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ABSTRACT

Black individuals have lower 25-hydroxyvitamin D [25(OH)D] levels and experience a disproportionate
burden of ESRD compared with white individuals. Animal studies suggest that vitamin D has renopro-
tective effects. We evaluated the contribution of low 25(OH)D levels on incidence of ESRD using data
from the Third National Health and Nutrition Examination Survey-linked Medicare claims files (n =
13,328). We included baseline (1988 through 1994) measurements of 25(0OH)D and assessed the inci-
dence of ESRD through July 31, 2001. Overall, 34% of non-Hispanic black individuals had 25(OH)D levels
<15 ng/ml compared with 5% of non-Hispanic white individuals (P < 0.001). During a median of 9.1 yr,
65 participants developed ESRD. After adjustment for demographic, socioeconomic, and clinical and
laboratory factors (including diabetes, hypertension, estimated GFR, and albuminuria), participants with
25(OH)D levels <15 ng/ml had a 2.6-fold greater incidence of ESRD than those with levels =15 ng/ml
(incidence rate ratio 2.64; 95% confidence interval [CI] 1.00 to 7.05; P = 0.05). After adjustment for
clinical covariates but not 25(OH)D levels, non-Hispanic black individuals had a 2.83-fold (95% CI 1.03 to
7.77) higher risk for developing ESRD compared with non-Hispanic white individuals. Additional adjust-
ment for 25(0OH)D levels reduced the risk by 58% (incidence rate ratio 1.77; 95% Cl 0.38 to 8.21). In
summary, low 25(0OH)D levels associate with development of ESRD even after adjustment for multiple
risk factors. Low 25(0OH)D levels may account for a substantial proportion of the increased risk for ESRD
experienced by black individuals.
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Non-Hispanic black and Hispanic individuals have
a higher risk for ESRD compared with non-His-
panic white individuals. Even after adjustment for
demographic, socioeconomic, and lifestyle factors,
non-Hispanic black participants in the Second Na-
tional Health and Nutrition Examination Survey
(NHANES) had a relative risk for progressing to
ESRD of 1.95 compared with non-Hispanic white
individuals.!

Low vitamin D levels, measured as 25-hy-
droxyvitamin D [25(OH)D], the main circulating
form, have been associated with incident hyperten-
sion,? insulin resistance,® peripheral arterial dis-
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ease,* cardiovascular disease,>® and mortality.” Vi-
tamin D may also have effects on the progression of
kidney disease. Activated vitamin D, 1,25-dihy-
droxyvitamin D [1,25(OH)2D], suppresses renin
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biosynthesis in mice, and vitamin D deficiency stimulates re-
nin production.? In different animal models, 1,25(OH)2D or
its analogs reduced proteinuria levels; preserved glomerular
podocyte structure®; decreased levels of TGF-f1, an inducer of
renal fibrosis; and inhibited mesangial cell proliferation, a marker
of renal injury.'° Low 25(OH)D levels were associated with albu-
minuria in a cross-sectional analysis of NHANES IIL."! Reports of
human studies of vitamin D and progression of kidney disease are
rare. Three reports, each with limited sample sizes, suggested no
harm from and a potential benefit of active vitamin D use in slow-
ing the progression of kidney disease.'>-'* On the basis of its sup-
pression of the renin-angiotensin system and on animal models
showing beneficial effects on albuminuria, mesangial cell prolif-
eration and inflammation, and extracellular matrix formation,
low vitamin D levels are a candidate novel risk factor for the pro-
gression of renal disease.

Non-Hispanic black and Hispanic individuals have lower
levels of 25(OH)D,'> potentially because of darker skin pig-
mentation, leading to decreased synthesis of vitamin D in the
skin.'6-18 If low 25(OH)D levels are a risk factor for progres-
sion of kidney disease, then this may explain some of the excess
risk for ESRD in non-Hispanic black and Hispanic individuals.
We tested the hypothesis that low 25(OH)D levels are associ-
ated with progression of kidney disease using data from the
NHANES III follow-up study, a cohort study based on a na-
tionally representative sample of US adults in which 25(OH)D
levels were measured in 1988 through 1994 and participants
were followed for up to 12 yr through linkage with Medicare
files and the National Death Index.

RESULTS

Participant Characteristics

Participants with 25(OH)D deficiency (<15 ng/ml) were more
likely to be female, non-Hispanic black, Mexican-American, or
other race; have diabetes and hypertension; and be former
smokers (Table 1, Figure 1). Participants with 25(OH)D defi-
ciency were also more likely to be of low socioeconomic status
(SES); to be examined during the winter months; have higher
body mass index (BMI), HDL cholesterol, phosphate, and C-
reactive protein (CRP) levels; and to have albuminuria and
lower serum albumin and hemoglobin. Participants who exer-
cised more and those who took vitamin D supplements were
less likely to be 25(OH)D deficient.

Associations between 25(OH)D Deficiency and
Incident ESRD

During a median of 9.1 yr (interquartile range 7.6 to 10.7), 65
NHANES III participants developed ESRD. Of those who de-
veloped ESRD, the 2728 form revealed that approximately
54% developed ESRD secondary to diabetes, 32% secondary to
hypertension, and 6% secondary to glomerulonephritis; the
causes for the remaining 8% of cases were either not reported
or were causes other than those listed. In unadjusted analysis,

2 Journal of the American Society of Nephrology

the incidence rate ratio (IRR) of ESRD associated with
25(OH)D deficiency was 4.26 (95% confidence interval [CI]
2.02 to 8.98). After age, gender, race/ethnicity, and season ad-
justment, the IRR was 2.88 (95% CI 1.10 to 7.55), and after
further multivariable adjustment, the IRR was 2.64 (95% CI
1.00 to 7.05; Figure 2).

Subgroup Analysis

The association between 25(OH)D deficiency and incident
ESRD was similar in subgroups defined by baseline estimated
GFR (eGFR) (Table 2). There were interactions in the associa-
tion between 25(OH)D levels <15 ng/ml and ESRD by age
(P = 0.03 for interaction) and gender (P = 0.07 for interac-
tion). The association was more pronounced in participants
who were younger than 65 yr and in women. The association
was also stronger in non-Hispanic white and Mexican-Amer-
ican individuals than in non-Hispanic black individuals (P =
0.06 for interaction for non-Hispanic white versus black). In-
cidence rates (95% CI) by race/ethnicity were 198 (72 to 301)
per 1,000,000 person-years for non-Hispanic white individu-
als, 767 (498 to 1006) per 1,000,000 person-years for non-His-
panic black individuals, and 387 (200 to 526) per 1,000,000
person-years for Mexican-American individuals.

25(OH)D Deficiency and Race and the Development of
ESRD

Non-Hispanic black individuals had an unadjusted IRR 0f 3.93
(95% CI 1.73 to 8.91) of developing ESRD compared with
non-Hispanic white individuals (Figure 3). After adjustment
for potential confounders including age, gender, season, hy-
pertension, diabetes, BMI, HDL cholesterol, eGFR <60 ml/
min per 1.73 m,? serum albumin, log urinary albumin-creati-
nine ratio (ACR), log CRP, physical activity level, and low SES
in a propensity score, the IRR of ESRD was 2.83 (95% CI 1.03
to 7.77). The IRR after further adjustment for 25(OH)D <15
ng/ml was 1.77 (95% CI 0.38 to 8.21), suggesting 25(OH)D
deficiency explained 58% of the increased risk for ESRD expe-
rienced by non-Hispanic black individuals.

Associations between 25(0OH)D Deficiency and
Incident ESRD or Death with Nephropathy

A total of 170 participants reached the combined end point of
initiating ESRD or dying with nephropathy. The unadjusted
IRR for the combined end point of initiating ESRD or dying
with nephropathy among those with 25(OH)D <15 ng/ml was
2.67 (95% CI 1.65 to 4.31). Adjustment for age, gender, race/
ethnicity, and season decreased the IRR to 2.05 (95% CI 1.10 to
3.81), and multivariable adjustment further decreased the IRR
to 1.89 (95% CI 1.00 to 3.57). The continuous association be-
tween 25(OH)D levels and the combined outcome is shown in
Figure 4.

Sensitivity Analyses

To confirm that our findings were robust, we conducted anal-
yses adjusting for both serum hemoglobin and phosphate lev-
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Table 1. Baseline characteristics of 13,328 NHANES Il participants by serum 25(OH)D level
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25(0OH)D Levels (ng/ml)

Characteristic Total =15 <15 P
(n = 13,328) (n = 11,238) (n = 2090)

Age (yr; mean [SE]) 44.3 (0.5) 44.3 (0.5) 44.8 (0.6) 0.42
Female gender (% [SE]) 52.1(0.5) 50.4 (0.5) 69.5 (1.5) <0.001
Race/ethnicity (% [SE])

non-Hispanic white 77.8 (1. 81.2(1.1) 42.3(2.7) <0.001

non-Hispanic black 10.0 (0. 7.3 (0.5) 38.8(2.2) <0.001

Mexican American 4.8 (0. 4.5 (0.4) 7.2 (0.8) <0.001

other 7.4 (0. 7.0(0.9) 11.6 (1.8) 0.004
Diabetes (% [SE]) 6.6 (0. 6.3(0.3) 9.0 (1.0) 0.003
Hypertension (% [SE]) 23.7 (0. 23.4(0.9) 26.9 (1.5) 0.02
Smoking (% [SE])

former 26.2 (0.6) 26.7 (0.7) 20.9 (1.5) 0.001

current 28.3(0.8) 27.9 (0.9) 32.3(2.3) 0.06
History of CVD (% [SE]) 7.6 (0.4) 7.6 (0.5) 7.6 (0.9) 0.99
Low SES (% [SE]) 32.8(1.2) 32.0(1.3) 41.0(1.8) <0.001
Season (% [SE])

Winter (January through March) 16.4 (2.9) 15.1 (2.6) 30.3(5.6) <0.001

Spring (April through June) 25.9 (4.1) 26.1(4.2) 23.8(4.2) 0.39

Summer (July through September) 33.3(4.9) 34.7 (5.1) 18.8 (3.7) <0.001

Fall (October through December) 24.3(4.2) 24.1 (4.3) 27.0 (4.4) 0.36
Use of vitamin D supplementation (% [SE]) 28.9 (0.7) 30.3(0.7) 13.9 (1.5) <0.001
Physical activity level (% [SE])

moderate 54.3(0.9) 55.0(1.0) 46.9 (1.7) <0.001

high 21.4(0.9) 22.5(0.9) 10.8 (1.1) <0.001
BMI (kg/m?; mean [SE]) 26.5(0.1) 26.4(0.1) 28.2 (0.3) <0.001
Albumin excretion =30 mg/g of creatinine (% [SE]) 8.2 (0.4) 7.9 (0.4) 12.1(1.2) <0.001
Use of cholesterol lowering medication (% [SE]) 2.9(0.2) 2.8(0.2) 3.9 (1.0 0.14
HDL cholesterol (mg/dl; mean [SE]) 50.8 (0.3) 50.6 (0.4) 52.3(0.6) 0.002
Total cholesterol (mg/dl; mean [SE]) 203.7 (0.8) 203.8 (0.9) 202.2 (1.7) 0.38
Serum phosphate (mg/dl; mean [SE]) 3.45 (0.01) 3.44 (0.01) 3.49 (0.02) 0.005
Serum hemoglobin (g/dl; mean [SE]) 14.00 (0.03) 14.20 (0.03) 13.50 (0.05) <0.001
Serum albumin (g/dl; mean [SE]) 4.18 (0.02) 4.20 (0.02) 4.05 (0.02) <0.001
C-reactive protein >0.021 (mg/L; % [SE)) 28.1(1.2) 27.3(1.3) 37.2(2.0) <0.001
eGFR <60 ml/min per 1.73 m? (% [SE]) 4(0.3) 4.0(0.3) 4.5(0.7) 0.48

CVD, cardiovascular disease.

els. The multivariable adjusted IRR for dialysis was 2.47 (95%
CI 0.98 to 6.27; P = 0.056). For the combined end point of
dialysis and death with underlying nephropathy, the IRR
was 1.87 (95% CI 1.00 to 3.50; P = 0.050). After adjustment
for total caloric and protein intake as markers of nutritional
adequacy, the IRR for dialysis was 2.56 (95% CI 0.98 to 6.69;
P =10.055) and the IRR for the combined end point was 1.86
(95% CI 1.00 to 3.45; P = 0.049). Excluding the “other
races” category, the multivariable adjusted IRR for dialysis
was 3.20 (95% CI 1.13 to 9.08), and the IRR for the com-
bined end point was 2.06 (95% CI 1.08 to 3.96). An addi-
tional model with no variables in the model with variance
inflation factors (VIF) >10 revealed an IRR for dialysis of
2.72 (95% CI 1.08 to 6.84).
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DISCUSSION

In this US nationally representative adult population,
25(OH)D levels <15 ng/ml were associated with incident
ESRD and the combined end point of incident ESRD and death
as a result of nephropathy. In subgroup analyses, 25(OH)D
levels <15 ng/ml seemed to be more strongly associated with
the outcomes in particular subgroups (age <65, female, non-
Hispanic white and Mexican-American individuals). We
present these results as potentially hypothesis generating but
urge caution in their interpretation because of the small sample
sizes on which they are based. Interestingly, in previous analy-
ses, the associations between low 25(OH)D levels and a variety
of outcomes (e.g., mortality and peripheral vascular disease)

Vitamin D Levels and ESRD 3
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Figure 1. Distribution of 25(0OH)D levels by race/ethnicity in the NHANES Il is shown.

have not been significant in the non-Hispanic black sub-
group.”1%-20 Explanations include that cut points do not differ-
entiate adequately in black individuals because of the different
underlying distribution in the population and different levels
of other related hormones, such as parathyroid hormone
(PTH) or fibroblast growth factor 23, which may influence
these associations, or that low 25(OH)D are not as detrimental
in non-Hispanic black individuals. This last possibility seems
unlikely when examining evidence from studies of bone
health. Although skeletal resistance to PTH and vitamin D has
been shown among non-Hispanic black individuals,?!?? vita-
min D supplements decrease PTH levels and markers of bone
turnover in black individuals, and most researchers suggested
that black individuals require 25(OH)D levels similar to white
individuals for bone health.!62> This area warrants further in-
vestigation.

Most studies show that non-Hispanic black individuals
have a similar prevalence of stages 1 through 4 chronic kidney
disease (CKD) as white individuals but have a higher incidence
of ESRD.!2425 This suggests that either non-Hispanic black
individuals progress faster through the stages of CKD than do
non-Hispanic white individuals?27 or that white individuals
die of competing causes before they reach ESRD.?82° Consis-
tent with the former possibility, black race was associated with
amore rapid decline in kidney function in the Modification of
Diet in Renal Disease (MDRD) study.? Black individuals also
had a faster decline in their renal function in the Multiple Risk
Factor Intervention Trial (MRFIT),>! suggesting that non-His-
panic black individuals do progress faster through the stages of
CKD. Previous studies investigating the higher incidence of
ESRD in non-Hispanic black individuals showed that the ex-
cess risk cannot be completely explained by demographic, so-
cioeconomic, or lifestyle factors.!*2 Other possible explana-
tions for the racial disparity in ESRD are the low nephron mass
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W Mexican-American

hypothesis®>** or genetic factors such as
the recent discovery that polymorphisms
of the gene encoding nonmuscle myosin
heavy chain type Il isoform A (MYH9) are
associated with nondiabetic kidney dis-
ease.>> Although most previous studies of
racial disparities in ESRD have focused on
non-Hispanic black and non-Hispanic
white individuals, it is important to note
that Hispanic individuals also have a
higher risk for ESRD and have lower vita-
min D levels than white individuals.

Active vitamin D, in various forms, de-
creases albuminuria in multiple animal
models of kidney disease, including Hey-
mann nephritis,>* murine MRL/L lupus
nephritis,?” mercuric chloride-induced
nephrotic syndrome,*® and subtotally ne-
phrectomized rats.> In the anti-Thy 1.1
model of glomerulonephritis, rats treated
with 1,25(0OH),D; had less albuminuria%°
and showed preserved slit diaphragm protein morphology.?
22-Oxacalcitriol, a vitamin D analog, reduced urine albumin
excretion and prevented mesangial cell proliferation and extra-
cellular matrix expansion in two different rat models of glo-
merulosclerosis.'%4! Mesangial cell proliferation and extracel-
lular matrix expansion are two of the pathologic processes that
lead to progressive glomerulosclerosis. Rats treated with the
same vitamin D analog had lower levels of TGF-1 protein in
the tubules and glomeruli compared with nontreated disease
rats.'®3° A microarray analysis revealed that vitamin D-related
genes are upregulated in the db/db mouse, and evidence sug-
gested that perhaps this upregulation is responsible for the lack
of progressive kidney disease in the mouse.*? Interestingly, vi-
tamin D deficiency can cause a myopathy, and, recently, mu-
tations in myosin IIA, the MYH9 gene product, were found to
be associated with ESRD.?3 It is unknown whether vitamin D
may affect myosin ITA. The mechanism of the effect of vitamin
D on proteinuria may be through downregulation of TGF-f3, a
cytokine-regulating cellular proliferation and extracellular
matrix deposition,*> preservation of slit diaphragm integrity,
anti-inflammatory effects, inhibition of the renin-angiotensin
system, other effects not yet described, or, most likely, a com-
bination of these.

Previous small studies suggested a role for active vitamin D
therapy and/or low vitamin D levels in the progression of kid-
ney disease.'>'+# Vitamin D is a negative regulator of the
renin-angiotensin system in mice.*> Vitamin D receptor
knockout mice and those missing the 1a-hydroxylase enzyme
develop hypertension and cardiac hypertrophy and high renin
levels.#> Pharmacologic inhibitors of the renin-angiotensin
system are one of the only proven therapies to delay progres-
sion of kidney disease.*6 Two small studies suggested that vita-
min D supplementation, one with ultraviolet B radiation (n =
20) and another with 1200 mg of calcium and 800 IU of vita-
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Figure 2. IRRs for ESRD in those with 25(OH)D levels <15 ng/ml
compared with those with levels =15 ng/ml after various levels of
propensity score adjustment are shown. Adjusted 1 includes age,
gender, race/ethnicity, and season. Adjusted 2 includes the vari-
ables in adjusted 1 and hypertension, diabetes, BMI, HDL cho-
lesterol, eGFR <60 ml/min per 1.73 m?, serum albumin, log
urinary ACR, log CRP, level of physical activity, vitamin D supple-
ment use, and low SES.

1.01+-------
Unadjusted

min D (n = 145), reduce systolic BP.#74% The animal studies
previously mentioned suggested that vitamin D plays a role in
the progression but potentially not initiation of a wide variety
of kidney diseases. Vitamin D may influence the progression of
renal disease either through its effects on the renin-angiotensin
system or through its effects on proteinuria as described al-
ready. If the association we observed between 25(OH)D defi-
ciency and progression of kidney disease is seen in other obser-
vational studies and treatment with vitamin D is shown to
retard the progression of kidney disease in randomized clinical
trials, then this would have far-reaching public health implica-
tions for a readily available, safe medication for kidney disease.

Our study has several potential limitations. Like all obser-
vational studies, causality cannot be directly inferred. There is
the possibility that unmeasured factors confound the associa-
tion between 25(OH)D deficiency and incident ESRD, which
we did not account for in our analysis. In addition, given the
relatively low incidence of ESRD in the general population, a
limited number of ESRD cases occurred during follow-up.
This limits the interpretation of subgroup analyses. Also,
25(OH)D levels were measured only once at baseline and thus
may not reflect lifetime vitamin D status; however, our study
has several strengths, including the large number of nationally
representative participants, standardized interview and exam-
ination data collection, and clinically significant outcomes in-
cluding death and ESRD.

In summary, after multivariable adjustment, participants
with 25(OH)D levels <15 ng/ml were 2.6 times more likely to
progress to ESRD compared with participants with higher
25(OH)D levels. The increased prevalence of 25(OH)D <15
ng/ml among non-Hispanic black individuals seems to explain
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a substantial proportion of their excess risk for ESRD. These
results need to be tested in future observational studies, and, if
confirmed, then randomized, controlled trials evaluating the
renoprotective effects of vitamin D supplementation may be
warranted.

CONCISE METHODS

Study Participants
NHANES IIT includes a sample of noninstitutionalized US civilians,

enrolled through a multistage sampling design, and was conducted by
the National Center for Health Statistics of the Centers for Disease
Control and Prevention. Details regarding the sampling design, in-
formed consent, examination procedures, and statistical methods of
NHANES III are outlined elsewhere.*® We restricted our analyses to
adults who were =18 yr of age, who had a physical examination and
laboratory testing at baseline (October 1988 through October 1994),
and for whom vital status information was known at follow-up and
linkage to Medicare and Medicaid files was available. Non-Hispanic
black individuals, Mexican-American individuals, and the elderly
were oversampled in NHANES III to allow more precise estimates in
these groups.>° To ensure comparable conditions at each NHANES IIT
survey site, northern states were surveyed during the summer and
southern states were surveyed during the winter. Overall, 18,521
adults had 25(OH)D measurements performed. The main analyses
were restricted to participants with an eGFR >15 ml/min per 1.73 m*
at baseline (n = 18,496). Participants were excluded when they did
not have complete data on other laboratory and examination mea-
surements (n = 3379), poverty status (n = 1477), prevalent ESRD
(n = 6), or linkage data (n = 304). The remaining 13,328 participants
represent approximately 175 million US adults. NHANES III was ap-
proved by the institutional review board of the National Center for
Health Statistics, and each participant signed an informed consent.
The institutional review board at the Albert Einstein College of Med-
icine determined this analysis to be exempt.

Study Variables

Interview questions; physical examination; and laboratory values, in-
cluding serum 25(OH)D, CRP, glucose, albumin, creatinine, phos-
phate, hemoglobin, and lipids and urinary albumin and creatinine
levels, were assessed at baseline and processed per standard proto-
col.#? Serum 25(OH)D was measured using the Diasorin RIA kit (Dia-
sorin, Stillwater, MN) which measures both 25(OH)D, and
25(OH)D; on frozen serum (<—20°C) between February 1994 and
December 1995 (total coefficient of variation from quality control
samples 13 to 19%). The RIA kit was calibrated using HPLC-purified
25(OH)D every 6 mo. 25(OH)D deficiency was defined as levels <15
ng/ml.%>! Race/ethnicity was self-identified. Participants’ height and
weight were measured, and BMI was calculated as weight in kilograms
divided by height in meters squared. BP was measured six times fol-
lowing a standard protocol, and hypertension was defined as systolic
BP =140 mmHg, diastolic BP =90 mmHg, and/or use of antihyper-
tensive medications. A participant was considered to have diabetes
when he or she reported ever being told by a doctor that he or she had

Vitamin D Levels and ESRD 5
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Table 2. Associations between 25(0OH)D levels and incident ESRD in 13,328 participants of NHANES Il overall and in
patient subgroups

25(0OH)D Levels (ng/ml; IRR [95% CI])

Parameter =15 <15 (Inter:ction)
(n = 11,238) (n = 2090)
IRR

overall 1.00 (reference) 2.64 (1.00 to 7.05)

age 0.03
<65 (10,259/27/15) 1.00 (reference) 3.20(1.02 to 10.04)
=65 (3069/17/6) 1.00 (reference) 1.32 (0.26 to 6.53)

gender 0.07
male (6275/30/8) 1.00 (reference) 0.64 (0.24 to 1.71)
female (7053/14/13) 1.00 (reference) 5.67 (1.57 to 20.57)

race
non-Hispanic white (5696/8/3) 1.00 (reference) 3.71 (1.06 to 12.95)
non-Hispanic black (3.595/21/9) 1.00 (reference) 1.17 (0.43 t0 3.17) 0.06
Mexican American (3,510/13/9) 1.00 (reference) 5.26 (2.20 to 12.55) 0.99
other (527/2/0) 1.00 (reference) a

baseline eGFR 0.25

=60 ml/min per 1.73 m? (12,587/17/8)

<60 ml/min per 1.73 m?2 (741/27/13)

1.00 (reference)
1.00 (reference)

5.24 (0.84 to 32.77)
1.49 (0.58 to 3.90)

IRRs (per 1,000,000 person-years)
race
non-Hispanic white
non-Hispanic black
Mexican American

153 (48 to 238)
698 (439 to 904)
207 (101 to 283)

1139 (0 to 2121)
929 (145 to 1491)
1574 (387 to 2416)

Numbers after subgroups represent total N/events in =15 ng/ml/events in <15 ng/ml. Results are adjusted for age, gender, race/ethnicity, season,
hypertension, diabetes, BMI, HDL cholesterol, baseline eGFR < or >60 ml/min per 1.73 m?, serum albumin, log urinary ACR, log CRP, physical activity level,
vitamin D supplementation, and low SES except in specific subgroup models, the subgroup categorical variable is not included in the model.

2Numbers too small to yield valid estimates.

3.93 2.83 1.77
(1.73,8.91) (1.03,7.77) (0.38,8.21)
@ 8.0+ T T
n
]
5 407 3%
© %
o 207 }58/
©
8 1.04------- S m aintatelebielebieteny State bl
c
0]
2
2 0.5
Unadjusted Adjusted 1  Adjusted 2
Figure 3. IRRs of ESRD in non-Hispanic black compared with

non-Hispanic white individuals after various levels of propensity
score adjustment are shown. Adjusted 1 includes age, season,
hypertension, diabetes, BMI, HDL cholesterol, eGFR <60 ml/min
per 1.73 m?, serum albumin, log urinary ACR, log CRP, level of
physical activity, and low SES. Adjusted 2 includes variables in
adjusted 1 and 25(OH)D <15 ng/ml. The values 38% and 58%
represent the reduction in the IRR associated with adjustment for
variables in adjusted model 1 and adjusted model 2, respectively.

diabetes or “sugar diabetes” at a time other than during pregnancy,
was taking insulin or a “diabetes pill” at the time of the questionnaire,
or had a fasting blood glucose =126 mg/dl or a nonfasting blood
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Figure 4. Spline shows the continuous association between
25(0OH)D levels and the development of dialysis or death with
underlying kidney disease among 13,328 participants of NHANES
lll. Line represents IRR; shaded area represents 95% Cl.

glucose =200 mg/dl. Smoking was classified as never, current, or
former. Low SES was defined as =200% of the poverty index. The use
of cholesterol medication was based on the response to the question,
“To lower your blood cholesterol, are you now following this advice to
take prescribed medicine?” Total caloric and protein intakes were
obtained from a 24-h dietary recall.

Serum creatinine levels were calibrated to the Cleveland Clinic
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laboratory by subtracting 0.23 mg/dl from NHANES III values, and
eGFR was calculated on the basis of serum creatinine using the four-
variable Modification of Diet in Renal Disease (MDRD) Study formu-
la.5253 Urinary ACR was based on a spot urine sample. Both ACR and
CRP were log-transformed to achieve approximate normality for sta-
tistical analyses.

Physical activity level was based on the participants’ metabolic
expenditures in the past month and categorized as low physical activ-
ity intensity (=3.5 metabolic equivalents [METS]), moderate inten-
sity (3.6 to 14.9 METS), or high intensity (=15 METS).5* No infor-
mation was available about whether the physical activities were
performed indoors or outdoors. Vitamin D supplementation use was
coded as positive for patients who reported taking a supplement or
multivitamin containing vitamin D.

ESRD Incidence

For the primary outcome, ESRD incidence was defined as initiating
long-term renal replacement therapy. ESRD cases were identified
through linkage of the NHANES III database with Medicare files.
Probabilistic matching was used with Medicare records available
through July 1, 2001. For this analysis, we considered anyone who had
a record in the ESRD Patient Master File and Death Notification
(Form 2746) with their initial date of dialysis occurring after their
NHANES 11T study visit to have incident ESRD. Causes of ESRD were
obtained from the ESRD Entitlement/Registration Form (Form
2728).

The occurrence of ESRD incidence or death with an underlying or
contributing cause of kidney disease was analyzed as a secondary out-
come. Mortality outcomes were collected for NHANES III partici-
pants through December 31, 2000, using probabilistic matching, with
up to 12 identifying data elements, to National Death Index records. A
selected sample of death certificates was reviewed manually to validate
the process. The underlying cause of death was coded according to the
ninth revision of the International Statistical Classification of Diseases,
Injuries and Causes of Death (ICD-9) for deaths occurring between
1988 and 1998 and according to comparable 10th revision (ICD-10)
codes for deaths occurring in 1999 and 2000.5%56 Death caused by
nephropathy was coded as being present when the underlying or con-
tributing cause of death was any one of the following ICD-9 codes:
250.4 (diabetes mellitus with nephropathy), 274.1 (gouty nephropa-
thy), 275.4 (nephrocalcinosis), 403 (hypertensive renal disease), 404
(hypertensive heart and renal disease), 580 to 589 (nephritis, ne-
phrotic syndrome, nephrosis), or 593.9 (renal disease not otherwise
specified).!

Statistical Analyses
For accounting for the oversampling of subgroups and participant

nonresponse, all analyses incorporated weights provided in the
NHANES III database using the survey commands in Stata 10.0 (Stata
Corp., College Station, TX). Participant characteristics were calcu-
lated for those with 25(OH)D levels above or below 15 ng/ml and
compared across these levels using logistic (categorical variables) or
linear (continuous variables) regression.

Poisson regression models were used to examine the associations
between low 25(OH)D levels (<15 ng/ml) and incident ESRD and the
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combined outcome of incident ESRD and death with underlying ne-
phropathy, separately. Follow-up time for each individual was calcu-
lated as the number of days between the baseline visit and the inci-
dence of ESRD, death, or December 31, 2000, whichever occurred
first. Incidence rates were obtained by dividing the number of survey-
weighted events by the number of survey-weighted time at risk. Be-
cause of the small number of events, adjustment was made using
propensity score analysis. The propensity score was obtained by per-
forming a logistic regression with 25(OH)D levels <15 ng/ml as the
outcome. Because serum 25(OH)D levels vary by season,>” all multi-
variable analyses were adjusted for season of examination in the pro-
pensity score. Additional variables in the propensity score for
25(0OH)D <15 ng/ml included age, gender, race/ethnicity, hyperten-
sion, diabetes, BMI, HDL cholesterol, eGFR <60 ml/min per 1.73 m?,
serum albumin, log urinary ACR, log CRP, physical activity level,
vitamin D supplementation, and low SES. Inclusion of variables in the
final regression model was based on the variable of interest changing
the IRR for 25(OH)D levels <15 ng/ml by >5% in a bivariable model.
Although age and eGFR <60 ml/min per 1.73 m” did not change the
IRR by 5%, they were included in the model because of their strong
associations with the incidence of dialysis. No pairs of covariates
included in the models had correlations =0.7. After testing VIFs,
our final model had five variables with VIF >10. We performed
another analysis without BMI and albumin and taking age out of
the propensity score and modeling it separately to have all VIFs
<10. Other sensitivity analyses included adding different covari-
ates to the model and excluding the “other” race category. Inter-
actions were tested by adding a product term for 25(OH)D levels
<15 ng/ml and each of the covariates age, gender, race/ethnicity,
and baseline eGFR <60 ml/min per 1.73 m?> one at a time into
models with the main effects for these terms and the other vari-
ables from the multivariable model in a propensity score. To
model potentially nonlinear associations between 25(OH)D and
the outcome and to test our <15 ng/ml cut point, we created a
restricted cubic spline using the fully adjusted analysis with the
combined outcomes of dialysis and death with underlying kidney
disease.

To evaluate the percentage of the excess ESRD risk experienced
by non-Hispanic black individuals and explained by differences in
25(OH)D levels, we used two nested Poisson models: (1) The full
propensity score model for being non-Hispanic black, including
age, gender, season, hypertension, diabetes, BMI, HDL choles-
terol, eGFR <60 ml/min per 1.73 m?, serum albumin, log ACR, log
CRP, physical activity level, and low SES, and (2) the full propen-
sity score model with the additional adjustment for 25(OH)D <15
ng/ml. We then calculated the excess risk explained by 25(OH)D
levels using the formula % Excess risk = IRR; — IRR,/IRR, — 1,
where IRR, is the multivariable-adjusted IRR of incident ESRD for
non-Hispanic black compared with non-Hispanic white individu-
als without adjustment for 25(OH)D, and IRR, is the IRR in from
a model including adjustment for 25(OH)D.! For the comparison
between non-Hispanic white and non-Hispanic black individuals
in these two models, other race/ethnicity groups were excluded
from the analyses. For all analyses, P < 0.05 for two-tailed tests was
considered statistically significant.
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