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To examine the association between urinary cadmium levels and the incidence of ischemic
stroke and to explore possible effect modifications.

Methods

A case-cohort study was designed nested in the Reasons for Geographic and Racial Differences
in Stroke (REGARDS) study, including 680 adjudicated incident cases of ischemic stroke and
2,540 participants in a randomly selected subcohort. Urinary creatinine—corrected cadmium
concentration was measured at baseline. Multivariable-adjusted hazard ratios (HRs) and the
corresponding 95% confidence intervals (Cls) were estimated with the Barlow weighting
method for the Cox proportional hazards regression model.

Results

The median urinary cadmium concentration was 0.42 (interquartile range 0.27-0.68) yug/g
creatinine. After adjustment for potential confounders, urinary cadmium was associated with
increased incidence of ischemic stroke (quintile S vs quintile 1: HR 1.50, 95% CI 1.01-2.22, p
for trend = 0.02). The observed association was more pronounced among participants in the
lowest serum zinc tertile (tertile 3 vs tertile 1: HR 1.82,95% CI 1.06-3.11, p for trend = 0.004, p
for interaction = 0.05) but was attenuated and became nonsignificant among never smokers
(tertile 3 vs tertile 1: never smokers: HR 1.27, 95% CI 0.80-2.03, p for trend = 0.29; ever
smokers: HR 1.60, 95% CI 1.06-2.43, p for trend = 0.07, p for interaction = 0.51).

Conclusions

Findings from this study suggest that cadmium exposure may be an independent risk factor for
ischemic stroke in the US general population. Never smoking and maintaining a high serum
zinc level may ameliorate the potential adverse effects of cadmium exposure.
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Glossary

BMI = body mass index; CI = confidence interval; HDL = high-density lipoprotein; HR = hazard ratio; ICP-MS = inductively
coupled plasma mass spectrometry; LDL = low-density lipoprotein; NHANES = National Health and Nutrition Examination
Survey; REGARDS = Reasons for Geographic and Racial Differences in Stroke.

Because of its role in initiating atherosclerosis,”* cadmium
exposure may be a potential explanation for disparities in
stroke rates due to geographic variation and consequently the
different levels of exposure in human. Epidemiologic data
indicate an association between cadmium exposure and
higher blood pressure.*® However, data directly relating
cadmium exposure to ischemic stroke risk are sparse, and the
findings are inconsistent.”””

Smoking is a major source of cadmium and an important risk
factor for stroke in the general population.'® However, few
studies have adjusted for smoking status or considered it as
a potential effect modifier when examining the association
between cadmium and stroke because of a lack of data.® In
addition, cadmium shares similar physical and chemical
properties with zinc."! Their similarity allows cadmium to
compete with zinc and replace it in biological systems and to
destabilize the functional sites of zinc-containing proteins
when zinc is deficient.'’ Because cadmium and zinc share
many food sources,'” increasing attention has been paid to the
potential joint health effect of zinc and cadmium.” In fact,
a significant interaction of zinc and calcium has been dem-
onstrated in animal models."*'* However, this interaction has
not been confirmed in human studies.

We therefore examined the prospective association of urinary
cadmium levels with the incidence of ischemic stroke and
explored possible effect modifications of this association.

Methods

Study design and population

The detailed design and methods of the Reasons for Geo-
graphic and Racial Differences in Stroke (REGARDS) project
have been described previously.'> In brief, the REGARDS
project enrolled and is following a cohort of 30,239 black and
white Americans >45 years of age. Blacks and individuals
residing in the Stroke Belt region (Alabama, Arkansas,
Georgia, Louisiana, Mississippi, North Carolina, South Car-
olina, and Tennessee), where the stroke mortality exceeds the
rest of United States, were oversampled. Participants were
recruited from January 2003 to October 2007 through
a combination of mail and telephone contact. Among those
consented to the study, information on demographics and risk
factors was assessed in a telephone interview, followed by an
in-person physical assessment 3 to 4 weeks later in which
blood and urine samples, anthropometric measurements, and
other risk factor data were collected by standardized proto-
cols. Participants (or their proxies) were contacted every 6
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months to ascertain potential strokes. Incident strokes and
stroke types were verified by relevant hospital records and
adjudicated centrally by neurologists. Additional details are
provided elsewhere.'®

A case-cohort study design was used in this study.'” The case-
cohort sample consists of 2 parts: a random sample from the
total REGARDS cohort, called the subcohort, supplemented
by all of the incident ischemic stroke cases identified through
September 2012 and not sampled in the subcohort. The
subcohort (n = 2,666) was selected from the entire
REGARDS cohort (n = 29,653) with a fixed sampling prob-
ability of 9% in each stratum jointly classified by age (<SS,
55-64, 65-74,75-84, and >8S, years), sex (male and female),
race (black and white), and stroke region residency (Stroke
Buckle [coastal plains of North Carolina, South Carolina, and
Georgia], the rest of Stroke Belt, and non-Stroke Belt
region).'®'” Through September 2012, 713 incident cases of
ischemic stroke were identified. Among those, 63 cases were
included in the random subcohort by random selection. Of
the 3,316 participants in the case-cohort study, we excluded
156 whose cadmium measurements were not available. Thus,
the final dataset includes 680 cases of ischemic stroke and
2,540 participants in the random subcohort (including 60
overlapping incident cases; figure).

Standard protocol approvals, registrations,
and patient consents

Approval was received from the ethics standards committee
on human experimentation for all experiments with human
participants. Written informed consent was obtained from all
study participants (consent for research).

Laboratory analyses

Urine and fasting blood samples were collected, shipped
overnight with ice packs to a central laboratory at the Uni-
versity of Vermont, and stored at -80°C.%° Urinary cadmium
was measured via the National Health and Nutrition Exami-
nation Survey (NHANES) method with a NEXION 300X
quadrupole inductively coupled plasma mass spectrometry
(ICP-MS; Perkin Elmer, Waltham, MA) operated with a dy-
namic reaction cell to eliminate interference from urinary
molybdenum.*"** Urinary creatinine was assessed with the
Modular-P chemistry analyzer from Roche/Hitachi (Tokyo,
Japan).”® Several other elements were also measured, in-
cluding urinary arsenic (ICP-MS) and serum calcium, mag-
nesium, and zinc concentrations (ICP-MS). Lipid profiles
were analyzed with colorimetric reflectance spectrophotom-
etry and C-reactive protein by particle-enhanced immuno-
nephelometry with the BNII nephelometer (N High
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Figure Flowchart of subcohort and cases sampling
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and Racial Differences in Stroke.

Sensitivity CRP; Dade Behring, Deerfield, IL).** Estimated
glomerular filtration rate was calculated with the Chronic
Kidney Disease Epidemiology Collaboration equation.”’

Outcome, exposure, and covariates

The outcome was time to incident ischemic stroke obtained
from self-report and adjudicated through hospital records by
neurologists. Survival time was defined as the period between
the baseline interview and ischemic stroke (first incidence),
last follow-up, death, or data freeze (September 2012),
whichever came first. The primary exposure was urinary
creatinine—corrected cadmium concentration classified in
quintiles or as a continuous variable.

Key covariates included age, sex, race (black or white),
region (Stroke Buckle, the rest of Stroke Belt, or non-
Stroke Belt region), income (US $1,000-$10,000/y), body
mass index (BMI; <25.0, 25.0-29.9, or 230.0 kg/m?),
smoking status (never, former, current smoker <15 pack-
years, current smoker between 15 and 30 pack-years, cur-
rent smoker between 30 and 50 pack-years, or current
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smoker >S50 pack-years), alcohol consumption (never,
former, or current drinker), physical activity (none, 1-3, or
>4 times a week), hypertension (yes or no), history of
myocardial infarction (yes or no), history of atrial fibrilla-
tion (yes or no), diabetes mellitus (yes or no), dyslipidemia
(yes or no), high-density lipoprotein (HDL)/low-density
lipoprotein (LDL) cholesterol ratio, C-reactive protein,
serum calcium, serum magnesium, and urinary arsenic
concentrations. Demographics, income level, smoking
status, alcohol consumption, physical activity, and medical
history were assessed via self-report. History of myocardial
infarction and atrial fibrillation was determined by ECG
evidence of the diseases or self-reported history of the
diseases. Hypertension was defined as any self-reported use
of blood pressure control medication, systolic blood pres-
sure >140 mm Hg, or diastolic blood pressure >90 mm Hg.
Diabetes mellitus was defined as any self-reported use of
glucose control medication, fasting blood glucose con-
centration >126 mg/dL, or nonfasting glucose >200 mg/
dL. Dyslipidemia was defined as any self-reported use of
lipid control medication, triglycerides >240 mg/dL, LDL
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cholesterol 2160 mg/dL, or HDL cholesterol <40 mg/dL.
Weight and height were measured by trained professionals
using standardized protocols and were used to calculate
BMI (kilograms per meter squared).

Statistical analyses

Baseline characteristics were summarized as mean values with
SD or medians with interquartile ranges for continuous varia-
bles and frequencies (proportions) for categorical variables.
Analysis of variance, Kruskal-Wallis test, or x” test, as appro-
priate, was used to compare participants’ characteristics across
quintiles of urinary creatinine—corrected cadmium concentra-
tion levels in the subcohort. Covariates significantly associated
with cadmium in the subcohort were considered in the main
analysis. The Barlow®® weighting method of the Cox pro-
portional hazards regression model for the case-cohort study
was used to examine the association between urinary cadmium
levels and the incidence of ischemic stroke. Continuous urinary
creatinine—corrected cadmium concentration was used to test
for linear trend, with those values above the 95th percentile
deleted to reduce the influence of outliers. Hazard ratios (HRs)
and the corresponding 95% confidence intervals (Cls) using
the lowest quintile of urinary creatinine—corrected cadmium
concentration as the referent were estimated in 3 sequential
models. Model 1 was adjusted for age, sex, race, age-sex and
age-race interactions, and region. Model 2 was in addition
adjusted for income, BMI, smoking status, alcohol consump-
tion, and physical activity. Model 3 was further adjusted for
diabetes mellitus, HDL/LDL cholesterol ratio, C-reactive
protein, serum calcium, and urinary arsenic concentrations.

Several sensitivity analyses were conducted to test the ro-
bustness of our findings. First, the concentration of cadmium
in spot urine specimens is highly dependent on fluid intake
and excretion. Although the cadmium/creatinine ratio was
suggested to be a more useful tool, different methods to
control for this dilution uncertainty have been suggested in
the past.”” Thus, we performed a sensitivity analysis using
original urinary cadmium concentration in micrograms per
milliliter as the exposure with urinary creatinine concentration
as a covariate in the model, rather than using urinary
creatinine—corrected cadmium concentration. Second, non-
case participants with prevalent myocardial infarction, atrial
fibrillation, and coronary artery disease were excluded to re-
duce the influence of high-risk individuals. Third, we adjusted
separately for never/former/current smokers and for accu-
mulated pack-years. Fourth, arsenic exposure is likely to be
a confounder because it often coexists with cadmium in the
environment®® and is associated with increased ischemic
stroke risk.*’ Although we intended to present the association
between cadmium and ischemic stroke risk independently of
arsenic exposure, the confounding effect of arsenic may be
small. Thus, we did not adjust for urinary arsenic concentra-
tion in a sensitivity analysis. Fifth, kidney function is related to
cadmium excretion through urine and the risk of stroke.*
Therefore, we did a sensitivity analysis with additional ad-
justment for estimated glomerular filtration rate. Finally, we
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reported the robust sandwich estimates with adjustment for
variance due to the case-cohort study design. To test the
robustness of the results, other parametric models, including
the Poisson and Weibull regression models, were examined.

In stratified analyses, urinary creatinine—corrected cadmium
tertiles were used to ensure sufficient power instead of
quintiles along with continuous urinary creatinine—corrected
cadmium concentration. Sex (female vs male), race (black vs
white), region (Stroke Buckle vs the rest of Stroke Belt vs
non-Stroke Belt region), smoking status (never vs ever
smokers), and serum zinc (tertiles) were considered as po-
tential effect modifiers. Interaction was tested with continu-
ous urinary creatinine—corrected cadmium concentration,
excluding those values above the 95th percentile.

The proportional hazards assumption was assessed by testing
the coefficient of the interaction between quintiles of urinary
creatinine—corrected cadmium concentration and time.*'
Values of p < 0.05 (main effect) and < 0.10 (interaction) were
considered statistically significant. All analyses were con-
ducted in SAS version 9.4 (SAS Institute, Cary, NC).

Date availability

The data-sharing plan of the REGARDS study is consistent
with NIH policy. Any data not published within this article are
available in the REGARDS data repository. Anonymized data
may be shared by request from any qualified investigator in
compliance with NIH regulations.

Results

Baseline characteristics of participants

In the study population, 53% participants were female and 41%
were black with an average age of 66 years. The average follow-
up time was 7 years. The median urinary creatinine—corrected
cadmium concentration was 0.42 pg/g creatinine (interquartile
range 0.27-0.68 ug/g creatinine). Baseline characteristics are
shown in table 1. Participants with higher urinary creatinine—
corrected cadmium concentration were more likely to be older,
female, alcohol drinkers, and physically inactive. They had
lower income levels; lower BMI levels; higher levels of HDL/
LDL cholesterol ratio, C-reactive protein, and serum calcium;
and lower urinary arsenic concentration. They were less likely
to be never smokers and to have diabetes mellitus.

Cadmium exposure and incident

ischemic stroke

After adjustment for potential confounders, urinary
creatinine—corrected cadmium levels were associated with the
incidence of ischemic stroke (table 2). A significant linear
trend was observed with the use of continuous cadmium
concentration. The proportionality assumption was satisfied.

In the sensitivity analyses that model urinary cadmium ad-
justed for urinary creatinine to control for the dilution un-
certainty of spot urine specimens and that exclude noncase
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Table 1 Baseline characteristics of the study population by quintiles of urinary creatinine-corrected cadmium levels®

Quintiles of urinary cadmium levels, pg/g creatinine®

Case- Random Q2, Q3, Q4, P
cohort® subcohort Q1, <0.24 0.25-0.35 0.36-0.49 0.50-0.77 Q5, 20.78 Value
No. 3,160 2,540 508 508 508 509 507 —
Age,y 659+94 64.9+9.3 63.2+9.1 65.2+9.5 65.7+9.6 65.2+9.2 65.2+ 8.9 <0.05
Female, % 534 54.4 329 45.1 57.3 65.0 71.8 <0.05
Black, % 40.9 41.0 421 394 40.2 40.7 42.8 0.80
Region, %
Stroke Buckle 211 21.0 18.7 21.1 24.0 23.2 18.2 0.09
The rest of Stroke 34.8 34.8 39.4 31.1 34.1 35.0 34.7
Belt
Non—_Stroke Belt 441 44.1 41.9 47.8 41.9 41.9 471
region
Income, US $1,000/y 6.4 +2.1 6.5+ 2.1 7.0+2.0 6.8 +2.1 6.3 +2.1 6.2+2.1 6.0+ 2.1 <0.05
BMI, %
<25.0 kg/m2 24.6 24.3 17.9 19.2 24.1 23.8 36.5 <0.05
25.0-29.9 kg/m? 38.0 37.6 373 41.8 37.7 39.5 31.7
230.0 kg/m2 37.4 38.1 44.8 39.0 383 36.7 31.9
Smoking status, %
Never 45.5 46.2 66.7 57.1 49.4 38.5 19.1 <0.05
Former 39.1 38.8 30.1 374 42.3 42.8 41.4
Current 15.4 15.0 3.2 5.5 8.3 18.7 39.5
Alcohol consumption,
%
Never 30.7 30.2 34.7 31.7 33.1 26.1 25.4 0.03
Former 18.7 18.2 14.0 18.1 19.3 18.5 211
Current 50.6 51.6 51.4 50.2 47.6 55.4 53.5
Physical activity, %
None 333 33.2 30.6 27.7 32.5 36.8 38.5 <0.05
1-3 times/wk 354 353 36.8 38.4 32.9 36.0 323
24 times/wk 31.3 31.5 32.6 33.9 34.5 271 29.3
Hypertension, % 61.8 59.0 60.1 54.2 59.8 59.9 60.9 0.19
Myocardial infarction, 13.8 121 10.7 12.2 10.2 11.8 15.5 0.09
%
Atrial fibrillation, % 10.0 8.9 9.8 9.5 8.9 8.2 8.3 0.88
Diabetes mellitus, % 23.0 22.0 25.7 24.3 21.4 19.9 18.63 <0.05
Dyslipidemia, % 59.4 57.9 60.8 57.8 57.1 56.3 57.6 0.68
HDL/LDL cholesterol 0.4 (0.3-0.6) 0.4 (0.3-0.6) 0.4 0.4 (0.3-0.6)  0.5(0.3-0.6) 0.5(0.4-0.6)  0.5(0.4-0.7) <0.05
ratio (0.3-0.6)
C-reactive protein, 24(1.0-5.00 2.2(1.0-4.8) 1.9 2.1(0.9-4.8)  2.1(0.9-4.6) 26(1.1-5.00  2.6(1.1-5.9) <0.05
mg/L (0.9-4.0)
Serum calcium, mg/dL 1.0 1.0 (9.6-10.4) 9.9 9.9 10.0 10.1 10.1 <0.05
(9.6-10.4) (9.5-10.3) (9.6-10.4) (9.6-10.4) (9.7-10.4) (9.7-10.5)
Continued
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Table 1 Baseline characteristics of the study population by quintiles of urinary creatinine-corrected cadmium levels®

(continued)

Quintiles of urinary cadmium levels, pg/g creatinine©

Case- Random Q2, Q3, Q4, P
cohort® subcohort Q1, <0.24 0.25-0.35 0.36-0.49 0.50-0.77 Q5, 20.78 Value
Serum magnesium, 2.0(1.9-2.1) 2.0(1.9-2.1) 2.0 2.0(1.9-2.1) 2.0(1.9-2.1) 2.0(1.9-2.1) 2.0(1.9-2.1) 0.91
mg/dL (1.9-2.1)
Urinary arsenic, pg/dL 1.0 (0.5-2.0) 1.0 (0.5-2.1) 1.1 1.0 (0.6-2.3) 1.0 (0.5-2.1) 0.9 (0.5-1.9) 0.9 (0.5-1.9) <0.05
(0.6-2.2)

Abbreviation: BMI = body mass index; HDL = high-density lipoprotein; LDL = low-density lipoprotein; Q = quintile.
@ Results are presented by means + SE, medians (interquartile ranges), or proportions. The p values are for any difference across the quintiles of urinary
creatinine-corrected cadmium levels in the random subcohort by using analysis of variance, Kruskal-Wallis test, or x? test as appropriate.

® Participants in the random subcohort and incident cases of ischemic stroke.

¢ Quintiles of urinary creatinine-corrected cadmium were calculated from the random subcohort (n = 2,540).

participants with prevalent myocardial infarction, atrial fi-
brillation, and coronary artery disease, the observed associa-
tions were slightly attenuated. In the sensitivity analyses that
was adjusted separately for never/former/current smokers
and for accumulated pack-years, that was not adjusted for
urinary arsenic concentration, and that was in addition ad-
justed for estimated glomerular filtration rate, the results were
not materially changed. In addition, the results did not change
appreciably with the use of Poisson or Weibull regression
models.

Table 3 presents stratified analyses by prespecified factors,
including sex, race, region, smoking status, and serum zinc. A
significant interaction was observed between continuous
urinary creatinine-corrected cadmium concentration and
serum zinc levels. The association was attenuated among

individuals with high serum zinc levels, and it was more
pronounced in the lowest tertile of serum zinc.

In the analyses stratified by smoking status, a significant as-
sociation remained among ever smokers but was attenuated
and became nonsignificant in never smokers, although no
significant interaction was found. When ever smokers were
further subcategorized as former or current smokers, the as-
sociation was attenuated presumably because of insufficient
power, and the interaction was not statistically significant.

Discussion

Findings from this study add solid evidence to the literature
supporting the hypothesis that cadmium exposure may

Table 2 Multivariable-adjusted HRs (95% Cls) of incident ischemic stroke by quintiles of urinary creatinine-corrected

cadmium levels?

Quintiles of urinary cadmium levels®

p Value for
Q1 Q2 Q3 Q4 Q5 linear trend®

Range, pg/g creatinine <0.24 0.25-0.35 0.36-0.49 0.50-0.77 >0.78 —
Median, pg/g creatinine 0.18 0.29 0.41 0.60 1.03 —
Subcohort, n 508 508 508 509 507 —
Cases, n 108 122 132 151 167 —

Model 1¢ 1.00 (Referent) 0.99 (0.73-1.34) 1.09 (0.80-1.47) 1.31(0.97-1.76) 1.46 (1.08-1.98) 0.0004

Model 2¢ 1.00 (Referent) 1.20 (0.86-0.65) 1.17 (0.83-1.64) 1.25(0.88-1.77) 1.42 (0.99-2.05) 0.04

Model 3f 1.00 (Referent) 1.19 (0.84-1.69) 1.16 (0.81-1.67) 1.27 (0.88-1.84) 1.50 (1.01-2.22) 0.02

Abbreviations: CI = confidence interval; HR = hazard ratio; Q = quintile.

2 All models were constructed with weighted Cox proportional hazards regression analysis for case-cohort study.

® Quintiles of urinary creatinine-corrected cadmium were calculated from the random subcohort (n = 2,540).

“The p value for linear trend was examined by use continuous urinary creatinine-corrected cadmium with those values above the 95th percentile deleted.
9 Model 1 was adjusted for age, sex, race (black or white), age-sex and age-race interactions, and region (Stroke Buckle, the rest of Stroke Belt, or non-Stroke
Belt region).

© Model 2 was in addition adjusted for income (US $1,000-$10,000/y), body mass index (<25.0, 25.0-29.9, or >30.0 kg/m?), smoking status (never, former,
current smoker <15 pack-years, current smoker between 15 and 30 pack-years, current smoker between 30 and 50 pack-years, and current smoker =50 pack-
years), alcohol consumption (never, former, and current drinker), and physical activity (none, 1-3 times/wk, or 24 times/wk).

"Model 3 was in addition adjusted for diabetes mellitus (yes or no), high-density lipoprotein/low-density lipoprotein cholesterol ratio, C-reactive protein,
serum calcium, and urinary arsenic concentrations.
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Table 3 Associations (HRs [95% Cls]) between urinary creatinine-corrected cadmium levels and incident ischemic stroke

stratified by some prespecified factors®

Urinary Tertiles of urinary cadmium levels, pg/g p Value
cadmium creatinine® for
(mean = SD), pg/g  Events, Participants, linear
creatinine n n T1, <0.31 T2, 0.32-0.55 T3, 20.56 trend®
All participants 0.55+0.51 680 3,160 1 (Referent) 1.16 (0.88-1.52) 1.33(0.99-1.79) 0.02
Sex
Female 0.64 + 0.50 330 1,686 1 (Referent) 0.72 (0.45-1.16) 1.22(0.77-1.94) 0.35
Male 0.45 +0.51 350 1,474 1 (Referent) 1.57 (1.12-2.22) 1.36 (0.89-2.08) 0.02
p for interaction — — — 0.30
Race
Black 0.56 + 0.62 281 1,293 1 (Referent) 0.96 (0.61-1.50) 1.30 (0.81-2.09) 0.37
White 0.55+0.42 399 1,867 1 (Referent) 1.32 (0.92-1.88) 1.42(0.95-2.11) 0.02
p for interaction — — — 0.59
Region
Stroke Buckle 0.54 +0.40 150 667 1 (Referent) 0.93 (0.43-1.98) 0.99 (0.45-2.17) 0.37
Rest of Stroke Belt 0.55+0.52 230 1,100 1 (Referent) 0.95 (0.59-1.54) 1.35(0.83-2.21) 0.05
Non—?troke Belt 0.55 +0.55 300 1,393 1 (Referent) 1.54 (1.01-2.36) 1.49 (0.94-2.36) 0.45
region
p for interaction — — — 0.95
Smoking status
Never smoker 0.41 £0.31 288 1,437 1 (Referent) 0.99 (0.66-1.46)  1.27(0.80-2.03)  0.29
Ever smoker 0.67 £ 0.61 392 1,723 1 (Referent) 1.53(1.01-2.31) 1.60 (1.06-2.43) 0.07
p for interaction — — — 0.51
Former 0.57 £ 0.56 278 1,236 1 (Referent) 1.33(0.84-2.11) 1.32(0.83-2.11) 0.37
Current 0.93 +0.64 114 487 1 (Referent) 3.85 4.66 0.22
(0.68-21.71) (0.86-25.17)
p for interaction — — — 0.75
Zinc®
Tertile 1 0.55+0.44 277 1,188 1 (Referent) 1.56 (0.96-2.53) 1.82(1.06-3.11) 0.004
Tertile 2 0.54 +0.48 216 987 1 (Referent) 0.98 (0.60-1.60) 0.97 (0.55-1.71) 0.49
Tertile 3 0.57 £+ 0.61 187 985 1 (Referent) 1.14 (0.65-2.00) 1.55(0.88-2.73) 0.06

p for interaction — — _

0.05

Abbreviations: Cl = confidence interval; HR = hazard ratio; T = tertile.

2 Allmodels were constructed with weighted Cox proportional hazards regression analysis for case-cohort study with adjustment for the covariates in model 3

(table 2) except the potential modifier and its related variables.

b Tertiles of urinary creatinine-corrected cadmium and serum zinc were calculated from the random subcohort (n = 2,540).
¢p Value for linear trend was examined by use of continuous urinary creatinine-corrected cadmium with those values above the 95th percentile delete.

increase the incidence of ischemic stroke in the US
population.

Results of this study are consistent with 1 previous study that
measured blood cadmium® but not 2 other studies that
assessed dietary cadmium intake.”” The inconsistent findings

from the dietary studies may be explained by the low
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correlation between biomarker-measured cadmium levels and
dietary estimate of cadmium intake for several reasons. For
example, dietary cadmium estimated via food frequency
questionnaires cannot capture the cadmium exposure related
to smoking or environment, which is captured by measuring
cadmium levels in blood or urine.*” In addition, dietary esti-
mate is prone to subjective measurement error, while direct
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measurement of levels in blood or urine may provide more
objective assessment of the body burden.®* In addition,
biomarker-measured levels takes bioavailability into account,
but dietary estimates do not.*”

Of note, some previous studies focused on cadmium and the
incidence or mortality from all types of strokes. One meta-
analysis published in 2013 pooled results from $ longitudinal
and cross-sectional studies and found no association between
cadmium exposure and all stroke risk.>* It is possible that any
likely association between cadmium exposure and the risk of
ischemic stroke may be attenuated by including hemorrhagic
stroke in the analysis because cadmium exposure may not be
related to hemorrhagic stroke.>* The null association found in
the meta-analysis may also be explained by the limited num-
ber of primary studies and the heterogeneity resulting from
different study designs and outcome definitions.>?

Because cigarette smoking is a major source of cadmium ex-
posure in the general population and an established risk factor
for ischemic stroke,'® the average pack-years of cigarette
smoking was taken into account in our main analyses to re-
duce the possibility of residual confounding. This has not
been accounted for in the previous studies. In stratified
analyses, the association between cadmium exposure and the
incidence of ischemic stroke was retained among ever
smokers but substantially attenuated among never smokers,
although the test for interaction was not statistically signifi-
cant. Besides the relatively low level of cadmium exposure
among never smokers, the disparity could be explained by the
fact that never smokers generally have healthier lifestyles,
including a healthy diet. Stroke risk may be reduced by stroke-
beneficial nutrients from the diet, given that never smokers in
the general population are exposed to cadmium mainly
through diet.® For instance, food items that contribute to
cadmium exposure (e.g., vegetables, seafood, and peanuts) are
also high in nutrients beneficial to cerebrovascular health.**
Thus, never smokers may be less susceptible to cadmium
toxicity at low to moderate exposure levels because of the
protection of dietary factors. Indeed, higher urinary cadmium
concentration among never smokers was correlated with the
higher adherence to a Mediterranean diet (data not shown),
which has been shown to lower the risk of ischemic stroke
among never smokers.>® In contrast, ever smokers are ex-
posed to cadmium through both cigarette smoking and diet,
so they have relatively high exposure levels. Because the re-
sidual confounding may not be completely removed in the
analysis, further studies restricted to never smokers or that
collect detailed information on smoking such as quit-years of
former smokers, smoking history, or biomarker of smoking
(e.g,, nicotine levels) are warranted.

Cadmium and zinc are 2 metallic elements in group IIB that
share similar physical and chemical properties.'* Zinc plays
a critical role in major metabolic pathways either as a cofactor
or to stabilize enzyme structures."' Their similarity allows
cadmium to compete with zinc in metabolism when zinc is
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deficient and to destabilize the functional sites of zinc-
containing proteins, which are the most abundant among all
cofactor-containing proteins.'’ Because cadmium and zinc
have many common food sources,'” increasing attention has
been paid to the potential joint health effect of zinc and
cadmium.” In laboratory studies, the impairment of endo-
thelial cell monolayer caused by cadmium toxicity is protected
by zinc through prevention of cadmium-induced de-
endothelialized area formation, detachment of [*H]
thymidine-labeled endothelial cells from the monolayer, and
a decrease in the incorporation of [*H]thymidine into the
acid-insoluble fraction of the growing cells.*’ Zinc also sup-
pressed cadmium-induced nonspecific cell damage marked by
the activity of lactate dehydrogenase in the medium.*” In
mouse models, supplementation of zinc significantly pre-
vented cadmium-induced changes in serum concentrations of
lipid compounds and indexes of lipid peroxidation, suggesting
that enhanced dietary zinc intake may protect against oxida-
tive damage to cell membranes induced by cadmium toxic-
ity."® In addition, zinc supplementation inhibited cadmium
accumulation and cadmium-induced apoptotic cell death by
1.2- to 2.0-fold and decreased the production of reactive ox-
ygen species by 1.1- to 2.0-fold in HeLa cells and bovine aorta
endothelial cells.'* In the present study, we observed that the
association between cadmium and incident ischemic stroke
was substantially attenuated among individuals with high se-
rum zinc levels, which supports an inhibitory effect of zinc on
cadmium toxicity in human.

The observed association between cadmium and ischemic
stroke in this study was not materially modified by sex, race, or
region. Some previous studies reported that the effect of
cadmium on cardiovascular outcomes was more evident in
women than men®**° because of the higher exposure levels
and the greater susceptibility to cadmium-induced health ef-
fect in women.*® However, no published study focusing on
ischemic stroke has observed effect modification by sex.

To the best of our knowledge, this study is the first longitu-
dinal study linking urinary cadmium to the risk of ischemic
stroke. Previous studies focused mainly on all strokes as a re-
sult of a lack of information on stroke types or measured
cadmium in diet. Studies have suggested that urinary cad-
mium reflects long-term exposure and total body burden,*'
which is crucial for us to understand the health effect of
cadmium exposure in the general population. Of note, the
present study is the first to provide evidence supporting the
inhibitory effect of zinc on cadmium toxicity in human. This
finding is of great potential clinical and public health signifi-
cance because accumulated cadmium in the human body is
difficult to excrete actively.42 In addition, detailed information
on smoking was collected in the present study, which enabled
us to reduce the residual confounding and to study the effect
modification by smoking status.

One concern of the present study is that urinary cadmium
concentration was measured only at baseline, so the possible
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within-person variation may affect our findings.*> However, 1
time point measurement of urinary cadmium is considered to
reflect long-term body burden because of its decades-long
half-life.** In addition, no evidence indicates that the within-
person variation in urinary cadmium is differential in this
population. Thus, our findings based on the baseline cadmium
exposure should not be substantially biased. The distribution
of cadmium concentration in the present study is right-
skewed. Because we compared the quintiles of cadmium
levels, the results were less likely to be affected by extreme
values. The linear trend tested using continuous cadmium
levels with the exclusion of values above the 95th percentile
reduces the influence of some extreme values (i.e., outliers),
although the sample size was slightly reduced. In addition,
similar to other observational studies, the residual con-
founding from dietary and environmental factors cannot be
completely ruled out, although the main and sensitivity
analyses showed consistent results after adjustment for
available important factors, including other biomarker-
measured trace minerals and heavy metals. In addition, the
potential competing risk of death is not negligible in this
study; thus, we used a cause-specific hazard model. Further-
more, the model used in the present study may be
overspecified/underspecified because the adjustment scheme
was based on ad hoc methods.

This large prospective study provides solid evidence sup-
porting the hypothesis that cadmium exposure is an in-
dependent risk factor for ischemic stroke in black and white
Americans with a low to moderate level of exposure. Findings
also suggest that the adverse effect of cadmium exposure may
be ameliorated by being a never smoker and maintaining
a high serum zinc level.
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