poor 10 308 (3.57) 42.81 (21.18) 4115 (39.92) 1267 (16.98)

Pa <1.0E-300 <1.0E-300 <1.0E-300

Continued
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.imaging phenotypes (see Supplementary material online, Table S5,
P>_0.05).

Mendelian randomization
MR analyses suggested a non-linear association between 25(OH)D
and CVD risk (Figure 2A). The association was ‘L-shaped’ with the
highest CVD risk with the lowest concentrations, and levelling off at
about 50 nmol/L (Figure 2A, Pnon-linear = 0.007). Based on the non-
linear MR, individuals with serum 25(OH)D at 25 nmol/L had 11%
(95% CI: 1.05–1.18) higher odds of CVD compared with those with
50 nmol/L. There appeared to be a very slight further lowering in the
odds of CVD with higher concentrations, and for example partici-
pants with 75 nmol/L had 2% lower odds (95% CI: 0.97–0.99) com-
pared with 50 nmol/L. Similar curved associations were also
observed for 25(OH)D with SBP (Figure 2B, Pnon-linear = 0.03) and
DBP (Figure 2C, Pnon-linear = 0.07), with individuals with 25 nmol/L esti-
mated to have 0.70 mmHg (95% CI: 0.15–1.26) and 0.25 mmHg (95%
CI: –0.02 to 0.51) higher BP compared with 50 nmol/L. There was no
statistical evidence for non-linear associations in the sub-sample avail-
able for analyses on cardiac-imaging phenotypes (n up to 16 489), al-
though the pattern with AI was similar to that seen for CVD and BPs
(see Supplementary material online, Figure S6 and Supplementary ma-
terial online, Table S6, Pnon-linear >_0.053 for all). Linear MR did not
provide any support for an association between 25(OH)D and any of
the outcomes (see Supplementary material online, Tables S5 and S6).

Sensitivity analyses
As substantial heterogeneity of vitaminD-GS–25(OH)D association
across 100 strata was detected (see Supplementary material online,
Figure S4), we conducted a sensitivity analysis excluding local causal
estimates from the outlying strata (i.e. the 1st and 100th stratum,
after exclusion PCochran’s Q = 0.97; Ptrend = 0.44), and this did not affect
our findings (see Supplementary material online, Figure S7).
Furthermore, analyses using the alternative instrument with 122 var-
iants provided similar results (see Supplementary material online,
Figure S8). There was no evidence that our non-linear MR analysis for
CVD risk was driven by a particular variant or a block of variants (see
Supplementary material online, Tables S7 and S8, Pnon-linear<_ 0.031 for
all). The two-sample non-linear MR analyses showed a consistent

L-shaped association between serum 25(OH)D and CVD risk
across all methods (see Supplementary material online, Figure S9,
Pnon-linear<_0.026 for all).

Potential impact fraction
Figure 3 shows the relationship between PIF for CVD and thresholds
of serum 25(OH)D for correcting vitamin D status. As expected, PIF
increased as the correction threshold was raised. In line with the
25(OH)D–CVD association pattern observed in the non-linear MR
analysis, the most rapid growth of PIF occurred when the correction
threshold was raised from 10 nmol/L to 50 nmol/L. PIF reached 4.4%
(95% CI: 1.8–7.3%) at 50 nmol/L, and further increased to 5.7% (95%
CI: 2.4–9.3%) at 75 nmol/L. Little increments were seen after
100 nmol/L, with PIF at 100 nmol/L being 6.3% (95% CI: 2.7–10.2%).
Insufficient data were available to allow the calculation of PIF for con-
centrations much higher than 125 nmol/L.

Discussion

The effect of severe vitamin D deficiency on disease risk has been an
elusive target to study. Clinical trials have typically either failed or
been prevented from recruiting people with deficiency, with studies
left to investigate effects of intakes, which are likely to be a surplus to
the actual nutritional requirement. In this study, we use a large-scale
genetic design and show evidence for a causal role of vitamin D defi-
ciency in cardiovascular health, with individuals at the lowest concen-
trations having increased risk for CVD and higher BP. Our findings
strongly support the previously proposed threshold effect,7 suggest-
ing that correction of vitamin D deficiency in the affected individuals
is likely to support cardiovascular health among other downstream
consequences (Graphical Abstract).

Health effects of vitamin D on CVD risk have previously been
investigated in RCTs6 and MR framework,13,14,29,38 mostly reporting
null findings, which seemingly contradicts our findings. However, if
the causal effect of vitamin D on CVD risk is truly L-shaped as
reported in our study, it would have been overlooked by the existing
supplementation trials and MR studies. Although a RCT is the gold-
standard approach to establish causality, its validity in capturing

.............................. .................. ......................

....................................................................................................................................................................................................................

Table 1 Continued

25(OH)D (nmol/L) CVD Incident CVD

n (%) Mean (SD) Case (%) Case (%)

Long-term illness

No 197 440 (68.33) 50.78 (20.74) 18 268 (9.25) 11 835 (6.20)

Yes 91 513 (31.67) 48.39 (21.22) 23 510 (25.69) 8970 (11.65)

Pa 1.53E-285 <1.0E-300 1.66E-305

25(OH)D, 25-hydroxyvitamin D; A-levels, Advanced levels; BMI, body mass index; cig, cigarette; CSE, Certificate of Secondary Education; CVD, cardiovascular disease; NVQ,
National Vocational Qualification; Q, quartiles; SD, standard deviation.
aFor serum 25(OH)D, P-values have been adjusted for age, sex, assessment centre, and nuisance factors, which could affect serum 25(OH)D measurements, including month in
which blood sample was taken, fasting time before blood sample was taken, and sample aliquots for measurement; for CVD and incident CVD, P-values have been adjusted for
age, sex, and assessment centre.
bCurrent smokers without information on types of tobacco that they smoke.
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A

B

C

Figure 1 Phenotypic association of serum 25-hydroxyvitamin D
with cardiovascular disease risk (A), systolic blood pressure (B), and
diastolic blood pressure (C). The dot represents the reference point
of serum 25-hydroxyvitamin D of 50 nmol/L. The shaded areas rep-
resent the 95% confidence intervals. Adjustment includes age, sex,
body mass index, waist circumference, smoking, alcohol intake,
physical activity, self-reported health status, long-term illness,
assessment centre, area deprivation and education, and nuisance
factors, which could affect serum 25-hydroxyvitamin D measure-
ments, including month in which blood sample was taken, fasting
time before blood sample was taken, and sample aliquots for
measurement.

B

C

A

Figure 2 Genetic association of serum 25-hydroxyvitamin D
with cardiovascular disease risk (A), systolic blood pressure (B), and
diastolic blood pressure (C). The dot represents the reference point
of serum 25-hydroxyvitamin D of 50 nmol/L. The shaded areas rep-
resent the 95% confidence intervals. Adjustment includes age, sex,
assessment centre, birth location, single nucleotide polymorphism
array, Top 40 genetic principal components, and nuisance factors
which could affect serum 25-hydroxyvitamin D measurements,
including month in which blood sample was taken, fasting time be-
fore blood sample was taken, and sample aliquots for measurement.
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potential benefits of vitamin D supplementation has been ques-
tioned,39 as most trials include individuals who are already vitamin D
replete.7,8 This is further compounded by contamination of the pla-
cebo group and unblinding, given that vitamin D testing and supple-
mentation are easily accessible.39 Furthermore, previous MR studies
assessing the effect of vitamin D on CVD risk have been employed
the standard MR framework, which assumes linearity and is not
designed to describe or capture a non-linear association. Consistent
with these earlier studies, our linear MR analysis also failed to detect
any evidence for an association. Therefore, earlier studies do not dis-
count our findings, and are compatible with the true effects of vitamin
D on CVD risk, being largely restricted to individuals with the lowest
concentrations.

Association of vitamin D deficiency with CVD risk is biologically
plausible. The biologically active form of vitamin D is 1,25-dihydroxy-
vitamin D [calcitriol, 1,25(OH)2D], which is formed from 25(OH)D
through hydroxylation by 1-a-hydroxylase. 1,25(OH)2D exerts its
biological actions through binding to the vitamin D receptor
(VDR).40 Both VDR and 1-a-hydroxylase are actively expressed and
functional in the cardiovascular tissues,41–43 with evidence from ani-
mal and cell line experiments suggesting that depletion of vitamin D
could adversely affect functions and behaviours of cardiomyocytes,
and endothelial and vascular smooth muscle cells.40 Furthermore,
mounting evidence also suggests that calcitriol is a negative regulator
of the renin–angiotensin system (RAS),44–46 a key regulatory system
in maintaining normal cardiovascular functions.47 In VDR or 1-a-
hydroxylase knock-out mice,44–46 RAS activity is up-regulated, and
these mice also subsequently develop hypertension and cardiac
hypertrophy, which can be corrected by the treatment of RAS block-
ers44,45 and exogenous 1,25(OH)2D.46 Association of vitamin D with
RAS has also been reported in human observational studies,48,49 al-
though it was not observed in a recent RCT with a small sample size
and a short treatment duration.50 Furthermore, given its diverse role
in multiple organs and systems,51 calcitriol could also affect cardiovas-
cular health indirectly via its effects on other systems, for example,

immune system. Indeed, these indirect effects might explain the lack
of the associations of 25(OH)D with structural and functional
changes in the heart and vessels indexed by cardiac-imaging-derived
phenotypes in our study. That said, our study may have been under-
powered to detect related effects, as the imaging data were only
available for a sub-sample, and these phenotypes may also be insensi-
tive to modest changes. It is worthwhile to re-visit these analyses
when more imaging data become available, with potential to provide
more mechanistic insights to the 25(OH)D–CVD association.

While severe vitamin D deficiency is relatively rare, low concentra-
tions are common. For example, the prevalence of serum 25(OH)D
level < 50 nmol/L has been estimated to be 23% for Australia, 24%
for USA, 37% for Canada, 6–76% for Europe, and 6–70% for South
East Asia,52–54 with these estimates varying by age, geographical loca-
tion, and ethnicity. In the UK Biobank, 55% of participants had serum
25(OH)D concentrations < 50 nmol/L, with 13% < 25 nmol/L.55 As
participants in the UK Biobank in general are healthier than the gen-
eral public,56 the true prevalence of low vitamin D status in the UK
population is likely to be higher. Given low vitamin D status is com-
mon around the world, our findings have significant public health
implications. Indeed, our study implies that population-wide correc-
tion of low vitamin D status (for example, by food fortification) could
be a cost-effective measure to reduce the burden of CVDs. Based on
the population impact fraction calculation, we estimate that 4.4% of
CVD incidence could have been prevented in this population by
increasing serum 25(OH)D to be at least 50 nmol/L for all individuals.
Benefits for shifting 25(OH)D concentrations even higher had less
impact on CVD risk; however, we saw no evidence for harm and the
predicted reduction reached 6.3% for those with 100 nmol/L.
However, our study had few individuals with concentrations
>100 nmol/L (1.5%), and hence extrapolation of our findings to
higher concentrations needs to be done with caution.

Strengths and limitations
To our best knowledge, our study is the first genetic analysis using
the non-linear MR framework to explore the shape of the association
of 25(OH)D with CVD risk and to demonstrate the L-shaped associ-
ation. Our findings are unlikely to be due to chance, given robust stat-
istical evidence and the existing knowledge on the biological basis for
the association. MR analyses can be biased by horizontal pleiotropy
where variants influence the outcome through pathways other than
that via the exposure.12 We implemented several strategies to allevi-
ate related issues and to gauge the robustness of our finding to hori-
zontal pleiotropy. First, we restricted our instrument to 35 variants
with robust replicated evidence for an association with 25(OH)D
concentrations. Second, we found no evidence for an association be-
tween vitaminD-GS with potential confounders in the whole cohort
or across stratums of residuals of serum 25(OH)D. Furthermore,
neither leave-one-out nor leave-block-out analyses suggest our find-
ing was driven by a particular variant or a group of variants.
Moreover, the L-shaped association of 25(OH)D with CVD risk was
highly consistent across complementary pleiotropy-robust MR meth-
ods. Despite these strengths, our study also has some limitations. We
restricted our analysis to participants of White-British descent.
While this minimizes the bias due to population stratification, it may
also limit the transferability of our findings to other ethnic groups. As
with all MR studies, genetic instruments approximate the average

Figure 3 Potential impact fraction for cardiovascular disease in
the UK Biobank at different thresholds of serum 25-hydroxyvitamin
D for correcting vitamin D status. The shaded areas represent the
95% confidence intervals.

8 A. Zhou et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/advance-article/doi/10.1093/eurheartj/ehab809/6448753 by guest on 15 February 2022



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
effects over the life-course. The shape and strength of the true bio-
logical association between serum 25(OH)D and CVD risk could
vary by life-stage and potentially be more complex than that indexed
in our study. With only 5% response rate, UK Biobank is not repre-
sentative of the general public in the UK56 despite its large sample
size. It is uncertain to what extent this selection could affect the non-
linear MR analysis. However, given that risk factor–disease associa-
tions show close agreement between UK Biobank and nationally rep-
resentative studies,57 and that an earlier publication from the UK
Biobank using the same non-linear MR approach has replicated the
expected J-shape association between BMI and mortality,16 this lack
of representativeness may have little influence on our findings.

Conclusions

In conclusion, using a large prospective cohort, we provide genetic
evidence for an L-shaped association of 25(OH)D with CVD risk,
with increased CVD risk largely restricted to individuals with low
vitamin D status. While improving vitamin D status among people
with the lowest concentrations is likely to have the strongest effects,
population-wide approach to eradicate vitamin D deficiency could
reduce the burden of CVDs.

Supplementary material

Supplementary material is available at European Heart Journal online.
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