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Introduction

Heavy metals, including cadmium, lead, and mercury, are 
known neurotoxicants.1 Tobacco smoke and diet are primary 
sources of exposure to cadmium in the United States, but vehicle 

and industrial emissions are also important.2–5 Lead exposure 
among adults occurs primarily from contaminated water (via 
corroded pipes), industrial emissions, traffic-related emissions, 
and contaminated soil and groundwater (which is absorbed 
by crops).6,7 Non-occupational exposure to mercury is derived 
mainly from seafood consumption, though it is also present 
in air and water at lower levels.8–10 Individuals working in the 
manufacturing, construction, chemical processing, and electron-
ics recycling industries may also be occupationally exposed to 
these metals.1,11–13

Manganese and selenium, essential micronutrients for health 
maintenance, can also be toxic above certain levels. Exposure 
to these is mainly dietary, and both are naturally found in sea-
food, nuts, rice, whole grains, and some fruits and vegetables.14 
The general population can also be exposed to manganese via 
traffic-related emissions, due to the use of manganese as an anti-
knock additive in gasoline.15 In mother-newborn pairs, both 
fetal cord blood manganese concentration and maternal blood 
manganese concentration were significantly associated with 
maternal exposure to ambient nitrogen dioxide, a surrogate for 
traffic emission, during pregnancy.16

These toxicants enter the bloodstream and weaken or cross 
the blood-brain barrier, accumulating in the central nervous sys-
tem (CNS).17–19 Most of the evidence supporting metal-mediated 
neurotoxicity comes from experimental studies. Epidemiologic 
studies are less common and have yielded mixed results. 
Environmental and occupational cadmium exposure has been 
associated with cognitive impairment11,20 and altered neurobe-
havioral function21,22 in adults, as well as mechanisms underly-
ing development of neurodegenerative diseases.23–25 In children, 
studies of cadmium exposure demonstrated adverse neuro-
behavioral and visual-motor effects.18 Lead’s developmental 
neurotoxicity and neurobehavioral effects in children are well 
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known, but it is also associated with neurodegeneration, cogni-
tive decline, Alzheimer’s disease, and psychological diseases.26–29 
Mercury exposure can impair somatosensory function and psy-
chomotor performance, causing movement disorders, tremors, 
memory loss, dementia, and depression.30,31 In children, mercury 
exposure has been associated with autism spectrum disorder 
and attention-deficit/hyperactivity disorder.32,33 While exces-
sive occupational exposure to manganese is associated with 
symptoms of cognitive dysfunction and motor impairment that 
resemble Parkinson’s disease, there is now also growing concern 
over chronic low-level exposure (from contaminated water, pes-
ticides, or airborne emissions) and neuroinflammation.15,34

Mechanisms underlying neurotoxicity of these metals remain 
uncertain, but oxidative stress leading to dopaminergic dysfunc-
tion is a relevant pathway.7,23,34,35 In some studies, the anti-oxi-
dant selenium mitigates the harmful neurotoxic effects of heavy 
metals, including cognitive impairment and altered neonatal 
neurodevelopment.36–41 Selenium’s antagonism of metal toxic-
ity may mitigate effects of oxidative stress through chelation of 
metals in the brain by selenoproteins.42,43

In this study, we investigated associations between blood lev-
els of cadmium, lead, mercury, manganese, and selenium and 
neurologic symptoms in adult Gulf states residents. We consid-
ered exposure to each of the metals individually and assessed 
potential effect measure modification by selenium levels. Given 
that metals are potentially neurotoxic at lower levels than pre-
viously considered, particularly when simultaneous exposures 
are likely, and that these toxicants share exposure sources, we 
also assessed joint exposure to the combined metal mixture.43,44

Methods

Study design and participants

We used data from the Gulf Long-term Follow-up Study (GuLF 
Study), a prospective cohort of 32,608 individuals (ages 21 
years and older) who participated in oil spill response activities 
and others who received safety training, but did not work on 
the response, following the 2010 Deepwater Horizon disaster. 
Participants enrolled between 2011 and 2013. A detailed descrip-
tion of this study is available elsewhere.45,46 Approximately 2–3 
years after the disaster (May 2012 to July 2013), a convenience 
sample of GuLF Study participants living in the Gulf region  
(N = 1,055) were enrolled in the Chemical Biomonitoring Study 
(CBS), which was conducted to address community concerns 
about exposure to chemicals, as described elsewhere.47 Briefly, 
11,193 GuLF Study participants who spoke English or Spanish 
and who lived in Florida, Alabama, Mississippi, Louisiana, or 
eastern Texas participated in a home visit exam. A sample of 
GuLF STUDY participants who had not yet completed the home 
visit by time the CBS started was selected to participate in the 
CBS based on eligibility criteria. We initially oversampled non-
smokers and women, but because of timing of the parent study, 
we ultimately invited all remaining home visit participants to 
participate. CBS participants provided an extra blood sample 
during the GuLF Study home visit that was used to measure 
metals. The Institutional Review Board of the National Institute 
of Environmental Health Sciences approved this study.

Blood biomarker measurement

Blood collection tubes containing potassium oxalate and 
sodium fluoride anticoagulant were used to collect 10 mL of 
blood for metal (cadmium, lead, total mercury, manganese, and 
selenium) measurement. Samples were stored in a 4 °C refriger-
ator before being shipped overnight on cold packs in biweekly 
batches to the Division of Laboratory Sciences, National 
Center for Environmental Health, CDC in Atlanta, Georgia. 
Metals were analyzed using equilibrium headspace solid-phase 

micro-extraction with benchtop gas chromatography/mass 
spectrometry following standard CDC procedures.48,49 Cotinine, 
a biomarker of exposure to tobacco smoke, was measured in 
serum that was stored in gas-phase nitrogen until analysis.46 
Cotinine analysis was performed using liquid chromatography/
mass spectrometry.50 Values below the limit of detection (LOD; 
cadmium, 0.16 ng/mL (88.5% ≥ LOD); lead, 0.25 µg/dL (99.8% 
≥ LOD); total mercury, 0.16 ng/mL (97.7% ≥ LOD); manganese, 
1.06 ng/mL (100% ≥ LOD); selenium, 30 ng/mL (100% ≥ LOD); 
cotinine, 0.015 ng/mL) were imputed as the LOD/√2, which is 
consistent with National Health and Nutrition Examination 
Survey procedures.

Neurologic symptoms

Health information, including neurologic symptoms, was col-
lected via Computer Assisted Telephone Interview during the 
enrollment interview. Participants were asked to report how 
often they experienced dizziness, nausea, headaches, sweating, 
palpitations, tingling, numbness, blurred vision, stumbling while 
walking, and fatigue during the preceding 30 days. Frequency 
of symptoms was reported as: all of the time, most of the time, 
sometimes, rarely, or never. Symptoms were classified for analy-
sis purposes as a binary indicator of the “presence” (all or most 
of the time) or “absence” (sometimes, rarely, or never) of occur-
rence. Based on results of a principal components analysis of all 
reported symptoms (data not shown), we identified two neu-
rologic clusters: a CNS and a peripheral nervous system (PNS) 
cluster. The CNS cluster included dizziness, headache, nausea, 
sweating, and palpitations. The PNS cluster included tingling 
and numbness in the extremities, blurred vision, and stumbling 
while walking.

Covariate information

Covariates were selected using a directed acyclic graph 
(Supplemental Figure 1; http://links.lww.com/EE/A111).51 
Covariate information was obtained during the enrollment 
interview. We adjusted all models for sex (male, female), age 
(<30, 30–45, >45 years), season of enrollment (winter, spring, 
summer, fall), race (white, black, other), employment status 
(currently working, not currently working), current alcohol 
consumption (any self-reported alcoholic drinks in the last 
year, no drinks in the last year), continuous serum cotinine (ng/
mL), educational attainment (completed less than high school 
or general equivalency degree, completed high school/general 
equivalency degree, completed some college, college graduate), 
annual income (≤$20,000, $20,001–50,000, >$50,000), inter-
val between enrollment and blood draw (days), and levels of 
co-occurring blood metals (quartiles of cadmium, lead, mercury, 
manganese, and selenium). We imputed the jointly defined sex-
race-state-specific median income from the analytic population 
as a proxy for income when it was missing (n = 53). We report 
adjusted associations throughout the manuscript, though crude 
estimates are included in the supplemental material; http://links.
lww.com/EE/A111.

Single chemical analysis

We restricted analyses to participants who had complete quan-
tification of all five metals (n = 1,052). After excluding 32 
participants missing neurologic symptom information and 13 
individuals missing covariate information, we arrived at a final 
analytic sample of 1,007.

We separately examined associations between individual 
metal levels and the presence of any neurologic symptom, any 
CNS symptom, more than one CNS symptom, any PNS symp-
tom, and more than one PNS symptom. We ranked measured 
blood values of each metal into quartiles for modeling. The 
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lowest quartile for a given metal was the referent exposure cat-
egory in all analyses. We used multivariate log-binomial regres-
sion to estimate prevalence ratios (PRs) and corresponding 95% 
confidence intervals (95% CIs) for the cross-sectional associa-
tions between blood metal levels and neurologic symptoms. We 
additionally evaluated effect measure modification by selenium 
in stratified analyses, separately estimating associations among 
participants with selenium levels less than or equal to the median 
concentration (198.4 ng/mL) (n = 505) and those with selenium 
exceeding the median (n = 502). For all models, we evaluated 
exposure-response relationships with Wald tests of linear trend 
by modeling exposure as an ordinal variable with integer scores 
for each quartile and reported corresponding P values (P-trend).

Given that tobacco smoke is a principal source of exposure 
to heavy metals, particularly cadmium and lead, we also exam-
ined adjusted associations for each metal among self-reported 
nonsmokers only (n = 709) and adjusting for continuous serum 
cotinine. We chose to define nonsmokers using self-reported 
smoking status because standard cotinine cutpoints did not 
appear appropriate based on the distribution of cotinine in this 
population. Indeed, we evaluated the distribution of cotinine 
and concluded that heightened population exposure to envi-
ronmental tobacco smoke (ETS) limited our ability to clearly 
distinguish between subgroups of tobacco smoke exposure (i.e., 
nonsmokers, light smokers, and heavy smokers) using cotinine 
levels. To further examine the influence of exposure to tobacco 
smoke in the overall sample, we conducted separate analyses 
additionally adjusting for self-reported exposure to ETS (defined 
as living in a home with a regular smoker at enrollment), and 
sensitive cotinine thresholds to reflect active smoking (0 ng/
mL vs. >0–10 ng/mL vs. > 10 ng/mL) and ETS (dichotomized at 
LOD, 0.015 ng/mL) exposure.52

We conducted separate sensitivity analyses evaluating het-
erogeneity by race using interaction terms between exposure 
and race (white vs. nonwhite), assessing the influence of sea-
food consumption on associations between blood mercury and 
neurologic symptoms, and stratifying on the median interval 
between date of symptom reporting and the blood draw (98 
days).

Mixture analysis

We used quantile g-computation, a generalization of weighted 
quantile sum regression, to estimate associations between 
exposure to the combined metal mixture and neurologic 
symptoms.53,54 We selected quantile G-computation instead of 
weighted quantile sum because we wanted to estimate PRs (as 
opposed to odds ratios), explore possible interactions or depar-
tures from linearity with selenium, which is inversely associated 
with many health outcomes, and allow the direction of asso-
ciations to vary among mixture components. This approach 
generates a weighted linear index of the body burden of total 
metals and estimates PRs and 95% CIs associated with ranked 
exposure to the mixture. To facilitate comparability to results 
from single chemical models, we used the same covariate adjust-
ment set, modeled the combined association between the metal 
mixture and neurologic symptoms using a one-quartile change 
in exposure, and stratified results by selenium status relative to 
the median concentration. In addition to conducting mixture 
analyses stratified by selenium, we evaluated interaction terms 
between selenium and each component of the metal mixture 
separately.

The dataset was randomly divided into a training and vali-
dation dataset (50% training, 50% validation) and bootstrap 
sampling (n = 500) of the training dataset was used to estimate 
weights quantifying the relative importance of each compo-
nent chemical in the exposure mixture. These weights, which 
are constrained from negative one to one, can be interpreted 
as the relative importance of each chemical component driving 

associations. Weights greater than zero indicate relative impor-
tance in positive associations, whereas weights less than zero 
indicate relative contribution to inverse associations. Positive 
weights, contributing to direct positive effects, sum to one and 
negative weights, contributing to inverse effects, sum to negative 
one. For this metal mixture with four components, weights of 
0.25 indicate balanced contributions by each chemical compo-
nent in the same direction. Because selenium was treated as a 
potential modifier it was not included as a mixture component.

We conducted all statistical analyses apart from quantile 
g-computation in SAS 9.4 (Cary, NC). We used the R package 
qgcomp for mixture analyses.55 All tests were two-sided with α 
= 0.05.

Results

Almost half of participants (48%) reported experiencing at least 
one neurologic symptom, with 32% of participants reporting 
one CNS symptom and 15% reporting multiple CNS symp-
toms. PNS symptoms were reported by 29% and 19% of partic-
ipants for single and multiple PNS symptoms, respectively (data 
not shown).

Characteristics of the study population are shown in Table 1. 
Participants who reported neurologic symptoms had higher 
rates of smoking (34% vs. 25%) and were more likely to be 
nonwhite (57% vs. 43%) and less likely to have attended col-
lege (33% vs. 49%) than those who did not report symptoms. 
We observed higher levels of blood cadmium (geometric mean 
[GM] = 0.50 vs. 0.37 ng/mL; P-value for difference in means 
<.0001) and lead (GM = 1.38 vs. 1.24 µg/dL; P = 0.01), and 
lower mercury (0.94 vs. 1.12 ng/mL; P = 0.004), among partic-
ipants who reported neurologic symptoms than those who did 
not (Supplemental Table 1; http://links.lww.com/EE/A111). The 
distribution of blood metals did not vary by oil spill response 
and cleanup status for any of the metals. Not surprisingly, 
self-reported smokers had higher levels of cadmium (GM = 1.03  

Table 1.

Demographic characteristics of participants by neurologic 
symptom reporting (any vs. none) (N = 1,007).

 
Any neurologic  

symptoms (n = 480)
No neurologic  

symptoms (n = 527)

Demographics N % N %
Male 348 73 405 77
Age < 30 years 85 18 123 23
30–45 years 197 41 191 36
>45 years 198 41 213 40
White 210 44 303 58
Black 229 48 194 37
Other 41 9 30 6
<High school education 125 26 92 17
High school diploma/GED 197 41 181 34
Some college 129 27 166 32
College graduate or more 29 6 88 17
Employed 222 46 315 60
Annual income <$20,000 233 49 198 38
$20,000–50,000 177 37 193 37
>$50,000 70 15 136 26
Blood draw in winter 186 39 183 35
Spring 86 18 113 21
Summer 105 22 122 23
Fall 103 21 109 21
Current self-reported smoking 165 34 133 25
Consumes alcohol 301 63 382 72
Consumes seafooda 51 13 52 11
Worked on DWH oil spill ≥ 1 day 427 89 431 82

aMissing reported seafood consumption for 72 participants who experienced neurologic symptoms 
and 66 participants who did not experience neurologic symptoms.
DWH indicates Deepwater Horizon; GED, general equivalency degree.
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vs. 0.29 ng/mL; P < 0.0001) and lead (1.56 vs. 1.21 µg/dL;  
P < 0.0001) than nonsmokers, and participants who reported 
weekly seafood consumption had higher levels of mercury 
(1.28 vs. 0.84 ng/mL; P <0.0001), lead (1.39 v s1.24 µg/dL;  
P = 0.01), and selenium (203.2 vs. 197.4 ng/mL; P = 0.001) than 
those who did not report consuming seafood. Most metals were 
not correlated with each other, though we did observe modest 
Spearman rank correlations between cadmium and lead (r = 0.32),  
mercury and selenium (r = 0.25), and mercury and lead  
(r = 0.24) (Supplemental Table 2; http://links.lww.com/EE/A111).

A comparison of unadjusted and adjusted PR’s (Supplemental 
Table 3; http://links.lww.com/EE/A111) indicates that adjust-
ment for covariates tended to modestly attenuate estimates for 
cadmium, lead, and mercury, slightly strengthened estimates 

for selenium, and had negligible impact on estimates for man-
ganese. The following results are all covariate-adjusted. In the 
overall sample, blood cadmium was positively associated with 
CNS symptoms (Figure 1 and Supplemental Table 3; http://links.
lww.com/EE/A111). The (adjusted) risk estimate for the highest 
quartile of cadmium and any CNS symptom was PR = 1.50  
(95% CI = 1.13, 1.99; P-trend = 0.01), and all quartiles of 
exposure for multiple CNS symptoms were PRQ2 = 1.79 (95%  
CI = 1.10, 2.91), PRQ3 = 1.68 (95% CI = 1.02, 2.79), and PRQ4 = 1.78  
(95% CI = 1.06, 3.01) (P-trend = 0.04), both of which had sig-
nificant linear exposure-response relationships. The magnitude 
of the cadmium association was higher when we restricted to 
nonsmokers (Figure  2). Blood lead was associated with PNS 
symptoms among nonsmokers (PRQ2 = 1.34, 95% CI = 0.93, 

Figure 1.  Associations between quartiles of blood cadmium, lead, and mercury and neurologic symptoms (n = 1,007). All models adjusted for sex, age, season, 
race, employment, alcohol, serum cotinine (ng/mL), education, income, duration of interval between enrollment and blood draw (days), and co-occurring blood 
metals (cadmium, lead, mercury, manganese, and selenium).
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1.93; PRQ3 = 1.44, 95% CI = 0.99, 2.08; PRQ4 = 1.47, 95% CI 
0.95, 2.28; P-trend = 0.08). Neither blood mercury nor sele-
nium was associated with neurologic symptoms overall or in the 
nonsmoking subgroup (Supplemental Table 3; http://links.lww.
com/EE/A111). Manganese was not independently associated 
with symptoms overall. The trend for manganese and multiple 
CNS symptoms among nonsmokers was significant (P-trend = 
0.01), but associations were suggestive and difficult to interpret 
(Supplemental Table 3; http://links.lww.com/EE/A111).

Selenium status (divided at the median concentration) modified 
associations between cadmium and lead and neurologic endpoints. 
Among those with selenium below the median, blood cadmium 
was positively associated with any neurologic (PRQ2 = 1.39,  
95% CI = 1.05, 1.85; PRQ3 = 1.22, 95% CI = 0.91, 1.63; PRQ4 = 1.35,  
95% CI = 1.02, 1.79; P-trend = 0.09), CNS (PRQ2 = 1.61, 95% 

CI = 1.05, 2.48; PRQ3 = 1.65, 95% CI = 1.08, 2.53; PRQ4 = 2.29,  
95% CI = 1.50, 3.49; P-trend<0.0001), and multiple CNS 
symptoms (PRQ2 = 3.90, 95% CI = 1.12, 13.58; PRQ3 = 3.91, 
95% CI = 1.10, 13.85; PRQ4 = 4.07, 95% CI = 1.21, 1366; 
P-trend = 0.001) at nearly all exposure quartiles, whereas there 
was no relationship between cadmium and neurologic symp-
toms in the group with higher selenium (Figure 3A). Similarly, 
blood lead was suggestively associated with a higher prevalence 
of neurologic symptoms (PRQ2 = 1.30, 95% CI = 0.99, 1.69; 
PRQ3 = 1.35, 95% CI = 1.01, 1.80; PRQ4 = 1.35, 95% CI = 0.98, 
1.87; P-trend = 0.07), and more strongly associated with PNS 
effects specifically (PRQ2 = 1.80, 95% CI = 1.23, 2.64; PRQ3 = 
1.70, 95% CI = 1.07, 2.68; PRQ4 = 1.68, 95% CI = 1.01, 2.79; 
P-trend = 0.07), among those with selenium below the median 
(Figure  3B). Associations with blood lead were not evident 

Figure 2.  Associations between quartiles of blood cadmium, lead, and mercury and neurologic symptoms among self-reported nonsmokers (n = 709). All 
models adjusted for sex, age, season, race, employment, alcohol, serum cotinine (ng/mL), education, income, duration of interval between enrollment and 
blood draw (days), and co-occurring blood metals (cadmium, lead, mercury, manganese, and selenium).
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Figure 3.  A, Associations between quartiles of blood cadmium and neurologic symptoms by selenium status. All models adjusted for sex, age, season, race, 
employment, alcohol, serum cotinine, education, income, duration of interval between enrollment and blood draw (days), and co-occurring blood metals (lead, 
mercury, and manganese). B, Associations between quartiles of blood lead and neurologic symptoms by selenium status. All models adjusted for sex, age, 
season, race, employment, alcohol, serum cotinine, education, income, duration of interval between enrollment and blood draw (days), and co-occurring blood 
metals (cadmium, mercury, and manganese). C, Associations between quartiles of blood mercury and neurologic symptoms by selenium status. All models 
adjusted for sex, age, season, race, employment, alcohol, serum cotinine, education, income, duration of interval between enrollment and blood draw (days), 
and co-occurring blood metals (cadmium, lead, and manganese).
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in the higher selenium subgroup. While blood mercury levels 
were not associated with neurologic symptoms in the higher 
selenium subgroup, we observed a possible inverse association 
among those jointly exposed to higher selenium and the high-
est quartile of mercury for any neurologic (PRQ4 = 0.73, 95%  
CI = 0.55, 0.96; P-trend = 0.05), any CNS (PRQ4 = 0.60, 95% 
CI = 0.39, 0.92; P-trend = 0.01), and multiple PNS symptoms 
(PRQ4 = 0.41, 95% CI = 0.19, 0.90; P-trend = 0.02) (Figure 3C).

Results from mixture analyses of joint exposure to cadmium, 
lead, mercury, and manganese, stratified by selenium status, 
were largely consistent with single chemical analyses. In the low 
selenium group, a one-quartile increase in exposure to the com-
bined metal mixture was associated with neurologic symptoms 
(PR = 1.23, 95% CI = 1.07, 1.42), with larger effect sizes for any 
CNS symptoms (PR = 1.48, 95% CI = 1.23, 1.79) and multiple 
PNS symptoms (PR = 1.39, 95% CI = 1.05, 1.82) (Table  2). 
Cadmium had the heaviest total mixture weights across all 
outcomes, with the strongest contributions to CNS symptoms, 
followed by lead and manganese, whose weights were primar-
ily concentrated in PNS symptoms. Among those with median 
or higher selenium, there was an inverse relationship between 
a quartile-increase in metal exposure and any neurologic  
(PR = 0.83, 95% CI = 0.71, 0.7), any CNS (PR = 0.80, 95% 
CI = 0.64, 0.99), and any PNS symptom (PR = 0.78, 95%  
CI = 0.62, 0.98), with mercury most frequently weighted higher 
than other metals. Negative weights (indicating inverse effects) 
in the low selenium stratum were associated with scaled regres-
sion coefficients approximating zero, suggesting their influence 
in the overall mixture effect is negligible. Interaction terms with 
selenium were consistently significant for both cadmium and 
manganese, and occasionally for mercury, though we did not 
detect a statistically significant interaction between selenium 
and lead (data not shown).

In sensitivity analyses of the full analytic sample, neither 
self-reported exposure to ETS nor different thresholds of mea-
sured blood cotinine levels appeared to influence associations 
between any of the blood metals and neurologic outcomes (data 
not shown). We did not detect heterogeneity of exposure-out-
come associations in analyses stratified by race or median 
interval between symptom reporting and blood draw (data not 
shown). Neither recent (previous 24 hours) nor typical (weekly) 
seafood consumption modified associations between mercury 
and neurologic symptoms whether we conditioned analyses 
via stratification or adjustment (data not shown), though these 
analyses were limited by smaller sample sizes due to missing 

information on recent (missing n = 138) and typical (missing  
n = 178) seafood consumption - resulting in model non-conver-
gence for some symptom clusters.

Discussion

In this study, we examined cross-sectional associations between 
blood levels of metals and neurologic symptoms among adult 
Gulf states residents, considering each metal when co-adjusting 
for other metals as well as the combined metal mixture. Blood 
selenium modified associations between cadmium, lead, and 
mercury and neurologic symptoms. Increasing blood cadmium 
was associated with increased prevalence of CNS effects overall, 
with stronger associations among nonsmokers and those with 
lower blood selenium. Blood lead levels were associated with 
PNS effects in subgroup analyses of nonsmokers and those with 
lower blood selenium. Although blood mercury was not associ-
ated with neurologic symptoms overall, we observed a sugges-
tive inverse interaction between higher levels of selenium and 
the highest quartile of mercury. We did not observe indepen-
dent neurologic effects of manganese or selenium. Results from 
mixture analyses were consistent with single chemical analyses. 
Among those with lower selenium, positive associations for all 
outcomes were driven by cadmium and lead. In the higher sele-
nium group, mercury drove inverse associations. Our results 
suggest that selenium modifies subclinical neurotoxic effects of 
metals in adults.

Our primary findings include increased neurologic symptoms 
in association with blood cadmium and lead, which are correlated 
exposures in this population. Associations were stronger among 
nonsmokers, suggesting that shared exposure to these metals, 
potentially from ETS, traffic-related air pollution, or industrial 
emissions, may impact neurologic health. The associations we 
observed between cadmium and CNS symptoms (dizziness, 
headache, nausea, sweating, and palpitations) are corroborated 
by reports of cadmium-associated headache and vertigo, olfac-
tory dysfunction, Parkinsonian-like symptoms, slowing of vaso-
motor functioning, and decreased equilibrium.18 Other studies 
have demonstrated cadmium-associated CNS effects in adults, 
including deficits in attention, memory, visuomotor function, 
behavioral regulation, and processing speed.11,20–22 Our findings 
of associations between environmental blood lead levels and 
increased PNS symptoms (including tingling and numbness in 
the extremities, blurred vision, and stumbling while walking) 
are consistent with previous literature relating lead to other 
neurologic endpoints. For example, in a cohort of elderly men, 
higher bone lead levels were associated with reduced olfac-
tory function, a marker of prodromal Parkinson’s disease, and 
a separate case-control study of men and women found that 
higher bone lead increased risk of Parkinson’s.56,57 Several epide-
miologic studies have demonstrated that chronic occupational 
exposure to lead can elicit neurotoxic sensory and motor effects, 
as well as Parkinson’s disease.58

The correlation between blood levels of mercury and sele-
nium in this population may be attributable to seafood, shell-
fish, and fish consumption.14 We did not observe evidence of 
mercury-related neurotoxicity, even though mercury is a known 
neurotoxin. Rather, those with the highest blood mercury and 
selenium co-exposures, likely seafood and shellfish consumers, 
were less likely to report neurologic symptoms. This inverse 
association may be explained by selenium’s ability to interact 
with mercury and reduce toxicity by altering the tissue distri-
bution of metals.14 Although mercury exposure from seafood 
consumption can cause a shift toward oxidative stress and neu-
roinflammation, nearly 90% of fish eaten in the United States 
has a high enough selenium to mercury ratio such that the ben-
efits of selenium negate the risk of mercury toxicity.59,60 Dietary 
fish are also rich in the omega-3 fatty acids eicosapentaenoic 
acid and docosahexaenoic acid, which are known to support 

Table 2.

Associations between a one-quartile change in the combined 
metal mixture and neurologic symptoms, stratified by selenium 
level (N = 1,007).

Symptoms Prev. (%) PR (95% CI)

Mixture weightsa

Cd Pb Hg Mn

Selenium < median (n = 505)
Any neuro 48 1.23 (1.07, 1.42) 0.25 0.49 0.05 0.22
Any CNS 32 1.48 (1.23, 1.79) 0.70 0.07 0.01 0.22
Multiple CNS 15 1.33 (0.91, 1.94) 0.70 −0.50 −0.50 0.30
Any PNS 29 1.24 (1.00, 1.55) 0.28 0.43 0.10 0.19
Multiple PNS 18 1.39 (1.05, 1.82) 0.15 0.22 0.09 0.53
Selenium ≥ median (n = 502)
Any neuro 48 0.83 (0.71, 0.97) −0.18 −0.06 −0.54 −0.22
Any CNS 32 0.80 (0.64, 0.99) −0.28 −0.03 −0.61 −0.08
Multiple CNS 16 0.82 (0.57, 1.19) −0.08 −0.29 −0.28 −0.36
Any PNS 29 0.78 (0.62, 0.98) −0.37 −0.08 −0.36 −0.19
Multiple PNS 19 0.86 (0.62, 1.21) −0.08 −0.30 −0.44 −0.18

All models adjusted for sex, age, season, race, employment, alcohol, serum cotinine, education, 
income, and duration of interval between enrollment and blood draw (days).
aPositive mixture weights indicate contributions to increased neurologic symptoms and sum to posi-
tive one; negative weights contribute to decreased neurologic symptoms and sum to negative one.
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neurodevelopment and neurologic health. Omega-3 fatty acid 
supplementation may be beneficial to cognition, Alzheimer’s dis-
ease onset, and Alzheimer’s disease neuropathology.61,62 These 
beneficial nutrients may, in part, explain the apparent neuropro-
tective association we observed among those with the highest 
blood selenium and mercury levels—an exposure profile that 
is potentially reflective of a healthier overall diet and lifestyle. 
Although limitations in the data inhibited our ability to fully 
examine the impact of seafood intake on these associations, this 
area merits further investigation.

An evolving body of research suggests that metal-induced 
neurotoxicity operates through oxidative stress, causing neu-
roinflammation. Oxidative DNA damage may lead to inhibition 
of paraoxonase 1 (PON1) activity via epigenetic modification or 
other pathways.63,64 Experimental research in vitro and in vivo 
and epidemiologic studies demonstrate that metals can neg-
atively modulate activity of PON1, which exerts antioxidant 
and anti-inflammatory effects. In humans, cadmium and lead 
have consistently demonstrated inhibition of PON1 activity 
and mercury suggestively reduces PON1 activity, whereas sele-
nium is positively associated with PON1 activity and expres-
sion.63 Lower circulating levels of PONs have been associated 
with neurodegenerative diseases, including Alzheimer’s and 
Parkinson’s.65 In children, methylation levels of PON1 in cord 
blood were inversely associated with cognitive test scores years 
later.66

Selenium status modified associations between neurologic 
symptoms and cadmium, lead, and mercury levels, suggesting 
that selenium may help counteract the oxidative stress and 
inflammation that contribute to neurotoxicity. Several in vitro 
and rodent studies demonstrate that selenium enhances anti-
oxidant capacity and protects against neurotoxicity of these 
metals, attenuating depressive symptoms, anxiety, and memory 
impairment.67,68 Experimental studies in rats showed that sele-
nium prevented mercury-induced neuronal degeneration in the 
cerebrum and striatum and that selenium supplementation aids 
in chelation of metals through the CNS.69,70 In epidemiologic 
studies, selenium supplementation has not been successful in 
treating Alzheimer’s disease or dementia, but it may help pre-
vent disease onset by sustaining cognitive function.71,72 Indeed, 
people living with mild cognitive impairment and Alzheimer’s 
have significantly lower antioxidant levels and activity than 
their neurologically healthy counterparts.73

We implemented a novel mixture method to model the more 
realistic exposure scenario in which people are exposed to mul-
tiple metals simultaneously, potentially via shared dietary or 
ambient exposure sources. Using quantile G-computation, we 
assessed the relationship between joint exposure to the entire 
metal mixture and neurologic symptoms, allowing for poten-
tial interactions among mixture components. Previous research 
suggests that concomitant exposure to multiple metals elicits 
neurotoxicity even when individual metals are at levels where 
effects are not observed.43,64 This synergistic neurotoxicity was 
observed in a mixture of lead, cadmium, arsenic, and mercury 
in vitro and among children in relation to dopaminergic disrup-
tion, with both studies reporting multiple interactions among 
the mixture components.74,75 Similarly, co-exposure to lead and 
manganese in children was associated with neurodevelopmen-
tal deficiencies, with evidence of a synergistic interaction in the 
doubly exposed.76 Although we did not observe higher magni-
tude of associations when comparing the overall mixture effect 
estimates to analogous single chemical analyses, we did observe 
evidence of interactions between selenium and cadmium, mer-
cury, and manganese. Overall, results between mixture analyses 
and single pollutant models are generally consistent, with both 
approaches identifying the same metals as potentially neuro-
toxic at these levels.

This study has several strengths, including the use of validated 
biomarkers to measure exposure to a range of toxic metals. 
Blood cadmium is a validated marker of recent exposure, and 

may also reflect long-term cadmium body burden after chronic 
low-level exposure.77,78 Blood lead level is generally considered 
to reflect contemporaneous environmental exposure to lead.79,80 
Total blood mercury reflects recent (up to 2 months) exposure, 
correlates well with seafood consumption, and consequently 
is an accepted marker of exposure to methylmercury, the neu-
rotoxic species of mercury, in most populations.10 Blood sele-
nium is an accepted biomarker for long-term selenium intake, 
though blood selenium levels may not reflect CNS levels.81–84 
Blood manganese mainly reflects dietary intake in non-occupa-
tionally exposed populations, and may not adequately capture 
other sources of exposure such as traffic-related air pollution.85 
Although the present study relies on a single blood measure-
ment for exposure ascertainment, these are validated biomark-
ers that have been well-studied in relation to neurologic, and 
other outcomes.

The large sample size, particularly for a biomarker-based 
study, allowed us to adjust for potentially confounding expo-
sures (including other metals in the mixture) in single chemi-
cal analyses without appreciable losses in precision. We were 
also able to conduct analyses stratified by selenium status and 
restrict to nonsmokers. Additionally, all models were adjusted 
for serum cotinine, an objective, validated biomarker of tobacco 
smoke exposure.86 Including cotinine in models may have atten-
uated effect estimates because cigarettes and ETS are principal 
sources of exposure to metals, particularly cadmium and lead. 
As such, our attempts to adequately account for confounding by 
tobacco smoke likely adjusted for some sources of the exposures 
of interest. Given that the range range of metal exposure lev-
els observed in this population is similar to general-population 
levels, the use of sensitive, sub-clinical endpoints was appropri-
ate. Although some of the neurologic symptoms we evaluated 
are not necessarily specific to neurotoxicity, we hypothesize 
that these outcomes analyzed in clusters may represent early 
indications of neurotoxicity. Much of the literature examining 
associations between toxic metals and neurologic health focuses 
either on childhood neurodevelopment or neurodegeneration 
in elderly populations. The present study is unique because we 
evaluated these relationships in a relatively healthy adult popu-
lation. Finally, we applied a novel, flexible mixtures approach to 
consider simultaneous exposure to all five metals.

This study is limited by the cross-sectional design, prevent-
ing causal interpretation of exposure-outcome relationships. 
Symptoms were ascertained before blood specimens were 
obtained, with 50% of participants contributing blood samples 
within 14 weeks of symptom reporting. However, we adjusted 
all models for the interval between symptom reporting and the 
blood draw, and sensitivity analyses stratified by duration of this 
interval did not reveal differences in exposure-outcome associ-
ations between those with longer and shorter intervals. Further, 
blood levels of metals tend to be valid representations of expo-
sure windows that exceed this interval, suggesting that the mea-
sured levels in blood may accurately reflect exposure at the time 
of enrollment/symptom reporting. Another potential limitation 
is unmeasured confounding by other neuroactive exposures 
(including metals not measured in this sample) or dietary fac-
tors, such as fatty amino acid intake. Similarly, more complete 
information characterizing seafood intake would allow for 
thorough examination of the impact of seafood consumption on 
observed associations with each metal, particularly those related 
to mercury and selenium. Finally, while self-reported symptoms 
are a sensitive and relevant endpoint, future analyses of the rela-
tionship between metals and neurotoxicity would be improved 
by evaluating objectively ascertained neurologic impairment.

In both single chemical and mixture analyses, we found 
that increasing levels of blood cadmium and lead were asso-
ciated with a higher prevalence of CNS and PNS symptoms, 
respectively. While manganese and selenium were not consis-
tently independently associated with outcomes, selenium mod-
ified associations between cadmium, lead, and mercury with 
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neurologic endpoints. These findings indicate that general pop-
ulation levels of metals may be related to subclinical neurotox-
icity and future studies should consider effect heterogeneity by 
concomitant exposures such as selenium.
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