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Gender differences in the association of blood and urine cadmium concentrations with peripheral arterial disease
(PAD) were evaluated by using data from 6,456 US adults aged �40 years who participated in the 1999–2004
National Health and Nutrition Examination Survey. PAD was defined as an ankle-brachial blood pressure index
of <0.9 in at least one leg. For men, the adjusted odds ratios for PAD comparing the highest with the lowest
quintiles of blood and urine cadmium concentrations were 1.82 (95% confidence interval (CI): 0.82, 4.05) and 4.90
(95% CI: 1.55, 15.54), respectively, with a progressive dose-response relation and no difference by smoking
status. For women, the corresponding odds ratios were 1.19 (95% CI: 0.66, 2.16) and 0.56 (95% CI: 0.18,
1.71), but there was evidence of effect modification by smoking: among women ever smokers, there was a positive,
progressive dose-response relation; among women never smokers, there was a U-shaped dose-response relation.
Higher blood and urine cadmium levels were associated with increased prevalence of PAD, but women never
smokers showed a U-shaped relation with increased prevalence of PAD at very low cadmium levels. These
findings add to the concern of increased cadmium exposure as a cardiovascular risk factor in the general
population.

cadmium; health surveys; metals; peripheral vascular diseases; sex characteristics

Abbreviations: ABPI, ankle-brachial blood pressure index; CI, confidence interval; NHANES, National Health and Nutrition
Examination Survey; PAD, peripheral arterial disease.

Cadmium is a highly toxic and carcinogenic metal widely
distributed in the environment (1, 2). Experimental models
support a role for cadmium in atherosclerosis development
(3, 4), and recent epidemiologic studies have evidenced
associations between cadmium levels and carotid intima-
media thickness (4), peripheral arterial disease (PAD) (5,
6), prevalent myocardial infarction (7), and cardiovascular
and coronary mortality (8).

Several lines of evidence suggest that the effects of cad-
mium may be different in men and women (7–16). At sim-
ilar exposure levels, women have higher blood or urine
cadmium concentrations. In cadmium-polluted areas, cad-
mium-induced renal and bone disease has been shown to be
more common and severe in women than in men (9, 11, 13,
14). In the Third National Health and Nutrition Examination

Survey (NHANES III, 1988–1994), urine cadmium was as-
sociated with prevalent electrocardiogram-diagnosed myo-
cardial infarction in women but not in men (7). Serum
cadmium was also associated with increased carotid intima-
media thickness in women 18–22 years of age from Austria
(men were not included in this study) (4). However, increas-
ing urine cadmium concentrations were prospectively asso-
ciated with increased cardiovascular and coronary heart
disease mortality among men but not women in the
NHANES III Mortality Follow-up Study (8). Because
of the uncertainty of these differences, we decided to eval-
uate gender susceptibility to the cardiovascular effects of
cadmium.

In NHANES 1999–2000, urine and blood cadmium were
associated with PAD (5, 6), an atherosclerosis-related
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narrowing of the arteries of the legs. Because of a limited
sample size, the associations were not reported separately
by gender. From 2001 through 2004, NHANES continued
measuring the ankle-brachial blood pressure index (ABPI)
to assess PAD. In this study, we took advantage of the in-
creased sample size in NHANES 1999–2004 to evaluate
gender differences in the cross-sectional association of
blood and urine cadmium concentrations with PAD.

MATERIALS AND METHODS

Study population

NHANES uses a complex, multistage sampling design to
obtain representative samples of the noninstitutionalized US
population (17). For the present analysis, we used data from
9,145 adults, aged 40 years or older, who participated in the
NHANES 1999–2004 interviews and physical examina-
tions. The overall participation rate among participants aged
40 years or older was 68%. We further excluded 10 pregnant
women, 410 participants missing blood cadmium informa-
tion, 2 participants with urine cadmium corrected for mo-
lybdenum interference equal to zero, 1,383 participants
missing ABPI determinations in both legs, 38 participants
with an ABPI of >1.4 in at least one leg, and 846 partici-
pants missing other variables of interest, leaving 6,456 par-
ticipants for this study. Participants in the final analyses
were similar to the overall NHANES 1999–2004 sample
regarding sociodemographic characteristics (age, sex, race/
ethnicity, education), body mass index, and smoking status
(data not shown).

Blood and urine cadmium

Blood and urine cadmium were measured at the Environ-
mental Health Laboratory of the Centers for Disease Control
and Prevention’s National Center for Environmental Health
(Atlanta, Georgia). Extensive quality control procedures
were followed, including confirmation that collection and
storage materials were not contaminated with background
cadmium (17).

Cadmium and lead were measured simultaneously in
whole blood on a Perkin-Elmer Model SIMAA 6000 mul-
tielement atomic absorption spectrometer (The Perkin-
Elmer Corporation, Norwalk, Connecticut), with Zeeman
background correction in 1999–2002 and on an inductively
coupled plasma-mass spectrometer in 2003–2004. National
Institute of Standards and Technology (Gaithersburg,
Maryland) whole-blood standard reference materials were
used for external calibration. The interassay coefficients of
variation for blood cadmium ranged from 3.2% to 9.4%.
The limits of detection were 0.3 lg/L in NHANES 1999–
2002 and 0.2 lg/L in NHANES 2003–2004, resulting in
21.7% and 13.5% of observations, respectively, being less
than the limit of detection.

Cadmium in urine was measured by using inductively
coupled plasma-mass spectrometry (Perkin-Elmer Sciex
ELAN 500; The Perkin-Elmer Corporation). The interassay
coefficients of variation for urine cadmium ranged from
1.2% to 4.7%. The limit of detection was 0.06 lg/L, result-

ing in 2% of observations being less than the limit of de-
tection. For observations less than the limit of detection,
urine cadmium value was imputed as the limit of detection
divided by the square root of 2 (17). National Institute of
Standards and Technology urine reference material was
used for external calibration. In NHANES 1999–2002, cad-
mium levels in urine were corrected for interference from
molybdenum oxide. Urine cadmium was measured only in
a random one-third subsample (n ¼ 2,098) of our study
population and was missing completely at random for
two-thirds of the sample. For participants with blood cad-
mium concentrations less than the limit of detection and for
participants with urine cadmium concentrations missing
completely at random, cadmium concentrations were im-
puted from a joint prediction model for blood and urine
cadmium levels (refer to the ‘‘Statistical analysis’’ portion
of this section).

Peripheral arterial disease

ABPI was computed for each leg as the mean systolic
blood pressure in each ankle (posterior tibial artery) divided
by the mean systolic blood pressure in the right arm
(brachial artery). For participants with conditions interfer-
ing with readings in the right arm, the left arm was used to
calculate the ABPI in both legs. The blood pressure deter-
minations for ABPI estimation were obtained in the hori-
zontal position and separately from the determinations used
to define hypertension (17). Blood pressure was measured
twice at each site for participants aged 40–59 years and once
at each site for those aged 60 years or older by using a Parks
Mini-Lab IV Doppler device, model 3100 (Parks Medical
Electronics, Inc., Aloha, Oregon). PAD was defined as an
ABPI of <0.90 in at least one leg.

Other variables

Information on age; sex; race/ethnicity; education; men-
opause status; smoking; and medication for treating hyper-
tension, diabetes, and hypercholesterolemia was based on
self-report. Body mass index was calculated by dividing
measured weight in kilograms by measured height in
meters squared. Blood pressure was measured following
the American Heart Association guidelines (17). Three
and sometimes 4 systolic and diastolic blood pressure de-
terminations were taken on the same day in the sitting po-
sition. Hypertension was defined as a mean systolic blood
pressure of �140 mm Hg, a mean diastolic blood pressure
of �90 mm Hg, a self-reported physician diagnosis, or
medication use.

Diabetes was defined as a fasting glucose concentration
of �126 mg/dL, a nonfasting glucose concentration
of �200 mg/dL, a self-reported physician diagnosis, or
medication use. C-reactive protein was analyzed in serum
by high-sensitivity latex-enhanced nephelometry. Serum to-
tal cholesterol was measured enzymatically by using the
Cholesterol High Performance reagent (Roche Diagnostics,
Basel, Switzerland). High density lipoprotein cholesterol
was measured by using a direct high density lipoprotein
reagent (Roche Diagnostics). Serum cotinine was measured
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by an isotope-dilution high-performance liquid chromatog-
raphy/atmospheric pressure chemical ionization tandem
mass spectrometric method.

Urine creatinine was measured by the modified kinetic
Jaffé method. Serum creatinine was measured by using
a kinetic rate Jaffé method with a Hitachi Model 704 mul-
tichannel analyzer (Boehringer Mannheim Diagnostics,
Indianapolis, Indiana) and was calibrated to account for
laboratory differences across time and to standardize to cre-
atinine measures at the Cleveland Clinic Research Labora-
tory (Cleveland, Ohio) (18). Estimated glomerular filtration
rate was calculated from calibrated creatinine, age, sex, and
race/ethnicity by using the Modification of Diet in Renal
Disease Study formula (18).

Statistical analysis

Blood cadmium concentrations less than the limit of de-
tection and urine cadmium concentrations missing com-
pletely at random were imputed as the median of each
subject-specific posterior distribution of predicted levels ob-
tained from a Marcov chain Monte Carlo by Gibbs sampling
nested linear model, implemented with WinBUGS software
(19, 20). This model consisted of a single model with 2
embedded, separate predictive equations for urine and
blood, each based on strong cadmium determinants, includ-
ing smoking, gender, and age, identified separately for blood
and urine cadmium in smoking-specific strata by using
a backward stepwise process (Web Appendix 1; this infor-
mation is described in the first of 3 supplementary Appen-
dixes referred to as ‘‘Web Appendix’’ in the text and posted
on the Journal’s Web site (http://aje.oupjournals.org/)). The
urine cadmium nested predictive equation was a standard
linear model, whereas the blood cadmium nested predictive
equation was a tobit linear model for truncated data. The
WinBUGS code is provided in Web Appendix 2.

The median of the participants’ imputed missing completely
at random urine cadmium was 0.40 lg/L (minimum–
maximum: 0.02–4.96) (0.40 lg/g creatinine) (minimum–
maximum: 0.11–3.29). The corresponding value in the
measured one-third subsample was 0.39 lg/L (minimum–
maximum: 0.01–36.78) (0.40 lg/g creatinine) (minimum–
maximum: 0.02–282.9). The median of the participants’
imputed blood cadmium levels was 0.23 lg/L (minimum–
maximum: 0.15–0.27) for NHANES 1999–2002 and
0.16 lg/L (minimum–maximum: 0.11–0.18) for NHANES
2003–2004.

Blood and urine cadmium concentrations were log-
transformed for the analyses. Cutoffs for blood cadmium
quintiles were based on weighted distributions in the
whole study sample. Cutoffs for creatinine-corrected urine
cadmium quintiles were based on weighted distributions
in the originally measured one-third random subsample.
Medians for trend tests and knots for spline terms
were also defined based on measured urine cadmium
concentrations.

Statistical analyses were conducted in the data set by in-
cluding the imputed cadmium values and were repeated in
the one-third random subsample with measured urine cad-
mium levels, with consistent findings (Web Appendix 3).

Odds ratios and 95% confidence intervals for PAD com-
pared quintiles 2–5 of blood- and creatinine-corrected urine
cadmium with the lowest quintile. To assess nonlinear re-
lations, we estimated the odds ratio for PAD by blood- and
creatinine-corrected urine cadmium levels modeled using
restricted quadratic splines with knots at the 10th, 50th,
and 90th percentiles of each cadmium distribution. We also
evaluated the increase in the odds of PAD by comparing the
80th with the 20th percentiles of cadmium levels.

All analyses were stratified by gender. Statistical models
were initially adjusted for age (restricted cubic splines),
race/ethnicity (non-Hispanic white, non-Hispanic black,
Mexican American, other), and survey year. Models were
further adjusted for postmenopausal status for women (yes,
no), body mass index (continuous), systolic blood pressure
(continuous) and blood-pressure-lowering medication use
(yes, no), diabetes (yes, no), smoking (never, former,
current, and log-transformed serum cotinine), education
(<high school, �high school), blood lead (continuous log-
transformed), total cholesterol (continuous), high density
lipoprotein cholesterol (continuous), cholesterol-lowering-
medication use (yes, no), C-reactive protein (continuous
log-transformed), and estimated glomerular filtration rate
(continuous). P values for linear trend were obtained by
including the medians for each cadmium quintile as contin-
uous variables in the regression models. For urine cadmium
models, we repeated the analyses using urine cadmium
concentrations (lg/L) in models further adjusted for urine
creatinine instead of using creatinine-corrected urine cad-
mium concentrations (lg/g), with similar findings (data not
shown).

Exploratory interaction analyses were conducted by in-
cluding the product of log-transformed blood- or creatinine-
corrected urine cadmium regression terms with covariates,
separately for men and women. We conducted sensitivity
analysis by using a different cutoff for defining PAD by
gender (ABPI of 0.90 for men and 0.85 for women), with
similar results (not shown). The weighted prevalence
of PAD among women when the lower cutoff was used
was 3.2%.

Statistical analyses were performed by using the survey
package in R software (21–23) to account for the complex
sampling design and weights in NHANES 1999–2004 and
to obtain appropriate standard errors for all estimates. All
statistical tests were 2-sided.

RESULTS

The weighted prevalence of PAD was 4.5% for men and
5.1% for women. The overall geometric means of blood and
urine cadmium were 0.44 lg/L and 0.31 lg/g creatinine
(0.37 lg/L), respectively, for men and 0.50 lg/L and
0.44 lg/g (0.31 lg/L), respectively, for women. The Spear-
man correlation coefficients between blood cadmium (lg/L)
and urine cadmium (lg/g creatinine) were 0.70 for men and
0.60 for women. For both men and women, participants with
PAD, compared with participants without PAD, were older
and were more likely to be current or former smokers; to
have lower educational levels, diabetes, and chronic kidney
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disease; and to have higher levels of C-reactive protein,
systolic blood pressure, blood lead, blood cadmium, and
urine cadmium (Table 1).

For men, we found a positive and statistically significant
association of cadmium levels with the prevalence of PAD
(Table 2, Figure 1), although the association was stronger
for urine than for blood cadmium. The multivariable ad-
justed odds ratios for PAD comparing men in the highest
versus the lowest quintiles of blood and urine cadmium were
1.82 (95% confidence interval (CI): 0.82, 4.05) and 4.90
(95% CI: 1.55, 15.54), respectively (Table 2). In spline re-
gression models, the dose-response relation was progressive
over the range of cadmium concentrations for blood
(Figure 1) and urine cadmium (not shown). The P values

for the nonlinear components in the restricted quadratic
spline terms were 0.64 for blood and 0.32 for urine cad-
mium. When we assumed a log-linear dose-response rela-
tion, the odds ratios for PAD comparing the 80th with the
20th percentiles of blood and urine cadmium concentrations
were 1.95 (95% CI: 1.28, 2.96) and 3.28 (95% CI: 1.82,
5.91), respectively. The increase in the prevalence of PAD
with increasing blood and urine cadmium levels was con-
sistent in participant subgroups, including age groups and
never and ever smokers (Figures 1 and 2).

For women, the multivariable adjusted odds ratios for
PAD comparing quintiles 2–5 versus the lowest quintile
were 0.58 (95% CI: 0.22, 1.54), 0.61 (95% CI: 0.22,
1.69), 0.67 (95% CI: 0.36, 1.24), and 1.19 (95% CI: 0.66,

Table 1. Characteristics of Participants by the Presence or Absence of PAD, National Health and Nutrition

Examination Survey, 1999–2004a,b

Men Women

PAD (n 5 245) No PAD (n 5 3,088) PAD (n 5 223) No PAD (n 5 2,900)

Age, years 67.6 (0.9) 54.7 (0.2) 67.9 (1.0) 56.1 (0.3

Menopause, % 86.9 (2.8) 66.1 (1.6)

Race/ethnicity, %

White 80.2 (2.8) 80.5 (1.5) 77.7 (2.9) 78.2 (1.8)

Black 13.2 (2.3) 7.8 (0.7) 15.0 (2.8) 8.7 (1.1)

Mexican American 4.1 (1.7) 4.9 (0.7) 3.0 (0.8) 4.3 (0.8)

Education <high school, % 35.2 (3.9) 17.7 (1.0) 28.2 (3.5) 19.3 (0.9)

Smoking, %

Former 44.0 (3.8) 33.6 (1.1) 34.7 (4.4) 25.1 (1.0)

Current 42.5 (3.5) 31.2 (1.5) 21.4 (3.1) 19.9 (1.0)

Serum cotinine, ng/mL 1.63 (0.88, 3.05) 0.70 (0.53, 0.91) 0.28 (0.16, 0.48) 0.22 (0.18, 0.27)

Body mass index, kg/m2 27.9 (0.4) 28.4 (0.1) 29.0 (0.5) 28.1 (0.2)

C-reactive protein, mg/L 3.30 (2.81, 3.86) 1.76 (1.67, 1.86) 3.94 (3.40, 4.56) 2.45 (2.31, 2.60)

Total cholesterol, mg/dL 200.7 (4.5) 208.8 (1.3) 216.8 (3.1) 213.4 (1.1)

HDL cholesterol, mg/dL 46.8 (1.0) 47.0 (0.4) 54.8 (1.2) 59.5 (0.5)

Cholesterol medication, % 35.3 (3.3) 17.8 (0.9) 28.2 (4.1) 14.1 (0.7)

Systolic blood pressure,
mm Hg

136.0 (1.7) 126.1 (0.5) 141.7 (2.1) 128.0 (0.5)

Blood pressure
medication, %

48.7 (3.6) 24.3 (1.1) 53.4 (3.9) 27.9 (1.3)

Diabetes, % 31.1 (4.2) 11.4 (0.7) 18.1 (3.2) 9.0 (0.6)

GFR <60 mL/minute
per 1.73 m2, %

27.2 (3.3) 6.6 (0.6) 27.9 (3.3) 9.9 (0.8)

Blood lead, lg/dL 2.81 (2.60, 3.03) 2.26 (2.19, 2.33) 1.99 (1.82, 2.17) 1.54 (1.47, 1.60)

Blood cadmium, lg/L 0.65 (0.59, 0.71) 0.43 (0.41, 0.45) 0.62 (0.55, 0.69) 0.50 (0.48, 0.52)

Urine cadmium, lg/Lc 0.73 (0.56, 0.96) 0.36 (0.33, 0.39) 0.45 (0.35, 0.58) 0.31 (0.28, 0.33)

Urine cadmium, lg/g
creatininec

0.67 (0.54, 0.82) 0.30 (0.29, 0.32) 0.51 (0.42, 0.61) 0.44 (0.41, 0.47)

Abbreviations: GFR, glomerular filtration rate; HDL, high density lipoprotein; PAD, peripheral arterial disease.
a Percentages (standard errors) are given for categorical variables or weighted means (standard errors) for

continuous variables, except for serum cotinine, C-reactive protein, blood lead and blood cadmium, and urine

cadmium and creatinine-adjusted cadmium, for which geometric means (95% confidence intervals) are reported.
b International system conversion factors: To convert urine and blood cadmium to nmol/L, multiply by 8.896; to

convert creatinine-corrected urine cadmium to nmol/mmol creatinine, multiply by 1.006; to convert lead to lmol/L,

multiply by 0.0483; to convert serum cotinine to nmol/L, multiply by 5.675.
c Measured in a subsample only (n ¼ 2,098).

674 Tellez-Plaza et al.

Am J Epidemiol 2010;172:671–681

 at C
D

C
 Public H

ealth L
ibrary &

 Inform
ation C

enter on M
ay 15, 2014

http://aje.oxfordjournals.org/
D

ow
nloaded from

 

http://aje.oxfordjournals.org/


2.16), respectively, for blood cadmium; and 0.42 (95% CI:
0.13, 1.33), 0.32 (95% CI: 0.12, 0.85), 0.24 (95% CI: 0.09,
0.68), and 0.56 (95% CI: 0.18, 1.71) for urine cadmium
(Table 3). This nonlinear pattern was also evident in spline
regression models (Figure 1). The P values for the nonlinear
components in the restricted quadratic splines were 0.05 for
blood and 0.003 for urine cadmium. When we assumed
a nonlinear dose-response relation modeled using restricted
quadratic splines, the odds ratios for PAD comparing the
80th with the 20th percentiles of blood and urine cadmium
concentrations were 1.47 (95% CI: 0.82, 2.66) and 0.65
(95% CI: 0.35, 1.21), respectively (Figure 3). In more de-
tailed analyses, never smokers seemed to account for the
nonlinear pattern of PAD with cadmium among women
(Figure 1). For women ever smokers, the odds ratios for
PAD comparing the 80th with the 20th percentiles of blood
and urine cadmium concentrations were 2.88 (95% CI: 1.10,
7.50) and 1.46 (95% CI: 0.75, 2.85), respectively.

DISCUSSION

In this representative sample of the US population, high
cadmium levels were associated with an increased preva-

lence of PAD, but the association between cadmium and
PAD at low cadmium exposures was markedly different in
men and women. Among men, including never and ever
smokers, the prevalence of PAD increased progressively
throughout the whole range of cadmium exposure. The as-
sociation between cadmium exposures and PAD among men
never smokers is important because it rules out confounding
by smoking. Among women, cadmium levels showed a
U-shaped relation with PAD, although the nonlinear com-
ponent mostly reflected the association in women never
smokers.

Among men and women, high cadmium levels were as-
sociated with increased prevalence of PAD. Several mech-
anisms may explain a role for cadmium in promoting
atherosclerosis. Cadmium may indirectly increase the for-
mation of reactive oxygen species (3) and interfere with
antioxidative stress responses by binding metallothionein
(3, 24), a low-molecular-weight protein that regulates zinc
homeostasis and acts as a free radical scavenger (3, 25, 26).
Other mechanisms that could contribute to atherosclerosis
include partial agonism for calcium channels, direct vaso-
constrictor action, inhibition of vasodilator substances such
as nitric oxide, activation of the sympathetic nervous sys-
tem, and cadmium-related epigenetic mechanisms (27–31).

Table 2. Odds Ratios and 95% Confidence Intervals for Peripheral Arterial Disease by Blood and Urine Cadmium

Quintiles in Men (N ¼ 3,333), National Health and Nutrition Examination Survey, 1999–2004a

Participants, No. Model 1b Model 2c Model 3d

Cases Noncases OR 95% CI OR 95% CI OR 95% CI

Blood Cadmium (lg/L)

Quintile 1 (�0.26) 23 694 1.00 Reference 1.00 Reference 1.00 Reference

Quintile 2 (0.26–0.3) 17 434 0.84 0.34, 2.09 0.94 0.37, 2.36 0.85 0.33, 2.20

Quintile 3 (0.4–0.5) 30 535 0.97 0.50, 1.90 1.00 0.51, 1.93 0.83 0.41, 1.67

Quintile 4 (0.6–0.7) 83 787 1.84 0.93, 3.63 1.66 0.78, 3.53 1.20 0.52, 2.80

Quintile 5 (�0.8) 92 638 3.79 2.04, 7.05 3.14 1.54, 6.40 1.82 0.82, 4.05

P trende <0.001 <0.001 0.02

Urine Cadmium (lg/g Creatinine)

Quintile 1 (<0.20) 8 623 1.00 Reference 1.00 Reference 1.00 Reference

Quintile 2 (0.20–0.30) 34 778 1.81 0.68, 4.84 1.93 0.72, 5.19 1.66 0.63, 4.41

Quintile 3 (0.31–0.43) 59 743 2.35 0.89, 6.19 2.26 0.86, 5.91 1.66 0.62, 4.45

Quintile 4 (0.44–0.68) 74 636 3.90 1.60, 9.51 3.42 1.36, 8.60 2.31 0.87, 6.14

Quintile 5 (�0.69) 70 308 9.18 3.29, 25.64 8.04 2.69, 24.02 4.90 1.55, 15.54

P trende <0.001 <0.001 <0.001

Abbreviations: CI, confidence interval; OR, odds ratio.
a International system conversion factors: To convert blood cadmium to nmol/L, multiply by 8.896; to convert

creatinine-corrected urine cadmium to nmol/mmol creatinine, multiply by 1.006.
b Adjusted for age (years), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, other), and

survey year.
c Further adjusted for education (<high school, �high school), postmenopausal status for women (yes, no), body

mass index (kg/m2), blood lead (log lg/dL), C-reactive protein (log mg/L), total cholesterol (mg/dL), high density

lipoprotein cholesterol (mg/dL), cholesterol-lowering medication (yes, no), systolic blood pressure (mm Hg), blood-

pressure-lowering medication (yes, no), diabetes (yes, no), and estimated glomerular filtration rate (mL/minute per

1.73 m2).
d Further adjusted for smoking (never, former, current) and serum cotinine (log ng/mL).
e Two-sided P values for linear trend across quintiles of cadmium were obtained by including blood- or creatinine-

corrected medians corresponding to each quintile as continuous variables in the linear regression models.
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In vitro, cadmium causes endothelial dysfunction; in vivo, it
accelerates atherosclerotic plaque formation (4).

In addition to experimental evidence, a growing body
of epidemiologic evidence supports cadmium as a cardiovas-
cular risk factor (32). In prospective NHANES analysis,
increasing urinary cadmium levels were associated with in-
creased cardiovascular and coronary heart disease mortality
in men over 12 years of follow-up (8). Among young
women in Austria, participants with increasing serum cad-
mium levels had substantially increased intima-media thick-
ness (4). In cross-sectional NHANES analyses, cadmium
exposure was related to increased blood pressure (33), albu-
minuria and decreased estimated glomerular filtration rate
(34), electrocardiogram-diagnosed myocardial infarction
(7), and PAD (5, 6), although the associations were not
reported by gender.

In our stratified analysis, an increase in the prevalence of
PAD was evident throughout the range of cadmium expo-
sure for men ever smokers and never smokers and for
women ever smokers. Among women never smokers, how-
ever, cadmium at very low concentrations showed an inverse
association with PAD. We do not have a good explanation
for this inverse association. Smoking, diet, occupation, and
ambient air in urban and industrial areas are the main sour-
ces of cadmium exposure in the population. Among
smokers, tobacco is the major source of cadmium (35).
Among nonsmokers, cadmium sources and exposure routes
could be very different for men and women. Occupational
exposures (the metal and mining industry, transportation,
and repairing services) (36) could be important for men.
Cadmium dietary sources, including leafy/root vegetables,

grains, shellfish, and offal (1, 35), could be more important
for women. These differences in exposure sources could
translate into different effective dose because cadmium ab-
sorption through the respiratory tract is 10%–50% compared
with 5%–20% through the gastrointestinal tract (35). In ad-
dition, respiratory and dietary exposure routes to cadmium
may have different metabolic pathways and health effects.

Even under similar conditions of cadmium exposure,
women tend to have higher urine, blood, and renal cortex
cadmium levels compared with men (10). Women may ab-
sorb more cadmium through the gastrointestinal tract be-
cause of a higher prevalence of decreased iron stores,
which increases expression of the divalent metal transporter
DMT-1 (10), the nonheme iron intestinal transporter that
also mediates cadmium transport (35). Women could also
be genetically predisposed to have higher cadmium levels.
For instance, blood cadmium heritability was 65% in Swed-
ish same-sex female twins who were nonsmokers compared
with only 13% among male twins who were nonsmokers
(37). In 2,926 adult twins living in Australia, suggestive
linkage peaks related to red blood cell cadmium levels were
found in chromosomes 2, 18, 20, and X (38). Interestingly,
a minor linkage peak in chromosome 2 was close to the gene
SLC11A1, which encodes a divalent metal transporter. In our
study, consistent with previous studies, women had higher
blood and urine cadmium levels than men at similar levels
of cadmium predictors, including smoking status. In addi-
tion to increased internal cadmium dose, women may have
higher expression of the metallothionein IIA gene (39),
which could explain differential atherosclerosis-related cad-
mium toxicity for men and women.

Figure 1. Odds ratios for peripheral arterial disease (PAD) by blood cadmium levels, National Health and Nutrition Examination Survey, 1999–
2004. Shown are adjusted odds ratios (solid lines) and 95% confidence intervals (curved dashed lines) based on restricted quadratic splines for log-
transformed cadmium concentrations with knots at the 10th, 50th, and 90th percentiles. The reference value was set at the 10th percentile of
cadmium distribution. Vertical bars represent the weighted histogram of cadmium distribution. Odds ratios for PAD were adjusted for survey year,
age (years modeled as restricted cubic spline with 5 knots), sex, race/ethnicity, body mass index (kg/m2), low educational level (<high school,
�high school), smoking status (never, former, current), serum cotinine (log ng/mL), diabetesmellitus (yes, no), menopause status (yes, no), systolic
blood pressure (mm Hg), antihypertensive medication (yes, no), C-reactive protein (log mg/L), total cholesterol (mg/dL), high density lipoprotein
cholesterol (mg/dL), cholesterol-lowering medication (yes, no), estimated glomerular filtration rate (mL/minute per 1.73 m2), and blood lead (log lg/
dL). Men- and women-stratified analyses are shown in the top and bottom rows, respectively. Overall (both never and ever smokers together; left
column) and analyses stratified by never smoker and ever smoker status (middle and right columns, respectively) are shown.
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Figure 2. Odds ratios (ORs) for peripheral arterial disease comparing the 80th with the 20th percentile of blood or urine cadmium distribution in men (N¼ 3,333), by participant characteristics,
National Health and Nutrition Examination Survey, 1999–2004. The 80th and 20th percentiles of cadmium distributions were 0.80 and 0.26 lg/L, respectively, for blood cadmium and were 0.69
and 0.20 lg/g creatinine, respectively, for creatinine-corrected urine cadmium. Odds ratios and 95% confidence intervals (CIs) comparing the 80th with the 20th percentiles of the blood or urine
cadmium distribution were calculated by assuming a log-linear relation. Odds ratios were adjusted for survey year, age (years modeled as restricted cubic splines with 5 knots), sex, race/
ethnicity, body mass index (kg/m2), low educational level (<high school,�high school), smoking status (never, former, current), serum cotinine (log ng/mL), diabetes mellitus (yes, no), systolic
blood pressure (mm Hg), antihypertensive medication (yes, no), C-reactive protein (log mg/L), total cholesterol (mg/dL), high density lipoprotein cholesterol (mg/dL), cholesterol-lowering
medication (yes, no), estimated glomerular filtration rate (mL/minute per 1.73 m2), and blood lead (log lg/dL). Estimated 2-sided P values for interaction between log-linear cadmium with
participant characteristics were computed by using the Wald test adjusting for complex design. KD, kidney disease; SE, standard error.
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In cadmium-polluted areas, including the Itai-Itai disease
area in Japan, women had increased total mortality and an
increased incidence of kidney and bone disease (11–16).
The Itai-Itai disease affected mostly women in the Jinzu
river basin in Japan during 1910 to 1945. The disease was
characterized by renal tubular dysfunction and bone mass
loss related to extremely high cadmium levels in contami-
nated rice and water (15). In another cadmium-polluted area
in Japan, the dose-response relation between urine cadmium
and total mortality was also stronger for women (hazard ratios
ranged from 2.03 to 3.11) compared with men (hazard ratios,
1.11 to 1.32) (16). For heart failure, however, cadmium-
associated mortality was somewhat higher in men than in
women (hazard ratio ¼ 1.97 vs. 1.59) (16). In a cadmium-
polluted area in Belgium, the hazard ratio for bone fracture
for a doubling in 24-hour urine cadmium excretion was 1.73
for women compared with 1.20 for men (13).

On the basis of these data from cadmium-polluted areas,
it has been argued that women are more susceptible to the
toxic effects of cadmium. Our study, however, was per-
formed in a population exposed to relatively low cadmium
levels, with potentially different patterns of toxicity. Indeed,
using data from NHANES III, Menke et al. (8) found the

same pattern of progressively increasing coronary heart dis-
ease mortality with increasing urine cadmium in men but
a U-shaped relation for women. These findings indicate that
epidemiologic studies of cadmium should report detailed
dose-response analyses separately for men and women
and also by smoking status.

Our study has several limitations, including a cross-
sectional design, the possibility of different residual con-
founding by gender, and the use of single determinations
of cadmium biomarkers. Furthermore, 20% of study partic-
ipants had blood cadmium levels lower than the limit of
detection, and two-thirds of study participants had urine
cadmium levels missing completely at random. We attemp-
ted to overcome these limitations by using a prediction
model to simultaneously impute the missing cadmium data.
Finally, for smokers, we cannot discard residual confound-
ing by long-term, cumulative smoking dose. However, the
associations remained similar after adjustment for serum
cotinine, a biomarker of ongoing smoking, among both
men and women. Strengths of the study include the large
sample size that enabled us to explore effect modification
within gender strata, the availability of information on mul-
tiple risk factors for PAD, the careful standardization of

Table 3. Odds Ratios and 95% Confidence Intervals for Peripheral Arterial Disease by Blood and Urine Cadmium

Quintiles in Women (N ¼ 3,123), National Health and Nutrition Examination Survey, 1999–2004a

Participants, No. Model 1b Model 2c Model 3d

Cases Noncases OR 95% CI OR 95% CI OR 95% CI

Blood Cadmium (lg/L)

Quintile 1 (�0.26) 22 384 1.00 Reference 1.00 Reference 1.00 Reference

Quintile 2 (0.26–0.3) 17 392 0.61 0.23, 1.58 0.61 0.23, 1.61 0.58 0.22, 1.54

Quintile 3 (0.4–0.5) 33 586 0.63 0.23, 1.71 0.64 0.23, 1.75 0.61 0.22, 1.69

Quintile 4 (0.6–0.7) 79 927 0.81 0.41, 1.58 0.76 0.40, 1.42 0.67 0.36, 1.24

Quintile 5 (�0.8) 72 611 1.66 0.92, 3.00 1.49 0.86, 2.58 1.19 0.66, 2.16

P trende <0.001 <0.001 0.01

Urine Cadmium (lg/g Creatinine)

Quintile 1 (<0.20) 10 130 1.00 Reference 1.00 Reference 1.00 Reference

Quintile 2 (0.20–0.30) 23 465 0.44 0.14, 1.37 0.43 0.13, 1.36 0.42 0.13, 1.33

Quintile 3 (0.31–0.43) 37 773 0.35 0.14, 0.92 0.34 0.13, 0.94 0.32 0.12, 0.85

Quintile 4 (0.44–0.68) 61 887 0.29 0.11, 0.73 0.30 0.11, 0.80 0.24 0.09, 0.68

Quintile 5 (�0.69) 92 645 0.78 0.30, 2.00 0.80 0.28, 2.31 0.56 0.18, 1.71

P trende 0.004 0.008 0.22

Abbreviations: CI, confidence interval; OR, odds ratio.
a International system conversion factors: To convert blood cadmium to nmol/L, multiply by 8.896; to convert

creatinine-corrected urine cadmium to nmol/mmol creatinine, multiply by 1.006.
b Adjusted for age (years), race-ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, other), and

survey year.
c Further adjusted for education (<high school, �high school), postmenopausal status for women (yes, no), body

mass index (kg/m2), blood lead (log lg/dL), C-reactive protein (log mg/L), total cholesterol (mg/dL), high density

lipoprotein cholesterol (mg/dL), cholesterol-lowering medication (yes, no), systolic blood pressure (mm Hg), blood-

pressure-lowering medication (yes, no), diabetes (yes, no), and estimated glomerular filtration rate (mL/minute per

1.73 m2).
d Further adjusted for smoking (never, former, current) and serum cotinine (log ng/mL).
e Two-sided P value for linear trend across quintiles of cadmium were obtained by including blood- or creatinine-

corrected medians corresponding to each quintile as continuous variables in the linear regression models.
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Figure 3. Odds ratios (ORs) for peripheral arterial disease comparing the 80th with the 20th percentile of blood or urine cadmium distribution in women (N ¼ 3,123), by participant
characteristics, National Health and Nutrition Examination Survey, 1999–2004. The 80th and 20th percentiles of cadmium distributions were 0.80 and 0.26 lg/L, respectively, for blood
cadmium and were 0.69 and 0.20 lg/g creatinine, respectively, for creatinine-corrected urine cadmium. Odds ratios and 95% confidence intervals (CIs) comparing the 80th with the 20th
percentiles of the blood or urine cadmium distribution were calculated based on restricted quadratic splines for log-transformed cadmium concentrations with knots at the 10th, 50th, and 90th
percentiles. Odds ratios were adjusted for survey year, age (years modeled as restricted cubic splines with 5 knots), sex, race/ethnicity, body mass index (kg/m2), low educational level (<high
school, �high school), smoking status (never, former, current), serum cotinine (log ng/mL), diabetes mellitus (yes, no), menopause status (yes, no), systolic blood pressure (mm Hg),
antihypertensive medication (yes, no), C-reactive protein (log mg/L), total cholesterol (mg/dL), high density lipoprotein cholesterol (mg/dL), cholesterol-lowering medication (yes, no), estimated
glomerular filtration rate (mL/minute per 1.73 m2), and blood lead (log lg/dL). Estimated 2-sided P values for the interaction between log-cadmium spline terms with participant characteristics
were computed by using the Wald test adjusting for complex design. KD, kidney disease; SE, standard error.
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study protocols and extensive quality control for the exam-
ination and laboratory procedures in NHANES, and the rep-
resentative nature of the study sample.

In conclusion, gender differences in the association be-
tween cadmium and PAD in a representative sample of US
adults were dependent on dose and smoking status. Cad-
mium was consistently associated with increased prevalence
of PAD at high levels of exposure and among ever smokers,
supporting the role of cadmium as a cardiovascular risk
factor for both men and women. Among never smokers,
cadmium was progressively associated with PAD in men,
whereas the dose-response relation was U-shaped for
women. These gender differences among never smokers
need to be interpreted cautiously given wide confidence in-
tervals and conflicting literature. Further experimental and
prospective epidemiologic research is needed to understand
whether these differences are related to differential cad-
mium toxicity, differential measurement error, or differen-
tial residual confounding for men and women. Our results,
however, add to current concerns about cadmium exposure
as an independent and important risk factor for atheroscle-
rotic cardiovascular disease.
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