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ARTICLE INFO ABSTRACT

Background: Although biologically plausible, epidemiological evidence linking exposure to methylmercury with
increased risk of ischemic stroke is limited. The effects of methylmercury may be modified by selenium, which is
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Selenium Objectives: To examine the association between serum mercury levels with the incidence of ischemic stroke and

Ischemic stroke
Case-cohort study
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to explore the possible effect modifications by serum selenium levels and demographic and geographic factors.
Methods: A case-cohort study was designed nested in the REasons for Geographic and Racial Differences in
Stroke cohort, including 662 adjudicated incident cases of ischemic stroke and 2494 participants in a randomly
selected sub-cohort. Serum mercury was measured using samples collected at recruitment. Multivariable-ad-
justed hazard ratios (HRs) and the corresponding 95% confidence intervals (CIs) were estimated using the
Barlow-weighting method for the Cox proportional hazards regression model.

Results: No statistically significant association was observed between serum mercury concentration and the
incidence of ischemic stroke (the highest vs. lowest quintile of mercury levels: HR = 0.82; 95% CI = 0.55-1.22;
P for linear trend = 0.42). Sex (P for interaction = 0.06), but not serum selenium levels, modified the asso-
ciation; a more evident trend toward lower incidence of ischemic stroke with higher mercury levels was ob-
served among women.

Conclusion: This study does not support an association between mercury and the incidence of ischemic stroke
within a population with low-to-moderate level of exposure. Further studies are needed to explore the possibility
of mercury-induced ischemic stroke toxicity in other populations at higher exposure levels.

1. Introduction

Stroke accounts for approximately 5% of all deaths in the U.S.
(National Center for Health Statistics, 2011). Despite great efforts to
identify risk factors and interventions focusing on modifying unhealthy
lifestyles (Lackland et al., 2014), higher stroke incidence and mortality
are observed in women, blacks and residents of the “Stroke Belt” region
(Lanska, 1993). To try to explain these disparities, the importance of
environmental factors in relation to stroke risk has been increasingly
recognized.

Mercury is one of the most toxic heavy metals (Solenkova et al.,
2014). Methylmercury from fish and other seafood is a major en-
vironmental source of potential mercury toxicity (Guallar et al., 2002),
which has raised extensive concerns since fish consumption is re-
commended to the public for its cardio-protective effects due to long-
chain n-3 polyunsaturated fatty acids (LCn3PUFAs). Existing studies
have suggested some basic mechanisms by which mercury could in-
crease the risk of stroke, and epidemiological evidence links mercury
exposure to hypertension (Houston, 2011). However, data are limited
regarding the effect of mercury exposure on stroke risk. Previous
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Fig. 1. Flow chart of sub-cohort and cases sampling.

studies have been inconclusive and failed to observe an association
(Daneshmand et al., 2016; Mozaffarian et al., 2011a, 2011b; Wennberg
et al., 2007).

In addition, selenium often co-exists with mercury in fish and is an
antioxidant that may improve cardiovascular health (Hansen et al.,
1994). The observation that selenium is an antagonist of mercury
toxicity is well demonstrated in animal studies (Ganther et al., 1972;
Seppanen et al., 2000; Sumino et al., 1977). However, the possible
interaction between selenium and mercury has not been adequately
studied in humans (Mozaffarian et al., 2011a, 2011b). The only study
that investigated selenium and mercury in relation to the incidence of
ischemic stroke found no significant interaction (Mozaffarian et al.,
2011a, 2011b).

Methylmercury exposure increases mercury levels in all tissues with
a half-life of approximately 50 days (Sherlock et al., 1984). Thus, serum
mercury can be considered an objective measurement of methylmer-
cury and could reduce potential bias compared to estimated levels from
dietary intake (Ahlqwist et al., 1999; Clarkson et al., 2007). Therefore,
we examined the prospective association of serum mercury levels with
the incidence of ischemic stroke and explored the possible effect
modifications by serum selenium levels and demographic and geo-
graphic factors using a case-cohort study nested in the REasons for
Geographic and Racial Differences in Stroke (REGARDS) project.
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2. Methods
2.1. Study design and population

REGARDS is a national population-based prospective cohort study,
which enrolled and is following a cohort of 30,239 black and white
Americans aged =45 years. Individuals residing in the “Stroke Belt”
region where the stroke mortality exceeds the rest of the U.S. (Alabama,
Arkansas, Georgia, Louisiana, Mississippi, North Carolina, South
Carolina, and Tennessee) and blacks were oversampled. Participants
were recruited between January 2003 and October 2007 using a com-
bination of mail and telephone contact. After verbally consenting,
participants were interviewed for information on demographic and risk
factors through telephone contact. An in-person physical assessment
was followed 3-4 weeks later, in which blood and urine samples as well
as anthropometric measurements (blood pressure, height, weight, and
electrocardiogram) were collected by standardized protocols. At the in-
person physical assessment, written informed consents were obtained
and self-administered questionnaires were left with participants to
gather additional information on demographic, dietary and lifestyle
characteristics. Participants (or their proxies) are contacted every
6 months for ascertainment of incident stroke events. Incident strokes
and stroke types were verified by relevant hospital records and ad-
judicated centrally by neurologists. The detailed design and methods of
the REGARDS study are provided elsewhere (Howard et al., 2005). This
study was approved by institutional review boards of all participating
institutions.

The present analysis uses a case-cohort study design. The case-
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cohort sample consists of a random sample from the parent REGARDS
cohort, named the sub-cohort, and all of the incident ischemic stroke
cases identified through September 2012. The sub-cohort (n = 2666)
was randomly selected among participants with available data in the
parent REGARDS cohort (n = 29,653) with a fixed sampling probability
of 9% in each stratum jointly classified by age (< 55, 55-64, 65-74,
75-84, and =85, 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] (Cai and Zeng, 2004; Cushman et al., 2014).
Through September 2012, 713 incident cases of ischemic stroke were
identified. Among those, 63 cases were included in the random sub-
cohort by the random selection. Of the 3316 participants in the case-
cohort study, we excluded 219 whose mercury measurements were not
available. Thus, the final dataset includes 662 cases of ischemic stroke
and 2494 participants in the random sub-cohort (including 59 incident
cases; Fig. 1).

2.2. Laboratory analyses

Urine and fasting blood samples were collected, shipped overnight
with ice packs to a central laboratory, and stored at —80 °C for re-
processing and analysis (Kabagambe et al., 2011). Serum mercury was
measured by using a Nippon MA-3000 direct mercury analyzer. Sam-
ples were analyzed in batches of 29-34 samples with instrument blanks,
mercury check standards (CV = 3.75%), NIST 1515 apple leaves
(CV = 2.2%), and in-house pooled QC serum (CV = 6.93%). The
sample limit of detection was 0.0034 ug/dL. A total of 51 samples
contained mercury at a level below the detection limit. Serum selenium
was measured by instrumental neutron activation analysis with stan-
dard reference materials (NIST 1571 bovine liver, NIST 908b, and NIST
909¢) (Morris et al., 2008). Several other elements, including urinary
cadmium and arsenic, and serum calcium, magnesium, iron, and zinc
concentrations were measured by the ICP-MS (Perkin Elmer, MA, USA).
Urinary creatinine was quantified by using the Modular-P chemistry
analyzer (Aaron et al.,, 2011). Lipid profiles were assessed by using
colorimetric reflectance spectrophotometry (Cushman et al., 2009) and
C-reactive protein by particle enhanced immunonephelometry
(Cushman et al., 2009).

2.3. Outcome, exposure and covariates

The outcome was time to incident ischemic stroke obtained from
self-report and adjudicated through hospital records by neurologists
(Kasner et al., 2003). Survival time was defined as the period between
the baseline interview and ischemic stroke event (first incidence), last
follow-up, death, or data freeze (September 2012), whichever came
first. The primary exposure was serum mercury concentration classified
in quintiles or as a continuous variable excluding the values above 95th
percentile in order to reduce the influence of extreme values.

Important covariates included age, sex, race (black or white), region
(Stroke Buckle, the rest of Stroke Belt, or non-Stroke-Belt region),
education levels (less than high school, high school, some college, or
college graduate), BMI (< 25.0, 25.0-29.9, or =30.0 kg/m?), smoking
status (never-, former, or current smoker), alcohol consumption
(never-, former, or current drinker), physical activity (none, 1-3, or =4
times/week), hypertension (yes or no), history of myocardial infarction
(yes or no), history of atrial fibrillation (yes or no), diabetes (yes or no),
LCn3PUFA intake, HDL/LDL-cholesterol ratio, and C-reactive protein.
The intake of LCn3PUFAs, defined as the sum of eicosapentaenoic acid,
docosapentaenoic acid and docosahexaenoic acid, as well as fish con-
sumption were estimated using the Block 98 Food Frequency
Questionnaire (Howard et al., 2005). Demographics, education levels,
lifestyle factors, and medical histories were via self-report. Hyperten-
sion was defined as systolic blood pressure =140 mm Hg and/or dia-
stolic blood pressure =90mmHg or self-reported use of
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antihypertensive medication. Histories of myocardial infarction and
atrial fibrillation were defined by electrocardiographic evidence or self-
report. Diabetes was defined as any self-reported use of glucose control
medication or a fasting blood glucose concentration =126 mg/dL or
non-fasting glucose =200 mg/dL. Weight and height were measured by
trained professionals using standardized protocols and were used to
calculate BMI (kg/m?).

2.4. Statistical analyses

Baseline characteristics of the study population were summarized
using mean values with standard deviations or medians with inter-
quartile ranges for continuous variables and proportions for categorical
variables. Analysis of variance, Kruskal-Wallis test, or chi-squared test,
as appropriate, were used to compare participants' characteristics
across quintiles of serum mercury levels in the random sub-cohort.
Covariates significantly associated with serum mercury in the random
sub-cohort were considered in the multivariable analysis. The Barlow
weighting method for Cox proportional hazards regression models for
case-cohort designs was used to examine the association between serum
mercury levels and the incidence of ischemic stroke (Barlow, 1994).
Since the potential competing risk of death is not negligible, we used a
cause-specific hazard model. Continuous serum mercury concentration
was used to test for linear trend with values above 95th percentile
deleted. Hazard ratios (HRs) and the corresponding 95% confidence
intervals (CIs) using the lowest quintile of mercury as the referent were
estimated. Model 1 was adjusted for age, sex, race, age-race interaction
and region. Model 2a was additionally adjusted for education level,
smoking status, alcohol consumption, physical activity, hypertension,
history of myocardial infarction, and diabetes. Model 2b (final model)
was further adjusted for LCn3PUFA intake.

Several sensitivity analyses were conducted to test the robustness of
our findings. To balance the covariates between comparison groups and
alleviate the concern of collinearity, propensity score analysis, esti-
mated by logistic regression including all covariates in the final model,
was conducted to compare the highest quintile of serum mercury to the
lowest. In addition, dietary fish consumption, instead of LCn3PUFA
intake, was used for adjustment in the final model to reduce the con-
founding by other nutrients in fish. Moreover, concentrations of serum
calcium, magnesium, selenium, zinc, and iron, and urinary arsenic and
cadmium were additionally adjusted for in the final model to reduce
confounding by other trace elements or heavy metals.

Stratified analyses were performed using quintiles or continuous
serum mercury concentration according to sex (female vs. male), race
(black vs. white), region (Stroke Buckle vs. the rest of Stroke Belt vs.
non-Stroke-Belt region), serum selenium levels (< median 13.1 pg/dL
vs. =median 13.1 ug/dL), and fish consumption (< median 7.0 g/day
vs. =median 7.0 g/day) with the adjustment for all covariates in the
final model except the potential effect modifier. Interaction was tested
using continuous mercury concentration with those values above 95th
percentile deleted.

The proportional hazards assumption was assessed by testing the
coefficient of the interaction between mercury quintiles and survival
time (Grambsch and Therneau, 1994). Main-effects P values < 0.05 and
interaction P values < 0.10 were considered statistically significant. All
analyses were conducted in SAS version 9.4 (SAS Institute, Cary, NC,
USA).

3. Results
3.1. Baseline characteristics of participants

Baseline characteristics of stroke cases as well as the participants in
the random sub-cohort are shown in Table 1. In the random sub-cohort,

55% of the participants were female and 40% were blacks with an
average age of 65 years (standard deviation = 9.4 years). The average
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Table 1
Baseline characteristics of the study population by quintiles of serum mercury levels, the REGARDS Trace Element Study.”
Cases Random sub- Quintiles of serum mercury levels (ug/dL)" P value®
cohort
Q1 (=0.02) Q2 (0.02-0.03) Q3 (0.03-0.04) Q4 (0.04-0.07) Q5 (> 0.07)
n 662 2494 501 497 502 496 498 -
Median mercury level (ug/dL) 0.03 0.03 0.01 0.02 0.03 0.05 0.10 -
Age (year) 70.1 = 8.6 649 = 9.4 66.1 = 10.0 65.9 = 9.5 64.7 = 9.4 64.6 = 8.9 63.1 = 8.7 < 0.05
Female (%) 48.5 54.5 57.1 56.7 55.8 50.6 52.2 0.15
Black (%) 40.9 40.3 38.5 43.1 40.2 38.9 40.8 0.61
Region (%)
Stroke Buckle 21.8 21.0 18.8 20.9 24.5 21.6 19.3 < 0.05
The rest of Stroke Belt 34.3 34.7 45.9 38.8 32.5 29.8 26.5
Non-Stroke-Belt region 44.0 44.3 35.3 40.2 43.0 48.6 54.2
Education (%)
Less than high school 15.1 12.3 22.7 14.1 9.0 7.7 8.0 < 0.05
High school graduate 29.6 24.1 28.3 27.6 20.9 24.4 19.5
Some college 26.0 27.5 26.9 29.2 321 26.0 23.3
College graduate 29.3 36.1 22.2 29.2 38.1 41.9 49.2
Smoking status (%)
Never- 40.9 45.9 41.7 46.1 46.8 47.4 47.4 < 0.05
Former 42.0 39.1 35.5 36.4 41.0 41.1 41.6
Current 17.1 15.0 22.8 17.5 12.2 11.5 11.0
Alcohol consumption (%)
Never- 31.6 30.2 38.9 35.0 26.9 29.0 20.9 < 0.05
Former 22.2 18.4 23.8 21.5 18.1 14.1 14.3
Current 46.2 51.5 37.3 43.5 55.0 56.9 64.9
Physical activity (%)
None 34.8 33.6 40.9 33.5 33.7 32.6 27.1 < 0.05
1-3 times/week 35.4 35.4 30.2 32.5 38.0 38.3 38.2
=>4 times/week 29.8 31.0 29.0 34.0 28.3 29.1 34.8
Hypertension (%) 73.3 58.5 62.0 63.8 52.0 55.7 59.2 < 0.05
Myocardial infarction (%) 21.4 12.0 15.7 13.0 11.4 10.7 9.2 < 0.05
Diabetes (%) 28.7 21.3 27.1 25.3 19.7 19.5 15.1 < 0.05
LCn3PUFA intake (g/day) 0.1 (0.0-0.1) 0.1 (0.0-0.2) 0.0 (0.0-0.1) 0.0 (0.0-0.1) 0.1 (0.0-0.2) 0.1 (0.0-0.2) 0.1 (0.0-0.2) < 0.05
Fish consumption (g/day) 6.4 (2.9-13.5) 7.0 (3.0-15.4) 3.5(1.5-9.8) 6.4 (2.9-14.0) 7.0 (3.0-15.4) 8.4 (3.7-15.6) 12.4 (5.8-26.0) < 0.05
Serum selenium (pg/dL) 13.0 (11.9-14.2) 13.1 (11.9-14.3) 12.7 (11.5-14.1) 13.2 (12.1-14.3) 13.1 (11.9-14.2) 13.2 (12.0-14.3) 13.3(12.3-14.5) < 0.05

Abbreviations: LCn3PUFA, long chain n-3 polyunsaturated fatty acids; Q1-5, quintile 1-5; REGARDS, REasons for Geographic and Racial Differences in Stroke.

+

@ Results are presented by means

standard deviations, medians (inter-quartile ranges) or proportions.

b Quintiles of serum mercury were calculated based on the random sub-cohort (n = 2494).
¢ P values are for any difference across the quintiles of serum mercury levels in the random sub-cohort by using analysis of variance, Kruskal-Wallis test, or chi-

squared test as appropriate.

follow-up time in the case-cohort was 6years (standard devia-
tion = 2.4 years). The median serum mercury concentration was
0.03 pg/dL (inter-quartile range = 0.02-0.06 pg/dL). Participants with
higher serum mercury concentration were more likely to be younger,
residents of non-Stroke-Belt regions, never- or former smokers, current
alcohol drinkers, physically active, as well as to have higher education
levels and higher levels of LCn3PUFA intake, fish consumption, and
serum selenium. They were less likely to have histories of myocardial
infarction and diabetes.

3.2. Mercury exposure and incident ischemic stroke

The hazard ratios of incident ischemic stroke across quintiles of
mercury concentration using the lowest quintile as the referent are
shown in Table 2. After adjustment for potential confounders except
LCn3PUFA intake, mercury had a moderate inverse association with the
incidence of ischemic stroke (Model 2a; HR = 0.70; 95%
CI = 0.51-0.97; quintile 5 vs. quintile 1; P for linear trend = 0.04).
Further adjustment for LCn3PUFA intake substantially attenuated the
association (Model 2b; HR = 0.82; 95% CI = 0.55-1.22; quintile 5 vs.
quintile 1; P for linear trend = 0.42). The proportional hazards as-
sumption was satisfied.

In sensitivity analyses, the observed association was not appreciably
changed by using propensity score for adjustment (HR = 0.84; 95%
CI = 0.55-1.29; quintile 5 vs. quintile 1; P for linear trend = 0.42) or
adjusting for fish consumption instead of LCn3PUFA intake (HR = 0.86;
95% CI = 0.57-1.29; quintile 5 vs. quintile 1; P for linear trend = 0.52).
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In addition, the association was not confounded by other trace elements
or heavy metals (HR = 0.81; 95% CI = 0.53-1.23; quintile 5 vs. quin-
tile 1; P for linear trend = 0.49).

Results of stratified analyses are shown in Table 3. The observed
association was modified by sex (P for interaction = 0.06). An inverse
association between mercury and the incidence of ischemic stroke was
observed in women (HR = 0.50; 95% CI = 0.27-0.93; quintile 5 vs.
quintile 1; P for linear trend = 0.04), but not in men (HR = 1.20; 95%
CI = 0.67-2.13; quintile 5 vs. quintile 1; P for linear trend = 0.42). No
any other effect modifier was found, including race, region, serum se-
lenium levels, and fish consumption.

4. Discussion

The present study does not support the hypothesis that mercury
exposure is associated with the incidence of ischemic stroke within a
population with low-to-moderate level of exposure (Ng et al., 2013). No
increased risk of ischemic stroke in relation to mercury was observed in
lower level of selenium, either. However, sex significantly modified the
association; a more evident trend toward lower incidence of ischemic
stroke with higher mercury levels was observed in women.

The mercury level in the present study is lower than that in a pre-
vious U.S. study (Mozaffarian et al., 2011a, 2011b), which is expected
since the level of environmental mercury in the U.S. has declined since
the 1980s (Wentz et al., 2014). Although biologically plausible, our
findings are consistent with previous observational studies that failed to
observe an increased risk of ischemic stroke with different mercury
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Table 2
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Multivariable-adjusted HRs (95% CIs) of incident ischemic stroke by quintiles of serum mercury levels, the REGARDS Trace Element Study.”

Quintiles of serum mercury levels”

P for linear trend

Q1 Q2 Q3 Q4 Q5

Range (ug/dL) =0.02 0.02-0.03 0.03-0.04 0.04-0.07 > 0.07 -
Median (ug/dL) 0.01 0.02 0.03 0.05 0.10 -
Sub-cohort 501 497 502 496 498 -
No. of cases 180 147 118 118 99 -
Model 1° 1.00 (Ref.) 0.80 (0.61-1.05) 0.69 (0.52-0.92) 0.67 (0.51-0.90) 0.60 (0.44-0.81) 0.001
Model 2a‘ 1.00 (Ref.) 0.89 (0.67-1.18) 0.76 (0.56-1.04) 0.79 (0.58-1.06) 0.70 (0.51-0.97) 0.04
Model 2b (final model)® 1.00 (Ref.) 1.01 (0.71-1.44) 0.78 (0.53-1.15) 0.95 (0.66-1.36) 0.82 (0.55-1.22) 0.42

Abbreviations: CI, confidence interval; HR, hazard ratio; No., number; Q1-5, quintile 1-5; Ref., referent; REGARDS, REasons for Geographic and Racial Differences in

Stroke.

@ All models were constructed using Barlow-weighted Cox proportional hazards regression analysis for case-cohort study. Linear association was examined by
using continuous mercury concentration with those values above its 95th percentile deleted.

Y Quintiles of serum mercury were calculated based on the random sub-cohort (n = 2494).

¢ Model 1 was adjusted for age, sex, race (black or white), age-race interaction and region (Stroke Buckle, the rest of Stroke Belt, or non-Stroke-Belt region).

4 Model 2a was additionally adjusted for education levels (less than high school, high school, some college, or college graduate), smoking status (never-, former, or

current smoker), alcohol consumption (never-, former, or current drinker), physical activity (none, 1-3 times/week, or >4 times/week), hypertension (yes or no),

history of myocardial infarction (yes or no), and diabetes (yes or no).

¢ Model 2b was additionally adjusted for long chain n-3 polyunsaturated fatty acids intake.

Table 3

Associations [HRs (95% CIs)] between serum mercury levels and the incident ischemic stroke stratified by pre-specified factors, the REGARDS Trace Element Study.”

Serum mercury No. of No. of participants in  Quintiles of serum mercury levels” P for linear
levels [mean (SD), cases sub-cohort trend
ug/dL] Q1 (< 0.02) Q2(0.02-0.03) Q3 (0.03-0.04) Q4 (0.04-0.07) Q5 (> 0.07)
Sex
Female 0.04 (0.07) 321 1359 1 (Ref) 0.92 0.84 0.79 0.50 0.04
(0.57-1.51) (0.49-1.45) (0.46-1.36) (0.27-0.93)
Male 0.05 (0.05) 341 1135 1 (Ref.) 1.14 0.72 1.14 1.20 0.42
(0.67-1.95) (0.39-1.31) (0.68-1.92) (0.67-2.13)
P for interaction - - - 0.06
Race
Black 0.04 (0.05) 271 1005 1 (Ref) 0.99 0.91 1.09 0.82 0.54
(0.53-1.87) (0.46-1.82) (0.55-2.14) (0.41-1.66)
White 0.05 (0.07) 391 1489 1 (Ref) 1.02 0.73 0.88 0.81 0.55
(0.66-1.58) (0.45-1.20) (0.57-1.37) (0.49-1.36)
P for interaction - - - 0.48
Region
Stroke Buckle 0.04 (0.05) 144 524 1 (Ref) 2.12 0.39 1.07 0.94 0.47
(0.80-5.63) (0.12-1.31) (0.36-3.15) (0.31-2.90)
The rest of Stroke  0.04 (0.04) 227 866 1 (Ref) 0.76 1.01 0.84 1.01 0.71
Belt (0.42-1.37) (0.53-1.92) (0.43-1.62) (0.48-2.10)
Non-Stroke-Belt 0.05 (0.08) 291 1104 1 (Ref) 1.08 0.92 1.11 0.78 0.41
region (0.59-1.94) (0.49-1.71) (0.61-2.02) (0.42-1.46)
P for interaction - - - 0.62
Serum selenium levels”
< 13.1 pg/dL 0.04 (0.05) 345 1207 1 (Ref) 0.90 0.86 1.10 0.82 0.83
(median) (0.54-1.50) (0.48-1.52) (0.64-1.88) (0.46-1.47)
=13.1pg/dL 0.05 (0.07) 317 1287 1 (Ref) 1.22 0.70 0.96 0.89 0.24
(median) (0.72-2.06) (0.39-1.25) (0.56-1.64) (0.49-1.61)
P for interaction - - - 0.22
Fish consumption”
< 7.0 g/day 0.04 (0.08) 238 880 1 (Ref) 1.35 0.67 0.74 0.81 0.42
(median) (0.85-2.14) (0.39-1.15) (0.44-1.26) (0.44-1.51)
=>7.0 g/day 0.06 (0.05) 220 943 1 (Ref) 0.74 0.83 1.13 0.83 0.66
(median) (0.40-1.38) (0.44-1.57) (0.63-2.01) (0.46-1.51)
P for interaction - - - 0.68

Abbreviations: CI, confidence interval; HR, hazard ratio; No., number; Q1-5, quintile 1-5; Ref., referent; REGARDS, REasons for Geographic and Racial Differences in
Stroke; SD, standard deviation.
2 All models were constructed using Barlow-weighted Cox proportional hazards regression analysis for case-cohort study with adjustment for the variables in

model 2b, Table 2, except the potential modifier. Linear association and interaction were examined by using continuous mercury concentration with those values

above its 95th percentile deleted.

b Quintiles of serum mercury, serum selenium and fish consumption levels were calculated based on the random sub-cohort (n = 2494).
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biomarkers (Daneshmand et al., 2016; Mozaffarian et al., 2011a,
2011b; Wennberg et al., 2007). Mercury was measured in serum in this
study, but the mercury levels from different biomarkers should be
correlated, permitting comparisons across studies (Clarkson et al.,
2007). Similar to any other observational studies, the lack of associa-
tion observed in the present study may be attributable to the residual
confounding of LCn3PUFAs, even though the adjustment in the data
analysis. Mercury was inversely associated with the incidence of is-
chemic stroke when dietary LCn3PUFA intake was not included in the
analysis, but the association was no longer statistically significant after
the adjustment, which supports this explanation. Also, other nutrients
in fish such as vitamin D and some specific amino acids may exert in-
fluence on the association (Mozaffarian et al., 2011a, 2011b). Complete
information on these nutrients was not available in this study and
confounding is possible, though the sensitivity analysis adjusting for
fish consumption and additionally adjusting for some other trace ele-
ments yielded essentially similar results. It is also possible that mercury
may be an independent biomarker of fish consumption even after the
adjustment for estimated intake.

The observation that selenium is an antagonist of mercury toxicity is
well established in animal studies (Ganther et al., 1972; Seppanen et al.,
2000; Sumino et al., 1977). Differences in population selenium levels
have been hypothesized to explain inconsistent findings of mercury
exposure in relation to other cardiovascular outcomes (Virtanen et al.,
2005). However, only one epidemiological study has examined whether
selenium modified the association between mercury and the risk of is-
chemic stroke (Mozaffarian et al., 2011a, 2011b). Similar to the pre-
vious U.S. study, we did not find evidence of elevated incidence of is-
chemic stroke with higher mercury levels in participants with selenium
levels below the median. In addition, serum selenium levels were as-
sociated with a modestly reduced incidence of ischemic stroke, al-
though not statistically significant (data not shown). Of note, in prior
European studies where selenium was hypothesized to modify the
toxicity of mercury on cardiovascular endpoints, the selenium levels
were lower than the average U.S. level. Thus, it is possible that the
selenium level in the U.S. is sufficiently high to counteract the detri-
mental influence of mercury on ischemic stroke risk, which resulted in
the null association in this study.

Sex-stratified analyses suggested an inverse association between
mercury exposure and stroke in women, but not in men. A difference by
sex has been seen previously, though the interaction was not statisti-
cally significant (Mozaffarian et al., 2011a, 2011b). The sex-related
susceptibility to mercury toxicity has not been sufficiently studied in
humans and the findings are inconclusive. Animal experiments sug-
gested mitochondria from female rats exhibited higher expression of
antioxidant enzymes and lower production of reactive oxygen species,
which might protect against mercury-induced oxidative stress in fe-
males greater than males (Borras et al., 2003). In addition, sex-depen-
dent methylmercury metabolism has been reported in experimental
animals (Thomas et al., 1987). Methylmercury-treated rats showed
faster whole body clearance of mercury in females than in males, in-
dicating sex differences in excretion of organic mercury (Thomas et al.,
1987). Besides the possible differences in mercury metabolism, women
had a relatively lower level of mercury than men in this population and
women generally have a more beneficial dietary habit and lifestyle,
such as having a higher consumption of vegetables and fruits (Michels
Blanck et al., 2008), having a higher intake of vitamins or other nu-
trient supplements (Bailey et al., 2013), preparing fish meals in a
healthier way (Watterworth et al., 2017), and more likely to be never-
smokers (Rostron et al., 2014). Thus, the influence of mercury on is-
chemic stroke risk might be less pronounced in women who had a lower
mercury exposure and healthier lifestyle.

The present study reported results adjusted for dietary LCn3PUFA
intake and fish consumption to reduce the confounding effect by nu-
trients in fish, while previous studies were often adjusted for fish intake
alone due to lack of information on LCn3PUFA. This study also provides
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additional evidence regarding the effect modification by selenium,
which is an important factor to consider when understanding the
toxicity of mercury. In addition, objective measurements of mercury
and covariates as well as adjudication of stroke substantially reduce the
possibility of measurement errors and misclassification. Another
strength of the present study is that it is based on a large sample of
black and white men and women from across the continental United
States, which facilitates the exploration of potential effect modifiers and
improves generalizability.

The main limitation of this study is the use of serum mercury for
long-term exposure of methylmecury as well as the fact that it was
measured only at baseline. Methylmercury exposure increases mercury
level in all tissues including serum, but only about 10% of serum
mercury is methylmercury (Clarkson et al., 2007). However, serum
mercury level is correlated with fish consumption in this study.
Meanwhile, occupational sources of exposure are unlikely to account
for the findings because the imputed occupational exposure to non-
specific contaminants was not associated with serum mercury in a sub-
sample. Thus, the use of serum as an objective measurement of mercury
from foods is supported in this study. Also, serum mercury reflects a
relatively short time period compared to toenail or hair mercury
(International Programme on Chemical Safety, 1990), but the mercury
levels from different biomarkers should have a similar pattern
(Clarkson et al., 2007). Since fish intake habits prevail for a long time,
we should be able to reasonably assume that serum mercury levels did
not change substantially during the study period. In addition, our
findings might be partly confounded by the beneficial effects of
LCn3PUFAs and other nutrients in fish, even after adjustment for esti-
mated dietary intake. Similarly, the possibility of residual confounding
from environmental, lifestyle, and dietary factors cannot be completely
ruled out. But, the consistent results from the main and sensitivity
analyses provide reassurance about the validity of our findings. More-
over, we were not able to examine the effect of mercury exposure on
hemorrhagic stroke due to the small number of cases in the present
study, though the association does not appear to be substantially dif-
ferent across sub-types of stroke based on findings from previous stu-
dies (Daneshmand et al., 2016; Wennberg et al., 2007).

5. Conclusions

In conclusion, this study does not support an association between
mercury and the incidence of ischemic stroke in a population with low-
to-moderate levels of exposure. Selenium levels did not modify the
association, presumably due to the relatively high level of selenium in
this population. However, the present study cannot exclude the possi-
bility of mercury-induced ischemic stroke toxicity at higher exposure
levels in other populations. Environmental contamination of mercury
should be continuously monitored and controlled since mercury still
has the potential to counteract the cardiovascular benefits of fish con-
sumption.
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