
icine®

ONAL STUDY
Med
OBSERVATI
Vitamin D Status and the Risk of Anemia in
Community-Dwelling Adults

Results from the National Health and Nutrition Examination
Survey 2001–2006
am
Dominique J. Monlezun, MPH, Carlos A. C

ra

status and cumulative frequency of anemia up to 25OHD levels of

approximately 20 ng/mL. With increasing 25OHD levels, the curve

flattened out progressively. Multivariable regression analysis

regulation and erythro
suggest that serum 25
widely regarded as th

Editor: Yoram Chaiter.
Received: August 13, 2015; revised: September 15, 2015; accepted:
September 20, 2015.
From the Tulane School of Public Health & Tropical Medicine (DJM);
Tulane University School of Medicine, New Orleans, LA (DJM); Harvard
Medical School (CAC, JTM, SAQ); Department of Emergency Medicine,
Massachusetts General Hospital (CAC); Department of Epidemiology,
Harvard School of Public Health (CAC); Department of Surgery (JTM);
and Department of Anesthesia, Critical Care and Pain Medicine,
Massachusetts General Hospital, Boston, MA (SAQ).
Correspondence: Sadeq A. Quraishi, MD, MHA, MMSc, Department of

Anesthesia, Critical Care, and Pain Medicine, Massachusetts General
Hospital, 55 Fruit Street, GRJ 402, Boston 02114, MA (e-mail:
squraishi@mgh.harvard.edu).

Institution where work was performed: ViDIS Laboratory, Department of
Anesthesia, Critical Care and Pain Medicine, Massachusetts General
Hospital, Boston, MA.

Funding Disclosure: SAQ received support from the US National Institutes
of Health T32 GM007592 and L30 TR001257.

Statement of author contributions to manuscript DJM and SAQ jointly
conceived the study as well as designed and implemented the analysis
with assistance from CAC and JTM. DJM assembled input data, wrote
code, ran the model, and analyzed output data. DJM and SAQ wrote the
manuscript. CAC and JTM edited the manuscript and provided concep-
tual advice.

The authors report no conflicts of interest.
Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
This is an open access article distributed under the Creative Commons
Attribution-NoDerivatives License 4.0, which allows for redistribution,
commercial and non-commercial, as long as it is passed along unchanged
and in whole, with credit to the author.
ISSN: 0025-7974
DOI: 10.1097/MD.0000000000001799

Medicine � Volume 94, Number 50, December 2015
H, John T. Mu

and Sadeq A. Qu

Abstract: Low vitamin D status has been implicated in several chronic

medical conditions and unfavorable health outcomes. Our goal was to

investigate whether serum 25-hydroxyvitamin D (25OHD) levels are a

potentially modifiable risk factor for anemia in a nationally representa-

tive cohort of community-dwelling individuals in the United States.

We performed a cross-sectional study of 5456 individuals

(�17 years) from the National Health and Nutrition Examination

Survey from 2001 to 2006. Locally weighted scatterplot smoothing

(LOWESS) was used to graphically depict the relationship between

serum 25OHD levels and the cumulative frequency of anemia. Multi-

variable logistic regression models were then used to assess the inde-

pendent association of 25OHD levels with anemia, while controlling for

age, sex, race, body mass index, chronic kidney disease, as well as serum

levels of C-reactive protein, ferritin, iron, vitamin B12, and folic acid.

The mean (standard error) 25OHD and hemoglobin levels in the

analytic group were 23.5 (0.4) ng/mL and 14.4 (0.1) g/dL, respectively.

Prevalence of anemia was 3.9%. Locally weighted scatterplot smooth-

ing analysis demonstrated a near-linear relationship between vitamin D
argo Jr, MD, DrP llen, MD,
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demonstrated an inverse association of 25OHD levels with the risk

of anemia (adjusted odds ratio 0.97; 95% confidence interval 0.95–0.99

per 1 ng/mL change in 25OHD). Compared to individuals with �20 ng/

mL, individuals with 25OHD levels <20 ng/mL were more likely to be

anemic (adjusted odds ratio 1.64; 95% confidence interval 1.08–2.49).

In a nationally representative sample of community-dwelling indi-

viduals in the United States, low 25OHD levels were associated with

increased risk of anemia. Randomized controlled trials are needed to

determine whether optimizing vitamin D status can reduce the burden of

anemia in the general population.

(Medicine 94(50):e1799)

Abbreviations: 25OHD = 25-hydroxyvitamin D, BMI = body mass

index, CDC = Centers for Disease Control and Prevention, CI =

confidence interval, CKD = chronic kidney disease, CRP = C-

reactive protein, Hgb = hemoglobin, LOWESS = locally weighted

scatterplot smoothing, NHANES = National Health and Nutrition

Examination Survey, OR = odds ratio, PIR = poverty-to-income,

Vit D = vitamin D.

INTRODUCTION

A nemia affects 1 of every 3 individuals worldwide and is
estimated to have a global disease burden surpassing that of

major depression and chronic respiratory ailments.1 Although the
prevalence of anemia has been declining globally during the last 2
decades,1,2 the prevalence of anemia, and its associated comor-
bidities, in the general population of the United States has been on
the rise.3 The health and economic impacts of anemia are even
more pronounced in hospitalized individuals, where patients with
anemia may have up to a 3-fold higher risk of mortality compared
with patients without anemia.3–5 Similarly, the costs of medical
care for hospitalized patients double in the presence of anemia,
independent of any baseline comorbidities.6

The burden of anemia persists despite its known causes and
the availability of effective treatments. Iron deficiency remains
the overwhelming cause of anemia, affecting over 2 billion
individuals globally.2,7 The United States Centers for Disease
Control and Prevention (CDC) has emphasized primary pre-
vention on a population level through a healthful diet with
adequate iron sources as an inexpensive, widely accessible, and
effective approach to reducing the risk of anemia in the general
population.8 Nonetheless, adequate dietary intake of iron
remains a challenge in both, developing and developed
countries.2 Recent evidence suggests that other dietary factors,
such as adequate vitamin D consumption, may affect iron
peisis.9–14 Although previous reports
-hydroxyvitamin D (25OHD), which is
e best marker of total body vitamin D
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status, is associated with hemoglobin (Hgb) levels, these studies
either had limited sample sizes,15–17 or were primarily focused
on children,18–20 the elderly,21 only women,22,23 or adults in a
healthcare setting.24,25 Therefore, our objective was to inves-
tigate the association of 25OHD levels with the risk of anemia in
a large, nationally representative, community-dwelling sample
of individuals from the United States.

METHODS

Data Source
The National Center for Health Statistics (Atlanta, GA)

conducted a nationally representative cross-sectional survey of
the noninstitutionalized civilian population in the United States
from 2001 to 2006, know as the National Health and Nutrition
Examination Survey (NHANES).26 The NHANES survey data
was gathered in 3 phases from 1971 to 1994 and then annually
from 1999 onwards. Survey data related to the 31,509 partici-
pants from 2001 to 2006 represent the most current data with
25OHD assessment. Oversampling was used for the following
groups to produce more accurate population estimates: low-
income White; Non-Hispanic Black; Mexican American; ages
12 to 19; and ages �70 years. After local Institutional Review
Board approvals (Partners Human Research Committee and
Tulane University), we conducted a cross-sectional analysis of
the NHANES 2001 to 2006 dataset.

Survey Methods
Previous reporting on the NHANES methodology specifies

the informed consent, sampling, interview, examination, labora-
tory tests, and ethics approval processes.26 Written informed
consent and/or assent was obtained from all participants �17
years of age. A stratified complex, multistage probability
sample design was used to produce samples that are nationally
representative during 2-year cycles, each with approximately
12,000 individuals. Data on demographics, health, and nutrition
were collected through in-home interviews. Mobile examin-
ation center or home-based laboratory testing and physical
examinations were subsequently performed. Centrifuged and
aliquoted blood samples collected on site were shipped to
central laboratories on dry ice and stored at �70 8C until
biomarker analysis.

Data Abstraction
We included all individuals, 17 years and older, in the

NHANES 2001 to 2006 databases. Exclusion criteria were
missing values of either 25OHD or Hgb. We then abstracted
the following demographic information: age, sex, race, body
mass index (BMI), and poverty-to-income ratio (PIR: as an
indicator of socioeconomic status). Values of Hgb less than the
NHANES III-defined age- and sex-specific fifth percentile
thresholds27 were used to categorize anemia as the primary
outcome for this study. Body mass index was calculated from
individual height and weight records from physical examin-
ations. NHANES calculated the family PIR based on family
income and poverty thresholds, defined by the United States
Census Bureau according to the year, state of residence, and
family size. We also abstracted information related to the
presence of chronic kidney disease (CKD), which was defined
as a urine albumin-to-creatinine ratio of �30 mg/g according to

Monlezun et al
clinical guidelines.28 In addition, we abstracted information
related to serum levels of C-reactive protein (CRP), ferritin,
iron, vitamin B12, and folic acid.
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Biomarker Processing
After acentonitrile-based extraction, the National Center

for Environmental Health (Atlanta, GA) measured 25OHD
levels with a radioimmunoassay kit (DiaSorin, Stillwater,
MN). The National Institute of Standards and Technology
assigned certified values for 25OHD to produce assay standards
using isotope dilution tandem mass spectrometry (liquid
chromatography–mass spectrometry/mass spectrometry) can-
didate reference measurement. The release of these July 2009
standards were followed by the CDC release of a revised
analytic note using National Institute of Standards and Tech-
nology standards from liquid chromatography–mass spec-
trometry/mass spectrometry and regression equations to
adjust 25OHD levels for the NHANES 2001 to 2006 datasets.
In November 2010, the 25OHD data from 2003 to 2006 were
further adjusted by NHANES in response to observed assay
performance drift with fluctuation in reagent and calibration
lot.29 Because empirical trends would be independent of values
from sample subjects, a statistical model was used to adjust for
the drift period values with quality control pool data.

A Coulter Counter Model S-Plus JR (Beckman Coulter,
Brea, CA) was used to measure Hgb levels. Latex-enhanced
nephelometry was used to measure CRP levels with a Dade
Behring Nephelometer II Analyzer System (Dade Behring
Diagnostics Inc., Somerville, NJ). Quantimmune Ferritin IRMA
kit (Bio-Rad Laboratories, Hercules, CA) was used to measure
serum ferritin in 2001 to 2004, and 2005 to 2006 levels were
measured using Hitachi 912 clinical analyzers with the Roche
Tina-quant kit (Roche Diagnostics Corporation, Indianapolis,
IN). Serum iron level was measured in 2001 to 2002 by the
colorimetrical method using RFA Analyzers (Alpkem Corpor-
ation, Clackamas, OR), and in 2003 to 2006 by the timed-
endpoint method with Beckman Synchron LX20 (Beckman
Coulter, Brea, CA). Quantaphase Folate radioassay kit (Bio-
Rad Laboratories, Hercules, CA) was used to measure vitamin
B12 and folic acid levels.

Statistical Analyses
We used the appropriate survey commands to apply the

subsample weights for the interview and examination data, as
recommended by NHANES. All results are reported as
weighted values to account for unequal selection probability
and thus provide accurate estimates for the United States
population. Using the Taylor series linearization method, we
calculated variance from the masked variance units provided by
NHANES. We calculated proportions or means with standard
errors (SEs) for demographic information and other variables
believed to be associated with Hgb levels. Proportions (of
variables describing anemic versus nonanemic participants)
were compared using x2 tests, whereas means were compared
using independent sample t-tests.

We first constructed a multivariable linear regression
model to assess the independent association between 25OHD
(as a continuous variable) and Hgb levels by gradually adding
covariates suspected of confounding this relationship. We then
constructed a multivariable logistic regression model to assess
the independent association between 25OHD levels (as a con-
tinuous variable) and anemia (using the NHANES age and sex-
specific fifth percentiles). To graphically represent the relation-
ship between 25OHD levels and the cumulative frequency of
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anemia in our analytic cohort, we used locally weighted scat-
terplot smoothing (LOWESS). This nonparametric regression
technique begins with limited assumptions on the magnitude
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and form of the association of 2 variables to model their relation-
ship across given sections of their ranges using local fitting.30,31

Based on the results of our LOWESS curve, we then constructed a
multivariable logistic regression model to assess the independent
association of 25OHD levels as a dichotomous variable with
anemia. Beta values are reported for the linear regression analysis,
and the odds ratio (OR) with 95% confidence interval (CI) are
reported for the logistic regression analyses.

In all analyses, the following covariates were dichoto-
mized: sex (female versus male), race (Non-White versus
White), PIR (� federal poverty level versus >federal poverty
level), and presence of CKD (albumin-to-creatinine
ratio< 30 mg/g versus �30 mg/g). All other covariates were
considered as continuous variables. Missing data points were
replaced with plausible values based on the existing measure-
ments; this was done by multiple imputation with multivariate
normal regression and Bayesian Markov chain Monte Carlo
procedure including 3000 iterations for the burn-in period.32 All
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statistical analyses were conducted with Stata 14.0 (StataCorp
LP, College Station, TX); 2-tailed P< 0.05 or OR with 95% CI
not spanning 1 were considered statistically significant.

RESULTS
The demographic and serologic characteristics for the

5456 individuals who met study criteria are shown in
Table 1. The overall mean age was 44.7 years (SE 0.6),
51.7% (SE 0.5) were women, and 73.3% (SE 2.4) were White.

The mean serum 25OHD and Hgb levels of the analytic cohort
were 23.5 ng/mL (SE 0.4) and 14.4 g/dL (SE 0.1), respectively.
Overall, 3.9% (SE 0.3) of participants were anemic.

TABLE 1. Demographic Information and Laboratory Data of Indi
Hemoglobin Levels Assessed During the National Health and Nu

Total (n¼ 5456) Anemi

Age (years) 44.7 (0.6) 46.
Sex (%)

Female 51.7 (0.5) 54.
Male 48.3 (0.5) 45.

Race (%)
Non-White 26.7 (2.4) 8.
White 73.3 (2.4) 2.
BMI (kg/m2) 27.8 (0.16) 29.

PIR (%)
�FPL 86.8 (0.9) 3.
>FPL 13.2 (0.9) 6.

CKD (%)
ACR< 30 mg/g 90.9 (0.6) 3.
ACR� 30 mg/g 9.1 (0.6) 7.

25OHD (ng/mL) 23.5 (0.4) 19.
Hgb (g/dL) 14.4 (0.1) 11.
CRP (mg/dL) 0.41 (0.02) 0.6
Ferritin (ng/mL) 117.9 (6.3) 151
Iron (mg/dL) 90.0 (1.0) 56.
vB12 (pg/mL) 498.8 (27.5) 519
Folic acid (ng/mL) 13.5 (0.6) 12.

25OHD¼ 25-hydroxyvitamin D, ACR¼ albumin-to-creatinine ratio, BM
protein, FPL¼ federal poverty level, Hgb¼ hemoglobin, PIR¼ poverty-to
standard error (SE) or proportions. x2 and independent sample t-tests were u
comparisons between anemic and nonanemic individuals. Bold-faced P-va
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Multivariable linear regression, while controlling for age,
sex, race, BMI, presence of CKD, as well as CRP, ferritin,
vitamin B12, folic acid, and iron levels demonstrated that each
1 ng/mL increase in 25OHD was associated with 0.01 g/dL
increase in Hgb levels (b¼ 0.01: 95% CI 0.00–0.02; P¼ 0.03).

Multivariable logistic regression analysis, while control-
ling for age, sex, race, BMI, presence of CKD, as well as CRP,
ferritin, vitamin B12, folic acid, and iron levels demonstrated
that each 1 ng/mL increase in 25OHD was associated with an
3% lower likelihood of anemia (OR 0.97; 95% CI 0.95–0.99;
P¼ 0.049). Locally weighted scatterplot smoothing curve
analysis demonstrated a near-linear relationship between vita-
min D status and the cumulative frequency of anemia up to
25OHD approximately 20 ng/mL, with the curve increasingly
flattening out between 20 and 60 ng/mL, and remaining flat
beyond 60 ng/mL (Fig. 1). We therefore dichotomized 25OHD
level in our final logistic regression model as<20 ng/mL versus
�20 ng/mL; and despite controlling for age, sex, race, BMI,
presence of CKD, as well as CRP, ferritin, iron, vitamin B12,
and folic acid levels, participants with 25OHD levels <20 ng/
mL were almost 1.5 times more likely to be anemic compared
with participants with levels �20 ng/mL (OR 1.64; 95% CI
1.08–2.49; P¼ 0.03). Other variables found to be indepen-
dently associated with the risk of anemia in our regression
analyses were gender, race, and iron (Table 2).

For our primary analysis, we categorized anemia based on
the NHANES III-defined age- and sex-specific fifth percentile
thresholds.27 We reported results using these thresholds instead

Vitamin D and Anemia
of the more common 1968 World Health Organization (WHO)
definition,33 because of recent controversy34 and stronger evi-
dence in support of the NHANES definition (ie, the use of

viduals �17 years of Age Who Had 25-hydroxyvitamin D and
trition Surveys 2001–2006

a (n¼ 312) Nonanemic (5144) P Value

8 (1.9) 44.6 (0.6) 0.20

2 (3.4) 51.6 (0.6)
8 (3.4) 48.4 (0.6) 0.47

1 (0.8) 91.9 (0.8)
4 (0.4) 97.6 (0.4) <0.001
4 (0.6) 27.7 (0.2) 0.01

4 (0.3) 96.6 (0.3) 0.002
2 (0.9) 93.8 (0.9)

6 (0.3) 96.4 (0.3) <0.001
1 (1.3) 92.9 (1.3)
7 (0.8) 23.6 (0.4) <0.001
4 (0.1) 14.6 (0.1) <0.001
6 (0.07) 0.4 (0.1) 0.002
.0 (28.7) 116.1 (6.0) 0.22
0 (3.2) 91.3 (1.0) <0.001
.0 (43.7) 497.7 (28.7) 0.68
0 (1.7) 13.6 (0.6) 0.37

I¼ body mass index, CKD¼ chronic kidney disease, CRP¼C-reactive
-income ratio, vB12¼ vitamin B12. Data are reported as means with
sed to compare proportions and means, respectively. P-values represent
lues represent statistically significant values.
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FIGURE 1. Locally weighted scatterplot smoothing analysis
demonstrating a near-linear relationship of vitamin D status
and cumulative frequency of anemia up to 25-hydroxyvitamin

Monlezun et al
improved laboratory techniques and estimation from a signifi-
cantly larger sample of participants). To facilitate comparisons
to previous studies related to anemia, we repeated the same final
multivariable regression models as above, however, they were

D levels of 20 ng/mL. Between levels of 20 and 60 ng/mL there is
progressive flattening of the curve. Beyond 60 ng/mL the curve
remains flat (ie, no additional patients with anemia).
modified with the WHO thresholds for anemia instead of those
from NHANES III. Results from these modified models were
similar to those from our original models, as each increasing

TABLE 2. Adjusted Risk for Anemia Among Individuals �17
years of Age in Multivariable Models Where 25-hydroxyvita-
min D Levels are Treated as a Continuous Versus Dichotomous
Variable

Continuous
25OHD

Dichotomous
25OHD (<20 versus
�20 ng/mL)

OR (95% CI) OR (95% CI)
Age 1.01 (1.00–1.02) 1.01 (1.00–1.02)
Sex

Female – –
Male 1.59 (1.08–2.32) 1.57 (1.07–2.31)

Race
Non-White 1.34 (1.11–1.62) 1.35 (1.10–1.64)
White – –

BMI 1.01 (0.98–1.04) 1.01 (0.98–1.04)
CKD

No – –
Yes 1.57 (0.98–2.52) 1.58 (0.98–2.55)

25OHD 0.97 (0.95–0.99) 1.64 (1.08–2.49)
CRP 0.95 (0.83–1.01) 0.96 (0.83–1.10)
Ferritin 1.00 (1.00–1.00) 1.00 (1.00–1.00)

Iron 0.96 (0.95–0.97) 0.96 (0.95–0.98)
vB12 1.00 (1.00–1.00) 1.00 (1.00–1.00)
Folic acid 1.00 (0.96–1.04) 1.00 (0.96–1.04)

25OHD¼ 25-hydroxyvitamin D, BMI¼ body mass index,
CI¼ confidence interval, CKD¼ chronic kidney disease, CRP¼C-
reactive protein, OR¼ odds ratio, PIR¼ poverty-to-income ratio,
TSAT¼ transferrin saturation, vB12¼ vitamin B12. Bold-faced odds
ratios represent statistically significant values. (�) denotes the referent
variable.
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25OHD unit was associated with a 4% lower likelihood of
anemia (OR 0.96; 95% CI 0.93–0.98; P¼ 0.003) and a 2-fold
increased likelihood of anemia when 25OHD was dichotomized
as<20 ng/mL versus�20 ng/mL (OR 1.95; 95% CI 1.22–3.10;
P¼ 0.008).

DISCUSSION
We assessed the relationship between 25OHD levels and

anemia in a large, nationally representative sample of com-
munity-dwelling individuals, �17 years of age, in the United
States. Our results suggest that low vitamin D status is associ-
ated with an increased risk of anemia in the general population
and that this relationship is most evident when comparing
individuals with 25OHD levels <20 ng/mL to those with levels
�20 ng/mL. These results are similar to the recent analysis by
Atkinson et al that reported in a nationally representative
sample of 10,410 children and adolescents that subjects with
25OHD levels<20ı̈ng/mL were significantly more likely to be
anemic even after controlling for age, sex, race, obesity, CRP,
B12, and folate.20 Our study demonstrates this increased risk of
anemia is also present in a nationally representative sample of
noninstitutionalized individuals 17 years and older even after
controlling for a more comprehensive set of covariates.
Although the cross-sectional design of both studies limits
any causal inferences about the effect of low 25OHD levels
and higher risk of anemia, the biologic plausibility is compel-
ling, as discussed below.

The association between vitamin D status and anemia is of
potentially great public health importance because over half of
the US population suffers from low 25OHD.35–37 As is increas-
ingly appreciated, the potential benefits of vitamin D extend
well beyond skeletomuscular maintenance9–14 with growing
evidence suggesting that 25OHD levels are associated with
cardiovascular health, glycemic regulation, angiotensin-
regulated vascular responses, immune function, and cell differ-
entiation.38–40 Indeed, low 25OHD levels may increase the risk
of heart disease, hypertension, stroke, and diabetes.41 Moreover,
the immunomodulatory effects of vitamin D have been
described in various diseases.13,14

With regard to anemia, there is a well-documented inverse
association between 25OHD levels and the need for exogenous
erythropoietin (EPO) among patients with anemia related to
renal disease.42,43 Insufficient production of EPO by the kid-
neys, and thus attenuated erythroid maturation in bone marrow,
is the main pathophysiologic mechanism believed to be respon-
sible for anemia in CKD.44 Erythroid precursors also require
hepcidin as a major mediator of iron absorption and utilization;
hepcidin is pathologically upregulated by inflammatory cyto-
kines and results in a reduction in circulating iron levels.45

Activation of the vitamin D receptor in bone marrow (stromal
and accessory cells) inhibits production of interleukin (IL)-1,
IL-6, interferon-g, tumor necrosis factor-a, as well as other
proinflammatory cytokines,46,47 and upregulates production of
the anti-inflammatory cytokine, IL-10.48 These alterations in
cytokine expression have been shown to enhance erythroid
proliferation and blunt hepcidin overproduction.49

Published epidemiological studies, each with different
limitations, suggest a relationship between vitamin D status
and anemia. In a moderately sized cross-sectional study of
ambulatory care patients (n¼ 554) in the west coast of the
United States, 25OHD levels <30 ng/mL were shown to be

Medicine � Volume 94, Number 50, December 2015
associated with an almost 2-fold increased risk of anemia after
adjusting for age, sex, and presence of CKD.17 Moreover, in
German patients presenting for cardiac surgery (n¼ 4428), low

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.



vitamin D status was associated with an increased risk of
preoperative anemia, after adjusting for various cardiovascular
and respiratory comorbidities as well as BMI, CRP, and renal
disease.24 In another German study of preoperative assessment
in cardiac surgery patients (n¼ 3615), those with dual subopti-
mal 25OHD and 1,25-dihydroxyvitamin D levels were at high-
est risk for anemia.25 On the contrary, in ambulatory care
individuals from Bahrain (n¼ 421), low 25HOD levels were
associated with increased risk of anemia in women, but not in
men.15 Similarly, in a study of Korean patients (n¼ 500),
25OHD level and female sex were found to be independently
associated with anemia.16 In a large study of community
dwelling Koreans (n¼ 5786),22 women—but not men—in
the lowest quartile for 25OHD levels were at an increased
risk of anemia compared with women in the highest quartile,
after controlling mainly for age, renal function, and smoking
status. It, however, is important to recognize that the study
investigators used a stepwise regression modeling approach
based on sex, and as a result, the final models to test the
association of 25OHD level and anemia in men versus pre-
menopausal women versus postmenopausal women were
slightly different in each patient. In a larger study of nonin-
stitutionalized adults in Korea (n¼ 11,206),23 again women—
but not men—in the lowest quintile for 25OHD levels were at an
increased risk of anemia compared with women in the highest
quintile, after controlling for age, sex, smoking status, cumu-
lative weekly exercise, hypertension, diabetes mellitus, cardi-
ovascular disease, BMI, season, daily iron intake, estimated
glomerular filtration rate, as well as ferritin, iron, TIBC, cho-
lesterol, and triglyceride levels. Interestingly, among elderly
men (n¼ 1666) in Australia,21 serum 1,25-dihydroxyvitamin D
(the most biologically active vitamin D metabolite), but not
25OHD levels were found to be independently associated with
Hgb levels in both cross-sectional and longitudinal analyses.
This raises the question whether different vitamin D metabolites
may influence anemia states through sex hormone-dependent
biologic pathways.

Although our results build on previous studies15–20,22–25

and provide further evidence to suggest that vitamin D status
may be a modifiable risk factor for anemia in the general
population, it is important to discuss the potential limitations
of the current study. As with all observational studies, and any
cross-sectional research design, there is potential for confound-
ing because of the lack of a randomly distributed exposure.
Selection bias may be present, because 25OHD and Hgb levels
were not recorded for all participants in the NHANES 2001 to
2006 survey. And despite adjusting for multiple potential con-
founders, there may still be residual confounding, which could
account for the observed differences in outcomes. In particular,
low 25OHD and/or Hgb levels may be a reflection of poor
general health or suboptimal nutritional state, for which we are
unable to fully adjust. Given the confines of the NHANES
survey, a further limitation is that we were unable to fully adjust
for lack of sun exposure, use of sunscreens, physical activity,
and less common causes of anemia (eg, anemia of chronic
disease, hemolytic disorders, bone marrow suppression, sickle
cell disease, and thalassemia). Another potential limitation
considering the known link between anemia and age is that
our results could have been affected by failing to implement
appropriate upper thresholds for age even though our model
controlled for the age of subjects. We therefore performed a
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separate analysis with various age thresholds based on the
literature and confirmed these did not materially change the
observed results. It should also be noted that the LOWESS

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
curve, which was used to determine the dichotomous threshold
for 25OHD in the logistic regression model, graphically dis-
played 2 points slightly outside the curve. This is acceptable
given the majority of the points are captured by the curve using a
technique that is a well-supported tool for verifying model
calibration, or agreement between an adequate amount of
observed values and predicted probabilities.30 And finally, there
continues to be controversy over consensus on thresholds to
define anemia (WHO versus NHANES III). Although either
definition did not materially change the results of our analyses,
it may significantly impact future investigations. As such, these
issues will need to be addressed in prospective studies to
replicate and extend our findings.

SUMMARY
Our analyses suggest that low 25OHD levels are strongly

associated with anemia in a large, nationally representative
sample of community-dwelling individuals from the United
States. We hypothesize that suboptimal vitamin D status may
contribute to anemia via inadequate EPO production, and/or by
promoting a persistent inflammatory state, which in turn
decreases erythroid production and results in hepcidin over-
production. Longitudinal studies are required to confirm our
findings and to establish the mechanisms underlying the
observed relationship between 25OHD levels and anemia.
Moreover, high-quality, randomized controlled trials are war-
ranted to determine whether vitamin D supplementation in
individuals with low vitamin D status may affect the prevalence
of anemia in the general population.
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