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Blood cadmium is elevated in iron deficient U.S.
children: a cross-sectional study
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Abstract

Background: Cadmium (Cd), a widespread environmental contaminant, and iron deficiency (ID), the most common
nutrient deficiency in the world, are known risk factors for neurodevelopmental delays, as well as other disorders, in
infants and children. Studies assessing the cumulative effects of these factors are lacking in children, despite
concerns of increased uptake of metals in the presence of ID. Here we sought to determine if blood and urine Cd
levels were elevated in ID children compared to non-ID children.

Methods: Data for 5224 children, aged 3-19 years, were obtained from the 1999-2002 NHANES. ID was defined
as 22 of 3 abnormal iron indicators (low serum ferritin [SF], high free erythrocyte protoporphyrin [FEP], low %

transferrin saturation [TSAT]); ID anemia (IDA) was defined as ID plus low hemoglobin (Hgb). Logistic regression was
used to evaluate associations between ID, IDA, and abnormal iron indicators and categories of blood and urine Cd.
Results: Adjusted odds of ID, IDA, low SF, and low TSAT were associated with increasing category of blood Cd but
not urine Cd. Adjusted ORs (95% Cl) for blood Cd >0.5 ug/L versus < LOD were = 1.74 (1.30-2.34), 4.02 (1.92-841),
4.08 (2.36-5.89) and 1.78 (1.32-2.39), for ID, IDA, low SF, and low TSAT, respectively. Age and sex specific analyses of
blood Cd and ID/abnormal iron indicators revealed that the observed associations were strongest in females aged

16-19 years.

environmental toxicants is vital.

saturation, NHANES, CDC

Conclusions: Given their shared neurotoxic effects in children, and that many people live in areas with high
burdens of both ID and Cd, more research into the complex relationships between nutrient deficiencies and
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Background
Cadmium (Cd) is a toxic heavy metal that naturally exists
in the earth’s crust. It has non-corrosive properties that
make it desirable for use in a number of industrial products
and processes, such as batteries, metal coatings, pigments,
and plastics [1]. Non-occupationally exposed adults and
children are exposed to Cd largely through the diet, with
secondary exposures occurring from cigarette smoking or
secondhand tobacco smoke, house dust, and industrial
emissions [1,2]. Recent reports have also found that
children may be exposed to Cd in toys and jewelry [3].

Cd accumulates in the body, mainly in the kidney, and
is excreted very slowly, at a rate of about ~0.001% per
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day via the urine [4]. Exposure to Cd is typically measured
in either blood or urine. Urine Cd, with a half-life of 30
years, reflects accumulated Cd body burden [4], while
blood Cd, with a half-life of three to four months, reflects
more recent exposure [5]. Cd has been associated with
a numerous adverse health effects, including impaired
kidney function, diabetes, hypertension, osteoporosis,
and cancers in adults [2,4-7], as well as immunosup-
pression, neurotoxicity, and neurodevelopmental problems
in children [8-11].

Iron deficiency (ID) is the most common and widespread
nutritional disorder in the world [12]. It is believed to affect
over 300 million pre-school and school-aged children [13].
While highly prevalent in developing countries, it is
still a problem in many industrialized countries [14,15].
ID is associated with a multitude of health problems in
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children and adults [16]. In infants and young children,
specifically, ID has been associated with poorer phys-
ical and mental development, and reduced cognitive
function [1,13,17-20].

Dietary Cd absorption is thought to increase when iron
stores are depleted. Studies in animals have demonstrated
associations between ID and increased uptake of Cd via
the diet [21-23]. Several studies in human adults have also
found inverse associations between indicators of iron
status and Cd levels. Three studies found that Cd in
blood was inversely associated with serum ferritin (SF)
levels in women [24-26], as well as both sexes [27]. Others
have found increased urine Cd levels in pregnant women
with poor iron status, as defined by SF [28] or the ratio of
transferrin receptor to SF [29]. A recent study also found
inverse associations between total body iron and both
urine and blood Cd in women [30]. We were only able
to identify one study that examined this association in
children. Turgut and colleagues examined blood lead
(Pb), copper (Cu), Cd, SE, and hemoglobin (Hgb) levels in
a modest sample of children in Turkey (n = 256), where
ID and heavy metal exposures are common. They
found significantly higher levels of all three metals in
children with iron deficiency anemia (IDA) but not with
ID alone [31].

The aim of this study was to determine the extent to
which Cd exposure and iron status are associated in a
relatively low-exposed population of U.S. children.

Methods

Ethics statement

The National Health and Nutrition Examination Surveys
(NHANES) is a publicly available data set administered by
the National Center for Health Statistics (NCHS), part of
the U.S. Centers for Disease Control and Prevention. Writ-
ten informed consent (parents of children <18 years old or
participants >18 years old) and assent (children >12 years
old), consistent with approval by the NCHS Institutional
Review Board, were obtained prior to participation in
NHANES.

Study population

Data were from the NHANES 1999/2000 and 2001/02
study cycles [32,33]. NHANES is a cross-sectional study
designed to be representative of the health and diet of the
non-institutionalized U.S. population. For the present study,
6856 children, 19 years of age or younger, were eligible
for the blood Cd portion of the study. A subset of those
(n = 1840) had urine Cd measurements available. Children
with missing data for age, poverty income ratio, and
serum cotinine were excluded, decreasing the eligible sam-
ple size to 6039 (n=1639 for urine subsample). Additional
exclusions were made to eliminate the influence of inflam-
mation or infection on the iron measurements (see Iron

Page 2 of 9

status section of Methods for further explanation), decreas-
ing the final sample size to 5224 subjects (n = 1430 for
urine subsample).

Cadmium biomarkers

Blood and urine Cd were measured at the Environmental
Health Laboratory of the National Center for Environmental
Health (Atlanta, GA, USA). NHANES laboratory protocols
employ extensive quality assurance/quality control proce-
dures, the details of which are described elsewhere [34-37].

Blood Cd was measured in whole blood using a multi-
element atomic absorption spectrometer with Zeeman
background correction [34,35]. National Institute of Stan-
dards and Technology whole blood standard reference
materials were used for external calibration. The inter-assay
coefficients of variation for blood Cd ranged from 4.1% to
7.3% [34,35]. The limit of detection (LOD) for blood Cd
was 0.3 pg/L. Values below the LOD were assigned a value
0.2 pg/L (n=3204), which was equal to the LOD divided
by the square root of two [38,39]. Due to the large number
of children with values below the LOD, we categorized
blood Cd into three categories for analysis as the
independent variable in the blood Cd models: <LOD,
0.3-0.4, 0.5 pg/L.

Urine Cd was measured in spot urine samples from a
subset of NHANES participants aged six years and older,
using inductively coupled plasma mass spectrometry [36,37].
National Institute of Standards and Technology urine
standard reference materials were used for external
calibration. The inter-assay coefficients of variation for
urine Cd ranged from 1.3% to 6.7% [36,37]. The LOD
for urine Cd was 0.06 ng/mL. Measurements below the
LOD were assigned a value of 0.04 ng/mL (n =71), which
was equal to the LOD divided by square root of two
[40,41]. Urine Cd was also manually corrected for molyb-
denum oxide interference [40,41]. Creatinine (Cr)-adjusted
urine Cd (pg/g Cr) was created by dividing urine Cd
(ng/mL) by urinary creatinine (UCr) (ng/mL). Cr-adjusted
values are expressed here as ng/g Cr. The urine Cd distri-
bution was right-skewed, necessitating a natural-log trans-
formation, but there were urine Cd values =0 (n=40),
which would have been lost if a natural-log transformation
was used. Therefore, we categorized urine Cd into tertiles
for analysis as the independent variable in the urine
Cd models: <0.1, >0.1-0.2, >0.2 ng/mL and <0.7, >0.7-
1.3, >1.3 ng/g Cr.

Iron status

Details regarding the quantification of iron status indicators
are described elsewhere [38,39,42,43]. Briefly, serum ferritin
(SF) was measured using a single-incubation two-site
immunoradiometric assay from Bio-Rad Laboratories
(Quantlmmune Ferritin IRMA kit) [38,39]. Free erythro-
cyte protoporphyrin (FEP) was quantitatively determined
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by molecular fluorometry using a spectrofluorometer
[39,42]. The final FEP value was expressed as pg/dL of
packed red blood cells (RBC). Percent transferrin satur-
ation (TSAT) was calculated by dividing serum iron by
total iron-binding capacity (TIBC) and multiplying by 100.
Iron and TIBC were measured on an Alpkem Flow Solu-
tions IV (rapid-flow analysis) system [39,43]. Hemoglobin
(Hgb) was quantified using a Beckman Coulter MAXM
instrument [44,45].

Iron deficiency (ID) was defined as 22 of 3 abnormal
iron indicators (SF, FEP, TSAT), based on age-specific
norms (Table 1) [46]. Children with a white blood cell
count above 10x10” cells/L or a C-Reactive Protein level
greater than 6 mg/L were excluded from the analysis,
due to concerns about the effects of infection and/or
inflammation on some iron measurements [47-50]. Iron
deficiency anemia (IDA) was defined as ID plus low Hgb,
based on age and sex specific norms (Table 1) [46].

Covariates

Demographic information was obtained by self-report using
computer-assisted personal interviews [51,52]. Gender was
categorized as male or female. Continuous age, in years,
was calculated using age, in months, at the time of the
NHANES physical examination. Race/ethnicity was catego-
rized into five groups: Mexican American, other Hispanic,
Non-Hispanic Black (NHB), Other/Multi-Racial, and Non-
Hispanic White (NHW). Poverty income ratio (PIR), cre-
ated by the Department of Health and Human Services to
quantify the ratio of family income to poverty [53], was
categorized into quartiles <1.00, 1.00-1.80, 1.81-3.53, >3.54.
These quartiles roughly represent categories for below
poverty level, low-, middle-, and high-income [53]. Serum
cotinine was measured by isotope dilution-high perform-
ance liquid chromatography/atmospheric pressure chemical
ionization tandem mass spectrometry [38,39]. We catego-
rized cotinine into <1, <1-10, and >10 ng/mL, to represent
little or no exposure to secondhand smoke (SHS), high
exposure to SHS, and likely smokers, respectively [54].
UCr, used to account for urine dilution, was measured
using a modified Jaffé rate reaction and a Beckman Instru-
ments CX3 analyzer [40,41]. UCr was used as a continuous
covariate in models with urine Cd or as the denominator
for calculating ng Cd/g Cr for urine samples.

Table 1 Cut-off values for abnormal iron indicators and
Hgb used to define ID and IDA

Age (years) SF (ug/L) TSAT (%) FEP (pg/dL) Hgb (g/dL)
Girls  Boys
3-5 <10 <12 >70 <112 <112
6-11 <12 <14 >70 <118 <118
12-15 <12 <14 >70 <119 <126
16-19 <12 <15 >70 <120 <136
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Statistical analysis

SAS version 9.3 (SAS Institute, Cary, NC) was used for all
analyses. NHANES utilizes a complex, multistage design,
in which certain subpopulations are oversampled. Sample
weights can then be used to achieve results that are
generalizable to the U.S. population. However, when
factors employed in the formation of the sample weights,
such as gender, age, race/ethnicity, or PIR, are included
as covariates in the analysis, a weighted approach can
be inefficient [55]. Here, we opted not to use sampling
weights, instead analyzing the data as a cross-sectional
cohort analysis.

Descriptive statistics, frequencies, and correlations for all
variables of interest were examined. Based on the distribu-
tion of the variables of interest, logistic regression was
used to evaluate associations between ID, IDA, or binary
iron indicators (abnormal or normal) and categories of
blood or urine Cd exposure. Crude and adjusted (for
gender, age, race/ethnicity, PIR, and serum cotinine) models
were examined for all relationships of interest. Urine Cd
models were run two ways: with UCr as a covariate in the
model [56] and using Cr-adjusted urine Cd concentration
as the exposure.

Sensitivity analyses were completed to check the robust-
ness of the analysis. Blood and urine Cd models were run
after excluding children with serum cotinine >10 ng/mL
(likely smokers). Blood Cd models were run for the subset
of children with both urine and blood Cd data. Continu-
ous iron indicators (natural-log[SF], natural-log[FEP], and
TSAT) were used in logistic regression models of binary
blood Cd (=LOD vs. <LOD). Continuous urine Cd was
used in logistic regression models of ID, IDA, low SE, high
FED, and low TSAT. Natural-log[SF], natural-log[FEP], and
TSAT were used in linear regression models of continuous
urine Cd/g Cr.

Age and sex-specific analyses of the blood Cd/iron status
associations were also conducted. Several methods were
used, including stratified frequencies, stratified models, and
interaction terms. Analysis groups included boys or girls
ages 3—11, 12—15, or 16—19 years, for a total of six groups.
These groups were chosen using the same age/sex cat-
egories as the iron indicator cut-offs [46], though here we
combined the two youngest age groups for simplicity.
Crude and adjusted stratified models were run as before.
However, instead of three categories of blood Cd, binary
blood Cd (<LOD or > LOD) was used to reduce the likeli-
hood of having analysis groups with very low numbers. In
an effort to be more parsimonious, other covariates were
not included in these analyses.

Results

There were no significant differences in demographics
between those excluded from the analysis due to missing
data and those included, with the exception of age. The
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excluded group was slightly younger, since serum cotinine
was only available in children three years of age and older.
The mean, 95th percentile, and maximum for blood Cd
were 0.30, 0.40, and 4.00 pg/L, respectively. For urine Cd,
the mean, 95th percentile, and maximum were 0.16, 0.32,
and 1.80 ng/mL, respectively. The mean, 95th percentile,
and maximum for Cr-adjusted urine Cd were 1.19, 2.14,
and 14.49 ng/g Cr, respectively. Additional population
characteristics can be found in Table 2. The prevalence
of ID was 7.0% (n=365); IDA was observed in 1.5%
(n=77). 29.2% of children (n=1603) had at least one
abnormal iron indicator: 8.1% (n=422) had low SF,
10.8% (n=563) had high FEP, 17.6% (n=920) had
low TSAT, and 5.2% (n=269) had low Hgb. Table 3
shows frequencies for ID, IDA, and abnormal iron indica-
tors. Blood and urine Cd were weakly but significantly
correlated; Spearman rank p =0.25, p < 0.0001 (p = 0.20,
p <0.0001 for Cr-adjusted urine Cd). Overall, ID was most
common in girls, among Mexican American children, and
was found to increase in adolescence. Blood Cd increased
with serum cotinine (Spearman rank p =0.20, p < 0.0001)
and also with age (Spearman rank p=0.32, p <0.0001).
Blood Cd was highest in boys, Mexican American, and
NHB children. Urine Cd was also highest in NHB and
Mexican American children, and also increased with age
(Spearman rank p = 0.27, p < 0.0001).

Table 2 Characteristics of the study population
N (%)

Gender (F) 2502 (47.9%)
Age (years)

3-5 538 (10.3%)
6-11 1429 (27.4%)
12-15 1695 (32.5%)
16-19 1562 (29.9%)

Race/ethnicity

Mexican American 1791 (34.3%)
Other Hispanic 243 (4.7%)
Non-Hispanic Black 1582 (30.3%)
Other/Multi Racial 213 (4.1%)
Non-Hispanic White 1395 (26.7%)
Poverty Index Ratio (PIR)

<1.00 (below poverty level) 1739 (33.3%)
1.00-1.80 (low income) 1260 (24.1%)
1.81-3.53 (middle income) 1220 (23.4%)
3.54-5.00 (high income) 1005 (19.2%)
Serum cotinine (ng/mL)

>10 (likely smoker) 428 (8.2%)
1-10 (high SHS exposure) 714 (13.7%)
<1 (no/low SHS exposure) 4082 (78.1%)

Page 4 of 9

Crude and adjusted logistic regression results can be
found in Table 4. Odds of ID, IDA, low SE, and low TSAT
were associated with increasing category of blood Cd.
Adjusted odds ratios (ORs) and 95% confidence intervals
(95% CI) for high blood Cd (0.5 pug/L) versus < LOD were
1.74 (1.30-2.34), 4.02 (1.92-8.41), 4.08 (2.36-5.89), and
1.78 (1.32-2.39), for IDA, ID, low SF, and low TSAT, re-
spectively. The p-values for trend were also statistically
significant for all four models. Results for urine Cd were
less striking, though crude odds of ID and low SF were
associated with increasing category of urine Cd (per
gram Cr). However, these associations for urine Cd did
not remain statistically significant after adjustment for
other covariates.

Sensitivity analyses confirmed the robustness of the blood
Cd results. The exclusion of likely smokers did not sig-
nificantly change the associations between blood Cd
and increased odds of ID, IDA, low SE, and low TSAT
(Additional file 1: Table S1). Analysis of the blood Cd
associations in the subset of children with both urine
and blood Cd data also did not meaningfully affect the
results (Additional file 1: Table S2). Replacement of
categorical variables with continuous ones also produced
similar trends, statistical significance, and directions of
association as the categorical analyses (Additional file 1:
Table S3). The only exception was that the low TSAT/
blood Cd relationship lost statistical significance when
continuous TSAT was used (Additional file 1: Table S3).

Age and sex-stratified frequencies as well as stratified
model results are shown in Table 5. Girls, 12—-19 years
old, had higher frequencies of ID, low SF, high FEP, and
low TSAT than boys of the same age. Compared to boys,
girls aged 3-11 years had significantly higher odds of hav-
ing low SF if they had blood Cd = LOD; OR (95% CI) = 2.03
(1.08-3.83). Girls aged 12—15 years with blood Cd>LOD
had significantly higher odds of having ID, low SE, and low
TSAT; ORs (95% CI)=2.13 (1.39-3.26), 2.63 (1.77-3.89),
and 1.46 (1.05-2.03), respectively. Girls aged 16-19 years
had increased odds of ID and abnormal iron indicators for
all iron indicators; ORs (95% CI) =2.36 (1.58-3.63), 3.12
(2.08-4.68), 1.62 (1.11-2.35), and 1.55 (1.10-2.16), for ID,
low SE high FEP, and low TSAT, respectively. Boys aged
12-15 years with high blood Cd also had increased odds
of having ID and low SF; ORs (95% CI) = 2.35 (1.21-4.58)
and 2.62 (1.30-4.93), respectively. The ID model for 16- to
19-year-old boys did not converge due to very low numbers
of ID.

Discussion

With increasing levels of blood Cd, the odds of ID, IDA,
low SF, and low TSAT also increased. These associations
remained significant, regardless of whether active smokers
were excluded, the dataset was restricted to a smaller
number of participants, categorical or continuous iron
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Table 3 Frequencies of ID, IDA, and abnormal iron indicators

Exposure ID IDA Low SF High FEP Low TSAT
N N (%) N (%) N (%) N (%) N (%)
Blood Cd (ug/L)
High (=0.5) 512 58 (11.3%) 17 (3.3%) 69 (13.5%) 62 (12.1%) 106 (20.7%)
Med. (0.3-0.4) 1508 151 (10.0%) 32 (2.1%) 184 (12.2%) 186 (12.3%) 291 (19.3%)
Low (<LOD) 3204 156 (4.9%) 28 (0.9%) 169 (5.3%) 315 (9.8%) 523 (16.3%)
Total 5224 365 (7.0%) 77 (1.5%) 422 (8.1%) 563 (10.8%) 920 (17.6%)
Urinary Cd (ng/mL)
High (>0.2) 471 40 (8.5%) 10 (2.1%) 88 (18.7%) 57 (12.1%) 48 (10.2%)
Med. (>0.1 t0 0.2) 487 33 (6.8%) 6 (1.2%) 93 (19.1%) 54 (11.1%) 40 (8.2%)
Low (<0.1) 472 29 (6.1%) 5 (1.1%) 91 (19.3%) 51 (10.8%) 33 (7.0%)
Total 1430 102 (7.1%) 21 (1.5%) 272 (19.0%) 162 (11.3%) 121 (8.5%)
Urinary Cd (ng/g Cr)
High (>1.3) 467 45 (9.6%) 7 (1.5%) 102 (21.8%) 62 (13.3%) 52 (11.1%)
Med. (>0.7 to 1.3) 489 30 (6.3%) 6 (1.2%) 80 (16.4%) 54 (11.0%) 35 (7.2%)
Low (£0.7) 474 27 (5.7%) 8 (1.7%) 90 (19.0%) 46 (9.7%) 34 (7.2%)
Total 1430 102 (7.1%) 21 (1.5%) 272 (19.0%) 162 (11.3%) 121 (8.5%)

indicators were used, and exposure and outcome were
reversed. These relations were not observed for urine
Cd in models adjusted for relevant covariates. Girls,
12-19 years old, had higher frequencies of ID, low SE,
high FEP and low TSAT than boys of the same age.
Young girls had increased odds of low SF with high

Table 4 Logistic regression model results®

blood Cd. Boys and girls, ages 12—15, had increased
odds of ID and low SF with high blood Cd, and 16- to
19-year-old girls with high blood Cd had increased
odds of ID, low SE, high FEP, and low TSAT.

The results for blood Cd in this study are consistent
with previous epidemiological findings, all of which found

Blood Cd Urinary Cd/g Cr Urinary Cd
Outcome Exposure OR (95% CI) OR (95% ClI) OR (95% Cl)
Crude Adjusted® Crude Adjusted® Crude® Adjusted®
ID High vs. low Cd 250 (1.82-343) 2.78 (1.87-4.12) 1.77 (1.08-2.90) 137 (0.81-2.34) 1.64 (0.91-2.97) 1.21 (0.64-2.28)
Med. vs. low Cd 217 (1.72-2.74) 1.90 (1.48-243) 1.08 (0.63-1.85) 1.01 (0.58-1.77) 1.17 (0.69-2.00) 1.06 (0.61-1.86)
p-trend <0.0001 <0.0001 0.02 022 0.10 0.56
IDA High vs. low Cd 3.90 (2.11-7.17) 4.02 (1.92-841) 1.00 (0.46-2.19) 0.79 (0.35-0.75) 1.78 (0.55-5.73) 0.83 (0.24-2.82)
Med. vs. low Cd 246 (1.48-4.10) 2.00 (1.17-342) 0.82 (0.35-1.89) 0.80 (0.34-1.89) 1.10 (0.35-3.48) 0.83 (0.25-2.77)
p-trend <0.0001 0.0001 0.86 048 033 0.77
Low SF High vs. low Cd 2.80 (2.08-3.77) 4.08 (2.36-5.89) 1.62 (1.03-2.55) 142 (0.88-2.29) 191 (1.10-3.31) 1.63 (0.91-2.92)
Med. vs. low Cd 2.50 (2.02-3.11) 2.38 (1.89-3.00) 1.00 (0.61-1.63) 0.99 (0.59-1.63) 1.30 (0.80-2.13) 1.28 (0.76-2.14)
p-trend <0.0001 <0.0001 0.03 0.14 0.02 0.1
High FEP High vs. low Cd 1.26 (0.95-1.69) 1.36 (0.95-1.95) 142 (0.95-2.14) 1.02 (0.66-1.58) 147 (0.91-2.38) 1.12 (0.67-1.88)
Med. vs. low Cd 1.29 (1.06-1.56) 1.07 (0.88-1.32) 1.16 (0.76-1.75) 0.99 (0.64-1.53) 1.14 (0.75-1.73) 0.99 (0.64-1.54)
p-trend 0.013 0.133 0.09 091 0.19 0.67
Low TSAT High vs. low Cd 1.34 (1.06-1.69) 1.74 (1.30-2.34) 1.19 (0.87-1.64) 1.07 (0.77-1.49) 1.12 (0.76-1.65) 0.94 (0.62-141)
Med. vs. low Cd 1.23 (1.05-1.44) 1.26 (1.07-1.48) 0.84 (0.60-1.16) 0.82 (0.58-1.15) 1.05 (0.75-1.46) 1.02 (0.72-1.43)
p-trend 0.002 <0.0001 0.27 0.67 0.57 0.76

?Crude and adjusted odds of ID, IDA, low SF, high FEP, and low TSAT for children with high and medium Cd versus low Cd.

PModels adjusted for gender, age, race/ethnicity, PIR, and serum cotinine.
“‘Models adjusted for UCr only.
9Models adjusted for gender, age, race/ethnicity, PIR, serum cotinine, and UCr.
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Table 5 Age and sex stratified frequencies and logistic regression model results®

ID Low SF High FEP Low TSAT

Stratification N N (%) OR (95% Cl) N (%) OR (95% Cl) N (%) OR (95% CI) N (%) OR (95% Cl)
group

Girls 3-11 yrs 945 1 (4.3%) 1.62 (0.83-3.20) 44 (4.7%) 203 (1.08-3.83) 92 (9.7%) 131 (0.81-2.13) 167 (17.7%) 0.93 (0.62-1.39)
Boys 3-11 yrs 1022 36 (3.5%) 0.97 (045-2.09) 45 (4.4%) 1.19 (062-2.31) 78 (7.6%) 0.93 (0.55-1.60) 182 (17.8%) 1.25(0.87-1.78)
Girls 12-15yrs 859 7 (11.3%) 3(1.39-326) 119 (139%) 263 (1.77-3.89) 136 (15.8%) 1.29 (0.89-1.88) 4 (22.6%) 146 (1.05-2.03)
Boys 12-15 yrs 836 38 (4.6%) 2.35(1.21-458) 43 (5.1%) 262 (1.39-493) 65 (7.8%) 092 (0.54-1.54) 102 (12.2%) 1.19 (0.78-1.81)
Girls 16-19 yrs 698 145 (20.8%) 236 (1.58-3.63) 161 (23.1%) 3.12 (2.08-4.68) 155 (22.2%) 1.62 (1.11-2.35) 208 (29.8%) 1.55 (1.10-2.16)
Boys 16-19yrs 864 8 (0.9%) b 10 (1.2%) 1.7 (044-6.62) 37 (4.3%) 0.95 (049-1.84) 67 (7.8%) 1.65 (0.96-2.81)

2Unadjusted odds of ID, low SF, high FEP, and low TSAT for children with blood Cd > LOD versus blood Cd < LOD.

PModel did not converge.

a significant inverse associations between varying indicators
of iron status and blood Cd levels [24-27,30,31]. The urine
Cd results, however, were not significant after adjustment
for covariates. Three previous studies have found significant
associations between iron levels and urine Cd [28-30],
though all were in adults, and urine Cd levels were
considerably higher (urine Cd means of 242 ng/g Cr [30]
and 0.31 pg/L [29], compared to our reported means of
1.19 ng/g Cr and 0.16 pg/L). We found that urine Cd was
correlated with age (Spearman rank p =0.27, p < 0.0001),
consistent with Cd accumulating in the kidney over a
time. Since Cd accumulates in the kidney, it is possible
that our study population of children was too young to
have urine Cd concentrations high enough detect a clear
association. Alternatively, urine Cd may not be an ideal
biomarker when considering the association of Cd with
current iron status, since urine Cd represents a more
long-term measure of Cd exposure [4]. While indicators
used to determine iron status are fairly stable on a day-to-
day basis [57,58], they change markedly with development
over longer periods of time and with the onset of puberty.
Blood Cd, a measure of more recent Cd exposure [5], may
therefore be a more appropriate biomarker for assessing
relations with iron status.

To our knowledge, sex and age-specific results have
not been reported prior to this analysis, as the majority of
related studies to date have been only among adult females.
Still, our finding that older girls are the most likely group to
have ID or have abnormal iron indicators is not surprising,
given that girls who have reached menarche are more likely
to be ID than younger or less mature girls [15,59]. The
significant associations between blood Cd and ID and
low SF observed for boys aged 12—-15, were somewhat
surprising. This is not a group commonly studied in
the ID field and we could find no precedent to which we
could compare these findings. The results require replica-
tion, since the number of 12- to 15-year-old boys with ID
and Cd > LOD was small (n = 23).

Studies of Cd exposure and iron status among children
are limited. The only study we could identify compared

blood Cd levels in healthy, ID, and IDA children in Turkey
[31]. ID was defined as low SF levels and IDA as low Hgb,
in addition to low SF. The investigators found significantly
higher levels of blood Cd in children with IDA, as com-
pared to healthy children, but did not find a statistically
significant difference in Cd levels when comparing ID
children with healthy children, using ANOVA [31]. Our re-
sults extend the Turkey study by using a multi-indicator
model for defining ID, more sophisticated data analyses,
and a much larger sample size (n = 5224 compared to 256).

Although there has been little research on ID and Cd in
children, several studies have examined similar relation-
ships between ID and blood Pb and have found significant
inverse associations between Pb and ID [60-62]. It is
possible that Pb and Cd, both divalent metals, may share a
similar mechanism of uptake. One such proposed mech-
anism for the apparent increase of divalent metals in the
presence of ID is increased expression of divalent metal
transporter 1 (DMT1) when iron status is compromised
[21,63]. Higher levels of DMT], in theory, help the body
to absorb more iron from the intestine. If Cd or other
divalent metals are present in the diet, upregulation of
DMT1 due to ID may also contribute to the increased
uptake of toxic heavy metals.

The present analysis has several noteworthy strengths.
To our knowledge, this is the first study to demonstrate
an association between ID and blood Cd in children in
the U.S. We used the multiple indicator ferritin model
to determine iron status, which takes into account the
levels of three iron indicators: SF, FEP, and TSAT. This
represents an improvement over some previous studies,
many which have used SF levels alone to determine iron
status [24,25,27,31]. Recently, some researchers have
advocated the use of another multi-indicator model for
iron status, “body iron”, which yields a single parameter
ranging from iron excess to iron deficit [47]. We were
unable to use the body iron model for this study, since
serum transferrin receptor, which is needed to calculate
body iron, is unavailable in NHANES prior to 2003. We
chose NHANES 1999/2000 and 2001/02 cycles because
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we wanted to assess the relationship between Cd and ID
in children of both sexes and all age ranges. In 2003,
NHANES stopped taking iron measurements for children
of all ages and limited their analyses to children 1-5 years
and females 12 years and older. Therefore, for our analysis
we were limited to just the two early cycles of continuous
NHANES. The primary limitation to using SF alone, or
as part of the ferritin model, is the possible influence
of infection or chronic inflammation on SF levels. To
address this issue, we excluded children with signs of
infection or inflammation, as indicated by a high white
blood cell count or high C-reactive protein levels. In
an effort to further improve the validity of our findings,
we also conducted several sensitivity analyses, which
revealed our findings were robust. Finally, we had a large
sample size (n=5224) and looked at the entire age range
of children (with the exception of 1 and 2 year olds who
were excluded due to missing serum cotinine values),
which had not been examined before.

As with all cross-sectional analyses, this study is limited
in that we cannot demonstrate causation or temporality.
We do not know if poor iron status led to increased
uptake of Cd or higher concentrations of Cd decreased
iron absorption or storage. Additionally, we do not have
any information regarding individual genetic susceptibility,
since genetic polymorphisms of iron-related genes can
be an important factor in the uptake of heavy metals,
such as Cd and Pb [28,64-67]. Finally, future studies
should include infants, who were excluded here due to
missing data.

Conclusions
In conclusion, in U.S. children aged 3—19 years, odds of ID
and IDA increased with blood Cd, a biomarker of recent
Cd exposure. Odds of low SF and low TSAT were also
found to increase with blood Cd. Sex and age-specific
analyses revealed that odds of ID, IDA, and abnormal
iron indicators were highest in adolescent females.
Given their shared neurotoxic effects in children, and
that many children live in areas with high burdens of both
ID and heavy metals, more research into the complex rela-
tionships between nutrient deficiencies and environmental
exposures is vital.

Additional file

Additional file 1: Table S1. Logistic regression model results with likely
smokers excluded. Table S2: Blood Cd logistic regression results for
subsample analysis. Table S3: Model results when continuous variables
were used.

Abbreviations

Cd: Cadmium; ID: Iron deficiency; IDA: Iron deficiency anemia; SF: Serum
ferritin; FEP: Free erythrocyte protoporphyrin; TSAT: Percent transferrin
saturation; RBC: Packed red blood cells; UCr: Urinary creatinine;

Page 7 of 9

NHANES: National health and nutrition examination survey; OR: Odds ratio;
Cl: Confidence interval; LOD: Limit of detection.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

MS carried out the analysis, interpreted the results, and drafted the
manuscript. BL interpreted the results and contributed to drafting the
manuscript. JM conceived the study, interpreted the results, and contributed
to drafting the manuscript. All authors read and approved the final
manuscript.

Acknowledgements

This work was supported by grants ROTES021465, P30ES017885, and
PO1ES022844 from the National Institute of Environmental Health Sciences
(NIEHS).

Author details

'Department of Environmental Health Sciences, University of Michigan
School of Public Health, Ann Arbor, Michigan, USA. Center for Human
Growth and Development, University of Michigan, Ann Arbor, Michigan, USA.

Received: 6 November 2013 Accepted: 18 December 2013
Published: 30 December 2013

References

1. Schoeters G, Den Hond E, Zuurbier M, Naginiene R, van den Hazel P,
Stilianakis N, Ronchetti R, Koppe JG: Cadmium and children: exposure and
health effects. Acta Paediatr Suppl 2006, 95:50-54.

2. Satarug S, Garrett SH, Sens MA, Sens DA: Cadmium, environmental
exposure, and health outcomes. Environ Health Perspect 2010,
118:182-190.

3. Guney M, Zagury GJ: Heavy metals in toys and low-cost jewelry: critical
review of U.S. and Canadian legislations and recommendations for
testing. £nviron Sci Technol 2012, 46:4265-4274.

4. Satarug S, Moore MR: Adverse health effects of chronic exposure to
low-level cadmium in foodstuffs and cigarette smoke. Environ Health
Perspect 2004, 112:1099-1103.

5. Jarup L, Berglund M, Elinder CG, Nordberg G, Vahter M: Health effects of
cadmium exposure-a review of the literature and a risk estimate. Scand J
Work Environ Health 1998, 24(Suppl 1):1-51.

6. Johri N, Jacquillet G, Unwin R: Heavy metal poisoning: the effects of
cadmium on the kidney. Biometals 2010, 23:783-792.

7. Hartwig A: Cadmium and cancer. Met lons Life Sci 2013, 11:491-507.

8. Ritz B, Heinrich J, Wjst M, Wichmann E, Krause C: Effect of cadmium body
burden on immune response of school children. Arch Environ Health 1998,
53:272-280.

9. Ciesielski T, Weuve J, Bellinger DC, Schwartz J, Lanphear B, Wright RO:
Cadmium exposure and neurodevelopmental outcomes in U.S. children.
Environ Health Perspect 2012, 120:758-763.

10.  Wang B, Du Y: Cadmium and its neurotoxic effects. Oxid Med Cell Longev
2013, 2013:898034.

11, Kippler M, Tofail F, Hamadani JD, Gardner RM, Grantham-McGregor SM, Bottai
M, Vahter M: Early-life cadmium exposure and child development in
5-year-old girls and boys: a cohort study in rural Bangladesh. Environ Health
Perspect 2012, 120:1462-1468.

12. Worldwide Prevalence of Anaemia 1993-2005. http://whglibdoc.who.int/
publications/2008/9789241596657_eng.pdf.

13. De-Regil LM, Jefferds ME, Sylvetsky AC, Dowswell T: Intermittent iron
supplementation for improving nutrition and development in children
under 12 years of age. Cochrane Database Syst Rev 2011, Issue 12. Art. No:
CD009085.

14. Iron deficiency anemia assessment, prevention and control: a guide for
programme managers. http://apps.who.int/iris/bitstream/10665/66914/1/
WHO_NHD_01.3.pdf.

15.  Recommendations to prevent and control iron deficiency in the United
States. http://www.cdc.gov/mmwr/preview/mmwrhtmI/00051880.htm.

16.  Stoltzfus RJ: Iron deficiency: global prevalence and consequences. Food
Nutr Bull 2003, 24:599-103.


http://www.biomedcentral.com/content/supplementary/1476-069X-12-117-S1.docx
http://whqlibdoc.who.int/publications/2008/9789241596657_eng.pdf
http://whqlibdoc.who.int/publications/2008/9789241596657_eng.pdf
http://apps.who.int/iris/bitstream/10665/66914/1/WHO_NHD_01.3.pdf
http://apps.who.int/iris/bitstream/10665/66914/1/WHO_NHD_01.3.pdf
http://www.cdc.gov/mmwr/preview/mmwrhtml/00051880.htm

Silver et al. Environmental Health 2013, 12:117
http://www.ehjournal.net/content/12/1/117

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Eden AN, Mir MA: Iron deficiency in 1- to 3-year-old children. A pediatric
failure? Arch Pediatr Adolesc Med 1997, 151:986-988.

Lozoff B: Iron deficiency and child development. Food Nutr Bull 2007,
28:5560-571.

Lozoff B, Georgieff MK: Iron deficiency and brain development. Semin
Pediatr Neurol 2006, 13:158-165.

McCann JC, Ames BN: An overview of evidence for a causal relation
between iron deficiency during development and deficits in cognitive or
behavioral function. Am J Clin Nutr 2007, 85:931-945.

Min KS, lwata N, Tetsutikawahara N, Onosaka S, Tanaka K: Effect of
hemolytic and iron-deficiency anemia on intestinal absorption and tissue
accumulation of cadmium. Toxicol Lett 2008, 179:48-52.

Ragan HA: Effects of iron deficiency on the absorption and distribution
of lead and cadmium in rats. J Lab Clin Med 1977, 90:700-706.

Flanagan PR, McLellan JS, Haist J, Cherian G, Chamberlain MJ, Valberg LS:
Increased dietary cadmium absorption in mice and human subjects with
iron deficiency. Gastroenterology 1978, 74:841-846.

Meltzer HM, Brantsaeter AL, Borch-lohnsen B, Ellingsen DG, Alexander J,
Thomassen Y, Stigum H, Ydersbond TA: Low iron stores are related to
higher blood concentrations of manganese, cobalt and cadmium in
non-smoking, Norwegian women in the HUNT 2 study. Environ Res 2010,
110:497-504.

Berglund M, Akesson A, Nermell B, Vahter M: Intestinal absorption of
dietary cadmium in women depends on body iron stores and fiber
intake. Environ Health Perspect 1994, 102:1058-1066.

Kippler M, Goessler W, Nermell B, Ekstrom EC, Lonnerdal B, El Arifeen S,
Vahter M: Factors influencing intestinal cadmium uptake in pregnant
Bangladeshi women-a prospective cohort study. Environ Res 2009,
109:914-921.

Lee BK, Kim Y: Iron deficiency is associated with increased levels of blood
cadmium in the Korean general population: analysis of 2008-2009
Korean national health and nutrition examination survey data. £nviron
Res 2012, 112:155-163.

Kippler M, Ekstrom EC, Lonnerdal B, Goessler W, Akesson A, El Arifeen S,
Persson LA, Vahter M: Influence of iron and zinc status on cadmium
accumulation in Bangladeshi women. Toxicol Appl Pharmacol 2007,
222:221-226.

Akesson A, Berglund M, Schutz A, Bjellerup P, Bremme K, Vahter M:
Cadmium exposure in pregnancy and lactation in relation to iron status.
Am J Public Health 2002, 92:284-287.

Gallagher CM, Chen JJ, Kovach JS: The relationship between body iron
stores and blood and urine cadmium concentrations in US
never-smoking, non-pregnant women aged 20-49 years.

Environ Res 2011, 111:702-707.

Turgut S, Polat A, Inan M, Turgut G, Emmungil G, Bican M, Karakus TY, Genc
O: Interaction between anemia and blood levels of iron, zinc, copper,
cadmium and lead in children. Indian J Pediatr 2007, 74:827-830.
National health and nutrition examination survey data 1999-2000.
http://wwwn.cdc.gov/nchs/nhanes/search/nhanes99_00.aspx.

National health and nutrition examination survey data 2001-2002.
http://wwwn.cdc.gov/nchs/nhanes/search/nhanes01_02.aspx.

National health and nutrition examination survey laboratory protocol
1999-2000 data documentation, codebook, and frequencies: laboratory
procedure manual (cadmium and lead in blood). http://www.cdcgov/
nchs/data/nhanes/nhanes_99_00/1ab06_met_lead_and_cadmium.pdf.
National health and nutrition examination survey laboratory protocol
2001-2002 data documentation, codebook, and frequencies: laboratory
procedure manual (cadmium and lead in blood). http://www.cdc.gov/
nchs/data/nhanes/nhanes_01_02/106_b_met_lead_and_cadmium.pdf.
National health and nutrition examination survey laboratory protocol
2001-2002 data documentation, codebook, and frequencies: laboratory
procedure manual (heavy metals in urine). http://www.cdc.gov/nchs/
data/nhanes/nhanes_01_02/106hm_b_met.pdf.

National health and nutrition examination survey laboratory protocol
1999-2000 data documentation, codebook, and frequencies: laboratory
procedure manual (heavy metals in urine). http://www.cdc.gov/nchs/
data/nhanes/nhanes_99_00/1ab06_met_hm.pdf.

National health and nutrition examination survey laboratory protocol
2001-2002 data documentation, codebook, and frequencies: nutritional
biochemistries (L06_B). http://www.cdc.gov/nchs/nhanes/nhanes2001-
2002/L06_B.htm.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 8 of 9

National health and nutrition examination survey laboratory protocol
1999-2000 data documentation, codebook, and frequencies: nutritional
biochemistries (LAB06). http://www.cdc.gov/nchs/nhanes/nhanes1999-
2000/LABO6.htm.

National health and nutrition examination survey laboratory protocol
2001-2002 data documentation, codebook, and frequencies: heavy
metals (LO6HM_B). http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/
LO6HM_B.htm.

National health and nutrition examination survey laboratory protocol
1999-2000 data documentation, codebook, and frequencies: heavy
metals (LABO6HM). http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/
LABO6HM.htm.

National health and nutrition examination survey laboratory protocol
2001-2002 data documentation, codebook, and frequencies: erythrocyte
protoporphyrin (L39_B). http://www.cdc.gov/nchs/nhanes/nhanes2001-
2002/L39_B.htm.

National health and nutrition examination survey laboratory protocol
2001-2002 data documentation, codebook, and frequencies: iron, total
iron binding capacity (TIBC), and transferrin (L40FE_B). http://www.cdc.
gov/nchs/nhanes/nhanes2001-2002/L40FE_B.htm.

National health and nutrition examination survey laboratory protocol
1999-2000 data documentation, codebook, and frequencies: complete
blood count (LAB25). http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/
LAB25.htm.

National health and nutrition examination survey laboratory protocol
2001-2002 data documentation, codebook, and frequencies complete
blood count with 5-part differential (L25_B). http://www.cdc.gov/nchs/
nhanes/nhanes2001-2002/L.25_B.htm.

Looker AC, Dallman PR, Carroll MD, Gunter EW, Johnson CL: Prevalence of
iron deficiency in the United States. JAMA 1997, 277:973-976.

Cogswell ME, Looker AC, Pfeiffer CM, Cook JD, Lacher DA, Beard JL, Lynch
SR, Grummer-Strawn LM: Assessment of iron deficiency in US preschool
children and nonpregnant females of childbearing age: national health
and nutrition examination survey 2003-2006. Am J Clin Nutr 2009,
89:1334-1342.

Lynn KL, Mitchell TR, Shepperd J: Serum ferritin concentration in patients
receiving maintenance hemodialysis. Clin Nephrol 1980, 14:124-127.
Thomas C, Thomas L: Anemia of chronic disease: pathophysiology and
laboratory diagnosis. Lab Hematol 2005, 11:14-23.

Thomson AB, Brust R, Ali MA, Mant MJ, Valberg LS: Iron deficiency in
inflammatory bowel disease. Diagnostic efficacy of serum ferritin.

Am J Dig Dis 1978, 23:705-709.

National health and nutrition examination survey questionnaire 1999-2000
data documentation, codebook, and frequencies: demographic variables
and sample weights (DEMO). http.//www.cdcgov/nchs/nhanes/nhanes1999-
2000/DEMO htm.

National health and nutrition examination survey questionnaire 2001-2002
data documentation, codebook, and frequencies: demographic variables
and sample weights (DEMO_B). http://www.cdc.gov/nchs/nhanes/
nhanes2001-2002/DEMO_B.htm.

Analytic and reporting guidelines: the third national health and nutrition
examination survey, NHANES Il (1988-94). http://www.cdc.gov/nchs/
data/nhanes/nhanes3/nh3gui.pdf.

Hukkanen J, Jacob P 3rd, Benowitz NL: Metabolism and disposition
kinetics of nicotine. Pharmacol Rev 2005, 57:79-115.

Korn EL, Graubard BI: Epidemiologic studies utilizing surveys: accounting
for the sampling design. Am J Public Health 1991, 81:1166-1173.

Barr DB, Wilder LC, Caudill SP, Gonzalez AJ, Needham LL, Pirkle JL: Urinary
creatinine concentrations in the U.S. population: implications for urinary
biologic monitoring measurements. Environ Health Perspect 2005, 113:192-200.
Romslo |, Talstad I: Day-to-day variations in serum iron, serum iron
binding capacity, serum ferritin and erythrocyte protoporphyrin
concentrations in anaemic subjects. Fur J Haematol 1988, 40:79-82.

Ulvik RJ: Stability of serum ferritin in healthy subjects. Haematologia
(Budap) 1984, 17:433-438.

Wang W, Bourgeois T, Klima J, Berlan ED, Fischer AN, O'Brien SH: Iron
deficiency and fatigue in adolescent females with heavy menstrual
bleeding. Haemophilia 2013, 19:225-230.

Rondo PH, Conde A, Souza MC, Sakuma A: Iron deficiency anaemia and
blood lead concentrations in Brazilian children. Trans R Soc Trop Med Hyg
2011, 105:525-530.


http://wwwn.cdc.gov/nchs/nhanes/search/nhanes99_00.aspx
http://wwwn.cdc.gov/nchs/nhanes/search/nhanes01_02.aspx
http://www.cdc.gov/nchs/data/nhanes/nhanes_99_00/lab06_met_lead_and_cadmium.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_99_00/lab06_met_lead_and_cadmium.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_01_02/l06_b_met_lead_and_cadmium.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_01_02/l06_b_met_lead_and_cadmium.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_01_02/l06hm_b_met.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_01_02/l06hm_b_met.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_99_00/lab06_met_hm.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_99_00/lab06_met_hm.pdf
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L06_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L06_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/LAB06.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/LAB06.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L06HM_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L06HM_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/LAB06HM.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/LAB06HM.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L39_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L39_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L40FE_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L40FE_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/LAB25.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/LAB25.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L25_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/L25_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/DEMO.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/DEMO.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/DEMO_B.htm
http://www.cdc.gov/nchs/nhanes/nhanes2001-2002/DEMO_B.htm
http://www.cdc.gov/nchs/data/nhanes/nhanes3/nh3gui.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes3/nh3gui.pdf

Silver et al. Environmental Health 2013, 12:117
http://www.ehjournal.net/content/12/1/117

61.

62.

63.

64.

65.

66.

67.

Bradman A, Eskenazi B, Sutton P, Athanasoulis M, Goldman LR: Iron
deficiency associated with higher blood lead in children living in
contaminated environments. Environ Health Perspect 2001, 109:1079-1084.
Ahamed M, Singh S, Behari JR, Kumar A, Siddiqui MK: Interaction of lead
with some essential trace metals in the blood of anemic children from
Lucknow, India. Clin Chim Acta 2007, 377:92-97.

Park JD, Cherrington NJ, Klaassen CD: Intestinal absorption of cadmium is
associated with divalent metal transporter 1 in rats. Toxicol Sci 2002,
68:288-294.

Hu H, Wu MT, Cheng Y, Sparrow D, Weiss S, Kelsey K: The delta-
aminolevulinic acid dehydratase (ALAD) polymorphism and bone and
blood lead levels in community-exposed men: the Normative Aging
Study. Environ Health Perspect 2001, 109:827-832.

Onalaja AO, Claudio L: Genetic susceptibility to lead poisoning. Environ
Health Perspect 2000, 108(Suppl 1):23-28.

Wright RO, Silverman EK, Schwartz J, Tsaih SW, Senter J, Sparrow D, Weiss
ST, Aro A, Hu H: Association between hemochromatosis genotype and
lead exposure among elderly men: the normative aging study. Environ
Health Perspect 2004, 112:746-750.

Rentschler G, Kippler M, Axmon A, Raqib R, Ekstrom EC, Skerfving S, Vahter
M, Broberg K: Polymorphisms in iron homeostasis genes and urinary
cadmium concentrations among nonsmoking women in Argentina and
Bangladesh. Environ Health Perspect 2013, 121:467-472. 472e461-467.

doi:10.1186/1476-069X-12-117

Cite this article as: Silver et al: Blood cadmium is elevated in iron
deficient U.S. children: a cross-sectional study. Environmental Health
2013 12:117.

Page 9 of 9

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Ethics statement
	Study population
	Cadmium biomarkers
	Iron status
	Covariates
	Statistical analysis

	Results
	Discussion
	Conclusions
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

