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ABSTRACT: Exposure to environmental pollutants is linked to increased risk of cardiovascular disease. Beyond the extensive evi-
dence for particulate air pollution, accumulating evidence supports that exposure to nonessential metals such as lead, cadmium,
and arsenic is a significant contributor to cardiovascular disease worldwide. Humans are exposed to metals through air, water,
soil, and food and extensive industrial and public use. Contaminant metals interfere with critical intracellular reactions and func-
tions leading to oxidative stress and chronic inflammation that result in endothelial dysfunction, hypertension, epigenetic dys-
regulation, dyslipidemia, and changes in myocardial excitation and contractile function. Lead, cadmium, and arsenic have been
linked to subclinical atherosclerosis, coronary artery stenosis, and calcification as well as to increased risk of ischemic heart
disease and stroke, left ventricular hypertrophy and heart failure, and peripheral artery disease. Epidemiological studies show
that exposure to lead, cadmium, or arsenic is associated with cardiovascular death mostly attributable to ischemic heart disease.
Public health measures reducing metal exposure are associated with reductions in cardiovascular disease death. Populations
of color and low socioeconomic means are more commonly exposed to metals and therefore at greater risk of metal-induced
cardiovascular disease. Together with strengthening public health measures to prevent metal exposures, development of more
sensitive and selective measurement modalities, clinical monitoring of metal exposures, and the development of metal chelation
therapies could further diminish the burden of cardiovascular disease attributable to metal exposure.
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ardiovascular disease (CVD) is the predominant

cause of death worldwide, leading to at least

18 million lives lost per year worldwide. Decades
of study have identified modifiable risk factors for ath-
erosclerosis, including tobacco smoke, dyslipidemia,
hypertension, diabetes, obesity, and a sedentary life-
style. However, the known risk factors do not pres-
ent a complete risk profile. In this American Heart
Association scientific statement we review evidence
linking chronic exposure to low and low-moderate
levels of 3 contaminant metals (lead, cadmium, and

arsenic) to coronary and peripheral artery atheroscle-
rosis, including stroke, highlighting the clinical and
public health implications for health care profession-
als, researchers, and the public." In the statement,
we exclude the acute consequences of high-level
exposures, such as industrial, accidental, or suicidal,
which affect a few thousand individuals annually in the
United States. Exposure to low-level environmental
metal contamination, a risk factor for atherosclerotic
vascular disease, is nearly ubiquitous, and its mani-
festations occur over many years. Understanding the
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effect of low-level metal contamination is thus critical
for developing a complete picture of the drivers of
atherosclerotic vascular disease.

METHODS

A writing group of experts on environmental health,
metals, toxicology, epidemiology, atherosclerosis, car-
diology, clinical trials, and public health convened and
developed an outline covering the scientific goals of
the statement. Literature search engines were used to
identify relevant articles. For clinical cardiovascular out-
comes, we updated an extant systematic review using
the same strategy.! The writing group gave greatest
weight to prospective epidemiologic studies and sys-
tematic reviews.

PERSPECTIVE ON CONTAMINANT
METALS AND CARDIOVASCULAR
RISK

The sum of traditional risk factors and biologi-
cal mechanisms incompletely defines the totality of
atherosclerotic risk.® In recent years, exposure to
environmental pollutants, such as inhaled particu-
late matter and exposure to toxic metals, has been
firmly linked to the progression of CVD and the in-
cidence of cardiovascular events.® These links and
the efforts to understand and act on them have been
termed environmental cardiology.”® Although the
European Society of Cardiology and the American
Heart Association have considered air pollution as a
cardiovascular risk factor, to date, medical societies
have not uniformly focused on vascular toxicity from
contaminant metals.

The cornerstone concept of environmental car-
diology® is that exposure to pollutants, including
toxic metals, and other environmental conditions
constitutes an important, modifiable component of
CVD risk. Metal exposure occurs largely within the
context of social and personal activities, such as the
use of tobacco products, contaminated groundwa-
ter, or industrial fertilizers, and the addition of met-
als to widely used commercial products and public
projects, including paint, gasoline, electronics, water
pipes, and some foods. In this statement, we high-
light near-universal exposure to toxic metals and
how sociodemographic factors modify metal expo-
sure and the resulting cardiovascular manifestations
as well. Finally, we describe potential opportunities
for interventions at the organizational, public health,
pharmacologic, individual practitioner, and patient
levels that might guide avoidance or mitigation of
toxic metal exposure as part of routine prevention
and treatment of CVD.
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SOURCES OF EXPOSURE AND
PHARMACOKINETICS OF SELECTED
METALS

Humans are exposed to a wide range of metals through
air, water, soil, and food (Figure 1). In this statement,
we prioritize 3 environmentally ubiquitous metals: lead,
cadmium, and arsenic. These metals have no essen-
tial biological function and affect most populations on a
global scale, and robust evidence links them to cardio-
vascular toxicity (Table 1).

1. Lead was one of the first metals mined and smelted
by humans. It is a divalent cation widespread in
the biosphere because of its use in consumer
products.®!® In the 20th century, there was a
steep increase in lead production attributable to
its extensive industrial and public use, including
gasoline and paint. Lead persists in the environ-
ment, and legacy uses such as in water pipes
contribute to lead exposure today. Manufacture
of lead products continues, for example, in wheel
weights and acid-lead batteries. Consequently, lead
production has continued to grow, from 8 mil-
lion tons globally in 2006 to 12 milion tons in
2018. Currently, the general population is exposed
to lead from a variety of sources including old
paint, tobacco products (conventional cigarettes
and e-cigarettes), secondhand smoke, acid-lead
batteries, contaminated foods, water pipes and
conduits for drinks and drinking water, herbal
remedies and spices, toys, cosmetics, electronics,
and emissions from industrial facilities, incinerators,
and old heating systems.

2. Cadmium was discovered in the 19th century as
an impurity of zinc ores.® In the second half
of the 20th century, its use expanded in nickel-
cadmium batteries, pigments, plastic stabiliz-
ers, ceramics and glassware, construction, and
other products. Industrially produced fertilizers
use phosphate rock naturally rich in cadmium,
contaminating root vegetables and green leafy
plants (including tobacco). These plants biocon-
centrate cadmium from the soil, as this element
resembles the essential element zinc.

3. Absorption of lead and cadmium. Lead and cad-
mium are divalent cations and both can be ef-
ficiently absorbed through the respiratory and
gastrointestinal tracts.®'° The extent of absorption
defines what is known as the internal dose—the
amount of a substance that is taken up by the
body—and is determined by genetic and nonge-
netic factors. Both metals gain intracellular access
via transporters of essential metals. The absorp-
tion of lead and cadmium, especially through
the gastrointestinal tract, depends on systemic
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Figure1. Sourcesof exposure,pharmacokinetics, and cardiovascular outcomes of environmental

metals lead (Pb), cadmium (Cd), and arsenic (As).
Figure created with Biorender.com.

homeostasis of essential metals and on differen-
tial bioavailability across different dietary sources.
Absorption of lead and cadmium through the
respiratory tract, however, is almost complete,
as metal-contaminated air easily reaches and
crosses the alveolar-capillary membrane. The prin-
cipal reservoir for lead is bone, and for cadmium,
kidneys, liver, and other visceral organs. Excretion
of these metals has half-lives of decades.

4. Arsenic. Inorganic arsenic is a potent toxic and
carcinogenic metalloid (intermediate proper-
ties between metals and nonmetals) found in
water, soil, food (rice), and air.>"® Known as
a poison for centuries, it was widely used in
medicine before the introduction of antibiot-
ics. The main source of exposure to inorganic
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arsenic, globally, is contaminated ground-
water, affecting private wells and community
water systems. Millions of people in Asia, the
Americas including the United States, and also
parts of Europe, Africa, and Oceania are ex-
posed to arsenic levels above the current World
Health Organization and US standards (eg,
Environmental Protection Agency standard for
drinking water is 10 ug/L, and for the states of
New Jersey and New Hampshire it is 5 ug/L).
Inorganic arsenic in water is completely ab-
sorbed through the gastrointestinal tract using
water channels (aquaporins). After exposure,
inorganic arsenic is methylated into mono- and
dimethyl arsenic compounds, metabolites that
are excreted in the urine together with inorganic
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Table 1. Main Sources of Exposure, Pharmacokinetics, and Public Health and Regulatory Guidelines of Established
Cardiotoxic Metals Relevant for General Populations

Air (incinerators, combustion)
Aviation fuels

Lead Cadmium Arsenic
Sources of exposure Old paint Smoking Water
Soil Food (organ meats, shellfish, root Rice
Water vegetables, green leafy vegetables) Drinks (apple juice, wine)
Smoking Air (incinerators, combustion, tires) Air and dust
Drinks (wine)
Ammunition

Absorption

Respiratory tract (100%)

Gastrointestinal tract (<50%)

Dermal contact (not relevant, except pica
in children)

Respiratory tract (100%)
Gastrointestinal tract (<50%)
Dermal contact (not relevant)

Gastrointestinal tract (100% in
water, <560% in food)
Respiratory tract (<50%)
Dermal contact (<5%)

Biotransformation No No Methylation (via 1 carbon
metabolism)
Accumulation Cortical bone (half-life >30 y) Liver, kidney, other soft tissues (half-life No
Trabecular bone (half-life 5-10 y) >30y)
Elimination Minimal Minimal Urine

Established biomarkers

Blood (half-life 1 mo, reflects both external
and bone levels)
Bone (noninvasively through K-shell XRF)

Blood (half-life 1 mo, reflects both external
and soft-tissue levels)
Urine (half-life of decades)

Urine (half-life in 3 phases, ranging
from 1-4d to 1 mo)*
Toenail (past exposures ~6 mo ago)

Guidelines

CDC blood reference value for children

OSHA action urinary level: 3 ug/g creatinine

Biological Exposure Index for the

and pregnancy: 3.5 pug/dL

OSHA occupational standard: 40 png/dL
ACOEM recommendation for regular
blood testing: 10 ug/dL

OSHA action blood level: 5 pg/L

sum of inorganic and methylated
arsenic in urine: 35 ug/g
creatinine®

EPA standard in drinking water is
10 ug/L

ACOEM indicates American College of Occupational and Environmental Medicine; CDC, Centers for Disease Control and Prevention; EPA, Environmental
Protection Agency; OSHA, Occupational and Safety Health Administration; and XRF, x-ray fluorescence.

*When assessing arsenic in the urine, it is important to either avoid seafood intake for at least 7 days (if only total arsenic is measured) or to analyze arsenic
species including arsenobetaine (which is a specific biomarker of arsenicals in seafood). Arsenobetaine and other organic arsenic species in seafood are

generally nontoxic.

arsenic. Arsenic metabolism is genetically de-
termined. Women, in general, are more efficient
arsenic methylators than men. Arsenic is rapidly
excreted from the body (in contrast to lead and
cadmium), and removal of the exposure source
quickly reduces arsenic body burden.

5. Other metals and metal mixtures. Studies have
reported that exposure to excessive levels of cop-
per, cobalt, tungsten, titanium, and antimony have
adverse cardiovascular effects.®'© Consequently,
there is growing interest in evaluating the cardiovas-
cular effects of metals, alone and as a mixture."'?

BIOLOGICAL MECHANISMS

Overview

Experimental studies in vivo and in vitro indicate that ex-
posure to contaminant metals alters key biological path-
ways with shared roles on the regulation of cardiac and
vascular functions,* including impaired vascular endo-
thelial function,'® chronic inflammation,’ hypertension,
kidney toxicity (affecting primarily the proximal tubule),
oxidative stress,'® lipid metabolism,’” myocardial elec-
tric perturbations,'® cardiotoxic effects,® and epigenetic
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effects?®2? (Figure 2). A common mechanism for several
metals to cause such disparate effects involves replace-
ment of essential divalent cations.®'° Lead replaces cal-
cium in tissues and metabolic pathways where calcium
is involved, interfering with critical intracellular reactions
and functions. Cadmium replaces zinc (again a divalent
cation) in numerous enzymes and metalloproteins, ac-
cumulating in liver, kidney, and other soft tissues, and
rendering those enzymes and proteins dysfunctional.
Other essential divalent cations, notably copper, may be
substituted as well. Unique toxic effects of each metal
may be present as well, without necessarily invoking
the replacement of essential metals. With regards to
exposure levels and health effects, this statement fo-
cuses not on metal poisoning, as is seen with high level
industrial exposures, but rather on low levels that are
reached daily in our communities. Many mechanisms
discussed are dose dependent, but data from in vitro
and in vivo studies using model organisms are difficult
to extrapolate to human exposures. When possible, we
have highlighted evidence at lower doses. With the evi-
dence available, none of the 3 metals discussed exhibit
a clear threshold effect, below which one would expect
no detectable cardiovascular damage when compared
with a population without exposure.
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Endothelial Injury

Exposure to metals induces endothelial injury. Cadmium
and arsenic enhance endothelial cell expression of ad-
hesion molecules, altering signaling, increasing perme-
ability, and inducing oxidative stress and inflammation,
all proatherosclerotic stimuli.’*?® Lead and arsenic are
associated with increased levels of soluble adhesion
molecules in blood.'*?* These changes are associated
with changes in vascular function in vitro and in vivo, in-
cluding altered contractility, disruption of localized blood
flow, arterial stiffness measured by pulse wave velocity,
and resultant hypertension. Airborne, metal-containing
fine particles (particulate matter <2.5 microns) can in-
duce endothelial injury by impacting endothelial pro-
genitor cell mobilization from bone marrow to peripheral
blood and inhibiting signaling events triggered by vascu-
lar endothelial growth factor-receptor stimulation.?®

Inflammatory Mediators

While likely dependent on dose and cellular target,
lead, cadmium, and arsenic exposures in vitro, in ro-
dents, and in humans correlate with increased release
of proinflammatory cytokines and inflammatory me-
diators, such as cyclooxygenase-2, lipoxygenases,
prostaglandins, and acute-phase proteins, such as C-
reactive protein. 142627

Oxidative Stress

Increased oxidative stress via production of reactive ox-
ygen species has been proposed as a principal mecha-
nism for the detrimental health effects of metals.* Lead

Contaminant Metals as Cardiovascular Risk Factors

and cadmium compete with copper and zinc, essential
elements that play a fundamental role on cellular trans-
port and redox balance maintenance.®'° Divalent toxic
metals bind to sulfhydryl groups, which counteract the
antioxidant properties of glutathione, metallothionein
and copper/zinc superoxide dismutase,?®?° as well
as promote mitochondrial and endoplasmic reticulum
stresses.®%3" Increased levels of reactive oxygen spe-
cies can increase oxidized lipids/lipoproteins, promot-
ing atherosclerotic plaque formation.

Lipid Metabolism

Chronic exposure to environmental metals can affect
lipid metabolism systemically and at the cellular level.
Lead and cadmium levels in the body have been as-
sociated with differential circulating lipid profiles.'”:32:3
Arsenic alters cellular lipid homeostasis, such that
macrophages retain lipids resulting in foam cell forma-
tion and increased atherosclerotic plaque.®*

Heart Rhythm and the ECG

Chronic arsenic exposure demonstrates unique car-
diovascular toxicity by interfering with intracellular
calcium accumulation in myocardial tissues via re-
duced surface expression of the cardiac potassium
channel human ether-a-go-go-related gene resulting
in increased risk of QT prolongation and torsade de
pointes.® Although the effect of inorganic arsenic in
QT prolongation is a side effect of arsenic trioxide in
the treatment of acute promyelocytic leukemia, an as-
sociation between arsenic and QT prolongation has
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Figure 2. Pharmacokinetics and relevant mechanisms for the subclinical and clinical effects of lead (Pb), cadmium (Cd),

and arsenic (As). Figure created with Biorender.com.

This is not a complete figure on mechanisms. For example, evidence on metals and hyperglycemia and thrombosis also exists. Ca

indicates calcium; ROS, reactive oxygen species; and Zn, zinc.
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also been found at low-chronic exposure levels.3637
Effects of lead and cadmium on another ECG param-
eter reflecting autonomic balance are reviewed in sec-
tion Heart Rate Variability and Electrocardiographic
Abnormalities.

Epigenomic Effects

Lead, cadmium, and arsenic have epigenomic ef-
fects, including effects on DNA methylation and his-
tone modifications, influencing gene expression and
downstream transcription.?®?2 They also show muilti-
ple gene—environment interactions.®® The epigenetic
modifications induced by lead and cadmium may be
related to their replacement of zinc, which is required
for the activity of DNA methyltransferases, histone
acetyltransferases, histone deacetylases, and histone
demethylases, although other mechanisms might be
present.®® Persistent cardiac epigenetic effects of lead
exposure have been documented in animal models.*°
An epigenetic biomarker of lead levels in blood and
bone has been developed using blood DNA methyla-
tion arrays.*! These epigenetic biomarkers of lead inter-
nal dose in blood and bone have been associated with
incident CVD in an independent population.*? Arsenic
is associated with blood DNA methylation-based bio-
markers that explain in part the association of arsenic
with CVD.?? These epigenomic and molecular effects
of metals provide opportunities for the overlap of en-
vironmental and precision cardiology, informing clini-
cal decisions, for instance, through the assessment of
metal exposure biomarker levels directly, or indirectly
through molecular signatures of metal exposure and
internal dose.

EPIDEMIOLOGIC EVIDENCE

Most of the clinical evidence supporting this statement
consists of epidemiological data strengthened by the
mechanistic evidence presented in the prior section.
The epidemiologic evidence has been curated to give
the most weight to prospective cohort studies, espe-
cially for clinical end points. We focus largely on studies
conducted in general populations, with levels of metals
exposure ranging from low to moderate. The organi-
zation of the section has preclinical disease first, and
then newly diagnosed cardiovascular events including
nonfatal and fatal. We end with a discussion related to
potential confounding.

Preclinical Atherosclerosis

Lead, cadmium, and arsenic are associated with pre-
clinical measures of atherosclerosis. Higher blood
lead levels are associated with the presence of carotid
plague in the Malmoé Diet and Cancer Study cardio-
vascular cohort and in individuals with diabetes from
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7 communities in China, as well as with moderate-
to-severe coronary artery stenosis in Korean adults
ongoing elective coronary computed angiography
screening.“**® Higher blood cadmium levels are as-
sociated with carotid intima-media thickness levels
among Austrian women, the prevalence of atheroscle-
rotic plaque in the Swedish Malm¢o Diet and Cancer
study cardiovascular cohort, and the prevalence of
coronary artery calcium (Agatston score >0) in the
population-based SCAPIS (Swedish Cardiopulmonary
Bioimage Study).*® In the Aragon Workers Health
Study, a study of mostly male workers in a car manu-
facturing plant in Spain (levels of metal exposure rel-
evant to general populations), urinary cadmium was
positively associated with atherosclerosis in the ca-
rotid, femoral, and coronary vascular beds, and urinary
arsenic was positively associated with carotid athero-
sclerotic plaque.*” Higher urinary arsenic levels were
associated with carotid intima-media thickness levels
in adults from Bangladesh*® and with carotid intima-
media thickness and carotid plaque in the Strong Heart
Study, a population-based study in American Indian
communities in the Southwest and the Great Plains.*
The association of metals with preclinical atherosclero-
sis provides key information reconstructing the natural
history of the disease from early atherosclerosis to the
development of clinical symptoms and disease.

Heart Rate Variability and
Electrocardiographic Abnormalities

Lead is associated with decreased heart rate variabil-
ity, a marker of poor cardiovascular health that could
be related to the neurotoxic effects of lead on the au-
tonomic nervous system (in general populations and
even in children).®%%%" In elderly men in the Normative
Aging Study in Boston, tibia lead levels were asso-
ciated with autonomic dysfunction overall, and the
association was stronger among participants with
metabolic syndrome.®" Cadmium has also been as-
sociated with electrocardiographic abnormalities and
with decreased heart rate variability in several stud-
ies.52%8 General populations exposed to low-level
arsenic in drinking water including the Strong Heart
Study and the Normative Aging Study found longer
QT intervals in the presence of arsenic exposure. In a
study in Poland, arsenic contamination in air pollution
was associated with out-of-hospital cardiac arrest
and sudden death.%

Ischemic Heart Disease and Stroke

A systematic review published in 2018 in the British
Medical Journal (37 studies, 348259 nonoverlapping
participants) reported that exposures to lead, cad-
mium, and inorganic arsenic contribute to clinical car-
diovascular outcomes in general populations with a
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clear dose-response (Figure 3).' The pooled relative
risk for ischemic heart disease (coronary heart disease)
comparing the top versus bottom third of baseline level
of each metal was 1.85 (95% ClI, 1.27-2.69) for lead,
1.28 (95% ClI, 0.98-1.71) for cadmium, and 1.23 (95%
Cl, 1.04-1.45) for arsenic; for stroke they were 1.63
(95% ClI, 1.14-2.34) for lead, 1.72 (95% ClI, 1.29-2.28)
for cadmium, and 1.15 (95% ClI, 0.92-1.43) for arsenic.
Although most studies for lead exposure in this sys-
tematic review measured lead in blood, the Normative
Aging Study measured lead in both blood and bone (in
tibia and patella), using K-shell x-ray fluorescence, and
correlated results with cardiovascular outcomes.5%:56
The adjusted hazard ratio (HR) for a 1-log-unit increase
of blood, patella, and tibia lead was 1.45 (95% ClI,
1.01-2.06), 2.64 (95% ClI, 1.09-6.37), and 1.84 (95%
Cl, 0.57-5.90), respectively, suggesting that bone lead
might better reflect the association of long-term lead
exposure compared with blood lead.®®

Since the British Medical Journal systematic review
in 2018, additional studies have been published. In
the Hortega Study®’, a general population from Spain,
urinary cadmium was associated with incident CVD.
In several studies from China, cadmium and arsenic
were associated with increased incidence of ischemic
heart disease, ischemic stroke, and overall stroke,¢-60
In the REGARDS (Reasons for Geographic and Racial
Differences in Stroke) study, a case-cohort study across
the Southern United States, urinary cadmium as well as
monomethylarsonate, a metabolite of inorganic arse-
nic, were positively associated with incident ischemic
stroke.%88" The association between urinary cadmium
and ischemic stroke in REGARDS remained positive
but not significant in never smokers. Toxic metals other

Contaminant Metals as Cardiovascular Risk Factors

than lead, cadmium, and arsenic have also been asso-
ciated with stroke.®?

Heart Failure and Measures of Cardiac
Geometry and Function

The number of studies evaluating the association of
metals with heart failure and left ventricular function
is relatively small compared with other cardiovascular
outcomes. Blood lead has been associated with left
ventricular hypertrophy in several studies.® In young
adults from the Strong Heart Study, urinary arsenic was
associated with an increase in left ventricular wall thick-
ness and left ventricular hypertrophy.®® Higher urinary
cadmium was positively associated with heart failure in-
cidence in the Strong Heart Study (HR per interquintile
range, 1.39 [95% CI, 1.01-1.94]); the Hortega Study
(HR per interquintile range, 3.95 [95% ClI, 1.44-10.9));
and nonsmokers of the Danish Diet, Cancer and Health
cohort, in which the association of cadmium with heart
failure appeared stronger in men (HR, 1.5 [95% Cl,
1.2-1.9]).54 These findings suggest that metals might
contribute to cardiac remodeling and ultimately result
in heart failure.

Peripheral Artery Disease

There is robust evidence supporting the association
between contaminant metals and peripheral artery dis-
ease (PAD). In a 2021 statement, the American Heart
Association recognized contaminant metals as noncon-
ventional risk factors in PAD.%® The National Health and
Nutrition Examination Survey (NHANES) 1999 to 2000
revealed blood lead and cadmium levels to be 13.8%
and 16.1% higher, respectively, in participants with PAD

Metals No. No. No. Relative risk Relative risk
studies participants events (95%Cl) (95%CI)
Lead
Cardiovascular disease 10 110382 4970 —— 1.43 (1.16—-1.76)
Coronary heart disease 8 91779 2228 —_— 1.85 (1.27-2.69)
Stroke 6 89 494 518 — 1.63 (1.14—-2.34)
Cadmium
Cardiovascular disease 6 50 674 3756 — 1.33 (1.09-1.64)
Coronary heart disease 5 32070 1654 T 1.29 (0.98-1.71)
Stroke 3 9123 601 —e— 1.72 (1.29-2.28)
Arsenic
Cardiovascular disease 7 135943 3208 —-— 1.30 (1.04 -1.63)
Coronary heart disease 8 190 816 4640 [ 1.23 (1.04 —1.45)
Stroke 4 134 526 961 P 1.15(0.92-1.43)
0.25 0.5 1 2 5
Relative risk for top v bottom third
of baseline level of each contaminant

Figure 3. Pooled relative risks of lead, cadmium, and arsenic exposure and incident

cardiovascular outcomes in a systematic review.
Adapted with permission from Chowdhury et al.! © Copyright 2018 BMJ Publishing Group Ltd.
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compared with those without PAD.®® The Strong Heart
Study in American Indian adults showed a prospective
association between urine cadmium and PAD (ankle-
brachial index <0.9 or >1.4), independent from smoking,®”
and urine arsenic was associated with noncompressible
PAD (ankle-brachial index >1.4).%” In Swedish women,
cadmium was associated with incident PAD (ankle-
brachial index <0.9).88 An environment-wide association
study in NHANES 1999 to 2004 evaluating hundreds of
self-reported and measured data points found urine cad-
mium as 1 of only 4 markers independently associated
with PAD.®® A small study suggested an association of
PAD severity with increasing levels of urine cadmium in
patients with established ischemic heart disease: urine
cadmium levels were lower in patients with ischemic
heart disease but not PAD, greater in patients with is-
chemic heart disease and PAD, and highest in patients
with ischemic heart disease and critical limb-threatening
ischemia, the most severe stage of PAD.”®

Death

Extensive epidemiologic research shows that lead, cad-
mium, and arsenic are associated with premature death,
attributable in large part to increased CVD risk. In the
analysis of global burden conducted by the World Health
Organization, the impact of lead exposure on cardiovas-
cular death is estimated through the established effects
of lead exposure increasing blood pressure and the sub-
sequent effect of high blood pressure on CVDs. The risk
however, as reviewed above, extends well beyond the ef-
fects on blood pressure and its complications.

In the United States, lead exposure, as measured
in blood, was first associated with cardiovascular
death in NHANES Il (1976-1980), and confirmed in all
subsequent NHANES studies, even at current mark-
edly lower lead exposure levels than in the leaded
gasoline era (Table S1). In NHANES 1999 to 2012,
with follow-up through 2015, the HR for CVD death
comparing the 75th versus 25th percentile (2.49 ver-
sus 1.10 pg/dL) of blood lead levels was 1.45 (95%
Cl, 1.21-1.74).5 In NHANES Il (1988-1994), partici-
pants followed through 2011 (n=14289), the annual
excess deaths in the United States attributable to
blood lead levels in the 90th versus 10th percentile
(1.0-6.7 pg/dL) was estimated to be 412000 total
deaths, including 256000 CVD deaths, of which
185000 were attributable to ischemic heart disease
deaths.”" Data from men in Boston, women from 4
US cities, and men occupationally exposed to lead
also supported positive associations with increased
CVD death (Table S1). In men from Boston in the
Normative Aging Study, the association of patella and
tibia lead with CVD death and with ischemic heart
disease death was also stronger compared with the
corresponding association with blood lead.%®
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The first study of an association between cadmium
exposure and death reported higher death rates from
atherosclerotic heart disease with higher atmospheric
levels of cadmium in 28 US cities.”? In NHANES |II
(1988-1994), urinary cadmium was associated with
CVD death, although only among men.”® In NHANES
1999 to 2004 (average follow-up, 4.8years), both blood
and urine cadmium were associated with CVD death
and ischemic heart disease death overall and in men and
women.’”* In the Strong Heart Study, the HR compar-
ing the 80th versus 20th percentile of urinary cadmium
levels (1.62 and 0.55 pg/g creatining) was 1.43 (95%
Cl, 1.21-1.70) for CVD death and 1.34 (95% CI, 1.10-
1.63) for ischemic heart disease death. These studies
were included in the British Medical Journal systematic
review published in 2018." Multiple studies have been
published since then, including new studies in the United
States using NHANES 1999 to 2012 data, and studies
in Europe, China, and Australia, generally with consistent
findings including fatal and nonfatal events (Table S2).

Studies in Taiwan, Chile, and Bangladesh have con-
sistently shown that arsenic levels in drinking water
>50 pg/L are associated with increased all-cause and
cardiovascular death.”®’® Arsenic exposure has also
been related to cardiovascular death in populations
exposed to levels <50 ug/L in drinking water including
rural communities in the United States (Strong Heart
Study, San Luis Valley Diabetes Study in Colorado and
New Hampshire), and in regions of Italy and Denmark
(Table S3). In a dose-response meta-analysis, a 2-fold
increase in arsenic levels in drinking water (eg, 20 ver-
sus 10 pg/L), the pooled relative risk was 1.07 (95% Cl,
1.01-1.14) for CVD death and 1.16 (95% Cl, 1.07-1.26)
for ischemic heart disease death.” In NHANES 2003
to 2014, the HR for CVD death comparing 75th versus
25th percentile of urinary arsenic not derived from sea-
food (6.5 versus 2.30 ug/L) was 1.20 (95% CI, 0.83-
1.74).7" Although the number of deaths was small and
the study lacked power, the point estimates are consis-
tent with the previous meta-analyses and supports car-
diovascular harm even at low levels of arsenic exposure.

Reduced Cardiovascular Death
Attributable to Public Health Measures

The reduction in death attributable to reduced lead
and cadmium exposure in the United States suggests
that public health measures have been partially suc-
cessful. Using the difference in coefficients approach,
Ruiz-Hernandez et al”® estimated that of 230.7 CVD
deaths/100000 person-years avoided in the United
States comparing NHANES 1999 to 2004 to NHANES
Il (1988-1994), 22.5% (52 deaths per 100000 person-
years) were attributed to reductions in blood lead
levels, and 8.4% (19.4 deaths per 100000 person-
years) were attributed to reductions in blood cadmium
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levels observed from 1988 to 1994 and 1999 to 2004.
However, work is still to be done, as increased cardio-
vascular risk remains easily detectable at the currently
lower lead and cadmium exposure levels. Equivalent ef-
forts for the impact of lowering arsenic exposure in the
United States and other populations are not available.

Potential Sources of Bias in
Epidemiological Studies

Despite the largely consistent associations across di-
verse populations, confounding remains a potential
concern. Lead, cadmium, and arsenic are more prev-
alent in communities of color, which, in the United
States, generally relates to lower socioeconomic sta-
tus and exposure to psychosocial stressors including
systemic racism (see Social Determinants of Metal
Exposure: Inequalities and Environmental Justice).
Cigarette smoking, a major risk factor for atheroscle-
rotic CVD, also constitutes an important source of
both cadmium and lead. Multivariable analyses have
shown that after adjustment for tobacco smoking, in-
cluding cotinine as an objective measure of smoking
dose®® and pack-years as a measure of cumulative
smoking,®” lead and cadmium carry independent, sig-
nificant risks. In Danish never smokers, urinary cad-
mium was consistently associated with an increased
risk of acute myocardial infarction and heart failure but
not with stroke (Table S2). In the REGARDS study of
arsenic, sourcing drinking water from contaminated
groundwater could be confounded by other water
contaminants or community characteristics, as this is
most common in rural areas. However, analyses in
homogenous populations by sociodemographic and
other environmental characteristics suggest that ar-
senic risk is independent of socioeconomic status.”
Finally, measurement error, which is likely nondiffer-
ential and related to the challenges to measure cu-
mulative metal exposures, could underestimate the
actual associations.

SOCIAL DETERMINANTS OF METAL
EXPOSURE: INEQUALITIES AND
ENVIRONMENTAL JUSTICE

Exposure to environmental pollutants, including met-
als constitutes a part of the totality of environmental
exposures that determine cardiovascular disease risk.
To evaluate and understand the cardiovascular effects
of metals, it is essential to consider their effects within
the wider range of natural and social environmental
conditions as well as local and personal environments
that collectively determine the risk of exposure and its
biological response. In the United States, race and eth-
nicity are highly correlated with residential location.”®&
People of underrepresented races and ethnicities may
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encounter greater exposure to metals in drinking water
and air because of proximity to environmental hazards
(eg, major roadways, industrial sources, hazard waste
sites, older homes), poor enforcement of environmen-
tal regulations (eg, drinking water), and inadequate re-
sponse to community complaints.8'-8°

Several studies have analyzed metal biomarker
data from NHANES to identify differences by race and
ethnicity.®5%° Metal concentrations were found to be
generally higher in Black, Hispanic, and Asian partic-
ipants in comparison with White participants, as well
as in foreign-born versus US-born participants, partic-
ularly for cadmium and lead. There are also differences
in metal exposure at the neighborhood level by race
and ethnicity. Lead contamination in drinking water is
disproportionately higher in neighborhoods populated
predominantly by people of underrepresented races
and ethnicities.®"® American Indian and Hispanic
communities are exposed to higher arsenic in drinking
water compared with other groups.®394 US urban areas
with a higher population of people of underrepresented
races and ethnicities also have higher soil concentra-
tions of lead, cadmium, and arsenic.®* Globally, lower-
income communities in Asia, Africa, and the Americas
are disproportionately exposed to lead, cadmium, and
arsenic through contaminated air, water, and sail.

Despite overall declines in CVD morbidity and death
in the United States in recent decades, populations
defined by race and ethnicity continue to experience
striking disparities in CVD. Because metals can be
monitored and regulated, understanding the influence
of metal exposure on these differences may suggest
strategies for reducing health disparities.

MONITORING METAL EXPOSURE

The measurement of metals through environmental
monitoring and biomonitoring is a critical prerequisite for
public health and clinical interventions. So far, however,
no regulation, public health recommendation, or clinical
guideline has been developed to specifically address
whether there is a need for universal or population-
specific monitoring in the context of CVD prevention.

Environmental Regulations

The Environmental Protection Agency regulates lead in
ambient air as one of the criteria pollutants of the Clean
Air Act, the limits of which remain unchanged since
2008 (Table S4). The Lead and Copper rule establishes
that if >10% of customer tap-water samples in a sys-
tem exceed 15 ug/L, corrosion must be controlled.
Implementation of this rule often fails. In Flint, Michigan;
Newark, New Jersey; and other US cities and towns,
lead concentration in the water supply has exceeded
federal standards.
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In 2021, the Environmental Protection Agency up-
dated clearance levels for lead in dust from old housing to
protect children. Exceeding limits in air, water, dust, and
soil remains common, affecting numerous populations.

Cadmium and arsenic are regulated in drinking water
through the Environmental Protection Agency Safe
Drinking Water Act. Both are also listed as hazardous air
pollutants by the Clean Air Act, but no limits have been
set. For cadmium, there is an oral minimal risk level esti-
mated through food, based on kidney outcomes.

The Occupational Safety and Health Administration
limits occupational exposures, but the limits for the
3 metals are relatively high. The National Institute for
Occupational Safety and Health and other agencies
have additional advisory environmental and biomoni-
toring guidelines at lower levels, but those are not en-
forceable, leaving many workers unprotected.

Despite governmental regulations, however, prob-
lems with metal exposure persist. In NHANES 2011
to 2016, for example, 385775 children aged 1 to
11years had blood lead levels >5 ug/dL.%

Individual Biomonitoring
The blood lead reference value established by the
Centers for Disease Control and Prevention is the only
biomonitoring guideline for public health and clinical ac-
tion of any of the metals reviewed in this statement. Set
to identify children with high levels of lead exposure, it
was lowered from 5 to 3.5 ug/dL in 2022. The goal is to
allow parents, doctors, public health officials, and com-
munities to act earlier to reduce lead exposures. The
Centers for Disease Control and Prevention/National
Institute for Occupational Safety and Health have es-
tablished 5 pg/dL as the reference level of lead expo-
sure for adults. Although pediatricians routinely monitor
blood lead levels in children in many states, no equiva-
lent monitoring for lead or any other metal is established
for adult patients. Potentially, it might be more relevant
to measure bone lead, which is a better marker of cu-
mulative lead exposure and more strongly associated
with CVD in studies with those measures available.®>%
Although measuring bone lead is challenging and re-
sults in radiation exposure, surrogate blood-based epi-
genetic markers of bone lead provide some promise.*?
A common question is whether measuring metals
in blood, urine, or bone can help identify and protect
people at risk of developing CVD. Lead, cadmium,
and arsenic biomarkers are well established in re-
search (Table 2), and some are used by public health
(blood lead) and occupational agencies (blood lead,
blood and urine cadmium, urine arsenic) for surveil-
lance purposes. Whether this is an effective strat-
egy to identify and protect people at risk of CVD is
unknown at present but may become a recognized
strategy in the future.®
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INTERVENTIONS

Public Health Interventions

Public health measures through legislation and the
mitigation and control of sources of exposures are es-
sential to minimize metal contamination of air, water,
food, and soil and to protect the population as a whole.
For example, urgent interventions are needed to pro-
tect community water systems from lead contamina-
tion in urban settings and from arsenic contamination
in rural community water systems. There is also a need
to protect private well users, who in many instances are
unaware of their metal exposures. Protection of food
quality such as rice (cadmium and arsenic) would also
serve to reduce public exposure.

Tobacco control measures remain critical to prevent
lead and cadmium exposure, and new assessments
and development of product standards could help
reduce metal exposure. Under the Family Smoking
Prevention and Tobacco Control Act of 2009, the US
Food and Drug Administration has the authority to reg-
ulate tobacco products, and it could set product stan-
dards for preventing or minimizing metal exposure from
both combustible and noncombustible tobacco prod-
ucts, including e-cigarettes. However, to date, no such
product standards have been set by the US Food and
Drug Administration.

The most toxic air pollution components are the
fine particles, which can rapidly pass into the circu-
lation. Some fine particles (eg, those originating from
coal fire power plants, harbors, incinerators, or heating
systems) can be particularly rich in metals including
lead, cadmium, and arsenic. Particles rich in metals
are particularly toxic to the cardiovascular system.%6:97
Additional measures for preventing metal exposure
thus include controlling emissions from industrial sites,
incinerators, and heating systems, and cleaning the air
from traffic pollution and other forms of combustion.
Individual protection from inhaled metal components
in fine particles include portable air cleaners, masks,
and air filtering in indoor spaces. Whether trials can
be designed to demonstrate efficacy of any single or
combined strategy and whether any result would be
scalable has yet to be defined.?® Despite these efforts,
metal exposure likely remains pervasive and additional
strategies are needed to limit exposure to metals, in-
cluding those derived from past exposures.

Medical Interventions

The basic and epidemiologic studies reviewed above
convincingly indicate that even at low levels, lead, cad-
mium, and arsenic are linked to vascular damage and
atherosclerotic disease. Yet pharmacotherapy to coun-
teract these vascular effects does not exist. Whether re-
moval of contaminant metals from an individual patient
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Table 2. Possible Biomarkers for Metal Assessment as Part of Clinical Practice for Cardiovascular Disease Protection

Possible reference value for
Metal Specimen (half-life) Method Additional information adults
Lead Blood (30-100 d)* ICPMS Blood is the common marker 3.5 pg/dL (similar to children)
Bone (decades) K-shell XRF Postchelation urine is an established
Postchelation urine (decades)’ ICPMS measure of total body burden
Cadmium Blood (830-100 d)* ICPMS Smokers have markedly high levels 1.0 ug/L both blood and urine*
Urine (decades) ICPMS (based on NHANES)
Postchelation urine (unknown)t ICPMS
Arsenic Urine (1-30 d) ICPMS Avoid seafood for 7 d before sample 5 pg/L (based on water
Toenail (weeks of exposure 6 prior mo) | ICPMS or nuclear Measurement error is large standards)*
activation analysis

ICPMS indicates inductively coupled plasma mass spectrometry; NHANES, National Health and Nutrition Examination Survey; and XRF, x-ray fluorescence.

*Reflects both exogenous and endogenous exposure from bone and other tissues.

fChelating agents for lead are intravenous (EDTA) or oral (dimercaptosuccinic acid [succimer]); the chelatable urine lead is considered a marker of lead body
burden. Intravenous EDTA also chelates cadmium, however, whether postchelation urine cadmium reflects total cadmium body burden is not established.

*First morning urine void (for spot urine samples, report per gram of creatinine). For cadmium, this limit is around 3 times the geometric mean in urine in
NHANES (similar for blood). For arsenic, the measure of total arsenic requires no seafood in the preceding 7 days or using arsenic speciation (sum inorganic
and methylated species). The possible guideline is proposed on the basis of the drinking water standard in New Jersey and New Hampshire and that the ratio

in water and urine is 1.

may reduce cardiovascular risk remains an important
objective of environmental cardiology today.

Chelating agents with high affinity for toxic metals,
particularly the edetates (EDTA and its salts), and di-
mercaptosuccinic acid (succimer) remove contaminant
metals, especially lead and cadmium, from the human
body.®® A systematic review of all edetate clinical trials
suggested a signal of benefit, with optimal clinical ef-
fect in patients with PAD and diabetes.’®%19" Among
the trials reviewed, the 10-year, National Institutes
of Health—-funded TACT (Trial to Assess Chelation
Therapy) merits attention. TACT enrolled 1708 pa-
tients following myocardial infarction and targeted 40
infusions of EDTA-based chelation versus placebo for
each participant. At a median 5-year follow-up, there
was an 18% (P=0.035) relative risk reduction of com-
bined cardiovascular events, mostly on the basis of a
41% (P=0.0002) event reduction in 633 participants
with diabetes. %2193 Unfortunately, metal levels were not
measured. A small case series suggested benefit and
amputation prevention in patients with no-option critical
limb-threatening ischemia.’® TACTZ2, another National
Institutes of Health—funded trial that should finish in
20283, aims to replicate TACT, and it also includes a
metal biomarker component. Thus, there are lines of re-
search in progress, addressing the potential benefits of
modifying these novel risk factors at the individual level.

GAPS IN KNOWLEDGE

Identification of a pervasive family of risk factors attrib-
utable to a series of bioactive metal contaminants that
affect the general population currently leads to more
questions than solutions. The ideal measurement tech-
nique to identify contaminating metals in a wide range
of matrices with high precision and sensitivity remain
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a critical impediment in widespread evaluation of the
contribution of metals to the global burden of CVD.
Indeed, even limits of exposure and the target level of
risk factors remains unidentified. The National Institutes
of Health—funded TACT21%® will compare lead and cad-
mium levels over time following repeated chelation with
EDTA in 1000 participants and may inform the labo-
ratory science of clinically useful metal assays for the
prevention of CVD.

Therapeutic intervention at the individual patient
level could be considered in the future. For the gen-
eral population with low-level exposures, research can
investigate the potential mitigation of the health effects
of metals by healthy diet/lifestyle and nutritional sup-
plementation such as folate and N-acetyl cysteine.
For instance, randomized clinical trials have shown
that arsenic excretion can be accelerated and inter-
nal dose reduced using folate supplementation.®®
N-acetyl cysteine, a source of sulfidryl groups with
antioxidant properties has shown to counteract lead
and cadmium toxicity in experimental models.07108
The clinical benefit from these nutritional and sup-
plementation interventions from randomized trials or
prospective cohort studies is scant. Treatments with
inexpensive, powerful, and safe chelating agents that
increase the excretion of lead and cadmium have
been identified. These drugs, however, are not Food
and Drug Administration approved for the prevention
of CVD. The only drug tested in an National Institutes
of Health—funded trial requires intravenous infusion, so
even if positive results should be replicated, it will be
difficult to scale. In addition to the confirmatory study
TACT2, a pilot study for limb events (TACT3a) is also
in progress. Still, a future direction of research should
include how individuals who were exposed can be
protected with therapies other than chelation.
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CONCLUSIONS

Extensive literature, reviewed in this statement, sug-
gests that exposure to metals constitutes a significant
risk factor for CVD, including ischemic heart disease,
stroke, and PAD. There is also convincing evidence that
higher plasma or urinary levels of metals such as arse-
nic, lead, and cadmium are associated with subclini-
cal CVD, hypertension, dyslipidemia, and electrical and
functional disturbances in the myocardium. The total-
ity of evidence supports the notion that environmental
metal exposure increases the risk of premature cardio-
vascular death by contributing to CVD progression, se-
verity, and clinical outcomes. The biological plausibility
is strengthened by the results of mechanistic studies
showing that contaminant metals may replace biologi-
cally essential metals'®1%° pbound to critical proteins
and that such protein dysfunction contributes to tissue
oxidative stress as well as local and systemic inflamma-
tion. The light of this evidence and ongoing trials may
enable wide recognition of metal exposure as a signifi-
cant and possibly preventable CVD risk factor. Greater
recognition of the contribution of metals to CVD would
also spur basic scientists focused on drug develop-
ment to develop new pharmacological interventions to
remove metals or attenuate their effects. Political and
public health leaders could set goals and regulations
and implement programs to prevent and treat water,
air, soil, and food pollution incorporating cost-benefit
analyses that estimate the cardiovascular benefits of
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preventing metal exposure. This multipronged ap-
proach to environmental cardiology, if implemented,
may provide a reduced-pollution environment for all,
not just for the privileged, leading to a proportional re-
duction in cardiovascular events.
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Supplemental Table 1. Prospective epidemiologic studies of blood lead and clinical cardiovascular disease in general populations*

1st Author, year  Population Men% Rangelead  Outcome Cases/ Hazard ratio Comparison Adjusted for
(baseline) Age levels in Non-cases (95%CI)**
range ug/dL
(method)
United States
Lustberg 2002t NHANES Il  47% <10to 29 CVD, fatal 424/3766 1.39(1.01, 1.91) 20-29vs. Age, sex, race, educ., income,
(1976-1980) 30to (AAS) <10 pg/dL smoking, BMI, exercise, location
74y
Menke 20062 NHANES Il 47% <1to 10 CVD, fatal 766/ 1.55(1.08, 2.24) =3.63 vs. Age, sex, race, educ., income,
(1988-1994) =20y (AAS) IHD, fatal 13198 1.89 (1.04, 3.43) <1.93 pg/dL  smoking, alcohol, BMI, exercise,
Stroke, 367/ 2.51 (1.20, 5.26) cholesterol, CRP, urban/rural,
fatal 13597 menopause, hypertension, kidney
141/ function
13823
Schober 20068 NHANES Il 48% <5to0 >10 CVD, fatal 1189/ 1.55(1.16, 2.07) =10 vs. Age, sex, race, educ., smoking
(1988-1994) =240y (AAS) 8568 <5 ug/dL
Aoki 20164 NHANES 48% <510 >10 CVD, fatal 985/ 1.44 (1.05, 1.98) 10-fold Age, sex, race, educ., smoking,
(1999-2010) =240y (ICPMS) 17617 increase alcohol, CRP, cadmium, iron,
calcium, hematocrit
Wang 2019° NHANES 48% <0.3to CVD, fatal 261/7782 1.45(1.21,1.74) 2.49vs. Age, sex, race, smoking, SBP,
(1999-2012) =240y >2.49 1.10 pg/dL  antihypertensive medication,
(ICPMS) lipids, diabetes, BMI
Jain 2007¢ VA-NAS 100% Mean 6.3 IHD, fatling 83/754 1.45(1.01, 2.06) Perlog unit Age, race, smoking, alcohol,
(1992-2001) <60to (AAS) change BMI, BP, lipids, family history
270y hypertension
Weisskopf VA-NAS 100% Mean 5.7 CVD fatal 137 /723 1.10 (0.67, 1.80) >6.0vs. Age, smoking, education
20097 (1991-1999) Mean (AAS) CHD fatal 62 /798 1.21 (0.57, 2.55) <4.0 pg/dL
67
Khalil 20098 SOF - White 0% lto21 CVD, fatal 54/479 1.78 (0.92, 3.45) =8.0vs. Age, clinic, educ., smoking,
women from 65 to (AAS) IHD, fatal 23/510 3.08 (1.23, 7.70) < 8.0 ug/dL  alcohol, BMI, estrogen use,
4 US-cities 87 Stroke, 21/512 1.13 (0.34, 3.81) hypertension, exercise,
(1986-1989) fatal diabetes, hip bone mineral
density
Chowdhury ABLES 100% <5to>40 IHD, fatal 569 / 1.77 (1.23, 2.56) =240 vs. Age
2014° workers (NR) Stroke, 57799 1.88 (0.57, 6.28) <5.0 pg/dL
(1987-2012) fatal 123/
58245

Copyright 2023 American Heart Association, Inc.
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Europe
Pocock 1988  British 100% <6.2t0>35. |HD, fatal 316/7063 1.1(0.4,1.8) >24.8 vs. Age, smoking, location
Regional 40t0 2 <12.4 pg/dL
Heart Study 49y (AAS)
(1978-1980)
Kromhout Elderly men 100% <10.8to IHD, 26/ 115 1.34 (0.46, 3.94) >23.8vs. Age, smoking, BMI, BP,
19881 in Zutphen 57t0  >28.0 fatal+NF <13.0 pg/dL  cholesterol
(1977-1978) 76y (AAS)
Mgller 199212 4 cities 48% 21to 60 IHD, 40/ 1005 1.58 (0.85, 2.95) Perlog unit Sex, smoking, alcohol, BP,
Denmark 40y (AAS) fatal+NF 547991 1.10 (0.63, 1.93) change cholesterol, exercise
(1976) CVD,
fatal+NF
McElvenny UK lead 100% 2.3t0>322 CVD, fatal 1368/NR  1.30(1.17, 1.44) Perlogunit Age, sex
201513 workers Mean (NR) IHD, fatal 874/ NR 1.30 (1.17, 1.43) change

(1975-1979) 35.2y

Stroke, 184 / NR
fatal

1.25 (0.87, 1.62)

ABLES: Adult Blood Lead Epidemiology and Surveillance, AAS: atomic absorption spectrometry; BMI: body mass index, BP: blood pressure, CRP: C-reactive protein, CVD:
Cardiovascular disease, HR: hazard ratio; ICPMS: inductively coupled plasma mass spectrometry; IHD: ischemic heart disease, NF: non-fatal, NHANES: National Health
and Nutrition Examination Survey, NR: not reported, OR: odds ratio, RR: Risk Rate, SBP: systolic blood pressure SOF: Study of Osteoporotic Fractures. UK: United

Kingdom, VA-NAS: Veterans Affairs Normative Aging Study.

*The studies by Ruiz-Hernandez et al. 2017 and Lanphear et al. 2018 are not listed in the table as their main findings are related to attributable risk and estimation of

lead related-CVD reduction.

**The measures of association are hazard ratios (95% confidence intervals) in all studies except relative risks in Chowdhury et al® and odds ratio in Pocock et al. 1°

Copyright 2023 American Heart Association, Inc.
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Supplemental Table 2. Prospective epidemiologic studies of blood and urine cadmium and clinical cardiovascular disease in
general populations published after the Systematic Review by Chowdhury et al. 2018¢

1st Author, year Population Men% Range Outcome  Cases/ Hazard ratio Compariso  Adjusted for

(baseline) Age cadmium Non-cases (95%CI)** n
range levels in pug/L
in years (Biological
matrix,
method)
United States

Chen 2018 REGARDS 46.6% IQR 0.27 to Ischemic 680 / 2480 1.50 (1.01-2.22) =0.78 vs. Age, sex, race, educ., income,
(2003- 245 0.68*** stroke, <0.24 ug/g  smoking, BMI, exercise, location,
2007) (Urine, fatal+NF smoking, pack-year, alcohol,

ICPMS) diabetes, lipids, CRP, urine
arsenic.

Wang 2019° NHANES 48% <0.2 t0 >0.66 CVD, fatal 261/7782 1.60(1.30,1.98) 0.66 vs. Age, sex, race, smoking, SBP,
(1999- 240y  pug/L (blood, 0.26 pg/L antihypertensive medication,
2012) ICPMS) lipids, diabetes, BMI

Duan 202018 NHANES 46.5% IQR 0.22~0.63 CVD, fatal 427/25629 1.27 (1.04,1.56) Per unit Sex, age,

(1999- >20 (Blood, increase ethnicity, education, PIR, cotinine,
2014) ICPMS) BMI, physical activity, prevalent
cardiovascular disease, diabetes
and blood lead and mercury.
Europe
Domingo- Valladolid, 51.7% 0.23, 0.64*** CVD, 1.46 (1.13,1.88) Per0.60 Age, sex, education, smoking,
Relloso 20191°  Spain 220 (Urine, fatal+NF Hg/g pack-years, urine cotinine,
(2001- ICPMS) increase estimated glomerular filtration rate,
2003) HF, 3.95 (1.44, 10.88) residence (urban or rural), HDL
fatal+NF cholesterol, total cholesterol, lipid
and blood pressure lowering
medication, diabetes and systolic
pressure.

Sears 2021 Danish ~49% <0.05t0>0.5 AMI, 809 /1139 1.51(1.03,2.20) Quartiles4  Age, sex, education, cotinine, BMI
never- 50-64  (Urine, fatal+NF 1.56 (0.91,2.68) vs.1 (all participants never smokers)
smokers ICPMS) in men (medians and creatinine

1.57 (0.93,2.63) 0.5vs.0.05
in women pg/l)

Poulsen 2021%° Danish ~49%  <0.1to >0.6*** Stroke, 534 /1200 1.18 (0.92-1.52) Per 0.19 Age, education, cotinine, BMI, BP,
never- 50-64  (Urine, fatal+NF in men pa/g menopause (all participants never
smokers ICPMS) increase smokers)

Copyright 2023 American Heart Association, Inc.
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(1993- 1.00 (0.89-1.12)
1997) in women

Sears 202221 Danish ~49% <0.1to >0.6*** HF, 958 /1140 1.1 (1.0, 1.2) all Per 0.19 Age, sex, BMI, education and
never- 50-64  (Urine, fatal+NF 1.5(1.2,1.9)in ua/g cotinine (all participants never
smokers ICPMS) men increase smokers)
(1993- 1.1 (0.97,1.2)
1997) women

Tagt 202222 Swedish 0% 5-95 IHD 149 CHD 1.24 (0.78,1.97) >0.41vs Age, education, height, weight,
Mammogra 56-85 percentiles HF 174 Heart 1.40(0.93,2.11) <0.26 diabetes, parity, GFR, smoking,
phy 0.15-0.77*** Stroke Failure 0.66 (0.43, 1.02) physical activity, diet, lipids
Cohort- (Urine, 162 |. Stroke
Clinical ICPMS) (fatal+NF)  (out of
(2004- 4024)
2009)

Asia, Oceania

Deering 20172 Western 0%, IQR 0.09-0.32 HF, fatal 71/1148 1.36 (1.11-1.67) 2.7 fold Age, calcium, M, hypertension,
Australian mean  (Urine, HF, 144/ 1075 1.17 (1.01-1.35) increase eGFR, prevalent CVD, diabetes,
Data 75.2 ICPMS) fatal+NF anticoagulant and lipid lowering
Linkage medication, smoking and pack
System years.
(1998)

Wen 20192 Shenzen, 57% IQR ~0.04 to Ischemic 127711277 2.63(2.29,3.02) PerlIQR Age, sex, BMI, smoking, alcohol,
China 30-80 0.12 Stroke increase hypertension, diabetes, and lipids
(2012- (Plasma, (remained after multiple-metal
2017) ICPMS) adjustment).

Liu 202225 Guangzhou, 74%, IQR0.51,1.51 IHD, NF 69/ 147 1.97 (1.22, 3.16) NR Age, sex and smoking
China mean  (Urine, status
(2021) 49 ICPMS)

AAS: atomic absorption spectrometry; BMI: body mass index, BP: blood pressure, CHD: coronary heart disease, CRP: C-reactive protein, CVD:
Cardiovascular disease, GM: geometric mean, HR: hazard ratio, ICPMS: inductively coupled plasma mass spectrometry, IHD: ischemic heart disease,
IQR: Interquartile range, NF: non-fatal, NHANES: National Health and Nutrition Examination Survey, NR: not reported, OR: odds ratio, RR: Relative Risk,
SBP: systolic blood pressure.
* The study by Li et al. 20192 is not listed in the table as their findings are related to the CVD risk associated to cadmium from smoking, but cadmium
association not through smoking is not reported.
**The measures of association are hazard ratios (95% confidence intervals) in all studies except relative risks in Duan et al.'® and odds ratio in Wen et al?*

and Liu et al.?5

***These are reported in pg/g creatinine.

Copyright 2023 American Heart Association, Inc.
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Supplemental Table 3. Prospective epidemiologic studies of arsenic exposure and clinical cardiovascular disease in general
populations with low-moderate arsenic in drinking water comparing the highest vs. lowest category of exposure below 50 pg/L*

1st Author, year  Population Men% Outcome Cases/ Hazard ratio Arsenic Arsenic Adjusted for
(baseline) Age person- (95%CI)** comparis  exposure
range in years or on** metric
years non-cases
United States
Moon et al. Strong Heart 40% CVD, F+NF 596/22732 1.32(1.05,1.28) =>15.7vs. Urine,sumof Age, sex, education, smoking,
2013%7 Study 45-74 IHD, F+NF  443/23522 1.30(1.04, 1.62) <5.8 ug/g inorganicand BMI, LDL cholesterol
(American Stroke, 117 /25116 1.47 (0.97,2.21) creatinin  methylated
Indian F+NF e species
communities)
James et al. San Luis 46% IHD, F+NF 96 /459 2.14 (1.22,3.98) >30-45 TWA water Age, sex, income, ethnicity,
201528 Valley 20-74 vs. < 10 arsenic smoking, alcohol use, sedentary
Diabetes Mg/l physical activity, BMI, family
Study (rural history of CHD, diabetes, LDL
Colorado) cholesterol, TG, HDL cholesterol,
folate, selenium
Farzan et al. NH non- 56% CVD, fatal 209 /NR 0.99 (0.74,1.32) >0.11vs. Toenalil Age, sex, education, smoking
2015%° (also melanoma median  IHD, fatal 103/ NR 1.22 (0.82,1.82) <0.07 (pack-years), cancer status (case
data from Moon  skin cancer 61 Stroke, fatal 27 /NR 1.10 (0.50, 2.40) ug/g v. control)
et al. 201730) case-control
Nigra et al. NHANES 48% Heart 7714913 1.20(0.83,1.74) Per1.05 Urinary total As Age, sex, race/ethnicity, urinary
202131 2003-2014 Mean disease, pg/L in participants  creatinine, estimated glomerular
47.5 F+NF with low AB* filtration rate, education, cotinine,
BMI, cholesterol, seafood intake
Europe, Asia
D'lppoliti et al. Retrospectiv. 50% CVD, fatal 6266 /158823 1.36 (1.06, 1.74) >20vs. TWA water Age, calendar period, SES,
2015% e cohort in Mean IHD, fatal 1652 /163437 1.40(1.19, 1.64) <10 pg/L arsenic occupation in the ceramic industry
Lazio, ltaly 33 Stroke, fatal 1449 /163640 1.44 (1.16, 1.78) (individual); smoking sales and
radon exposure (municipal level)
Monrad et al. Danish Diet, 48% IHD, F+NF  375/106531 1.44 (1.16,1.78) 2.11-25.3 20-year TWA  Age, sex, education, smoking
201733 (CHD) Cancer 50-64 vs. 0.08- water arsenic  status, duration and intensity,
Health cohort 1.83 pg/L alcohol status and intake, physical
Ersbgl et al. Aarhus Stroke, 309/96656 1.79 (1.41, 2.26) activity, fruit intake, vegetables
2018 (Stroke)34 F+NF intake, calendar year, BMI, waist
circumference (models for CHD
Copenhagen 46% IHD, F+NF  833/273879 0.94 (0.82, 1.08) also adjusted for diabetes,

50-64

cholesterol, hypertension)

Copyright 2023 American Heart Association, Inc.
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0.87-16.3 20-year TWA

Stroke, 680/239130 1.02(0.88,1.18) vs.0.05- water arsenic
F+NF 0.49 pg/L
Yuan et al. Dongfeng- 49% IHD, F+NF  1621/1621 1.78(1.29,2.46) >3.49vs. Plasma arsenic Age, sex, BMI, smoking status,
20173 Tong;ji Mean <1.28 pack year, alcohol intake,
Cohort, 66 ug/L education, physical activity,
China hypertension, hyperlipidemia,

family history of IHD, diabetes,
eGFR, other metals

AB: arsenobetaine; AAS: atomic absorption spectrometry; BMI: body mass index, BP: blood pressure, CRP: C-reactive protein, CVD: Cardiovascular
disease, eGFR: estimated glomerular filtration rate, GM: geometric mean; HR: hazard ratio; ICPMS: inductively coupled plasma mass spectrometry, IHD:
ischemic heart disease, IQR: Interquartile range, NF: non-fatal, NH: New Hampshire, NHANES: National Health and Nutrition Examination Survey, NR: not
reported, OR: odds ratio, RR: Relative Risk, SBP: systolic blood pressure; TWA: time weighted average.

Copyright 2023 American Heart Association, Inc.
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Supplemental Table 4. Environmental and occupational guidelines for lead, cadmium and arsenic monitoring

Lead (Pb)

Cadmium (Cd)

Arsenic (As)

Air

EPA Clean Air Act NAAQS: 0.15 pg/m?3
in total suspended patrticles as a 3-
month average

Listed as hazardous air pollutant by
Clean Air Act (no standard)

Listed as hazardous air pollutant by
Clean Air Act (no standard)

Drinking water

EPA Lead and Copper rule:
Action level 15 pg/l in >10% of
customer tap water sampled in a
system

MCLG: 0

EPA maximum contaminant level: 5 ug/I
MCLG: 0

EPA maximum contaminant level: 10
g/l

Dust

EPA clearance levels:
10 pg/ft? floor dust
100 pg/ft? window sill dust

Soll

EPA guidance levels:
400 ppm soil in play area
1200 ppm in non-play area

Ceiling for amount that can be applied
to land is 85 mg/kg fill material

Food

Action level: 0.5 pg/dL for lead in food
products for use by infants and children
Ban of leaded-soldered cans

Oral minimal risk level: 0.1 ug/kg/day

Occupational

OSHA PEL (8-h TWA): 50 ug/m? air
OHSA action blood lead level: 40 pg/dL
ACGIH BEI: blood lead 30 pg/dL
CDC/NIOHS reference blood lead level
for adults is 5 pg/dL

OSHA PEL (8-h TWA): 5 ug/m? air
OSHA action urinary level: 3 ug/g
creatinine

OSHA action blood level: 5 ng/L

OSHA PEL (8-h TWA): 10 ug/m? air
ACGIH BEI: urinary sum inorganic and
methylated arsenic species at end of a
5-day shift 35 pg/g creatinine

TWA: time weighted average.

Copyright 2023 American Heart Association, Inc.

ACGIH: American College of Governmental Industrial Hygienists. BEI: biological exposure index. MCLG: maximum contaminant level goal. PEL: permissible exposure limit.
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