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Abstract

Background—Deficient levels of 25-hydroxyvitamin D [25(OH)D] have been associated with
increased fracture risk. Racial differences in fracture risk may be related to differences in
bioavailable vitamin D due to single nucleotide polymorphism (SNP) variations in the Vitamin D
Binding Protein (DBP).

Methods—We measured 25(OH)D levels in 12,781 middle-aged white and black participants
[mean age 57 years (SD 5.7), 25% black] in the ARIC Study who attended the second examination
from 1990-1992. Participants were genotyped for two DBP SNPs (rs4588 and rs7041). Incident
hospitalized fractures were measured by abstracting hospital records for ICD-9 codes. We used
Cox proportional hazards models to evaluate the association between 25(OH)D levels and risk of
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fracture with adjustment for possible confounders. Interactions were tested by race and DBP
genotype.

Results—There were 1,122 incident fracture-related hospitalizations including 267 hip fractures
over a median of 19.6 years of follow-up. Participants with deficient 25(OH)D (<20 ng/ml) had a
higher risk of any fracture hospitalization [HR=1.21 (95% CI 1.05-1.39)] and hospitalization for
hip fracture [HR=1.35 (1.02-1.79)]. No significant racial interaction was noted (p-
interaction=0.20 for any fracture; 0.74 for hip fracture). There was no independent association of
rs4588 and rs7041 with fracture. However, there was a marginal interaction for 25(OH)D
deficiency with rs7041 among whites (p-interaction=0.065). Whites with both 25(OH)D
deficiency and the GG genotype [i.e. with predicted higher levels of DBP and lower bioavailable
vitamin D] were at the greatest risk for any fracture [HR=1.48 (1.10-2.00)] compared to whites
with the TT genotype and replete 25(OH)D (reference group).

Conclusions—Deficient 25(OH)D levels are associated with higher incidence of hospitalized
fractures. Marginal effects were seen in whites for the DBP genotype associated with lower
bioavailable vitamin D, but results inconclusive. Further investigation is needed to more directly
evaluate the association between bioavailable vitamin D and fracture risk.
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1. Introduction

Vitamin D insufficiency is common, affecting approximately 1 billion people worldwide.1:2
According to the Institute of Medicine, the recommended levels of 25-hydroxyvitamin D
[25(OH)D] should be equivalent to or greater than 20 ng/mL.3 Persons who have deficient
levels of 25(OH)D are at higher risk for fractures.*~7 Prevention of low-trauma fractures and
hip fractures are of key importance since each year greater than 1.5 million people in the
United States experience fractures with its attendant morbidity and mortality.” Whether
vitamin D supplements independently reduce fractures is unclear as evidence in the
literature has shown conflicting results.8-14 Even the IOM and the US Preventive Services
Task Force have altering opinions regarding supplementation for fracture reduction.3-1
However, the overall effect of supplementation on incidence of fractures may be multi-
factorial and depend on factors such as dosage, concomitant treatment with calcium, and
25(0OH)D levels at baseline.16

Observational data allows the ability to explore the risk of fracture across a range of
25(0H)D levels, stratified by race. Many observational studies, including the Women’s
Health Initiative (WHI), have recognized a racial paradox in the association of vitamin D
with fracture: blacks tend to have higher bone mineral density and lower risk of fractures,
despite having lower average 25(OH)D levels than whites.1” One possible explanation is
that blacks have lower levels of both 25(OH)D and vitamin D binding protein (DBP)
compared to whites, and as a result both racial populations have similar levels of estimated
bioavailable vitamin D.18
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Most of 25(OH)D (~85-90%) circulates predominantly tightly bound to DBP, which may
impair the ability of vitamin D to act on target cells.19 The remainder, known as bioavailable
vitamin D, circulates mostly bound to albumin, with <1% in the free form.29 Approximately
80% of the variation in serum DBP levels is due to the single nucleotide polymorphisms
(SNP) rs7041 and rs4588.18 These SNP variants alter the protein’s binding affinity for
vitamin D, and their allele frequencies vary greatly by race,18:20 resulting in blacks being
more likely to have lower levels of DBP. Prior studies that have analyzed the association
between the DBP SNPs and risk of fractures have yielded conflicting findings.21~2° It is
presently unknown whether DBP genotypes modify the association of low levels of
25(0OH)D and risk of fracture. Were this the case, it may provide insight into the paradoxical
finding of blacks having low 25(OH)D levels and lower fracture risk than whites.

Our objective was to examine the associations, as well as the potential interactions, between
25(0OH)D levels, DBP SNPs, and race with the risk of incident fracture hospitalizations
occurring over 20 years of follow-up among white and black participants of the
Atherosclerosis Risk in Communities (ARIC) Study. Our main hypothesis was that
25(0OH)D deficiency would be independently associated with higher risk of hospitalized
fractures, and that this association would be influenced by race and genetic variations of
DBP SNPs rs7041 and rs4588. We hypothesized that those with the DBP genotypes
associated with higher DBP levels (and thus lower levels of bioavailable vitamin D) would
be at greater risk for fractures in the setting of low total 25(OH)D.

2. Methods

2.1 Participants

The ARIC Study is an ongoing community-based prospective cohort of 15,792 middle-aged
adults recruited from four locations: Forsyth County, North Carolina; Jackson, Mississippi;
Minneapolis, Minnesota, and Washington County, Maryland.2® Participants took part in
several clinical visits: 1987-1989 (Visit 1), 1990-1992 (Visit 2), 1993-1995 (Visit 3),
1996-1998 (Visit 4), and 2011-2013 (Visit 5). Participants provided written consent both
for their involvement in the study and for use of their genetic data. The Institutional Review
Boards (IRBs) from all four locations and the Coordinating Center have approved the ARIC
study.

The population for this study was comprised of participants attending visit 2 (baseline for
the present analysis, n=14,348). Exclusion criteria included incident fracture-hospitalization
before visit 2 (n=353), race other than black or white (n=41), blacks from the Minnesota and
Maryland centers (n=49; because of the small numbers these individuals are not thought to
represent their communities), and missing values for 25(0OH)D (n=1,173). After all
exclusions were accounted for, we had a final sample size of 12,781 participants (89% of
source population).

2.2 Laboratory Analyses

Serum samples (after an overnight fast) were collected at visit 2 (1990-1992) and stored at
=70°C. Levels of 25(0OH)D, and 25(OH)D3 were measured in 2012-2013 using liquid
chromatography-tandem high-sensitivity mass spectrometry (Waters Alliance 2795,
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Milford, Massachusetts). Using samples collected in duplicate tubes and stored, the
coefficient of variation (processing plus assay variation) for 25(OH)D, was 20.8% and for
25(0OH)D3 was 6.9%. The Pearson correlations from these blind duplicate samples were 0.98
for 25(0OH)D, and 0.97 for 25(0OH)D3. 25(0OH)D, and 25(0OH)D3 were added together for
total 25(OH)D concentration.

In 2012-2013 using stored samples from visit 2, we also measured calcium, phosphorus, and
parathyroid hormone (PTH) as follows: (calcium and phosphorus: Roche Modular P-
Chemistry Analyzer [Roche Diagnostics, Indianapolis, Indiana], PTH: Elecsys 2010 [Roche
Diagnostics, Indianapolis, Indiana]). Cystatin C was also measured in 2012—-2013 from
stored samples collected at visit 2 using the Gentian cystatin C assay on the Roche Modular
P Chemistry analyzer. Serum creatinine was measured at visit 2 using a modified kinetic
Jaffé reaction. Estimated glomerular filtration rate (eGFR) was estimated using the 2012
CKD EPI combined equation, which incorporates both cystatin C and creatinine.?” Fasting
lipids were measured at the time of ARIC visit 2, and plasma total cholesterol and
triglycerides were determined by enzymatic methods. HDL-cholesterol was measured after
dextran-magnesium precipitation, and the Friedewald equation was used to calculate LDL-
cholesterol in those with triglyceride levels under 400 mg/dL.

2.3 Ascertainment of incident fracture-related hospitalizations

The ARIC study makes annual telephone calls asking study participants about any
hospitalizations, and medical records from hospitalizations are then obtained and abstracted.
This procedure is supplemented by continuous surveillance of discharge lists from hospitals
in the ARIC communities.28 We classified ICD-9 codes from hospital discharge summaries
using the Clinical Classification Software (CCS) developed at the Agency for Healthcare
Research and Quality (AHRQ). Incident-fracture hospitalization was any hospitalization that
occurred after the second visit (1990-1992) and before 12/31/2011 and had an International
Classification of Diseases, 9™ revision (ICD-9) discharge code of 733.1, 733.19, 733.93—
733.98, or 800-829. Hip fracture had an ICD-9 discharge code of 820.00-821.39.

2.4 Genotyping

Participants’ DNA samples were used to genotype the two SNPs of interest (rs7041 and
rs4588), which are found in the coding region of the vitamin D-binding protein gene.18 A
(50K) SNP genotyping array, ITMAT-Broad-CARE Chip, from the Broad Institute of
Massachusetts Institute of Technology and Harvard was used for genotyping. We tested
whether rs7041 and rs4588 were in Hardy Weinberg Equilibrium, separately by race. There
was no evidence that equilibrium was violated (Chi-square tests all had p-values >0.8).

We analyzed blacks and whites separately and labeled TT (rs7041) and CC (rs4588) as the
respective references for each SNP, since these genotypes associate with predicted lower
DBP levels and thus higher levels of bioavailable vitamin D. Few blacks had GG (rs7401)
(n=93/3154) and AA (rs4588) (n=35/3154) genotypes, as seen in prior studies,*® and among
these, only 2 blacks with GG and 5 blacks with AA had incident fracture. Because of the
small sample size, results including these individuals were unwieldy, with extremely large
confidence intervals. Thus, we categorized genotypes for blacks as either TG or TT for
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rs7041 and either AC or CC for rs4588 and for whites as either TG or GG or TT for rs7041
and either AC or AA or CC for rs4588.

2.5 Covariates

Most of the variables analyzed for this study were measured at visit 2 (1990-1992), except
for education, family income, and physical activity, which were assessed at visit 1 (1987—
1989). Medication usage, demographical, and behavioral variables were obtained through
standard ARIC questionnaires administered by trained interviewers. Use of —vitamin D
supplements at visit 2 was determined through medication codes for products that contain
vitamin D including multivitamins.

Our main covariates include: age (continuous; years), race/center (Minneapolis-Whites;
Washington County-Whites; Forsyth County-Whites; Forsyth County-Blacks; Jackson
County-Blacks), sex (male; female), education (<high school; high school; college, graduate
or professional school), family income for the past 12 months (<$16,000; $16,000-34,999;
$35,000~ 49,999; >$50,000), physical activity (measured on a scale of 1-5 based on a
modified Baecke Physical Activity questionnaire2?), smoking status (never; former;
current), drinking status (never; former; current), BMI (kg/m?2), waist-hip ratio, diabetes
(yes/no; defined as a self-reported physician diagnosis, current diabetes medication use,
fasting serum glucose =126 mg/dl or non-fasting glucose =200 mg/dl), sitting systolic and
diastolic blood pressure (continuous; measured in triplicate with random-zero
sphygmomanometer and used mean of the second and third measurements), anti-
hypertensive medication (yes/no), HDL-C (continuous, mg/dl), total cholesterol (continuous,
mg/dl), use of thiazide diuretics (yes/no), estimated glomerular filtration rate (continuous,
ml/min/1.73m2), and hormone replacement therapy (yes/no). These covariates were
considered as potential confounders of the association between vitamin D levels and fracture
risk. In a supplemental model, we also adjusted for the vitamin D related biomarkers of
PTH, calcium, and phosphate.

2.6 Statistical Analysis

We adjusted serum 25(0OH)D concentrations for seasonal variation, since prior data has
shown that 25(OH)D levels are affected by season.3 To adjust for seasonal variation, we
calculated residuals using a linear regression model such that 25(OH)D was the dependent
variable and the month of blood drawn was the independent variable. Residuals were
calculated separately for blacks and whites. The calculated residuals were then added to the
total mean and an estimated annual 25(OH)D value was obtained.

Visit 2 (1990-1992) was the baseline for our analysis. Baseline characteristics of the study
participants are reported using means (SDs) and proportions stratified by the clinical
cutpoint for deficiency3 (deplete <20, replete =20 ng/ml) and also stratified by race.

We used Cox proportional hazards models to estimate the hazards ratio (95% confidence
intervals) for the association of 25(OH)D levels with risk of hospitalized fractures (either all
fractures or just hip fractures) by vitamin D status. Additionally, to investigate for possible
dose-response relationship, we modeled estimated annual 25(OH)D using restricted cubic
splines with knots at the 5th, 35th, 65th, and 95th percentiles of their baseline distributions
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to show the continuous relationship between 25(OH)D levels and risk of hospitalized
fractures.3! Study participants contributed follow-up time from the date of the participant’s
second visit until the date of their incident hospitalization fracture, death, loss-to-follow-up,
or the end of ARIC follow-up for hospitalization (12/31/2011), whichever came first. To
adjust for potential confounders, we used models with increasing degrees of adjustments.
Model 1 adjusted for demographic factors: age, sex, and race/center. Model 2 further
adjusted for potentially confounding variables of education, annual household income,
physical activity, smoking status, alcohol drinking status, body mass index, waist-to-hip
ratio, diabetes, systolic and diastolic blood pressure, use of hypertension medication, total
and HDL cholesterol, estimated glomerular filtration rate, thiazide diuretic usage, and
hormone replacement therapy. Model 3 adjusted for all the variables in model 2 plus
calcium, phosphate, and PTH levels that may be mediators in the vitamin D and fracture
pathway.

Wald tests were used to formally test for two-way multiplicative interactions by race, sex,
age, and DBP gene polymorphisms (rs7041 and rs4588) in the association of 25(OH)D with
the risk for hospitalized fracture, by including cross-product terms in the model. We decided
a priori that any interactions with p<0.1 would be further explored. However, based on prior
studies,17:32 we a priori planned to present the results overall and stratified by race,
regardless of whether a race interaction was present.

Two sensitivity models were also performed. First, we limited our analysis to only those
NOT taking vitamin D supplements at ARIC visit 2. Secondly, we conducted a competing
risk analysis (taking into account the competing risk of death),33 as vitamin D deficiency is
also associated with increased risk of death from cardiovascular disease.34

Two sided P-values less than or equal to 0.05 were considered statistically significant. We
performed statistical analyses using Stata version 12 (StataCorp, College Station, TX).

In the overall study population (n=12,781), the mean age of participants was 57.1 years (SD
5.7), 55% were females, and 25% were black. The median 25(OH)D levels for whites,
blacks, and overall were 25.6, 18.2, and 23.7 ng/mL, respectively. Among blacks, the
majority had deplete levels of vitamin D (61.4%), whereas among whites fewer (23.1%)
were deplete. Population characteristics stratified by vitamin D status and race are presented
in Table 1. Compared to participants with replete levels, participants with deplete levels of
vitamin D (<20 ng/ml) were more likely to be younger, current smokers, females, less
physically active, and have lower education and higher BMI (p<0.001). Additionally,
participants with deplete levels of vitamin D were more prone to having diabetes and
hypertension (p<0.001).

Over a median of 19.6 years of follow-up (maximum 21.9 years), there were 1,122 incident
hospitalizations with an ICD-9 code for any fracture, which included 267 hospitalizations
with incident hip fractures. Fracture rate was lower among blacks compared to whites. The
fracture incidence rate for any fracture was: 5.1 per 1000 person years for overall; 5.9 per
1000 person years for whites; and 2.9 per 1000 person years for blacks. Hip fracture
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incidence rates were 1.2 per 1000 person years for overall; 1.4 per 1000 person years for
whites; and 0.6 per 1000 person years for blacks.

Table 2 shows the risk of hospitalized fracture by vitamin D status. Even after adjustment
for demographic, behavioral, and other confounding variables (Model 2), participants with
deplete levels of 25(OH)D (<20 ng/mL) were at higher risk of any incident hospitalized
fractures [HR=1.21 (95% CI 1.05-1.39)] and hip fractures [HR=1.35 (1.02-1.79)] compared
to those with replete levels. Results were similar after additional adjustment for vitamin D
related biomarkers (Model 3).

The association of vitamin D deficiency with incident fracture was statistically significant in
whites but not in blacks. However, no significant racial interaction was seen [p-race
interaction=0.20 for any fracture and 0.74 for hip fracture, Model 2]. There was also no
significant interaction by sex (p-interaction=0.18 for any fracture and 0.72 for hip fracture).
However, there was some evidence for effect modification by age, where older individuals
and those with 25(OH)D deficiency were at greater risk of fracture-hospitalization [p-
interaction=0.019 for any fracture and 0.053 for hip fracture (Supplemental Table 1)].

Assessment of the restricted cubic spline model with adjustment for demographic,
behavioral, and other modifying variables, suggested a possible non-linear association
between 25(0OH)D levels and incidence of hospitalized fractures for whites and blacks. The
risk appears to increase for levels <20 ng/ml, but confidence intervals overlap the null.
(Figure 1: Panel A overall, Panel B whites, Panel C blacks).

Vitamin D supplements contribute to 25(OH)D levels and thus were not adjusted for in the
main models. However, in a sensitivity analysis, we restricted to those not taking vitamin D
supplements, and results were essentially unchanged (Supplemental Table 2). We also
conducted a competing risk analysis (taking in account the competing risk of death), as older
people are more likely to have fracture, and vitamin D deficiency is also associated with
increased risk of death from cardiovascular disease.3* The competing risk model gave
similar results (Supplemental Table 3).

There was no independent association of DBP SNPs rs4588 or rs7041 with risk of fracture
(Supplemental Table 4). However, the association of deplete serum 25(OH)D and fracture
risk differed slightly by DBP genotype within subgroups of race (Figure 2). There was a
marginal interaction between 25(OH)D deficiency and rs7041 among whites (p-
interaction=0.065). Whites with both 25(OH)D deficiency and the GG genotype [i.e. with
predicted higher levels of DBP and thus lower bioavailable vitamin D] were at the greatest
risk for any fracture [HR=1.48 (1.10-2.00)], compared to the reference groups of whites
with the TT genotype and replete 25(OH)D (Table 3). No significant interaction between
rs7041 and 25(OH)D category was seen for blacks (p-interaction=0.41). However, few
blacks had the GG genotype and were excluded from analysis. No significant interaction
was seen for rs4588 and deplete 25(OH)D for either whites or blacks (whites: p-
interaction=0.43, blacks: p-interaction=0.78 for any fracture).
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4. Discussion

4.1 Summary of key findings

In this large community-based cohort of blacks and whites, participants with deplete levels
of 25(0OH)D (<20 ng/mL) had a greater risk of fracture, even after adjustment for
demographic and behavioral variables, potential confounders, and related medication usages
such as thiazide diuretics and hormone therapy. The rs7041 genotype might modify the
association between low 25(0OH)D levels and fractures, at least in whites, although results
were not conclusive. No significant interaction was found for rs4588 and deplete 25(OH)D
status.

4.2 25(0OH)D levels and fracture risk by race

Risk of fracture due to deficient vitamin D status has been reported to vary by race/
ethnicity.1” We found an increased risk of fracture associated with low 25(OH)D among
whites but not a statistically significant association among blacks, although we may be
underpowered for stratified results with fewer cases among blacks. We did not find any
statistically significant interaction by race. This is in contrast to the results from WHI which
paradoxically showed that black women with replete 25(OH)D =20 ng/ml actually had
higher fracture risk compared to black women with levels <20 ng/ml.17 Our study
population was both male and female, but we did not find an interaction by sex in our
analysis

4.3 DBP genotype and fracture risk

We did not find a main effect of the rs7041 or rs4588 SNP on fracture risk. Individuals with
an A allele at rs4588 or a G allele at rs7041 are more likely to have higher levels of DBP.18
Whites are more likely to have this genotype.18:20 Prior studies found that Caucasian women
with the Gc2-2 phenotype of DBP (TT at rs7041 and AA at rs4588) had lower levels of
25(0H)D, yet, were three times less likely to have fractures compared to similar women
with Gcl-1 phenotype.2122 Another study found that while the GG genotype of the DBP
polymorphism (rs2282679) was associated with lower 25(OH)D levels, it was not associated
with past or prospective fractures among Caucasian European adults.2> The contrast among
these results suggests that DBP genetics and its association with fracture risk may be
dependent on other genetic and environmental factors, such as low 25(OH)D levels, low
calcium levels, and the VDR gene.3°

4.4 DBP SNPs may modify the risk of low 25(OH)D with fracture

We found some marginal evidence suggesting that the rs7041 DBP genetic polymorphism
might modify the association between low 25(OH)D levels and incident fracture. We had
hypothesized that those with a rs7041 GG genotype and a rs4588 AA genotype (with
predicted lower DBP levels)18 would be at the highest risk for fracture in the setting of low
25(0OH)D, due to lower bioavailable 25(0OH)D. In accordance with our hypothesis, we did
find a marginal statistical interaction, whereby white participants with deplete 25(OH)D
levels and the rs7041 GG genotype were at higher risk for hospitalized fractures compared
to reference whites (TT genotype with replete vitamin D). Few blacks had the GG genotype,
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so were unable to examine this relationship in blacks. There was no evidence of interaction
between 25(0OH)D category and rs4588 polymorphisms on fracture risk.

4.5 Clinical implications of findings

Our results showed a possible non-linear association between 25(OH)D levels and incidence
of hospitalized fractures. Thus, it stands to reason that only patients with 25(OH)D
deficiency may benefit from vitamin D treatment to prevent fractures.3” Although serum
25(0OH)D was once considered the best measurement for vitamin D status, recent discussion
of racial differences in serum DBP and bioavailable vitamin D may change this
classification scheme. Prior studies have recognized that genetic variations of DBP influence
an individual’s response to vitamin D supplementation. For example, a treatment study
showed that healthy adults with varying DBP genotypes had different responses in 25(OH)D
levels to the same supplemental dose of vitamin D3.36 Clinicians tend to prescribe vitamin
D supplements to patients if their serum 25(OH)D levels are below 20 ng/mL; however, the
definition for vitamin D deficiency may change based on recent findings about DBP. The
level of bioavailable 25(OH)D could potentially be a better indicator of vitamin D status in
different racial populations, particularly if it is better correlated with clinical outcomes such
as fractures compared to total 25(OH)D.

It is currently inconclusive whether vitamin D treatment can prevent fractures. A review of
19 randomized clinical trials of vitamin D found a decreased fracture incidence in 7 studies,
neutral results in 10 studies, and 2 trials with an increased fracture incidence (but the latter
tested very high doses of vitamin D).16 Future studies/trials should test whether assessing
DBP genotype status or DBP serum levels in combination with 25(OH)D levels influences
whether supplements and/or supplement dosage can reduce risk of fracture and other health
outcomes.

4.6 Study limitations

Our study has several limitations which must be taken into account in interpretation of our
results. We were only able to analyze fractures that resulted in hospitalization, therefore it is
likely that milder fractures treated in the out-patient setting were missed; however hip
fracture represents a significant clinical event that typically requires hospitalization. Thus,
our outcome is highly specific but not very sensitive. We also had only had a single
measurement of 25(OH)D, but we did account for seasonal variation. We did not have
measurements of serum DBP, so we could not directly calculate bioavailable vitamin D;
DBP SNP genotypes were used as a surrogate for predicted DBP levels. Although we
analyzed participants’ genotypes for DBP, these results must be interpreted cautiously since
the analyses had limited power. Lastly, as with all observational data, inferences about
causality must be made with caution.

4.7 Study Strengths

Despite these limitations, our study had several strengths. To the best of our knowledge, no
other study has analyzed the interaction between vitamin D levels and incidence of fractures,
while simultaneously stratifying by race and genotype (specifically the DBP SNPs of rs4588
and rs7041). We used a large, well-characterized, community-based sample of blacks and
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whites who were followed for 20 year, and we were able to adjust our results for numerous
potential confounders and demographical/behavioral variables.

4.8 Summary and Future Implications

In conclusion, in the observational ARIC cohort, deplete levels of 25(OH)D (<20 ng/ml)
was associated with an increased incidence of hospitalized fracture over 20 years of follow-
up. We also found evidence, at least in whites, to suggest that an individual’s risk of fracture
in the setting of deplete vitamin D may be affected by their genotype, specifically the rs7041
SNP of the DBP gene, but results were not conclusive. Fracture prevention clinical trials
should be conducted to evaluate whether vitamin D supplementation is only beneficial for
individuals who are vitamin D deficient, and also whether treatment strategies for deplete
25(0OH)D should vary by predicted bioavailable vitamin D status.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Adjusted* restricted cubic spline model showing the hazard ratios (95% confidence
intervals) for the association of 25(OH)D with incident hospitalized fracture for overall (Panel
A), whites (Panel B), and blacks (Panel C)

The solid line represents the hazard ratios and the dashed lines represents the 95%
confidence intervals. Knots at 5, 35t 65M and 95t percentiles. Spline centered at 20
ng/ml. Histogram shows the distribution of concentrations of 25(OH)D. Restricted cubic
spline truncated at 15t and 99t percentile of 25(OH)D.

*Model is adjusted for age, sex, race/center or center (race-stratified models), education,
income, physical activity, smoking status, alcohol drinking status , body mass index, waist-
to-hip ratio, diabetes, systolic and diastolic blood pressure, use of hypertension medication,
total cholesterol, HDL cholesterol, estimated glomerular filtration rate, thiazide diuretic
usage, hormone replacement therapy
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Figure 2. Interaction between SNP status and 25(OH)D status
*Model is adjusted for age, sex, race/center or center (race-stratified models), education,

income, physical activity, smoking status, alcohol drinking status , body mass index, waist-
to-hip ratio, diabetes, systolic and diastolic blood pressure, use of hypertension medication,
total cholesterol, HDL cholesterol, estimated glomerular filtration rate, thiazide diuretic
usage, hormone replacement therapy

Panel A: rs4588 SNP

Interaction by 25(OH)D status: Blacks: p=0.78; Whites: p=0.43

Panel B: rs7041 SNP
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Interaction by 25(OH)D status: Blacks: p=0.41; Whites: p=0.07
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