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Background: Cadmium is a ubiquitous environmental pollutant associated with increased risk of

leading causes of mortality and morbidity in women, including breast cancer and osteoporosis. Iron

deficiency increases absorption of dietary cadmium, rendering women, who tend to have lower iron

stores than men, more susceptible to cadmium uptake. We used body iron, a measure that incorporates

both serum ferritin and soluble transferrin receptor, as recommended by the World Health Organiza-

tion, to evaluate the relationships between iron status and urine and blood cadmium.

Methods: Serum ferritin, soluble transferrin receptor, urine and blood cadmium values in never-

smoking, non-pregnant, non-lactating, non-menopausal women aged 20–49 years (n¼599) were

obtained from the 2003–2008 National Health and Nutrition Examination Surveys. Body iron was

calculated from serum ferritin and soluble transferrin receptor, and iron deficiency defined as body iron

o0 mg/kg. Robust linear regression was used to evaluate the relationships between body iron and

blood and urine cadmium, adjusted for age, race, poverty, body mass index, and parity.

Results: Per incremental (mg/kg) increase in body iron, urine cadmium decreased by 0.003 mg/g

creatinine and blood cadmium decreased by 0.014 mg/L. Iron deficiency was associated with

0.044 mg/g creatinine greater urine cadmium (95% CI¼0.020, 0.069) and 0.162 mg/L greater blood

cadmium (95% CI¼0.132, 0.193).

Conclusions: Iron deficiency is a risk factor for increased blood and urine cadmium among never-

smoking, pre-menopausal, non-pregnant US women, independent of age, race, poverty, body mass

index and parity. Expanding programs to detect and correct iron deficiency among non-pregnant

women merits consideration as a potential means to reduce the risk of cadmium associated diseases.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Cadmium is a ubiquitous toxic heavy metal pollutant. Human
exposures are primarily from food for the non-smoking general
population (ATSDR, 2008; EFSA, 2009). Among women, cadmium
exposure is associated with increased risk of osteoporosis (Akesson
et al., 2006; Gallagher et al., 2008), breast cancer (McElroy et al.,
2006; Gallagher et al., 2010), and heart failure (Peters et al., 2010),
important causes of morbidity and mortality among women world-
wide (WHO, 2003, 2008).

Cadmium uptake from the gastrointestinal tract is more efficient
when iron stores are low (Park et al., 2002; Min et al., 2008), and
because pre-menopausal women tend to have lower iron stores
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compared to men, they may be at greater risk for increased
cadmium accumulation (Vahter et al., 2002; Nishijo et al., 2004)
and susceptibility to cadmium-induced toxicities (Vahter et al.,
2007).

Comparative interpretations of epidemiologic findings are
limited by the use of different biomarkers of cadmium exposure
and iron status. For example, Berglund et al. (1994) and Meltzer
et al. (2010) showed that serum ferritin was inversely correlated
with blood cadmium, and Akesson et al. (2002) found that urine
cadmium increased from early gestation to lactation only among
women with low iron status, as determined by transferrin
receptor-serum ferritin ratio (Akesson et al., 2002). Blood cad-
mium is considered the most valid biomarker of recent cadmium
exposure (Jarup and Akesson, 2009), with a half-life of 3–4 month
(Jarup et al., 1998). Urine cadmium is a biomarker of lifetime
cadmium exposure (Dillon and Ho, 1991), with a half-life of
30 years (Satarug and Moore, 2004). Lower serum ferritin levels
indicate reduced total body iron stores (WHO, 2001), whereas
ip between body iron stores and blood and urine cadmium
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increased soluble transferrin receptor levels indicate reduced
tissue iron (Skikne et al., 1990). Because the concentration of
serum ferritin is influenced by infection and inflammation,
the World Health Organization recommends assessing iron status
by measuring both serum ferritin and soluble transferrin receptor,
an indicator of red blood cell production and iron demand that
is not significantly affected by infection or inflammation (WHO,
2007).

Limiting cadmium exposure studies to non-smoking subjects
reduces exposure misclassification bias because cigarettes con-
tain significant amounts of cadmium taken up by the tobacco
plant and cigarettes also contain many other toxic compounds
(ATSDR, 2008). Compared to non-smokers, smokers have 4–5
times greater blood cadmium levels and 2–3 times greater kidney
levels of cadmium (Satarug and Moore, 2004); the latter is
reflected by urine cadmium levels (Dillon and Ho, 1991).

Mijal and Holzman (2010) analyzed data from the 1999–2006
National Health and Nutrition Examination Surveys (NHANES) for
never-smoking women and found a positive association between
low ferritin (o20 ng/mL) and blood cadmium Z0.50 mg/L. On the
other hand, an analysis of NHANES III data found no significant
correlations between urine cadmium and serum ferritin concen-
tration among non-smoking men and women (Choudhury et al.,
2001). Contradictory findings from Scandinavian studies (Olsson
et al., 2002; Akesson et al., 2002) leave open questions about the
relationship between iron status and urine cadmium.

The relationships between body iron stores and both blood and
urine cadmium have not been evaluated in non-pregnant, non-
lactating, never-smoking women, overall or by race/ethnicity, using
a measure of both serum ferritin and soluble transferrin receptor, as
recommended by the WHO (2007). Cogswell et al. (2009) applied
the method of Cook et al. (2003) for estimating body iron as a
derivative of ferritin and soluble transferrin receptor to an NHANES
probability sample of non-pregnant women. They found that this
estimate of body iron was less influenced by concomitant inflam-
mation, predicted anemia more accurately, and resulted in lower
estimates of iron deficiency than did the serum ferritin model based
upon measures of serum ferritin, protoporphyrin and transferrin
saturation (Cogswell et al., 2009).

Our primary objective was to evaluate whether body iron, as
measured by Cook et al. (2003) and Cogswell et al. (2009), is
associated with urine and blood cadmium concentrations in
non-pregnant, non-lactating, never-smoking, pre-menopausal US
women, ages 20–49 years. Secondary objectives were to quantify
associations between urine cadmium, blood cadmium and serum
ferritin, and between urine cadmium, blood cadmium and body
iron among race/ethnicity subgroups.
2. Methods

2.1. Study population

Data on serum ferritin, soluble transferrin receptor, urine cad-
mium, urine creatinine, and blood cadmium were obtained for
women aged 20–49 years from the 2003–2004, 2005–2006 and
2007–2008 National Health and Nutrition Examination Surveys
(NHANES) (CDC, 2003–2004, 2005–2006, 2007–2008a). NHANES
uses a complex, multistage, probability sampling design to select
participants representative of the civilian, non-institutionalized US
population (CDC, 2009). Each sample person is assigned a sample
weight that reflects adjustments for complex survey design (includ-
ing oversampling), survey non-responses, and post-stratification, to
ensure that calculated estimates are US population representative
(CDC, 2009). NHANES laboratory data on serum ferritin and trans-
ferrin receptor were available for women aged 12–49 years. The
Please cite this article as: Gallagher, C.M., et al., The relationsh
concentrations in US never-smoking, non-pregnant women aged 20–
analytic sample included those women both with measurements of
serum ferritin, transferrin receptor, blood cadmium, urine cadmium,
urine creatinine, and without missing values for covariates poverty
income ratio, body mass index, and parity. Subjects were limited to
non-pregnant and non-lactating women ages 20–49, as associations
between iron status, using a measure of both serum ferritin and
transferrin receptor, and cadmium among pregnant and lactating
women were previously reported (Akesson et al., 2002). We further
limited subjects to pre-menopausal women because this subpopula-
tion is as at risk for low iron stores (Vahter et al., 2002; Nishijo et al.,
2004). Survey participants who reported they had ever smoked more
than 100 cigarettes were excluded from the analytic sample in order
to minimize exposure misclassification. Excluded from the resultant
sample without missing values for the analytes and covariates of
interest were 286 current or former smokers with a mean age of 34
years. There were 1536 survey participants excluded secondary to
missing laboratory values or missing data for income, body mass
index or parity, with a mean age of 32 years.

2.2. Body iron and iron deficiency variables

Analyte concentrations were measured by the Division of
Laboratory Sciences, National Center for Environmental Health,
and Centers for Disease Controls and Prevention laboratory
(CDC, 2003–2004, 2005–2006, 2007–2008b). Serum ferritin and
transferrin receptor were obtained from a single blood sample and
measured by immuno-turbidimetry with a Roche/Hitachi 912
clinical analyzer. Transferrin receptor values were converted to their
equivalents in the Flowers assay, per Cogswell et al. (2009): Flowers
transferrin receptor¼1.5�Roche transferrin receptorþ0.35 mg/L. The
formula of Cogswell et al. (2009) was used to calculate body iron, as
follows: body iron (mg/kg)¼�[log 10(transferrin receptor�1000/
ferritin)�2.8229]/0.1207. This calculation results in a counter-intui-
tive negative value, i.e., o0 mg/kg for individuals with known iron
deficiency; however, negative (and positive) values represent posi-
tive values for serum ferritin and transferrin receptor, as documen-
ted by repetitive phlebotomy in volunteer healthy adult subjects
(Cook et al., 2003). We also created dichotomous variables for low
body iron as defined by Cogswell and colleagues (2009), i.e., body
iron o0 mg/kg. Serum ferritin and transferrin receptor values were
natural log-transformed based upon an examination of scatterplots
of the relationships between serum ferritin and transferrin receptor
and blood cadmium and urine cadmium.

2.3. Blood and urine cadmium variables

Blood cadmium (mg/L) and urine cadmium concentrations
(ng/mL) from spot urine samples were measured by inductively
coupled mass spectrometry by the Division of Laboratory
Sciences, National Center for Environmental Health, and Centers
for Disease Controls and Prevention laboratory (CDC, 2003–2004,
2005–2006, 2007–2008b). Levels of blood cadmium and urine
cadmium below the detection limit were assigned a value of the
detection limit divided by the square root of 2 (CDC, 2003–2004,
2005–2006, 2007–2008b). There were 47 urine cadmium and 174
blood cadmium values below the limits of detection 0.60 ng/mL
and 0.20 mg/L, respectively. A creatinine-adjusted urine cadmium
measure was generated by dividing urine cadmium (ng/mL) by
urinary creatinine (mg/dL), also obtained from spot urine sample,
and expressed as mg/g creatinine.

2.4. Demographic, anthropometric and reproductive

history variables

Race/ethnicity subgroups were defined as non-Hispanic white,
non-Hispanic black, Mexican American and other (non-Hispanic
ip between body iron stores and blood and urine cadmium
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Table 1
Sample summary statistics, never-smoker, pre-menopausal, non-pregnant,

non-lactating women, NHANES 2003–2008 (n¼599).

Summary statistics

Urine cadmium (mg/g creatinine)

Mean 0.242

Minimum, maximum 0.023, 2.734

Below limit of detection frequency 47

Median 0.193

Lower quartile, upper quartile 0.122, 0.297

Blood cadmium (mg/L)

Mean 0.302

Minimum, maximum 0.100, 2.100

Below limit of detection frequency 174

Median 0.270

Lower quartile, upper quartile 0.140, 0.380

Body iron (mg/kg)a

Mean 4.333

Minimum, maximum �11.068, 16.690

Median 4.835

Lower quartile, upper quartile 2.241, 7.091

Serum ferritin (ng/mL)

Mean 46.04

Minimum, maximum 2.00, 754.00

Median 32.00

Lower quartile, upper quartile 17.00, 56.00

Soluble transferrin receptor (mg/L)

Mean 4.10

Minimum, maximum 1.50, 28.60

Median 3.60

Lower quartile, upper quartile 3.00, 4.60
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other, Hispanic other, and multi-race). Based on the scientific
literature regarding relevance to iron status, multivariable analysis
included a continuous parity measure (WHO, 2001) and a dichot-
omous measure for poverty (WHO, 2001), particularly the poverty
index ratio, i.e., family total income below the poverty threshold, as
this variable showed a multi-modal distribution. A continuous
variable for body mass index was also used as a non-specific
indicator of nutritional status. In consideration of the scientific
literature regarding relevance to cadmium accumulation, multi-
variable analysis also included continuous age in years (ATSDR,
2008).

2.5. Statistical analysis

Sample summary statistics represent unweighted data. The
Rao–Scott chi-square test was used to evaluate statistical sig-
nificance for the difference between weighted sample proportions
of iron deficient and not iron deficient women by race/ethnicity.
Significant differences in mean blood cadmium, urine cadmium
and body iron values by race/ethnicity were calculated based
upon analysis of weighted complex survey results. Linear associa-
tions between urine cadmium and blood cadmium in the
unweighted data were evaluated using the Spearman correlation
coefficient. Linear model assumptions were checked through
visual inspection of scatterplots and residual plots. We used
robust regression to address the possible influence of cadmium
values below the limits of detection (Roosli et al., 2008). Only
unweighted results are presented for models with similar results
in weighted analysis; otherwise, weighted and unweighted
results are presented.
Age (years)

Mean 34

Minimum, maximum 20, 49

Median 34

Lower quartile, upper quartile 27, 40

Body mass index (kg/m2)

Mean 28.94

Minimum, maximum 16.30, 67.34

Median 27.58

Lower quartile, upper quartile 23.83, 33.08

Parity (number of live births)

Mean 1.78

Minimum, maximum 0, 7.00

Median 2.00

Lower quartile, upper quartile 1.00, 3.00

Poverty income ratio o1

Frequency (%) 124 (21%)

Iron Deficient (body iron o0 mg/kg)

Frequency (%) 96 (16%)

a Body iron values (positive, negative and zero) were calculated using

nonnegative measures of serum ferritin and soluble transferrin receptor, as per

the formula of Cogswell et al. (2009).
3. Results

3.1. Summary statistics

Mean blood and urine cadmium levels for the overall sample were
0.302 mg/L and 0.242 mg/g creatinine, respectively, and 16% of all
women were iron deficient (Table 1). Iron deficiency was present in
23% of non-Hispanic black women, compared to 12% of non-Hispanic
white and Mexican American women, and 13% of women of other
race/ethnicity (Table 2). Relative to non-Hispanic white women, non-
Hispanic black women had significantly lower mean body iron and
higher blood cadmium, and women of other race/ethnicity had both
higher mean blood cadmium and urine cadmium (Table 2).

3.2. Overall sample regression results for body iron, blood cadmium

and urine cadmium

Body iron was inversely associated with blood cadmium and
urine cadmium (Table 3); for every mg/kg increase in body iron,
blood cadmium decreased by 0.0141 mg/L (95% CI¼�0.0167,
�0.0115) and urine cadmium decreased by 0.0029 mg/g creati-
nine (95% CI¼�0.0050, �0.0007). Iron deficiency was associated
with 0.1622 mg/L greater blood cadmium (95 CI¼0.1317, 0.1927)
and 0.0443 mg/g greater urine cadmium (95% CI¼0.0196, 0.0690),
adjusting for age, race/ethnicity, poverty, body mass index and
parity (Table 3). Age showed a significant positive association
with blood cadmium and urine cadmium; however, body mass
index and parity did not show significant associations.

3.3. Regression results by race/ethnicity for body iron, blood

cadmium and urine cadmium

Body iron was inversely associated with blood cadmium among
all race/ethnic subsamples, with the largest magnitude of estimated
Please cite this article as: Gallagher, C.M., et al., The relationsh
concentrations in US never-smoking, non-pregnant women aged 20–
effects among certain minority subsamples. Among non-Hispanic
black women, for every mg/kg increase in body iron, blood cadmium
decreased by 0.0199 mg/L (95% CI¼�0.0261, �0.0137), and among
women of other race/ethnicity, blood cadmium decreased by
0.0222 mg/L (95% CI¼�0.0307, �0.0136) (Table 3). The association
between body iron and urine cadmium was statistically significant
among women of other race/ethnicity, only (Table 3). Scatterplot
Figs. 1 and 2 (Supplementary Appendix) illustrate the inverse
relationships between body iron, blood cadmium and urine cad-
mium across race/ethnicity subsamples, and highlight the relatively
steeper slope for the relationship between body iron and urine
cadmium among minority subsamples.
ip between body iron stores and blood and urine cadmium
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Table 2
Weighted mean (95% confidence interval) analyte values and percent iron-deficient by race/ethnicity, never-smoker, non-pregnant, non-lactating women, NHANES

2003–2008 (n¼599).

Non-Hispanic white

(n¼231)

Non-Hispanic black

(n¼146)

Mexican American

(n¼151)

Other Hispanic or

multi-race (n¼71)

Urine cadmium (mg/g creatinine) 0.217 0.265 0.267 0.271a

(0.191, 0.242) (0.217, 0.314) (0.241, 0.294) (0.229, 0.313)

Blood cadmium (mg/L) 0.271 0.361a 0.293 0.344a

(0.248, 0.294) (0.310, 0.413) (0.270, 0.315) (0.293, 0.396)

Body iron (mg/kg) 5.260 3.070a 4.923 4.767

(4.709, 5.812) (2.343, 3.797) (4.140, 5.705) (3.737, 5.796)

Percent body iron deficientb (o0 mg/kg) 12 23 12 13

a Statistically significant difference compared to non-Hispanic white women; evaluated using complex survey-derived weighted means and standard errors.
b Statistically significant difference between race/ethnic subsamples; evaluated using Rao–Scott chi-square test.

Table 3
Unweighted robust regression results for the estimated change in blood cadmium (mg/L) and creatinine-adjusted urine cadmium (mg/g creatinine) associated with a unit

(mg/kg) change in body iron, and with body iron deficiency (body iron o0 mg/kg), never-smoker, pre-menopausal, non-pregnant, non-lactating women, with subsample

analyses by race/ethnicity, NHANES 2003–2008 (n¼599).

Estimated change in blood

cadmium level, mg/L (95% CI)

Estimated change in creatinine-adjusted

urine cadmium, mg/g (95% CI)

Unadjusted body iron model, complete sample (n¼599) �0.0133 �0.0027

(�0.0160, �0.0107) (�0.0050, �0.0003)

Fully adjusteda body iron model, complete sample (n¼599) �0.0141 �0.0029

(�0.0167, �0.0115) (�0.0050, �0.0007)

Fully adjusteda body iron model, non-Hispanic white subsample (n¼231) �0.0125 �0.0019

(�0.0165, �0.0084) (�0.0050, 0.0011)

Fully adjusteda body iron model, non-Hispanic black subsample (n¼146) �0.0199 �0.0032

(�0.0261, �0.0137) (�0.0071, 0.0008)

Fully adjusteda body iron model, Mexican American subsample (n¼151) �0.0104 �0.0023

(�0.0157, �0.0051) (�0.0072, 0.0026)

Fully adjusteda body iron model, other/multi-race subsample (n¼71) �0.0222 �0.0099

(�0.0307, �0.0136) (�0.0174, �0.0025)

Body iron deficiency, unadjusted model 0.1713 0.0462

(0.1400, 0.2025) (0.0191, 0.0733)

Body iron deficiency, fully adjusteda model 0.1622 0.0443

(0.1317, 0.1927) (0.0196, 0.0690)

a Statistically adjusted for age (years), race/ethnicity (non-Hispanic black, Mexican American, other Hispanic or multi-race, relative to reference group: non-Hispanic

white), poverty index ratio above/below 1, parity (0–7 live births) and body mass index.
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3.4. Regression results for serum ferritin, blood cadmium and

urine cadmium

The inverse relationship between serum ferritin and blood
cadmium, but not urine cadmium, was robust in weighted
and unweighted analyses, adjusted for the same covariates as
the body iron model, plus log-transformed soluble transferrin
receptor (Models 1 and 2, Table 4). Serum ferritin and trans-
ferrin receptor are inversely correlated in weighted (r¼�0.53)
and unweighted (r¼�0.52) robust regression. Exclusion of
the transferrin receptor covariate strengthened the effect esti-
mates for blood cadmium in Models 3 and 4 and, although the
effect estimates for the association between ferritin and urine
cadmium remained similar to the models with transferrin
receptor, results without transferrin receptor were statistically
significant. Therefore, transferrin receptor may have statisti-
cally masked the influence of serum ferritin. Urine cadmium
and blood cadmium were positively correlated, with Spearman
rho¼0.49.
Please cite this article as: Gallagher, C.M., et al., The relationsh
concentrations in US never-smoking, non-pregnant women aged 20–
4. Discussion

4.1. Relationships between body iron, serum ferritin, blood and

urine cadmium

We present novel findings of an inverse relationship between
body iron and urine cadmium, and a positive association between
body iron deficiency and urine cadmium, among never-smoking,
non-pregnant, non-lactating US women aged 20–49 years. Consistent
with previous findings using the NHANES III dataset (Choudhury
et al., 2001), we found no statistically significant evidence of an
association between serum ferritin and urine cadmium in the model
with soluble transferrin receptor; however, we did find an inverse
association in the model without soluble transferrin receptor, and
interpret this discrepancy as a result of statistical masking in the
current study. The model that used the body iron measure, however,
showed evidence of robustness to this masking effect, and may also
reflect robustness to threats of biological validity and misclassification
bias attributable to inflammation.
ip between body iron stores and blood and urine cadmium
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Table 4
Comparison of multivariablea regression model results for the estimated change in blood cadmium (mg/L) and urine cadmium (mg/g creatinine) per unit change in

log-transformed serum ferritin (ng/mL) (95% CI), never-smoker, pre-menopausal, non-pregnant, non-lactating women, NHANES 2003�2008 (n¼599).

Estimated change in blood

cadmium (95% CI)

Estimated change in

creatinine-adjusted urine

cadmium (95% CI)

Model 1. Weighted robust regression, with soluble transferrin receptor (mg/L)b
�0.0370 �0.0111

(�0.0509, �0.0231) (�0.0232, 0.0010)

Model 2. Unweighted robust regression, with soluble transferrin receptor (mg/L)c
�0.0335 �0.0013

(�0.0476, �0.0194) (�0.0131, 0.0105)

Model 3. Weighted robust regression, without soluble transferrin receptor �0.0631 �0.0153

(�0.0748, �0.0514) (�0.0251, �0.0055)

Model 4. Unweighted robust regression, without soluble transferrin receptor �0.0550 �0.0099

(�0.0670, �0.0431) (�0.0195, �0.0003)

a Statistically adjusted for age (years), race/ethnicity (non-Hispanic black, Mexican American, other Hispanic or multi-race, relative to reference group: non-Hispanic white),

poverty index ratio above/below 1, parity (0–7 live births) and body mass index.
b Coefficient for correlation between serum ferritin and soluble transferrin receptor¼�0.53.
c Coefficient for correlation between serum ferritin and soluble transferrin receptor¼�0.52.
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Our findings of inverse relationships between body iron and
blood cadmium, and between serum ferritin and blood cadmium,
as well as a positive association between iron deficiency and
blood cadmium, are consistent with findings of Mijal and
Holzman (2010). The absence of an association between parity
and blood cadmium is another consistent finding. Also consistent
with previous research is our finding of a positive correlation
between blood and urine cadmium, although the magnitude of
the correlation was somewhat lower than the coefficient of 0.56
reported by Akesson et al. (2006); the latter result may have been
influenced by older age and inclusion of smokers. Findings of a
positive correlation are also biologically supported, as a smaller
fraction of blood cadmium can also reflect accumulated cadmium
exposure, with a half-life of 10 years (Jarup et al., 1998), and
urine cadmium can also be influenced by short-term exposure
(ATSDR, 2008).

4.2. Disparities by race/ethnicity

Variations by race/ethnicity in the levels of blood cadmium
(Mijal and Holzman, 2010) and serum ferritin (Zacharski et al.,
2000) were reported in US women; however, the current study
findings regarding relationships between cadmium exposures and
iron status among race/ethnic subgroups are novel. The inverse
relationship between body iron and blood cadmium was evident
across all race/ethnicity subgroups, with the greatest magnitude
of effect estimates among black women, who also showed the
highest percentage with iron deficiency, and among women of
other race/ethnicity; however, only the latter subgroup showed a
statistically significant inverse relationship between body iron
and urine cadmium, most likely attributable to their higher urine
cadmium levels. Determinants of iron deficiency among race/
ethnic subgroups of women, however, are unclear (Killip et al.,
2007), and merit further research with larger sample sizes.

4.3. Study limitations and strengths

The cross-sectional design of NHANES precludes determina-
tions of the temporal relationships between body iron, blood
cadmium and urine cadmium, as well as interpretations of
causality. Iron deficiency has been shown, however, to upregulate
divalent metal transporter 1 and increase cadmium absorption
from the gastrointestinal tract with subsequent distribution
to the liver and kidney in rats (Park et al., 2002) and in mice
(Min et al., 2008).
Please cite this article as: Gallagher, C.M., et al., The relationsh
concentrations in US never-smoking, non-pregnant women aged 20–
A potential study limitation is the lack of information regarding
zinc deficiency, which may increase the risk for cadmium-related
disease (Reeves and Chaney, 2008). Because elevated serum ferritin
(WHO, 2007), cadmium (Lin et al., 2009), and zinc deficiency
(Prasad, 2008; Bao et al., 2010) each may be associated with
inflammation, lack of inflammatory biomarker data may confound
our analysis of the relationships among these parameters. A strength
of the current study is the use of a measure of iron deficiency that
incorporates both serum ferritin and soluble transferrin receptor,
minimizing confounding effects of inflammation and providing
greater specificity for iron status. In addition, among females aged
12–49 years Cogswell et al. (2009) found good agreement between
iron deficiency estimates based upon the body iron measure used in
this study and estimates calculated based upon the ferritin model
that defines iron deficiency as an abnormal value for at least 2 of
3 indicators (serum ferritin, erythrocyte protoporphyrin, and trans-
ferrin saturation).

As mentioned in the study by Cogswell et al. (2009), additional
limitations of the general use of the calculation of body iron include
the assumption that soluble transferrin receptor and serum ferritin
assays remain stable over time, the lack of information on laboratory
and clinical findings used to confirm iron deficiency, and the fact
that the estimate of body iron developed by Cook et al. (2003) was
derived from a study of 14 healthy adult white subjects (Skikne
et al., 1990). Further, a possible source of exposure misclassification
is the use of creatinine-adjusted spot urine samples (Barr et al.,
2005; Gunier et al., 2010); however, we also conducted analysis
using multivariable adjustment for urine creatinine, and results
were similar (not shown).

4.4. Conclusion

This study’s finding that body iron is inversely related to blood
and urine cadmium among never-smoking US women, and the
finding that body iron deficiency is associated with both
increased blood and urine cadmium suggests that iron deficiency
may be a risk factor for increased cadmium accumulation among
never-smoking, non-pregnant women. Consequently, iron defi-
ciency may be a risk factor for diseases associated with elevated
cadmium levels, such as osteoporosis (Akesson et al., 2006;
Gallagher et al., 2008), renal tubular dysfunction (Akesson et al.,
2005), cardiovascular disease (Peters et al., 2010), endometrial
cancer (Akesson et al., 2008), and breast cancer (McElroy et al.,
2006; Gallagher et al., 2010). Our finding that this relationship is
independent of parity leads us to hypothesize that correction of
iron deficiency among non-pregnant women would be expected
ip between body iron stores and blood and urine cadmium
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to reduce cadmium body burden and, therefore, reduce their risk
of cadmium-associated diseases.
Appendix A. Supplementary materials

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.envres.2011.03.007.
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