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ABSTRACT

Background: Evidence from randomized controlled trials (RCTs)
for the causal role of vitamin D on noncommunicable disease out-
comes is inconclusive.

Objective: The aim of this study was to investigate whether there
are beneficial or harmful effects of cholecalciferol (vitamin Ds)
supplementation according to subgroups of remeasured serum 25-
hydroxyvitamin D [25(OH)D] on cardiovascular and glucometabolic
surrogate markers with the use of individual participant data (IPD)
meta-analysis of RCTs.

Design: Twelve RCTs (16 wk to 1 y of follow-up) were in-
cluded. For standardization, 25(OH)D concentrations for all par-
ticipants (n = 2994) at baseline and postintervention were re-
measured in bio-banked serum samples with the use of a certified
liquid chromatography—tandem mass spectrometry method trace-
able to a reference measurement procedure. IPD meta-analyses were
performed according to subgroups of remeasured 25(OH)D. Main
outcomes were blood pressure and glycated hemoglobin (HbAlc).
Secondary outcomes were LDL, HDL, and total cholesterol and
triglycerides; parathyroid hormone (PTH); fasting glucose, insulin,
and C-peptide; and 2-h glucose. In secondary analyses, other poten-
tial effect modifiers were studied.

Results: Remeasurement of 25(OH)D resulted in a lower mean
25(0OH)D concentration in 10 of 12 RCTs. Vitamin D supplemen-
tation had no effect on the main outcomes of blood pressure and
HbA lc. Supplementation resulted in 10-20% lower PTH concentra-
tions, irrespective of the 25(OH)D subgroups. The subgroup analyses
according to achieved 25(OH)D concentrations showed a signif-
icant decrease in LDL-cholesterol concentrations after vitamin D
supplementation in 25(OH)D subgroups with <75, <100, and
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<125 nmol of —0.10 mmol/L (95% CI: —0.20, —0.00 mmol/L),
—0.10 mmol/L (95% CI: —0.18, —0.02 mmol/L), and —0.07 mmol/L
(95% CI: —0.14, —0.00 mmol/L), respectively. Patient features that
modified the treatment effect could not be identified.

Conclusions: For the main outcomes of blood pressure and HbAlc,
the data support no benefit for vitamin D supplementation. For the
secondary outcomes, in addition to its effect on PTH, we observed
indications for a beneficial effect of vitamin D supplementation only
on LDL cholesterol, which warrants further investigation. This trial
was registered at www.clinicaltrials.gov as NCT02551835. Am
J Clin Nutr 2018;107:1043-1053.

Keywords: individual participant meta-analysis, vitamin D, ran-
domized controlled trials, subgroups, cardiovascular disease, type 2
diabetes, ODIN, remeasured 25-hydroxyvitamin D

INTRODUCTION

Vitamin D plays a central role in the absorption of calcium
and in bone health. In addition, numerous observational studies
have shown associations of low 25-hydroxyvitamin D [25(OH)D]
concentrations with nonskeletal outcomes (1), and that persons
with low 25(OH)D status (<30 nmol/L) have the highest all-
cause and cardiovascular mortality risk (2-5). However, evidence
for causality from randomized controlled trials (RCTs) for car-
diometabolic outcomes is inconclusive or negative (6).

Previous results from meta-analyses among RCTs showed
inconsistent or null effects of vitamin D supplementation on
cardiovascular disease (CVD) incidence, CVD risk factors, or
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glycemic outcomes (7—13). Most previous and ongoing RCTs did
not include participants based on their vitamin D status (14), re-
sulting in relatively high baseline values and low numbers of defi-
cient people included, with a subsequent null effect of vitamin D
supplementation. In addition, there are limitations to most meta-
analyses, including analytical variability in 25(OH)D data arising
from different methods of analysis (15) and limited attention to
subgroups defined on the basis of vitamin D status at enrollment
and conclusion of the interventions.

On the other hand, adverse effects have been reported in both
observational and interventional studies, including an increased
mortality risk in those with high concentrations of 25(OH)D (16—
19), although definite evidence is lacking. In addition, when the
serum 25(OH)D data are standardized, the shape of the curve
may change (19, 20). Harmful effects have also been shown in
RCTs that observed an increased risk for falls after a monthly
dose of 60,000 IU vitamin D (21), or falls and fractures after an
annual dose of 500,000 IU vitamin D (22). Studying the effect
of vitamin D supplementation according to 25(OH)D status, par-
ticularly those with deficient baseline 25(OH)D concentrations
or high post-treatment 25(OH)D concentrations, might provide
more insight into potential beneficial or harmful effects.

Importantly, differences in assay and laboratory methods
have a significant impact on 25(OH)D concentrations, and
therefore assay variability makes pooling of 25(OH)D results
from different RCTs in meta-analyses problematic (23). Re-
analyses of serum 25(OH)D in bio-banked samples from high-
quality completed RCTs at baseline and post-treatment by a lig-
uid chromatography—tandem mass spectrometry (LC-MS/MS)
method that is traceable to a reference measurement procedure
would considerably decrease the variability inherent in meta-
analyses by ensuring that 25(OH)D data are not confounded by
well-established method-related variability.

In this meta-analysis that used individual participant data
(IPD) of existing RCTs in which serum 25(OH)D was re-
analyzed by a centralized LC-MS/MS platform, we aimed to
study subgroup effects of vitamin D supplementation among per-
sons with low baseline 25(OH)D concentrations and high post-
treatment 25(OH)D concentrations (applying various thresholds)
on cardiovascular and glucometabolic surrogate markers. A sec-
ondary aim was to identify other patient features that are related
to the treatment effects.
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METHODS

Study selection

This work is part of the European Commission—funded inte-
grated project “Food-based solutions for eradication of vitamin
D deficiency and health promotion throughout the life cycle”
(ODIN). For the current collaborative IPD meta-analysis we es-
tablished a consortium of European-based researchers with RCT
data on the effect of vitamin D supplementation on nonskeletal
outcomes. RCTs were considered for selection if bio-banked sera
were available in order to remeasure 25(OH)D concentrations
by the CDC-certified LC-MS/MS method at University College
Cork (UCC). In addition, studies were selected if data were avail-
able on the outcomes. Trials in pregnant women or children or
performed in patient populations were excluded. This IPD-level
meta-analysis is registered at clinicaltrials.gov as NCT02551835.

Study details

Twelve previously published RCTs were selected for inclu-
sion, and included the studies by Chel et al. and Oosterwerff et al.,
and Paravit; the Styrian Vitamin D Hypertension Trial; Tromsg
BMD; Tromsg Clamp; Tromsg Depression; Tromsg IGT; Tromsg
Obesity; UCC RCT1 (UCC1) and UCC RCT2 (UCC2); and the
study by Wicherts et al. (24-36), details of which are summarized
in Table 1 and Supplemental Material 1. The participants of all
studies provided written informed consent. All of the studies were
in accordance with the Declaration of Helsinki.

Study quality

The risk of bias of the selected RCTs was assessed by using
the Cochrane Collaboration’s tool for assessing risk of bias (37).
Information was derived from the published articles, or provided
by the authors if information was not described in the publica-
tions. If the criteria for a high-quality study could not be met in
>1 domain, the study was regarded as having a considerable risk
of bias.

Intervention

Vitamin D3 supplementation (either vitamin D3 alone or vi-
tamin D3 plus calcium) was compared with a comparator (either
placebo, placebo plus calcium, or sunlight advice) (Table 1). Four
studies examined different doses of vitamin D and had therefore
>1 treatment group and a single comparator group [Tromsg Obe-
sity, UCC1, UCC2, and Wicherts et al. (33—36)]. Because partic-
ipants in these control groups contributed information to >1 ef-
fect size when pooling the data, only the treatment group with the
highest dose was compared with the comparator.

Outcomes

Outcomes were considered at baseline and at 1 follow-up
time point (i.e., the end of the intervention period). CVD-related
outcomes included systolic and diastolic blood pressure (main
outcomes), total cholesterol, HDL cholesterol, LDL cholesterol,
triglycerides, and parathyroid hormone (PTH). Diabetes mellitus
(DM)-related outcomes included glycated hemoglobin (HbAlc;
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main outcome), fasting glucose, fasting insulin, C-peptide, and
2-h postload glucose. In case of duplicate measurements, the
mean value of the measurements was used.

Remeasured 25(OH)D concentrations

The remeasurement of 25(OH)D has been done in bio-banked
sera (baseline and follow-up) from participants of all 12 RCTs.
Serum samples were shipped to the Cork Center of Vitamin D
and Nutrition Research at UCC (Ireland), and total 25(OH)D [i.e.,
25(0OH)D; plus 25(OH)Ds3] concentrations were analyzed using
their CDC-certified LC-MS/MS method, which is traceable to
the higher-order Reference Measurement Procedure at the Na-
tional Institute of Standards and Technology in the United States
(23, 38).

For some participants, bio-banked serum was not available, re-
sulting in missing values on remeasured 25(OH)D. If >5% of the
remeasured 25(OH)D concentrations were missing in an RCT,
the missing values were imputed for that RCT (39). This only ap-
plied to the Tromsg Obesity study (16.1% missing). A regression
equation of the original and the remeasured 25(OH)D concentra-
tions was developed in the Tromsg Obesity data set, according to
a procedure that was consistent with the procedure that was used
for the development of a regression equation as performed during
standardization of 25(OH)D concentrations in cohort studies (23,
38, 40). Missing values of remeasured 25(OH)D in the Tromsg
Obesity data set were subsequently calculated from the original
25(0OH)D concentrations. More details on the development of the
regression equation are described in Supplemental Material 2.

Cutoffs for serum 25(OH)D concentrations were 30, 50, and
75 nmol/L at baseline and 75, 100, and 125 nmol/L at follow-up.

Confounders and effect modifiers

Confounders included age (years), sex (male or female), BMI
(kg/m?), current smoking (yes or no), estimated glomerular fil-
tration rate (mL - min~! - 1.73 m~2), and serum calcium (mil-
limoles per liter).

A high baseline PTH concentration (>7.2 pmol/L; the high-
est quartile) in combination with a low baseline 25(OH)D
concentration (<50 nmol/L) was prespecified as a candidate
effect modifier. Other potential effect modifiers included age,
sex, BMI, estimated glomerular filtration rate, serum calcium,
dose of vitamin D supplementation, calcium supplementation,
baseline values of the outcome marker, and single nucleotide
polymorphisms (SNPs) of the vitamin D metabolism path-
way. The selection of SNPs was made according to the avail-
ability of SNPs and included SNPs from the vitamin D re-
ceptor gene [rs1544410 (Bsm-1), rs3782905, rs731236 (Tag-1),
1s7975232 (Apa-1), rs2228570 (Fok-I), and rs11568820]; the GC
gene (rs4588, rs7041, rs2282679, and rs2298850) responsible
for binding and transportation of vitamin D metabolites in the
circulation; the DHCR7/NADSYNI1 gene (rs3829251) respon-
sible for the availability of vitamin D precursor 7-DHC in the
skin; the CYP2R1 gene (rs10741657) involved in the conver-
sion of vitamin D into 25(OH)D in the liver; the CYP24A1 gene
(rs6013897) involved in the degradation of 25(OH)D; and SNPs
related to calcium metabolism (rs1697421), calcium-sensing re-
ceptor (rs17251221), and 1,25-dihydroxyvitamin D (rs6680429).

SWART ET AL.

Statistical analyses

Baseline summary statistics per study as well as original
and remeasured 25(OH)D distributions were described. The out-
comes of triglycerides, PTH, HbA 1c, fasting glucose, and fasting
insulin were not normally distributed and were log-transformed
in order to reach near-normal distributions. Hardy-Weinberg
equilibrium of the genotype distributions was calculated with
standard procedures of chi-square analyses.

Between-study heterogeneity was considered with the use of
the I statistic (the proportion of the total variance that can be ex-
plained by heterogeneity, 0-100%), derived from ordinary 2-step
meta-analysis. I° of 0% indicates no heterogeneity, I? of 25% in-
dicates low heterogeneity, P of 50% indicates moderate hetero-
geneity, and I of 75% indicates high heterogeneity. Heterogene-
ity was further explored by examining potential effect modifiers,
as described below, and by determining the random effects of the
linear mixed models of the primary analyses.

Unpaired ¢ tests were used to compare the change in re-
measured 25(OH)D concentrations from baseline to follow-up
between the vitamin D and the comparator group in each study.
Linear mixed models, with study added as a random effect, were
used to examine the effect of vitamin D supplementation in sub-
groups of remeasured 25(OH)D concentrations. Likelihood ratio
tests were used to determine the best models (random intercept,
random slope, or both). Baseline subgroups compared persons
with 25(OH)D concentrations at baseline below and above the
cutoffs (i.e., 30, 50, and 75 nmol/L) in the vitamin D group with
persons with the same 25(OH)D concentrations in the comparator
group. Follow-up subgroups compared persons with an achieved
25(OH)D response below and above the cutoffs of 75, 100, and
125 nmol/L in the vitamin D group with all persons in the com-
parator group. Adjustments were made for confounding factors.
Because linear mixed models make optimal use of the available
data, missing data on the outcomes were not imputed. MLwiN
version 2.22 (University of Bristol, United Kingdom) was used
for the linear mixed models (41). The significance level was set
at « = 0.05 (2-tailed).

In secondary analyses, the other potential effect modifiers, in
addition to 25(OH)D concentrations, were examined. Stratified
analyses were performed to examine the modifying effect of high
baseline PTH concentrations in combination with low baseline
25(OH)D concentrations. Other potential effect modifiers were
first tested by adding an interaction term with the treatment group
to the linear mixed model. A P-interaction value <0.10 was con-
sidered as a justification for stratified analyses. Adjustments for
multiple testing («/n) were made in these secondary analyses, re-
sulting in a significance level of P < 0.0003.

If studies with a high risk of bias were identified, sensitivity
analyses were performed in which these studies were excluded
(sensitivity analyses I). In addition, sensitivity analyses were per-
formed in which the treatment groups were combined in case of
>1 treatment group (sensitivity analyses II).

RESULTS

The 12 included RCTs and their main characteristics are pre-
sented in Table 1. In total, data from 2994 participants were avail-
able (Supplemental Figure 1). Baseline characteristics per study
are presented in Supplemental Table 1. The risk of bias was low
for most studies (Supplemental Table 2); the study by Wicherts
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et al. (36) was identified as having a considerable risk of bias due
to its open study design.

The mean, SD, median, and 5th, 25th, 75th, and 95th per-
centiles of serum 25(OH)D, as well as prevalence estimates for
serum 25(OH)D concentration below various thresholds, for the
original serum 25(OH)D data as well as remeasured 25(OH)D
concentration are shown in Table 2 (per study). In general, the
mean 25(OH)D concentration was lower after LC-MS/MS re-
measurement, except for the Oosterwerff (+6%) and Paravit
(+20%) studies. A higher number of participants with baseline
25(OH)D concentrations of <30, <40, or <50 nmol/L was ob-
served, as well as a lower number of participants who reached
a final achieved 25(OH)D concentration of >75, >100, or >125
nmol/L.

Heterogeneity

Heterogeneity between the RCTs was moderate to low, indi-
cated by the I statistics <50% for most outcomes. Only the anal-
ysis on total cholesterol suggested considerable heterogeneity
between the RCTs (I2 = 53%; P = 0.02, Q test). For HDL choles-
terol and PTH, I? values were 42% and 40%, respectively. In ad-
dition, the multilevel models suggested limited heterogeneity, as
reflected by the absence of a random slope in the final models:
for all outcomes, models that used random intercepts only were
indicated as the best models by the likelihood ratio test.

Effect of vitamin D supplementation

In all of the RCTs the mean 25(OH)D concentrations increased
significantly from baseline to follow-up in the vitamin D group
compared with the comparator group (P < 0.001 in all RCTs;
Supplemental Table 3).

Effects according to 25(OH)D concentrations

Vitamin D supplementation had no effect on the main out-
comes of systolic and diastolic blood pressure and HbAlc
(Tables 3 and 4). A significant effect on PTH was observed, ir-
respective of baseline 25(OH)D concentrations or achieved re-
sponse (Tables 3 and 4). The analyses according to baseline
25(0OH)D concentrations showed that, in the subgroup with base-
line 25(OH)D concentrations <30 nmol/L, significantly higher
fasting glucose and fasting insulin concentrations were observed
after vitamin D supplementation (Table 3). The subgroup analy-
ses according to achieved 25(OH)D concentrations showed a sig-
nificant decrease in LDL cholesterol in subgroups of 25(OH)D
concentrations of <75, <100, and <125 nmol/L of 0.10, 0.10,
and 0.07 mmol/L, respectively (Table 4).

Other subgroup effects

In the subgroup of participants with PTH >7.2 pmol/L in com-
bination with 25(OH)D <50 nmol/L, 18% lower PTH concen-
trations (ratio of geometric means: 0.82; 95% CI: 0.77, 0.88)
were observed after vitamin D supplementation (Supplemental
Table 4). The identification of other patient features that were re-
lated to the treatment effects was explored by testing the interac-
tion of treatment with the identified candidate effect modifiers. A

1047

justification for stratified analyses was not found for any of the
examined patient features (Supplemental Table 5).

With respect to genetic factors, the genotype distribution of
rs11568820 (vitamin D receptor gene) deviated from Hardy-
Weinberg equilibrium (P < 0.001) and was therefore excluded
from the analyses. None of the remaining SNPs was identified
to modify the effect of vitamin D supplementation on the out-
comes (Supplemental Table 6). The sensitivity analyses resulted
in similar findings (data not shown).

DISCUSSION

This IPD meta-analysis on the effect of vitamin D supplemen-
tation on markers for CVD and DM is unique, because the use of
25(OH)D values at baseline and post-treatment derived from re-
analysis of all samples using a CDC-certified LC-MS/MS method
removed the impact of method-related variability. With the use
of data from almost 3000 participants from 12 RCTs, vitamin D
supplementation resulted in 10-20% lower PTH concentrations.
The evidence for an effect of vitamin D supplementation on PTH
is undisputed (10, 42), and the current findings further support
this. When the achieved response of 25(OH)D remained <75,
100, or 125 nmol/L, vitamin D supplementation resulted in lower
LDL-cholesterol concentrations. These findings are supported by
lower LDL- as well as total-cholesterol concentrations in sub-
groups with lower baseline 25(OH)D concentrations, although
the latter findings failed to reach significance. Although not all
observations concerning LDL and total cholesterol were signifi-
cant, and residual confounding might have biased the results of
achieved responses, the findings might be clinically relevant. No
clear beneficial effects on the other chosen surrogate markers for
CVD or DM were observed, nor were adverse effects observed
among participants with high achieved serum 25(OH)D response.
Other patient characteristics, in addition to 25(OH)D concentra-
tion, that might be related to treatment effects could not be iden-
tified.

Only 1 previous meta-analysis on the effects of vitamin D
supplementation on CVD-related outcomes used IPD and was
thereby able to accurately study subgroup effects (7). The out-
comes of that meta-analysis were systolic and diastolic blood
pressure. In line with the current findings, no subgroup effects
of baseline 25(OH)D or other factors could be identified in that
study, with the limitation that 25(OH)D data were derived from
various assays (7). Further evidence from Mendelian random-
ization trials also did not show causality of genetically reduced
25(0OH)D concentrations and myocardial infarction, ischemic
heart disease, or coronary artery disease (43, 44).

With respect to LDL cholesterol, both the meta-analyses of
Wang et al. (45) and Manousopoulou et al. (8) reported an in-
crease in LDL cholesterol after vitamin D supplementation [3.23
mg/dL (P = 0%) and 0.34 mmol/L (P = 71.7%), respectively].
However, both meta-analyses did not examine 25(OH)D sub-
group responses. In a meta-analysis by Elamin et al. (46), vita-
min D supplementation had no effect on lipids (> =28-99%
depending on outcome), and there were no indications of sub-
group effects, including subgroups of patients with or without vi-
tamin D deficiency (defined by the authors as <50 nmol/L) at
baseline.

With respect to fasting glucose, small effects were observed in
the current meta-analysis, but the effects were inconsistent across
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VITAMIN D EFFECT ON MARKERS FOR CVD AND DIABETES

the subgroups. Empirical support for an effect on fasting glucose
was found among prediabetics in the meta-analysis by Poolsup
et al. (9). In the meta-analysis by George et al. (47), subgroup
analyses among patients with DM or impaired glucose tolerance
showed a small effect on lowering fasting glucose and a small
improvement in insulin resistance. However, we did not observe
indications of a treatment effect according to baseline glucose
concentrations. The current observed effect of increased fasting
insulin concentrations in the subgroup of baseline 25(OH)D val-
ues <30 nmol/L was not hypothesized and not supported by the
effects on insulin in the other subgroups. This result is therefore
considered as an isolated observation that should be interpreted
in the light of multiple testing with a risk of statistical type 2 er-
rors. Furthermore, there was no effect on HbAlc, which argues
for a neutral effect of vitamin D on overall glucose homeostasis.

The current results showed no indication for differences in
vitamin D supplementation effects on markers for CVD and
DM according to SNPs involved in the vitamin D metabolism
pathway. Previously, it was shown that SNPs in the DBP and
CYP2R1 genes relate to the effect of vitamin D supplementa-
tion on 25(OH)D concentrations: the SNPs that were associated
with lowest baseline 25(OH)D concentrations were also associ-
ated with the smallest increase in 25(OH)D after supplementa-
tion (48). Another study observed that the associations of low
25(0OH)D concentrations with major health outcomes may vary
according to genetic differences. The rs7968585 SNP of the vi-
tamin D receptor gene was identified as the most promising SNP
with respect to major clinical outcomes (49). Unfortunately, this
SNP was not available in the current RCTs.

The remeasurement of serum 25(OH)D with the use of
a CDC-certified LS-MS/MS method resulted in lower mean
concentrations of 25(OH)D in 10 of 12 RCTs. The deviation
between original and remeasured values relates to the type of
assay used (40). Depending on the RCT, a higher or lower per-
centage of participants was reclassified into a different 25(OH)D
group after remeasurement. This influenced the intervention ef-
fects to some extent: when original 25(OH)D values were used,
the trend on LDL cholesterol was significant among persons with
a 25(OH)D concentration <50 nmol/L, whereas this trend was
no longer significant after reclassification (data not shown). This
underlines the importance of accurate 25(OH)D measurements,
especially in the context of defining serum 25(OH)D thresholds
that may be of use in defining Dietary Reference Intakes for
vitamin D.

With data from almost 3000 randomized participants we
had sufficient power to detect clinically relevant effects. How-
ever, low numbers of participants in the subgroups of baseline
25(0OH)D <30 nmol/L [even though overall higher than that evi-
dent by using the originally analyzed 25(OH)D] limited our abil-
ity to study the effects in this subgroup. Other issues that should
be taken into consideration include the high number of statistical
tests, which increased the risk of false-positive findings. In addi-
tion, the selection of RCTs was based on the availability of data
in the consortium and was therefore not systematic. The funnel
plots we created (plots not shown), however, did not suggest a se-
lection bias. Because we included trials from reasonably healthy
volunteers, the results may not be generalizable to specific pa-
tient populations. In addition, some RCTs were not designed to
study markers for CVD or DM as primary outcomes, and the
outcome markers were still subject to interassay variability. The

1051

major strengths of this study include the remeasurement of the
25(OH)D values and the 1-step IPD approach with the ability to
study subgroups.

Several large vitamin D supplementation trials on the effect on
CVD, respiratory infection, falls, fractures, cancer, stroke, and
mortality are currently being undertaken, such as VITAL (VI-
Tamin D and OmegA-3 Trial)), TIPS (The International Poly-
cap Study 3), FIND (Finnish Vitamin D Trial), and D-Health
(50-53). The results of these impressive studies with numbers of
participants ranging from 5000 to >25,000 are awaited. Recent
findings from the ViDA study, in >5000 persons aged 50-84 vy,
failed to show significant effects of vitamin D on incident CVD
or among persons with baseline 25(OH)D <50 nmol/L (54). Al-
though these trials will report important data, they only included
healthy volunteers with relatively high 25(OH)D concentrations,
which showed no effect. In this context, we currently have shown
that vitamin D supplementation has no impact on CVD or DM
surrogate markers in reasonably healthy people. Future research
should be conducted in vitamin D—deficient participants. How-
ever, this will be difficult due to ethical considerations of assign-
ing deficient participants to placebo. It is hoped that future meta-
analyses will allow for further stratified analyses on the basis of
different subgroups, including 25(OH)D subgroups and persons
at metabolic and CVD risk.

Overall, the findings from the current IPD-level meta-analysis
suggest that vitamin D supplementation has a beneficial ef-
fect on PTH. The effect on lipids warrants further investiga-
tion. We did not find indications for harmful effects among
participants with a high achieved response. Subgroup compar-
isons with the data of the large, ongoing vitamin D RCTs
would be very valuable to see whether the findings can be
replicated.

The authors’ responsibilities were as follows—MK and KDC: designed
the research; KGD, GH, and ZS: undertook all of the serum 25(OH)D re-
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data or performed statistical analysis; KMAS: wrote the manuscript and had
primary responsibility for the final content; and all authors: read and approved
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