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Abstract 
 

Metal exposure estimates in established biomarkers, epigenetic biomarkers, and associations 

with cardiovascular outcomes in the Strong Heart Study 

Wil Lieberman-Cribbin 

 

 Cardiovascular disease remains the leading causing of death worldwide. American 

Indians experience an elevated prevelance of cardiovascular disease (CVD) and chronic metal 

exposures. Determining the impact of metal exposures on CVD can inform prevention and 

exposure reduction strategies. This dissertation will advance environmental monitoring and 

biological monitoring of lead, uranium, and selenium exposures using both established 

biomarkers and novel epigenetic biomarkers to determine the associations of metals with CVD, 

leveraging the Strong Heart Study (SHS), a prospective cohort of CVD and its risk factors 

among American Indian adults from tribes and communities in Arizona, Oklahoma, North 

Dakota, and South Dakota. 

 In Chapter 1, we discuss lead, uranium, and selenium, sources of exposure, and relevance 

to cardiovascular disease. This includes an overview of metal toxicokinetics and how we can 

assess these contaminants in both established biomarkers, including blood and urine, as well as 

in epigenetic biomarkers. 

In Chapter 2, we estimated urinary uranium concentrations from data on uranium in water 

among Strong Heart Family Study participants. These estimates were derived from relationships 

between urinary uranium and water uranium assessed in Strong Heart Family Study (SHFS) 

participants (n=1,356). Predictions were made using generalized linear models and included 

demographic and clinical participant characteristics in addition to other metal contaminants 



 

 

measured in water and urine. The root mean square error (RMSE) of the prediction model was 

1.01, and predicted urine uranium levels were comparable (median: 0.04 μg/g creatinine, 25th-

75th: 0.02-0.08 μg/g creatinine) to urine uranium measured in the SHFS (0.04 μg/g creatinine, 

0.02-0.07 μg/g creatinine). These findings emphasize the contribution of uranium in water to 

urine uranium (reflecting internal dose), and demonstrate the relevance of estimating metal 

contaminants in urine for the SHS to inform relationships with health effects. 

In Chapter 3, we evaluated whether urinary uranium concentrations were associated with 

measures of cardiac geometry and functioning among 1,332 American Indian youth and young 

adults from the SHFS. Transthoracic echocardiography and blood pressure was assessed at 

baseline (2001-2003) and a follow-up visit (2006-2009). We estimated mean differences in 

measures of cardiac geometry and functioning at baseline and follow-up using linear mixed 

effect models with random intercept and slope over time. In fully adjusted models, a log-

doubling of urinary uranium was positively associated with left ventricular (LV) mass index 

(mean difference: 0.49 g/m2, 95% CI: 0.07-0.92 g/m2), left atrial systolic diameter (0.02 cm, 

0.01-0.03 cm), and stroke volume (0.66 mL, 0.25-1.08 mL) at baseline. At follow-up, uranium 

was associated with increases in left atrial diameter (0.02 cm, 0.01-0.03 cm), pulse pressure (0.28 

mmHg, 0.05-0.52 mmHg), and incident LV hypertrophy (OR: 1.25, 95% CI: 1.06, 1.48). These 

findings support the need to determine the potential long-term clinical and subclinical 

cardiovascular effects of chronic uranium exposure in the general population, and the need for 

future strategies to reduce exposure. 

In Chapter 4, we evaluated if blood lead was associated with CVD incidence and 

mortality in 1,818 adult American Indian participants. This study estimated the risk of incident 

CVD and CVD deaths in models adjusted for demographic, lifestyle, and cardiovascular risk 



 

 

factors. Blood lead levels in American Indian adults were associated with increased risk of CVD 

and coronary heart disease (CHD) incidence and mortality. The hazard ratio (HR) (95% CI) of 

mortality per change across the 80th-20th quantiles in blood lead was 1.15 (1.02-1.30) for CVD 

overall and 1.22 (1.08-1.37) for CHD. The corresponding HR was 1.11 (1.01-1.22) for incident 

CVD and 1.12 (1.00-1.25) for incident CHD. These findings contribute to the evidence of lead as 

a CVD risk factor at low levels and highlight the importance of further reducing lead exposure in 

communities across the United States, including American Indian communities. 

In Chapter 5, we leveraged novel epigenetic biomarkers of lead exposure to investigate 

their association with cardiovascular disease (CVD) incidence and mortality among 2,231 

participants of the Strong Heart Study.  Blood DNA methylation was measured using the 

Illumina MethylationEPIC BeadChip at baseline (1989-1991) and epigenetic biomarkers of lead 

levels in blood, patella, and tibia were estimated using previously developed biomarkers of DNA 

methylation at specific CpG sites. In adjusted models, the hazard ratio (HR) (95% CI) of CVD 

mortality per doubling increase in lead epigenetic biomarkers were 1.42 (1.07-1.87) for tibia 

lead, 1.22 (0.93-1.60) for patella lead, and 1.57 (1.16-2.11) for blood lead. The corresponding 

HRs for incident CVD were 0.99 (0.83-1.19), 1.07 (0.89-1.29), and 1.06 (0.87-1.30). The 

association between the tibia lead epigenetic biomarker and CVD mortality was modified by sex 

(interaction p-value: 0.014), with men at increased risk (HR: 1.42, 95% CI:1.17-1.72) compared 

to women (HR: 1.04, 95% CI:0.89-1.22). These findings support that epigenetic biomarkers of 

lead exposure may capture some of the disease risk associated with lead exposure. 

 In Chapter 6, we investigated the association between urinary selenium levels and DNA 

methylation (DNAm) among 1,357 participants free of CVD and diabetes in the SHS. Selenium 

concentrations were measured in urine (collected in 1989-1991) using inductively coupled 



 

 

plasma mass spectrometry. DNAm in whole blood was measured cross-sectionally using the 

Illumina MethylationEPIC BeadChip (850K) Array. We used epigenome-wide robust linear 

regressions and elastic net to identify differentially methylated CpG sites associated with urinary 

selenium levels. Across 788,368 CpG sites, five differentially methylated positions (DMP) 

(cg00163554, cg18212762, cg25194720, cg11270656, cg00886293) were significantly 

associated with Se in linear regressions after accounting for multiple comparisons (false 

discovery rate p-value: 0.10). The top associated DMP (cg00163554) was annotated to the Disco 

Interacting Protein 2 Homolog C (DIP2C) gene, which relates to transcription factor binding. 

Future analyses should explore these relationships prospectively and investigate the potential 

role of differentially methylated sites with disease endpoints. 

In Chapter 7, we evaluated if declines in blood lead were associated with changes in 

systolic and diastolic blood pressure in adult American Indian participants from the SHFS 

(n=285). Using generalized estimating equations, a significant non-linear association between 

declines in blood lead and declines in systolic blood pressure was detected, with significant 

linear associations where blood lead decline was 1 µg/L or higher. These findings suggest the 

need to further study the cardiovascular impacts of reducing lead exposures and the importance 

of lead exposure prevention. 

 In conclusion, we find that established biomarkers of metal exposure reflecting internal 

dose such as blood and urine, as well as epigenetic biomarkers of metals exposures, were 

associated with subclinical CVD and CVD incidence and mortality. Findings concerning blood 

lead emphasize that low levels of lead remain relevant for CVD, and declines in blood lead even 

when small (1.0-10.0 µg/L), were associated with reductions in systolic blood pressure. Novelly, 

we present that urinary uranium levels were adversely associated with measures of cardiac 



 

 

geometry and left ventricular functioning among American Indian adults, and that future 

attention must be paid to investigating associations with subclinical disease. We also find utility 

in using epigenetic biomarkers to capture CVD risk, as tibia and blood epigenetic biomarkers of 

lead, were associated with increased risk of CVD mortality, and urinary selenium was associated 

with distinct changes in DNAm. Although further work must further validate these epigenetic 

biomarkers in different populations, future work must continue to investigate these epigenetic 

biomarkers given their potential to capture CVD risk. 
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Chapter 1: Introduction  
 

1.1 The global burden of metals exposure: relevance of lead, uranium, and selenium 
 

Exposure to metals is a widespread and understated global health concern. Humans are 

exposed to metals from both natural and anthropogenetic sources1. Metals naturally occur in the 

earth’s crust, and can be found in soil, water, and air, although regional differences exist 

depending on climate and geology. Excessive exposures occur when these metals are 

concentrated in the environment, particularly in phases that are easily taken into the body. For 

example, weathering over time as well as volcanic eruptions can mobilize metals into drinking 

water and can contribute to exposure2,3. Humans often contribute to contaminant mobilization 

and transport. For example, anthropogenic activities, including mining, smelting, and other 

industrial production and processing can affect exposure by redistributing contaminants, 

affecting metal solubility, transport and exposure pathways. Accelerating trends of population 

growth, globalization, urbanization, industrialization, and desires for new sources of energy have 

all contributed to increased extraction of metals, resulting in extensive contamination of the 

environment. There is considerable evidence that the numbers of people affected by 

contamination in the world is increasing despite improvements in technologies. This dissertation 

will primarily focus on two non-essential metals, lead and uranium, as well as one essential 

element, selenium.  

1.1.1 Lead 

The general population is exposed to lead through drinking water, food, ambient air, and 

dust. While exposure to lead has been declining in the United States due to public health 

interventions, inclusion of lead in gasoline for aviation, paint products, and plumbing 
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components are continuing sources of exposure globally4,5. Despite this success, considerable 

lead exposure persists and is widespread across the world6. 

1.1.2 Uranium 

Uranium is a naturally occurring element found in rocks, sediments, and soils and is released 

into the environment through wind and water erosion7. Anthropogenetic mining, milling and 

other forms of uranium processing has the potential to mobilize uranium deposits into water, 

representing an additional source of contamination. As the radioactive decay of uranium is on the 

order of billions of years, the chemical toxicity of uranium is more relevant for human health. 

Uranium can bioaccumulate in plants and animals, and the main routes of exposure are via diet 

and drinking water8.  

1.1.3 Selenium 

Selenium is an essential nutrient for humans and is a naturally occurring metal commonly 

found in rocks and soils9. The nutritional functions of selenium are achieved by proteins 

incorporating selenium into the amino acid selenocysteine, termed selenoproteins, which play 

key roles in processes related to oxidative stress10. Notably, selenium has a narrow physiological 

concentration range, with both deficiencies and excess selenium exposure associated with 

adverse health outcomes. Selenium intake primarily comes from animal food, plant food and 

groundwater, while releases of selenium into the air and water mainly originate from the burning 

of coal and fossil fuels9. Research has identified elevated selenium levels in plants and animals 

downstream of uranium mining operations11-13, suggesting potential contamination originating 

from industry, as well as bioaccumulation in ecosystems that could influence human health.  

 

1.2 Water as a key exposure source for metals 
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In the United States, people rely on both public water systems and private wells for 

drinking water. These drinking water supplies can be contaminated with metals, and thus serve 

as a key source of human exposure. In response to the Safe Drinking Water Act of 1974, the US 

Environmental Protection Agency (EPA) regulates and routinely monitors levels of contaminants 

in drinking water. For different contaminants including metals, the EPA also puts forth 

maximum contaminant levels (MCLs) and MCL goals (MCLGs) that balance the health effects 

of exposure and cost for regulation into recommendations.  

While regulation for the MCL of uranium in public water systems (30 µg/L) took effect 

in 2008, no MCL was regulated in the US prior to this time, and those relying on private wells 

are not subject to this regulation. Research has shown that uranium is detectable in over 50% of 

public water systems, and there are racial and ethnic disparities in exposure14, with areas of  

higher proportions of Hispanic/Latino and American Indian/Alaskan Native residents associated 

with higher uranium concentrations in public water15. Uranium concentrations in water are 

further sensitive to redox conditions of aquifer rocks, which can vary among aquifers according 

to the chemical composition of rocks/sediment and differences in groundwater age16. In general, 

uranium is more soluble in oxidized forms, and more likely to stay dissolved when pH is slightly 

alkaline, and there are high concentrations of bicarbonate or sulfate17-19.   

Water uranium exposure is particularly relevant for American Indian communities given 

their proximity to historical mines and ore processing, naturally occurring uranium in rocks and 

associated surface and groundwater, as well as the historical insufficient regulations of uranium 

in drinking water. Nationally, about 2% of the US is part of an American Indian Reservation, yet 

around 20% of uranium mines are located within 10 km of those Reservations, with an estimated 

286,346 people at risk20. This increased burden is exacerbated by the reliance of Indigenous 
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communities on private wells for drinking water. Many American Indian communities, including 

those in the Strong Heart Study (SHS), rely on private wells for drinking water and thus face a 

disproportionate lack of access to public water systems compared to the rest of the US21-23. The 

limited water sampling completed to date in some tribal communities in South Dakota has 

documented surface- and ground-water uranium concentrations above the MCL24. These findings 

are consistent with initial sampling results from SHS communities in the Northern Plains25,26. 

However, much more data is needed in Indigenous communities to support public health, 

including renewed efforts for testing, monitoring, and regulation. 

 The MCL goal for lead is 0 and action must be taken to reduce exposure if lead 

concentrations are measured above 15 µg/L in water. Lead has many sources of exposure due to 

its use in gasoline, paint, and other products prior to widespread bans in the 1970s5. However, 

lead is still refined and processed in the US27, racial and socioeconomic disparities persist in 

exposure28-30, and current exposure from drinking water mainly stems from corrosion of water-

infrastructure. Degradation of lead-containing infrastructure and associated exposure has gained 

national attention due to a series of water-crises in the US, resulting in a renewed need to 

determine impacts of exposure in water31,32. Other exposure pathways, including inhalation of 

particulates, ingestion of paint and soil, also are important for lead, and are inequitably 

distributed. For example, inequalities in airborne lead exposure also affect disproportionately 

disadvantaged communities33. 

 Selenium is also widespread in drinking water, with elevated concentrations often 

attributed to natural erosion, mining, coal-fired power plants, oil refineries and agriculture34. In 

the SHS, dietary intake is the primary source of selenium, and some communities reside in areas 

with high concentrations of Se in soil, resulting in high levels of selenium in plants and animals 
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and elevated intake (68–724 μg/day) compared to the general population35,36. Currently different 

standards for selenium in water exist across the world. In the US, the MCL/MCLG is 50 µg/L, 

while the World Health Organization and European Union suggest, but do not enforce, more 

stringent standards of 40 µg/L37 and 20 µg/L38, respectively. Adding to these differing standards 

are calls to reassess safe upper limits of selenium in drinking water39, and the need for 

epidemiological evidence of health impacts of chronic exposure to selenium across a wide range 

of concentrations.  

 

1.3 Metals and cardiovascular disease 
 

Cardiovascular disease (CVD) is an umbrella term capturing a group of disorders of the 

heart and blood vessels. This captures 1) heart failure and coronary heart disease, with the latter 

encompassing myocardial infarction and angina, 2) cerebrovascular disease, including stroke and 

transient ischemic attack, 3) peripheral artery disease, derived from blockages in arteries of the 

extremities, and 4) aortic disease, including aortic aneurysm40,41. CVD is the leading cause of 

mortality globally, with an estimated 19 million deaths in 201941,42, and the prevalence of CVD 

remains a main barrier to achieving United Nations Sustainable Development Goals43. Efforts to 

reduce CVD have traditionally focused on cardiometabolic and behavioral risk factors, such as 

high blood pressure, dyslipidemia, obesity, and diabetes, as well as diet, physical activity, and 

tobacco use44. Recently, there has been increasing recognition of modifiable environmental 

drivers of CVD, with a focus on indoor and outdoor air pollution45,46.   

The impacts of environmental metals on CVD is underecoginzed47-50. Epidemiological 

and experimental evidence has emphasized that lead, cadmium, and arsenic, all listed as 

chemicals of public health concern according to the World Health Organization, are risk factors 
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for CVD49,51-54. Despite these pioneering studies, there is considerable need for additional 

research to characterize the effects of metals on the cardiovascular system, especially at low 

concentrations and given chronic exposure. Evidence concerning lead predominantly stems from 

National Health and Nutrition Examination Survey (NHANES) data, and there remains need to 

replicate findings in different populations, including in American Indians, which are not well 

represented and sampled in federal health surveys55. Further, there is a lack of prospective cohort 

studies of lead and CVD, as well as a focus on subclinical CVD outcomes. Further, prior 

research has focused on a small panel of metals, including arsenic, cadmium, and lead56. Despite 

its ubiquity as a contaminant, few studies have examined relationships between uranium and 

CVD. Uranium induces renal toxicity7, and has been related to hypertension in occupationally 

exposed populations57. Selenium is an essential nutrient and epidemiological studies and clinical 

trials of selenium and CVD are conflicting, with some studies showing inverse associations with 

coronary heart disease58, high density lipoprotein (HDL) cholesterol, and total cholesterol59, 

other studies reporting null relationships60-62, and findings emphasizing a risk of CVD at high 

urinary selenium concentrations35. This thesis focuses on addressing these shortcomings in our 

understanding of these metals and CVD. 

 

1.4 Cardiovascular health in American Indians and the Strong Heart Study 
 

Across the United States, American Indian populations have disproportionately high rates 

of CVD prevalence, mortality, and associated risk factors, including hypertension, obesity, and 

tobacco smoking, compared to other racial/ethnic groups63-66. This includes a 50% increased 

likelihood to be diagnosed with CHD and a 50% increased likelihood to be current smokers 

compared to non-Hispanic whites63. Additionally, an increasing body of literature recognizes 
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metal exposures as risk factors for CVD47-49 and that American Indians are exposed to variety of 

toxic metals67-69. Findings from the SHS specifically has identified that disparities in CVD risk 

factors such as smoking, systolic blood pressure, and diabetes remain for American Indians 

despite modest decreases in CVD incidence over time70-72. Additionally, results from the SHS 

have identified various chronic toxic metal exposures associated with increased CVD risk, 

including arsenic (As)73,74. However, there is need to determine the CVD impact of lead, 

uranium and selenium on CVD in American Indian populations, particularly at low levels. 

The Strong Heart Study (SHS) is an ongoing prospective cohort study of CVD and its 

risk factors among American Indian men and women supported by the National Heart, Lung, and 

Blood Institute (NHLBI)75 and offers an exceptional opportunity to link environmental exposures 

to CVD. Within the SHS, all adults 45–74 years of age were invited to participate in the Phase 1 

baseline exam (1989-1991)72,75, and participants were re-evaluated at Phase 2 (1993-1995) and 

Phase 3 (1997-1999) study visits. To extend the SHS into a multigenerational cohort derived 

from the original SHS families, the Strong Heart Family Study (SHFS) was initiated with a pilot 

study conducted during SHS Phase 3 (1997-1999) and re-evaluated at Phase 4 (2001-2003) and 

Phase 5 (2006-2009). Both the SHS and SHFS utilize a standardized methodology and collected 

sociodemographic, medical history, physical exams, and provided biological samples. 

Surveillance of morbidity and mortality outcomes are ongoing76,77, with outcomes and deaths are 

identified through coordination between Field Centers, the Coordinating Center, and 

Surveillance Reporting and current through 202276,77.   

 

1.5 Toxicokinetics of metals 
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 The toxicokinetics of lead exposure through inhalation are well established; small 

inorganic lead particles (<2.5 μm) are well absorbed, while larger particles (>2.5 μm) are 

transported into the esophagus and then injested78. Inhaled organic lead particles are similarly 

well absorbed (60-80%) after deposition79. Gastrointestinal absorption following water or dietary 

exposure is influenced by the dose ingested and the inherent characteristics of what is ingested 

(e.g. size, solubility)78. Several personal characteristics also influence absorption including age 

and pregnancy status. For example, gastrointestinal absorption is higher in children compared to 

adults, with estimated 40-50% absorption in those 2 weeks to 8 years old80,81 and 3-10% in 

adults82-84. This is likely due to the biologically immature nature of the blood-brain barrier as 

well as liver detoxification systems85. Children can also have lower glomerular filtration rates, 

leading to differences in excretion of lead86. Additionally, those who are iron-deficient87,88, 

calcium deficient82,89, and those who are fasting have increased absorption82,90. This can be 

explained by the similarity of lead and calcium as divalent cations and the ability of lead to 

replace calcium in various reactions in the body86. Genetic polymorphisms including delta-

aminolaevulinic acid dehydratase (δ-ALAD ) and VDR can also alter the toxicokinetics of lead 

and affect accumulation of lead in bone78. Dermal absorption is not considered a relevant route 

of absorption in comparison to inhalation and ingestion78.  

Lead is distributed in the body following absorption. In the blood compartment, lead is 

mainly found in red blood cells (99%)91-93, although the exact mechanism of transfer across cell 

membranes is uncertain94,95. Lead has been shown to interfere with heme synthesis and induce 

anemia96,97. Once in red blood cells, lead binds to intracellular proteins, mainly δ-aminolevulinic 

acid dehydratase (ALAD )91,98. Lead binding displaces zinc, which normally binds to ALAD 

under physiological conditions, and inhibits the activity of ALAD99,100. Lead has also been 
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shown to bind albumin and other proteins in plasma101. However, the majority of the body 

burden of lead is found in bone in both adults (>90%) and children (~73%)102, and this 

concentration increases with age103. Due to the interface between bone and plasma, bone lead can 

continue to be a source of lead in blood after elimination of lead from external sources78. In 

bone, lead replaces calcium in the crystalline matrix of bone, is deposited during periods of bone 

growth, and is further released into the bloodstream during bone resorption104,105. In childhood, 

calcification primarily occurs in trabecular bone, which is therefore the main site of lead 

accumulation, while in adulthood, calcification occurs in both cortical and trabecular bone and 

lead is deposited in both of these bone types104. Notably, physiology is known to affect release of 

lead from bone to the bloodstream, including pregnancy, aging, menopause, lactation, 

osteoporosis, and severe weight loss106-110. Inorganic lead forms complexes with both 

extracellular ligands (albumin and nonprotein sulfhydryl groups), intracellular ligands and 

proteins (e.g. ALAD) 78. Lead is primarily excreted in urine and feces (33% of excretion), with 

sweat, saliva, hair, nails, breast milk, and seminal fluid representing minor routes of excretion111-

114. Currently, the mechanisms for excretion of inorganic lead have not been fully described, in 

part due to difficulties in measuring the glomerular filtration rate of lead78. The half-life of lead 

in blood is roughly 1-2 months while the half-life of lead in bone is on the order of years to 

decades115,116. Lead toxicity results in disruptions to a variety of organ systems, including the 

digestive system, nervous system, respiratory system, reproductive system, and cardiovascular 

system117, with the nervous system identified as the most sensitive target of toxicity. Lead has 

been associated with vascular damage, as well as with hypertension and cardiovascular 

disease118. 
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 Uranium can be absorbed through ingestion, inhalation, and dermal routes, although 

absorption is low (0.1-6.0%) in the gastrointestinal tract and the majority of uranium entering the 

body (>95%) is not absorbed and excreted directly via feces7. Inhaled uranium is estimated to be 

absorbed at a range of 1%-5%, and there is limited evidence on dermal absorption. Generally, 

absorption is related to the solubility of the uranium compound, with more soluble compounds 

such as uranium tetrachloride/hexafluoride or uranyl fluoride/nitrate being more rapidly absorbed 

into the bloodstream following inhalation and deposition in the lungs. Following ingestion, 

evidence from animal and human studies also supports that increasing solubility corresponds to 

increased absorption7,119. Uranium can be found in all human tissues, although it is mainly 

distributed into the kidneys, liver, and bone120. It is estimated that the total body burden of 

uranium in adults is 90 μg, with two-thirds of this burden found in bone due to its propensity to 

form or be incorporated within insoluble phosphate structures that are abundant in bone119. The 

abundance of uranium body burden in bone has been supported following inhalation and oral 

exposure121. The half-life of uranium in bone is roughly 70-200 days, between 2-6 days in the 

kidney, and any uranium not incorporated into bone exits the body system within a few weeks7. 

In plasma, uranium is present in a variety of soluble complexes, such as bicarbonate, citrate, and 

other proteins in order to be filtered in the kidneys and excreted122,123. In bodily fluids such as 

blood, tetravalent uranium (U4+) is oxidized to ultimately form the uranyl ion (UO2
2+). Both 

experimental and observational studies support uranium-related kidney damage, as excretion of 

absorbed uranium is mainly through the kidney124-126.  

  The main exposure route of selenium in humans is ingestion127,128, and selenium 

compounds are absorbed to ~80-90% of the administered dose, depending on the form and 

oxidation state. Studies concerning inhalation of selenium are limited129,130, and are mainly 
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performed in occupational settings131. After ingestion, selenium containing compounds are well 

absorbed in the gastrointestinal tract, although evidence suggests that absorption is impacted by 

selenium species132-134. There is ongoing research concerning the bioavailability of different 

selenium species and how they vary across diet and region128,135. Organic and inorganic selenium 

species are shown to have similar distribution patterns in the body. Selenium ultimately 

accumulates in many organs, with liver (range of 0.35-0.65 µg selenium/g136) and kidney (range 

of 0.36-1.29 µg selenium/g137) having the highest concentrations in adults. Selenium can also be 

found in plasma in the form of selenoproteins and binding to albumin138. Selenium metabolism is 

complex and occurs in the liver, where selenium is mainly included in selenoproteins as 

selenocysteine via the transulfuration pathway139-141. There are four categories of selenoproteins, 

including selenium-specific proteins, the seleno-amino acids selenocysteine and 

selenomethionine, and selenide-binding proteins142. Most selenoproteins are involved in redox 

signaling and include glutathione peroxidases143, thioredoxin reductases144, iodothyronine 

deiodinases145, and selenium-transport proteins146. Excess selenium is methylated in urine and 

eliminated147, transformed into monomethylated selenium in low-exposure conditions148 and into 

di-methylated/tri-methylated selenium in high-exposure conditions149. 

 

1.6 Mechanisms of health impacts 
 

1.6.1 Lead 

A main mechanism of lead-related damage is through the disruption and displacement of 

essential metal ions such as iron, calcium, zinc, magnesium, selenium, and manganese, which are 

incorporated into proteins and carry out important biological functions117,150. Two examples are 

calcium homeostasis, where lead replaces calcium and disrupts calcium-linked processes of 
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energy metabolism, apoptosis, cellular motility, signal transduction, and hormonal regulation78, 

and disruptions of cation transport by decreasing the activity of ATPases150. Lead also promotes 

oxidative stress in a variety of tissues through the generation of reactive oxygen species through 

both the inhibition of ALAD and by reactive oxygen species leading to lipid membrane 

peroxidation151,152. Lead has also been linked to inflammation in different cell types, potentially 

resulting from reactive-oxygen-species generation as well as through promotion of pro-

inflammatory signaling and cytokine production150. Mechanisms of damage may also be related 

to epigenetic effects such as changes in DNA methylation (DNAm) as well as in 

mitogenesis150,153 and increased apoptosis after lead exposure150. Many of these mechanisms are 

known to be linked and not independent of one-another.  

 

1.6.2 Uranium 

The kidneys are the main site of uranium-related damage, which is primarily attributed to 

the chemical toxicity of uranium7. This specifically includes glomerular and tubular wall 

degeneration154-156.  One mechanism of damage proposes that after uranium combination with 

bicarbonate or a plasma protein in blood, uranium is released in the kidneys and forms 

complexes that bind to the tubular wall of the proximal convoluted tubule and glomerulus that 

cause damage7. A second proposed mechanism of damage is uranium-related inhibition of 

mitochondrial ATPase activity and sodium transport that reduces the functionality of the 

epithelium in the kidney7,157. Metals including uranium generally induce toxicity through 

promoting oxidative stress and inflammation, and this may represent a pathway that leads to 

CVD. The relationship between CKD and CVD is influenced by a variety of risk factors such as 

diabetes and high blood pressure158. Reduced filtering of blood given kidney disease also results 
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in a buildup of various products accumulating in the bloodstream, such as homocysteine, which 

can damage blood vessels158. Metal exposure is linked to atherosclerosis, which is a progressive 

disease in which inflammation plays a key role159,160. It is important to recognize how metals 

such as uranium can have different effects on the development of CVD along the progression of 

atherosclerosis. Further, uranium may be related to CVD through changes in kidney function and 

blood pressure, which is known to increase CVD risk. 

 

1.6.3 Selenium 

The mechanisms underscoring selenium toxicity are widely unknown, especially through 

chronic, low-level exposure conditions. Water-soluble forms of selenium are more readily 

absorbed and can result in acute toxicity9. Selenium is known to substitute for sulfur161,162, and 

replacement and inactivation of sulfhydryl enzymes could be relevant for acute selenium 

toxicity163. Toxicity is also thought to result from disruption of selenium’s essential role in 

glutathione peroxidases, thioredoxin reductases, and iodothyronine deiodinases. Evidence 

supports that selenium intoxication results in oxidative stress162,164. Selenium potentially can 

affect the redox-regulating activities of glutathione peroxidases, including protection against 

inflammatory hydroperoxides165 and suppression of gene activation166. Selenium has also been 

linked to inhibition of apoptosis through an overexpression of glutathione peroxidases167. 

 

1.7 Established biomarkers of metals  
 

 Traditionally metals can be measured in a variety of media, including urine, blood, hair, 

toe/finger nails, bone/teeth, plasma, or serum, but a biological knowledge about the 

transformation and excretion of each metal is needed to ensure given biomarkers provide an 



14 

 

appropriate reflection of the internal dose of a given metal168. In other words, exposure to both 

essential and non-essential metals can be captured by measuring the metal concentration in one 

or more of these media (each represents a “biomarker”), with each biomarker reflecting a 

window of exposure according to the half-life of the biomarker in the body.   

 In this dissertation we evaluated metal biomarkers of urine uranium and blood lead. The 

concentration of uranium in urine is believed to reflect of the total internal dose of uranium. The 

concentration of lead in blood is a common measure to reflect the total internal dose of lead, 

which reflects both endogenous and exogenous sources of lead. In Chapter 2, we rely on 

estimates of uranium in public drinking water systems, and use these to estimate internal 

exposure among SHS participants using urine biomarkers. This exposure-assignment is subject 

to multiple sources of bias, in terms of measurement error among water sampling of uranium, 

error introduced across space as we average estimates at the ZCTA level, and the possibility that 

water estimates are not consistent over the time period of the SHS. We then relate water uranium 

concentrations to urine measures, which serve as a reflection of the total internal dose of 

uranium. In Chapter 3, we then relate urine uranium measures to echocardiographic measures, 

which themselves can capture subclinical disease. In the molecular epidemiology paradigm, 

these echocardiographic measures of cardiac geometry and functioning reflect a preclinical 

effect, prior to the onset of clinical cardiovascular disease. 

  Lead can be measured in whole blood, urine, bone, teeth, nails, and hair169-171. The 

majority of lead in the body is stored in bone, and the long half-life in bone (years to decades) 

reflects cumulative exposure116. In bone, lead levels can be measured non-invasively with K-

shell and L-Shell X-ray fluorescence spectroscopy116,172-174 in both trabecular bone (e.g. patella 

or sternum) and cortical bone (e.g. tibia or ulna)78,175. In blood, lead reflects both endogenous 
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sources from bone as well as exogenous sources from the environment, with a half-life of 1-2 

months115. As such, the amount of lead that is stored in bone and released into the bloodstream 

affects the concentration of lead in blood and affects the internal dose. Recent research has also 

measured lead in shed teeth, which can serve as a cumulative measure of exposure across 

different windows of child development.176-178. Research has identified that maternal blood lead 

levels are highly correlated to lead levels measured in their children’s teeth179,180, and lead levels 

at birth were highly correlated to lead in cord blood and lead in maternal bone180. Other 

biomarkers of hair, urine, plasma, and nails often do not correlate well with other measurements 

of lead, especially at lower concentrations, and thus are considered poor or limited biomarkers of 

exposure168,171. Urine lead has been utilized as a non-invasive method to capture lead exposure, 

especially among occupationally exposed populations, but a creatinine-correction is needed if 

relying on spot urine samples169,181,182. However there is concern that urine lead levels weakly 

correlate with blood lead levels, especially at lower levels182, and debates over the utility of using 

urine lead in the general population is ongoing171,183.  

Uranium can be measured in urine, feces, bone, soft tissue, nails, and hair184,185. Uranium 

in soft tissue and bone can reflect the distribution throughout the body, although uranium cannot 

be measured non-invasively in these specimen186, and measurements are usually assessed after 

death and are thus not useful in the general population7. Less data exists on hair and nails as 

uranium biomarkers, although these could be used to reflect recent (weeks-months) exposure187. 

Occupational and environmental exposure to uranium is mainly assessed in urine188, which can 

indicate recent and chronic exposure189,190 and correlates well to levels in the environment191. As 

most absorbed uranium is excreted via the kidneys192, uranium concentrations in urine samples 

and corrected for creatinine are considered the gold-standard for the assessing the uranium body 
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burden7. As uranium is an established nephrotoxicant, kidney biomarkers such as retinol binding 

protein, β2-microglobulin, N-acetyl-β-glucosaminidase, and albumin measured can be measured 

in urine and be used as specific measures of kidney dysfunction124,193,194. Retinol binding protein 

can reflect proximal tubule injury and impaired proximal tubular function195, while β2-

microglobulin can reflect glomerular damage196, N-acetyl-β-glucosaminidase captures renal 

tubular damage197, and albumin represents kidney damage as albumin passes into urine. 

Additional work has extended biomarkers of kidney damage to examine gene and protein 

expression in kidney cells after uranium exposure198-200. Genotoxicity and oxidative stress 

indicators can be useful to study the effects of uranium201. Uranium is genotoxic, and is related to 

cell mutations and chromosomal damage202,203, micronuclei formation204, and disruptions in the 

cell cycle205. Uranium can also induce oxidative stress206-210, and result in markers of DNA 

damage211-213, such as thymine glycol and 8-oxoguanine.  

 Total selenium concentration, rather than individual species, is the most common 

biomarker of selenium exposure. Selenium concentrations can be measured in plasma, blood, 

urine, feces, nails and hair9. Selenium can also be measured in many organs (e.g. kidney, liver, 

pancreas, cardiac and skeletal muscle), due to its incorporation into proteins147. Selenium levels 

in red blood cells may reflect recent exposure, with a half-life of two months214. While studies 

have used whole-blood for assessing selenium status215,216, it can be challenging to differentiate 

the cellular and non-cellular components of selenium in whole blood147. As such, plasma is the 

preferred biomarker for assessing selenium status, which mainly reflects selenium incorporated 

into selenoproteins147. Broadly, selenium status has been assessed in erythrocytes, lymphocytes 

and buccal cells in humans147. Using erythrocytes to measures of selenium status is similar to 

assessing selenium in plasma, although buccal cells provide a minimally invasive option to 
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assessing selenium status217,218. Specific selenium-containing compounds also can be quantified 

and used as a biomarker. The most common selenoprotein is Selenoprotein P, which can be 

assessed with immunoassay219-221, and has a half-life of 2-4 weeks reflecting recent exposure. 

Further selenoproteins, such as glutathione peroxidase 1 and 3 (GPX1 and GPX3), are a subset 

of glutathione peroxidases and are considered biomarkers of selenium function147. 

Additionally, selenium in hair and toenails have been shown to correlate well with selenium 

concentrations in blood and plasma215,222. Toenail selenium also correlated well with dietary 

selenium, and is a marker of exposure from 6 months to a year215. Assessing selenium in hair 

however is complicated by contamination from hair products and is not considered a choice 

biomarker223,224. Selenium is metabolized via methylation and excreted in urine, although the 

excreted form (monomethylated vs trimethylated selenium) varies by selenium dose, and it is 

important to assess all methylated forms149. Urine selenium has been used in the literature in 

relation to health outcomes225-228. Selenium can also be assessed in cord blood and the 

placenta229,230. 

 

1.8 Epigenetic biomarkers of metals 
 

DNA methylation (DNAm) is an epigenetic mechanism which regulates gene expression 

through the addition to or removal of methyl groups from cytosines in DNA231. These sites are 

referred to as CpG (cytosine-phosphate-guanine) sites. DNAm plays a number of roles in the 

body that are essential for health and development, including transcriptional regulation, genomic 

imprinting and X-chromosome inactivation232,233. However, alterations in DNA methylation have 

been associated with several diseases including neurodegenerative diseases, cardiovascular 

disease, cancer, diabetes, and obesity234-236. DNA methylation can serve as a biomarker of human 
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health and disease mechanisms237,238, and can provide information on disease diagnosis, 

prognosis, and treatment239. Epigenetic biomarkers are advantageous due to their stability and 

assessment in a variety of media, including blood and urine240. Exposure to environmental metals 

has been associated with changes in DNA methylation241,242. These epigenetic changes can 

persist over time, and can therefore serve as indicators of both current and previous 

environmental metal exposure243. Across the molecular epidemiology paradigm244, epigenetic 

biomarkers can also reflect a preclinical effect, in which a given amount of an exposure results in 

measurable changes in DNAm that have relevance to early-stage disease or to disease 

progression. Epigenetic changes such as DNAm can also be interpreted as a signature of the 

measured internal dose of an environmental metal exposure, which is independent of the 

potential biological interpretation of that signature. Linking DNAm changes to gene expression 

can also provide more information about the biologically effective dose relevant to disease 

development. In the Strong Heart Study, DNAm has been linked to a variety of adverse health 

outcomes including lymphatic–hematopoietic cancers245, liver cancer246, coronary heart 

disease247, lung function248, and insulin resistance249. The link between metals exposure and 

DNAm has largely focused on non-essential metals such as arsenic250,251, cadmium252,253, 

chromium254, and lead250,255, as well as essential metals like selenium256-258 and zinc259-261. These 

relationships have also been examined in the Strong Heart Study241,247,262, although relationships 

with lead and selenium have not been studied. In regards to CVD, there is a further need to 

utilize epigenetic biomarkers to gain a further understanding of the relevant molecular 

mechanisms and pathways263,264 and inform clinical applications265. 

 

  



19 

 

Chapter 2: The association of uranium in drinking water and 

urinary levels of uranium in the Strong Heart Study 
 

Wil Lieberman-Cribbin1, MPH; Maya Spaur2, ScM, PhD; Kathrin Schilling1, PhD; Shelley 

Cole3, PhD; Jason G. Umans4,5
, MD, PhD; Anirban Basu1, PhD; Steven N Chillrud6, PhD;  

Benjamin C Bostick6, PhD; Jeanette Stingone, PhD7;  Ana Navas-Acien1, MD, PhD; Annie E 

Nigra1, ScM, PhD; Allison Kupsco1, PhD 

 

Author Affiliation:  

1Department of Environmental Health Sciences, Columbia University Mailman School of Public 

Health, New York, NY, USA; 2 National Cancer Institute, Occupational and Environmental 

Epidemiology Branch, Rockville, MD, TX, USA; 3Population Health Program, Texas 

Biomedical Research Institute, San Antonio, TX, USA; 4MedStar Health Research Institute 

Hyattsville Maryland, USA; 5Georgetown-Howard Universities Center for Clinical and 

Translational Science, Washington, DC, USA; 6Lamont-Doherty Earth Observatory of Columbia 

University, Palisades, NY, USA; 7Department of Epidemiology, Columbia University Mailman 

School of Public Health, New York, NY, USA  

 

2.1 Abstract 

Drinking water contaminated with uranium is a widespread public health concern. We 

developed prediction models to estimate urinary uranium levels from uranium concentrations in 

water in adult American Indian participants from the Strong Heart Family Study (SHFS). 

Uranium in urine was measured in 1,810 SHFS participants in 2001-2003 (Phase 4) and in 250 

participants in 2006-2009 (Phase 5). SHFS data was partitioned into training (n=1,356; Phase 4 

urine values), testing (n=254; Phase 4 urine values) and validation (n=250; Phase 5 values) 

datasets. Contaminant estimates in water were generated based on SHFS zip code tabulation area 
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(ZCTA) locations available at Phase 4 and Phase 5. We used generalized linear models (GLMs) 

to make predictions of urine uranium from water uranium, including metal contaminants 

measured in water and urine, demographic, and clinical participant characteristics as predictors. 

Median (p25, p75) urine uranium was 0.03 (0.01, 0.06) μg/L and median (p25, p75) water 

uranium was 0.63 (0.35, 4.01) μg/L in Phase 4 training data. Uranium levels were 0.03 (0.01, 

0.05) μg/L in urine and 0.59 (0.35, 2.94) μg/L in water in Phase 5 validation data. GLM models 

predicting urine uranium from urine creatinine, water uranium, water arsenic, water selenium 

urine arsenic, urine selenium, center of recruitment, eGFR, sex, age, education, income needs, 

smoking status, and BMI as predictors, resulted in the lowest root mean square error (RMSE) in 

both the testing (1.011) and validation (1.066) datasets. The adjusted R2 of this model was 0.30. 

We estimated urinary uranium concentrations from publicly available data on uranium 

concentrations in water. These findings emphasize the contribution of uranium in water to 

internal uranium in urine and demonstrate the relevance of estimating metal contaminants in 

urine for the SHS to inform disease risk and exposure-prevention. 

 

2.2 Introduction  

  

Drinking uranium-contaminated water represents a major concern for United States 

residents266,267. Uranium is a naturally occurring element found in rocks, sediments, and soils 

throughout the United States and is released into the environment through wind and water 

erosion7. Anthropogenetic mining, milling and other forms of uranium processing has the 

potential to mobilize uranium into water, representing an additional source of contamination.  

Research has shown that uranium is detectable in over 50% of public water systems, and 

there are racial and ethnic disparities in exposure14, with areas of  higher proportions of 
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Hispanic/Latino and American Indian/Alaskan Native residents associated with higher uranium 

concentrations in public water15. While regulation for maximum contaminant level (MCL) of 

uranium in public water systems (30 µg/L) took effect in 2008, no MCL was regulated in the 

United States prior to this time, and those relying on private wells are not subject to this 

regulation. 

Water uranium exposure is particularly relevant for American Indian communities given 

their proximity to historical anthropogenic activity, naturally occurring uranium in water, as well 

as the historical insufficient regulations of uranium in drinking water. Nationally, around 20% of 

uranium mines are located within 10 km of an American Indian reservation, with an estimated 

286,346 people at risk20. Many American Indian communities rely on private wells for drinking 

water and face a disproportionate lack of access to public water systems compared to the rest of 

the United States21-23. Further, water sampling from some tribal communities in South Dakota 

found surface- and ground-water uranium concentrations above the MCL24. These findings are 

consistent with initial sampling results from tribal communities in the Northern Plains25,26. 

However, limited data exist on uranium water sampling throughout tribal communities, 

reflecting a need for renewed efforts for testing, monitoring, and regulation. 

Evidence supports that chronic, low- to moderate- levels of metal exposures are 

associated with increased disease risk, particularly kidney damage73,74,268. However, uranium 

remains an understudied metal potentially associated with multiple diseases. The Strong Heart 

Study (SHS), a population of American Indian participants throughout the Northern Plains, 

Oklahoma and Arizona, represents an important population to understand the extent and 

potential health impact of uranium exposure. This requires a comprehensive assessment of 

uranium exposure as measured in water and urine. Urinary uranium levels, however, are only 
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available in a kinship-based extension of the original SHS study, the Strong Heart Family Study 

(SHFS), but not in SHS participants. Given the community concerns over uranium contamination 

and limited data on urinary uranium levels in SHS participants, estimating water uranium 

exposure levels across the entire SHS community is critical.  

In the proposed study, our primary objective was to predict urinary uranium levels from 

water uranium in the SHS, relying on existing nationwide measurements of uranium in water and 

relationships between urine uranium and water uranium in the SHFS. We hypothesize that 

available data can be used to estimate urine uranium concentrations at the ZCTA and provide 

estimates in urine across a range of uranium exposure levels for SHS participants. 

 

2.3 Methods 

 

2.3.1 Population 

 

The protocol was approved by institutional review boards (IRBs), participating tribal 

communities, and the respective area Indian Health Service IRBs. All participants provided 

informed consent. The data underlying this article cannot be shared publicly in an unrestricted 

manner due to limitations in the consent forms and in the agreements between the Strong Heart 

Study tribal communities and the Strong Heart Study investigators. The data can be shared to 

external investigators following the procedures established by the Strong Heart Study, available 

at https://strongheartstudy.org/.  

The SHS is a participatory based cohort study of CVD and its risk factors working in 

partnership with tribal communities in the Southwest and the Great Plains75. In 1989-1991, all 

adults aged 45-74 years were eligible for recruitment75. A total of 4,549 adults were initially 

recruited. After excluding one community which declined further participation, a total of 3,516 

men and women participated in the third physical exam in in 1998-1999. To extend the SHS into 

https://strongheartstudy.org/
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a multigenerational cohort derived from the original SHS families, the SHFS was initiated with a 

pilot study conducted during SHS Phase 3 (1997-1999) and re-evaluated at Phase 4 (2001-2003) 

and Phase 5 (2006-2009). Families were eligible if they had a core sibship consisting of 3 

original SHS participants and at least 5 additional living family members269. Additional SHS 

cohort family members 15 years of age and older were enrolled during the first exclusively 

SHFS visit at Phase 4 (2001-2003).  

In the current analysis, SHFS participants were eligible for inclusion if they had 

geospatial information available that was linked to uranium water uranium concentrations 

(N=2,744). Of these, we further excluded participants who were missing an estimate of average 

uranium concentrations in water from 2000-2010 at the ZCTA level, participants missing urine 

uranium values, and those missing relevant predictors, resulting in a sample size of 1,610 for this 

analysis. 

 

2.3.2 Water uranium data sources.  

Water contaminants including uranium, arsenic and selenium, relied on previously 

created zip code tabulation area level (ZCTA) community water system (CWS) estimates derived 

from compliance monitoring record data from the EPA270. As described previously271, uranium 

concentrations within a given CWS were averaged across 2000-2011. As outlined in the 

radionucleotides rule, this period includes samples either grandfathered in or samples from the 

initial compliance period (2000-2007), as well as samples taken during the first compliance cycle 

(2008-2016)271. Averaged arsenic and selenium concentrations in water were derived from 

compliance monitoring records available from 2006–11. A linkage between ZCTA-level 

contaminant concentrations and SHFS participant ZCTAs was made at the SHS coordinating 
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center. Contaminant estimates were generated based on SHFS ZCTA locations available at Phase 

4 (2001-2003) and Phase 5 (2006-2009), corresponding to when urinary measures are available, 

and estimates were jittered by 20% to limit the potential of identifying individuals by their 

ZCTAs. 

 

2.3.3 Urinary uranium measures in the Strong Heart Family Study 

 

Participants provided a morning spot urine sample at Phase IV and samples were stored 

at -80°C at MedStar Health Research Institute, the central SHS biorepository and laboratory. 

Phase IV urine uranium was assayed at the Trace Metals Laboratory at the University of Graz, 

Austria using inductively coupled plasma–mass spectrometry (ICP-MS) (Agilent 7700x ICP–

MS; Agilent Technologies) 272. The limit of detection (LOD) for uranium was 0.006 µg/L at 

Phase IV. Values below the LOD (17.9%) were replaced with the LOD divided by the square 

root of two. Phase V uranium was analyzed at the Columbia University Trace Metals Core 

laboratory with ICP-MS. The LOD for uranium was 0.0029 µg/L. Uranium values equal to or 

below a value of 0 (3.2%) were replaced with 0.001. Urine albumin, creatinine, specific gravity, 

and other metals, including the sum of inorganic and methylated arsenic species, were measured 

as previously described and were available for this study269,272. Urine uranium values used here 

were divided by urine creatinine to account for urine dilution and expressed as μg/g creatinine. 

Other laboratory details and extensive quality control/quality assurance have been published272.  

 

2.3.4 Other variables 

 

As described previously72, all participants provided sociodemographic and medical 

history information including age, sex, education, study center of recruitment, smoking status 

(never, former, current), body mass index (BMI), via baseline questionnaires, physical exams, 
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and laboratory analyses. Estimated glomerular filtration rate (eGFR) was calculated using age, 

sex, and plasma creatinine via the Chronic Kidney Disease – Epidemiology Collaboration 

formula273.  

 

2.3.5 Statistical Analysis 

All analyses were conducted in R version 4.1.1 and ArcGIS 10.8.2. Averaged ZCTA-

level uranium concentrations in water were displayed for SHS states (Arizona, Oklahoma, North 

Dakota, South Dakota). In the SHFS, participants were split into training, testing, and validation 

datasets. The training data was comprised of SHFS participants with urine uranium available at 

Visit 4 (n=1,356). Predictions were tested in Visit 4 urine uranium values among the subset of 

SHFS participants that had urinary measures available at both Visit 4 and Visit 5 study visits (n 

=254). Predictions were validated in the subset that had Visit 5 uranium values available (n = 

250). We used generalized linear models (GLMs) to predict urine uranium from water uranium 

and additional predictors. For predictions made in the SHFS, all predictor variables were 

measured at Phase 4. Predictor variables were progressively added in the following order: 

urinary creatinine (mg/dL), water uranium (µg/L), water arsenic (µg/L), water selenium (µg/L), 

urine arsenic (µg/L), urine selenium (µg/L), urine arsenic (µg/L), study center, estimated 

glomerular filtration rate (ml/min/1.73m2), sex, age, education status (years), income needs (yes 

vs unsure/no), smoking (never, former, current), and body mass index (kg/m2). Model 

performance was assessed using root-mean-squared error (RMSE) and by visualizing the 

distribution of predicted urine uranium values compared to measured urine uranium values. A 

sensitivity analysis was performed where predictions were tested in 20% of the training data 

(Visit 4 urine uranium; n = 271), and validated among Visit 4 values among the subset of SHFS 

participants that had urinary measures available at both Visit 4 and Visit 5 study visits (n = 242). 
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An additional sensitivity analysis was performed using random forest with 10-fold cross 

validation, utilizing water uranium, creatinine, water arsenic, urine arsenic, urine selenium, water 

selenium, center of recruitment, eGFR, sex, age, education, income needs, smoking status, and 

BMI as predictors.  

 

2.4 Results 

 

2.4.1. Descriptive characteristics 

In the training dataset comprised of Phase 4 values, the median (p25, p75) water uranium 

concentration was 0.63 (0.35, 4.01) μg/L and the mean (SD) age was 38.2 (16.4) μg/L (Table 1). 

The median (p25, p75) concentration of urine uranium, unadjusted for creatinine, was 0.03 (0.01, 

0.06) μg/L and 0.03 (0.01, 0.06) μg/g creatinine (Table 1). The mean (SD) age of participants in 

the testing dataset was 37.7 (15.9) years and 41%. The median (p25, p75) water uranium 

concentration was 0.59 (0.35, 3.12) μg/L and the median (p25, p75) of urine uranium was 0.03 

(0.01, 0.07) μg/L. Among Phase 5 participants in the validation dataset, the median (p25, p75) 

water uranium concentration was 0.59 (0.35, 2.94) μg/L and the median (p25, p75) of urine 

uranium was 0.03 (0.01, 0.05) μg/L.  

In GLM models predicting urine uranium, modeled on the log-scale, the model utilizing 

creatinine, water uranium, water arsenic, water selenium urine arsenic, urine selenium, center of 

recruitment, eGFR, sex, age, education, income needs, smoking status, and BMI resulted in the 

lowest RMSE in both the testing (1.010) and validation (1.063) datasets (Table 2). The RMSE of 

predicted urine uranium (μg/L) was less than the standard deviation of measured values in the 

testing (1.27) and validation datasets (1.29), as well as the training data (1.21). The RMSE was 

consistently lower in the second tertile of the distribution of urine uranium values, and higher at 

tails of the distribution (Table 3). Visualizations of model performance in the testing and 
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validation datasets are displayed in Figure 1 and Figure 2, respectively. Results were similar in 

a sensitivity analysis analyzing urine uranium predictions without Phase 5 data, using Phase 4 

data exclusively (Table A1). The sensitivity analysis using random forest with 10-fold cross 

validation resulted in a comparable RMSE (1.04) to GLM models. Urinary creatinine (100), 

water uranium (80.8) and urine arsenic (56.2) had the highest variable importance for this 

random forest model (Table A2). 

Table 1: Water and urine uranium concentrations and participant characteristics in the Strong 

Heart Family Study at Phase 4 and Phase 5.  

 

 

SHFS Training Data  

(SHFS Phase 4; n=1,356) 

Testing Data 

 (SHFS Phase 4; n = 254) 

Validation Data  

(SHFS Phase 5; n=250) 

Water uranium (µg/L) 

median (p25, p75) 0.63 (0.35, 4.01) 

0.59 (0.35, 3.12) 0.59 (0.35, 2.94) 

Water arsenic (µg/L) 

median (p25, p75) 3.39 (2.00, 4.88) 

3.36 (2.00, 4.79) 1.75 (1.00, 2.23) 

Water selenium (µg/L) 

median (p25, p75) 0.43 (0.42, 2.10) 

0.80 (0.42, 2.10) 0.80 (0.42, 2.10) 

Urinary uranium (µg/L) 

median (p25, p75) 0.03 (0.01, 0.06) 

0.03 (0.01, 0.07) 0.03 (0.01, 0.05) 

Urinary arsenic (µg/g 

creatinine) median (p25, 

p75) 6.33 (4.11, 10.30) 

6.28 (4.15, 9.79) 7.30 (4.82, 11.89) 

Urinary selenium (µg/g 

creatinine) median (p25, 

p75) 41.55 (31.25, 55.96) 

43.47 (32.78, 56.98) 65.90 (41.95, 98.57) 

Center, n (%):    

   Arizona 141 (10.4) 28 (11.0) 25 (10.0) 

   Oklahoma 672 (49.6) 107 (42.2) 107 (42.8) 

   North & South Dakota 543 (40.0) 119 (46.8) 118 (47.2) 

Female, n (%): 776 (57.2) 173 (68.1) 172 (68.8) 

Age (years), mean (SD) 38.2 (16.4) 35.5 (12.9) 40.5 (12.3) 

Education, mean (SD) 12.0 (2.2) 12.3 (2.3) 12.0 (2.2) 

Smoking status, n (%):    

   Former 281 (20.7) 60 (23.6) 61 (25.5) 

   Never 565 (41.7) 106 (41.7) 103 (41.4) 

   Current 510 (37.6) 88 (34.7) 85 (34.1) 

Income met needs n (%):    

  Yes 1,028 (75.8) 193 (76.0) 170 (68.0) 

  Unsure/No 328 (24.2) 61 (24.0) 80 (32.0) 

Body mass index (kg/m2), 

mean (SD) 30.8 (7.4) 

31.2 (7.9) 32.8 (7.9) 

eGFR (ml/min/1.73m2; 

CKD-Epi), mean (SD) 116.6 (19.8) 

119.5 (17.0) 113.9 (17.6) 

Note: eGFR = estimated glomerular filtration rate; CDK-Epi = Chronic Kidney Disease -Epidemiology 

Collaboration. SHFS refers to the Strong Heart Family Study sample that had predictor variables available. 
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Table 2. Model performance of predicting water uranium from urine uranium in the SHFS, 

progressively adding predictors. 

 
Covariates (Response is log-uranium)  Testing RMSE 

(N=254) 

Testing 

Adjusted R2 

Validation RMSE 

(N=250) 

Validation 

Adjusted R2 

creatinine  1.191 0.105 1.306 0.058 

idem + water uranium 1.114 0.215 1.169 0.241 

idem + water arsenic 1.110 0.217 1.168 0.239 

idem + water selenium 1.040 0.310 1.112 0.309 

idem + urine arsenic 1.038 0.310 1.106 0.313 

idem + urine selenium 1.038 0.306 1.105 0.310 

idem + center 1.025 0.318 1.089 0.325 

idem + eGFR 1.024 0.316 1.085 0.327 

idem + sex 1.023 0.315 1.077 0.334 

idem + age 1.024 0.311 1.077 0.332 

idem + education 1.019 0.315 1.067 0.341 

idem + income needs 1.013 0.318 1.071 0.330 

idem + smoking status 1.011 0.314 1.066 0.331 

idem + BMI 1.010 0.312 1.063 0.332 

 
Generalized linear models were used to predict urine uranium from water uranium and additional predictors. 

Predictor variables were progressively added. Urinary and water contaminants were modeled in the log scale. 

Predictor variables include urinary creatinine (mg/dL), water uranium (µg/L), water arsenic (µg/L), water selenium 

(µg/L), urine arsenic (µg/L), urine selenium (µg/L), urine arsenic (µg/L), study center, estimated glomerular 

filtration rate (ml/min/1.73m2), sex, age, education status (years), income needs (yes vs unsure/no), smoking (never, 

former, current), and body mass index (kg/m2). Models were trained on urinary uranium values from Visit 4 

(n=1,356). Testing data consisted of urine uranium values measured at Visit 4, among a subset of participants who 

also had urine uranium measured at Visit 5 (n=254). Validation data consisted of urine uranium values measured at 

Visit 5 (n=250). Idem refers to “the same as above”. 
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Table 3: Model performance along tertiles of the distribution predicting water uranium from 

urine uranium in the testing dataset (N=254) 

 
Covariates (Response is 

log-uranium)  

Overall  

RMSE (N=254) 

RMSE Tertile 

1  

(N=85) 

RMSE Tertile 

2 

(N=85) 

RMSE Tertile 

3 

(N=84) 

creatinine  1.191 1.382 0.390 1.471 

idem + water uranium 1.114 1.245 0.478 1.385 

idem + water arsenic 1.110 1.219 0.501 1.391 

idem + water selenium 1.040 1.157 0.530 1.267 

idem + urine arsenic 1.038 1.154 0.532 1.263 

idem + urine selenium 1.038 1.154 0.531 1.265 

idem + center 1.025 1.141 0.554 1.236 

idem + eGFR 1.024 1.143 0.552 1.232 

idem + sex 1.023 1.128 0.557 1.242 

idem + age 1.024 1.127 0.558 1.244 

idem + education 1.019 1.112 0.572 1.240 

idem + income needs 1.013 1.106 0.574 1.227 

idem + smoking status 1.011 1.104 0.577 1.225 

idem + BMI  1.010 1.104 0.577 1.223 

 
RMSE was calculated overall and across tertiles of urine uranium in the testing data. Models were trained on urinary 

uranium values from Visit 4 (n=1,356). Testing data consisted of urine uranium values measured at Visit 4, among a 

subset of participants who also had urine uranium measured at Visit 5. Generalized linear models were used to 

predict urine uranium from water uranium and additional predictors. Predictor variables were progressively added. 

Urinary and water contaminants were modeled in the log scale. Predictor variables include urinary creatinine 

(mg/dL), water uranium (µg/L), water arsenic (µg/L), water selenium (µg/L), urine arsenic (µg/L), urine selenium 

(µg/L), urine arsenic (µg/L), study center, estimated glomerular filtration rate (ml/min/1.73m2), sex, age, education 

status (years), income needs (yes vs unsure/no), smoking (never, former, current), and body mass index (kg/m2). 

Idem refers to “the same as above”. 

 

 

 

 



30 

 

 

Figure 1: Visualization of model performance in the testing dataset (N=254) 

 

Generalized linear models were used to predict urine uranium from water uranium and additional predictors. Models 

were trained on urinary uranium values from Visit 4 (n=1,356). Testing data consisted of urine uranium values 

measured at Visit 4, among a subset of participants who also had urine uranium measured at Visit 5. Predictor 

variables were progressively added. Urinary and water contaminants were modeled in the log scale. Scatter plot of 

predicted (y-axis) and measured (x-axis) urine uranium values at Phase 4 (left) and distributions of predicted (blue) 

and measured (green) urine uranium values (right). Predictor variables include urinary creatinine (mg/dL), water 

uranium (µg/L), water arsenic (µg/L), water selenium (µg/L), urine arsenic (µg/L), urine selenium (µg/L), urine 

arsenic (µg/L), study center, estimated glomerular filtration rate (ml/min/1.73m2), sex, age, education status (years), 

income needs (yes vs unsure/no), smoking (never, former, current), and body mass index (kg/m2). 

 

 

 

 

 



31 

 

 

Figure 2: Visualization of model performance in the validation dataset (N=249) 

 

Generalized linear models were used to predict urine uranium from water uranium and additional predictors. Models 

were trained on urinary uranium values from Visit 4 (n=1,356). Validation data consisted of urine uranium values 

measured at Visit 5. Predictor variables were progressively added. Urinary and water contaminants were modeled in 

the log scale. Scatter plot of predicted (y-axis) and measured (x-axis) urine uranium values at Phase 5 (left) and 

distributions of predicted (blue) and measured (green) urine uranium values (right). Predictor variables include 

urinary creatinine (mg/dL), water uranium (µg/L), water arsenic (µg/L), water selenium (µg/L), urine arsenic (µg/L), 

urine selenium (µg/L), urine arsenic (µg/L), study center, estimated glomerular filtration rate (ml/min/1.73m2), sex, 

age, education status (years), income needs (yes vs unsure/no), smoking (never, former, current), and body mass 

index (kg/m2). 

 

2.5 Discussion 

This study represents an important population-based estimation of water uranium in the 

largest cohort of American Indians, utilizing novel methods to estimate uranium exposure in 

public water systems, and provides insights on a range of water uranium concentrations within 

the SHS. Predictions models with the lowest RMSE incorporated contaminants in water 



32 

 

(uranium, arsenic, selenium), urinary measures of these contaminants (arsenic, selenium), as well 

as sociodemographic and clinical variables (center of recruitment, eGFR, sex, age, education, 

income needs, smoking status, and BMI). Additional contaminants measured in water (barium, 

chromium) were considered due to their relationships with uranium in water, but did not improve 

predictions of urine uranium (data not shown). While a measure of nitrate in water was also 

considered for prediction models, this variable was not widely available for our study sample. 

Uranium-contamination of drinking water is a major public health concern15,271,274. 

Although concentrations vary widely across the US, the mean (SD) of water uranium reported 

here (4.44 (7.5) μg/L) was similar to previously reported national averages (mean 4.37 μg/L)275.  

Chronic uranium exposure in drinking water has been linked to variety of health 

outcomes8, including nephrotoxicity124,276,277, as kidneys are the main site of uranium-related 

damage7. Uranium exposure in urine has been assessed in civilian278,279, military280-282, and the 

general US population using NHANES data283, and has been investigated in relation to a variety 

of disease endpoints, including kidney disease283,284, liver disease284,285, asthma286, thyroid 

disease287, and diabetes288. The concentrations of uranium reported in the SHFS are larger than 

those reported in the general US population, as expected. Previous work in NHANES data has 

reported median (p25, p75) concentrations of 0.006 (0.003–0.011) (μg/L urine; NHANES 2007-

2008)287 and 0.005 μg/g creatinine (2013-2016 NHANES data)285. Additionally, from 2000-2010 

NHANES data, which closely mirrors the time period of the present analysis, the mean uranium 

concentration was 0.0164 μg/g creatinine283. 

There are few efforts that have estimated urine uranium measures from water uranium in 

the literature, and most prediction approaches have used machine learning to predict arsenic, 

nitrate, or polyfluoroalkylated substance concentrations289. One prior effort in the SHFS assessed 
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the contribution of water uranium to urine uranium in community water systems, and reported 

that a twofold increase in community water system uranium (µg/L) was associated with an 18% 

increase in urinary uranium290. Other prediction models have been designed to predict urinary 

concentrations under different exposure source scenarios (inhalation, ingestion, direct absorption 

into the bloodstream)291, but do not specify drinking water as the uranium source. In this analysis 

we were able to predict uranium values at Visit 5, which represents an important step in 

predicting uranium values at different time points in the larger SHS, as well as the potential for 

predicting in different populations. 

Our predictions models have important implications for exposure assessment and 

environmental monitoring. The ability to accurately estimate internal dose uranium from an 

external measure offers a non-invasive means to determine population-level exposure to 

uranium. This exposure assessment has relevance for the SHS population, the general US 

population, and potentially global settings292. These prediction methods can also be applied to 

other metals to estimate exposure to inform relationships between external and internal doses of 

metals, as well as contribute to drinking water thresholds relevant for disease289. Ultimately, 

prediction models can be used to identify susceptible populations based on assessments of 

contaminants measured in drinking water.  

This study has limitations. Uranium data was derived from compliance monitoring 

records from both SYR2 (2000–05) and SYR3 (2006–11), and it is possible that estimates of 

uranium were overestimated, as previously described271. However averaged uranium estimates 

(2000-2011) aggregated at the ZCTA level represent the finest geographic available to determine 

relationships with measures of internal dose and inform studies of health outcomes. Contaminant 

estimates in water at the ZCTA level were jittered at the SHS coordinating center in order to 
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protect participant confidentiality. While this added noise to water contaminant data, this jittering 

was small (20%) and added randomly and should not ultimately affect analyses.  

We report that water uranium concentrations were roughly 15 times larger than urinary 

concentrations. However, this result was expected given that uranium absorption is low (0.1-

6.0%) in the gastrointestinal tract and the majority of uranium entering the body (>95%) is not 

absorbed and excreted directly via feces7. Although GLM models were used in this analysis, it is 

possible that additional modelling efforts could result in improved predictions of urine uranium. 

Despite this, we observed similar results between GLM approaches and results from random 

forest, supporting the use of GLMs for prediction. Future efforts should also consider 

incorporating additional data sources to ultimately improve the spatial coverage and make 

accurate predictions at the household-level. This includes generating estimates for those that rely 

on private wells for drinking water, as opposed to public water systems. Information about 

drinking water habits and dietary consumption patterns were not available for this analysis, but 

would be helpful for future predictions. Drinking water samples measured directly in participant 

households would provide a more accurate measure of water uranium for predictions. However, 

the newest Phase of the SHS (Phase 7) will for the first time collect water samples at participant 

homes, which can be used as an additional validation dataset for predictions. It is possible that 

prediction approaches generated in the SHS are not generalizable to the US population, as 

differences in demographics and population characteristics may alter the accuracy of prediction 

models. However, the SHS represents an important population to develop prediction models in 

given exposure to uranium. Despite these limitations, this work represents a novel effort to make 

predictions of urine uranium from water uranium in public water systems, and can be used to 

make future predictions across the larger SHS.  
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2.6 Conclusions 

 In a sample of SHFS participants, we estimated urinary uranium concentrations from 

publicly available data on uranium concentrations in water. These findings emphasize the 

contribution of uranium assessed in water to uranium measured in urine, and demonstrate the 

relevance of estimating metal contaminants in urine across the larger SHS to inform disease risk 

and exposure prevention. 

 

2.7 Appendix 

 

Table A1: Evaluating model performance of urine uranium using Visit 4 values 

Covariates (Response is log-Uranium)  RMSE  

(Test data: 20% of train data) 

(N=271) 

RMSE  

(Test data: repeat 

measures 

(N=242) 

Water uranium 1.117 1.197 

idem + creatinine 1.039 1.112 

idem + water arsenic 1.039 1.108 

idem + water selenium 1.038 1.107 

idem + urine arsenic 1.038 1.105 

idem + urine selenium 1.000 1.037 

idem + center 0.987 1.026 

idem + eGFR 0.987 1.025 

idem + sex 0.984 1.024 
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idem + age 0.983 1.025 

idem + education 0.990 1.02 

idem + income needs 0.991 1.013 

idem + smoking status 0.991 1.013 

idem + BMI 0.990 1.011 

 
Generalized linear models were used to predict urine uranium from water uranium and additional predictors. Models 

were trained on a subset (80%) of urinary uranium values from Visit 4 (n=1,085). Testing data consisted of a 

random subset of 20% urine uranium values measured at Visit 4 (n=271). Validation data consisted of urine uranium 

values measured at Visit 4, among a subset of participants who also had urine uranium measured at Visit 5 (n=242). 

Predictor variables were progressively added. Urinary and water contaminants were modeled in the log scale. 

Predictor variables include urinary creatinine (mg/dL), water uranium (µg/L), water arsenic (µg/L), water selenium 

(µg/L), urine arsenic (µg/L), urine selenium (µg/L), urine arsenic (µg/L), study center, estimated glomerular 

filtration rate (ml/min/1.73m2), sex, age, education status (years), income needs (yes vs unsure/no), smoking (never, 

former, current), and body mass index (kg/m2). Idem refers to “the same as above”. 
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Table A2. Variable importance factor for the random forest model predicting water uranium 

from urine uranium in the SHFS. 
Variable Variable Importance 

Urinary creatinine (log-scale) 100.0 

Water uranium 80.8 

Urine arsenic 56.2 

Urine selenium 47.8 

Age 43.4 

BMI 42.5 

Egfr 37.4 

Water arsenic 34.7 

Water selenium 26.6 

Education 20.5 

Oklahoma study center                       19.6 

North and South Dakota study center                       4.6 

Male sex                             2.5 

Income needs met (yes) 0.86 

Income needs met (unsure/no) 0.22 

Current Smokers                         0.18 

Former Smokers 0.0 

Random forest was performed using 10-fold cross validation using 80% of the training data (n=1,085). Testing data 

consisted of urine uranium values measured at Visit 4, among a subset of participants who also had urine uranium 

measured at Visit 5 (n=254). Predictor variables include urinary creatinine (mg/dL), water uranium (µg/L), water 

arsenic (µg/L), water selenium (µg/L), urine arsenic (µg/L), urine selenium (µg/L), urine arsenic (µg/L), study 

center, estimated glomerular filtration rate (ml/min/1.73m2), sex, age, education status (years), income needs (yes vs 

unsure/no), smoking (never, former, current), and body mass index (kg/m2). 
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3.1 Abstract 

 

Uranium is a potentially cardiotoxic, non-essential element commonly found in drinking 

water throughout the United States. We evaluated whether urinary uranium concentrations were 

associated with measures of cardiac geometry and functioning among American Indian young 
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adults from the Strong Heart Family Study. Urinary uranium was measured among 1,332 

participants free of diabetes, cardiovascular disease, and <50 years old at the baseline visit 

(2001-2003). Transthoracic echocardiography and blood pressure were assessed at baseline and 

at a follow-up visit (2006-2009). We estimated mean differences in measures of cardiac 

geometry and functioning at baseline and follow-up using linear mixed effect models with a 

random intercept and slope over time. Median (IQR) uranium was 0.029 (0.045) μg/g creatinine. 

In fully adjusted cross sectional models, a log-doubling of urinary uranium was positively 

associated with left ventricular (LV) mass index (mean difference: 0.49 g/m2, 95% CI: 0.07-0.92 

g/m2), left atrial systolic diameter (0.02 cm, 0.01-0.03 cm), and stroke volume (0.66 mL, 0.25-

1.08 mL) at baseline. Prospectively, baseline uranium was associated with increases in left atrial 

diameter (0.02 cm, 0.01-0.03 cm), pulse pressure (0.28 mmHg, 0.05-0.52 mmHg), and incident 

LV hypertrophy (OR: 1.25, 95% CI: 1.06, 1.48). Urinary uranium levels were adversely 

associated with measures of cardiac geometry and LV functioning among American Indian 

adults, including increases in pulse pressure and LV hypertrophy. These findings support the 

need to determine the potential long-term subclinical and clinical cardiovascular effects of 

chronic uranium exposure in the general population, and the need for future strategies to reduce 

exposure. 

 

3.2 Introduction  

Uranium contamination of soil and water is an understudied global health concern8,274, 

with regional differences in uranium concentrations stemming from both geogenic and 

anthropogenic sources16,274,293-302. Moreover, interest in uranium mining has grown in recent 

years, related to the need to find additional sources of energy beyond fossil fuels303. Throughout 
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the United States, uranium is widespread in drinking water and detectable in over 50% of public 

water systems275. The United States Environmental Protection Agency (US EPA)’s maximum 

contaminant level (MCL) for uranium in public water systems (30 µg/L) became enforceable in 

2008304. Because uranium is an established carcinogen, the US EPA sets the MCL goal at zero, 

reflecting no safe level of exposure304. Drinking uranium-contaminated water is reflected in 

urine, a biomarker capturing total internal dose168. However, the health effects associated with 

the chemical toxicity of uranium remain understudied, especially for chronic uranium exposure 

at lower levels relevant to US populations. 

An increasing body of literature emphasizes environmental metal exposures as risk 

factors for cardiovascular disease (CVD)47-50. Findings from the Strong Heart Study (SHS), a 

prospective cohort of CVD and its risk factors among American Indian communities, revealed 

associations of chronic, low- to moderate- levels of arsenic and cadmium with increased CVD 

risk73,74,268. Uranium, however, remains an understudied metal potentially associated with 

CVD57,125,286. In the US, many Indigenous communities are affected by chronic uranium 

exposure, related in part to active and abandoned uranium mines, dust inhalation, and the 

contamination of groundwater and drinking water sources20,305. SHS participants have 

significantly higher urinary uranium compared to the general US population and other US 

cohorts69,283,285,287. 

Despite evidence supporting associations of acute and chronic uranium exposures with 

nephrotoxicity, neurotoxicity, reproductive toxicity, hepatoxicity, and bone toxicity, research is 

limited for cardiovascular outcomes7,8. Findings within the general US population are sparse; one 

study using National Health and Nutrition Examination Survey (NHANES) data reported a trend 

of increasing CVD risk with higher levels of uranium exposure286. Echocardiographic measures 
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of cardiac geometry and left ventricular functioning are useful for capturing risk, subclinical 

disease, and progression to clinical CVD outcomes. These subclinical echocardiographic 

measures are available in the SHS, and prior work has identified that arsenic is associated with 

changes in cardiac geometry and left ventricular functioning in the SHS306. However, it remains 

important to investigate how uranium influences these metrics and the CVD disease-trajectory. 

Our primary objective was to evaluate if uranium exposure, as measured in urine, was 

associated cross-sectionally and longitudinally with echocardiographic measures of cardiac 

geometry, left ventricular functioning, and left ventricular hypertrophy in the Strong Heart 

Family Study (SHFS), a family-based extension of the original SHS. We hypothesized that 

higher urinary uranium levels would be associated with metrics of altered geometry and impaired 

left ventricular functioning, reflecting increased risk of subclinical CVD. 

 

3.3 Methods 

3.3.1 Study Population 

The data underlying this article cannot be shared publicly in an unrestricted manner due 

to limitations in the consent forms and in the agreements between the SHS tribal communities 

and the SHS investigators. The data can be shared with external investigators following 

procedures established by the SHS (available at https://strongheartstudy.org/).  

The SHS is a prospective cohort of CVD and its risk factors among American Indian 

adults from tribes and communities in Arizona, Oklahoma, North Dakota, and South Dakota. All 

adults 45–74 years of age at baseline were invited to participate in the Phase 1 baseline exam 

(1989-1991)72,75 and the participation rate was 62%307. A total of 4,549 adults were initially 

recruited and 1,032 participants from one community were subsequently excluded from further 

https://strongheartstudy.org/
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research by tribal request. The SHFS is an extension of the SHS derived from original SHS 

families and initiated with a pilot study conducted during SHS Phase 3 (1997-1999). Families 

were eligible if they had a core sibship consisting of at least five living family members, of 

which 3 were original SHS participants269. Additional SHS cohort family members 15 years of 

age and older were enrolled during the first SHFS-only visit at Phase 4 (2001-2003) and were re-

evaluated at Phase 5 (2006-2009). All  SHS protocols were approved by institutional review 

boards (IRBs), participating tribes, and the respective area Indian Health Service IRBs. All 

participants provided informed consent. This analysis used the STROBE cohort reporting 

guidelines308. 

In the current analysis, SHFS participants with urinary uranium measures and 

echocardiographic measures available at baseline were eligible for inclusion (n=2,919). Analyses 

were restricted to study participants <50 years of age who were free of both clinically-evident 

CVD and diabetes mellitus at baseline (n=1,752). We then excluded 293 participants missing 

urine uranium measures and 92 participants missing echocardiographic measures at baseline, as 

well as 19 participants missing data on cofounders of interest. Nine participants with outlier 

levels of measured echocardiographic measures (defined as values ≥2*P99) and 7 participants 

with outlier levels of urinary uranium (defined as values ≥3*P99) were further excluded, resulting 

in a final sample of 1,332 participants for this analysis. 

3.3.2 Urinary uranium measurements 

Participants provided a morning spot urine sample at Phase IV and samples were stored 

at -80°C at MedStar Health Research Institute, the central SHS biorepository and laboratory. 

Urine uranium was assayed at the Trace Metals Laboratory at the University of Graz, Austria 

using inductively coupled plasma–mass spectrometry (ICP-MS) (Agilent 7700x ICP–MS; 
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Agilent Technologies)272. The limit of detection (LOD) for uranium was 0.006 µg/L. Values 

below the LOD (17.9%) were replaced with the LOD divided by the square root of two. 

Albumin, creatinine, specific gravity, and other metals, including the sum of inorganic and 

methylated arsenic species, were measured as previously described and were available for this 

study269,272. Urine uranium values used here were divided by urine creatinine to account for urine 

dilution and expressed as μg/g creatinine. Other laboratory details and extensive quality 

control/quality assurance for this analysis have been published 272.  

3.3.3 Echocardiographic measures of cardiac geometry and functioning 

Participants underwent transthoracic echocardiograms with phased-array 

echocardiographs with M-mode, 2-dimensional and Doppler capabilities306 during the Phase 4 

and Phase 5 study visits, according to standardized and previously described methods309. 

Echocardiograms were performed by trained sonographers and reviewed by two readers, with 

approximately 97% of echocardiograms finally interpreted by a single highly experienced 

investigator, as recommended by the American Society of Echocardiography310. At least 10 

consecutive beats of 2-dimensional and M-mode recordings of cardiac geometry parameters 

were recorded in the parasternal acoustic window at or just below the tips of the mitral leaflets in 

both long and short-axis views. Left atrium diameter (LAD) was measured at end-systole. We 

used the following parameters of cardiac geometry at the end of diastole: left ventricular (LV) 

internal diameter, interventricular septum, LV posterior wall thickness, and relative wall 

thickness. LV mass was calculated by a necropsy-validated formula and normalized for body 

surface area311,312. LV mass/body surface area ratio was used to define LV hypertrophy (>115 

g/m2 in men and >95 g/m2 in women). 

Ejection fraction (calculated from LV linear dimensions313), and stroke volume, derived 
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from the Doppler method314, were used to assess left ventricular systolic functioning. Cardiac 

diastolic functioning was evaluated by Doppler interrogation. We used the following parameters 

of cardiac diastolic functioning: transmitral early (E) and late (A) filling velocities (measured at 

the annular level), and early peak rapid filling velocity to peak atrial filling velocity (measured as 

the E/A ratio).  

3.3.4 Sociodemographic and clinical variables 

Centrally trained SHS nurses and medical assistants collected participant information 

from a standardized interview, physical examination, medication review, and biospecimen 

collection at each study visit. The standardized measurements, protocols, central trainings, and 

operating procedures did not differ across study visits75. Sociodemographic and lifestyle 

information was collected from standardized SHS questionnaires, including age, sex, and 

smoking status (never/ former/ current). Never smoking was defined as reporting never smoking 

regularly, or never smoking more than 100 cigarettes in lifetime; former smoking was defined as 

smoking at least 100 cigarettes in lifetime, but not smoking currently; current smoking was 

defined as smoking at least 100 cigarettes in lifetime and currently smoking.  

Systolic and diastolic blood pressure (mmHg) were measured by auscultation, as 

previously described75,269. Brachial pulse pressure was defined as the difference between systolic 

and diastolic blood pressure. We defined hypertension status as systolic blood pressure ≥140 

mmHg, or diastolic blood pressure ≥90 mmHg, or use of antihypertensive drugs. We defined 

prehypertension status as systolic blood pressure ≥120 mmHg, or diastolic blood pressure ≥80 

mmHg, or use of antihypertensive drugs. Normal pressure was defined as systolic blood pressure 

<120 mmHg and diastolic blood pressure <80 mmHg and no use of antihypertensive drugs. We 

calculated estimated glomerular filtration rate (eGFR) using age, sex, and urinary creatinine 
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(mg/dL) via the 2009 Chronic Kidney Disease – Epidemiology Collaboration formula (CKD-

Epi)315. We defined dyslipidemia as total cholesterol ≥ 200 mg/dL, low density lipoprotein 

cholesterol ≥ 130 mg/dL, high density lipoprotein cholesterol ≤ 40 mg/dL, total triglycerides ≥ 

150 mg/dL, or reported use of lipid lowering medication. Impaired fasting glucose was defined 

as fasting blood glucose ≥ 100 and <126 mg/dL; normal fasting glucose was defined as fasting 

blood glucose <100 mg/dL. Hypertension treatment was defined as taking any antihypertensive 

drugs and having a recorded history or diagnosis of hypertension. 

3.3.5 Statistical analysis 

All analyses were conducted in R version 4.1.1. The distribution of urinary uranium 

concentrations was skewed and modeled in the log-scale to capture a log-linear dose response 

(Figure A1). We first compared baseline (Phase 4) participant characteristics and baseline 

echocardiographic measures overall and stratified by quartiles of urine uranium. We then 

calculated the Spearman correlation coefficients between urinary uranium concentrations and 

metrics of cardiac geometry and functioning. In interpreting effect estimates, we followed best 

current practice and evaluated the direction, magnitude, consistency, and precision of effect 

estimates rather than relying on dichotomous statistical significance testing316. 

We used generalized estimating equations (GEE) models and linear mixed-effects models 

to evaluate the association between baseline uranium and baseline and follow-up outcome 

measures while accounting for participant clustering within families. Our primary outcomes were 

continuous measures of cardiac geometry and functioning, as well as prevalent and incident LV 

hypertrophy. We first used logistic regression to evaluate the prevalence odds ratio (OR, 95% 

CI) of LV hypertrophy and LV diastolic dysfunction at baseline and at follow-up per log-

doubling of urine uranium using the ‘drgee’ package in R. We further stratified these analyses by 
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prehypertension status to determine effects according to blood pressure, as this has been shown 

to be relevant for these metrics in the SHS306. We evaluated the mean difference at baseline, 

annual mean change, and mean difference at 5 years of follow-up in metrics of cardiac geometry 

and functioning per log-doubling of urine uranium using linear mixed effect models. These 

models were performed using the ‘nlme’ package in R and included a random intercept and 

random slope over time for each participant. Models were further stratified by hypertension 

status. A sensitivity analysis was performed with a random effect for participant identifier nested 

within family identifier to account for family clustering.  

All model adjustment variables were measured at Phase 4 (baseline). Model 1 was 

adjusted for age (continuous) and sex. Model 2 was further adjusted for smoking status 

(never/former/current), body mass index (continuous), study center, eGFR (continuous), fasting 

glucose (continuous), dyslipidemia (yes/no), and the sum of inorganic and methylated arsenic 

(continuous), as arsenic has been shown to influence cardiac geometry and LV functioning306. 

Model 3 (the main model of interest) was further adjusted for baseline antihypertensive 

medication (yes/no) and systolic blood pressure (continuous). To explore potential effect 

measure modification, we stratified analyses of the association of urinary uranium with measures 

of cardiac geometry and functioning by sex, age group (≤/> median age of 30.4 years) and 

urinary arsenic concentrations (≤/> median concentration of 4.23 µg/L), and we corrected p-

values for interaction by the number of groups (p-value: 0.05/3 groups = 0.0167). To determine 

the impact of high arsenic and high uranium on cardiac geometry and functioning metrics, urine 

uranium and urine arsenic concentrations were both categorized into tertiles. These tertiles were 

then summed to create a uranium/arsenic tertile score (ranging from one to six), and the 

relationships with cardiac geometry and functional metrics were investigated for participants in 
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the highest uranium + arsenic tertile score compared to participants in the lowest uranium + 

arsenic tertile score.   

We used flexible natural cubic spline models to evaluate potential nonlinearity between 

urinary uranium and cardiac geometry and functional metrics. We included knots at the 10th, 

50th and 90th percentiles of the urine uranium distributions and set the reference to the 10th 

percentile. 

 

3.4 Results 

3.4.1 Participant characteristics 

The mean (SD) age of participants was 30.8 (10.4) years and 39.3% were male. The 

mean (SD) follow-up period for participants across the two study visits was 5.6 (1.2) years. The 

median (p25, p75) of urine uranium at baseline was 0.029 (0.013, 0.058) μg/g creatinine. 

Participants with higher urine uranium levels were more likely to be current smokers, and to 

have higher fasting glucose, eGFR and urine arsenic levels (Table 1). Urine uranium was also 

higher among participants with higher left atrium diameter, LV internal diameter, LV posterior 

wall thickness, stroke volume, and isovolumic relaxation time. In correlation analyses, urine 

uranium was positively associated with all measures of cardiac geometry, except relative wall 

thickness (Figure A2), and with the measures of cardiac functioning of stroke volume, E-

velocity, A-velocity, deceleration time and isovolumic relaxation time (Figure A3). 
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Table 1. Participant characteristics, cardiac geometry, and cardiac functioning measures at 

baseline by urinary uranium. 

 

Overall 

(0.001 - 1.61) 

Quartile 1  

(≤ 0.01) 

Quartile 2  

(0.01 - 

0.03) 

Quartile 3 

(0.03 - 

0.06) 

Quartile 4  

(> 0.06) P Value  

N (%) 1332 (100) 333 (25) 333 (25) 333 (25) 333 (25)   

Participant 

Characteristics       

Female n (%) 809 (60.7) 209 (62.8) 204 (61.3) 197 (59.2) 199 (59.8) 0.779 

Age (years), mean 

(SD) 30.7 (10.4) 31.4 (10.2) 30 (10.2) 30.9 (10.8) 

30.8 

(10.3) 0.742 

Smoking n (%)       

Never 560 (42.1) 162 (48.6) 147 (44.3) 132 (39.6) 119 (35.7) 0.023 

Former 246 (18.5) 53 (15.9) 59 (17.8) 71 (21.3) 63 (18.9)  

Current 525 (39.4) 118 (35.4) 126 (38.0) 130 (39.0) 151 (45.3)  

BMI (kg/m2), 

mean (SD) 30.2 (7.4) 30.4 (7) 30.2 (7.1) 30.6 (7.8) 29.8 (7.4) 0.439 

Hypertension, n 

(%) 192 (14.4) 52 (15.6) 44 (13.2) 48 (14.4) 48 (14.4) 0.854 

Prehypertension, 

n (%) 662 (49.7) 166 (49.8) 171 (51.4) 170 (51.1) 155 (46.5) 0.586 

Fasting glucose, 

mean (SD) 92 (9.4) 92.2 (9) 90.8 (8.6) 91.7 (9.9) 93.4 (9.8) 0.04 

Prediabetes, n (%) 20 (8.6) 9 (8.3) 2 (5.1) 3 (7.9) 6 (12.5) 0.668 

Dyslipidemia, n 

(%) 682 (51.2) 170 (51.1) 162 (48.6) 181 (54.4) 169 (50.8) 0.527 

eGFR 

(ml/min/1.73m2), 

mean (SD) 123.4 (15.7) 

121.1 

(16.7) 

122.9 

(14.2) 

125.6 

(15.2) 

124.1 

(16.3) 0.002 

Sum of inorganic 

and methylated 

Arsenic µg/L, 

mean (SD) 5.7 (5.3) 4.3 (3.0) 4.7 (4.1) 6.1 (5.4) 7.8 (7.0) <0.001 

Cardiac 

Geometry       

LV mass index 

(g/m2), mean 

(SD) -0.5 (9.1) -0.4 (9) -0.3 (9.8) -0.1 (9.1) -1.4 (8.2) 0.199 

Left atrium 

diameter (cm), 

mean (SD) 3.5 (0.4) 3.5 (0.4) 3.5 (0.5) 3.6 (0.5) 3.6 (0.4) <0.001 

LV internal 

diameter (cm/m), 

mean (SD) 5.3 (0.4) 5.3 (0.4) 5.3 (0.4) 5.3 (0.4) 5.3 (0.4) 0.027 

Inter Ventricular 

Septum (cm), 

mean (SD) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 0.105 

Left Ventricular 

Posterior Wall 

Thickness (cm) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) 0.008 



49 

 

(2-D module), 

mean (SD) 

Relative wall 

thickness, mean 

(SD) 0.3 (0) 0.3 (0) 0.3 (0) 0.3 (0) 0.3 (0) 0.96 

Cardiac Function       

Stroke volume 

(mL), mean (SD) 81.9 (14.4) 79.8 (14.5) 82.2 (14.9) 83 (14.1) 82.4 (14) 0.016 

Ejection fraction 

(%) mean (SD) 60 (5) 60 (4.8) 60.2 (4.9) 60.2 (5.2) 59.7 (5.1) 0.481 

Midwall 

shortening, mean 

(SD) 1.1 (0.1) 1.1 (0.1) 1.1 (0.1) 1.1 (0.1) 1.1 (0.1) 0.556 

E-velocity (cm/s), 

mean (SD) 69.7 (14.1) 68.6 (14.6) 70.8 (14.5) 68.7 (13.8) 

70.6 

(13.2) 0.25 

A-velocity (cm/s), 

mean (SD 51.7 (11.8) 51.1 (12.1) 50.8 (11.6) 52.5 (11.3) 

52.3 

(11.9) 0.071 

E/A ratio mean 

(SD) 1.4 (0.4) 1.4 (0.4) 1.5 (0.4) 1.4 (0.4) 1.4 (0.4) 0.517 

IVRT isovolumic 

relaxation time 

(ms) mean (SD) 76 (10.6) 77.6 (10.4) 76.6 (11.3) 75.2 (10.6) 74.4 (10) <0.001 

Systolic Blood 

Pressure (mmHg), 

mean (SD) 117.7 (13.2) 118 (13.7) 

117.6 

(12.5) 

117.9 

(13.9) 

117.3 

(12.8) 0.582 

Diastolic Blood 

Pressure (mmHg, 

mean (SD) 75.3 (11) 75.7 (11.3) 74.6 (11.3) 75.4 (11) 

75.5 

(10.6) 0.972 

Pulse pressure 

(mmHg) 42.4 (10.2) 42.3 (10.1) 43 (10.1) 42.5 (10.9) 41.8 (9.7) 0.453 

 

 

3.4.2 Urine uranium and left ventricular geometry 

There were 61 participants (4.6%) with LVH at baseline and 58 participants (4.6%) with 

LVH at follow-up. The fully adjusted OR (95% CI) for LVH for a log-doubling of urine uranium 

was 1.09 (0.91, 1.31) at baseline and 1.25 (1.06, 1.48) at follow-up for all participants (Table 2). 

The corresponding association at baseline was similar and remained non-significant for 

participants with and without prehypertension/hypertension but was markedly stronger at follow-

up for participants with prehypertension/hypertension (OR 1.37, 95% CI 1.16, 1.63).  
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In linear mixed effect models, the mean difference (95% CI) at baseline and follow-up 

for a two-fold higher baseline urinary uranium was, respectively, 0.49 (0.07, 0.92) and 0.30 (-

0.12, 0.71) g/m2 for LV mass index, 0.02 (0.01, 0.03) and 0.02 (0.01, 0.03) cm for left atrial 

systolic diameter, and 0.01 (0.00, 0.03) and 0.01 (0.00, 0.03) cm for LV internal diameter (Table 

3). These relationships were consistent by prehypertension/hypertension status, although 

relationships only remained statistically significant at baseline and at follow-up for left atrial 

systolic diameter (Table 4). Flexible spline models supported the linear relationship of urine 

uranium with LV mass and left atrium systolic diameter, particularly at baseline, while 

relationships with LV internal diameter increased and then plateaued (Figure 1). Relationships 

of urinary uranium with interventricular septum thickness, LV posterior wall thickness, and 

relative wall thickness were null (Table 3, Table A3, Figure A5). A sensitivity analysis 

additionally including a random effect for family identifier yielded similar results (data not 

shown).  

Effect modification models for cardiac geometry outcomes were largely consistent across 

participants subgroups defined by age, sex, and urine arsenic levels (Table A1).  

Among participants in the highest compared to the lowest uranium/arsenic score groups, 

significant effects were observed at baseline and follow-up respectively for LV mass index 

(mean difference: 5.23 g/m2, 95% CI: 2.66-7.81 g/m2; mean difference: 4.55, 95% CI: 2.06-7.05 

g/m2), left atrium diameter (0.14 cm, 0.07-0.20 cm; 0.15 cm, 0.08-0.21 cm), LV internal 

diameter (0.08 cm, 0.01-0.15 cm; 0.10 cm, 0.04-0.17 cm), and LV posterior wall thickness (0.05 

cm, 0.03-0.07 cm; 0.02 cm, 0.01-0.04 cm) (Figure A6).  
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Table 2: Odds ratio (95% CI) for left ventricular hypertrophy at baseline (2001–2004) and at 

follow-up (2006–2009) per a log-doubling of urinary uranium, according to hypertension status 

at baseline 

 

 Baseline (Visit 4) Follow-up (Visit 5) 

LV Hypertrophy 

(LVMI)  
Cases / 

Non-cases 

Prevalence OR (95% CI) Cases / 

Non-cases 

Prevalence OR (95% CI) 

Model 1 Model 2 Model 1 Model 2 

All participants  
61/1271 

1.10 

(0.91, 1.32) 

1.09  

(0.91, 1.31) 
28/1159 

1.14  

(0.96, 1.36) 

1.25  

(1.06, 1.48) 

Prehypertension / 

Hypertension  
42/620 

1.16 

(0.91, 1.47) 

1.11  

(0.89, 1.37) 
23/553 

1.24 

(1.04, 1.48) 

1.37  

(1.16, 1.63) 

Normal Blood 

Pressure  
19/651 

1.16 

(0.91, 1.47) 

1.11  

(0.89, 1.37) 
5/606 

0.88  

(0.54, 1.46) 

0.84  

(0.47, 1.53) 

 
Urinary uranium was creatinine adjusted and log2-transformed. Models specified are generalized estimating 

equations accounting for family structure, where Model 1 was adjusted for sex and age and Model 2 was 

additionally adjusted for smoking, body mass index, dyslipidemia, estimated glomerular filtration rate, study center, 

fasting glucose, systolic blood pressure, and hypertension treatment. LV: left ventricular; LVMI: LV mass index, 

OR: odds ratio. 

 

 

Table 3: Mean difference (95% CI) of left ventricular measurements per a log-doubling of 

urinary uranium at baseline, annual change, and at 5 years of follow-up. Mean (95% CI) of 

annual change during follow-up for the same comparison. 

 

 Mean Difference Baseline Annual Change 

Mean Difference 

Follow-up 

Cardiac Geometry    

LV mass index, g/m2 0.49 (0.07,0.92) -0.04 (-0.09,0.01) 0.30 (-0.12,0.71) 

Left atrium systolic diameter, 

cm 0.02 (0.01,0.03) -0.00 (-0.00,0.00) 0.02 (0.01,0.03) 

LV internal diameter, cm 0.01 (0.00,0.03) 0.00 (-0.00,0.00) 0.01 (0.00,0.03) 

Interventricular septum, cm 0.00 (-0.00,0.01) -0.00 (-0.00,0.00) -0.00 (-0.01, -0.00) 

LV posterior wall thickness, 

cm 0.00 (-0.00,0.01) -0.00 (-0.00,0.00) 0.00 (-0.00,0.00) 

Cardiac Function    

Stroke volume, mL 0.66 (0.25,1.08) -0.07 (-0.16,0.02) 0.29 (-0.10,0.69) 

Ejection fraction, % -0.04 (-0.20,0.11) -0.01 (-0.03,0.02) -0.07 (-0.22,0.07) 

Heart rate, bpm -0.18 (-0.51, 0.15) 0.02 (-0.04, 0.09) -0.07 (-0.38, 0.24) 

Mitral E-velocity, cm/s 0.20 (-0.21,0.61) -0.07 (-0.17,0.02) -0.17 (-0.53,0.19) 

Mitral A-velocity, cm/s 0.22 (-0.12,0.56) -0.06 (-0.14,0.02) -0.10 (-0.40,0.20) 

E/A ratio -0.00 (-0.01,0.01) 0.00 (-0.00,0.00) -0.00 (-0.01,0.01) 

Deceleration time, ms -0.43 (-1.53,0.68) 0.20 (-0.09, 0.49) 0.56 (-0.43, 1.55) 

Isovolumic relaxation time, ms -0.55 (-0.86, -0.23) 0.11 (0.03, 0.19) 0.01 (-0.27, 0.29) 

Pulse Pressure (mmHg) 0.13 (-0.13, 0.39) 0.03 (-0.04, 0.10) 0.28 (0.05, 0.52) 

 
Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose, 

urinary arsenic, blood pressure and hypertension treatment (yes/no). Uranium was corrected by urine creatinine and 

further log2-transformed. Mixed effect models included a random intercept and slope over time for participant.  
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Table 4: Mean difference (95% CI) of left ventricular measurements per a log-doubling of 

urinary uranium by blood pressure status at baseline and at follow-up. Mean (95% CI) of annual 

change during follow-up for the same comparison. 

 

 
Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose, 

urinary arsenic, blood pressure and hypertension treatment (yes/no). Models assessing blood pressure did not adjust 

for blood pressure. Uranium was corrected by urine creatinine and further log2-transformed. Mixed effect models 

included a random intercept and slope over time for participant. 

 

Figure 1: Cross-sectional and prospective mean differences of left ventricular (LV) geometry 

measures by urine uranium levels. 

 

 

 
 
Adjusted mean differences of selected left ventricular geometry measures based on restricted cubic splines for log-

transformed uranium distribution with knots at 10th (reference), 50th, and 90th percentiles. Blue represents 

associations at baseline, and orange represents associations at follow-up. Models were adjusted for sex, age, study 

center, smoking (never, former, current), body mass index (kg/m2), sum of inorganic and methylated Arsenic (ug/g 

creatinine), dyslipidemia (no/yes), fasting glucose level (continuous), estimated glomerular filtration rate 

(ml/min/1.73m2), systolic blood pressure (continuous), and hypertension treatment (no/yes). Histograms represent 

the distribution of uranium. 

 Prehypertension / Hypertension Normal Blood Pressure 

 

Mean 

Difference 

Baseline Annual Change 

Mean Difference 

Follow-up 

Mean Difference 

Baseline Annual Change 

Mean Difference 

Follow-up 

Cardiac 

Geometry       

LV mass 

index, g/m2 

0.49  

(-0.16,1.14) 

-0.03  

(-0.11,0.05) 

0.34  

(-0.29,0.97) 

0.44  

(-0.13,1.01) 

-0.04  

(-0.11,0.03) 

0.23  

(-0.32,0.77) 

Left atrium 

systolic 

diameter, cm 

0.02 

(0.00,0.04) 

0.00  

(-0.00,0.00) 

0.02  

(0.01,0.04) 0.02 (0.00,0.03) 

-0.00  

(-0.00,0.00) 0.01 (0.00,0.03) 

LV internal 

diameter, cm 

0.01  

(-0.01,0.03) 

0.00  

(-0.00,0.00) 

0.02  

(-0.00,0.03) 0.02 (0.00,0.03) 

-0.00  

(-0.00,0.00) 

0.01  

(-0.00,0.03) 

Cardiac 

Function       

Stroke volume, 

mL 

0.82 

(0.18,1.46) 

-0.09 (-

0.23,0.04) 0.35 (-0.25,0.96) 0.49 (-0.05,1.03) 

-0.05 (-

0.18,0.07) 0.22 (-0.29,0.73) 

Pulse 

Pressure 

(mmHg) 

0.25 (-

0.16,0.66) 0.05 (-0.06,0.16) 0.49 (0.12,0.86) 0.01 (-0.29,0.31) 0.01 (-0.08,0.09) 0.05 (-0.22,0.32) 
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3.4.3 Urine uranium and left ventricular function 

There were 502 participants (60.5%) with LV diastolic dysfunction at baseline and 121 

(18.8%) at follow-up. Uranium was not associated with LV diastolic dysfunction (OR 0.98 (95% 

CI 0.91, 1.06) at baseline and 0.98 (0.86, 1.11) at follow-up comparing a log-doubling of urine 

uranium) (Table A2). In linear mixed effect models, the mean difference (95%) at baseline and 

follow-up comparing a two-fold higher baseline urine uranium was, respectively, 0.66 (0.25, 

1.08) and 0.29 (-0.10, 0.69) mL for stroke volume and 0.13 (-0.13, 0.39) and 0.28 (0.05, 0.52) 

mmHg for pulse pressure (Table 3), and these associations remained consistent by 

prehypertension/hypertension status, although not always statistically significant (Table 4). 

Urinary uranium was not significantly associated with ejection fraction, mitral E-velocity, mitral 

A-velocity, E/A ratio, or the remaining measures of cardiac functioning at baseline or follow-up 

(Table 3, Figure 2, Figure A5, Table S3, Table S4).  

Figure 2: Dose-response relationships of uranium and left ventricular functioning measures 

 

 
Adjusted mean differences of selected left ventricular functioning measures based on restricted cubic splines for log-

transformed uranium distribution with knots at 10th (reference), 50th, and 90th percentiles. Blue represents 

associations at baseline, and orange represents associations at follow-up. Models were adjusted for sex, age, study 

center, smoking (never, former, current), body mass index (kg/m2), sum of inorganic and methylated Arsenic (ug/g 

creatinine), dyslipidemia (no/yes), fasting glucose level (continuous), estimated glomerular filtration rate 

(ml/min/1.73m2), systolic blood pressure (continuous), and hypertension treatment (no/yes). Histograms represent 

the distribution of uranium. 
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Effect modification models for cardiac functional outcomes were consistent by 

participants subgroups except for diastolic blood pressure and pulse pressure by sex and diastolic 

blood pressure by age (Table A1). A log-doubling of urinary uranium was associated with lower 

diastolic blood pressure levels in males both at baseline (mean difference: -0.54 mmHg, 95% CI: 

-0.99, -0.10 mmHg) and follow-up (mean difference: -0.59 mmHg, 95% CI: -1.00, -0.19 mmHg) 

but not among females either at baseline (0.01 mmHg, 95% CI: -0.31, 0.33 mmHg) or follow-up 

(0.02 mmHg, 95% CI: -0.27, 0.31 mmHg). A significant interaction by sex was also observed for 

pulse pressure (p-value for interaction: 0.003), with positive increases in pulse pressure in males 

at baseline (mean difference 0.39 mmHg, 95% CI -0.10, 0.87) and follow-up (0.60 mmHg, 95% 

CI: 0.18, 1.02) and no association among females. A significant interaction was also observed 

according to age (p-value for interaction: 0.01), with a log-doubling of urinary uranium being 

associated with lower diastolic blood pressure levels participants <30.4 years both at baseline 

(mean difference: -0.61 mmHg, 95% CI: -1.03, -0.19 mmHg) and follow-up (mean difference: -

0.74 mmHg, 95% CI: -1.12, -0.35 mmHg), while the association was positive although not 

significant for participants > 30.4 years both at baseline (mean difference: 0.05 mmHg, 95% CI: 

-0.27, 0.38 mmHg) and follow-up (0.19 mmHg, 95% CI: -0.11, 0.48 mmHg).  

Participants in the highest uranium + arsenic tertile compared to those in the lowest 

tertile, showed higher LV mass index at baseline (mean difference 5.23 g/m2, 95% CI 2.66, 7.81 

g/m2) and follow-up (4.55 g/m2, 95% CI 2.06, 7.05 g/m2), higher stroke volume at baseline 

(mean difference: 5.08 mL, 95% CI: 2.57, 7.58 mL) and follow-up (2.49 mL, 95% CI: 0.12, 4.85 

mL). The corresponding associations was inverse with isovolumic relaxation time at baseline 

(mean difference: -2.55 milliseconds, 95% CI: -4.44, -0.66 milliseconds) but null as the follow-

up. The associations tended to be positive with systolic blood pressure at baseline and follow-up, 
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and inverse with diastolic blood pressure, which was significant at follow-up (mean difference: -

1.52 mmHg, 95% CI: -2.96, -0.08 mmHg) (Figure A6). 

 

3.5 Discussion 

 In this study evaluating the impact of individually-estimated uranium exposure on 

measures of left ventricular geometry and functioning in an epidemiological cohort, urine 

uranium was positively associated with increases in LV mass, left atrium systolic diameter, and 

LV internal diameter at baseline and over the follow-up, both in participants without and with 

prehypertension/hypertension, as well with LV hypertrophy at follow-up, primarily driven by 

participants with prehypertension and hypertension. Urine uranium was positively associated 

with increased in stroke volume at baseline and with pulse pressure at follow-up, notably among 

the prehypertensive/hypertensive subgroup, but not significantly associated with other measures 

of systolic or diastolic function.   

 Our findings contribute novel evidence from an epidemiological cohort of young 

American Indian adults. The current literature on uranium and CVD mainly stems from 

occupational settings8,57, with limited evidence relating CVD with chronic environmental 

uranium exposure in the general population. One study using NHANES 2007-2008 data has 

linked higher uranium exposure to increased risk of congestive heart failure, defined as “ever 

having been told so by a medical professional (yes/no)”, (OR: 5.20, 95% CI: 1.52, 17.80), 

although relationships with coronary heart disease (OR: 1.20, 95% CI: 0.44, 3.33), myocardial 

infarction (OR: 2.37, 95% CI: 0.96, 5.86), and stroke (OR: 1.80, 95% CI: 0.77, 4.20) were not 

significant286. Drinking uranium-contaminated water was associated with increases in systolic 

and diastolic blood pressure in Finland125, exposure to uranium mining on Navajo Nation Land 

was associated with hypertension317, and higher urine uranium levels were associated with 
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incident hypertension in the Strong Heart Family Study318. An additional study of Ohio residents 

proximate to a uranium processing center reported that females with higher exposure had 

elevated systolic blood pressure, but not diastolic blood pressure or hypertension, compared to 

those with lower exposure319.  

In the present analysis, we report an increase in pulse pressure at follow-up, underscored 

by a decrease in diastolic blood pressure. A widened pulse pressure is considered a risk factor for 

CVD incidence and mortality320-322. Although pulse pressure naturally widens with age, it 

indicates structural changes in the arterial wall that result in increased arterial stiffness323. Our 

finding that uranium was significantly associated with LVH, LV internal diameter, as well as 

pulse pressure, especially among those with prehypertension or hypertension, suggests not only 

the relevance of uranium for subclinical disease but also the differing impact among those whose 

cardiovascular systems are already compensating to elevated blood pressure. 

Our findings integrate into prior research performed in the SHS, which identified that 

increased pulse pressure was associated with an increased risk of cardiovascular mortality and 

increases in LV mass324. Prior findings from the SHFS have also identified that urinary arsenic 

was related to an increase in LV wall thickness, LV hypertrophy, stroke volume, and ejection 

fraction306. Although arsenic and uranium are correlated, and likely share common sources275, in 

the present analysis we adjusted for urinary arsenic, supporting that the findings with LVH and 

pulse pressure were specific to uranium. 

Uranium is an established nephrotoxicant7. Studies have identified that uranium can 

dysregulate calcium199 and iron homeostasis325,  induce oxidative stress206-208, and modulate 

levels of proteins in the kidneys, including increased albumin measured in urine193. Both 

experimental and observational studies support uranium-related kidney damage, as excretion of 
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absorbed uranium is mainly through the kidney124-126. In general, uranium is proposed to induce 

toxicity through oxidative stress and inflammation8, although the underlying toxicological 

mechanism are understudied in comparison to other metals. The cardiotoxic effects of arsenic 

have been established in both human and animal studies326,327, where arsenic is related to 

apoptosis328,329, oxidative stress330, and reactive oxygen species formation331.  

This study is not without limitations. While the SHS has a high prevalence and incidence 

of diabetes, prediabetes, CVD and CVD risk factors, analyses were restricted to study 

participants <50 years of age, and free of CVD at baseline and of diabetes mellitus at baseline. 

Additionally, statistical models accounted for other CVD risk factors, including smoking status, 

BMI, and eGFR. Urinary uranium was only available at the baseline study visit, not at the 

follow-up visit, while echocardiographic measures were available at baseline and follow-up. 

Therefore, cross-sectional associations assessed at baseline should be interpreted with caution as 

they could reflect potential reverse causation. However, urine is a useful biomarker of long-term 

exposure and accumulation when exposures are constant168, and we provide prospective and 

annual change associations. Our study has further strengths, including the large number of young 

adults with uranium, cardiac geometry, and cardiac functioning measures available, the high-

quality outcome assessment performed in the SHS, and the data concerning relevant 

confounders. 

 

3.6 Conclusion 

In a sample of young American Indian adults, urine uranium levels measured in 2001-

2003 were related to LV hypertrophy and pulse pressure, as well as distinct measures of cardiac 

geometry and left ventricular functioning assessed in 2006-2009, potentially reflecting the early 
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cardiovascular impact of uranium exposure. These findings highlight the potential long-term 

clinical and subclinical cardiovascular effects of chronic uranium exposure, the need to replicate 

findings in additional populations, and the support for strategies to reduce uranium exposure. 

 

3.7 Appendix 

 

Figure A1. Distribution of urinary uranium concentrations (μg/g creatinine) at baseline (Phase 4 

[2001-2003].  
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Figure A2. Spearman correlation coefficients between urine uranium concentrations 

and change in metrics of cardiac geometry at baseline (Phase 4 [2001-2003]) 

 
* indicates p-value <0.05; ** indicates p-value < 0.01; *** indicates p-value <0.001. Correlation coefficients greater 

than 0.5 are bolded. Inverse correlations are listed in red and positive correlations are listed in green. List of 

abbreviations: u_cr = urinary uranium creatinine adjusted. LVMI = left ventricular mass index. LASD = left atrium 

diameter (cm). LVIDD = left ventricular diameter at diastole/height (cm/m). IVSS = inter ventricular septum in 

systole. LVPWT = left ventricular posterior wall thickness in systole. RWT = relative wall thickness. 
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Figure A3. Spearman correlation coefficients between urine uranium concentrations 

and change in metrics of cardiac functioning at baseline (Phase 4 [2001-2003]) 

 
* indicates p-value <0.05; ** indicates p-value < 0.01; *** indicates p-value <0.001. Correlation coefficients greater 

than 0.5 are bolded. Inverse correlations are listed in red and positive correlations are listed in green. List of 

abbreviations: u_cr = urinary uranium creatinine adjusted. StVol= stroke volume. EF = ejection fraction (%). 

MidShort = midwall shortening. MAEV = E-velocity (cm/s). MAAV = A-velocity (cm/s). MAEA =E/A ratio. HR = 

heart rate (beats per minute). MVATRIF = atrial filling fraction. MADT = deceleration time (ms), IRT = isovolumic 

relaxation time (ms), PP = pulse pressure. 
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Figure A4: Dose-response relationships of uranium and cardiac geometry measures 

 

 

 
 

 
Adjusted mean differences of selected cardiac geometry measures based on restricted cubic splines for log-

transformed uranium distribution with knots at 10th (reference), 50th, and 90th percentiles. Blue represents 

associations at baseline, and orange represents associations at follow-up. Models were adjusted for sex, age, study 

center, smoking (never, former, current), body mass index (kg/m2), sum of inorganic and methylated Arsenic (ug/g 

creatinine), dyslipidemia (no/yes), fasting glucose level (continuous), estimated glomerular filtration rate 

(ml/min/1.73m2), systolic blood pressure (continuous), and hypertension treatment (no/yes). Histograms represent 

the distribution of uranium. 
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Figure A5: Dose-response relationships of uranium and left ventricular functioning measures 

 

 

 
 

 
Adjusted mean differences of selected left ventricular functioning measures based on restricted cubic splines for log-

transformed uranium distribution with knots at 10th (reference), 50th, and 90th percentiles. Blue represents 

associations at baseline, and orange represents associations at follow-up. Models were adjusted for sex, age, study 

center, smoking (never, former, current), body mass index (kg/m2), sum of inorganic and methylated Arsenic (ug/g 

creatinine), dyslipidemia (no/yes), fasting glucose level (continuous), estimated glomerular filtration rate 

(ml/min/1.73m2), systolic blood pressure (continuous), and hypertension treatment (no/yes). Histograms represent 

the distribution of uranium. 
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Figure A6: Mean difference (95% CI) of left ventricular measurements for participants in the 

highest uranium+ arsenic tertile score vs the lowest uranium+arsenic tertile score at baseline and 

at follow-up. 

 

 
 

 
Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose, 

blood pressure and hypertension treatment (yes/no). Uranium and arsenic were creatinine transformed, each divided 

into tertiles, and summed to create a tertile score. The mean differences represent the association with each outcome 

among participants in the highest uranium+arsenic tertiles compared to participants in the lowest uranium/arsenic 

tertiles. Mixed effect models included a random intercept and slope over time for each participant.  
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Table A1: Mean difference (95% CI) of left ventricular measurements per log-doubling of 

urinary uranium at baseline and at follow-up, stratified by age, sex, and urine arsenic levels.  

 
LVMI = left ventricular mass index (g/m2). LASD = left atrium diameter (cm). LVIDD = left ventricular diameter at 

diastole/height (cm/m). IVSS = inter ventricular septum in systole. LVPWT = left ventricular posterior wall 

thickness in systole. RWT = relative wall thickness. StVol= stroke volume. EF = ejection fraction (%). MidShort = 

midwall shortening. MAEV = E-velocity (cm/s). MAAV = A-velocity (cm/s). MAEA =E/A ratio. HR = heart rate 

(beats per minute). MVATRIF = atrial filling fraction. MADT = deceleration time (ms), IVRT = isovolumic 

relaxation time (ms). SBP = systolic blood pressure (mmHg). DBP = diastolic blood pressure (mmHg). PP = Pulse 

pressure (mmHg). Young < median age of 30.4 years. Old > 30.4 years. Low arsenic < 4.23 (median) concentration 

sum of inorganic and methylated Arsenic µg/L. High arsenic ≥ 4.23 (median) concentration sum of inorganic and 

methylated Arsenic µg/L. *p-values for interaction were corrected for the number of comparison groups (three 

groups; p = 0.0167) 

 

Outcome P value interaction* Baseline Effect 5 years follow-up 

LVMI Overall   0.49 (0.07, 0.92) 0.30 (-0.12, 0.71) 

LVMI Male 
0.82 

0.74 (-0.01, 1.49) 0.39 (-0.34, 1.12) 

LVMI Female 0.30 (-0.20, 0.81) 0.19 (-0.29, 0.68) 

LVMI Old  
0.55 

0.20 (-0.41, 0.81) 0.05 (-0.54, 0.64) 

 
LVMI Young 0.78 (0.18, 1.38) 0.51 (-0.07, 1.10)  

LVMI Low Arsenic 
0.74 

0.44 (-0.22,1.10) 0.29 (-0.35,0.92) 
 

 
LVMI High Arsenic 0.64 (0.02,1.26) 0.45 (-0.15,1.05)  

LASD Overall   0.02 (0.01, 0.03) 0.02 (0.01, 0.03)  

LASD Male 
0.07 

0.03 (0.02, 0.05) 0.04 (0.02, 0.06) 
 

 
LASD Female 0.01 (0.00, 0.03) 0.01 (-0.00, 0.02)  

LASD Old 0.06 

  

0.01 (-0.01, 0.02) 0.01 (-0.01, 0.02) 
 

 
LASD Young 0.04 (0.02, 0.05) 0.03 (0.02, 0.05)  

LASD Low Arsenic 
0.86 

0.02 (0.00,0.04) 0.02 (0.01,0.04) 
 

 
LASD High Arsenic 0.02 (0.00,0.04) 0.02 (0.00,0.03)  

LVIDD Overall   0.01 (0.00, 0.03) 0.01 (0.00, 0.03)  

LVIDD Male 
0.68 

0.02 (-0.00, 0.04) 0.03 (0.01, 0.05) 
 

 
LVIDD Female 0.01 (-0.00, 0.02) 0.01 (-0.01, 0.02)  

LVIDD Old 
0.63 

0.01 (-0.01, 0.03) 0.01 (-0.01, 0.02) 
 

 
LVIDD Young 0.02 (0.00, 0.03) 0.02 (0.01, 0.04)  

LVIDD Low Arsenic 
0.28 

0.02 (-0.00,0.04) 0.02 (0.00,0.04) 
 

 
LVIDD High Arsenic 0.01 (-0.00,0.03) 0.01 (-0.00,0.03)  

IVSS Overall   0.00 (-0.00, 0.01) -0.00 (-0.01, -0.00)  

IVSS Male 
0.87 

0.00 (-0.00, 0.01) -0.01 (-0.02, -0.00) 
 

 
IVSS Female 0.00 (-0.00, 0.01) 0.00 (-0.00, 0.00)  

IVSS Old 
0.27 

-0.00 (-0.01, 0.00) -0.00 (-0.01, 0.00) 
 

 
IVSS Young 0.00 (-0.00, 0.01) -0.01 (-0.01, -0.00)  

IVSS Low Arsenic 
0.59 

0.00 (-0.00,0.01) 0.01 (0.00,0.01) 
 

 
IVSS High Arsenic 0.00 (-0.00,0.01) -0.01 (-0.02,-0.01)  

LVPWT Overall   0.00 (-0.00, 0.01) 0.00 (-0.00, 0.00)  
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LVPWT Male 
0.71 

0.00 (-0.00, 0.01) 0.00 (-0.00, 0.01)  
LVPWT Female 0.00 (-0.00, 0.01) 0.00 (-0.00, 0.00)  

LVPWT Old 
0.20 

-0.00 (-0.00, 0.00) -0.00 (-0.01, 0.00) 
 

 
LVPWT Young 0.01 (0.00, 0.01) 0.00 (-0.00, 0.01)  

LVPWT Low Arsenic 
0.57 

0.00 (-0.00,0.01) 0.00 (-0.00,0.01) 
 

 
LVPWT High Arsenic 0.00 (-0.00,0.01) -0.00 (-0.00,0.00)  

RWT Overall   -0.00 (-0.00, 0.00) -0.00 (-0.00, 0.00)  

RWT Male 
0.71 

-0.00 (-0.00, 0.00) -0.00 (-0.00, 0.00) 
 

 
RWT Female -0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00)  

RWT Old 
0.54 

-0.00 (-0.00, 0.00) -0.00 (-0.00, 0.00) 
 

 
RWT Young 0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00)  

RWT Low Arsenic 
0.29 

-0.00 (-0.00,0.00) -0.00 (-0.00,0.00) 
 

 
RWT High Arsenic 0.00 (-0.00,0.00) 0.00 (-0.00,0.00)  

Heartrate Overall   -0.18 (-0.51, 0.15) -0.07 (-0.38, 0.24)  

Heartrate Male 
0.33 

-0.44 (-0.99, 0.11) -0.52 (-1.04, -0.01) 
 

 
Heartrate Female 0.00 (-0.40, 0.41) 0.19 (-0.18, 0.56)  

Heartrate Old 
0.36 

-0.05 (-0.48, 0.38) 0.04 (-0.35, 0.44) 
 

 
Heartrate Young -0.27 (-0.79, 0.25) -0.16 (-0.64, 0.32)  

Heartrate Low Arsenic 
0.56 

-0.04 (-0.52,0.45) -0.42 (-0.87,0.03) 
 

 
Heartrate High Arsenic -0.23 (-0.71,0.25) 0.18 (-0.26,0.62)  

StVol Overall   0.66 (0.25, 1.08) 0.29 (-0.10, 0.69)  

StVol Male 
0.20 

0.74 (-0.02, 1.50) 0.86 (0.14, 1.58) 
 

 
StVol Female 0.57 (0.09, 1.04) -0.09 (-0.54, 0.35)  

StVol Old 
0.43 

0.34 (-0.20, 0.88) 0.14 (-0.37, 0.66) 
 

 
StVol Young 0.93 (0.30, 1.57) 0.39 (-0.21, 0.99)  

StVol Low Arsenic 
0.70 

0.68 (0.03,1.32) 0.42 (-0.20,1.03) 
 

 
StVol High Arsenic 0.56 (-0.04,1.17) 0.25 (-0.32,0.82)  

EF Overall   -0.04 (-0.20, 0.11) -0.07 (-0.22, 0.07)  

EF Male 
0.38 

0.04 (-0.22, 0.29) -0.07 (-0.31, 0.17) 
 

 
EF Female -0.10 (-0.30, 0.10) -0.09 (-0.27, 0.10)  

EF Old 
0.96 

-0.05 (-0.27, 0.18) -0.10 (-0.30, 0.11) 
 

 
EF Young -0.02 (-0.25, 0.21) -0.03 (-0.24, 0.18)  

EF Low Arsenic 
0.44 

-0.02 (-0.27,0.23) -0.09 (-0.32,0.14) 
 

 
EF High Arsenic -0.10 (-0.32,0.12) -0.08 (-0.29,0.12)  

MAE Overall   0.20 (-0.21, 0.61) -0.17 (-0.53, 0.19)  

MAE Male 
0.80 

0.05 (-0.62, 0.73) -0.04 (-0.65, 0.57) 
 

 
MAE Female 0.23 (-0.27, 0.74) -0.32 (-0.77, 0.13)  

MAE Old 
0.53 

0.34 (-0.20, 0.89) -0.15 (-0.63, 0.33) 
 

 
MAE Young -0.07 (-0.68, 0.54) -0.29 (-0.84, 0.25)  

MAE Low Arsenic 
0.79 

0.18 (-0.45,0.82) -0.16 (-0.72,0.40) 
 

 
MAE High Arsenic 0.24 (-0.30,0.79) -0.48 (-0.97,0.01)  

MAA Overall   0.22 (-0.12, 0.56) -0.10 (-0.40, 0.20)  

MAA Male 0.11 -0.19 (-0.75, 0.37) -0.40 (-0.90, 0.09) 
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MAA Female 0.44 (0.01, 0.87) 0.03 (-0.36, 0.41)  

MAA Old 
0.27 

0.43 (-0.03, 0.90) -0.05 (-0.46, 0.36) 
 

 
MAA Young -0.08 (-0.57, 0.42) -0.15 (-0.58, 0.28)  

MAA Low Arsenic 
0.62 

0.48 (-0.04,1.01) -0.47 (-0.94,-0.01) 
 

 
MAA High Arsenic 0.07 (-0.39,0.53) 0.10 (-0.31,0.51)  

MAEA Overall   -0.00 (-0.01, 0.01) -0.00 (-0.01, 0.01)  

MAEA Male 
0.16 

0.01 (-0.01, 0.03) 0.01 (-0.01, 0.03) 
 

 
MAEA Female -0.01 (-0.02, 0.00) -0.01 (-0.02, 0.00)  

MAEA Old 
0.99 

-0.00 (-0.01, 0.01) -0.00 (-0.01, 0.01) 
 

 
MAEA Young -0.01 (-0.03, 0.01) -0.00 (-0.02, 0.01)  

MAEA Low Arsenic 
0.25 

-0.01 (-0.03,0.01) 0.01 (-0.01,0.02) 
 

 
MAEA High Arsenic -0.00 (-0.02,0.01) -0.01 (-0.02,0.00)  

MVATRIF Overall   0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00)  

MVATRIF Male 
0.81 

-0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00) 
 

 
MVATRIF Female 0.00 (-0.00, 0.00) 0.00 (0.00, 0.01)  

MVATRIF Old 
0.46 

0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00) 
 

 
MVATRIF Young -0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00)  

MVATRIF Low Arsenic 
0.14 

0.00 (-0.00,0.01) 0.00 (0.00,0.01) 
 

 
MVATRIF High Arsenic -0.00 (-0.00,0.00) -0.00 (-0.00,0.00)  

MADECTI Overall   -0.43 (-1.53, 0.68) 0.56 (-0.43, 1.55)  

MADECTI Male 
0.58 

-0.98 (-2.77, 0.81) -0.40 (-2.03, 1.24) 
 

 
MADECTI Female -0.31 (-1.73, 1.10) 0.92 (-0.34, 2.18)  

MADECTI Old 
0.40 

-0.06 (-1.59, 1.47) 0.79 (-0.57, 2.15) 
 

 
MADECTI Young -0.90 (-2.51, 0.71) 0.20 (-1.27, 1.68)  

MADECTI Low Arsenic 
0.94 

-0.52 (-2.13,1.09) 0.83 (-0.63,2.28) 
 

 
MADECTI High Arsenic -0.23 (-1.81,1.34) 0.07 (-1.33,1.48)  

IVRT Overall   -0.55 (-0.86, -0.23) 0.01 (-0.27, 0.29)  

IVRT Male 
0.98 

-0.45 (-0.97, 0.06) -0.03 (-0.49, 0.44) 
 

 
IVRT Female -0.59 (-0.99, -0.19) 0.06 (-0.30, 0.42)  

IVRT Old 
0.52 

-0.70 (-1.15, -0.24) 0.37 (-0.04, 0.77) 
 

 
IVRT Young -0.31 (-0.75, 0.13) -0.33 (-0.72, 0.06)  

IVRT Low Arsenic 
0.83 

-0.52 (-1.01,-0.02) -0.03 (-0.47,0.41) 
 

 
IVRT High Arsenic -0.38 (-0.80,0.04) 0.09 (-0.28,0.46)  

MidShort Overall   0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00)  

MidShort Male 
0.98 

0.00 (-0.00,0.01) 0.00 (-0.00,0.01) 
 

 

MidShort Female -0.00 (-0.00,0.00) -0.00 (-0.00,0.00) 
 

 

MidShort Old 
0.25 

0.00 (-0.00,0.01) 0.00 (-0.00,0.01) 
 

 

MidShort Young -0.00 (-0.01,0.00) -0.00 (-0.00,0.00) 
 

 

MidShort Low Arsenic 
0.98 

0.00 (-0.00,0.01) -0.00 (-0.00,0.00) 

 

 
 

MidShort High Arsenic -0.00 (-0.00,0.00) 0.00 (-0.00,0.00)  

SBP Overall   0.01 (-0.35, 0.38) 0.14 (-0.20, 0.49)  
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SBP Male 
0.46 

0.11 (-0.53,0.74) 0.29 (-0.30,0.88)  

SBP Female -0.04 (-0.48,0.41) 0.07 (-0.35,0.49) 
 

 

SBP Old 
0.16 

0.26 (-0.29,0.80) 0.46 (-0.05,0.97) 
 

 

SBP Young -0.43 (-0.92,0.06) -0.36 (-0.83,0.10) 
 

 

SBP Low Arsenic 
0.047 

0.26 (-0.32,0.83) 0.77 (0.23,1.32) 

 

 
 

SBP High Arsenic 0.00 (-0.54,0.54) -0.15 (-0.66,0.35)  

DBP Overall   -0.23 (-0.49, 0.03) -0.24 (-0.48, -0.01)  

DBP Male 
0.003 

-0.54 (-0.99,-0.10) -0.59 (-1.00,-0.19) 
 

 

DBP Female 0.01 (-0.31,0.33) 0.02 (-0.27,0.31) 
 

 

DBP Old 
0.01 

0.05 (-0.27,0.38) 0.19 (-0.11,0.48) 
 

 

DBP Young -0.61 (-1.03,-0.19) -0.74 (-1.12,-0.35) 
 

 

DBP Low Arsenic 
0.06 

-0.21 (-0.60,0.18) 0.27 (-0.08,0.62) 

 

 
 

DBP High Arsenic -0.29 (-0.65,0.08) -0.53 (-0.86,-0.20)  

Pulse Pressure Overall   0.13 (-0.13, 0.39) 0.28 (0.05, 0.52)  

Pulse Pressure Male 
0.003 

0.39 (-0.10, 0.87) 0.60 (0.18, 1.02) 
 

 
Pulse Pressure Female -0.10 (-0.41, 0.22) -0.01 (-0.30, 0.28)  

Pulse Pressure Old 
0.16 

-0.09 (-0.41, 0.23) 0.00 (-0.29, 0.30) 
 

 
Pulse Pressure Young 0.20 (-0.24, 0.63) 0.45 (0.08, 0.83)  

Pulse Pressure Low Arsenic 
0.52 

0.05 (-0.34,0.43) 0.12 (-0.23,0.46) 
 

 
Pulse Pressure High Arsenic 0.24 (-0.13,0.60) 0.35 (0.01,0.68)  

 
Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose, 

urinary arsenic, blood pressure and hypertension treatment (yes/no). Uranium was corrected by urine creatinine and 

further log2-transformed. Mixed effect models included a random intercept and slope over time for participant.  

 

 

 

 

 

Table A2: Odds Ratio (95% CI) for Left Ventricular Diastolic Dysfunction at baseline (2001–

2004) and at Follow-Up (2006–2009) per a log-doubling of urinary uranium, according to 

hypertension status 

 

 Baseline (Visit 4) Follow-up (Visit 5) 

Left Ventricular 

Diastolic 

Dysfunction 

(LVDD) 

Cases / 

Non-cases 

Prevalence OR (95% CI) 

Cases / 

Non-cases 

Prevalence OR (95% CI) 

Model 1 Model 2 Model 1 Model 2 

All participants  502/830 0.97 (0.90, 

1.04) 

0.98 (0.91, 

1.06) 

121/645 0.97 (0.88, 

1.08) 

0.98 (0.86, 

1.11) 

Prehypertension / 

Hypertension  

192/470 1.07 (0.96, 

1.20) 

1.07 (0.95, 

1.20) 

70/364 0.98 (0.86, 

1.12) 

0.97 (0.84, 

1.12) 
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Normal Blood 

Pressure  

310/360 1.07 (0.96, 

1.20) 

1.07 (0.95, 

1.20) 

51/281 0.94 (0.79, 

1.12) 

0.99 (0.80, 

1.22) 

 
Uranium was corrected by urine creatinine and further log2-transformed. Models specified are generalized 

estimating equations accounting for family structure, where Model 1 adjusted for sex and age and Model 2 

additionally adjusted for smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose, systolic 

blood pressure, and hypertension treatment. LVDD: left ventricular diastolic dysfunction, OR: odds ratio. 

 

 

Table A3: Mean difference (95% CI) of left ventricular measurements per a log-doubling of 

urinary uranium at baseline and at follow-up among remaining cardiac measures. Mean (95% CI) 

of annual change during follow-up for the same comparison. 

 

 Mean Difference Baseline Annual Change 

Mean Difference 

Follow-up 

Relative wall thickness -0.00 (-0.00,0.00) -0.00 (-0.00,0.00) -0.00 (-0.00,0.00) 

Midwall shortening 0.00 (-0.00, 0.00) -0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00) 

Atrial filling fraction 0.00 (-0.00 ,0.00) 0.00 (-0.00, 0.00) 0.00 (-0.00, 0.00) 

Systolic blood pressure 

(mmHg) 0.01 (-0.35, 0.38) 0.03 (-0.05, 0.10) 0.14 (-0.20, 0.49) 

Diastolic blood pressure 

(mmHg) -0.23 (-0.49, 0.03) -0.00 (-0.07, 0.06) -0.24 (-0.48, -0.01) 

 
Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting 

glucose, urinary arsenic, blood pressure and hypertension treatment (yes/no). Models assessing blood 

pressure did not adjust for blood pressure. Uranium was corrected by urine creatinine and further log2-

transformed. Mixed effect models included a random intercept and slope over time for participant.  

 

 

 

 

 

 

 

Table A4: Mean difference (95% CI) of left ventricular measurements per a log-doubling of 

urinary uranium by blood pressure status at baseline and at follow-up among remaining cardiac 

measures. Mean (95% CI) of annual change during follow-up for the same comparison.  

 

 Prehypertension / Hypertension Normal Blood Pressure 

 

Mean 

Difference 

Baseline Annual Change 

Mean 

Difference 

Follow-up 

Mean 

Difference 

Baseline Annual Change 

Mean 

Difference 

Follow-up 

Cardiac 

Geometry       

Interventricul

ar septum, 

cm 

0.00  

(-0.01,0.01) 

-0.00  

(-0.00,0.00) 

-0.00  

(-0.01,0.00) 

0.00  

(-0.00,0.01) 

-0.00  

(-0.00,0.00) 

-0.00  

(-0.01,0.00) 
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Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose, 

urinary arsenic, blood pressure and hypertension treatment (yes/no). Models assessing blood pressure did not adjust 

for blood pressure. Uranium was corrected by urine creatinine and further log2-transformed. Mixed effect models 

included a random intercept and slope over time for participant.  
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4.1 Abstract 

American Indians experience an elevated prevalence of cardiovascular disease (CVD) 

and chronic metal exposure. Further evidence is needed of the long-term CVD impact of blood 

lead in American Indian populations, especially at low blood lead levels (<35 µg/L). Our 

objective was to evaluate if blood lead is associated with CVD incidence and mortality in adult 

American Indian participants. This design was a prospective cohort study of CVD and CVD risk 

factors among 12 American Indian communities in the Western US (Strong Heart Study), with 

blood lead collected in in 1998–1999 and CVD incidence and mortality data available through 
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2019. Blood from 2,196 participants were eligible for inclusion. We excluded 188 participants 

with clotted blood samples, 2 participants with an insufficient volume for analysis, and 188 

participants missing cardiovascular risk factors, resulting in a final sample size of 1,818. This 

study utilized progressively adjusted multivariable Cox proportional hazards models to estimate 

the risk of incident CVD (any definite or possible fatal or non-fatal coronary heart disease 

(CHD), stroke, or heart failure) and CVD deaths (definite fatal myocardial infraction, definite 

sudden death due to CHD, definite fatal CHD, possible fatal CHD, definite fatal stroke, possible 

fatal stroke, definite fatal congestive heart failure (CHF), possible fatal CHF, and other fatal 

CVD). The median (p25, p75) for blood lead was 22.5 (15.3, 32.7) µg/L and there were 588 

(32.3%) participants with a CVD event and 415 (22.8%) with a CVD mortality. In models 

adjusted for demographic, lifestyle, and cardiovascular risk factors, the hazard ratio (HR) (95% 

CI) of mortality per change across the 80th-20th quantiles in blood lead was 1.15 (1.02-1.30) for 

CVD overall and 1.22 (1.08-1.37) for CHD. The corresponding HR was 1.11 (1.01-1.22) for 

incident CVD and 1.12 (1.00-1.25) for incident CHD. Blood lead levels in American Indian 

adults were associated with increased risk of CVD and CHD incidence and mortality. These 

findings contribute to the evidence of lead as a CVD risk factor at low levels and highlight the 

importance of further reducing lead exposure in communities across the United States, including 

American Indian communities. 

 

4.2 Introduction  

 

Cardiovascular disease (CVD) is the leading cause of mortality globally, responsible for 

17.9 million deaths annually41. While many traditional risk factors have been identified, 

including high blood pressure, hyperglycemia, high low density lipoprotein cholesterol, tobacco 

smoking, low physical activity and unhealthy diets, recent research has emphasized the role of 
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environmental risk factors for CVD, including metals such as lead (Pb), cadmium (Cd) and 

arsenic (As)48,50.  

Lead is a divalent cation that interferes with calcium and zinc and is associated with 

adverse cardiovascular, neurological, renal, hematological, immunological, reproductive, and 

developmental outcomes78,153,332,333, possibly due to its role in promoting oxidative stress, 

vascular reactivity, epigenetics and other mechanisms150,334-336. Lead exposure has markedly 

declined in the US, following the banning of lead in gasoline and residential paint and the 

regulation in public drinking water and atmospheric emissions337. However globally, 

environmental Pb exposure was attributed to 5.5 million CVD deaths in 20196, and lead exposure 

remains disproportionately high in underserved US communities32,33,338 as well as in low and 

middle-income countries4,339. Most of the studies on the association between lead and CVD risk 

were conducted decades ago, when few participants had blood lead levels below 35 µg/L, which 

is now typical in the 2020s48,51,170,340,341 and is the updated blood lead reference value from the 

Centers for Disease Control and Prevention342.  

The Strong Heart Study (SHS) is a study of CVD and its risk factors in American Indian 

adults across the Southwest and the Great Plains75. Blood lead levels in SHS participants 

measured in samples collected in 1998-1999 were similar to those found in a representative 

sample of US adults in (National Health and Nutrition Examination Survey) NHANES 1999-

2000 (median 20 µg/L). Therefore, the SHS represents a unique opportunity to investigate the 

association of lead exposure with CVD incidence and mortality at blood lead levels typical of 

many populations in the US and around the world. We hypothesized that blood lead levels would 

be associated with adverse cardiovascular outcomes with a monotonic or decelerating dose-

response with no evidence of a threshold. 
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4.3 Methods 

 

4.3.1 Study population 

The SHS is a participatory based cohort study of CVD and its risk factors working in 

partnership with tribal communities in the Southwest and the Great Plains75. In 1989-1991, all 

adults aged 45-74 years in the communities in Arizona and Oklahoma, and random subsets in the 

communities in North Dakota and South Dakota were eligible for recruitment75. The protocol 

was approved by institutional review boards (IRBs), participating tribal communities, and the 

respective area Indian Health Service IRBs. All participants provided informed consent. This 

manuscript has been reviewed by the participating communities. The data underlying this article 

cannot be shared publicly in an unrestricted manner due to limitations in the consent forms and 

in the agreements between the Strong Heart Study tribal communities and the Strong Heart Study 

investigators. The data can be shared to external investigators following the procedures 

established by the Strong Heart Study, available at https://strongheartstudy.org/.  

A total of 4,549 adults were initially recruited. After excluding one community which 

declined further participation, a total of 3,516 men and women participated in the third physical 

exam in in 1998-1999. Among them, blood lead was measured in 2,196 participants through a 

collaboration with the Agency for Toxic Substances and Disease Registry (ATSDR) at the 

Centers for Disease Prevention and Control (CDC). We excluded 188 participants with clotted 

blood samples and 2 participants with an insufficient volume for lead analysis. We also excluded 

188 participants missing CVD risk factors, resulting in a final sample size of 1,818 participants 

included in this study.  

As described previously72, all participants provided sociodemographic and medical 

history information including age, sex, education, study center of recruitment, smoking status 

https://strongheartstudy.org/
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(never, former, current), body mass index (BMI), low-density lipoprotein cholesterol (LDL), 

high-density lipoprotein cholesterol (HDL), blood pressure, hypertension treatment (yes/no), 

diabetes (yes/no) via baseline questionnaires, physical exams, and laboratory analyses. Estimated 

glomerular filtration rate (eGFR) was calculated using age, sex, and plasma creatinine via the 

Chronic Kidney Disease – Epidemiology Collaboration formula273. Diabetes status at baseline 

was defined as fasting glucose ≥126 mg/dl, two-hour plasma glucose ≥200 mg/dl, hemoglobin 

A1C level ≥6.5%, self-reported history of diagnosis, or current use of diabetic medication. 

3.3.2 Blood lead measurement 

Aliquots of whole blood samples were stored at ≤70 ◦C and frozen whole blood samples 

were shipped on dry ice to CDC in 2019 and processed as described previously343. Lead and 

cadmium were measured using inductively coupled plasma triple quadrupole mass spectrometry 

(ICP-QQQ-MS)344. Specifically, a 50 μL aliquot of whole blood was diluted to 1 mL in an 

aqueous solution of 1.0% v/v tetramethyl ammonia hydroxide, 1% ethanol, 0.01% ammonium 

pyrrolidine dithiocarbamate (APDC), 0.05% Triton™ X-100, and a 5 μg/L iridium internal 

standard. The sample mixture was then analyzed using the Agilent 8900 ICP-QQQ-MS. 

Cadmium (111Cd), lead (206Pb + 207Pb + 208Pb), and the internal standard iridium (193Ir) 

were all analyzed within a single tune mode where the octopole reaction cell was pressurized 

with 50% oxygen and 1.0 mL/min hydrogen. Quantitation was achieved using a matrix-matched, 

external calibration with calibration ranges of 0.06–200 μg/L for cadmium and 0.06–200 μg/dL 

(0.6 – 2000 μg/L) for lead. The limit of detection was 0.049 μg/dL (0.49 μg/L) for lead and 0.065 

μg/L for cadmium. One sample was below the LOD for cadmium and replaced with the LOD 

divided by the square root of two. At the beginning and end of each analytical run, three custom-
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made blood bench quality control materials were inserted. Quality control checks were 

performed according to a multi-rule quality control system345.  

4.3.3 Cardiovascular outcomes 

Morbidity and mortality surveillance in the SHS is ongoing and has been previously 

described76,77. All cardiovascular disease outcomes and deaths are identified through 

coordination between Field Centers, the Coordinating Center, and Surveillance Reporting. For 

this study, all deaths and potential cardiovascular outcomes occurring through 2019 were 

reviewed by the Morbidity and Mortality Review Committee, which is composed of physicians 

with experience in reviewing medical records for the ascertainment of cardiovascular 

outcomes76,77. Incident CVD was defined as any definite or possible fatal or non-fatal coronary 

heart disease (CHD), stroke, or heart failure. Cardiovascular deaths were ascertained according 

to International Diagnostic criteria, and events possibly meeting these criteria included: definite 

fatal myocardial infraction, definite sudden death due to CHD, definite fatal CHD, possible fatal 

CHD, definite fatal stroke, possible fatal stroke, definite fatal congestive heart failure (CHF), 

possible fatal CHF, and other fatal CVD.  

4.3.4 Statistical analysis 

Blood lead levels were analyzed according to demographic and clinical covariates. We 

used progressively adjusted multivariable Cox proportional hazards models to estimate the risk 

of CVD incidence and CVD mortality, as well as CHD incidence and CHD mortality according 

to blood lead levels. To comprehensively assess the shape of the dose-response, lead was 

categorized in policy relevant cutoffs (≤10.0, >10.0-35.0, >35.0 µg/L), per the change across the 

80th-20th quantiles of lead, and in a flexible manner using restricted quadratic splines on log-

transformed levels, with knots at the 10th, 50th, and 90th percentiles and the reference at the 10th 
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percentile. In all Cox models, center of recruitment was incorporated as a strata term, and age 

was used as the time metric. Model 1 was adjusted for sex, smoking status, BMI (kg/m2), and 

estimated glomerular filtration rate (ml/min/1.73m2). Model 2 further adjusted for LDL-

cholesterol (mg/dL) HDL-cholestebrol (mg/dL), diabetes status (yes/no), systolic blood pressure 

(mmHg), and hypertension treatment (yes/no). Model 3 further adjusted for blood cadmium. 

Moderation of the relationship between blood lead and CVD incidence and mortality was 

investigated according to the following subgroups: age (44.0–49.9, 55.0–64.9, 65.0–75.4 years), 

sex (male/female), study center (Arizona, Oklahoma, North Dakota/South Dakota), smoking 

status (never/former/current), BMI (<25, 25-30, ≥30 kg/m2), diabetes status (yes/no), and tertiles 

of blood cadmium levels (<0.44, 0.44-0.84, >0.84 µg/L). Cox proportional hazards models 

included interaction terms between the subgroup and an increase in the change across the 80th to 

20th quantiles of blood lead, modeled in the original scale. All analyses were conducted in R 

version 4.0.2346.  

 

4.4 Results 

 

The median (p25, p75) blood lead concentration was 22.5 (15.7, 33.6) µg/L. The 

distribution of log-transformed lead concentrations was normally distributed (Figure A1). The 

mean (SD) age of participants was 63.9 (7.9) years, and 1,110 (61.5%) participants were female. 

Over the study follow-up (median follow-up of 13.5 years for CVD incident events and 17.1 

years for CVD mortality), 588 (32.3%) participants had a fatal and non-fatal CVD event and 415 

(22.8%) had a fatal CVD event. Blood lead concentrations were largely similar across 

participants with and without an incident CVD event before adjustment (Table 1). Blood lead 

concentrations were higher among males, participants recruited from North Dakota and South 
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Dakota, current smokers, participants without diabetes, and among those with an eGFR of <60 

ml/min/1.73m2 (Table 2).  

Table 1. Participant characteristics by incident CVD and CVD mortality status (N=1,818) 
  CVD Incident Event CVD Death 

 
Variable 

No 

(n=1,230) 

Yes 

(n=588) 

No  

(n=1,403) 

Yes 

 (n=415) 

Sex Female 762 (62.0) 348 (59.2) 868 (61.9) 242 (58.3) 

Center AZ 137 (11.1) 49 (8.3) 161 (11.5) 25 (6.0) 

 OK 561 (45.6) 226 (38.4) 612 (43.6) 175 (42.2) 

 ND/SD 532 (43.3) 313 (53.2) 630 (44.9) 215 (51.8) 

Smoking Status Never 442 (35.9) 180 (30.6) 489 (34.9) 133 (32.0) 

 Former 429 (34.9) 202 (34.3) 478 (34.1) 153 (36.9) 

 Current 359 (29.2) 206 (35.0) 436 (31.1) 129 (31.1) 

Diabetes  Yes 525 (42.7) 296 (50.3) 581 (41.4) 240 (57.8) 

Prediabetes Yes 126 (16.7) 63 (20.1) 155 (17.6) 34 (18.1) 

HT Treatment Yes 445 (36.2) 212 (36.1) 465 (33.1) 192 (46.3) 

Age (years) Mean (SD) 63.8 (8.0) 64.0 (7.7) 63.2 (7.7) 66.2 (8.1) 

BMI (kg/m2) Mean (SD) 30.5 (6.0) 31.0 (6.4) 30.7 (6.2) 30.4 (6.0) 

SBP Mean (SD) 131 (19.2) 132 (18.9) 130 (18.5) 134 (20.7) 

LDL-chol  Mean (SD) 118 (32.8) 123 (31.0) 119 (32.3) 121 (32.5) 

HDL-chol Mean (SD) 43.2 (14.0) 42.0 (13.0) 43 (13.5) 42 (14.3) 

eGFR (ml/min/1.73m2) Mean (SD) 92.1 (22.2) 92.8 (21.0) 93.8 (20.6) 87.3 (24.9) 

Blood Lead (µg/L) Mean (SD) 27.6 (18.5) 28.0 (28.0) 27.6 (22.2) 28.4 (21.6) 

Blood Cadmium (µg/L) Mean (SD) 0.79 (0.68) 0.79 (0.59) 0.79 (0.67) 0.80 (0.61) 

BMI: body mass index; HT: hypertension; chol: cholesterol; eGFR: estimated glomerular filtration rate; SBP: 

systolic blood pressure. AZ: Arizona; OK: Oklahoma; ND: North Dakota; SD: South Dakota. 

 

 

 

Table 2: Blood lead concentrations by participant characteristics (N = 1,818) 

 
Variable N (%) 

Blood lead (µg/L) 

Median (p20, p80) 

Sex Male 708 (38.9) 28.7 (18.6, 46.3) 

 Female 1,110 (61.1) 19.3 (12.5, 31.4) 

Age (years) <55  243 22.4 (14.9, 36.2) 

 55–64 848 21.2 (13.5, 36.6) 

 ≥65  727 23.9 (15.4, 38.4) 

Center AZ 186 (10.2) 15.6 (10.1, 24.5) 

 OK 787 (43.3) 20.8 (13.1, 33.7) 

 ND/SD 845 (46.5) 26.0 (17.0, 41.8) 

Smoking Status Never 622 (34.2)  19.8 (12.7, 30.6) 

 Former 631 (34.7) 21.2 (13.7, 34.0) 

 Current 565 (31.1) 28.9 (17.8, 44.2) 

BMI < 25 kg/m2 306 (16.8) 29.9 (17.5, 46.8) 

 25–30 604 (33.2) 25.0 (15.7, 39.9) 

 ≥30 908 (50.0) 19.8 (12.8, 30.9) 

Diabetes  Yes 821 (45.2) 19.6 (15.9, 41.9) 

 No 997 (54.8) 26.1 (12.9, 30.8) 
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Prediabetes Yes 189 (17.7) 24.6 (15.3, 31.9) 

 No 879 (82.3) 26.0 (15.9, 41.7) 

HT Treatment Yes 657 (63.9) 21.0 (13.7, 34.6) 

 No 1,161 (36.1) 23.6 (14.7, 38.8) 

eGFR <60 ml/min/1.73m2 134 (7.4) 29.5 (18.4, 48.8) 

 ≥60 ml/min/1.73m2 1,684 (92.6) 22.1 (14.0, 36.3) 

BMI: body mass index; HT: hypertension; chol: cholesterol; eGFR: estimated glomerular filtration rate; AZ: 

Arizona; OK: Oklahoma; ND: North Dakota; SD: South Dakota.  

 

4.4.1 Blood lead and cardiovascular disease 

For incident CVD events, the adjusted HR (95% CI) for an 80th-20th quantile change 

increase in blood lead was 1.11 (1.01, 1.22) in the partially adjusted model (Table 3, Model 2) 

and 1.11 (1.01, 1.23) in the model adjusting for blood cadmium (Table 3, Model 3). These 

effects were similar for incident CHD in the partially adjusted model (1.10, 0.98, 1.24) and the 

co-adjusted model (1.12, 1.00, 1.25). Modeling blood lead in policy relevant groups of blood 

lead, the fully adjusted HR (95% CI) comparing the highest to lowest tertile was 0.94 (0.63, 

1.40) for incident CVD, 1.22 (0.75, 1.98) for incident CHD in the fully adjusted models.  

Concerning CVD mortality, the partially adjusted HR (95% CI) for an 80th-20th quantile 

change increase in blood lead was 1.17 (1.04, 1.31) in the partially adjusted model (Table 3, 

Model 2) and 1.15 (1.02, 1.30) in the model adjusting for cadmium (Table 3, Model 3). For 

CHD mortality, the HR (95% CI) for the partially adjusted model was 1.21 (1.08, 1.37) and 1.22 

(1.08, 1.37) in the fully adjusted model (Table 3). No statistically significant relationships were 

observed between blood lead concentrations and CVD or CHD mortality when blood lead was 

analyzed in tertiles (Table A1). Flexible dose-response models supported a linear relationship 

for the association of blood lead with CVD and CHD mortality, while a linear but comparatively 

weaker relationship was observed between blood lead and CVD and CHD incidence (Figure 1). 

Table 3: Hazard ratios (95% confidence interval) for any cardiovascular disease and coronary 

heart disease incidence by blood lead, with policy relevant grouping for lead concentrations (N = 

1,818).  

  >10.0 – 35.0 µg/L  Per p80-p20 change  
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≤ 10.0 µg/L 

(n=132) 

(n=1,261) > 35.0 µg/L 

(n=425) 

(37.2 – 14.2 µg/L)* 

CVD Mortality      

Cases / non-cases 26 / 106 281 / 980 108 / 317 415 / 1,403 

Person years 2,088 19,309 5,220 26,617 

Model 1 1.00 (Reference) 0.94 (0.62, 1.42) 1.19 (0.75, 1.89) 1.09 (0.97, 1.22) 

Model 2 1.00 (Reference) 1.03 (0.68, 1.57) 1.45 (0.90, 2.34) 1.17 (1.04, 1.31) 

Model 3 1.00 (Reference) 1.01 (0.66, 1.54) 1.40 (0.86, 2.27) 1.15 (1.02, 1.30) 

CHD Mortality      

Cases / non-cases 14 / 118 206 / 1,055 85 / 430 305 / 1,513 

Person years 2,088 19,309 5,220 26,617 

Model 1 1.00 (Reference) 1.28 (0.73, 2.22) 1.65 (0.90, 3.02) 1.12 (0.99, 1.27) 

Model 2 1.00 (Reference) 1.42 (0.82, 2.48) 2.13 (1.15, 3.94) 1.21 (1.08, 1.37) 

Model 3 1.00 (Reference) 1.43 (0.81, 2.49) 2.14 (1.14, 3.99) 1.22 (1.08, 1.37) 

     

Incident CVD      

Cases / non-cases  42 / 90 420 / 841 126 / 299 588 / 1230 

Person years 1,918 16,982 4,655 23,555 

Model 1 1.00 (Reference) 0.90 (0.65, 1.25) 0.82 (0.56, 1.21) 1.06 (0.96, 1.17) 

Model 2 1.00 (Reference) 0.97 (0.69, 1.35) 0.93 (0.63, 1.38) 1.11 (1.01, 1.22) 

Model 3 1.00 (Reference) 0.97 (0.69, 1.35) 0.94 (0.63, 1.40) 1.12 (1.01, 1.23) 

Incident CHD     

Cases / non-cases 26 / 106 328 / 933 106 / 319 460 / 1358 

Person years 1,979 17,603 4,775 24,357 

Model 1 1.00 (Reference) 1.06 (0.70, 1.60) 1.00 (0.63, 1.59) 1.03 (0.91, 1.16) 

Model 2 1.00 (Reference) 1.15 (0.63, 1.59) 1.19 (0.74, 1.90) 1.10 (0.98, 1.24) 

Model 3 1.00 (Reference) 1.17 (0.77, 1.77) 1.22 (0.75, 1.98) 1.12 (1.00, 1.25) 

 

Model 1: Adjusted for sex, smoking status (never, former, current), BMI (kg/m2), and estimated glomerular filtration 

rate (ml/min/1.73m2); Model 2: Further adjusted for LDL-cholesterol (mg/dL) HDL-cholesterol (mg/dL), diabetes 

status (yes/no), systolic blood pressure (mmHg), and hypertension treatment (yes/no); Model 3: Further adjusted for 

blood cadmium. All models included center of recruitment as a strata term, and age was accounted for in the follow-

up times of all models. *Hazard ratios correspond to an increase in lead (modeled in the original scale) 

corresponding to the change across the 80th to 20th quantiles.  

 

 

 

 

Figure 1: Associations between blood lead and cardiovascular disease mortality and incidence 

using restricted quadratic splines (N = 1,818). 
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Hazard ratios incorporated restricted quadratic splines for log(lead) with knots at the 10th, 50th, and 90th percentiles, 

where the 10th percentile was treated as the reference. Solid lines represent adjusted hazard ratios, and shaded 

regions represent 95% confidence intervals. All models were adjusted for sex, smoking status (never, former, 

current), BMI (kg/m2), and estimated glomerular filtration rate (ml/min/1.73m2), LDL-cholesterol (mg/dL) HDL-

cholesterol (mg/dL), diabetes status (yes/no), blood pressure (mmHg), and hypertension treatment (yes/no). Models 

included center of recruitment as a strata term, and age was accounted for in the follow-up times of all models. 

 

 

4.4.2 Effect Modification 

We did not observe statistically significant effect modification between blood lead and 

CVD incidence or CVD mortality (Figure 2). However, the HR (95% CI) of CVD mortality for 

an 80th-20th quantile change increase in blood lead was 1.25 (1.09, 1.43) for males vs. 1.03 (0.83, 

1.28) for females; p-value for interaction = 0.131. The HR (95% CI) for CVD mortality was also 

non-significantly (p-value = 0.585) stronger in ND/SD participants (1.20 (1.06, 1.35)) compared 

to OK participants (1.06 (0.85, 1.32) and AZ participants (1.27 (0.69, 2.34). Additionally, the HR 

(95% CI) for those in the highest cadmium tertile (>0.84 µg/L) 1.20 (1.06, 1.36) and the middle 

tertile (0.43-0.84 µg/L) 1.13 (0.95-1.33) were non-significantly higher than the lowest tertile 
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(<0.43 µg/L) 0.95 (0.66, 1.36); p-value for interaction = 0.494. The HR (95% CI) for CVD 

incidence was also non-significantly (p-value = 0.151) stronger in ND/SD participants (1.16 

(1.06, 1.27)) compared to OK participants (0.94 (0.76, 1.16) and AZ participants (0.92 (0.51, 

1.65). 

Figure 2: Hazard ratio (HR) (95% CI) of cardiovascular disease mortality (CVD) and CVD 

incidence by blood lead concentrations by participant subgroups. 

 

 
 
AZ indicates Arizona; OK, Oklahoma; and ND/SD, North Dakota/South Dakota. Hazard ratios correspond to the 

change across the 80th to 20th quantiles, and lead was modeled in the original scale. 

 

4.5 Discussion 

 

 This study evaluated the impact of blood lead on CVD incident events and CVD 

mortality in the SHS. Among 588 CVD events and 415 CVD deaths, we observed that increases 

in blood lead were associated with higher risk of incident CVD/CHD events and CVD/CHD 

mortality. Blood lead concentrations above the updated blood lead reference level of 35.0 µg/L 

were also associated with increased risk of CHD mortality.  
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These findings add to the evidence of lead as a CVD risk factor51 at low lead 

concentrations, and call attention to American Indian communities with elevated lead levels to 

promote actions to reduce exposure. Prior studies of lead and CVD risk were primarily 

performed using NHANES II (1976-80)347, NHANES III (1988-1994)348,349, and NHANES 

1999-2000350, and there remains need to replicate findings in different populations and cohorts, 

including in American Indians, which are not well represented and sampled in federal health 

surveys55. In this analysis, the mean blood lead concentrations were 27.8 µg/L. During the time 

of sample collection (1998-1999), lead concentrations in the SHS were higher than those 

measured in a similar time period for NHANES 1999-2002 (geometric mean: 1.64 μg/dL [16.4 

μg/L]), and more comparable to blood lead levels measured in NHANES III (geometric mean: 

2.76 μg/dL [27.6 μg/L])349,350. Further, findings from NHANES III were derived from a detection 

limit of 1.0 μg/dL (10 μg/L), and evidence of lead exposure and CVD risk is needed at even 

lower lead levels to inform CVD risk. The present analysis provides evidence at these low levels, 

with a lower limit lead concentration of 3.05 μg/L and all values above the detection limit (0.49 

μg/L).  

Findings concerning CVD risk are especially relevant given recent work emphasizing 

that reductions, even at low levels, can result in improvements in cardiovascular health and blood 

pressure351. In a previous analysis from the Strong Heart Family Study, a family-based extension 

of the original SHS, blood lead declines over approximately 10 years (20.4 μg/L to 6.7 μg/L) 

corresponded to reductions in systolic blood pressure of -7.08 mm Hg (95% CI, -13.16 to -1.00) 

among those with the highest declines in blood lead levels (>9.1 μg/L)351. This analysis 

highlighted cardiovascular benefits even when reductions were small (1.0 μg/L), indicating the 
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widespread potential cardiovascular benefits and improvements in clinical CVD outcomes across 

the general population by further reducing lead levels. 

One implication of this work is the need for sustained public health efforts to reduce 

environmental lead exposure both in American Indian communities and in the general 

population. Lead contamination of drinking water has recently gained national attention in 

multiple settings across the US31,32. Environmental metals including lead are abundant in public 

drinking water systems throughout the US, and there are racial and socioeconomic disparities in 

exposure15,275. Collectively, American Indian communities experience elevated levels of chronic 

metal exposures352,353, where a legacy of environmental contamination from mining remains a 

concern20. Exposure, similar to the general US population, also originates from herbal 

supplements, spices, and tobacco products354-357. While there are ongoing efforts between tribal 

communities and the EPA to spread awareness and reduce exposure, especially among 

children358, our findings concerning CVD risk at low levels of lead complement the need for 

additional investment to reduce lead. 

From a clinical perspective, efforts to reduce lead must also acknowledge the potential 

benefit of chelation therapy. In the Trial to Assess Chelation Therapy (TACT), infusions with the 

chelating agent disodium edeate were linked to reduced risk of cardiovascular outcomes among 

those with a prior myocardial infarction (hazard ratio [HR] 0.82, 95% confidence interval [CI] 

0.69-0.99), and among those with diabetes (HR 0.59, 95% CI 0.44-0.79)359-361. The potential of 

chelating agents is being ongoingly studied among diabetic patients in the second iteration of the 

TACT trial (TACT2), which has the potential to inform the effects of removing lead from bone 

on CVD outcomes362.  
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This study is not without limitations. Roughly 9% of blood samples were clotted or did 

not have sufficient volume for analysis, which reduced our sample size to detect effects of blood 

metals on CVD. However, these samples had similar demographic characteristics (73% female 

vs 61% female), CVD event status (28% vs 32%), and CVD mortality (20% vs 23%), suggesting 

these samples were not distinctly different from the set of included blood samples for analysis. 

Smoking status was self-reported in the SHS, and it is possible that misclassification of smoking 

status could influence results. Additionally, it is possible that there is the presence of unmeasured 

confounding, such as sources of lead via drinking water and occupational exposure. As other 

studies of lead and CVD have reported, there are other factors such calcium deficiency, 

pregnancy, and menopause that influence the distribution of lead in the body363 that could not be 

captured with available data here. This analysis also did not exclude those free of CVD at 

recruitment, although this is similar to prior metal analyses using NHANES data. Despite these 

factors our study has several strengths, including the large number of participants with blood 

lead measures, the high-quality outcome assessment performed in the SHS, and the completeness 

of information concerning relevant confounders.  

4.6 Conclusion 

 In this cohort study of American Indians, blood lead levels measured between 1998-1999, 

including those above the blood lead reference value of 35 µg/L, were associated with an 

increased risk of incident CVD events and CVD mortality. These findings support evidence of 

lead as a CVD risk factor and highlight the importance of public health measures to reduce lead 

in communities across the US, including American Indian communities. 
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4.7 Appendix 

Table A1: Hazard ratios (95% confidence interval) for any cardiovascular disease and coronary 

heart disease incidence by tertiles of blood lead (N = 1,818). 

 

Tertile 1 

< 17.9 µg/L 

(n=606) 

Tertile 2 

17.9 ï 29.3 µg/L 

(n=606) 

 

Tertile 3 

> 29.3 µg/L 

(n=606) 

CVD Mortality     

Cases / non-cases 142 / 464 134 / 472 139 / 467 

Person years 9,876 8,845 7,896 

Model 1 1.00 (Reference) 0.89 (0.69, 1.13) 0.91 (0.70, 1.18) 

Model 2 1.00 (Reference) 0.92 (0.72, 1.18) 1.02 (0.78, 1.34) 

Model 3 1.00 (Reference) 0.90 (0.70, 1.16) 0.98 (0.74, 1.30) 

CHD Mortality     

Cases / non-cases 97 / 509 99 / 507 109 / 497 

Person years 9,876 8,845 7,896 

Model 1 1.00 (Reference) 0.95 (0.71, 1.27) 1.00 (0.73, 1.36) 

Model 2 1.00 (Reference) 1.00 (0.75, 1.34) 1.16 (0.84, 1.60) 

Model 3 1.00 (Reference) 0.99 (0.74, 1.33) 1.15 (0.82, 1.59) 

    

Incident CVD     

Cases / non-cases  200 / 406 204 / 402 184 / 422 

Person years 8,779 7,767 7,010 

Model 1 1.00 (Reference) 0.97 (0.79, 1.19) 0.88 (0.70, 1.10) 

Model 2 1.00 (Reference) 1.00 (0.81, 1.22) 0.94 (0.74, 1.18) 

Model 3 1.00 (Reference) 1.00 (0.81, 1.22) 0.94 (0.74, 1.19) 

Incident CHD    

Cases / non-cases 151 / 455 158 / 448 151 / 455 

Person years 9,049 8,053 7,255 

Model 1 1.00 (Reference) 0.94 (0.75, 1.18) 0.86 (0.67, 1.11) 

Model 2 1.00 (Reference) 0.96 (0.76, 1.21) 0.95 (0.73, 1.23) 

Model 3 1.00 (Reference) 0.96 (0.76, 1.22) 0.96 (0.74, 1.26) 

 

Model 1: Adjusted for sex, smoking status (never, former, current), BMI (kg/m2), and estimated glomerular filtration 

rate (ml/min/1.73m2); Model 2: Further adjusted for LDL-cholesterol (mg/dL) HDL-cholesterol (mg/dL), diabetes 

status (yes/no), systolic blood pressure (mmHg), and hypertension treatment (yes/no); Model 3: Further adjusted for 

blood cadmium. All models included center of recruitment as a strata term, and age was accounted for in the follow-

up times of all models. Tertiles were calculated on blood lead concentrations.  
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Figure A1. Distribution of log-transformed blood lead concentrations (ug/L) (N=1,818).  
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5.1 Abstract 

Lead is a cardiotoxic metal with a variety of adverse health effects. In the absence of data 

on bone lead exposure, epigenetic biomarkers can serve as indicators of cumulative lead 

exposure and body burden. Here, we leveraged novel epigenetic biomarkers of lead exposure to 

investigate their association with cardiovascular disease (CVD) incidence and mortality. Blood 

DNA methylation was measured using the Illumina MethylationEPIC BeadChip among 2,321 

participants of the Strong Heart Study at baseline (1989-1991). Epigenetic biomarkers of lead 

levels in blood, patella, and tibia were estimated using previously identified CpG sites. CVD 

incidence and mortality data was available through 2017. Median concentrations of lead 

epigenetic biomarkers were 13.8 µg/g, 21.3 µg/g, and 2.9 µg/dL in tibia, patella, and blood, 

respectively. In adjusted models, the hazard ratio (HR) (95% CI) of CVD mortality per doubling 

increase in lead epigenetic biomarkers were 1.42 (1.07-1.87) for tibia lead, 1.22 (0.93-1.60) for 

patella lead, and 1.57 (1.16-2.11) for blood lead. The corresponding HRs for incident CVD were 

0.99 (0.83-1.19), 1.07 (0.89-1.29), and 1.06 (0.87-1.30). The association between the tibia lead 

epigenetic biomarker and CVD mortality was modified by sex (interaction p-value:0.014), with 

men at increased risk (HR:1.42, 95% CI:1.17-1.72) compared to women (HR:1.04, 95% CI:0.89-

1.22). Tibia and blood epigenetic biomarkers were associated with increased risk of CVD 

mortality, potentially reflecting the cardiovascular impact of cumulative and recent lead 

exposures. These findings support that epigenetic biomarkers of lead exposure may capture some 

of the disease risk associated with lead exposure. 

5.2 Introduction  

 

Lead (Pb) is a toxic metal associated with adverse cardiovascular, neurological, renal, 

hematological, immunological, reproductive, and developmental outcomes 78,153,332,333. Prior to 
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widespread bans in the 1970s, lead was included in gasoline, paint, water piping, and plumbing 

fixtures, resulting in extensive contamination of the air, soil, dust and water 5. Lead is still widely 

refined and processed in the US 27, where lead levels remain relatively high and individuals 

remain at risk of exposure. There is also evidence of racial and socioeconomic disparities 

concerning lead exposure28-30, with several racial/ethnic groups and low-income populations 

facing increased exposures compared to other groups. Due to the persistence of lead in the 

environment and continuous new exposures, lead and its associated adverse health effects remain 

relevant today.  

Despite its importance as a potential cardiovascular risk factor, large cohort studies of 

cardiovascular disease often lack data on lead exposure. Traditionally, biomarkers of lead 

exposure have been measured in blood, urine, plasma, and bone 364. Lead accumulates in bone 

with a half-life of decades, and bone lead measures can be used to reflect cumulative lead 

exposure and long-term health effects 365. In blood, lead reflects both endogenous sources from 

bone and exogeonous sources from the environment, with a half-life of 1-2 months. Obtaining 

bone lead measures, however, can be challenging on a population-scale, as the technology used 

requires exposure to radiation and is not widely available 175.  

Genome-wide DNA methylation (DNAm) data can serve as biomarkers of epigenetic signatures 

to estimate lead concentrations in tibia, patella, and blood 175, by leveraging the knowledge that 

lead exposure induces sensitive and specific changes in whole blood DNAm 366. These 

methylation-based biomarkers were well correlated with lead concentrations in tibia and patella 

175, and in a separate analysis, increasing levels of the tibia DNAm biomarker was associated 

with increased odds of Parkinson’s disease status 367. These results highlight the potential of 
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methylation-based biomarkers to provide estimates of lead exposure, and their relation to 

disease. 

The Strong Heart Study (SHS), a study of cardiovascular disease in American Indian 

adults across the Southwest and the Great Plains 75, represents an opportunity to investigate the 

relationship of these epigenetic biomarkers with cardiovascular health. Lead exposure has been 

documented in American Indian communities 352,353, where a legacy of environmental 

contamination remains a concern. Research has also identified that the SHS communities have a 

high prevalance of cardiovascular disease 70, and that exposure to toxic metals including 

cadmium and arsenic contributes to this increased risk 52,53,268,368. Due to the evidence 

highlighting the importance of metals on cardiovascular disease 46,48, there is further need to 

investigate the impact of lead in American Indian communities. 

The objective of this study was to apply these recently developed epigenetic biomarkers 

of lead exposure and investigate their association with cardiovascular disease incidence and 

mortality in the SHS. Given the accumulation of lead in bone, and consistent with previous 

findings 369, we anticipated that epigenetic biomarkers of bone lead would be more strongly 

associated with cardiovascular outcomes than an epigenetic biomarker of blood lead. This work 

is a novel application of these epigenetic biomarkers to study cardiovascular outcomes. 

 

5.3 Methods 

5.3.1 Study population 

The SHS is a prospective cohort of cardiovascular disease and its risk factors among 

American Indians adults, funded by the National Heart, Lung and Blood Institute and the 

National Institute of Environmental Health Sciences 75. In 1989-1991, all adults aged 45-74 years 
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across thirteen tribes and communities in Arizona and Oklahoma, and random subsets in North 

Dakota and South Dakota were eligible for recruitment 75. The SHS protocol was approved by 

institutional review boards (IRBs), participating tribes, and the respective area Indian Health 

Service IRBs. All participants provided informed consent. A total of 4,549 adults were initially 

recruited. For this study, 1,032 participants from one community were not included upon their 

request. We also excluded 252 participants with cardiovascular disease at baseline, 429 

participants without sufficient urine for metal analyses, and 44 participants missing 

cardiovascular risk factors, resulting in 2,792 participants eligible for analysis of blood DNAm. 

However, 445 participants had insufficient amounts of DNA for analysis, and 26 were further 

excluded in quality control, leaving a final sample size of 2,321 participants included in this 

study. The data underlying this article cannot be shared publicly in an unrestricted manner due to 

limitations in the consent forms and in the agreements between the Strong Heart Study tribal 

communities and the Strong Heart Study investigators. The data can be shared to external 

investigators following the procedures established by the Strong Heart Study, available at 

https://strongheartstudy.org/. 

All participants provided sociodemographic and medical history information including 

age, sex, education, study center of recruitment, smoking status (never, former, current), body 

mass index (BMI), low-density lipoprotein cholesterol (LDL), high-density lipoprotein 

cholesterol (HDL), blood pressure, hypertension treatment (yes/no), diabetes (yes/no) via 

baseline questionnaires, physical exams, and laboratory analyses as described previously 72,370. 

Estimated glomerular filtration rate (eGFR) was calculated using age, sex, and plasma creatinine 

via the Chronic Kidney Disease – Epidemiology Collaboration formula 273. Diabetes status at 

baseline was defined as fasting glucose ≥ 126 mg/dl, two-hour plasma glucose ≥ 200 mg/dl, 
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hemoglobin A1C level ≥ 6.5%, self-reported history of diagnosis, or current use of diabetic 

medication. 

5.3.2 DNA methylation  

Buffy coat from fasting blood samples were collected in 1989–1991 upon recruitment, 

and biological specimens were stored at <−70°C. DNA from white blood cells was extracted and 

stored at the MedStar Health Research Institute under a strict quality-control system. In 2015, 

blood DNA was shipped to the analytical laboratory at the Texas Biomedical Research Institute 

for DNAm analysis. DNA was bisulfite-converted with the EZ DNAm kit (Zymo Research, 

Irvine CA) according to the manufacturer’s instructions. Bisulfite-converted DNA was measured 

using the Illumina MethylationEPIC BeadChip (850K) (Illumina, San Diego CA), which 

provides a measure of DNAm at a single nucleotide resolution at >850,000 CpGs. Samples were 

randomized across and within plates to remove potential batch artifacts and confounding effects, 

and replicate and across-plate control samples were included on every plate. All the 

preprocessing was conducted using R version 3.6.1 346. Data were read in six different batches 

(of Ḑ400 individuals each) and combined using the R package minfi (version 1.18.4) 371. CpGs 

with a p-detection value greater than 0.01 in more than 5% of the individuals (6,159 CpGs) were 

removed. Single sample normalization was conducted using the preprocess Noob function in R 

package minfi 372,373, which includes a background correction with dye-bias normalization for 

Illumina Infinium methylation arrays. Regression on Correlated Probes (RCP) normalization was 

applied to account for probe type bias 374. 

As a result of these preprocessing preliminary analyses, we had data from 2,321 

individuals and 860,079 CpGs. Cross-hybridizing probes, sex chromosomes, and SNP probes 

with minor allele frequency >0.05 375 were removed from the analysis. The final number of 
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CpGs for analysis was 790,026. Quality checks, data normalization, statistical preprocessing, and 

beta-value calculation, which ranges from 0 to 1 and represents the proportion of unconverted 

cytosines (Cs) in bisulfite-converted DNA at specific locations, were performed using the R 

package minfi 372. We estimated Houseman cell proportions (CD8T, CD4T, NK, B cells, 

monocytes, and granulocytes) 376 using the R package minfi, to use them as adjustment variables 

in the regression models. We detected and corrected for potential batch effects by sample plate, 

sample row, and DNA isolation time with the combat function (sva R package) 377. We annotated 

CpGs to the nearest gene according to the Illumina Infinium MethylationEPIC Manifest File 

(version 1.0 B4) (Fortin et al. 2017; Illumina Inc. 2019). 

5.3.3 Lead Epigenetic Biomarkers 

Epigenetic biomarkers of lead exposure reflecting lead in patella (ePatella) and tibia 

(eTibia) were calculated according to Colicino et al. 2019 378. To generate these biomarkers, 

Colicino et al. used blood DNAm and bone lead measures available in a subset of 348 elderly 

men from the Normative Aging Study (NAS), a prospective cohort study of aging in adult men 

established in 1963 by the United States Department of Veterans Affairs 379. Blood DNAm was 

obtained with the Illumina Infinium HumanMethylation450 BeadChip (450k) array, and probes 

overlapping the 450k array and the Infinium MethylationEPIC BeadChip (EPIC) platform 

(395,005 CpG sites) were included in their analysis. Lead levels in tibia and patella were 

measured non-invasively with K-shell X-ray fluorescence (KXRF) spectroscopy 116,172.  

Epigenome-wide robust linear regressions were performed to select the most significant CpG 

sites associated with log2-transformed lead concentrations in each tissue separately, and then an 

elastic net regression approach, which takes into account the high-dimensional nature of CpG 

data 380, was used to create lead epigenetic biomarkers. CpGs from the epigenome-wide analysis 
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were selected at p < 0.0001. Elastic net with leave-one-out cross validation was performed on the 

training dataset, comprised of 80% of participants. Lead biomarkers were then validated in the 

remaining test dataset of the NAS cohort. ePatella and eTibia biomarkers were calculated as the 

linear combination of regression coefficients and DNAm beta values from the test dataset. 

Biomarkers were originally only estimated for lead in bone; however, we further extended the 

epigenetic biomarkers to estimate lead in blood (eBlood), to provide a marker of recent exposure, 

using the above approach in the NAS cohort. Lead levels in blood were measured  using Zeeman 

background-corrected flameless atomic absorption (graphite furnace) 381,382. Estimation and 

validation of the blood lead epigenetic biomarker can be found in the Supplemental Material 

(Supplemental Tables S1-S2 and Figures S3-S7).  In the current analysis, we used the same 

significant CpG sites associated with lead levels in blood (74 of 75 CpG sites), patella (58 CpG 

sites), and tibia (138 CpG sites) in NAS to estimate three lead DNAm-based biomarkers (eTibia, 

ePatella, eBlood) in 2,321 participants from the SHS. All CpG sites included in biomarker 

development in NAS, except one CpG used to calculate eBlood, were available for eLead 

biomarkers in SHS.  

5.3.4 Cardiovascular outcomes 

Morbidity and mortality surveillance in the SHS is ongoing and has been previously 

described 76,77. Briefly, all cardiovascular disease outcomes and deaths are identified through 

coordination between Field Centers, the Coordinating Center, and Surveillance Reporting. For 

this study, all deaths and potential cardiovascular outcomes occurring through 2017 were 

reviewed by the Morbidity and Mortality Review Committee, which is composed of physicians 

with experience in reviewing medical records for the ascertainment of cardiovascular outcomes 

76,77. Incident CVD was defined as any definite or possible fatal or non-fatal coronary heart 
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disease (CHD), stroke, or heart failure. Cardiovascular deaths were ascertained according to 

International Diagnostic criteria, and events possibly meeting these criteria included: definite 

fatal myocardial infraction, definite sudden death due to CHD, definite fatal CHD, possible fatal 

CHD, definite fatal stroke, possible fatal stroke, definite fatal congestive heart failure (CHF), 

possible fatal CHF, and other fatal CVD.  

5.3.5 Statistical analysis 

Distributions of eTibia, ePatella, and eBlood lead biomarkers were analyzed according to 

demographic and clinical covariates. Spearman correlations were performed among lead 

epigenetic biomarkers and urinary cadmium concentrations. We included urinary cadmium as 

this metal is moderately correlated with lead biomarkers in other studies 383. Urinary lead 

biomarkers, unfortunately, are not available at the SHS exam 1 as the vials for sample collection 

were contaminated with lead 272. Urinary cadmium concentrations were expressed in micrograms 

per gram of urine creatinine. The significance level in this analysis was p = 0.05.  

We used progressively adjusted multivariable Cox proportional hazards models to estimate the 

risk of incident CVD and CVD mortality according to each lead epigenetic biomarker. Lead 

epigenetic biomarkers were analyzed in tertiles, as continuous variables, and in a non-linear 

manner using a restricted quadratic spline model with knots at the 10th, 50th, and 90th percentiles 

with the reference at the 10th percentile. Lead epigenetic biomarkers were log2-transformed to 

remove skewness (Figure A1). In all Cox models, center of recruitment was incorporated as a 

strata term, and age was used as the time metric. In progressively adjusted models, the first 

model (Model 1) adjusted for sex, smoking status, BMI, five genetic principal components (to 

account for population stratification 384), and Houseman cell proportions (CD8T, CD4T, NK, B 
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cells, monocytes). The second model (Model 2) further adjusted for LDL, HDL, and diabetes 

status. Model 3 further adjusted for systolic blood pressure, hypertension treatment, and eGFR.  

Effect modification of the relationship between lead epigenetic biomarkers and CVD incidence 

and mortality was investigated according to the following subgroups: age (44.0–49.9, 50.0–64.9, 

65.0–75.4 years), sex (male/female), study center (Arizona, Oklahoma, North Dakota/South 

Dakota), smoking status (never/former/current), urinary cadmium (< 0.71, 0.71 – 1.26, >1.26 

µg/g), and diabetes (yes/no). Cox proportional hazards models included interaction terms 

between the subgroup and an increase in an interquartile range change in the respective lead 

epigenetic biomarker (eTibia, ePatella, eBlood). Finally, as these biomarkers were estimated in 

men, we examined the differences in methylation levels between men and women for individual 

probes included in the biomarkers. T-tests were perfomed to examine statistically significant 

differences in these methylation levels. All analyses were conducted in R version 4.0.2 346.  

 

5.4 Results 

Median interquartile range (IQR) concentrations of lead epigenetic biomarkers were 21.3 (18.5, 

24.8) µg/g in ePatella, 13.8 (11.7, 16.1) µg/g in eTibia, and 2.9 (2.6, 3.4) µg/dL in eBlood. The 

concentrations of each lead epigenetic biomarker were largely similar across participant 

characteristics and medical covariates (Table 1). Correlations among lead epigenetic biomarkers 

and urinary cadmium, adjusted for urine creatinine, revealed slight but significant positive 

associations between eTibia lead and urinary cadmium (Spearman’s r=0.10; p < 0.001), ePatella 

lead and urinary cadmium (r=0.07, p < 0.001), and eTibia and eBlood lead (r=0.09; p < 0.001) 

(Table 2). eTibia and ePatella lead biomarkers (r=-0.07, p < 0.001) and ePatella and eBlood lead 

biomarkers (r= -0.13, p < 0.001) were negatively correlated. The median age (IQR) at follow-up 
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among those who experienced an CVD event was 68.5 (62.4, 74.9) years, while the median age 

(IQR) at follow-up among those who did experience an CVD event was 75.1 (68.7, 80.5) years. 

 

Table 1: Lead epigenetic biomarkers by participant characteristics (N = 2,321) 

 

Variable N (%) 
eTibia lead (µg/g) 

Median (p25, p75) 

ePatella lead (µg/g) 

Median (p25, p75) 

eBlood lead 

(µg/dL) 

Median (p25, 

p75) 

Urinary cadmium 

(µg/g) Median 

(p25, p75) 

Sex Male 962 (41.5) 13.2 (11.1, 15.3) 20.8 (18.1, 24.5) 2.9 (2.5, 3.4) 0.71 (0.47, 1.10) 

 Female 1359 (58.5) 14.2 (12.2, 16.6) 21.6 (18.8, 25.1) 2.9 (2.6, 3.4) 1.16 (0.77, 1.78)  

Age (years) 44.0 – 50.8  668 (28.8) 14.0 (12.0, 16.4) 21.0 (18.6, 24.3) 3.0 (2.6, 3.4) 0.90 (0.56, 1.31) 

 50.9 – 59.5 1244 (53.6) 13.8 (11.6, 16.1) 21.2 (18.3, 24.9) 2.9 (2.6, 3.4) 1.00 (0.64, 1.55) 

 59.6 – 75.4  409 (17.6) 13.7 (11.5, 15.81) 21.6 (19.0, 25.2) 2.9 (2.5, 3.3) 1.03 (0.64, 1.59) 

Center AZ 311 (13.4) 13.9 (11.6, 16.0) 20.5 (17.8, 23.3) 2.9 (2.6, 3.4) 0.76 (0.53, 1.19) 

 OK 981 (42.3) 13.9 (11.7, 16.2) 21.0 (18.3, 24.5) 3.0 (2.6, 3.4) 0.86 (0.55, 1.33) 

 ND/SD 1029 (44.3) 13.8 (11.7, 16.1) 21.7 (18.9, 25.5) 2.9 (2.5, 3.4) 1.11 (0.75, 1.78) 

Smoking 

Status Never 
684 (29.5) 

13.8 (11.8, 15.8) 21.1 (18.3, 24.8) 3.0 (2.6, 3.5) 0.87 (0.55, 1.36) 

 Former 745 (32.1) 13.8 (11.8, 16.0) 21.3 (18.4, 25.1) 2.9 (2.6, 3.3) 0.81 (0.55, 1.25) 

 Current 892 (38.4) 14.0 (11.7, 16.5) 21.3 (18.7, 24.6) 2.9 (2.6, 3.4) 1.17 (0.77, 1.81) 

Urinary Cd   < 0.71 µg/g 758 (32.7) 13.4 (11.3, 15.5) 20.8 (18.2, 24.4) 2.9 (2.6, 3.4) 0.51 (0.38, 0.61) 

  0.71 – 1.26 µg/g 790 (34.0) 13.8 (11.8, 16.2) 21.3 (18.4, 25.0) 3.0 (2.6, 3.5) 0.96 (0.83, 1.10) 

  > 1.26 µg/g 773 (33.3) 14.1 (12.0, 16.7) 21.6 (18.8, 25.2) 2.9 (2.5, 3.3) 1.81 (1.50, 2.33) 

BMI < 25 kg/m2 406 (17.5) 14.1 (12.0, 16.3) 21.6 (18.7, 25.1) 3.0 (2.6, 3.5) 1.21 (0.78, 1.87) 

 25 – 30 830 (35.8) 13.6 (11.5, 16.2) 21.2 (18.5, 24.8) 3.0 (2.6, 3.4) 0.98 (0.62, 1.51) 

 ≥ 30 1085 (46.8) 13.8 (11.7, 16.0) 21.2 (18.5, 24.8) 2.9 (2.5, 3.3) 0.87 (0.57, 1.35) 

Diabetes  Yes 966 (41.6) 13.8 (11.5, 15.9) 21.2 (18.4, 24.7) 2.9 (2.5, 3.4) 0.89 (0.58, 1.41) 

 No 1355 (58.4) 13.8 (11.8, 16.3) 21.3 (18.6, 24.9) 3.0 (2.6, 3.4) 1.02 (0.65, 1.54) 

HT 

Treatment Yes 
464 (20.0) 

14.0 (12.0, 16.0) 20.8 (18.2, 24.6) 3.0 (2.6, 3.5) 0.86 (0.56, 1.33) 

 No 1857 (80.0) 13.7 (11.7, 16.2) 21.4 (18.6, 24.9) 2.9 (2.6, 3.4) 1.00 (0.64, 1.54) 

SBP < 124 mmHg 1146 (49.4) 13.7 (11.6, 16.0) 21.3 (18.5, 24.8) 2.9 (2.6, 3.4) 1.01 (0.65, 1.53) 

 ≥ 124 mmHg 1175 (50.6) 13.9 (11.8, 16.3) 21.3 (18.5, 24.8) 2.9 (2.6, 3.4) 0.92 (0.60, 1.46) 

LDL-chol  <119 mg/dL 1159 (50.0) 14.0 (11.8, 16.3) 21.4 (18.5, 24.9) 3.0 (2.6, 3.4) 0.97 (0.61, 1.48) 

 ≥ 119 1162 (50.0) 13.7 (11.5, 16.0) 21.1(18.5, 24.8) 2.9 (2.5, 3.3) 0.96 (0.62, 1.52) 

HDL-chol < 44 mg/dL 1140 (49.1) 13.6 (11.4, 15.9) 21.0 (18.3, 24.7) 2.9 (2.5, 3.4) 0.91 (0.57, 1.41) 

 ≥ 44 1181 (50.9) 14.1 (12.0, 16.3) 21.5 (18.8, 24.9) 2.9 (2.6, 3.4) 1.03 (0.67, 1.59) 

eGFR < 60 ml/min/1.73m2 76 (3.3) 14.7 (11.9, 17.3) 21.4 (18.9, 25.6) 2.9 (2.5, 3.4) 0.91 (0.53, 1.51) 

 ≥ 60 ml/min/1.73m2 2245 (96.7) 13.8 (11.7, 16.1) 21.3 (18.5, 24.8) 2.9 (2.6, 3.4) 0.97 (0.62, 1.50) 

CVD 

mortality Yes 
452 (19.5) 

14.1 (11.7, 16.3) 21.4 (18.6, 25.0) 3.0 (2.6, 3.4) 1.00 (0.65, 1.60) 

 No 1869 (80.5) 13.7 (11.7, 16.1) 21.2 (18.5, 24.8) 2.9 (2.6, 3.4) 0.96 (0.61, 1.48) 

CVD 

incidence Yes 
1023 (44.1) 

13.7 (11.4, 16.0) 21.3 (18.5, 25.0) 2.9 (2.5, 3.3) 0.99 (0.62, 1.54) 

 No 1298 (55.9) 13.9 (11.9, 16.2) 21.2 (18.5, 24.7) 2.9 (2.6, 3.4) 0.95 (0.61, 1.46) 

 

 

BMI: body mass index; HT: hypertension; chol: cholesterol; SBP: systolic blood pressure. AZ: Arizona; OK: 

Oklahoma; ND: North Dakota; SD: South Dakota. Urinary cadmium concentrations were expressed in micrograms 

per gram of urine creatinine. 
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Table 2. Spearman correlation coefficients (p-value) of lead epigenetic biomarkers (eTibia, 

ePatella and eBlood lead) and urinary cadmium concentrations (N = 2,321) 

 eTibia Lead ePatella Lead eBlood Lead Urinary Cadmium 

(µg/g) 

eTibia Lead  1.00    

ePatella Lead  -0.07 (< 0.001) 1.00   

eBlood Lead  0.09 (< 0.001) -0.13 (< 0.001) 1.00  

Urinary 

Cadmium (µg/g) 

0.10 (< 0.001) 0.07 (< 0.001) -0.01 (0.62) 1.00 

 
eTibia/ePatella/eBlood: epigenetic biomarkers of lead levels in tibia, patella, and blood. Urinary cadmium 

concentrations were expressed in micrograms per gram of urine creatinine. 

 

For cardiovascular disease mortality, the fully adjusted HR (95% CI) for a doubling 

increase in each lead epigenetic biomarker was 1.42 (1.07–1.87) for eTibia lead, 1.22 (0.93–

1.60) for ePatella lead, and 1.57 (1.16–2.11) for eBlood lead (Table 3, model 3). Modeling 

eBlood lead epigenetic biomarkers in tertiles, the fully adjusted HR (95% CI) for CVD mortality 

comparing the highest to lowest tertile was 1.31 (1.03–1.67) in the partially adjusted model 

(model 2), and the association was similar after adjustment for systolic blood pressure, 

hypertension treatment, and eGFR (HR: 1.28; 95% CI: 1.00–1.60, model 3). Flexible dose-

response models supported a linear relationship for the association of eTibia lead and eBlood 

lead epigenetic biomarkers (log2-transformed) with CVD mortality, while the ePatella lead 

biomarker showed a linear but not statistically significant relationship (Figure A2).  
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Table 3: Hazard ratios (95% confidence interval) for cardiovascular disease mortality by lead 

epigenetic biomarkers (N = 2,321). 
Epigenetic 

biomarker  Tertile 1 Tertile 2 

 

Tertile 3 Per double increase  

eTibia lead  < 3.6 µg/g 3.6 - 3.9 µg/g > 3.9 µg/g  

Model 1 1.00 (Reference) 1.19 (0.94 - 1.50) 1.16 (0.91 - 1.47) 1.36 (1.03 - 1.79) 

Model 2 1.00 (Reference) 1.22 (0.97 - 1.54) 1.22 (0.95 - 1.55) 1.47 (1.11 - 1.94) 

Model 3 1.00 (Reference) 1.18 (0.94 - 1.49) 1.19 (0.93 - 1.52) 1.42 (1.07 - 1.87) 

ePatella lead < 4.3µg/g 4.3 - 4.5 µg/g > 4.5 µg/g  

Model 1 1.00 (Reference) 1.01 (0.80 - 1.28) 1.08 (0.85 - 1.37) 1.14 (0.87 - 1.48) 

Model 2 1.00 (Reference) 0.99 (0.79 - 1.25) 1.13 (0.88 - 1.44) 1.22 (0.93 - 1.59) 

Model 3 1.00 (Reference) 0.98 (0.78 - 1.24) 1.12 (0.88 - 1.43) 1.22 (0.93 - 1.60) 

eBlood lead < 1.4 µg/dL 1.4 - 1.7 µg/dL > 1.7 µg/dL  

Model 1 1.00 (Reference) 1.14 (0.90 - 1.45) 1.23 (0.96 - 1.57) 1.51 (1.12 ï 2.04) 

Model 2 1.00 (Reference) 1.20 (0.95 - 1.52) 1.31 (1.03 - 1.67) 1.59 (1.19 ï 2.15) 

Model 3 1.00 (Reference) 1.17 (0.92 - 1.48) 1.28 (1.00 ï 1.64) 1.57 (1.16 - 2.11) 

Model 1: adjusted for sex, smoking status (never, former, current), BMI (kg/m2), genetic PC’s, immune cell types 

(CD8+, CD4+, NK, B cells, monocytes); Model 2: further adjusted for LDL-cholesterol (mg/dL) HDL-cholesterol 

(mg/dL), diabetes status (yes/no);Model 3: Further adjusted for blood pressure (mmHg), hypertension treatment 

(yes/no), and estimated glomerular filtration rate (ml/min/1.73m2). All models included center of recruitment as a 

strata term, and age was accounted for in the follow-up times of all models. Tertiles were calculated on log2-

transformed lead epigenetic biomarker concentrations. 

 

None of the three lead epigenetic biomarkers were significantly associated with CVD 

incidence, either in models analyzing each epigenetic biomarker in tertiles or as continuous 

variables (Table 4) or in flexible dose-response models (Figure A2), and with different levels of 

adjustment. In additional models treating Cd as a confounder, we found that our analyses are 

robust to urine cadmium adjustment (Table A3). 
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Table 4: Hazard ratios (95% confidence interval) for cardiovascular disease incidence by lead 

epigenetic biomarkers (N = 2,321). 

Epigenetic 

biomarker  Tertile 1 Tertile 2 

 

Tertile 3 Per double increase 

eTibia lead  < 3.6 µg/g 3.6 - 3.9 µg/g > 3.9 µg/g  

Model 1 1.00 (Reference) 0.98 (0.84 - 1.13) 0.99 (0.84 - 1.16) 0.96 (0.80 - 1.15) 

Model 2 1.00 (Reference) 0.99 (0.85 - 1.15) 1.04 (0.89 - 1.22) 1.02 (0.85 - 1.23) 

Model 3 1.00 (Reference) 0.96 (0.83 - 1.12) 1.03 (0.88 - 1.21) 0.99 (0.83 - 1.19) 

ePatella lead < 4.3 µg/g 4.3 - 4.5 µg/g > 4.5 µg/g  

Model 1 1.00 (Reference) 0.92 (0.79 - 1.07) 1.00 (0.85 - 1.17) 1.02 (0.85 - 1.22) 

Model 2 1.00 (Reference) 0.91 (0.78 - 1.06) 1.04 (0.88 - 1.22) 1.08 (0.90 - 1.29) 

Model 3 1.00 (Reference) 0.90 (0.77 - 1.05) 1.03 (0.88 - 1.21) 1.07 (0.89 - 1.29) 

eBlood lead < 1.4 µg/dL 1.4 - 1.7 µg/dL > 1.7 µg/dL  

Model 1 1.00 (Reference) 1.04 (0.89 - 1.21) 0.95 (0.81 - 1.12) 1.02 (0.83 - 1.25) 

Model 2 1.00 (Reference) 1.08 (0.92 - 1.26) 1.01 (0.86 - 1.18) 1.07 (0.87 - 1.30) 

Model 3 1.00 (Reference) 1.07 (0.92 - 1.25) 1.00 (0.85 - 1.17) 1.06 (0.87 - 1.30) 

Model 1: adjusted for sex, smoking status (never, former, current), BMI (kg/m2), genetic PC’s, immune cell types 

(CD8+, CD4+, NK, B cells, monocytes). Model 2: further adjusted for LDL-cholesterol (mg/dL), HDL-cholesterol 

(mg/dL), diabetes status (yes/no). Model 3: further adjusted for systolic blood pressure (mmHg), hypertension 

treatment (yes/no), and estimated glomerular filtration rate (ml/min/1.73m2). All models included center of 

recruitment as a strata term, and age was accounted for in the follow-up times of all models. Tertiles were calculated 

on log2 transformed lead epigenetic biomarker concentrations. 

 

The associations between lead epigenetic biomarkers and CVD mortality were modified 

by sex (Figure 1). The HR of CVD mortality for an IQR increase in tibia lead was 1.42 (1.17-

1.72) for males vs. 1.04 (0.89-1.23) for females; p-value for interaction = 0.014. The 

corresponding HRs (95% CI) for eBlood and ePatella lead for men were 1.27 (1.09-1.49) and 

1.12 (0.95-1.31), respectively; eBlood p-value for interaction = 0.231 and ePatella p-value for 

interaction = 0.976. Furthermore, 38% of probes (113 of 270) used in this analysis differed 

between men and women at a nominal p-value <0.05 after controlling for the False Discovery 
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Rate (FDR) (Table A2). Effect modification models for incident CVD were not significant for 

eTibia and ePatella lead by any participant characteristic evaluated including sex, although the 

association for tibia lead was non-significantly stronger in men than women (Figure 2). For 

eBlood lead, the association with CVD incidence was non-significantly stronger for men vs. 

women (HR 1.13 (1.01-1.26) vs. 1.04 (0.93-1.16); p for interaction = 0.281) and significantly 

modified by age, with oldest participants showing higher risk (p for interaction = 0.007) and by 

study center (p = 0.002), with participants from North Dakota and South Dakota showing an 

increased risk (HR: 1.27, 95% CI: 1.13-1.42), while no association was found in Arizona (1.04, 

0.78-1.38) and Oklahoma (0.95, 0.84-1.07). 

Figure 1: Hazard ratio (95% confidence interval) of CVD mortality by a doubling increase in 

epigenetic lead biomarker concentrations (log2-transformed) of tibia (A), patella (B), and blood 

(C) biomarkers corresponding to the interquartile range (75th to 25th percentile) within 

subgroups. 
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Figure 2: Hazard ratio (95% confidence interval) of CVD incidence by a doubling increase in 

epigenetic lead biomarker concentrations (log2-transformed) of tibia (A), patella (B), and blood 

(C) biomarkers corresponding to the interquartile range (75th to 25th percentile) within 

subgroups. 

 

 

5.5 Discussion 

eTibia and eBlood lead biomarkers were associated with increased risk of cardiovascular 

disease mortality in the SHS. The association of eTibia and eBlood lead biomarkers with CVD 

mortality was modified by sex, with a positive association found in men and no association 

found in women. This finding is likely explained by the creation of these epigenetic biomarkers 

in the NAS, an all-male population. The biomarkers have yet to be validated in women. 

However, findings remained significant for the whole population. eTibia and eBlood lead 

biomarkers were not associated with CVD incidence overall but a positive association, which 

was significant for eBlood and borderline significant for eTibia, was found among men. No 

significant association was observed in models incorporating the ePatella lead biomarker with 

either CVD mortality or incidence.  
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This analysis builds on the development of bone and blood lead epigenetic biomarkers 175, and is 

the first study to evaluate their relation with cardiovascular outcomes. Compared to the NAS 

subset that was used to generate these lead biomarkers, SHS participants were younger, had 

similar proportions of ever-smokers, and included both men and women (Supplemental Table 1). 

Lead levels (mean ± standard deviation) measured in tibia (21.1 ± 12.9 µg/g), patella (27.4 ± 

17.7 µg/g), and blood (4.0 ± 2.3 µg/dL) among the NAS subset were higher than epigenetic 

biomarkers concentrations estimated in the SHS subset (eTibia: 14.1 ± 3.5 µg/g, ePatella: 22.4 ± 

6.7 µg/g, eBlood: 3.1 ± 0.8 µg/dL), which is a reasonable finding as the SHS population is 

younger and reside in rural areas and small towns that have been less historically affected by 

traffic and leaded gasoline compared to the Boston area. 

While these epigenetic biomarkers have been estimated in two cohorts to predict 

Parkinson’s Disease (PD) 367, further research is needed to determine their transportability across 

different cohorts with diverse study populations and different health outcomes. This 

aforementioned study observed that increased concentrations of the tibia epigenetic biomarker 

was associated with PD status in The Parkinson’s Environment and Genes cohort and the System 

Genomics of Parkinson’s Disease (SGPD) cohort 367, while patella epigenetic biomarkers 

concentrations were inversely associated with PD status in the SGPD cohort 367. In both these 

cohorts, DNAm estimated tibia and patella lead concentrations were lower compared to the 

present analysis in the SHS, and these cohorts consisted of participants that were older and had a 

higher proportion of male participants than the present analysis. Notably, smoking information 

was missing in the SGPD cohort, which is an important confounder that was included in the 

present study. The results presented in the current analysis are consistent in identifying that the 

tibia epigenetic biomarker was most strongly associated with disease.  
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The observed associations with the eTibia biomarker could stem from the longer half-life 

of lead in tibia, a cortical bone, in comparison to patella, a trabecular bone 78. Evidence suggests 

that lead in trabecular bone is more biologically active and that lead is exchanged into the 

bloodstream more readily than in cortical bones 78,175.  As the half-life of tibia-lead is longer than 

patella lead, tibia lead is believed to be more representative of cumulative lead exposure. The 

KXRF measurement technique has also been cited as having greater measurement uncertainty for 

trabecular bones than cortical bones, due to a lower comparative mineral density in trabecular 

bones 116. Thus, the greater precision of lead measurements in tibia could also explain the 

stronger associations reported between eTibia, rather than ePatella biomarkers. Further, the 

eBlood biomarker is a marker of short-term lead exposure, which creates potential challenges in 

its utilization as a predictive marker for disease, although blood lead reflects both endogenous 

and exogenous sources of exposure. We found significant associations between the eBlood 

biomarker and increased risk of CVD mortality, as well as between eBlood lead and CVD 

incidence among men, suggesting that this epigenetic biomarker is relevant in capturing disease 

risk from lead exposure. The stronger association with mortality has also been observed among 

other risk factors in the SHS, such as urinary arsenic 74 and urinary cadmium concentrations 53. 

This relationship may also be related to measurement error and differences in clinical care across 

sites for morbid events, where mortality represents a more definitive and robust endpoint. An 

alternative explanation is that lead exposure results in more severe disease, which would reflect a 

stronger relationship with CVD mortality than incidence.  

The present study adds to the weight of evidence of DNAm-based biomarkers to predict 

disease risk in the SHS. Prior research has identified that differential methylation at CpG sites 

and differentially methylated regions was associated with increased incidence of lymphatic–
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hematopoietic, solid, and overall cancers 245, smoking 262,  arsenic 241 and cadmium 262, and 

coronary heart disease 247. One challenge of using these biomarkers, however, is replicating their 

ability to capture risk across diverse populations 247. While the present study implements three 

epigenetic biomarkers of lead exposure, these results would be strengthened through replication 

in different populations, including in other American Indian cohorts and other race/ethnic 

groups. 

One limitation of this analysis is that the SHS does not have bone and blood lead 

measured concurrently with DNAm to compare the accuracy of the epigenetic biomarker. As a 

consequence, we cannot confirm that these biomarkers directly reflect lead exposure in the SHS. 

Another alternative explanation is that the biomarkers reflect DNAm pathways affected by lead 

that could also be affected by other exposures, but that nevertherless are part of the mechanisms 

by which lead induces cardiovascular disease. Further, the epigenetic biomarkers were originally 

created in the NAS, an elderly, all-male, and mainly White cohort, which could limit their 

generalizability to other cohorts like the SHS. In our analysis of sex-dependent effects, the 

epigenetic biomarker of tibia lead and blood lead remained associated with cardiovascular 

mortality and cardiovascular incidence primarily in men, while the association was practically 

null in women, suggesting that these epigenetic lead biomarkers are primarily relevant for men. 

Given the sensitivity of DNA methylation biomarkers to the availability of specific probes, we 

recommend that future analyses estimating epigenetic biomarkers of lead exposure consider the 

availability of the probes utilized here. Given the potential of epigenetic biomarkers to act as 

non-invasive approximations of lead exposure, it is vital to perform further validation of these 

epigenetic biomarkers in cohorts where bone lead measures are available, and determine their 

relation to disease risk in both men and women. 
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5.6 Conclusion 

In the SHS, recently developed tibia and blood lead epigenetic biomarkers were 

associated with increased risk of cardiovascular mortality, potentially reflecting the 

cardiovascular impact of cumulative and ongoing lead exposures. Future work must perform 

further validation of these lead epigenetic biomarkers in different populations, given their 

potential to capture disease risk.  

 

 

5.7 Appendix 

 

Supplemental Methods: Blood lead biomarker results from the Normative Aging Study (NAS). 

An additional analysis was performed in a subset of the Normative Aging Study (N = 348) to 

examine the association between lead levels in blood with DNA methylation values (Table A1). 

Similar to the methodological approach for tibia and patella lead12, an epigenome-wide robust 

linear regression was performed that accounted for outliers and heteroskedasticity in DNA 

methylation beta values. Covariates in the epigenome wide analysis were identified through 

principle-component analysis (Figure A3). Epigenome-wide analysis indicated no excess of false 

positive rates (Figure A4). An elastic net approach (Figure A5) was used to identify significant 

CpG sites (p < 0.0001), and 80% of participants were randomly assigned to the training dataset, 

while 20% were randomly selected for the test dataset. Elastic-net was performed on the training 

set with leave-one-out cross validation, and lead biomarkers for blood were estimated as the 

linear combination of regression coefficients and DNA methylation beta-values matrix of the test 

dataset (Table A2). There were 75 CpG sites associated with blood lead concentrations. 

Estimated blood lead concentrations were then compared to measured blood lead values in order 

to validate this biomarker in a subset of the NAS (Figures A6 – A7). The Pearson’s correlation 
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coefficients between actual and estimated blood lead levels was moderate (r = 0.49), and the 

mean square error (MSE) was 0.40. Results from receiver operating characteristic (ROC) and 

area under the curve (AUC) indicated good accuracy (AUC: 0.82, 95% CI: 0.73-0.91). The 

difference in means between the estimated and measured blood lead concentrations were not 

significantly different (p = 0.84), and the Kolmogorov-Smirnov test (p = 0.01) indicated that 

these values likely came from the same distribution.  

 

Figure A1. Distribution of tibia, patella, and blood epigenetic lead biomarkers in their native 

scale in the Strong Heart Study (n=2,231).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 

 

Figure A2: Associations between lead epigenetic biomarkers (eTibia, ePatella, eBlood) and 

cardiovascular disease mortality and incidence modeling lead epigenetic biomarkers using 

restricted quadratic splines (N = 2,321). 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Hazard ratios incorporated restricted quadratic splines for epigenetic lead biomarkers with knots at the 10th, 50th, and 

90th percentiles, where the 10th percentile was treated as the reference. Solid lines represent adjusted hazard ratios, 

and dotted lines represent 95% confidence intervals. All models were further adjusted for sex, smoking status 

(never, former, current), BMI (kg/m2), genetic PCs, immune cell types (CD8+, CD4+, NK, B cells, Monocytes), 

LDL (mg/dL), HDL (mg/dL), diabetes status (yes/no), systolic blood pressure (mmHg), hypertension treatment 

(yes/no), and eGFR (ml/min/1.73m2). All models included center of recruitment as a strata term, and age was 

accounted for in the follow-up times of all models. 
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Figure A3. Principal Component Regression Analysis including blood lead exposure: univariate 

association P-values between covariates of interest and the top 25 principal components that 

explain 56% of the variance for the whole blood DNA methylation data. 
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Figure A4. Quantile-Quantile plot and genomic inflation factor (lambda) for the Epigenome-

Wide Association Analysis. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5. Alpha parameter selection (left) and Lambda parameter selection (right) of the 

elastic-net algorithm for methylation lead biomarkers in blood. 
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Figure A6. Relationship between actual and predicted (log2-transformed) lead levels in whole 

blood (left), Receiver Operating Characteristic, and Area Under the Curve (AUC) with 95% 

Confidence Interval (95% CI) (middle), and box-plots and P-value for statistical difference 

between the means of actual and predicted (log2-transformed) lead levels in blood (right). 
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Figure A7. Empirical distribution function and Kolmogorov-Smirnov test of the actual and 

predicted lead levels in whole blood. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A1. Description of participants from the Normative Aging Study (NAS). 

Variables mean ± SD  

Age (years) 76.25 ± 6.57 

Education (years) 16 ± 3.02 

Pack-years 33 ± 25.17 

Smoking Status  

never 156 (0.3) 

ever 360 (0.7) 

Alcohol Consumption  

≤2 drinks per day 417 (0.81) 

>2 drinks per day 99 (0.19) 

 
 

Patella lead levels 27.36 ± 17.74 

Tibia lead levels 21.05 ± 12.91 

Blood lead levels 3.96 ± 2.32 
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Table A2: Identification of DNA methylation sites relative to blood lead exposure 
CpG 

Name 

Elastic Net 

Coeff 

Chromo

some 

MAPIN

FO 

UCSC_RefGene_N

ame 

UCSC_RefGene_Gro

up 

Relation_to_UCSC_C

pG_Island 

(Intercep
t) -10.0414 NA NA NA NA NA 

cg10442
735 0.428246 1 

306263
3 PRDM16;PRDM16 Body;Body S_Shelf 

cg10442
251 -1.20932 1 

187006
25 IGSF21 Body N_Shelf 

cg07031
996 -0.39012 1 

383247
38 MTF1 5'UTR N_Shore 

cg17791
651 0.078059 1 

385134
89 POU3F1 TSS1500 Island 

cg06408
034 -3.93669 1 

456719
87 ZSWIM5 1stExon Island 

cg16005
939 0.034461 1 

911919
90   Island 

cg08122
338 23.79213 1 

243419
530 

CEP170;CEP170;CE
P170;SDCCAG8 

TSS1500;TSS1500;TSS1
500;1stExon S_Shore 

cg16596
470 0.133058 1 

246451
744 SMYD3;SMYD3 Body;Body 

cg19407
717 0.175645 2 

154412
0 TPO;TPO;TPO;TPO Body;Body;Body;Body N_Shore 

cg12416
637 -0.77252 2 

154333
650   N_Shore 

cg14844
194 -0.40731 2 

200524
259   S_Shore 

cg12346
504 -4.03666 2 

214148
862 SPAG16;SPAG16 TSS1500;TSS1500 N_Shore 

cg22753
768 -0.03878 3 

524434
24 BAP1;PHF7;PHF7 Body;TSS1500;TSS1500 N_Shore 

cg12226
306 1.55914 3 

105087
718 ALCAM Body N_Shore 

cg03552
688 0.985584 3 

138822
369 BPESC1 TSS1500  

cg12958
778 -0.85696 4 

691247
4 TBC1D14;TBC1D14 5'UTR;5'UTR S_Shore 

cg01411
468 -0.30947 4 

362835
88 DTHD1;DTHD1 5'UTR;1stExon 

cg11761
728 0.322849 4 

111536
679   N_Shelf 

cg07799
386 -0.12272 5 

122430
821 PRDM6 Body Island 

cg12532
966 0.453348 5 

178854
202    

cg25511
429 0.092361 6 

600812
5 NRN1 TSS1500 N_Shore 

cg23646
360 -0.56428 6 

108861
30 SYCP2L TSS1500 N_Shore 

cg17779
289 12.63892 6 

332721
48 

TAPBP;TAPBP;TAPB
P Body;Body;Body 

cg20566
286 -2.04254 6 

168785
923    

cg10884
288 0.18269 7 

492219
6 RADIL 5'UTR N_Shore 

cg17469
978 1.736623 7 

116164
704 CAV1 TSS200 Island 
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cg03917
158 0.279592 8 

138101
2    

cg22883
125 -0.31365 8 

115407
58   S_Shore 

cg01546
563 -0.22378 8 

115671
89 GATA4 Body Island 

cg09430
976 3.464535 8 

259073
14   N_Shore 

cg02504
902 -0.53933 8 

533269
22    

cg17099
568 -0.19174 8 

652844
38   N_Shore 

cg20413
392 -0.38521 9 

131155
013 MIR219-2 TSS200 Island 

cg01240
049 0.597319 9 

138068
091   Island 

cg20395
881 0.396681 10 

175921
5 ADARB2 Body  

cg05453
333 -0.64092 10 

497313
75 ARHGAP22 Body N_Shore 

cg19880
462 0.219686 10 

614685
48 SLC16A9 5'UTR N_Shore 

cg24591
300 -0.41475 10 

100993
025 

HPSE2;HPSE2;HPSE
2;HPSE2 Body;Body;Body;Body N_Shore 

cg22391
400 -12.7911 10 

105727
767 SLK Body S_Shore 

cg20639
805 0.816579 10 

112404
997 RBM20 Body S_Shore 

cg22773
555 5.800023 11 830233 EFCAB4A Body Island 

cg03922
337 -0.21862 11 

143809
18 RRAS2;RRAS2 TSS200;TSS1500 S_Shore 

cg09867
084 -3.20354 11 

639123
67 MACROD1 Body  

cg14235
783 -1.53413 11 

654205
18   Island 

cg04800
788 2.362246 11 

123396
571 

GRAMD1B;GRAMD
1B 1stExon;5'UTR 

cg22063
247 -0.37862 11 

133994
642 JAM3 Body N_Shore 

cg14121
142 -1.12071 12 

493913
63 DDN Body Island 

cg09287
190 -0.17873 13 

100640
914   N_Shore 

cg24670
552 -0.03639 13 

110436
780 IRS2 1stExon Island 

cg16851
425 0.606277 13 

110437
759 IRS2 1stExon Island 

cg04393
471 -0.37513 13 

111010
255 COL4A2 Body  

cg26053
975 1.858657 14 

549737
85   N_Shelf 

cg09298
014 -0.40781 14 

970588
64   N_Shore 

cg26471
610 0.968717 15 

346408
93 C15orf55 Body  



115 

 

cg24956
533 -0.45115 15 

371736
38 LOC145845 Body S_Shore 

cg03603
381 0.106808 15 

388574
74 RASGRP1;RASGRP1 TSS1500;TSS1500 Island 

cg17865
114 -0.65723 16 

306775
9 CLDN6 5'UTR Island 

cg09981
030 -3.41555 16 

317979
6    

cg16631
088 -0.46834 16 

155281
33 C16orf45 TSS200 N_Shore 

cg10137
837 0.063332 17 

692674
2 BCL6B 5'UTR Island 

cg21969
795 -0.20118 17 

775914
0 TMEM88 3'UTR N_Shore 

cg06418
907 -0.30942 17 

798251
0 ALOX12B Body N_Shore 

cg13718
961 -0.00948 17 

279392
61 ANKRD13B Body N_Shore 

cg05478
824 -0.10059 17 

799701
35 ASPSCR1 Body S_Shelf 

cg23928
512 -0.19177 17 

799701
92 ASPSCR1 Body S_Shelf 

cg27226
927 -0.09136 17 

799938
63 DCXR Body N_Shore 

cg13214
542 -0.94023 18 

335520
19 C18orf21 TSS1500 N_Shore 

cg26901
714 1.01678 19 376152 THEG;THEG TSS200;TSS200 S_Shore 

cg19399
220 -0.30309 19 

105275
88   Island 

cg01397
939 -0.31035 19 

145835
68 PTGER1 Body Island 

cg11571
942 -0.68779 19 

556109
38 PPP1R12C Body S_Shore 

cg12014
753 -0.32942 20 

503848
22 ATP9A Body Island 

cg24875
593 -0.12506 21 

451530
09 PDXK Body S_Shelf 

cg06911
679 0.764272 22 

228777
46    

cg03938
598 -1.51491 22 

506998
68 MAPK12 1stExon Island 
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Table A3. Average beta values for each probe used in the Strong Heart Study analysis according 

to men and women. 

 
CpG_Name Mean Beta Values Males Mean Beta values Females p-value 

cg00056541 0.58496843 0.582887355 0.7659865 

cg00118365 0.42868554 0.418396093 0.007774756 

cg00178249 0.20722654 0.210491875 0.2397211 

cg00284153 0.6291812 0.645383531 8.45281E-08 

cg00295339 0.94771763 0.94751594 0.7659865 

cg00380835 0.74041844 0.779700844 3.6853E-48 

cg00549219 0.4402119 0.444518224 0.2673082 

cg00616922 0.95090747 0.951576707 0.1768622 

cg00668034 0.22873846 0.239005099 0.05562816 

cg00697358 0.84656619 0.849918297 0.1747424 

cg00779216 0.75719151 0.759914162 0.2300414 

cg00788177 0.12906659 0.134293886 0.1870585 

cg00815440 0.01045778 0.01044907 0.9305097 

cg00845862 0.02946731 0.029652953 0.5630539 

cg00846121 0.86361652 0.865733048 0.2228284 

cg00964109 0.01183793 0.011724312 0.4473895 

cg01154573 0.01352264 0.013559338 0.7659865 

cg01198591 0.04118068 0.04318176 0.1551233 

cg01240049 0.88363526 0.888104586 0.01057448 

cg01283863 0.95507173 0.955521172 0.4072994 

cg01330312 0.77391814 0.774935805 0.7440688 

cg01397939 0.38810596 0.396766654 0.00011298 

cg01411468 0.92257617 0.933420123 1.26968E-12 

cg01502872 0.26467011 0.264038505 0.811521 

cg01546563 0.1292038 0.125979448 0.1434667 

cg01815833 0.0254163 0.025306478 0.8024407 

cg02012703 0.11240353 0.112911434 0.8023217 

cg02021288 0.8237959 0.820060127 0.1534882 

cg02033302 0.71107632 0.717584688 0.006621538 

cg02440976 0.01595504 0.016007914 0.6585425 

cg02493604 0.07910375 0.079218722 0.9517672 

cg02504902 0.86003648 0.875486897 7.55121E-13 

cg02613380 0.94954078 0.952041939 1.57038E-05 

cg02631879 0.01528417 0.015650696 0.4563141 

cg02806322 0.75089225 0.760056177 1.31511E-05 

cg02830714 0.94905328 0.949217764 0.8320486 

cg03206925 0.95450323 0.956274081 0.006776076 

cg03318593 0.94517853 0.945546979 0.7659865 

cg03454705 0.94211574 0.941637977 0.2289362 

cg03523835 0.17066817 0.174034979 0.1747424 

cg03552688 0.95985134 0.962409335 2.09537E-05 

cg03591798 0.03447532 0.034326159 0.7952533 

cg03603381 0.55829467 0.571340473 5.20594E-11 

cg03612522 0.02987886 0.029775071 0.8469719 

cg03764965 0.84014945 0.847386484 0.004543919 

cg03791150 0.92590865 0.931427581 4.13411E-10 
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cg03897712 0.02738225 0.028314977 0.001660234 

cg03917158 0.85410775 0.854560929 0.8291399 

cg03922337 0.15495776 0.163709336 1.6947E-16 

cg03938598 0.02645677 0.026315627 0.8024407 

cg04276508 0.07283903 0.074651596 0.1932282 

cg04300684 0.53469052 0.505786098 7.08008E-08 

cg04338871 0.6741962 0.683706213 0.002612561 

cg04379155 0.01805047 0.017804687 0.3354398 

cg04393471 0.94511639 0.945218367 0.9305097 

cg04427735 0.00864506 0.008458977 0.1100234 

cg04456892 0.91369662 0.912503997 0.4936289 

cg04458670 0.02299539 0.025273104 5.89511E-05 

cg04730882 0.35418876 0.359704605 0.003470847 

cg04800788 0.92392269 0.928567365 5.29813E-08 

cg04804542 0.86811638 0.872293814 0.04984412 

cg04827747 0.0120057 0.012142951 0.06104231 

cg04929736 0.02632464 0.026226671 0.805865 

cg05005659 0.94775253 0.951312908 0.000210125 

cg05347216 0.61562419 0.607575812 0.000496259 

cg05453333 0.31287689 0.310320094 0.4473895 

cg05459971 0.35325474 0.372120463 2.5017E-06 

cg05478824 0.62652694 0.625713873 0.837371 

cg05499853 0.01782655 0.017866197 0.8214504 

cg06100461 0.06666467 0.066981879 0.8024407 

cg06155303 0.29759262 0.334689604 2.37168E-18 

cg06376277 0.88733509 0.892669751 0.000400618 

cg06382254 0.94982495 0.953266852 0.000006456 

cg06408034 0.02705669 0.026694588 0.4473587 

cg06418907 0.38295105 0.384082316 0.8024407 

cg06436673 0.96246947 0.964520213 0.1363552 

cg06773604 0.02771975 0.029220305 0.000217691 

cg06890950 0.76827007 0.769505077 0.7783067 

cg06911679 0.923253 0.926617845 0.0006456 

cg07015663 0.84660682 0.848419866 0.2477632 

cg07031996 0.1455926 0.14512796 0.8300571 

cg07105947 0.13450664 0.147806192 0.000108698 

cg07122529 0.72713874 0.731313517 0.2300414 

cg07361385 0.96913929 0.970529982 5.89511E-05 

cg07513561 0.96262694 0.963626463 0.007907952 

cg07545743 0.30837788 0.320011077 0.02597441 

cg07764113 0.84288543 0.840901313 0.5121869 

cg07799386 0.09218271 0.094209988 0.1741885 

cg07846297 0.14843267 0.150739046 0.12105 

cg08069883 0.8084274 0.815907877 0.000402556 

cg08122338 0.02539538 0.025325591 0.8811339 

cg08220084 0.03895264 0.040035359 0.1845172 

cg08421126 0.25305366 0.255224475 0.2585871 

cg08570458 0.95446321 0.95664953 0.000235253 

cg08615567 0.08744007 0.091646716 0.006008831 

cg08693172 0.14543769 0.147709499 0.4473895 

cg08790487 0.91713536 0.919099112 0.1119232 
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cg09062550 0.11324341 0.113864512 0.8024407 

cg09135656 0.76687302 0.762111709 0.3354398 

cg09178385 0.82794409 0.836735747 3.15403E-05 

cg09264065 0.48855514 0.52139771 6.994E-23 

cg09284949 0.22763095 0.19635569 1.27103E-16 

cg09287190 0.41326462 0.416510742 0.24748 

cg09298014 0.06879225 0.077160597 1.27711E-08 

cg09430976 0.02326638 0.023384074 0.8214504 

cg09436495 0.79545639 0.798029022 0.2603782 

cg09463656 0.06354496 0.063660055 0.9326718 

cg09741221 0.04794629 0.048743499 0.2857081 

cg09867084 0.90759998 0.910090956 0.005631067 

cg09981030 0.02118936 0.02118163 0.9863333 

cg10042319 0.02970335 0.031895207 2.152E-07 

cg10086141 0.02469616 0.024244482 0.2476225 

cg10137837 0.32732382 0.338338996 5.68263E-08 

cg10197862 0.01962838 0.019735399 0.4065568 

cg10442251 0.52114124 0.535732908 7.12466E-06 

cg10442735 0.89969056 0.902355832 0.1183124 

cg10521014 0.53174386 0.533214412 0.7915947 

cg10716862 0.90709192 0.908609051 0.53531 

cg10845249 0.12378774 0.126648879 0.2300414 

cg10884288 0.04859265 0.050792374 0.00160119 

cg11352369 0.91263601 0.914790372 0.04890909 

cg11571942 0.89022465 0.891443684 0.2567727 

cg11728928 0.29951645 0.303285247 0.4434066 

cg11753765 0.0274747 0.029409776 8.12604E-05 

cg11761728 0.32048304 0.325056358 0.01069886 

cg11888571 0.01762917 0.017541554 0.8193292 

cg11990334 0.0733973 0.075752209 0.2399189 

cg12063795 0.24392602 0.243865421 0.9826113 

cg12153668 0.81991514 0.830428023 3.14394E-06 

cg12226306 0.14751235 0.14949392 0.2289362 

cg12346504 0.01551764 0.01568627 0.6181827 

cg12416637 0.04044338 0.039561378 0.2289362 

cg12532966 0.84560692 0.850668008 0.03147872 

cg12841525 0.8517187 0.85660277 0.047075 

cg12858300 0.0163708 0.016530306 0.329689 

cg12903529 0.85671824 0.866156656 4.88683E-05 

cg12920180 0.09328164 0.095989235 0.2289362 

cg12958778 0.7257577 0.734699749 0.000178471 

cg13214542 0.09717336 0.097668665 0.8024407 

cg13251292 0.87232593 0.875138183 0.2566928 

cg13257129 0.86239076 0.868595301 0.008351512 

cg13415073 0.10183125 0.107537822 0.003673877 

cg13446622 0.91100134 0.915060704 0.00267394 

cg13448092 0.59668003 0.590516236 0.2300414 

cg13463245 0.81078363 0.807887931 0.3623588 

cg13580008 0.02582386 0.025374774 0.2231704 

cg13718961 0.90134212 0.909583663 8.4466E-22 

cg13807056 0.89878117 0.90485048 0.001336323 
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cg14074486 0.69496203 0.705761845 2.56941E-07 

cg14121142 0.04100012 0.04490217 0.008351512 

cg14133708 0.04817508 0.048690267 0.7388203 

cg14235783 0.03490175 0.034300926 0.2673082 

cg14312661 0.94709223 0.94740029 0.751726 

cg14727952 0.02366804 0.02361159 0.8811339 

cg14762973 0.06256058 0.063904141 0.5035128 

cg14821507 0.02071654 0.020803245 0.6926121 

cg14844194 0.1527787 0.158403321 0.02327435 

cg14923295 0.01548794 0.015543837 0.6832347 

cg15081825 0.76421339 0.768065598 0.4710984 

cg15349474 0.94768242 0.948792569 0.04721224 

cg15364504 0.84316391 0.850931172 0.002143723 

cg15739944 0.02172167 0.021367435 0.5163719 

cg15825186 0.0216944 0.021919112 0.7185787 

cg15996769 0.32133988 0.337130398 2.97636E-06 

cg16005939 0.18548533 0.190787977 0.01121337 

cg16218705 0.88664416 0.890462077 0.3649591 

cg16520800 0.02074738 0.021019908 0.2397211 

cg16596470 0.97268657 0.972950518 0.341485 

cg16619425 0.05512619 0.059504217 5.79247E-05 

cg16631088 0.82325635 0.841250428 4.94288E-12 

cg16851425 0.1020518 0.102712251 0.7867655 

cg16937735 0.60400759 0.620827609 2.73483E-10 

cg16944026 0.95926577 0.959454336 0.7783067 

cg16961545 0.02480515 0.024711424 0.862952 

cg16978871 0.01349794 0.013510411 0.9451073 

cg17099568 0.14696479 0.151779387 0.048958 

cg17331296 0.07388515 0.072352709 0.538 

cg17469978 0.04744632 0.045549368 0.007229375 

cg17531889 0.93830515 0.939070663 0.3858229 

cg17584477 0.95487962 0.955672452 0.2604331 

cg17779289 0.966167 0.966380222 0.5847826 

cg17791651 0.57487655 0.595586109 1.6409E-15 

cg17825384 0.02365016 0.023782885 0.6532857 

cg17865114 0.95143862 0.953281848 0.000057835 

cg17884698 0.95781925 0.958107423 0.5512512 

cg17886028 0.01777533 0.017791895 0.9451073 

cg18086761 0.06642791 0.068131302 0.4473895 

cg18207091 0.02494037 0.025356759 0.5745631 

cg18598900 0.07088687 0.072099249 0.5050612 

cg18605120 0.93271021 0.932714301 0.997 

cg18766080 0.02251333 0.022392814 0.7952533 

cg18916055 0.87493137 0.874835272 0.9696274 

cg19246761 0.08484054 0.082469422 0.175704 

cg19399220 0.28103753 0.265107892 1.32507E-07 

cg19407717 0.8723388 0.877941395 0.00060639 

cg19531536 0.45638608 0.48506147 8.9039E-37 

cg19615017 0.66761604 0.670326365 0.6512632 

cg19880462 0.11121461 0.108836595 0.2289362 

cg20100987 0.73623035 0.747374251 5.95939E-14 
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cg20326704 0.06693369 0.080600025 2.70537E-18 

cg20395881 0.64511559 0.653942524 0.04714433 

cg20413392 0.85533839 0.852730889 0.4186124 

cg20506843 0.53583564 0.542926044 0.329689 

cg20566286 0.92798539 0.928975282 0.2437248 

cg20606555 0.76190802 0.764352055 0.538 

cg20639805 0.32798408 0.372460976 3.29077E-31 

cg20844771 0.01543032 0.015102398 0.1440746 

cg20922251 0.03211064 0.032654739 0.01303615 

cg21244880 0.01571983 0.0158056 0.5065939 

cg21365094 0.04850061 0.046962078 0.2103459 

cg21371809 0.26956099 0.265685871 0.4473895 

cg21531679 0.94099427 0.94298578 0.1605107 

cg21558508 0.01339452 0.013466776 0.4453934 

cg21587066 0.09330338 0.092772035 0.8300571 

cg21616420 0.95669641 0.958222857 0.01282233 

cg21969795 0.74956769 0.757652125 0.002899662 

cg21994822 0.66081969 0.655212663 0.1274826 

cg21996068 0.54517711 0.556029723 0.003326507 

cg22063247 0.37974464 0.371364492 0.003243371 

cg22391400 0.011535 0.011303061 0.1085872 

cg22691824 0.7133124 0.720137557 0.00298629 

cg22753768 0.16210773 0.161696145 0.8755896 

cg22773555 0.01821075 0.017697478 0.329689 

cg22784964 0.01311743 0.013208519 0.3769128 

cg22883125 0.02760152 0.02767862 0.8320486 

cg22908581 0.42664251 0.426491765 0.975125 

cg23028436 0.06785963 0.069812587 0.04984412 

cg23087931 0.96034556 0.960969909 0.2235074 

cg23483656 0.10846348 0.109980304 0.4434066 

cg23497569 0.94859057 0.950157554 0.2058258 

cg23528492 0.77355495 0.774005914 0.9240941 

cg23646360 0.2809995 0.297255569 2.73828E-05 

cg23832388 0.64937939 0.652115089 0.5745631 

cg23928512 0.85352002 0.853044957 0.8193292 

cg23931558 0.10526118 0.109975864 0.08198095 

cg24036116 0.81175374 0.821037861 4.02844E-05 

cg24362016 0.57194556 0.588801689 5.51137E-05 

cg24526433 0.01472322 0.014601141 0.3818563 

cg24591300 0.45479133 0.472695179 2.15424E-15 

cg24612305 0.02026427 0.021223631 0.04077474 

cg24670552 0.88373103 0.889265878 0.006008831 

cg24731731 0.58343984 0.611364315 7.8279E-09 

cg24792682 0.05809228 0.058568899 0.7031535 

cg24875593 0.84606152 0.837244819 0.2841313 

cg24915508 0.94497843 0.946390852 0.1857977 

cg24956533 0.07698776 0.077341201 0.8811339 

cg24958687 0.31670006 0.30776088 0.1100234 

cg25055120 0.94731815 0.94354373 0.001142148 

cg25511429 0.0931265 0.092088066 0.4637448 

cg25566285 0.95055679 0.952678922 0.09578411 
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cg25774020 0.92609292 0.931161217 0.1001278 

cg25884854 0.01495966 0.014253054 0.000113402 

cg25926515 0.36105646 0.384927735 8.0969E-16 

cg25987408 0.82365331 0.833793407 1.68736E-08 

cg25994470 0.01603081 0.016155502 0.3485858 

cg26053975 0.93120769 0.933078806 0.008351512 

cg26070426 0.23242671 0.229498579 0.4434066 

cg26234034 0.01852287 0.018515323 0.984985 

cg26471610 0.94765203 0.949957743 7.12466E-06 

cg26607429 0.95421099 0.955775788 0.1747424 

cg26901714 0.86566625 0.86992686 0.007306173 

cg26937798 0.01846308 0.017875041 0.08780566 

cg26955337 0.98254318 0.982459595 0.3818563 

cg27111925 0.35220067 0.355807776 0.344256 

cg27226927 0.78542235 0.786589855 0.656564 

cg27425146 0.96754543 0.967870615 0.4473895 

cg27532331 0.96654603 0.966543031 0.9946978 

cg27585878 0.9619612 0.962014053 0.9326718 

cg27622405 0.01253221 0.012636875 0.4207821 

Bonferroni corrected p-values are reported 
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Table A4: Hazard ratios (95% confidence interval) for cardiovascular disease mortality and 

cardiovascular disease incidence by lead epigenetic biomarkers after adjustment for urinary 

cadmium (N = 2,321). 

 

CVD Mortality 
Epigenetic 

biomarker  Tertile 1 Tertile 2 

 

Tertile 3 Per double increase  

eTibia lead  < 3.6 µg/g 3.6 - 3.9 µg/g > 3.9 µg/g  

 1.00 (Reference) 1.18 (0.94 - 1.49) 1.19 (0.94 - 1.52) 1.42 (1.08- 1.88) 

ePatella lead < 4.3µg/g 4.3 - 4.5 µg/g > 4.5 µg/g  

 1.00 (Reference) 0.98 (0.77 - 1.23) 1.12 (0.88 - 1.43) 1.22 (0.93 - 1.59) 

eBlood lead < 1.4 µg/dL 1.4 - 1.7 µg/dL > 1.7 µg/dL  

 1.00 (Reference) 1.17 (0.93 - 1.48) 1.28 (1.00 ï 1.64) 1.56 (1.16 - 2.11) 

CVD Incidence 
Epigenetic 

biomarker  Tertile 1 Tertile 2 

 

Tertile 3 Per double increase  

eTibia lead  < 3.6 µg/g 3.6 - 3.9 µg/g > 3.9 µg/g  

 1.00 (Reference) 0.96 (0.83 - 1.12) 1.03 (0.88 - 1.21) 0.99 (0.83 - 1.19) 

ePatella lead < 4.3µg/g 4.3 - 4.5 µg/g > 4.5 µg/g  

 1.00 (Reference) 0.89 (0.77 - 1.05) 1.03 (0.88 - 1.21) 1.07 (0.89 - 1.28) 

eBlood lead < 1.4 µg/dL 1.4 - 1.7 µg/dL > 1.7 µg/dL  

 1.00 (Reference) 1.07 (0.92 - 1.25) 1.00 (0.85 – 1.18) 1.06 (0.87 – 1.30) 

All models adjusted for sex, smoking status (never, former, current), BMI (kg/m2), genetic PC’s, immune cell types 

(CD8+, CD4+, NK, B cells, monocytes), LDL-cholesterol (mg/dL) HDL-cholesterol (mg/dL), diabetes status 

(yes/no), blood pressure (mmHg), hypertension treatment (yes/no), and estimated glomerular filtration rate 

(ml/min/1.73m2) and urinary cadmium (expressed in micrograms per gram of urine creatinine). All models included 

center of recruitment as a strata term, and age was accounted for in the follow-up times of all models. Tertiles were 

calculated on log2-transformed lead epigenetic biomarker concentrations. 
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6.1 Abstract  

Selenium (Se) is an essential nutrient linked to adverse health endpoints at low and high 

levels. The mechanisms behind these relationships remain unclear and there is a need to further 

understand the epigenetic impacts of Se and their relationship to disease. We investigated the 
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association between urinary Se levels and DNA methylation (DNAm) in the Strong Heart Study 

(SHS), a prospective study of cardiovascular disease (CVD) among American Indians adults. 

Selenium concentrations were measured in urine (collected in 1989-1991) using inductively 

coupled plasma mass spectrometry among 1,357 participants free of CVD and diabetes. DNAm 

in whole blood was measured cross-sectionally using the Illumina MethylationEPIC BeadChip 

(850K) Array. We used epigenome-wide robust linear regressions and elastic net to identify 

differentially methylated CpG sites associated with urinary Se levels. The mean (standard 

deviation) urinary Se concentration was 51.8 (25.1) μg/g creatinine. Across 788,368 CpG sites, 

five differentially methylated positions (DMP) (cg00163554, cg18212762, cg25194720, 

cg11270656, cg00886293) were significantly associated with Se in linear regressions after 

accounting for multiple comparisons (false discovery rate p-value: 0.10). The top associated 

DMP (cg00163554) was annotated to the Disco Interacting Protein 2 Homolog C (DIP2C) gene, 

which relates to transcription factor binding. Elastic net models selected 425 DMPs associated 

with urinary Se, including three sites (cg00163554 [DIP2C], cg18212762 [MAP4K2], 

cg11270656 [GPIHBP1]) identified in linear regressions. Urinary Se was associated with distinct 

changes in DNAm in adults from American Indian communities across the Southwest and the 

Great Plains in the United States. Future analyses should explore these relationships 

prospectively and investigate the potential role of differentially methylated sites with disease 

endpoints. 

6.2 Introduction  

Selenium (Se) is an essential nutrient and naturally occurring element commonly found in 

rocks and soils9. Selenium present in air and water mainly originates from the burning of coal 

and fossil fuels, while Se intake primarily comes from diet9. The physiological functions of Se 
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are achieved by proteins incorporating Se, termed selenoproteins, which play key roles as 

antioxidants and transporters of Se10,256. Normal plasma Se levels among adults have been cited 

as 60 to 150 μg/L385, with a recommended dietary allowance of 55 μg Se/day in the USA386. 

Notably, Se has a very narrow physiological range, with both deficient and excess Se associated 

with adverse health outcomes. Deficiencies in Se have been associated with cancer, immune 

disorders, thyroid disease, and cardiovascular disease10, while excessive Se and selenoproteins 

have been linked to elevated risk of hyperglycemia387 and diabetes388,389.  

American Indian communities have an increased prevalence of chronic metal exposures 

and cardiovascular disease (CVD) compared to the general U.S. population69,75. In the Strong 

Heart Study (SHS) and Strong Heart Family Study (SHFS), exposure to environmental metals 

such as Se, arsenic and cadmium has been associated with an increased risk for 

CVD35,52,74,268,306,390. In the SHS, dietary intake is the primary source of Se, and some 

communities reside in areas with high concentrations of Se in soil, resulting in elevated intake 

(68–724 μg/day) compared to the general population35. Environmental levels of Se and toxic 

metals are also influenced by the legacy of mining operations in American Indian communities20, 

where elevated Se concentrations have been found in plants and animals downstream of uranium 

mines11-13, highlighting the need to study the health impacts of Se in American Indian 

communities. 

Given the complex role of Se in cellular homeostasis and metabolic disorders, a greater 

understanding of the molecular impacts of elevated Se is necessary. Research suggests that DNA 

methylation (DNAm) may serve as a biomarker of Se’s impacts on human health. Exposure to 

environmental metals has been associated with changes in DNAm241,242, and alterations in 

DNAm have been associated with several disease outcomes including CVD, diabetes, and 
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obesity234. However, the extent of the epigenetic impacts of Se remains unclear and the majority 

of research was performed in murine and cell-based models256, conveying the need to study the 

influences of Se on DNAm in human populations. Mechanistically, Se is proposed to affect 

DNAm through altering one-carbon metabolism256. Se has been shown to affect global DNAm, 

as well as inhibit DNA methyltransferase activity and expression, but the mechanisms through 

which Se affects DNAm are proposed to differ according to Se deficiency or excess, and warrant 

further research258,391. 

In the Strong Heart Study, DNAm has been linked to a variety of adverse health 

outcomes including lymphatic–hematopoietic cancers245, liver cancer246, coronary heart 

disease247, lung function248, and insulin resistance249. Previous research has also highlighted the 

link of environmental metals such as arsenic and cadmium to DNAm signatures241,262 and 

epigenetic aging259, although the impacts of Se are unknown. DNAm data available in the SHS 

provide an opportunity to evaluate the epigenetic impacts of Se in a population with potentially 

elevated Se status, with the potential to explain the influences of Se on chronic disease.  

The objective of this study was to investigate the relationship between urinary Se levels 

and DNAm of American Indian adults in an epigenome-wide association study (EWAS), and to 

identify biological pathways of genes associated with DNAm sites relevant to Se status. We 

hypothesized that Se would be associated with methylation levels at CpG sites in SHS 

participants, particularly in genes encoding selenoproteins and pathways related to oxidative 

stress.  

6.3 Methods 

6.3.1 Study population 
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The SHS is a prospective cohort of 4,549 American Indian adults from Arizona, 

Oklahoma, North Dakota, and South Dakota assessing CVD and its risk factors75. The SHS 

protocol was approved by institutional review boards (IRBs), participating tribes, and the 

respective area Indian Health Service IRBs. All participants provided written, informed consent. 

At the Phase 1 baseline exam (1989-1991), adults 45–74 years of age were invited to participate 

and the participation rate was 62%72,75 307. Participants were evaluated again in study visits at 

Phase 2 (1993-1995) and Phase 3 (1997-1999). Subsequently, 1,032 participants from one 

community were not included in this study upon their request. In the current analysis, 

participants were eligible if they were free of diabetes at baseline, a known factor altering the 

epigenome392 and related to Se status393, had sufficient urine for metal analyses, and provided 

sufficient DNA for analyses. This resulted in a total of 1,357 participants. The data were 

collected, analyzed, and reported under agreements made with the sovereign tribal nations that 

have partnered in this research, which preclude routine modes of data sharing. Requests to access 

the dataset from qualified researchers trained in human subject confidentiality protocols may be 

sent to the Strong Heart Study Coordinating Center at https://strongheartstudy.org/. Requests will 

be reviewed by tribal research partners before data may be released.  

Detailed methods on the anthropometric measurements, biospecimen collection (e.g., 

urine), and the laboratory measurements of relevant biomarkers have been described 

extensively15,21,29. Sociodemographic information was collected from standardized interviews at 

each study visit including age, sex, body mass index (BMI; kg/m2), years of schooling/education, 

and smoking status (never/former/current). Participants reporting never smoking regularly or 

smoking <100 cigarettes during their lifetime were classified as never smokers. Former smokers 

were defined as smoking >100 cigarettes and not smoking currently, and current smokers were 
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defined as smoking ≥100 cigarettes and currently smoking. We calculated estimated glomerular 

filtration rate (eGFR) using age, sex, and urinary creatinine (mg/dL) via the 2009 Chronic 

Kidney Disease – Epidemiology Collaboration formula (CKD-Epi)273. Diabetes status was 

defined as meeting one of the following criteria: fasting glucose greater or equal than 126 mg/dL, 

2-hour post-load plasma glucose greater or equal than 200 mg/dL, HbA1c greater or equal than 

6.5%, using insulin or an oral hypoglycemic agent394. 

6.3.2 Urine selenium measurements 

Urine Se measures were available at Phase 1, concurrent to DNAm data. Participants 

provided a morning spot urine sample, and samples were stored <-70 °C at the MedStar Health 

Research Institute, the central SHS laboratory, as described previously75. Urine Se was analyzed 

by inductively coupled plasma mass spectrometry (ICPMS) at the Analytical Chemistry for 

Health and Environment at the University of Graz, Austria272. Urinary creatinine was also 

measured at the Phase 1 visit, and urinary Se was adjusted for creatinine to account for hydration 

status395. The average limit of detection (LOD) for Se was 3.4 μg/L and all measured 

concentrations were above the LOD. The linearity of the standard curves for Se was > 0.99 and 

coefficients of variation for standards was <6%.  

6.3.3 DNA methylation 

The procedure outlining sample extraction, processing, and analysis has been described 

in detail previously262. Briefly, buffy coat from fasting blood samples was collected at Phase 1 

(1989–1991), and biological specimens were stored at -70 °C. DNA from white blood cells was 

extracted and stored at the MedStar Health Research Institute. In 2015, blood DNA was shipped 

to the Texas Biomedical Research Institute where DNA was bisulfite-converted with the EZ 

DNAm kit (Zymo Research, Irvine CA). DNA was then measured with the Illumina 
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MethylationEPIC BeadChip (850K) (Illumina, San Diego CA), providing DNAm information 

across >850,000 CpGs. To account for potential batch artifacts and confounding effects, samples 

were randomized across and within plates and replicate and across-plate control samples were 

included on every plate, as described previously262. Preprocessing of DNAm data was performed 

in R version 3.6.1346. In total, data were analyzed in six different batches, with each batch 

consisting of roughly 400 individuals, and combined using the R package minfi (version 

1.18.4)371. 6,159 CpGs were removed that had a p-detection value of > 0.01 in more than 5% of 

participants. Single sample normalization was then performed using the preprocessNoob 

function in minfi372,373 to provide a background correction with dye-bias normalization.  

After preprocessing, we had data from 1,357 individuals and 860,079 CpGs. As described 

previously, cross-hybridizing probes, sex chromosomes, and SNP probes with a minor allele 

frequency >0.05375 were removed. This resulted in 788,368 CpGs used in this analysis. Data then 

underwent quality checks, normalization, statistical preprocessing, and beta-value calculations, 

representing the proportion of unconverted cytosines at specific locations and ranging from 0 to 

1 at specific locations, using minfi372. We estimated Houseman cell proportions (CD8T, CD4T, 

NK, B cells, monocytes, and neutrophils)376 using the R package FlowSorted.Blood.EPIC as 

adjustment factors in regression models. Potential batch effects by sample plate, sample row, and 

DNA isolation time were investigated and accounted for using the combat function in the R 

package sva377. We annotated CpGs to the nearest gene according to UCSC genome browser396. 

6.3.4 Statistical analysis 

All analyses were conducted in R version 4.1.1. Urine Se concentrations were skewed 

and modeled in the log2 scale to reduce the influence of extreme values (Figure A1). We 

performed an EWAS to evaluate the association between urinary Se and each CpG individually 
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using the limma package397. This utilized the ‘eBayes’ function, which conducts empirical Bayes 

shrinkage of standard errors towards a common value to borrow information across genes. 

Genomic inflation factor and Q-Q plots were used to estimate the extent of unmeasured 

confounding and genomic inflation. Due to high genomic inflation (λ > 1.50), surrogate variables 

were included as additional adjustment factors using SmartSVA and sva. Ultimately, 12 surrogate 

variables were selected for inclusion resulting in a λ of 1.11. Models were adjusted for 

biologically relevant variables that may influence both urinary Se levels and DNAm including 

age, sex, study center of recruitment, BMI, education status, smoking status 

(never/former/current), eGFR, Houseman blood cell composition, and five genetic principal 

components (to account for population stratification)384. Multiple comparisons were accounted 

for using the Benjamini-Hochberg method for false discovery rate (FDR) at a p-value of 0.10. 

We performed gene ontology enrichment analyses using the gometh function in missMethyl398 to 

identify Gene Ontology (GO) terms399 that contain overrepresentation of genes with DMPs, and 

for biological pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG)400. 

In addition to individual regressions, we performed GLMnet penalized regression (elastic 

net, R package glmnet) to identify relevant DMPs401. The elastic net framework allows us to 

include all CpGs in the same model, accounting for the complex correlation structure between 

CpG methylation and performing variable selection for the most relevant sites. The parameters of 

the elastic net model included 10 cross validation folds and an alpha of 0.05.  

  

6.4 Results 

Among 1,357 participants, the mean (SD) age of participants was 55.4 (8.0) years, 55.8% 

were female, and the mean (SD) Se level was 51.8 (25.1) μg/g creatinine (Table 1). The median 
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(IQR) of Se was 45.8 (28.1) μg/g creatinine. Linear regressions investigating each site separately 

resulted in five DMPs that were significantly associated with urinary Se after multiple 

comparisons (Table 2; Figure 1). One DMP was statistically significant at an FDR p value of < 

0.05, the other four top sites were marginal, resulting in the use of an FDR p value of 0.10. These 

sites were cg00163554 (annotated to the Disco Interacting Protein 2 Homolog C [DIP2C] gene), 

cg18212762 (annotated to Mitogen-Activated Protein Kinase Kinase Kinase Kinase 2 

[MAP4K2]), cg25194720 (Potassium Inwardly Rectifying Channel Subfamily J Member 1 

[KCNJ1]), cg11270656 (Glycosylphosphatidylinositol Anchored High Density Lipoprotein 

Binding Protein 1 [GPIHBP1]), and cg00886293 (no annotation found). cg00163554 was 

annotated to a south shelf in relationship to a CpG island in the gene body, cg18212762 was 

annotated to a 3’UTR (untranslated region), cg25194720 was annotated to a 5'UTR and a 

transcription start site (TSS200), and cg11270656 was annotated to a 5'UTR and the 1st exon. 

Specifically, a doubling of Se was associated with a 5.5% increase in DNAm at cg00163554 

(DIP2C), a 0.6% increase in DNAm at cg18212762 (MAP4K2), a 0.3% decrease in DNAm at 

cg25194720 (KCNJ1), a 0.2% increase in DNAm at cg11270656 (GPIHBP1), and a 0.9% 

decrease in DNAm at cg00886293 (no annotation found). There were 51,412 CpG’s with a 

significant nominal p-value before multiple testing correction, and the full output from linear 

regressions can be found in Table A1. We did not identify any significantly over-represented 

GO terms or KEGG pathways after accounting for multiple testing. However, at nominal p < 

0.05 the top pathways were granule and spindle formation. Results from the EWAS without the 

inclusion of surrogate variables are displayed in Table A2. This resulted in 49,769 significant 

CpG sites after FDR correction or 4,037 significant CpG sites after Bonferroni correction. 
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Table 1: Urinary selenium concentrations and participant characteristics 

 

Analytical sample 

 (n =1,357) 

 SHS*  

(n=2,325) 

Urinary selenium (µg/g creatinine) mean (SD) 51.8 (25.1)  56.6 (29.2) 

Center, n (%):    

   Arizona 98 (7.2)  312 (13.4) 

   Oklahoma 601 (44.3)  981 (42.2) 

   North & South Dakota 658 (48.5)  1,032 (44.4) 

Female, n (%): 757 (55.8)  1,361 (58.5) 

Age (years), mean (SD) 55.4 (8.0)  56.2 (8.1) 

Education, n (%):    

   No High School  212 (15.6)  407 (17.5) 

   Some High School 299 (22.0)  556 (23.9) 

   Completed High School 846 (62.3)  1,362 (58.6) 

Smoking status, n (%):    

   Former 407 (30.0)  748 (32.2) 

   Never 376 (27.7)  684 (29.4) 

   Current 574 (42.3)  893 (38.4) 

Diabetes at baseline (%) 0 (0)  968 (41.6) 

Body mass index (kg/m2), mean (SD) 29.1 (5.6)  30.3 (6.1) 

eGFR (ml/min/1.73m2; CKD-Epi), mean (SD) 98.1 (14.4)  97.4 (16.8) 

 

Note: eGFR = estimated glomerular filtration rate; CDK-Epi = Chronic Kidney Disease -Epidemiology 

Collaboration. The analytical sample here was free of diabetes at baseline. *SHS refers to the Strong Heart Study 

sample that had urine selenium and DNAm data available. 
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Table 2: Top differentially methylated positions for urinary selenium 
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Note: Urinary selenium was log2-transformed. Linear regressions were adjusted for sex, age, study center, smoking 

(never, former, current), body mass index (kg/m2), education status, study center of recruitment, estimated 

glomerular filtration rate (ml/min/1.73m2), houseman cell proportions (CD8, CD4, natural killer, B-cell, monocytes), 

five principle genetic components, and 12 surrogate variables that captured unmeasured confounding. CpG sites 

were annotated using the University of California Santa Cruz (UCSC) genome browser. Effect estimates, 95% CI 

lower limits, and 95% CI upper limits are derived from regressions using beta-values. Other measures refer to 

calculations with M-values.  
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Figure 1: Manhattan plot (A) and volcano plot (B) of differentially methylated DNA positions 

associated with urinary selenium. The top five sites significant after multiple comparisons (FDR p < 0.10) 

from linear regressions are annotated. M-values were used in regressions. 
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Elastic net regression retained 425 sites associated with urinary Se levels, including three 

overlapping DMPs identified in linear regressions (Table A3). While the interpretability of 

elastic net coefficients should be approached with caution, the sites with the largest absolute 

value of elastic net coefficients were annotated to MAPT, MAP4K2, TELO2, HS3ST3B1, CRTC1, 

TFRC, AUTS2, ABLIM2, PDK4, CLEC1A, and ALPK3. Annotation performed on the top five 

sites found pathways for chylomicrons and basal membranes but these were not significant after 

accounting for multiple testing.  

We additionally performed a sensitivity analysis restricted to CpGs located in 

selenoprotein genes402,403 (Table A4). While there were 662 CpG sites annotating to genes 

encoding selenoproteins, none of these were significantly associated with urinary Se levels in 

linear regressions after multiple testing correction. The EWAS exploring selenium ≥ 60 µg/g 

creatinine compared to <60 µg/g creatinine reported consistent results as the main analysis, with 

only cg00163554 statistically significant after FDR correction (M-value, 95% confidence 

interval: 0.471, 0.303, 0.640; Table A5). No significant findings were observed in the interaction 

between urinary selenium and urinary cadmium (Table A6) or between urinary selenium and 

urinary arsenic (Table A7).  

6.5 Discussion 

This study evaluated the association of urinary Se with DNAm and is the first to study the 

epigenetic impacts of Se in a population of American Indians. In this sample of adults from the 

SHS, urinary Se was distinctly associated with five DMPs (cg00163554 [DIP2C], cg18212762 

[MAP4K2], cg25194720 [KCNJ1], cg11270656 [GPIHBP1], cg00886293 [no annotation found]) 

in linear regressions, and elastic net regression retained 425 DMPs relevant to urinary Se, 
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including three identified in linear regressions (cg00163554, cg18212762, cg11270656). 

Significant DMPs were not enriched for particular biological pathways.   

In the literature, Se and DNAm have been investigated in a cancer context, where high Se 

exposure is proposed to inhibit DNA methyltransferase expression and activity256,257. Selenium 

has also been described to affect methylation of specific tumor suppressor genes, while many 

cancer phenotypes including head and neck, urogenital, gynecological, gastrointestinal, skin, and 

blood  have been characterized by altered methylation of selenoprotein-encoding genes257,404. In 

the general population, it is possible that Se-linked DNAm changes may result from changing 

requirements for physiological Se, or potential increased oxidative stress from excess Se 

exposure. While Se has been characterized as having antioxidant properties405, research has also 

identified that certain Se compounds such as selenite and methylselenol can induce oxidative 

stress406,407.  

The genes annotated to the top DMPs in this EWAS may have biological functions 

related to Se and adverse health. DIP2C is a protein coding gene that is expressed in a variety of 

tissues and is related to transcription factor binding408. DIP2C is relevant to cancer and was 

upregulated in a phase I trial of Se plus chemotherapy in gynecologic cancers409. In a separate 

study of DIP2C knockout in RKO colorectal cancer cells, a loss of DIP2C was related to various 

changes in DNAm and gene expression in the cells410 as well as somatic mutations in breast 

cancer411. Differential methylation of DIP2C has also been linked to metalloids, with DIP2C 

found to be differentially methylated relative to arsenic in two populations from Bangladesh and 

Spain412, as well as amongst a pregnancy cohort in Mexico413, underscoring the need to study 

how DIP2C is related to both Se and other metalloids. In this study we report a doubling of Se 

was associated with a 5.5% increase in DNAm in cg00163554 (DIP2C). Previous findings of 
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methylation of DIP2C with respect to arsenic reported differences in 5-mC proportions412, or 

correlations between maternal urinary arsenic and differentially methylated probes413, that were 

comparable in magnitude and direction to our study.  

The second top site of the EWAS (MAP4K2) is part of the mitogen-activated protein 

kinases (MAPK) signal transduction and pro-inflammatory response pathways that have been 

implicated in a variety of diseases including cancers and diabetes414. Due to the role of the 

selenoprotein glutathione peroxidase in ameliorating oxidative damage, research has explored 

the ability of Se to inhibit inflammatory events and its role in the MAPK signaling cascade415.  

While comprehensive data is largely missing from human populations, the literature supports the 

links between Se and activation of MAP4K pathways415-418, encouraging further exploration of 

the epigenetic impacts of Se on MAP4K signaling.  

The genes annotated to the top differentially methylated positions in elastic net regression 

have relevance to several Se-related diseases. Specifically, cg11018313 was annotated to ALPK3 

which is proposed to be involved in cardiac muscle cell development and is associated with 

cardiomyopathy419,420. ALPK3 has been identified in relation to Keshan’s disease421, which is 

associated with low Se intake, suggesting that further research is needed on how Se is potentially 

associated with ALPK3 at both low and high Se concentrations. Cg17075888 was annotated to 

the PDK4 gene, which codes for a protein that regulates glucose metabolism and is regulated by 

insulin422. This warrants further study in relation to Se, which has been identified as an insulin 

mimetic, and excesses of Se have been associated with insulin resistance423,424. Additional sites 

may have relevance to cancer and neurogenerative diseases. Cg19589194 was annotated to 

TELO2, which encodes for an S-phase checkpoint protein and may be relevant to DNA repair425.  

TELO2 is upregulated in colorectal cancers426, for which Se may play a preventative role427. 
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Cg26319641 was annotated to CRTC1, a transcription coactivator, which has been associated 

with both mucoepidermoid carcinoma and salivary gland carcinoma428. Lastly, cg21953146 was 

annotated to the MAPT gene that encodes for a microtubule-associated protein tau, and mutations 

in this gene have been associated with Alzheimer's disease and dementia429. These annotations 

underscore the potential links of Se to many different types of disease, which warrant further 

investigation. 

In the general U.S. population reflected in the National Health and Nutrition Examination 

Survey (NHANES), Se values are mainly assessed in serum, preventing direct comparison of the 

Se concentrations measured in urine here to those measured in serum. However, urine Se is 

increasingly recognized as a viable population-level biomarker of Se and has been shown to 

reflect dietary intake227,228. Despite this, it is necessary for studies to minimize the variability of 

urinary Se concentrations across participants by adjusting for urine creatinine or specific 

gravity430, as opposed to reporting unadjusted Se values431,432, in order to facilitate more direct 

comparisons among different populations. In the current analysis, the mean urinary Se 

concentration was 51.8 μg/g creatinine, which was higher than urinary Se concentrations 

reported in a Chinese population (geometric mean: 19.8 μg/g)433, and similar to specific-gravity 

adjusted Se geometric means reported across the Multi-Ethnic Study of Atherosclerosis (MESA) 

(49.4 μg/L) and the SHS (58.6 μg/L)69. 

Epidemiological studies have supported inverse associations between Se status and 

cancer risk for several cancer types, although randomized clinical trials of Se and prostate cancer 

risk have shown conflicting results434. Epidemiological studies and clinical trials on Se and CVD 

risk have also been conflicting, with some studies showing inverse associations between serum 

Se concentrations and coronary heart disease58 and Se supplementation lowering high density 
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lipoprotein (HDL) and plasma cholesterol59, while other studies have not supported this 

relationship60-62.  

This study builds on prior research on metals, epigenetic changes, and health outcomes in 

the SHS. Findings from the SHS have supported that elevated Se concentrations as measured in 

urine is a risk factor for CVD, with highest risk of a CVD occurring when urinary Se levels 

exceed 60 μg/g creatinine35. Further, previous research in the SHS has identified specific DNAm 

changes resulting from cadmium262 and arsenic241, as well as distinct epigenetic changes while 

studying lung functional outcomes248, diabetes outcomes435, cancer245, and coronary heart 

disease247. In a separate EWAS performed in the SHS, there were 36 differentially methylated 

CpGs annotated to DIP2C and nominally-significant with respect to arsenic241. These effect sizes 

ranged from -0.062 to 0.103, which were similar in magnitude than the effect size observed with 

Se here (0.055). In the present study there was no overlap among the five significant 

differentially methylated positions with urinary Se and those sites identified as relevant to 

cadmium or associated with studied health outcomes in linear regressions. Thus, unfortunately, 

we were unable to conduct a mediation analysis linking these DMRs to health outcomes. 

However, a previous EWAS performed in the SHS with respect to urinary cadmium identified 24 

nominally-significant differentially associated CpGs annotated to DIP2C, although none of these 

were significant after FDR correction, and effect sizes were smaller (-0.038 to 0.039) than 

reported here262. Further, there was overlap in sites retained by elastic net in both the current 

analysis and a separate EWAS in the SHS investigating lung function. For example, there were 

six overlapping sites (cg27227029 [no annotation found], cg10276834 [CHRM2], cg13054419 

[no annotation found], cg12899747 [no annotation found], cg02879453 [ADCY7], cg00986762 

[PSMB2]) retained in the Se models and in elastic net models of forced expiratory volume in 1 
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second (FEV1), and 10 overlapping sites (cg12451436 [RBCK1], cg19645861 [no annotation 

found], cg27227029 [no annotation found], cg05141217 [no annotation found], cg17075888 

[PDK4], cg03122840 [no annotation found], cg10276834 [CHRM2], cg18557149 [LOC650226], 

cg00758961 [SLC2A9], cg02879453 [ADCY7]) relative to Se and forced vital capacity 

(FVC)248. Further, they identified significant DMPs after FDR correction annotated DIP2C for 

FEV1 (cg12531838), FEV1/FVC (cg27598761), airflow limitation (cg15713378), and restrictive 

pattern (cg24718710). For sites annotated to DIP2C, this study reported mean differences (95% 

confidence intervals) for FEV1 (0.06 (0.01, 0.1)), FEV1/FVC  (-1.85 (-2.86, -0.83)), odds ratios 

(95% confidence intervals) for airflow limitation (1.76 (1.27, 2.43)) and restrictive pattern (0.68 

(0.52, 0.9)), which are comparable to effect sies reported here. While the lack of overlap in 

findings across metals may suggest a unique epigenetic profile for individual trace elements, 

overlapping in sites identified through elastic net approaches may relate to shared biomarkers of 

metals exposure. Future studies, however, must investigate the potential mediating impact of 

epigenetic modifications in explaining relationships between Se and adverse health outcomes, 

including CVD. 

This study has limitations. Dietary information was missing at the SHS baseline, which 

could help explain differences in urinary Se levels across participants, as well as influence 

epigenetic modifications. Urinary Se was used as blood Se was not available in the SHS. 

However, urinary measurements have been used as biomarkers of Se status and can be used to 

assess the majority of absorbed Se that is not retained147,227. Due to the presence of unmeasured 

confounding in linear regressions, surrogate variables were calculated and included in analyses. 

CpGs were annotated to the nearest gene according to the Illumina manifest, but these 

annotations carry uncertainty and are not always exact. Smoking status was self-reported, and it 
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is possible that misclassification of smoking status could influence results. An FDR p-value of 

0.10 was used rather than a p-value of 0.05, as one site was statistically significant at an FDR p 

value of 0.05, and the other four top sites were marginally significant. However, the goal of this 

study was discovery and investigating the relationship between Se and DNAm, and it is 

important to replicate these findings in additional cohorts. Future studies should explore the role 

of Se and DNAm in respect to adverse health outcomes. Given limited significant sites after FDR 

correction, we do not report significant findings from gene ontology and interaction analyses, 

and this effort was likely underpowered. Nonetheless, this study has several strengths, including 

the large sample size of participants with both urinary Se and blood DNAm data available, the 

high-quality exposure assessment, and the availability of confounders for participants. 

Additionally, we were able to test for DNAm changes at >700,000 sites on the EPIC array.  

6.6 Conclusions 

In a sample of SHS participants, cross-sectional associations between urinary Se and 

DNAm analyzed in 1989–1991 were found among American Indian adults. Future analyses 

should explore these relationships prospectively and investigate the potential role of 

differentially methylated sites with disease endpoints. 
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6.7 Appendix 

 

Figure A1. Distribution of urinary Selenium concentrations (ug/g creatinine). 
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Table A1. Top 200 differentially methylated positions for urinary selenium. 
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0.2584230

81 

0.5182312

73 
5.68E-09 
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7.90E-06 
0.1326831

1 
16 19900511   

cg0678460

2 

-

0.0669095

41 

-

0.0961914

82 

-

0.0376276 
8.01E-06 

0.1326831

1 
3 30734274 

TGFBR2;

TGFBR2 

3'UTR;3'U

TR 
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cg2109300

7 

-

0.0509452

84 

-

0.0732501

16 

-

0.0286404

51 

8.08E-06 
0.1326831

1 
14 

10006709

1 
CCDC85C Body 

cg0946339

4 

-

0.0627832

44 

-

0.0903443

89 

-

0.0352220

99 

8.54E-06 
0.1373285

89 
12 

12643483

7 
  

cg1315579

9 

-

0.0621523

91 

-

0.0897138

65 

-

0.0345909

17 

1.05E-05 
0.1611868

05 
18 22763712 

ZNF521;Z

NF521 

Body;Bod

y 

cg0921298

7 

-

0.0581974

39 

-

0.0840190

11 

-

0.0323758

68 

1.06E-05 
0.1611868

05 
8 97923846 CPQ Body 

cg1037671

0 

-

0.0595455

54 

-

0.0859687

31 

-

0.0331223

78 

1.06E-05 
0.1611868

05 
16 67000023 

CES3;CES

3;CES3 

Body;Bod

y;TSS150

0 

cg2609219

2 

0.0787160

1 

0.0437447

65 

0.1136872

56 
1.09E-05 

0.1619481

1 
17 80759678 TBCD Body 

cg1284017

8 

-

0.0694712

07 

-

0.1004397

85 

-

0.0385026

28 

1.17E-05 
0.1670747

73 
15 39394699   

cg0815832

4 

-

0.0630797

09 

-

0.0911996

76 

-

0.0349597

42 

1.17E-05 
0.1670747

73 
3 

18815013

7 

LPP;LPP;

LPP 

Body;Bod

y;Body 

cg2497498

2 

0.0506847

42 

0.0278392

44 

0.0735302

39 
1.45E-05 

0.1946715

08 
22 46403316 

LOC7306

68 
Body 

cg0344852

7 

0.0502810

18 

0.0275854

52 

0.0729765

83 
1.49E-05 

0.1946715

08 
17 78113870 EIF4A3 Body 

cg1689613

4 

0.0876758

17 

0.0480859

58 

0.1272656

76 
1.50E-05 

0.1946715

08 
19 21305635 ZNF714 3'UTR 

cg1633204

7 

-

0.1264258

03 

-

0.1835134

76 

-

0.0693381

31 

1.50E-05 
0.1946715

08 
4 45352736   

cg1023685

7 

0.0419478

45 

0.0230049

57 

0.0608907

33 
1.50E-05 

0.1946715

08 
17 79825681 

ARHGDI

A 
3'UTR 

cg1748110

9 

-

0.0724702

1 

-

0.1051985

52 

-

0.0397418

67 

1.51E-05 
0.1946715

08 
3 15003288 

NR2C2;N

R2C2 

5'UTR;5'U

TR 

cg0399424

8 

-

0.0546203

85 

-

0.0793204

58 

-

0.0299203

13 

1.55E-05 
0.1948518

25 
8 27175038 

PTK2B;P

TK2B 

5'UTR;5'U

TR 

cg2104224

2 

-

0.0762473

73 

-

0.1107402

53 

-

0.0417544

92 

1.56E-05 
0.1948518

25 
13 53205591 

HNRNPA

1L2;HNR

NPA1L2 

5'UTR;5'U

TR 

cg1469394

1 

-

0.0609942

83 

-

0.0886471

68 

-

0.0333413

98 

1.62E-05 
0.1984274

63 
5 

16912836

6 
DOCK2 Body 

cg1755550

8 

0.0828396

29 

0.0452182

46 

0.1204610

13 
1.68E-05 

0.1984274

63 
4 

17788539

3 
  

cg0349007

3 

-

0.0590399

58 

-

0.0858698

45 

-

0.0322100

71 

1.70E-05 
0.1984274

63 
3 

17680681

2 
TBL1XR1 5'UTR 

cg1998539

3 

-

0.0572030

81 

-

0.0832090

83 

-

0.0311970

8 

1.71E-05 
0.1984274

63 
2 

13514687

0 
MGAT5 Body 

cg1763277

7 

-

0.1231315

8 

-

0.1791113

25 

-

0.0671518

34 

1.71E-05 
0.1984274

63 
17 73402767 

GRB2;GR

B2 

TSS1500;

TSS1500 

cg1572589

0 

0.0767376

99 

0.0418265

19 

0.1116488

79 
1.74E-05 

0.1984274

63 
15 80366395 

ZFAND6;

ZFAND6;

ZFAND6;

ZFAND6;

ZFAND6;

ZFAND6;

ZFAND6;

ZFAND6;

ZFAND6 

5'UTR;5'U

TR;5'UTR

;5'UTR;5'

UTR;5'UT

R;5'UTR;5

'UTR;5'UT

R 

cg2147050

3 

0.1323638

38 

0.0720297

84 

0.1926978

92 
1.80E-05 

0.2029704

54 
15 29410245 

APBA2;A

PBA2 

3'UTR;3'U

TR 
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cg2085236

4 

-

0.0673879

49 

-

0.0981736

71 

-

0.0366022

27 

1.88E-05 
0.2088820

46 
3 30301024   

cg1663259

3 

-

0.0751223

87 

-

0.1095216

24 

-

0.0407231

5 

1.97E-05 
0.2153308

8 
12 57444752 

MYO1A;

MYO1A 

TSS1500;

TSS1500 

cg0084216

1 

-

0.0534111

37 

-

0.0779002

3 

-

0.0289220

44 

2.02E-05 
0.2176567

53 
14 21860384 

CHD8;CH

D8;SNOR

D9 

Body;Bod

y;Body 

cg0905226

1 

0.0488233

4 

0.0264047

28 

0.0712419

51 
2.07E-05 

0.2200853

45 
17 57592086 

LINC0147

6 
Body 

cg1596591

1 

0.0461155

65 

0.0249282

37 

0.0673028

93 
2.09E-05 

0.2200853

45 
1 

16137090

8 
  

cg0669738

0 

-

0.0558833

92 

-

0.0815757

25 

-

0.0301910

59 

2.12E-05 
0.2200853

45 
5 

12663480

3 
MEGF10 5'UTR 

cg0837455

2 

0.0542535

8 

0.0292587

17 

0.0792484

43 
2.21E-05 

0.2258832

71 
5 

11100636

9 
  

cg1152769

5 

0.0644272

67 

0.0347019

98 

0.0941525

37 
2.27E-05 

0.2277945

57 
6 

10294296

2 
  

cg0011443

0 

0.0624677

38 

0.0336269

23 

0.0913085

53 
2.30E-05 

0.2277945

57 
2 

23183465

9 
  

cg2504453

3 

0.0774082

2 

0.0416536

26 

0.1131628

15 
2.32E-05 

0.2277945

57 
5 68411876 SLC30A5 Body 

cg0941686

0 

0.0564234

76 

0.0303399

99 

0.0825069

52 
2.35E-05 

0.2277945

57 
12 

11034090

1 

TCHP;TC

HP 

Body;Bod

y 

cg1840397

0 

-

0.0470111

83 

-

0.0687521

41 

-

0.0252702

24 

2.37E-05 
0.2277945

57 
19 54291050 

MIR372;

MIR373 

TSS200;T

SS1500 

cg1958919

4 

0.0276643

5 

0.0148400

24 

0.0404886

77 
2.48E-05 

0.2352715

24 
16 1543256 TELO2 TSS200 

cg0002915

0 

-

0.0637661

09 

-

0.0934389

74 

-

0.0340932

44 

2.66E-05 
0.2494577

15 
3 

19594634

8 
SLC51A Body 

cg0298004

7 

-

0.0630705

54 

-

0.0924591

96 

-

0.0336819

12 

2.72E-05 
0.2509278

49 
11 79608291   

cg1880826

1 

-

0.0885278

94 

-

0.1298057

52 

-

0.0472500

36 

2.76E-05 
0.2509278

49 
3 18464935 

SATB1;S

ATB1 

5'UTR;5'U

TR 

cg0649474

6 

0.0810376

16 

0.0432435

72 

0.1188316

6 
2.77E-05 

0.2509278

49 
2 70456199 

TIA1;TIA

1;TIA1 

ExonBnd;

Body;Bod

y 

cg2208118

9 

-

0.0714954

34 

-

0.1049409

52 

-

0.0380499

15 

2.93E-05 
0.2584646

17 
21 36110847 

LINC0016

0 
TSS1500 

cg1444527

4 

-

0.0554242

62 

-

0.0813658

02 

-

0.0294827

22 

2.96E-05 
0.2584646

17 
10 

10257766

7 

PAX2;PA

X2;PAX2;

PAX2;PA

X2;PAX2 

Body;Bod

y;Body;Bo

dy;Body;B

ody 

cg2291664

6 

0.0813405

6 

0.0432542

93 

0.1194268

28 
2.98E-05 

0.2584646

17 
5 

16267258

3 
  

cg1508428

6 

0.0560361

55 

0.0297954

6 

0.0822768

5 
2.98E-05 

0.2584646

17 
11 17036142 PLEKHA7 TSS200 

cg2116707

2 

-

0.0726858

05 

-

0.1068112

52 

-

0.0385603

58 

3.13E-05 
0.2638254

61 
6 90539455 

CASP8AP

2;CASP8

AP2;CAS

P8AP2 

TSS200;T

SS200;TS

S200 

cg0462811

8 

-

0.0640323

65 

-

0.0941039

43 

-

0.0339607

86 

3.14E-05 
0.2638254

61 
4 

15993956

8 
C4orf45 Body 

cg0227522

6 

0.1790542

53 

0.0949383

03 

0.2631702

02 
3.16E-05 

0.2638254

61 
11 

13460859

8 
  

cg0818366

3 

-

0.0906966

13 

-

0.1333170

59 

-

0.0480761

67 

3.18E-05 
0.2638254

61 
10 92783852   
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cg1635937

0 

-

0.0486458

63 

-

0.0715381

65 

-

0.0257535

61 

3.26E-05 
0.2662803

37 
14 70379938 

SMOC1;S

MOC1 

Body;Bod

y 

cg1947161

3 

0.0744017

79 

0.0393803

72 

0.1094231

86 
3.28E-05 

0.2662803

37 
5 68411141 SLC30A5 Body 

cg0740508

3 

0.0634982

61 

0.0335822

86 

0.0934142

36 
3.33E-05 

0.2664143

67 
16 119384 RHBDF1 5'UTR 

cg2166855

1 

0.0480362

18 

0.0253790

56 

0.0706933

8 
3.40E-05 

0.2664143

67 
1 46642584 

PIK3R3;T

SPAN1 

TSS1500;

5'UTR 

cg2646231

9 

-

0.0535403

74 

-

0.0788001

32 

-

0.0282806

16 

3.41E-05 
0.2664143

67 
2 30379582 

YPEL5;Y

PEL5;YPE

L5;YPEL5 

Body;Bod

y;Body;Bo

dy 

cg2098726

7 

-

0.0710165

4 

-

0.1045546

75 

-

0.0374784

05 

3.48E-05 
0.2664143

67 
19 54271357   

cg0108746

3 

-

0.0494929

19 

-

0.0728691

28 

-

0.0261167

09 

3.48E-05 
0.2664143

67 
3 15676638 BTD Body 

cg0674435

1 

0.0703524

42 

0.0371184

12 

0.1035864

72 
3.49E-05 

0.2664143

67 
2 

22468191

9 

AP1S3;AP

1S3;AP1S

3 

Body;Bod

y;Body 

cg0500836

6 

-

0.0555298

38 

-

0.0817703

55 

-

0.0292893

21 

3.51E-05 
0.2664143

67 
5 

16922598

1 
DOCK2 Body 

cg1777441

8 

-

0.0561226

75 

-

0.0826642

51 

-

0.0295810

99 

3.56E-05 
0.2669885

99 
6 6622864 

LOC2857

80;LY86 

Body;Bod

y 

cg0281982

8 

0.0818065

33 

0.0431031

73 

0.1205098

94 
3.59E-05 

0.2669885

99 
13 37453855 

SMAD9;S

MAD9 

5'UTR;5'U

TR 

cg0147614

8 

-

0.0574824

04 

-

0.0847308

46 

-

0.0302339

63 

3.72E-05 
0.2731451

1 
5 82980344 HAPLN1 5'UTR 

cg1754348

8 

0.0906048

9 

0.0476186

12 

0.1335911

69 
3.77E-05 

0.2731451

1 
5 

17267295

9 
  

cg1075589

9 

0.1211317

12 

0.0636531

13 

0.1786103

11 
3.78E-05 

0.2731451

1 
4 1772151   

cg0840591

0 

-

0.0628317

92 

-

0.0926600

57 

-

0.0330035

26 

3.82E-05 
0.2731451

1 
2 

10650107

5 

NCK2;NC

K2;NCK2 

Body;Bod

y;Body 

cg2631964

1 

0.0383178

54 

0.0201147

12 

0.0565209

95 
3.86E-05 

0.2731451

1 
19 18807941 

CRTC1;C

RTC1 

Body;Bod

y 

cg2387254

1 

-

0.0568698

6 

-

0.0838934

41 

-

0.0298462

78 

3.88E-05 
0.2731451

1 
10 29391231   

cg0061517

2 

-

0.0603344

34 

-

0.0890351

93 

-

0.0316336

74 

3.96E-05 
0.2744113

49 
22 20073233 

MIR1306;

MIR3618;

DGCR8;D

GCR8 

TSS1500;

TSS200;5'

UTR;5'UT

R 

cg0523979

9 

-

0.0664001

04 

-

0.0979921

11 

-

0.0348080

96 

3.97E-05 
0.2744113

49 
21 46086572 

KRTAP12

-

2;TSPEA

R;TSPEA

R 

1stExon;B

ody;5'UTR 

cg0474599

7 

-

0.0527956

76 

-

0.0779314

89 

-

0.0276598

63 

4.01E-05 
0.2752102

13 
7 86851738   

cg0915011

7 

0.0536495

37 

0.0280756

49 

0.0792234

24 
4.10E-05 

0.2766786

82 
7 96653867 DLX5 1stExon 

cg1005911

1 

0.0565185

01 

0.0295758

2 

0.0834611

83 
4.11E-05 

0.2766786

82 
12 49061520 

SNORA2

B;KANSL

2 

TSS200;B

ody 

cg1620396

3 

-

0.0624215

36 

-

0.0922045

67 

-

0.0326385

06 

4.17E-05 
0.2786397

85 
3 97680584 

MINA;MI

NA;MINA

;MINA  

Body;Bod

y;Body;Bo

dy 

cg2130299

9 

0.0681317

43 

0.0355699

1 

0.1006935

75 
4.29E-05 

0.2830959

5 
2 

17897431

2 
PDE11A TSS1500 

cg2546731

7 

-

0.0498640

56 

-

0.0736998

88 

-

0.0260282

25 

4.31E-05 
0.2830959

5 
2 

10514796

4 
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cg1649674

2 

0.0634004

44 

0.0330373

55 

0.0937635

33 
4.45E-05 

0.2900794

2 
1 1368387 

LOC1027

24312;LO

C1027243

12;LOC10

2724312 

Body;Bod

y;Body 

cg0844352

7 

-

0.0437467

99 

-

0.0647075

07 

-

0.0227860

91 

4.49E-05 
0.2900938

78 
16 84967585   

cg1181307

3 

0.0790896

92 

0.0411737

52 

0.1170056

31 
4.53E-05 

0.2905483

3 
19 6481540 

DENND1

C 
Body 

cg1799606

8 

-

0.0556778

75 

-

0.0824185

41 

-

0.0289372

09 

4.68E-05 
0.2974450

4 
19 30001757 

LOC2843

95 
Body 

cg1868465

2 

0.0533862

91 

0.0277075

39 

0.0790650

43 
4.80E-05 

0.3006146

57 
2 

20307693

3 

SUMO1;S

UMO1;SU

MO1 

Body;Bod

y;Body 

cg2740419

3 

0.0579560

97 

0.0300785

41 

0.0858336

54 
4.80E-05 

0.3006146

57 
3 53317883 

DCP1A;D

CP1A;DC

P1A;DCP

1A;DCP1

A 

3'UTR;3'U

TR;3'UTR

;3'UTR;3'

UTR 

cg2314273

0 

0.0607805

88 

0.0315253

75 

0.0900358

02 
4.86E-05 

0.3016284

56 
6 

11165166

7 

REV3L;R

EV3L;RE

V3L 

Body;Bod

y;Body 

cg1817653

2 

-

0.0795801

62 

-

0.1179561

9 

-

0.0412041

34 

5.02E-05 
0.3043649

38 
17 66339916 

ARSG;AR

SG;ARSG

;ARSG 

ExonBnd;

ExonBnd;

Body;Bod

y 

cg1383714

5 

-

0.0638568

82 

-

0.0946596

78 

-

0.0330540

86 

5.04E-05 
0.3043649

38 
8 6622731   

cg0693813

3 

0.0717714

84 

0.0371487

14 

0.1063942

54 
5.05E-05 

0.3043649

38 
17 80584878 WDR45L Body 

cg2753530

5 

0.1379263

68 

0.0713823

29 

0.2044704

08 
5.06E-05 

0.3043649

38 
1 53392650 

SCP2;SCP

2 

TSS1500;

TSS1500 

cg2093186

7 

-

0.0502016

02 

-

0.0744349

83 

-

0.0259682

2 

5.11E-05 
0.3043649

38 
4 

15268435

1 
  

cg1527737

8 

0.0539645

68 

0.0279068

21 

0.0800223

15 
5.13E-05 

0.3043649

38 
7 5272208 

WIPI2;WI

PI2;WIPI2

;WIPI2;W

IPI2 

3'UTR;3'U

TR;3'UTR

;3'UTR;3'

UTR 

cg0510761

8 

-

0.0583357

05 

-

0.0865165

37 

-

0.0301548

72 

5.17E-05 
0.3043883

76 
6 

16747016

3 
  

cg2611875

6 

0.0677061

73 

0.0349717

01 

0.1004406

45 
5.25E-05 

0.3062738

26 
12 26471820   

cg0508231

2 

-

0.0748476

91 

-

0.1110500

87 

-

0.0386452

95 

5.29E-05 
0.3062738

26 
17 47783458 

SLC35B1;

SLC35B1 

Body;Bod

y 

cg1843350

7 

-

0.0401807

02 

-

0.0596232

76 

-

0.0207381

29 

5.32E-05 
0.3062738

26 
7 

13783667

9 
  

cg0150448

5 

-

0.0580214

54 

-

0.0861392

18 

-

0.0299036

9 

5.46E-05 
0.3069616

99 
4 47843915   

cg1006458

5 

-

0.0521033

23 

-

0.0773582

26 

-

0.0268484

2 

5.48E-05 
0.3069616

99 
8 

14218699

5 
DENND3 Body 

cg2074436

2 

0.2468049

46 

0.1271229

11 

0.3664869

8 
5.52E-05 

0.3069616

99 
22 50050164 C22orf34 Body 

cg2571784

4 

-

0.0934456

82 

-

0.1387610

83 

-

0.0481302

82 

5.53E-05 
0.3069616

99 
7 99765818 GAL3ST4 5'UTR 

cg0088701

8 

0.0639115

86 

0.0329131

83 

0.0949099

88 
5.54E-05 

0.3069616

99 
1 

20132783

0 
  

cg1545703

7 

0.0496656

67 

0.0255699

94 

0.0737613

4 
5.57E-05 

0.3069616

99 
20 62562848 DNAJC5 Body 
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cg0703308

6 

-

0.0656454

01 

-

0.0975085

57 

-

0.0337822

45 

5.61E-05 
0.3072513

19 
10 63136339   

cg1152554

8 

-

0.0461907

06 

-

0.0686365

8 

-

0.0237448

33 

5.72E-05 
0.3093240

99 
1 7611041 CAMTA1 Body 

cg2494768

1 

0.0716740

38 

0.0368236

36 

0.1065244

4 
5.78E-05 

0.3093240

99 
15 39760933   

cg2490092

3 

-

0.0707650

3 

-

0.1051807

34 

-

0.0363493

26 

5.80E-05 
0.3093240

99 
6 30434072   

cg2679821

3 

0.0722067

78 

0.0370884

07 

0.1073251

48 
5.81E-05 

0.3093240

99 
15 78786261 

IREB2;IR

EB2 

ExonBnd;

Body 

cg0810097

2 

-

0.0506735

09 

-

0.0753508

13 

-

0.0259962

05 

5.94E-05 
0.3123233

16 
20 13972364 

SEL1L2;S

EL1L2;SE

L1L2 

TSS1500;

TSS1500;

Body 

cg1831149

5 

-

0.0898845

63 

-

0.1336769

07 

-

0.0460922

2 

5.98E-05 
0.3123233

16 
15 95719761   

cg1304060

0 

0.0531873

23 

0.0272730

2 

0.0791016

26 
5.99E-05 

0.3123233

16 
2 

13503797

5 
MGAT5 Body 

cg0159664

8 

-

0.0498638

06 

-

0.0741743

34 

-

0.0255532

77 

6.05E-05 
0.3123233

16 
6 

10729456

3 
  

cg0787306

0 

-

0.0521199

56 

-

0.0775332

33 

-

0.0267066

79 

6.06E-05 
0.3123233

16 
11 68474523   

cg1777835

0 

-

0.0807739

09 

-

0.1201809

95 

-

0.0413668

24 

6.12E-05 
0.3132826

07 
16 89778117 

VPS9D1-

AS1;VPS9

D1 

TSS200;B

ody 

cg0867003

5 

-

0.0366112

93 

-

0.0545164

65 

-

0.0187061

2 

6.38E-05 
0.3228096

6 
19 38894407 FAM98C Body 

cg2302481

9 

-

0.0817586

48 

-

0.1217876

76 

-

0.0417296

2 

6.50E-05 
0.3228096

6 
2 10677089   

cg0026671

5 

0.0305565

67 

0.0155879

71 

0.0455251

63 
6.55E-05 

0.3228096

6 
17 14204362 

HS3ST3B

1 
TSS200 

cg2261726

9 

-

0.0783217

22 

-

0.1167143

63 

-

0.0399290

8 

6.63E-05 
0.3228096

6 
19 8315286 CERS4 5'UTR 

cg0976498

0 

-

0.0446338

97 

-0.06652 

-

0.0227477

94 

6.66E-05 
0.3228096

6 
2 84742902 DNAH6 TSS1500 

cg2096246

9 
0.0589831 

0.0300465

87 

0.0879196

14 
6.72E-05 

0.3228096

6 
12 52593748   

cg0461023

5 

0.0480025

98 

0.0244476

24 

0.0715575

72 
6.74E-05 

0.3228096

6 
17 56592440 MTMR4 Body 

cg0287857

8 

0.0958673

22 

0.0488231

48 

0.1429114

95 
6.75E-05 

0.3228096

6 
4 

10498790

4 
  

cg0405000

0 

-

0.0710842

11 

-

0.1059758

87 

-

0.0361925

35 

6.78E-05 
0.3228096

6 
2 31361687 GALNT14 TSS200 

cg2172811

9 

-

0.0556399

33 

-

0.0829549

77 

-

0.0283248

89 

6.80E-05 
0.3228096

6 
13 24533184   

cg0036533

6 

-

0.0657335

71 

-

0.0980070

21 

-

0.0334601

22 

6.81E-05 
0.3228096

6 
22 37378573   

cg2439654

0 

-

0.0441430

3 

-

0.0658211

2 

-

0.0224649

41 

6.83E-05 
0.3228096

6 
14 77653404 

TMEM63

C 
5'UTR 

cg2736096

5 

-

0.0719408

09 

-

0.1072917

45 

-

0.0365898

74 

6.90E-05 
0.3228096

6 
7 

13845597

1 

ATP6V0A

4;ATP6V0

A4;ATP6

V0A4 

Body;Bod

y;Body 

cg1116241

1 

-

0.0588067

55 

-

0.0877205

58 

-

0.0298929

52 

6.97E-05 
0.3228096

6 
19 51135997 

SYT3;SY

T3;SYT3 

Body;Bod

y;Body 
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cg1119563

3 

-

0.0426085

61 

-

0.0635607

14 

-

0.0216564

08 

6.98E-05 
0.3228096

6 
2 85920874 

GNLY;G

NLY;GNL

Y 

TSS1500;

TSS1500;

TSS1500 

cg1862562

7 

-

0.0858310

09 

-

0.1280733

16 

-

0.0435887

02 

7.08E-05 
0.3228096

6 
14 81426015 

TSHR;TS

HR;TSHR 

Body;Bod

y;Body 

cg1545158

5 

0.0745421

82 

0.0378372

46 

0.1112471

18 
7.14E-05 

0.3228096

6 
14 74444008 ENTPD5 Body 

cg1356470

2 

-

0.0553698

54 

-

0.0826432

51 

-

0.0280964

56 

7.18E-05 
0.3228096

6 
6 

16022051

9 
PNLDC1 TSS1500 

cg2163616

8 

0.0415683

49 

0.0210846

24 

0.0620520

74 
7.23E-05 

0.3228096

6 
11 61914232 

INCENP;I

NCENP 

Body;Bod

y 

cg2632616

0 

0.0775245

68 

0.0393129

85 

0.1157361

51 
7.26E-05 

0.3228096

6 
20 41921081   

cg2378416

0 

0.0416085

78 

0.0210984

7 

0.0621186

86 
7.27E-05 

0.3228096

6 
7 2260593 

MAD1L1;

MAD1L1;

MAD1L1 

Body;Bod

y;Body 

cg0486430

9 

0.0688972

84 

0.0349292

61 

0.1028653

07 
7.29E-05 

0.3228096

6 
3 18246314   

cg1466529

2 

0.0621484

13 

0.0315066

53 

0.0927901

73 
7.30E-05 

0.3228096

6 
20 32979123 

ITCH;ITC

H;ITCH 

5'UTR;5'U

TR;5'UTR 

cg1551440

3 

-

0.0621030

71 

-

0.0927225

46 

-

0.0314835

95 

7.30E-05 
0.3228096

6 
14 69843722   

cg1229782

0 

0.0651828

99 

0.0330363

93 

0.0973294

05 
7.33E-05 

0.3228096

6 
17 57208632 

SKA2;SK

A2;SKA2;

SKA2 

ExonBnd;

ExonBnd;

Body;Bod

y 

cg0287945

3 

0.0711937

07 

0.0360713

5 

0.1063160

64 
7.37E-05 

0.3228096

6 
16 50321818 ADCY7 TSS200 

cg1556557

5 

0.0768271

84 

0.0388956

42 

0.1147587

25 
7.47E-05 

0.3248230

96 
2 58872290 

LINC0112

2 
Body 

cg1456208

1 

-

0.0501096

81 

-

0.0748585

03 

-

0.0253608

58 

7.51E-05 
0.3248230

96 
10 

11470991

7 

TCF7L2;T

CF7L2;TC

F7L2;TCF

7L2;TCF7

L2;TCF7L

2 

TSS200;T

SS200;TS

S200;TSS

200;TSS2

00;TSS20

0 

cg2064383

2 

0.0654683

59 

0.0331105

55 

0.0978261

63 
7.60E-05 

0.3248230

96 
16 12324143 SNX29 Body 

cg1818409

2 

0.0689562

54 

0.0348587

3 

0.1030537

78 
7.66E-05 

0.3248230

96 
1 8412759 

RERE;RE

RE;RERE 

3'UTR;3'U

TR;3'UTR 

cg0193966

4 

0.0397250

36 

0.0200784

16 

0.0593716

56 
7.68E-05 

0.3248230

96 
1 33722135 ZNF362 TSS200 

cg1101831

3 

-

0.0399312

06 

-

0.0596924

23 

-

0.0201699

89 

7.76E-05 
0.3248230

96 
15 85360052 

ALPK3;A

LPK3 

1stExon;5'

UTR 

cg0601389

5 

0.0481630

47 

0.0243260

19 

0.0720000

75 
7.77E-05 

0.3248230

96 
17 12332606   

cg1323207

8 

0.0389577

38 

0.0196744

76 
0.058241 7.79E-05 

0.3248230

96 
17 73205302 

NUP85;N

UP85 

5'UTR;Bo

dy 

cg0528203

0 

0.0568035

58 

0.0286835

08 

0.0849236

08 
7.80E-05 

0.3248230

96 
20 35947832   

cg1786881

5 

0.0537896

92 

0.0271521

6 

0.0804272

23 
7.85E-05 

0.3248230

96 
16 81476731   

cg1536102

8 

-

0.0666858

22 

-

0.0997155

66 

-

0.0336560

77 

7.87E-05 
0.3248230

96 
6 53658683 LRRC1 TSS1500 

cg2592474

6 

0.0752886

8 

0.0379667

26 

0.1126106

34 
7.98E-05 

0.3248688

75 
13 

11043293

5 
IRS2 Body 

cg2210430

7 

-

0.0715211

41 

-

0.1069874

62 

-

0.0360548

2 

8.02E-05 
0.3248688

75 
8 17103213 

CNOT7;C

NOT7;VP

S37A;VPS

37A 

5'UTR;5'U

TR;TSS15

00;TSS15

00 

cg2153676

0 

0.0554817

24 

0.0279575

51 

0.0830058

97 
8.08E-05 

0.3248688

75 
16 58226834 CSNK2A2 Body 
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cg0102793

2 

0.0460810

17 

0.0232187

45 

0.0689432

89 
8.09E-05 

0.3248688

75 
3 58344148 

PXK;PXK

;PXK;PX

K;PXK;P

XK;PXK 

5'UTR;5'U

TR;Body;

Body;Bod

y;Body;Bo

dy 

cg2278675

6 

-

0.0653297

97 

-

0.0977612

47 

-

0.0328983

46 

8.17E-05 
0.3248688

75 
14 60720716 

PPM1A;P

PM1A;PP

M1A 

5'UTR;Bo

dy;5'UTR 

cg0747618

5 

0.0602165

71 

0.0303064

37 

0.0901267

05 
8.24E-05 

0.3248688

75 
15 78970348   

cg1921752

7 

-

0.0711330

12 

-

0.1064677

61 

-

0.0357982

63 

8.25E-05 
0.3248688

75 
12 

11238320

0 

TMEM11

6;TMEM1

16;TMEM

116;TME

M116;TM

EM116 

Body;Bod

y;Body;5'

UTR;5'UT

R 

cg0198952

1 

-

0.0670047

59 

-

0.1003065

12 

-

0.0337030

07 

8.32E-05 
0.3248688

75 
14 

10352201

2 

CDC42BP

B 
Body 

cg2071560

6 

0.0648549

99 

0.0326210

01 

0.0970889

96 
8.33E-05 

0.3248688

75 
6 56679248 

DST;DST;

DST 

Body;Bod

y;Body 

 
Urinary selenium was log2-transformed. Linear regressions were adjusted for sex, age, study center, smoking 

(never, former, current), body mass index (kg/m2), education status, study center of recruitment, estimated 

glomerular filtration rate (ml/min/1.73m2), houseman cell proportions (CD8, CD4, natural killer, B-cell, 

monocytes), five principle genetic components, and 12 surrogate variables that captured unmeasured confounding. 

CpG sites were annotated using the University of California Santa Cruz (UCSC) genome browser. 
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Table A2. Differentially methylated positions selected by elastic-net for urinary selenium 

(N=425). 

 

CpG 
Elastic Net 

Coefficient 
chr pos UCSC Gene Name UCSC Gene Group 

cg00266715 0.014020572 17 14204362 HS3ST3B1 TSS200 

cg24372299 0.001827003 1 144533951     

cg16991886 -3.52E-05 6 11832079     

cg18710053 0.001103479 5 126409061 FLJ44606;FLJ44606 5'UTR;5'UTR 

cg07985116 -1.17E-05 11 68204497 LRP5 Body 

cg12495559 0.001284907 17 78415034     

cg15084286 0.008266314 11 17036142 PLEKHA7 TSS200 

cg19530883 0.005517725 19 5903870 NDUFA11;VMAC;NDUFA11 1stExon;TSS1500;5'UTR 

cg15251779 0.000672481 7 150929295 CHPF2 TSS1500 

cg20744362 0.001300196 22 50050164 C22orf34 Body 

cg13578160 -0.002188757 7 72813978     

cg13033070 0.008833177 5 3188312     

cg25663770 -0.002610331 6 41302149 NCR2 TSS1500 

cg10755899 0.001308616 4 1772151     

cg21136104 0.002457163 3 142666320     

cg01993818 0.00067522 14 34270437 NPAS3;NPAS3;NPAS3;NPAS3 3'UTR;3'UTR;3'UTR;3'UTR 

cg12451436 0.009720904 20 388650 RBCK1;RBCK1 TSS200;TSS200 

cg02569718 -0.000282369 16 85540731     

cg24151926 0.001807077 1 6240455 CHD5 TSS1500 

cg24550644 0.000103041 17 30846204 MYO1D Body 

cg16911981 0.010647552 7 70061135 AUTS2;AUTS2 Body;Body 

cg12688215 0.00015258 1 52499228 TXNDC12;KTI12 Body;1stExon 

cg16056087 -0.001749134 4 120375747     

cg24330522 0.005165464 13 36788462 SOHLH2 Body 

cg18788741 0.001078652 8 53476943 FAM150A Body 
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cg03175975 0.000983009 2 121105535 INHBB Body 

cg05212706 0.001111117 14 100204072     

cg11270656 0.007115942 8 144295139 GPIHBP1;GPIHBP1 5'UTR;1stExon 

cg14684375 -0.007245708 19 45540895 SFRS16;RELB TSS1500;Body 

cg01461254 0.001755944 12 2944306 NRIP2 TSS200 

cg19937979 2.96E-06 14 70039915     

cg16133088 0.000308671 12 3862428 EFCAB4B;EFCAB4B;EFCAB4B TSS200;TSS200;TSS200 

cg12564231 0.010972462 3 195809075 TFRC;TFRC TSS200;TSS200 

cg14238081 0.00265825 14 65438743 RAB15 1stExon 

cg08170140 0.002196406 22 31090747 OSBP2 TSS200 

cg24900923 -0.001757073 6 30434072     

cg07371589 0.002526333 1 151104367 SEMA6C 3'UTR 

cg03979539 0.006848833 2 28113445 
BRE;RBKS;BRE;BRE;BRE;LOC10

0302650;BRE 

TSS200;TSS1500;TSS200;TSS200;

TSS200;Body;TSS200 

cg09077340 0.001475741 5 153418539 
MFAP3;MFAP3;MFAP3;MFAP3;F

AM114A2;MFAP3 

1stExon;1stExon;5'UTR;5'UTR;TSS

200;Body 

cg09810078 0.003170578 6 30860265 DDR1;DDR1;DDR1 Body;Body;Body 

cg19589194 0.014419687 16 1543256 TELO2 TSS200 

cg04124316 0.00701107 13 42615242     

cg22375826 -0.00778853 15 101606897 LRRK1 Body 

cg01283201 0.001066335 5 77806169 LHFPL2 5'UTR 

cg22623967 0.00475124 3 16554910 RFTN1 5'UTR 

cg17370981 -0.000207235 13 114311583 ATP4B Body 

cg02822958 -0.000845637 2 46747628 ATP6V1E2 TSS1500 

cg23784160 0.00353843 7 2260593 MAD1L1;MAD1L1;MAD1L1  Body;Body;Body 



154 

 

cg15277378 0.00334798 7 5272208 WIPI2;WIPI2;WIPI2;WIPI2;WIPI2 3'UTR;3'UTR;3'UTR;3'UTR;3'UTR 

cg20805367 -0.009904555 17 6918952 C17orf49;C17orf49;C17orf49 Body;Body;Body 

cg10580056 0.000233555 15 35086928 ACTC1 Body 

cg01588379 -0.001192786 7 151433326 PRKAG2;PRKAG2 Body;Body 

cg00491963 0.000493563 11 57335356 UBE2L6;UBE2L6;UBE2L6 1stExon;TSS200;5'UTR 

cg10546459 -0.001278298 2 36825355 FEZ2;FEZ2 TSS200;TSS200 

cg17543488 0.003845719 5 172672959     

cg07525299 0.001346038 11 2293171 ASCL2 TSS1500 

cg08527195 0.003918728 1 161442697     

cg21191514 0.000792685 11 2187921 TH;TH;TH Body;Body;Body 

cg16060664 0.001793384 8 42010866 AP3M2;AP3M2 5'UTR;5'UTR 

cg02791338 0.002290104 16 1414422 UNKL 3'UTR 

cg01592389 0.006922939 17 7308154 TMEM256;TMEM256-PLSCR3 TSS1500;TSS1500 

cg13461718 -0.001435413 9 139802044 TRAF2 Body 

cg17998013 0.000925787 3 15643079 HACL1;HACL1;BTD 1stExon;5'UTR;TSS200 

cg24576945 0.004156466 3 42743203 HHATL;HHATL  5'UTR;TSS200 

cg17266581 -0.000378482 18 74799572 MBP;MBP Body;Body 

cg20491446 0.008734942 17 80656612 RAB40B TSS200 

cg21352959 0.000328105 17 62340143 TEX2 5'UTR 

cg13687313 0.005391929 1 161136664 PPOX;PPOX Body;Body 

cg26635824 0.004457172 20 61436007 OGFR TSS200 

cg18262852 0.000344063 11 119235181 USP2;USP2 TSS1500;Body 

cg07972191 0.005609701 8 99960580 OSR2;OSR2 5'UTR;5'UTR 
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cg09150117 0.001866066 7 96653867 DLX5 1stExon 

cg07762054 0.006301537 11 75273187 SERPINH1;SERPINH1 5'UTR;1stExon 

cg27244524 0.002385269 3 38494523 LOC100128640;ACVR2B Body;TSS1500 

cg14025978 0.008039291 8 10786150 XKR6 Body 

cg01335658 0.000337142 10 131567534     

cg22117062 0.005266686 4 2794231 SH3BP2 TSS1500 

cg05634428 0.004476029 5 531052     

cg02819828 0.001135164 13 37453855 SMAD9;SMAD9 5'UTR;5'UTR 

cg00607797 -0.003754895 15 25418880 SNORD115-3 TSS1500 

cg01631182 0.001031132 11 82905022 ANKRD42; 

5'UTR;5'UTR;5'UTR;5'UTR;5'UTR;

5'UTR;1stExon;1stExon;1stExon;1st

Exon;1stExon;1stExon;Body 

cg13204432 0.00248681 2 51074939 NRXN1;NRXN1 Body;Body 

cg19045731 -0.002070824 2 239037533 ESPNL Body 

cg14141741 -0.004701218 7 947428 ADAP1 Body 

cg12609498 -0.00030531 1 158072911     

cg14746884 0.00435252 13 28537233 CDX2 3'UTR 

cg00702043 -0.00148956 13 113583686     

cg20719607 -0.004346276 7 946806 ADAP1; Body;Body;Body;Body;Body 

cg11687306 -0.001767675 17 75863921     

cg26656672 -0.000943081 6 164393351     

cg26796341 0.000913546 6 100905691 SIM1 Body 

cg00163554 0.00573072 10 375799 DIP2C Body 

cg24967495 -0.003718747 8 48801970 PRKDC;PRKDC Body;Body 

cg04864309 0.001828178 3 18246314     
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cg20094201 -0.000323197 20 44520771 
CTSA;CTSA;NEURL2;NEURL2;C

TSA 

Body;Body;TSS1500;TSS1500;Bod

y 

cg08597832 0.004459357 8 144416327 TOP1MT Body 

cg20076126 -0.001964401 14 69784107 GALNTL1;GALNTL1 Body;Body 

cg01294194 0.000304071 17 26715208 SARM1 Body 

cg12656227 0.008138469 7 157334162 PTPRN2;PTPRN2;PTPRN2 Body;Body;Body 

cg02794434 -0.000967018 4 2341196 ZFYVE28 Body 

cg19645861 0.001278174 2 16501343     

cg20548935 -0.002942469 18 47230704     

cg17319891 0.000886339 1 38226240 EPHA10;EPHA10 3'UTR;Body 

cg26373171 7.47E-05 1 210001600 C1orf107 Body 

cg15414638 0.002016786 6 28956731     

cg00989069 0.002435701 21 47777635 PCNT Body 

cg18348318 0.000119974 4 7736837 SORCS2 Body 

cg24172054 -0.002933645 12 130496750     

cg14584292 9.81E-05 11 122063558 MIR100HG Body 

cg04084597 0.000100333 11 75479652 DGAT2 TSS200 

cg26785823 0.000535866 1 2482001 LOC115110 Body 

cg15375596 -0.000796481 15 99434736 IGF1R Body 

cg05275468 0.001144229 3 20082916 KAT2B Body 

cg00829753 -5.73E-05 4 6303534 WFS1;WFS1 Body;Body 

cg03896661 -0.003870777 2 197036775 STK17B TSS1500 

cg27220932 -1.65E-05 6 135545423     

cg12156287 0.000915366 11 132662866 OPCML;OPCML Body;Body 

cg14650344 0.003655037 3 87276155 CHMP2B TSS1500 

cg21113900 0.001996435 5 126409308 FLJ44606;FLJ44606 TSS200;TSS200 

cg19078878 0.002080787 6 12324504     

cg02726585 0.005615807 9 124984157 LHX6;LHX6;LHX6;LHX6;LHX6  TSS200;Body;Body;Body;Body 
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cg11445191 0.000682066 5 140227765 

PCDHA6;PCDHA2;PCDHA1;PCD

HA7;PCDHA1;PCDHA6;PCDHA5;

PCDHA9;PCDHA9;PCDHA9;PCD

HA3;PCDHA9;PCDHA4;PCDHA8 

Body;Body;Body;Body;Body;Body;

Body;1stExon;5'UTR;1stExon;Body

;5'UTR;Body;Body 

cg01995986 -0.001644472 6 147289366 STXBP5-AS1 Body 

cg12466556 -0.000178897 22 30443509 HORMAD2-AS1 Body 

cg15772506 -0.001062295 11 72466200 STARD10 Body 

cg19600682 -0.002182214 6 69344117     

cg26201213 0.000609536 10 131265796 MGMT Body 

cg02669012 -0.001508194 10 58382013     

cg17353846 0.002215779 17 17724021 SREBF1;SREBF1 Body;Body 

cg20134781 9.44E-05 19 10628821 S1PR5;S1PR5 TSS1500;TSS200 

cg18773851 0.006282587 12 52605271 C12orf80;LINC00592 TSS1500;Body 

cg20424530 0.002384162 12 44152509 

PUS7L;PUS7L;PUS7L;IRAK4;IRA

K4;PUS7L;PUS7L;IRAK4;IRAK4;I

RAK4 

1stExon;5'UTR;1stExon;TSS1500;T

SS1500;5'UTR;5'UTR;TSS1500;TS

S1500;TSS1500 

cg10212045 -0.000311056 17 9976506 GAS7 Body 

cg14176966 0.001024045 12 2944286 NRIP2 TSS200 

cg27227029 0.000914266 1 17215834     

cg13354523 -0.012371569 12 10251574 CLEC1A;CLEC1A 5'UTR;1stExon 

cg01832662 0.001214645 14 86086389 FLRT2 5'UTR 

cg09495717 0.00148169 16 1115209 SSTR5-AS1 Body 
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cg23490090 0.004861567 17 78081364 GAA;GAA;GAA  Body;Body;Body 

cg19673881 0.009003662 4 8477562 C4orf23 Body 

cg10334976 -0.00252463 10 135178691 ECHS1 Body 

cg05068202 0.000808494 11 2293074 ASCL2 TSS1500 

cg16223190 0.007365964 17 56380051 BZRAP1;BZRAP1;BZRAP1 3'UTR;3'UTR;3'UTR 

cg07405083 0.007129024 16 119384 RHBDF1 5'UTR 

cg04439776 0.005730443 10 71907412 TYSND1;TYSND1 TSS1500;TSS1500 

cg20355257 -0.000960253 20 34818105 
EPB41L1;EPB41L1;EPB41L1;EPB

41L1;EPB41L1 
3'UTR;3'UTR;3'UTR;3'UTR;3'UTR 

cg05984092 -0.010328887 4 8007014 
ABLIM2;ABLIM2;ABLIM2;ABLI

M2;ABLIM2;ABLIM2  
Body;Body;Body;Body;Body;Body 

cg05141217 -0.000197647 8 28491378     

cg05151824 -0.002682983 10 43047371 ZNF37B Body 

cg15677916 0.003479622 9 3181007     

cg22614759 -0.00234887 12 15113093 ARHGDIB 5'UTR 

cg04041654 -0.003260284 1 183579470     

cg13039251 -0.002483585 5 32018601 PDZD2 Body 

cg00634187 0.004184733 19 51412739 KLK4;KLK4;KLK4  Body;Body;5'UTR 

cg04945652 0.001902339 7 156804033 MNX1 TSS1500 

cg04068313 0.001530018 7 73304732     

cg24342500 -0.003088098 7 73302472     

cg26586027 -0.0001484 18 12068363     

cg01544075 0.003094147 14 94580560 
IFI27;IFI27;IFI27;IFI27;IFI27;IFI27

;IFI27;IFI27;IFI27;IFI27 

5'UTR;5'UTR;Body;Body;Body;Bod

y;Body;Body;Body;Body 
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cg19546703 -0.001599048 1 165451588 LOC400794;LOC400794 ExonBnd;Body 

cg21470503 0.000194932 15 29410245 APBA2;APBA2 3'UTR;3'UTR 

cg09205236 -0.005723211 19 23882562     

cg18117367 0.001141752 5 140213783 

PCDHA6;PCDHA2;PCDHA1;PCD

HA7;PCDHA1;PCDHA6;PCDHA5;

PCDHA7;PCDHA3;PCDHA4 

Body;Body;Body;TSS200;Body;Bo

dy;Body;TSS200;Body;Body 

cg26256630 0.008786446 6 30070738 TRIM31 3'UTR 

cg01646718 0.000975683 8 145580727 FBXL6;GPR172A;FBXL6 Body;TSS1500;Body 

cg03843031 -0.004606755 20 44440947 
UBE2C;UBE2C;UBE2C;UBE2C;U

BE2C;UBE2C 

TSS1500;TSS1500;TSS1500;TSS15

00;TSS1500;TSS1500 

cg26266429 0.001039458 12 49174651 ADCY6;ADCY6 Body;Body 

cg05062676 0.002014565 2 38304725 CYP1B1 TSS1500 

cg25368591 -0.005718391 1 247243185 ZNF670;ZNF670;ZNF670-ZNF695 TSS1500;TSS1500;TSS1500 

cg10501758 -0.002869543 2 128223957     

cg19620758 0.000383597 11 102826565 MMP13 TSS200 

cg23639565 0.002011469 1 40507857 CAP1;CAP1 5'UTR;5'UTR 

cg25717844 -0.00061314 7 99765818 GAL3ST4 5'UTR 

cg04290586 0.001272242 12 108168987 ASCL4;ASCL4 1stExon;5'UTR 

cg25755191 0.003479369 1 167013332     

cg11680758 0.002708577 6 28832063     

cg00708603 -0.005275855 2 16463534     

cg27107194 0.00220563 10 132010872     

cg17075888 -0.010550546 7 95225339 PDK4 Body 
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cg23053921 0.002261886 20 55563274     

cg13410002 0.001036788 20 20353861     

cg10321146 -0.000834466 19 6822469 VAV1 Body 

cg18249108 -0.00301928 16 21222939 ZP2 TSS200 

cg10451401 0.000930892 7 6414196 RAC1;RAC1;RAC1;RAC1 5'UTR;5'UTR;1stExon;1stExon 

cg13726191 -0.001337026 4 15940033 FGFBP1 TSS200 

cg23957084 -0.003344815 22 19418954 MRPL40;HIRA TSS1500;Body 

cg22390660 0.000590013 3 189839038 P3H2;P3H2-AS1;P3H2 TSS200;Body;5'UTR 

cg05902503 -0.001560857 16 30133175 MAPK3;MAPK3;MAPK3 Body;Body;Body 

cg02603284 0.000561503 2 1492017 TPO;TPO;TPO;TPO;TPO;TPO Body;Body;Body;Body;Body;Body 

cg02364855 0.008563579 8 53361893     

cg04130952 0.003813542 3 51998051 PCBP4;PCBP4 5'UTR;TSS1500 

cg11730930 -0.002159427 14 75770279     

cg06020352 -0.002407848 16 85931840 IRF8 TSS1500 

cg03122840 -0.001888168 7 84154512     

cg05548190 -0.003855362 5 176432570 UIMC1 5'UTR 

cg02053188 -0.000343685 5 140105669 VTRNA1-3 TSS200 

cg26471020 0.001399443 7 100209878 
MOSPD3;MOSPD3;MOSPD3;MOS

PD3 
TSS200;TSS1500;TSS1500;5'UTR 

cg18454120 0.000833693 3 16460497 RFTN1 Body 

cg00114430 0.001449739 2 231834659     

cg03439559 8.34E-05 2 241293101     

cg14141061 0.005326332 11 119881616     

cg26942952 -0.004483817 12 132675762     
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cg17939797 0.000963157 17 47922778 
FLJ45513;TAC4;TAC4;TAC4;TAC

4;TAC4 

TSS1500;Body;Body;Body;Body;B

ody 

cg16332047 -0.005509974 4 45352736     

cg00882235 0.006590357 1 180203488 LHX4 Body 

cg16645473 0.006672603 6 28226567 ZKSCAN4;NKAPL 5'UTR;TSS1500 

cg08518348 -0.000593096 2 241065665     

cg13456960 0.00131873 19 5139479 KDM4B Body 

cg09381003 0.007208301 19 41082314 SHKBP1;SPTBN4 TSS1500;3'UTR 

cg06203079 0.000537839 20 17633823 RRBP1;RRBP1 Body;Body 

cg06887137 -0.00125385 7 80360708     

cg20550154 -0.00151338 14 52487779 NID2 Body 

cg06770067 -0.000817602 6 37611948 MDGA1 Body 

cg12450149 0.002366427 7 105710597     

cg04332818 0.00314924 4 123747750 FGF2 TSS200 

cg26679958 0.006486194 4 109088573 
LEF1;LEF1;LOC641518;LEF1;LEF

1 
TSS1500;Body;TSS200;Body;Body 

cg10227024 -0.00118568 17 11234662 SHISA6 Body 

cg06744351 0.000780964 2 224681919 AP1S3;AP1S3;AP1S3 Body;Body;Body 

cg05813162 -0.004622143 15 75268583     

cg01999708 -0.00226018 8 139594966     

cg24194912 -0.004040577 17 3493176 TRPV1;TRPV1;TRPV1;TRPV1 Body;Body;Body;Body 

cg17095647 0.003954183 3 148863322 HPS3;HPS3;HPS3;HPS3 ExonBnd;ExonBnd;Body;Body 

cg04421151 0.001998501 10 121104204 GRK5 Body 

cg15045292 -0.001236562 17 5403149 LOC728392 3'UTR 

cg14643399 -0.01650267 13 44706965     

cg03996020 0.001133843 7 157180124 DNAJB6 Body 
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cg11018313 -0.016059156 15 85360052 ALPK3;ALPK3 1stExon;5'UTR 

cg15361028 -0.005769112 6 53658683 LRRC1 TSS1500 

cg01540595 0.000773441 1 75590960     

cg03870329 0.000901025 7 155085773     

cg04058169 0.000534578 10 124913438 BUB3;BUB3 TSS1500;TSS1500 

cg11782250 0.001455796 8 3429382 CSMD1 Body 

cg01068691 0.000197789 16 31420927 ITGAD Body 

cg19870743 0.00100522 1 2097158 PRKCZ;PRKCZ;PRKCZ Body;Body;Body 

cg11750725 -0.003813387 19 21203337 ZNF430;ZNF430 TSS200;TSS200 

cg03107102 0.000568384 9 3181014 LINC01231 TSS1500 

cg10443421 0.001150021 16 56644991     

cg03997643 0.002220021 9 137030726 RNU6ATAC TSS1500 

cg01247891 0.004509535 19 10713543 SLC44A2 Body 

cg24947106 0.000233794 5 525233 SLC9A3;SLC9A3 TSS1500;TSS1500 

cg17682316 -0.002779514 17 18760333 
PRPSAP2;PRPSAP2;PRPSAP2;PRP

SAP2 
TSS1500;TSS1500;5'UTR;5'UTR 

cg24225455 -0.003067422 2 128350748 MYO7B Body 

cg05654925 0.003310855 1 10752632 CASZ1;CASZ1 Body;Body 

cg12742190 -0.002219575 8 134517748 ST3GAL1;ST3GAL1 5'UTR;5'UTR 

cg12426612 0.001830917 17 25905125 KSR1 Body 

cg11120684 0.000429509 6 90897267 BACH2;BACH2 5'UTR;5'UTR 

cg13092527 0.002632857 3 186242988     

cg20665157 0.002676971 7 121969421 CADPS2;CADPS2;CADPS2 Body;Body;Body 

cg12031809 0.004630854 5 132074036 KIF3A;KIF3A;KIF3A  TSS1500;TSS1500;TSS1500 

cg02493167 0.000230925 5 76935719 OTP TSS1500 
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cg23802768 -0.002251311 20 3741520 
C20orf27;C20orf27;C20orf27;C20or

f27 
5'UTR;5'UTR;5'UTR;Body 

cg02512212 -0.001678039 19 10464100 TYK2 Body 

cg12696780 -0.001261297 16 86884410     

cg04377324 -5.58E-05 6 46655795 TDRD6;TDRD6;TDRD6;TDRD6 1stExon;5'UTR;5'UTR;1stExon 

cg26117104 -0.000736076 20 31975140 

CDK5RAP1;CDK5RAP1;CDK5RA

P1;CDK5RAP1;CDK5RAP1;CDK5

RAP1;CDK5RAP1;CDK5RAP1;CD

K5RAP1;CDK5RAP1 

ExonBnd;ExonBnd;ExonBnd;Exon

Bnd;ExonBnd;Body;Body;Body;Bo

dy;Body 

cg06329606 0.000198644 10 102973678     

cg06408912 0.001906304 10 131567498     

cg10276834 -0.002690858 7 136575360 
CHRM2;CHRM2;CHRM2;CHRM2;

CHRM2;CHRM2;CHRM2;CHRM2 

5'UTR;5'UTR;5'UTR;5'UTR;5'UTR;

5'UTR;5'UTR;5'UTR 

cg10270037 -0.000250981 19 50789951 MYH14;MYH14;MYH14 Body;Body;Body 

cg12492496 0.000124892 19 18271859 PIK3R2 Body 

cg13054419 -0.000501624 13 31438929     

cg09860665 0.002855067 14 62002351 PRKCH Body 

cg23368159 -0.003822736 6 170768731     

cg12899747 -0.001400865 3 25391527     

cg23735405 -0.000144777 9 138341609     

cg08468913 0.001179645 3 122632352 SEMA5B Body 



164 

 

cg12934079 0.000712124 1 15527599 
TMEM51;TMEM51;TMEM51;TME

M51 
5'UTR;5'UTR;5'UTR;5'UTR 

cg08119252 -0.000283477 5 64482825 ADAMTS6 Body 

cg11813073 0.005737763 19 6481540 DENND1C Body 

cg22325186 -3.98E-05 12 133158791 FBRSL1 Body 

cg17223645 -0.00168829 10 465844 DIP2C Body 

cg11793977 0.002919338 6 168045662     

cg25956223 -0.001845911 11 130418248     

cg05643503 4.09E-05 1 3713094 LRRC47 TSS200 

cg06708789 0.000293402 16 86333959     

cg22412649 0.0033785 13 24736569 SPATA13;MIR2276;SPATA13 5'UTR;Body;5'UTR 

cg20755820 0.003487495 2 230578770 DNER Body 

cg15842366 -0.000101017 6 74364533 SLC17A5 TSS1500 

cg06030290 -0.00247237 16 66747163     

cg26319641 0.01128072 19 18807941 CRTC1;CRTC1 Body;Body 

cg26326160 0.000441885 20 41921081     

cg22025859 0.001665991 11 120800542 GRIK4;GRIK4;GRIK4 Body;Body;Body 

cg08785007 -0.008558021 19 56196667 EPN1;EPN1;EPN1 Body;Body;Body 

cg12462101 0.001451794 5 140937302 LOC100505658;DIAPH1;DIAPH1 TSS1500;Body;Body 

cg09929819 0.002040159 22 42311321     

cg14943796 -0.003590226 17 79377272 BAHCC1 Body 

cg24315855 -0.006069885 10 125686221     

cg25010500 -0.002291603 5 140619586 PCDHB19P TSS200 

cg19865748 -0.00145286 12 123187073 GPR109A 1stExon 

cg10064585 -0.001002342 8 142186995 DENND3 Body 

cg01913188 0.000636103 2 44223249 LRPPRC TSS200 

cg23121615 0.004420647 8 144176359     

cg00474031 0.007146517 8 133494101 KCNQ3 TSS1500 
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cg18638998 0.000326438 15 47656820 SEMA6D 5'UTR 

cg08801971 -0.001132724 2 148531301     

cg01027932 0.000116013 3 58344148 
PXK;PXK;PXK;PXK;PXK;PXK;PX

K 

5'UTR;5'UTR;Body;Body;Body;Bod

y;Body 

cg25507767 -0.004040121 7 138483143 TMEM213;ATP6V0A4;ATP6V0A4 Body;TSS1500;TSS1500 

cg02010152 0.000296275 6 32782617 HLA-DOB Body 

cg27535305 0.005378645 1 53392650 SCP2;SCP2 TSS1500;TSS1500 

cg27088038 0.000269843 14 92959927 SLC24A4;SLC24A4;SLC24A4 Body;Body;Body 

cg01378515 0.004273075 3 124773106 HEG1 Body 

cg18505959 -0.009486591 6 31670195 BAT5 Body 

cg16829244 0.000134012 10 134491593 INPP5A Body 

cg08791563 -0.000207117 2 66736054 MEIS1 Body 

cg14489205 -1.64E-05 1 165414701 RXRG;RXRG;RXRG TSS200;TSS200;TSS200 

cg06647001 0.003164975 20 23077908     

cg13727629 0.005778949 1 2232469 SKI Body 

cg08195842 -0.004104791 13 21278118 IL17D 5'UTR 

cg23149300 -0.004469265 10 36958940     

cg09351859 0.002055339 5 49962613 PARP8 TSS200 

cg21422742 0.000298083 20 18005014 OVOL2 3'UTR 

cg20274430 0.000413723 22 41075992 MCHR1 Body 

cg16386036 -0.001851206 3 196437942 CEP19;PIGX;PIGX 5'UTR;TSS1500;TSS1500 

cg02139293 0.002299627 2 119312574     

cg21190361 -0.001725211 9 34459060 DNAI1;C9orf25 Body;TSS1500 

cg19513207 0.001612468 3 142666476     

cg17584196 0.00304723 11 82445114 FAM181B TSS1500 

cg20249511 -0.000449846 1 58148920 DAB1 5'UTR 

cg24945657 0.00201394 17 43044484 C1QL1 Body 
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cg15833579 0.000756042 16 67679164 RLTPR 1stExon 

cg16967065 -0.000220358 2 88742161     

cg10890277 0.000936897 14 24950825 LOC101927045 Body 

cg24403959 0.003489274 11 46260412     

cg10497897 0.001008515 16 81875718 PLCG2 Body 

cg01265281 0.001468113 3 53881270 CHDH;IL17RB TSS1500;Body 

cg17594004 0.001012054 4 183247132 ODZ3 Body 

cg00816083 -0.000209426 14 52642761     

cg20094736 0.00119205 1 110590471 
STRIP1;STRIP1;STRIP1;STRIP1;S

TRIP1;STRIP1 

ExonBnd;ExonBnd;ExonBnd;Body;

Body;Body 

cg21953146 0.015027652 17 44061258 
MAPT;MAPT;MAPT;MAPT;MAP

T;MAPT 
Body;Body;Body;Body;Body;Body 

cg12780863 0.001868408 2 236817725 AGAP1;AGAP1 Body;Body 

cg05254922 0.00116708 10 76860057 
DUSP13;DUSP13;DUSP13;DUSP1

3 
TSS1500;3'UTR;Body;Body 

cg01846723 0.00099858 14 77924136 
AHSA1;VIPAS39;VIPAS39;VIPAS

39;VIPAS39;VIPAS39 

TSS1500;TSS200;TSS200;TSS200;

TSS200;TSS200 

cg02071825 0.001082332 17 56833096 PPM1E TSS200 

cg27588974 0.001033016 10 135164283 PRAP1;PRAP1 Body;Body 

cg17819168 -0.000299553 15 23807180     

cg08905567 0.000319471 14 76777176     

cg02002551 -1.33E-05 8 24772878 NEFM;NEFM 5'UTR;Body 

cg01414567 0.000941254 12 82204306     

cg04044936 -0.002281614 10 731292 DIP2C Body 

cg05082312 -0.003291342 17 47783458 SLC35B1;SLC35B1 Body;Body 
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cg20067471 0.001979896 6 32765281     

cg24630826 0.000829315 16 8755076     

cg08207707 0.007450009 11 124630919 ESAM Body 

cg18212762 0.014504714 11 64556654 MAP4K2 3'UTR 

cg12957817 -0.000908853 2 69253198 ANTXR1;ANTXR1;ANTXR1 Body;Body;Body 

cg06660976 0.001711813 16 86767566     

cg00577375 0.004882059 7 151458795 PRKAG2;PRKAG2 Body;Body 

cg04074153 -0.000234331 12 29568207     

cg14458315 0.008126274 9 101079307 GABBR2 Body 

cg11413657 0.000315821 1 29138434 OPRD1 TSS1500 

cg22438640 -0.000648734 6 29759543 HCG4;LOC554223;LOC554223 Body;TSS200;TSS200 

cg10651600 -0.000707591 8 57906543 IMPAD1 TSS200 

cg18165248 0.000595574 1 161087322 PFDN2;NIT1 Body;TSS1500 

cg18663670 -0.001910862 14 105931534 MTA1;MTA1;MTA1;MTA1  3'UTR;ExonBnd;ExonBnd;Body 

cg10821722 0.003911865 11 64571899 
MEN1;MEN1;MEN1;MEN1;MEN1

;MEN1;MAP4K2;MEN1 

Body;Body;Body;Body;Body;Body;

TSS1500;Body 

cg22446784 2.34E-05 15 89613560     

cg06470943 -0.000111844 1 40839093 SMAP2 TSS1500 

cg05194726 0.001192858 12 2944480 NRIP2 TSS1500 

cg00328720 -0.000289419 8 28562890 EXTL3 5'UTR 

cg10938600 -0.001538118 5 57137590     
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cg22804770 -0.001247801 12 2786316 

CACNA1C;CACNA1C;CACNA1C;

CACNA1C;CACNA1C;CACNA1C;

CACNA1C;CACNA1C;CACNA1C;

CACNA1C;CACNA1C;CACNA1C;

CACNA1C;CACNA1C;CACNA1C;

CACNA1C;CACNA1C;CACNA1C;

CACNA1C;CACNA1C;CACNA1C;

CACNA1C;CACNA1C 

Body;Body;Body;Body;Body;Body;

Body;Body;Body;Body;Body;Body;

Body;Body;Body;Body;Body;Body;

Body;Body;Body;Body;Body 

cg16538682 0.001214122 7 122083059 CADPS2;CADPS2;CADPS2 Body;Body;Body 

cg23436746 0.002491902 7 49815938 VWC2 Body 

cg20137415 -0.001073754 10 133945044 JAKMIP3 Body 

cg14180581 0.007484101 11 82746478 RAB30;RAB30;RAB30;RAB30 TSS1500;5'UTR;5'UTR;5'UTR 

cg04492769 -0.003174301 7 157314300     

cg17632777 -0.006914274 17 73402767 GRB2;GRB2 TSS1500;TSS1500 

cg12267016 5.91E-05 5 180645317     

cg05274172 0.002671865 2 120980565 TMEM185B;TMEM185B 5'UTR;1stExon 

cg13500354 0.007402405 6 168617491     

cg22370005 5.71E-06 7 89749098 DPY19L2P4 Body 
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cg17629264 0.001144985 22 51043395 MAPK8IP2;MAPK8IP2 Body;Body 

cg18189063 -0.00536481 19 49122916 RPL18;SPHK2 TSS1500;5'UTR 

cg10250355 0.000403002 22 43045158 CYB5R3 Body 

cg00907200 -0.000390983 2 239037422 ESPNL Body 

cg08246447 0.004090681 20 49232374 
MIR1302-

5;FAM65C;FAM65C;FAM65C 
TSS1500;Body;Body;Body 

cg09115423 -0.002456864 7 131243075     

cg09196863 -0.001030051 4 187014072     

cg13505691 0.001480552 21 43665609 
ABCG1;ABCG1;ABCG1;ABCG1;A

BCG1;ABCG1 
Body;Body;Body;Body;Body;Body 

cg27152128 -8.74E-05 7 5269245 WIPI2;WIPI2;WIPI2;WIPI2;WIPI2 Body;Body;Body;Body;Body 

cg01149154 -0.000551429 11 70858899 SHANK2 5'UTR 

cg18557149 -0.002145532 7 56515666 LOC650226 Body 

cg24299074 0.001509543 11 15133087 INSC TSS1500 

cg20739510 0.003638137 1 10534809 PEX14 TSS200 

cg27304020 0.001128844 6 28956327     

cg04368076 0.000795214 2 3776067     

cg26312463 -0.000856385 14 91224003 TTC7B Body 

cg01000953 -0.002567469 4 122386465     

cg25946681 0.007415109 12 120654588 PXN;PXN;PXN Body;Body;Body 

cg22913462 0.006286986 3 123135950 ADCY5;ADCY5 TSS1500;Body 

cg15336438 0.008531328 10 76993893 COMTD1 Body 

cg08167638 -2.46E-05 7 79281930     

cg06623390 0.008677564 22 37262766 NCF4;NCF4 Body;Body 

cg23193320 0.006347324 3 11608514 VGLL4;VGLL4;VGLL4;VGLL4  Body;Body;Body;Body 
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cg19541202 0.015453981 3 72391048     

cg27200949 0.000450925 1 65312353 JAK1 Body 

cg00615172 -0.00202015 22 20073233 
MIR1306;MIR3618;DGCR8;DGCR

8 
TSS1500;TSS200;5'UTR;5'UTR 

cg26944080 0.001483166 9 5321358     

cg22778145 7.03E-05 5 178054469 CLK4 TSS1500 

cg05067377 0.004136019 16 88330953     

cg17488353 0.001975843 2 241264786     

cg15496985 0.002411469 2 99771231 
LIPT1;LIPT1;TSGA10;LIPT1;LIPT

1;LIPT1;LIPT1;LIPT1 

TSS1500;TSS1500;TSS200;TSS200

;TSS200;TSS200;TSS200;TSS200 

cg10231675 0.004656686 12 2944493 NRIP2 TSS1500 

cg00764210 -0.000598715 1 202317663 
PPP1R12B;PPP1R12B;PPP1R12B;P

PP1R12B 
TSS200;TSS200;TSS200;TSS200 

cg12725240 0.001358233 19 56825874     

cg03211864 -9.99E-05 10 124060833 BTBD16 Body 

cg11460509 0.016201201 21 15445421     

cg00758961 0.001757513 4 9929384 SLC2A9;SLC2A9 Body;Body 

cg12998151 0.00058947 19 42776766 CIC Body 

cg02879453 0.002501392 16 50321818 ADCY7 TSS200 

cg00644416 0.007525414 13 114762257 RASA3 Body 

cg07603045 -0.001644913 7 98088550     

cg15599795 -8.99E-05 7 55545188 VOPP1 Body 

cg02629603 -0.000353846 2 241172209     

cg20674725 -0.003554394 3 47020919 NBEAL2 TSS1500 

cg12627844 -0.005589826 2 64245000 VPS54;VPS54 5'UTR;5'UTR 

cg18184092 0.008942247 1 8412759 RERE;RERE;RERE 3'UTR;3'UTR;3'UTR 

cg20236484 -0.000293141 8 95487561 RAD54B;RAD54B TSS1500;TSS1500 

cg22163856 0.00285047 3 126877786     
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cg16497828 -0.002984116 22 39053541 FAM227A;FAM227A;CBY1;CBY1 TSS1500;TSS1500;5'UTR;5'UTR 

cg19998012 0.000571001 10 118923959     

cg14497869 0.001001335 2 73297631 SFXN5 Body 

cg13574883 -0.004482825 7 1705861     

cg00986762 0.00096042 1 36107072 PSMB2;PSMB2 1stExon;5'UTR 

cg04008954 0.003024111 9 86154173 FRMD3;FRMD3 TSS1500;TSS1500 
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Table A3. CpGs present in selenoprotein genes (N=662). 

 

CpG 

cg04787675 cg26973714 cg18398505 cg02609127 cg25497959 cg11051022 cg01228352 

cg13394083 cg10548272 cg05057777 cg06564500 cg16229180 cg13303186 cg26918679 

cg16349585 cg06224613 cg04125099 cg19168575 cg07352544 cg07726808 cg16473116 

cg26749361 cg13750850 cg25867694 cg22221330 cg20454517 cg15341124 cg07022554 

cg08192891 cg01371233 cg15274047 cg02262247 cg06458732 cg06846055 ch.12.2061504F 

cg21582973 cg21039410 cg12457376 cg14947787 cg17517002 cg15065877 cg22799420 

cg05316612 cg14933812 cg25274376 cg20013563 cg10881887 cg00886598 cg22177364 

cg01633693 cg07953015 cg14975009 cg09060914 cg02459648 cg10572274 cg12397981 

cg24070636 cg23196538 cg22005145 cg01995821 cg14237894 cg09594698 cg01848457 

cg25713558 cg10781048 cg27564043 cg21071670 cg00584995 cg15079869 cg23876599 

cg16781205 cg24545927 cg17072503 cg04486485 cg09087777 cg06801544 cg10880599 

cg03132679 cg09418354 cg18050233 cg08355316 cg12598554 cg01952742 cg01810763 

cg20055940 cg06812356 cg12175949 cg10173182 cg10732871 cg03922340 cg06351425 

cg03750909 cg01355753 cg14201782 cg16336056 cg07798595 cg17832450 cg21504918 

cg06530725 cg15994744 cg27322371 cg09268480 cg17784863 cg25948075 cg23105185 

cg11581417 cg23931558 cg01664864 cg09841361 cg00905101 cg00946245 cg10621017 

cg17395064 cg11032634 cg20725915 cg15945047 cg25273343 cg01800262 cg23970189 

cg02403412 cg10775141 cg25081135 cg07981822 cg15900980 cg00217795 cg07366553 

cg08388882 cg03275274 cg22917209 cg01084722 cg09884423 cg05343289 cg04482075 

cg15364335 cg07955370 cg07227926 cg17810098 cg23354716 cg03196381 cg07274523 

cg04201367 cg19964470 cg04623955 cg02040083 cg13335813 cg27194081 cg16814023 

cg07790947 cg04779597 cg20635595 cg04972384 cg08212821 cg07031794 cg18105279 

cg08575697 cg12603582 cg20485042 cg13081720 cg21007213 cg11133495 cg26155983 

cg24164157 cg17820459 cg14802400 cg08825848 cg25540845 cg00401233 cg20711382 

cg19722698 cg27205904 cg17465939 cg21187265 cg21736108 cg13652556 cg25380400 

cg10253022 cg25504086 cg05546013 cg15459780 cg10202693 cg18506744 cg02991995 

cg18642234 cg17476193 cg09255748 cg02576601 cg12684668 cg20294640 cg10472244 

cg05125558 cg21234561 cg19401969 cg12427404 cg02759005 cg14894245 cg18097850 

cg02793507 cg22522875 cg13704930 cg05055782 cg21226225 cg21536925 cg15886728 

cg21704228 cg10131972 cg00107488 cg04736260 cg09633209 cg09790614 cg24860215 

cg21361322 cg00529946 cg13458720 cg13470658 cg26638444 cg15238382 cg15102118 

cg13285934 cg03010761 cg03101178 cg23766094 cg08065092 cg20245822 cg18890830 

cg16674006 cg09477407 cg01414357 cg01169008 cg22039275 cg06673170 cg04045549 
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cg16254394 cg24011261 cg03205258 cg25229856 cg20764656 cg22688428 cg04446470 

cg20928447 cg01693026 cg25684105 cg07793095 cg21985120 cg26410840 cg22272956 

cg21081852 cg08620606 cg16372648 cg06446550 cg01315323 cg01160309 cg17603758 

cg18234441 cg12225910 cg04928147 cg27255659 cg12452539 cg23127183 cg21604347 

cg13033972 cg12166806 cg25026091 cg21342437 cg18633684 cg16461485 cg26448962 

cg07827280 cg09005221 cg01840860 cg25278660 cg16715692 cg15899461 cg15489541 

cg04792949 cg02996602 cg11168694 cg04284661 cg08306602 cg19526600 cg15584435 

cg25561409 cg07450086 cg16456252 cg02536588 cg03721993 cg17813801 cg09973852 

cg08721513 cg02287710 cg18301891 cg11855061 cg01459453 cg24535312 cg18263852 

cg10025908 cg12742294 cg15415160 cg00196810 cg16919420 cg21314813 cg21174533 

cg11388006 cg02840615 cg20036405 cg10242862 cg17453374 cg09914675 cg20932440 

cg18586919 cg23211275 cg07388468 cg01914785 cg08712129 cg06648156 cg14058998 

cg22325330 cg20791839 cg06761303 cg16745967 cg20971927 cg23268677 cg14704270 

cg25149023 cg07193553 cg17455591 cg03166323 cg11854392 cg13844922 cg00328051 

cg17600680 cg20204634 cg08592897 cg21839284 cg11597332 cg13728275 cg14351034 

cg26697065 cg06942979 cg11712482 cg05045161 cg19671026 cg21661138 cg25102759 

cg18849169 cg25355226 cg20748537 cg27181554 cg01613691 cg01044961 cg18303019 

cg05921260 cg05176667 cg19976011 cg02269049 cg23384886 cg06860277 cg05154833 

cg20560169 cg16238523 cg02966415 cg03993166 cg02758552 cg00741900 cg04806177 

cg08310728 cg22653982 cg14389081 cg07650554 cg21402062 cg17024526 cg24557301 

cg09704223 cg26823989 cg08869857 cg14471244 cg24088042 cg03504384 cg25237118 

cg02340615 cg27399558 cg07574241 cg02751228 cg13126530 cg01012273 cg24601055 

cg17167832 cg03135598 cg07294774 cg01366958 cg06010923 cg15156836 cg11988308 

cg13473117 cg21874862 cg14665147 cg26394781 cg05704833 cg20112040 cg19638406 

cg19401643 cg01453732 cg14826516 cg25934700 cg09043524 cg25310824 cg21651356 

cg08314408 cg02010047 cg02141631 cg21488132 cg19516235 cg20837278 cg05887270 

cg06807055 cg00745520 cg27306787 cg10330576 cg13419700 cg21516478 cg05551922 

cg26241404 cg10372721 cg14142965 cg10325694 cg02580969 cg00832928 cg09063111 

cg24613794 cg24997442 cg13745182 cg21858255 cg01588546 cg06290817 cg25245684 

cg11109721 cg03442372 cg10008137 cg24599709 cg24402755 cg25162473 cg22709144 

cg27614432 cg06876878 cg09163259 cg09643186 cg15153049 cg23732836 
 

cg23765201 cg15926585 cg23122901 cg25118511 cg20145573 cg09091206 
 

cg08129848 cg02011912 cg24754507 cg17734802 cg26547124 cg02714710 
 

cg11659394 cg18580327 cg00397585 cg01016546 cg13784611 cg02304377 
 

cg04753786 cg15834517 cg23036171 cg19217571 cg13218224 cg21844881 
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cg07019740 cg09017242 cg17327217 cg19677550 cg06587806 cg25653103 
 

cg24899205 cg07073234 cg20215900 cg01035107 cg22820354 cg20923245 
 

cg27026942 cg01857475 cg03886898 cg05555633 cg09441348 cg17544838 
 

cg01057705 cg18221786 cg06441533 cg04818710 cg11182965 cg14573826 
 

cg19500056 cg06429434 cg27106726 cg10485410 cg18804615 cg04825044 
 

cg01794929 cg13082349 cg22689737 cg27106191 cg19830534 cg08571743 
 

cg08183125 cg24361256 cg16627309 cg26129759 cg11162637 cg12282846 
 

cg01555151 cg27045871 cg14073390 cg12042711 cg07725185 cg17812013 
 

cg20786367 cg02014799 cg25494814 cg10822718 cg08881178 cg04857037 
 

cg12214972 cg25605195 cg19252424 cg14249212 cg10373676 cg02490185 
 

cg06832042 cg09191574 cg05474605 cg18053954 cg05569280 cg18697348 
 

cg02205072 cg01085461 cg22595719 cg13777902 cg19577984 cg07401063 
 

cg12749636 cg08539067 cg00588621 cg06352924 cg09392819 cg08875078 
 

cg16724196 cg14784293 cg13612480 cg08910793 cg17002133 cg14029940 
 

cg01256865 cg14752429 cg24677278 cg02476533 cg01427641 cg10590512 
 

cg19512730 cg05192898 cg05578030 cg05247426 cg09180629 cg12562967 
 

cg27090284 cg24783234 cg10201084 cg19502457 cg11577646 cg10092241 
 

cg14198560 cg14682345 cg15156712 cg08429214 cg01334665 cg13229026 
 

cg03448193 cg00465975 cg03649834 cg11936313 cg13402594 cg12160147 
 

cg03331715 cg16360659 cg04400940 cg05292016 cg01378878 cg22296244 
 

cg10646189 cg00762185 cg23525358 cg10802379 cg25451937 cg13454225 
 

cg12362726 cg11138005 cg00502555 cg06605958 cg08626131 cg21581267 
 

cg07052524 cg08711118 cg10514751 cg07842593 cg22961275 cg26610681 
 

cg18061485 cg04903600 cg25497850 cg02840823 cg08667244 cg03817911 
 

cg24547396 cg19235994 cg19216490 cg01086389 cg03972213 cg20401162 
 

cg15184308 cg04502814 cg00349736 cg00963029 cg14284699 cg09615017 
 

cg15647029 cg21787567 cg07023226 cg05000987 cg00232044 cg27124296 
 

cg27616378 cg15581906 cg11614212 cg17557552 cg03138242 cg09149541 
 

cg10877524 cg14290287 cg09439497 cg03096705 cg11740027 cg11396791 
 

cg26614816 cg23201817 cg23331664 cg07699362 cg19873631 cg04124697 
 

cg24993400 cg12238441 cg00452257 cg05065230 cg16956840 cg26395285 
 

 
cg14821083 cg01933276 cg21368484 cg08891071 cg16826960 
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7.1 Abstract 

Chronic lead exposure is associated with both subclinical and clinical cardiovascular 

disease. We evaluated if declines in blood lead were associated with changes in systolic and 

diastolic blood pressure in adult American Indian participants from the Strong Heart Family 

Study (SHFS). Lead in whole blood was measured in 285 SHFS participants in 1997-1999 and 

2006-2009. Blood pressure and measures of cardiac geometry and functioning were obtained in 

2001-2003 and 2006-2009. We used generalized estimating equations to evaluate the association 

of declines in blood lead with changes in blood pressure; cardiac functioning and geometry 

measures were considered secondary. Mean blood lead was 2.04 µg/dL at baseline. After 

approximately 10 years, mean decline in blood lead was 0.67 µg/dL. In fully adjusted models, 

the mean difference in systolic blood pressure comparing the highest to lowest tertile of decline 

(>0.91 vs. <0.27 µg/dL) in blood lead was -7.08 mmHg (95% CI -13.16, -1.00). A significant 

non-linear association between declines in blood lead and declines in systolic blood pressure was 

detected, with significant linear associations where blood lead decline was 0.1 µg/dL or higher. 

Declines in blood lead were non-significantly associated with declines in diastolic blood 

pressure, and significantly associated with declines in interventricular septum thickness. Declines 

in blood lead levels in American Indian adults, even when small (0.1-1.0 µg/dL), were associated 

with reductions in systolic blood pressure. These findings suggest the need to further study the 

cardiovascular impacts of reducing lead exposures and the importance of lead exposure 

prevention. 

7.2 Introduction  

 Changes in U.S. regulatory and public health policies, including banning lead in 

gasoline, residential paint, plumbing components, and food cans, as well as regulating lead in 
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public drinking water and air emissions, have reduced lead exposures nationwide28,436. As a 

result, adult and child blood lead levels have decreased substantially, although lead remains 

ubiquitous in the U.S. and major racial/ethnic inequities in lead exposure persist437-440. 

Lead is an independent risk factor for cardiovascular disease48,51,340,341. In the National 

Health and Nutrition Examination Survey (NHANES), declines in blood lead levels in the U.S. 

population over several decades were associated with subsequent reductions in cardiovascular 

disease mortality341. Experimental models and epidemiologic studies also support the causal 

association of lead with higher blood pressure, through oxidative stress, altered vascular 

reactivity, angiotensin system dysfunction, and vasomodulator imbalance150,334,335. Lead 

exposure has also been associated with measures of left ventricular functioning and structure, 

including left ventricular hypertrophy, independent of blood pressure51,441. Most studies on the 

associations of lead exposure with blood pressure and left ventricular functioning and structure 

have been conducted at high blood lead levels (>20 µg/dL), and epidemiologic evidence at 

currently low blood lead levels (<3 µg/dL) is limited150.  

American Indian (AI) communities experience both a higher prevalance of cardiovascular 

disease and elevated chronic metal exposures compared to the general U.S. population69,75. The 

Strong Heart Study (SHS) and the Strong Heart Family Study (SHFS, its family-based cohort 

extension) are the largest epidemiologic cohorts of AI adults followed specifically to study 

cardiovascular disease. Using blood lead data available in a subset of SHFS participants from 

two study visits occurring from 1997-1999 and 2006-2009343, we recently estimated that mean 

within-person blood lead declined by 23% over this period (mean 2.5% yearly decline)442, 

similar to population-level declines estimated in NHANES. These data provide the opportunity 

to evaluate short-term changes in blood pressure and left ventricular functioning and structure in 
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relation to declines in blood lead levels. If present, short-term cardiovascular benefits of reduced 

lead exposure could explain at least part of the long-term benefit on cardiovascular mortality 

observed in NHANES341.  

Our primary objective was to evaluate if declines in blood lead concentrations, even at 

low levels, were associated with changes in systolic and diastolic blood pressure, and 

secondarily, metrics of cardiac geometry and functioning over time in the SHFS. Our primary 

outcomes were changes in systolic and diastolic blood pressure, with secondary analyses 

considering metrics of cardiac geometry and functioning measured via transthoracic 

echocardiograms. We hypothesized that declines in blood lead would be associated with declines 

in both systolic and diastolic blood pressure over time, and with improvements in measures of 

cardiac geometry and function.  

 

7.3 Methods 

7.3.1 Study population 

The data underlying this article cannot be shared publicly in an unrestricted manner due 

to limitations in the consent forms and in the agreements between the Strong Heart Study tribal 

communities and the Strong Heart Study investigators. The data can be shared to external 

investigators following the procedures established by the Strong Heart Study, available at 

https://strongheartstudy.org/. The SHS is an ongoing, prospective, population-based cohort of 

4,549 AI adults from more than ten tribes and communities in Arizona, Oklahoma, North 

Dakota, and South Dakota, originally developed to evaluate cardiovascular disease and its risk 

factors. All adults 45–74 years of age at baseline were invited to participate in the Phase 1 

baseline exam (1989-1991) 72,75. The participation rate was 62%307. Participants were re-

https://strongheartstudy.org/
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evaluated at Phase 2 (1993-1995) and Phase 3 (1997-1999) study visits. To extend the SHS into 

a multigenerational cohort derived from the original SHS families, the SHFS was initiated with a 

pilot study conducted during SHS Phase 3 (1997-1999) and re-evaluated at Phase 4 (2001-2003) 

and Phase 5 (2006-2009). Families were eligible if they had a core sibship consisting of 3 

original SHS participants and at least 5 additional living family members269. Additional SHS 

cohort family members 15 years of age and older were enrolled during the first exclusively 

SHFS visit at Phase 4 (2001-2003). The SHS protocol was approved by institutional review 

boards (IRBs), participating tribes, and the respective area Indian Health Service IRBs. All 

participants provided informed consent. This analysis used the STROBE cohort reporting 

guidelines308. 

In our current analysis, participants were eligible for inclusion if they had whole blood 

samples available during both Phase 3 and Phase 5 visits. In a sub-study funded by a National 

Institute for Environmental Health Sciences pilot award at Columbia University, 150 participants 

with whole blood samples collected at both Phase 3 and Phase 5 were selected via blocked 

random sampling to ensure an approximately equal number of male and female participants from 

each study center. Because the remaining blood sample volume was inadequate for 25 samples 

collected during Phase 3, only 125 of these 150 participants had blood lead measured in whole 

blood at Phase 3. For an additional sub-study conducted by the Centers for Disease Control / 

Agency for Toxic Substances and Disease Registry (CDC/ATSDR), 2,014 participants with 

sufficient volume of blood sample available at Phase 3 were selected to study blood metals and 

cardiovascular disease. Among those, 176 participants also had blood samples with sufficient 

quantity at Phase 5. We combined participants from both sub-studies (N=125 and N=176, with 

16 overlapping participants who were included in both sub-studies), for a total of 285 
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participants with blood lead measurements from both Phase 3 and Phase 5 for the current 

analysis. The 16 participants with blood metals measured by both sub-studies allowed for direct 

measurement comparisons between both participating laboratories (i.e., the Columbia University 

Trace Metals Core Laboratory and CDC’s National Center for Environmental Health 

Laboratory).  

7.3.2 Blood lead measurements 

In both sub-studies, whole blood samples from Phase 3 and Phase 5 were shipped from 

Medstar Health Research Institute in Hyattsville, MD on dry ice to the respective laboratory, 

where samples were stored at -70 ºC to -80 ºC before analysis. Blood lead was measured at the 

Columbia University Laboratory using inductively coupled plasma-mass spectrometry with 

dynamic reaction cell (ICP-MS-DRC) and at the CDC laboratory using inductively coupled 

plasma triple quadrupole mass spectrometry (ICP-QQQ-MS)343,344. The limit of detection was 

0.04 µg/dL at the Columbia University Laboratory and 0.049 µg/dL at the CDC laboratory, and 

no values were measured below the limit of detection at either laboratory. Using blood metal 

measurements for a total of 32 samples included in both sub-studies (N=16 participants), we 

evaluated agreement in measured blood lead concentrations between the two laboratories using 

linear regression, scatterplots, and Bland-Altman plots (Tukey mean difference). We found no 

evidence of systematic differences between the two laboratories (Bland Altman bias = 0.02 (95% 

CI: -0.16, 0.20), regression coefficient 1.05 (95% CI: 0.87, 1.23) (Figure A1 and Figure A2) 

and proceeded by pooling all blood lead measurements together.  

7.3.3 Blood pressure measures 

 Centrally trained SHS nurses and medical assistants measured systolic and diastolic 

blood pressure (mmHg) during physical examinations, as previously described75,269. Specifically, 
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three consecutive measurements of blood pressure (systolic and diastolic) were performed on 

seated participants after 5 minutes rest75. Measurements were taken on each participant’s right 

arm with a mercury sphygmomanometer. The mean of the last two measurements was used to 

estimate systolic and diastolic blood pressures. Various quality control measures were 

performed, including repeated measures, observation of data collection by supervisors, 

simultaneous Y-tube observation by each technician, and a sphygmomanometer maintenance 

program75. Further, the Strong Heart Study Coordinating Center reviewed blood pressure data 

and compare blood pressure measures across technicians and study centers. We defined 

hypertension as systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, or 

reported use of antihypertensive medication.  

7.3.4 Echocardiographic measures of cardiac geometry and functioning 

Expert sonographers performed transthoracic echocardiograms on participants during the 

Phase 4 and Phase 5 study visits, according to standardized and previously described methods309. 

Briefly, echocardiograms were reviewed by two readers and approximately 97% of 

echocardiograms were finally interpreted by a single highly experienced investigator as 

recommended by the American Society of Echocardiography310. Cardiac geometry and 

functioning were assessed by phased-array echocardiographs with M-mode, 2-dimensional and 

Doppler capabilities. At least 10 consecutive beats of 2-dimensional and M-mode recordings of 

cardiac geometry parameters were recorded in the parasternal acoustic window at or just below 

the tips of the mitral leaflets in both long and short-axis views. We used the following 

parameters of cardiac geometry at the end of diastole: left ventricular (LV) internal diameter, and 

in systole: interventricular septum, LV posterior wall thickness, and relative wall thickness. LV 

mass was calculated by a necropsy-validated formula and normalized for body surface area311,312. 
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Ejection fraction (calculated from LV linear dimensions313) was used to assess left 

ventricular systolic function. We used the following parameters of cardiac diastolic function: 

transmitral early (E) and late (A) filling velocities (measured at the annular level), and early peak 

rapid filling velocity to peak atrial filling velocity (measured as the E/A ratio). Because of the 

small sample size, we did not assess categorical or binary outcomes (e.g., LV hypertrophy, 

hypertension, etc.). 

7.3.5 Other variables 

Centrally trained SHS nurses and medical assistants collected participant information 

from a standardized interview, physical examination, medication review, and biospecimen 

collection at each study visit. The measurements, protocols, central trainings, and operating 

procedures did not differ across study visits and were collected under a standardized 

methodology75. Sociodemographic and lifestyle information was collected from standardized 

SHS questionnaires, including age, sex, years of schooling/education, whether household income 

met needs (“yes”/ “no” / “unsure”), exposure to secondhand smoke (hours per week), smoking 

status (never/ former/ current), and alcohol drinking status (never/ former/ current). Never 

smoking was defined as reporting never smoking regularly, or never smoking more than 100 

cigarettes in lifetime; former smoking was defined as smoking at least 100 cigarettes in lifetime, 

but not smoking currently; current smoking was defined as smoking at least 100 cigarettes in 

lifetime and currently smoking. Never drinking was defined as never consuming alcoholic 

beverages; former drinking was defined as previously consuming alcoholic beverages, but not 

within the past 12 months; current drinking was defined as having consumed an alcoholic 

beverage in the past 12 months.  

Detailed methods on the collection of anthropometric measurements and biospecimens 
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(e.g., blood, urine), and the laboratory measurements of relevant biomarkers in biospecimens 

have been described previously75,269. We calculated estimated glomerular filtration rate (eGFR) 

using age, sex, and urinary creatinine (mg/dL) via the 2009 Chronic Kidney Disease – 

Epidemiology Collaboration formula (CKD-Epi)315. We defined dyslipidemia as total cholesterol 

≥ 200 mg/dL, low density lipoprotein ≥ 130 mg/dL, high density lipoprotein ≤ 40 mg/dL, total 

triglycerides ≥ 150 mg/dL, or reported use of lipid lowering medication. Impaired fasting 

glucose was defined as fasting blood glucose ≥ 100 and <126 mg/dL; normal fasting glucose was 

defined as fasting blood glucose <100 mg/dL. Hypertension treatment was defined as taking 

antihypertensive drugs, diuretics, beta-blockers, or cardiac or vasodilators, AND having a 

recorded history of hypertension. 

7.3.6 Statistical analysis 

 All analyses were conducted in R version 4.1.1. The decline in blood lead concentrations 

(Phase 5 blood lead concentration minus Phase 3 blood lead concentration) was normally 

distributed and modeled in the original scale (Figure A3). We first compared baseline (Phase 3) 

participant characteristics overall and stratified by tertile of decline in blood lead. We then 

calculated the Spearman correlation coefficients between decline in blood lead (from Phase 3 to 

Phase 5) and change in systolic blood pressure, diastolic blood pressure, and other metrics of 

cardiac geometry and functioning (from Phase 4 to Phase 5). We next evaluated the mean change 

in systolic blood pressure and other metrics of cardiac geometry and functioning per decline in 

blood lead concentration corresponding to the interquartile range (0.94 µg/dL) in linear 

generalized estimating equation (GEE) models to account for the clustering of participants within 

families. All model adjustment variables were measured at Phase 3 (baseline) except education 

measured at Phase 4. Model 1 was adjusted for age, sex, study center, body mass index, and 



184 

 

education (<12 years /≥ 12 years). Model 2 was further adjusted for smoking status 

(never/former/current) and eGFR. Model 3 (the main model of interest) was further adjusted for 

baseline antihypertensive medication and systolic blood pressure (in models evaluating the 

change in diastolic blood pressure, we instead adjusted for baseline diastolic blood pressure). 

Finally, Model 4 further adjusted for fasting glucose (continuous) and dyslipidemia (yes/no). To 

evaluate the potential dose response relationship, we repeated these analyses evaluating the mean 

change in outcomes across tertiles of decline in blood lead (with the first tertile as the reference) 

using GEE models. Finally, we used flexible natural cubic spline models to evaluate potential 

nonlinearity in the associations between decline in blood lead and blood pressure, cardiac 

geometry, and cardiac functioning. We included knots at the 50th (0.53 µg/dL) and 90th (1.87 

µg/dL) percentiles of the decline in blood lead distribution, and set the reference to the 10th 

percentile (-0.43 µg/dL).  

To further evaluate the impact of interlaboratory measurement agreement on our findings, 

we repeated our analysis of the mean difference in systolic and diastolic blood pressure per 

decline in blood lead corresponding to the interquartile range, restricted to blood lead 

measurements taken at Columbia University (N=125). We also repeated our flexible spline 

analyses evaluating the change in systolic and diastolic blood pressure measured from Phase 3 to 

Phase 5 (rather than from Phase 4 to Phase 5). We did not perform stratified subgroup analyses 

given the small sample size and exploratory nature of the sub-studies. 

 

7.4 Results 

A total of 285 participants had blood lead measured at both Phase 3 and Phase 5 and were 

included in our analyses. Participants included in our analytic sample were similar to the all 
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participants at Phase 3 by sex (60.5% female versus 59.6% female), systolic blood pressure 

(mean 127.3 mmHg versus 124.9 mmHg), BMI (mean 30.8 kg/m2 versus 31.9 kg/m2), and 

smoking status (33.5% current smokers versus 34.5% current smokers). The mean (SD) age of 

participants was 51.5 (16.3) years and all participants were >18 years old at Phase 3. Participant 

characteristics overall and stratified by tertile of decline in blood lead are presented in Table 1. 

For all participants, mean blood lead was 2.04 µg/dL at Phase 3 (baseline). Mean baseline blood 

lead concentrations were 1.33 µg/dL for participants in the lowest tertile of decline in blood lead 

and 3.21 µg/dL for participants in the highest tertile of decline in blood lead. Changes in blood 

lead from Phase 3 to Phase 5 ranged from a decline of 7.58 µg/dL (reported as a decline of 7.58 

µg/dL) to an increase of 5.26 µg/dL (reported as a decline of -5.26 µg/dL, i.e., an increase in 

blood lead). Those in the highest tertile of decline in blood lead (> 0.91 µg/dL) experienced a 

mean decline of 1.78 µg/dL over time. At baseline, 32.9% of participants (n=93) had 

hypertension. Participants in the highest tertile of decline in blood lead were more likely to be 

male, less likely to have hypertension at baseline, and had lower fasting glucose levels at 

baseline. The Spearman correlation between decline in blood lead and change in outcomes was 

statistically significant for the change in systolic blood pressure (rho = -0.12, p<0.05) (Figure 

A4, Figure A5).  
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Table 1. Participant characteristics at Phase 3 (1997-1999), stratified by tertile of decline in 

blood lead (µg/dL) from Phase 3 (1997-1999) to Phase 5 (2006-2009) (N=285). Tertile 1 

represents the smallest blood lead decline (<0.27 µg/dL decline), and tertile 3 represents the 

largest blood lead decline (>0.91 µg/dL decline). Negative values of the decline in blood lead 

represent increases in blood lead over time. 

 

 
 
*Assessed at Phase 4 

List of abbreviations: hrs = hours; egfr = estimated glomerular filtration rate; CDK-Epi = Chronic Kidney Disease -

Epidemiology Collaboration.  
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Declines in blood lead from Phase 3 to Phase 5 were associated with declines in systolic 

blood pressure from Phase 4 to Phase 5 (Table 2). In Model 3, the mean difference in the change 

in systolic blood pressure comparing participants in the highest tertile of decline in blood lead 

(>0.91 µg/dL) to those in the lowest tertile (reference) of decline in blood lead (<0.27 µg/dL) 

was -7.08 mmHg (95% CI -13.16, -1.00). The magnitude of this effect estimate slightly 

increased after further adjustment for baseline fasting glucose and dyslipidemia, although this 

change was not statistically significant (Model 4, mean difference -8.17 mmHg, 95% CI -14.59, -

1.75). In linear models, a decline in blood lead corresponding to the interquartile range (0.94 

µg/dL) was associated with a non-significant mean change in systolic blood pressure of -2.15 

mmHg (95% CI -4.45, 0.15) (Model 3). However, declines in blood lead were not linearly 

associated with mean difference in systolic and diastolic blood pressure in flexible cubic spline 

models (Figure 1). There was no evidence of an association when there was no decline and 

associations became apparent when declines in blood lead exceeded 0.1 µg/dL. Similar to our 

findings from tertile models, the association between decline in blood lead and the mean 

difference in systolic blood pressure was statistically significant and apparent in flexible spline 

models when declines in blood lead were greater than 0.1 µg/dL. Flexible splines modelling 

decreases in blood lead and changes in diastolic pressure followed similar trends as for systolic 

blood pressure, but were not statistically significant. In sensitivity analyses restricted to blood 

lead measurements made at the Columbia University Laboratory, effect estimates were similar to 

those in our main analysis (Table A1). Associations were attenuated in sensitivity analyses 

considering changes in systolic blood pressure from Phase 3 - Phase 5, potentially reflecting 

differences in the half-life of lead in bone (decades) versus blood (months), and the significant 

contribution of bone lead to blood lead levels (Figure A6). While declines in blood lead reflect 
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declines in recent/ongoing exposures, declines in bone lead reflect declines in total body burden 

of lead, which may be more relevant for blood pressure. Changes in both blood lead and blood 

pressure outcomes across Phase 3 and Phase 5 relative to Phase 3 concentrations are depicted in 

Figures A7-A9. In sensitivity analyses restricted to participants without hypertension at baseline 

(n=192) and without adjustment for baseline hypertension treatment, we observed similar effect 

estimates of the association between declines in blood lead and changes in both systolic and 

diastolic blood pressure, although associations were not statistically significant (Table A2). In 

sensitivity analyses adjusting for income needs measured at baseline (n=154), we observed 

stronger effect estimates of the association between declines in blood lead and changes in both 

systolic and diastolic blood pressure, although sample size was limited (Table A3). In sensitivity 

analyses removing those with declines/increases in lead values > 4 µg/dL (n=274), effect 

estimates of the association between declines in blood lead and changes in both systolic and 

diastolic blood pressure were similar to the main model (Table A4). In a sensitivity analysis we 

added 10 mmHg to systolic blood pressure values and 5 mmHg to diastolic blood pressure values 

for those receiving hypertension treatment, as a way to correct for their lower levels because of 

treatment, following the approach of Balakrishnan et al 2017443 (Table A5). The strength and 

direction of relationships between changes in lead and blood pressure outcomes were similar to 

those observed in main models. 

Flexible spline models of the mean difference in other metrics of cardiac functioning and 

geometry per decline in blood lead are presented in Figure 2 and Figure 3. Declines in blood 

lead were significantly associated with decreases in interventricular septum thickness (Figure 2). 

Declines in blood lead were also associated with increases in transmitral early filing velocity (E-

velocity, Figure 3), but only at the highest ends of the decline in blood lead distribution where 
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the sample size was very small.  

Table 2. Mean difference in the change in systolic and diastolic blood pressure (mmHg) from 

Phase 4 (2001-2003) to Phase 5 (2006-2009) across tertiles of blood lead decline from Phase 3 

(1997-1999) to Phase 5 (2006-2009) and by decline in blood lead corresponding to the 

interquartile range (IQR) (N= 278). Negative values represent declines in blood pressure. Tertile 1 represents 

the smallest blood lead decline, and tertile 3 represents the largest blood lead decline. Model 1 was adjusted for sex, 

age, center, body mass index, and education (<12 years/ ≥ 12 years). Model 2 was further adjusted for smoking 

status (never/former/current) and estimated glomerular filtration rate (calculated via the Chronic Kidney Disease -

Epidemiology Collaboration formula). Model 3 was further adjusted for hypertension treatment/medication and 

baseline systolic blood pressure. Model 4 was further adjusted for fasting glucose and dyslipidemia. All model 

adjustment variables were measured at Phase 3 (baseline) except for education measured at Phase 4. Model 3 and 

Model 4 considering diastolic blood pressure adjusted for diastolic blood pressure at baseline instead of systolic 

blood pressure. List of abbreviations: sbp = systolic blood pressure; dbp = diastolic blood pressure. 

 
 Tertile 1 

<0.27 µg/dL 

Tertile 2 

0.27ï0.91 µg/dL 

Tertile 3 

>0.91 µg/dL 

Per IQR decrease 

(0.94 µg/dL) 

Systolic blood pressure (SBP) 

Model 1 reference 
-2.13 (-7.00, 2.74) -6.65 (-12.51, -

0.79) 

-2.00 (-4.11, 0.12) 

Model 2 reference 
-1.78 (-6.68, 3.11) -6.44 (-12.30, -

0.58) 

-2.07 (-4.25, 0.11) 

Model 3 reference 
-2.51 (-7.38, 2.35) -7.08 (-13.16, -

1.00) 

-2.15 (-4.45, 0.15) 

Model 4 reference 
-2.48 (-7.66, 2.70) -8.17 (-14.59, -

1.75) 

-2.28 (-4.72, 0.16) 

Diastolic blood pressure (DBP) 

Model 1 reference 1.11 (-1.82, 4.04) -1.06 (-4.15, 2.04) -0.51 (-1.41, 0.39) 

Model 2 reference 1.35 (-1.58, 4.28) -0.97 (-4.10, 2.16) -0.62 (-1.60, 0.36) 

Model 3 reference 1.51 (-1.46, 4.49) -0.86 (-4.03, 2.31) -0.59 (-1.59, 0.42) 

Model 4 reference 0.95 (-2.18, 4.08) -1.87 (-5.38, 1.64) -0.82 (-1.94, 0.31) 
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Figure 1. Restricted cubic spline models of the mean difference in the change in systolic and 

diastolic blood pressure (mmHg) from Phase 4 (2001-2003) to Phase 5 (2006-2009) by declines 

in blood lead from Phase 3 (1997-1999) to Phase 5 (2006-2009) (N= 278). Negative values represent 

declines in blood pressure. Analysis was restricted to N=278 participants without missing covariate data. Models are 

adjusted for sex, age, study center, body mass index, education (<12 years/≥ 12 years), smoking status 

(never/former/current), estimated glomerular filtration rate (calculated via the Chronic Kidney Disease -

Epidemiology Collaboration formula), hypertension medication/treatment, and baseline systolic blood pressure. All 

model adjustment variables were measured at Phase 3 (baseline) except for education measured at Phase 4. The 

reference is set to the 10th percentile of the change in decline in blood lead distribution (-0.43 µg/dL), with knots at 

the 50th and 90th percentiles. Diastolic blood pressure models adjusted for diastolic blood pressure at baseline instead 

of systolic blood pressure. 

 

Figure 2. Restricted cubic spline models of the mean difference in the change in cardiac 

geometry measures from Phase 4 (2001-2003) to Phase 5 (2006-2009) by declines in blood lead 

from Phase 3 (1997-1999) to Phase 5 (2006-2009) (N= 278). Models are adjusted for sex, age, study 

center, body mass index, education (<12 years/≥ 12 years), smoking status (never/former/current), estimated 

glomerular filtration rate (calculated via the Chronic Kidney Disease -Epidemiology Collaboration formula), 

hypertension medication/treatment, and baseline systolic blood pressure. All model adjustment variables were 

measured at Phase 3 (baseline) except for education measured at Phase 4. The reference is set to the 10th percentile 

of the change in blood lead distribution (-0.43 µg/dL), with knots at the 50th and 90th percentiles.  

List of abbreviations: LV = left ventricular; Pb = lead. 
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Figure 3. Restricted cubic spline models of the mean difference in the change in cardiac 

functioning measures from Phase 4 (2001-2003) to Phase 5 (2006-2009) by declines in blood 

lead from Phase 3 (1997-1999) to Phase 5 (2006-2009) (N= 278). Models are adjusted for sex, age, 

study center, body mass index, education (<12 years/≥ 12 years), smoking status (never/former/current), estimated 

glomerular filtration rate (calculated via the Chronic Kidney Disease -Epidemiology Collaboration formula), 

hypertension medication/treatment, and baseline systolic blood pressure. All model adjustment variables were 

measured at Phase 3 (baseline). The reference is set to the 10th percentile of the change in blood lead distribution (-

0.43 µg/dL), with knots at the 50th and 90th percentiles. List of abbreviations: MAE = E-velocity (cm/s). MAA = A-

velocity (cm/s). MAEA =E/A ratio. Pb = lead. 
 

 
 

 

7.5 Discussion 

 This study evaluates the impact of blood lead declines over time on blood pressure and 

measures of left ventricular geometry and function. It is one of the few longitudinal studies of 

changes in blood pressure related to declines in low levels of blood lead. Declines in blood lead 

in this sample of adults from the SHFS were associated with decreases in systolic blood pressure, 

while associations for decreases in diastolic blood pressure were not significant. The reductions 

in systolic blood pressure were observed with lead declines greater than 0.1 µg/dL. Declines in 

blood lead were associated with non-linear changes in measures of cardiac geometry and 

function, including statistically significant decreases in interventricular septum thickness. These 
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associations and the reductions in lead exposure observed in our population could help explain 

improvements in cardiovascular morbidity and mortality reported across the entire SHS70.  

In this study, blood lead levels were similar in magnitude to those reported for the general 

U.S. population444. Across NHANES data, the geometric mean of blood lead levels declined 

from 2.76 μg/dL in 1988-1994 to 1.64 μg/dL in 1999-2002350, and to 1.12 μg/dL (1.10-1.14) in 

2009-2010 445. The decline in blood lead levels in the SHFS is likely for similar reasons as in the 

general US population, including bans of lead in gasoline in the 1970s, the phasing out of lead-

based paint products, and specific policy to reduce exposures to consumer products (including 

use of lead soldering in canned foods, which are commonly consumed in American Indian 

reservations) and from plumbing within the home.5,446-448 These coordinated public health efforts 

and policies and their long-term impacts are likely responsible for the substantial declines in 

blood lead observed for SHFS participants during the time frame of this study. Despite the 

decline observed in the SHFS, lead exposure remains an important concern in American Indian 

communities449. Prior research in the SHS identified that participants in North Dakota/South 

Dakota have higher blood lead levels compared to Arizona and Oklahoma343. Persistent lead 

exposure has also been documented in both private and public water systems450. Other relevant 

sources of exposure include herbal supplements, spices, tobacco products, and other products, 

similar to other US communities.354-357 

The current study complements available evidence on the relationships between blood 

lead and blood pressure reported in the general U.S. population. In NHANES-II (1976 to 1980), 

blood lead (mean ~15 µg/dL) was positively associated with systolic and diastolic blood pressure 

in men after adjustment451,452. In NHANES 1999-2016, where mean blood lead levels were <5 

µg/dL), higher blood lead levels were also associated with higher risk of hypertension445. The 
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findings reported here at mean blood lead concentrations of ~2 µg/dL provide important 

evidence of the benefits of reducing blood lead even at these lower levels. Future work should 

consider additionally evaluating bone lead, which reflects cumulative exposure365 and 

contributes substantially to blood lead levels382, for studying long-term reductions in blood 

pressure. 

The present study also identified a reduction in interventricular septum thickness, which 

is a surrogate for LV hypertrophy as well as for heart failure with preserved ejection fraction. An 

increased interventricular septum thickness can indicate hypertension-mediated target organ 

damage in the heart, and is a commonly reported outcome in clinical practice453,454. The 

European Society of Cardiology/European Society of Hypertension recommends the assessment 

of interventricular septum thickness in hypertensive patients, as a reduction in blood pressure 

levels leads to a regression of interventricular septum thickness and LV hypertrophy, with a 

consecutive decrease in cardiovascular disease risk268. In the current analysis, the extensive 

reduction in systolic blood pressure could help explain the significant decrease in interventricular 

septum thickness; however, the decrease in interventricular septum thickness appears to be 

independent of blood pressure or antihypertensive medication (Figure 2). We did not observe a 

significant association between LV mass index and blood lead declines, and this study is likely 

underpowered to detect a significant association.   

  This study builds on prior research on metals exposure and cardiovascular disease from 

across the broader literature and within the SHS. Findings from the general U.S. population 

utilizing NHANES data have reported associations between increasing blood lead and 

subclinical myocardial injury455. Various studies performed in occupationally-exposed 

populations have also identified a variety of cardiovascular measures associated with blood 
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lead51, including increased prevalence of left ventricular hypertrophy456, higher left ventricular 

mass, and lower ejection fraction457. Previous findings from the SHFS identified the association 

of higher urinary arsenic levels with higher levels of left ventricular wall thickness and left 

ventricular hypertrophy306. The current paper additionally focuses on evaluating the impact of 

reducing blood lead levels on blood pressure levels, with potential long-term implications for 

cardiovascular health. In the Trial to Assess Chelation Therapy (TACT), repeated infusions with 

disodium edeate, a chelating agent that primarily removes lead from the body, found a marked 

benefit in preventing clinical cardiovascular outcomes among participants with a prior 

myocardial infarction (hazard ratio [HR] 0.82, 95% confidence interval [CI] 0.69-0.99), with a 

stronger benefit for those who also had diabetes (HR 0.59, 95% CI 0.44-0.79)359-361. To further 

investigate the impact of chelation on cardiac events among diabetic patients, the Trial to Assess 

Chelation Therapy 2 (TACT2) is currently ongoing, and will provide more information about the 

effects of lead removal from bone362. Blood pressure endpoints were not assessed in TACT; 

however, the potential cardiovascular benefits of lead removal from bone merits further 

consideration, both in populations with diabetes where managing hypertension is paramount, as 

well as in the general population.  

 

The main limitation of this analysis is the relatively small sample of SHFS participants 

with blood lead measured (N=285). Studies with larger sample sizes could better define the dose-

response relationship between declines in blood lead and blood pressure across the entire SHFS, 

in particular by evaluating associations across subgroups by study center, sex, age groups, 

diabetes status, glycemic control, and other characteristics. Previous studies have also reported 

nonsignificant associations between declines in blood lead and diastolic blood pressure; larger 

sample sizes are likely needed to detect a statistically significant association51,458-460. In the 
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SHFS, declines in blood lead and changes in blood pressure over time could be related to 

differences in access to healthcare, which is not well captured in SHFS data. Changes in blood 

lead and blood pressures were both weakly correlated with their initial values, which could affect 

the model between blood lead and blood pressure changes, although this would be better 

evaluated with larger sample sizes. Further, there are many factors that influence the distribution 

of lead in the body78 that could not be captured with available SHFS data but could partially 

explain observed declines in blood lead over time, including calcium deficiency, pregnancy, and 

menopause. It is also possible that participants who initiated hypertensive treatment after the 

baseline visit experienced larger declines in blood pressure over time. In this analysis, there were 

135 participants with hypertension treatment (47.4%) at Visit 5. However, our main models of 

interest adjusted for both baseline blood pressure and baseline hypertensive medication use, and 

we also observed consistent but nonsignificant associations between declines in blood lead and 

blood pressure in sensitivity analyses restricted to participants free from hypertension at baseline.  

 

7.6 Conclusion 

In a sample of SHFS participants, declines in blood lead levels occurring between 1997-

1999 and 2006-2009 were associated with marked reductions in systolic blood pressure levels 

and decreases in interventricular septum thickness. These results were obtained at a time when 

lead exposure was already relatively low in the SHFS and are consistent with other U.S. 

populations. Together, these findings further highlight the important cardiovascular benefits of 

further reducing lead exposure, the importance of assessing clinical interventions and secondary 

prevention measures, and the critical need for further assessing this relationship in other 

subgroups of the US population with higher blood lead levels. 
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7.7 Appendix 

Table A1. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from 

Phase 4 [2001-2003] to Phase 5 [2006-2009]) by declines in blood lead (from Phase 3 [1997-

1999] to Phase 5 [2006-2009]) by decline in blood lead corresponding to the interquartile range, 

restricted to participants with blood lead measured from the Columbia University sub-study only 

(N=125). Negative values represent declines in blood pressure. Model 1 was adjusted for sex, age, center, body 

mass index, and education (<12 years/≥ 12 years). Model 2 was further adjusted for smoking status 

(never/former/current) and estimated glomerular filtration rate (calculated via the Chronic Kidney Disease -

Epidemiology Collaboration formula). Model 3 was further adjusted for hypertension treatment/medication and 

baseline systolic blood pressure. Model 3 considering diastolic blood pressure adjusted for diastolic blood pressure 

at baseline instead of systolic blood pressure. All model adjustment variables were measured at Phase 3 (baseline) 

except education measured at Phase 4. 
 

 Per IQR decrease 

(0.66 µg/dL) 

Systolic blood pressure   

Model 1 -3.05 (-6.51, 0.42) 

Model 2 -2.82 (-6.27, 0.62) 

Model 3 -3.19 (-6.66, 0.27) 

Diastolic blood pressure  

Model 1 -0.45 (-2.43, 1.53) 

Model 2 -0.26 (-2.05, 1.52) 

Model 3 -0.22 (-1.87, 1.42) 

 

Table A2. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from 

Phase 4 [2001-2003] to Phase 5 [2006-2009]) by declines in blood lead (from Phase 3 [1997-

1999] to Phase 5 [2006-2009]) restricted to participants without hypertension at baseline 

(N=192). Negative values represent declines in blood pressure. Model 1 was adjusted for sex, age, center, body 

mass index, and education (<12 years/≥ 12 years). Model 2 was further adjusted for smoking status 

(never/former/current) and estimated glomerular filtration rate (calculated via the Chronic Kidney Disease -

Epidemiology Collaboration formula). Model 3 was further adjusted for baseline systolic blood pressure. Model 4 

was further adjusted for fasting glucose and dyslipidemia. Model 3 and Model 4 considering diastolic blood pressure 

adjusted for diastolic blood pressure at baseline instead of systolic blood pressure. All model adjustment variables 

were measured at Phase 3 (baseline) except education measured at Phase 4. 
 
 Tertile 1 

<0.27 µg/dL 

Tertile 2 

0.27ï0.91 µg/dL 

Tertile 3 

>0.91 µg/dL 

Systolic Blood Pressure    

Model 1 reference -1.60 (-6.88, 3.67) -5.11 (-11.02, 0.81) 

Model 2 reference -1.92 (-7.11, 3.26)    -4.99 (-10.81, 0.83) 

Model 3 reference -2.14 (-7.36, 3.09) -5.29 (-11.02, 0.43) 

Model 4 reference -1.91 (-7.49, 3.68) -5.54 (-11.79, 0.72) 

Diastolic Blood Pressure    

Model 1 reference 1.49 (-1.94, 4.92) -0.56 (-4.23, 3.10) 

Model 2 reference 1.68 (-1.74, 5.10) -0.52 (-4.17, 3.12) 

Model 3 reference 1.67 (-1.77, 5.10) -0.53 (-4.18, 3.11) 

Model 4 reference 1.95 (-1.60, 5.50) -0.57 (-4.53, 3.40) 
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Table A3. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from 

Phase 4 [2001-2003] to Phase 5 [2006-2009]) by declines in blood lead (from Phase 3 [1997-

1999] to Phase 5 [2006-2009]) adjusting for income (N=154). Negative values represent declines in 

blood pressure. Model 1 was adjusted for sex, age, center, body mass index, household income met needs (Yes / 

No/Unsure), and education (<12 years/≥ 12 years). Model 2 was further adjusted for smoking status 

(never/former/current) and estimated glomerular filtration rate (calculated via the Chronic Kidney Disease-

Epidemiology Collaboration formula). Model 3 was further adjusted for hypertension treatment/medication and 

baseline systolic blood pressure. Model 4 was further adjusted for fasting glucose and dyslipidemia. Model 3 and 

Model 4 considering diastolic blood pressure adjusted for diastolic blood pressure at baseline instead of systolic 

blood pressure. All model adjustment variables were measured at Phase 3 (baseline) except education measured at 

Phase 4. 
 
 Tertile 1 

<0.27 µg/dL 

Tertile 2 

0.27ï0.91 µg/dL 

Tertile 3 

>0.91 µg/dL 

Systolic Blood Pressure    

Model 1 reference -2.69 (-9.65, 4.28) -9.95 (-18.59, -1.32) 

Model 2 reference -2.54 (-9.62, 4.55) -9.43 (-17.92, -0.94) 

Model 3 reference -3.63 (-10.67, 3.41) -10.66 (-20.19, -1.12) 

Model 4 reference -4.31 (-11.35, 2.72) -11.83 (-21.36, -2.30) 

Diastolic Blood Pressure    

Model 1 reference -0.73 (-4.57, 3.12) -3.33 (-7.30, 0.64) 

Model 2 reference 0.10 (-3.85, 4.05) -3.21 (-7.19, 0.77) 

Model 3 reference 0.26 (-3.83, 4.35) -3.17 (-7.27, 0.93) 

Model 4 reference -0.37 (-4.39, 3.65) -4.30 (-8.49, -0.12) 

 
Table A4. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from 

Phase 4 [2001-2003] to Phase 5 [2006-2009]) by declines in blood lead (from Phase 3 [1997-

1999] to Phase 5 [2006-2009]), removing declines/increases in lead values > 4 µg/dL (N =274). 
Negative values represent declines in blood pressure. Model 1 was adjusted for sex, age, center, body mass index, 

and education (<12 years/≥ 12 years). Model 2 was further adjusted for smoking status (never/former/current) and 

estimated glomerular filtration rate (calculated via the Chronic Kidney Disease-Epidemiology formula). Model 3 

was further adjusted for baseline systolic blood pressure. Model 4 was further adjusted for fasting glucose and 

dyslipidemia. Model 3 and Model 4 considering diastolic blood pressure adjusted for diastolic blood pressure at 

baseline instead of systolic blood pressure. All model adjustment variables were measured at Phase 3 (baseline) 

except education measured at Phase 4. 

 
 Tertile 1 

<0.27 µg/dL 

Tertile 2 

0.27ï0.91 µg/dL 

Tertile 3 

>0.91 µg/dL 

Systolic Blood Pressure    

Model 1 reference -2.24 (-7.15, 2.67) -6.89 (-12.83, -0.94) 

Model 2 reference -1.88 (-6.83, 3.07) -6.63 (-12.59, -0.67) 

Model 3 reference -2.63 (-7.55, 2.29) -7.24 (-13.41, -1.08) 

Model 4 reference -2.54 (-7.80, 2.71) -7.30 (-13.46, -1.13) 

Diastolic Blood Pressure    

Model 1 reference 1.29 (-1.63, 4.22) -0.87 (-4.01, 2.26) 

Model 2 reference 1.55 (-1.36, 4.47) -0.77 (-3.94, 2.39) 

Model 3 reference 1.70 (-1.26, 4.66) -0.71 (-3.90, 2.48) 

Model 4 reference 1.19 (-1.91, 4.30) -1.69 (-5.23, 1.85) 
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Table A5. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from 

Phase 4 [2001-2003] to Phase 5 [2006-2009]) by declines in blood lead (from Phase 3 [1997-

1999] to Phase 5 [2006-2009]), with estimated blood pressure corrections among those with 

hypertension treatment (N=278). Model 1 was adjusted for sex, age, center, body mass index, and education 

(<12 years/≥ 12 years). Model 2 was further adjusted for smoking status (never/former/current) and estimated 

glomerular filtration rate (calculated via the Chronic Kidney Disease-Epidemiology formula). Model 3 was further 

adjusted for baseline systolic blood pressure. Model 4 was further adjusted for fasting glucose and dyslipidemia. 

Model 3 and Model 4 considering diastolic blood pressure adjusted for diastolic blood pressure at baseline instead of 

systolic blood pressure. All model adjustment variables were measured at Phase 3 (baseline) except education 

measured at Phase 4. 

 
 Tertile 1 

<0.27 µg/dL 

Tertile 2 

0.27ï0.91 µg/dL 

Tertile 3 

>0.91 µg/dL 

Systolic Blood Pressure    

Model 1 reference -1.65 (-6.49, 3.20) -6.40 (-12.23, -0.58) 

Model 2 reference -1.32 (-6.17, 3.53) -6.12 (-11.93, -0.30) 

Model 3 reference -2.25 (-7.08, 2.58) -7.12 (-13.14, -1.10) 

Model 4 reference -1.72 (-6.86, 3.42) -7.68 (-14.01, -1.36) 

Diastolic Blood Pressure    

Model 1 reference 1.35 (-1.54, 4.25) -0.93 (-4.01, 2.14) 

Model 2 reference 1.58 (-1.34, 4.50) -0.81 (-3.95, 2.34) 

Model 3 reference 1.63 (-1.35, 4.61) -0.88 (-4.07, 2.30) 

Model 4 reference 1.32 (-1.83, 4.48) -1.63 (-5.15, 1.89) 
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Figure A1. Scatterplot of blood lead concentrations measured by the Columbia University (CU) Trace 

Metals Core Laboratory in New York, NY and the Centers for Disease Control and Prevention (CDC)’s 

National Center for Environmental Health Laboratory in Atlanta, GA (N= 32 total samples) from both 

Phase 3 (1997-1999) and Phase 5 (2006-2009). The solid blue line represents the slope of the linear regression 

line. The dotted red line represents the line of agreement (slope= 1 and intercept= 0). Circles represent Phase 3 

samples and triangles represent Phase 5 samples. List of abbreviations: Pb = lead. CDC = Centers for Disease 

Control and Prevention. CU: Columbia University. 

 

 
 

Figure A2. Bland-Altman (Tukey mean difference) plot displaying blood lead concentrations measured 

by both the Columbia University (CU) Trace Metals Core Laboratory in New York, NY and the Centers 

for Disease Control and Prevention (CDC)’s National Center for Environmental Health Laboratory in 

Atlanta, GA (N= 32 total samples) from both Phase 3 (1997-1999) and Phase 5 (2006-2009). The x-axis 

displays the mean of the two laboratory measurements of the same blood sample, and the y-axis displays the 

absolute difference in concentration between the two measurements. The mean difference (systematic bias) and 

corresponding 95% confidence intervals are indicated by the dashed lines and purple boxes. The limits of agreement 

(mean difference +/- 2*the standard deviation of the difference) and corresponding 95% confidence intervals are 

indicated by the dashed lines and red and green boxes. The slope of the linear model regressing the CDC sample 

measurement on the CU sample measurement is listed in the plot title for each metal. Slopes less than 1 indicate 

systematically lower concentrations measured by CU compared to concentrations measured by CDC.  

List of abbreviations: Pb = lead. CDC = Centers for Disease Control and Prevention. CU: Columbia University. 
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Figure A3. Distribution of change in blood lead concentrations (ug/dL) from Phase 3 [1997-

1999] to Phase 5 [2006-2009]. Calculated as blood lead measured at Phase 3 minus blood lead measured at 

Phase 5 
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Figure A4. Spearman correlation coefficients between decline in blood lead (from Phase 3 

[1997-1999] to Phase 5 [2006-2009]) and change in metrics of cardiac functioning (from Phase 4 

[2001-2003] to Phase 5 [2006-2009]). * indicates p-value <0.05; ** indicates p-value < 0.01; *** indicates 

p-value <0.001. Correlation coefficients greater than 0.5 are bolded. Inverse correlations are listed in red and 

positive correlations are listed in green. List of abbreviations: SBP= systolic blood pressure. DBP = diastolic blood 

pressure. StVol= stroke volume. EF = ejection fraction (%). MidShort = midwall shortening. IVRT = isovolumic 

relaxation time (ms). MAE = E-velocity (cm/s). MAA = A-velocity (cm/s). MAEA =E/A ratio. HR = heart rate 

(beats per minute). MVATRIF = atrial filling fraction. MADECT = deceleration time (ms). 
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 Figure A5. Spearman correlation coefficients between decline in blood lead (from Phase 3 

[1997-1999] to Phase 5 [2006-2009]) and change in metrics of cardiac geometry (from Phase 4 

[2006-2009] to Phase 5 [2006-2009]). * indicates p-value <0.05; ** indicates p-value < 0.01; *** indicates 

p-value <0.001. Correlation coefficients greater than 0.5 are bolded. Inverse correlations are listed in red and 

positive correlations are listed in green. List of abbreviations: LVMI = left ventricular mass index. LASD = left 

atrium diameter (cm). LVIDD = left ventricular diameter at diastole/height (cm/m). IVSS = inter ventricular septum 

in systole. LVPWT = left ventricular posterior wall thickness in systole. RWT = relative wall thickness. 
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Figure A6. Restricted cubic spline models of the mean difference in the change in systolic blood 

pressure (mmHg) from Phase 3 (1997-1999) to Phase 5 (2006-2009) by declines in blood lead 

from Phase 3 (1997-1999) to Phase 5 (2006-2009) (N=278). Negative values represent declines in blood 

pressure. Models are adjusted for sex, age, study center, body mass index, education (<12 years/≥ 12 years), 

smoking status (never/former/current), estimated glomerular filtration rate (calculated via the Chronic Kidney 

Disease-Epidemiology Collaboration formula), hypertension medication/treatment, and baseline systolic blood 

pressure. All model adjustment variables were measured at Phase 3 (baseline) except education measured at Phase 4. 

The reference is set to the 10th percentile of the change in blood lead decline distribution, with knots at the 50th and 

90th percentiles. 
 

 
 

 

Figure A7. Change in blood lead concentrations (ug/dL) from Phase 3 [1997-1999] to Phase 

5 [2006-2009] relative to Phase 3 blood lead concentrations. Solid lines are fitted regression lines for 

tertiles of lead declines. 
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Figure A8. Change in systolic blood pressure concentrations (mmHg) from Phase 3 [1997-

1999] to Phase 5 [2006-2009] relative to Phase 3 systolic blood pressure concentrations. Solid 

lines are fitted regression lines for tertiles of systolic blood pressure declines. 
 

 
 

 

 

Figure A9. Change in diastolic blood pressure concentrations (mmHg) from Phase 3 [1997-

1999] to Phase 5 [2006-2009] relative to Phase 3 diastolic blood pressure concentrations. 
Solid lines are fitted regression lines for tertiles of diastolic blood pressure declines. 
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Chapter 8: Conclusions  
 

Overall conclusions 

This dissertation evaluated biomarkers of lead, uranium and selenium and their 

relationships with cardiovascular outcomes in a sample of American Indians. Our findings 

suggest that it is possible to predict urine uranium concentrations, reflecting total internal dose, 

from uranium levels present in drinking water, and that urine uranium was associated with 

distinct measures of left ventricular geometry and functioning. We further report that established 

biomarkers and epigenetic biomarkers of lead exposure can capture increased risk of CVD 

incidence and CVD mortality. Although epigenetic biomarkers must be further validated in 

different populations, distinct epigenetic changes associated with both lead and selenium provide 

a foundation to further study the epigenetic impacts of these metal exposures and inform 

biomarker creation with relevance to disease. This dissertation concludes with reporting that a 

decline in blood lead over time was associated with improvements in systolic blood pressure, 

encouraging the need for interventions to further reduce lead exposure that can translate into 

immediate benefits for cardiovascular health. Future work should utilize biomarkers to reflect 

acute and chronic exposures in relation to short- and long-term health outcomes. These different 

biomarkers of exposure must also be interpreted in the context of environmental exposures, and 

measures of these exposures reflected in total internal dose, that change over time.  

 

Water uranium, urine uranium, and subclinical cardiovascular metrics 

 

In Chapter 2, we developed prediction models to estimate urinary concentrations of 

uranium from uranium levels in water among subsets of SHFS participants. These models 

identified the influence of other contaminants measured in water, such as arsenic and selenium, 
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on accurately predicting urine uranium. This supports the importance of comprehensively 

understanding the geology, hydrology, and geochemical processes occurring in a given area in 

order to accurately make predictions. These models also demonstrate the vast potential in 

leveraging existing data to make predictions about urine metals that are relevant for disease risk 

and exposure prevention. While these prediction models come with aforementioned limitations, 

the future collection of drinking water samples taken from SHS participant homes will provide 

the most accurate measures of uranium in water informing modelling efforts.  

In Chapter 3, we identified that urinary uranium levels were adversely associated with 

measures of cardiac geometry and LV functioning, including increases in pulse pressure and LV 

hypertrophy. These findings were limited by the availability of urine uranium only at the 

baseline study visit, not at the follow-up visit. However, we were able to investigate prospective 

associations between baseline uranium and metrics assessed at follow-up. Our findings support 

the need to determine the potential long-term subclinical and clinical cardiovascular effects of 

chronic uranium exposure in the general population, and the need for future strategies to reduce 

exposure. 

 

Blood lead and clinical cardiovascular disease 

In Chapter 4, we reported that blood lead levels were associated increased risk of CVD 

and CHD incidence and mortality. Notably, this highlighted the impact of blood lead on clinical 

CVD outcomes at low levels of exposure, and the increased risk of those with levels above the 

CDC reference value of 35 µg/L. This work emphasizes the evidence of lead as a CVD risk 

factor and demonstrates the importance of further reducing lead exposure in communities across 

the United States, including American Indian communities.  
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In Chapter 5, we leveraged novel epigenetic biomarkers of lead exposure and reported 

tibia and blood epigenetic biomarkers were associated with increased risk of CVD mortality. 

This work emphasized that epigenetic biomarkers can potentially reflect the cardiovascular 

impact of cumulative and recent lead exposures. We also reported the association of eTibia and 

eBlood lead biomarkers with CVD mortality was modified by sex, which was likely explained 

by the creation of these epigenetic biomarkers in an all-male population. This underscores the 

need to further validate these biomarkers in separate populations, and the potential of epigenetic 

biomarkers to capture disease risk.  

 

Epigenome wide association study of selenium and DNAm 

 In Chapter 6, we investigated the association between urinary selenium levels and 

DNAm. Across 788,368 CpG sites, we reported five DMPs were significantly associated with 

selenium, including the top associated DMP (cg00163554) annotated to the Disco Interacting 

Protein 2 Homolog C (DIP2C) gene. Future analyses should explore these relationships 

prospectively and investigate the potential role of differentially methylated sites with disease 

endpoints. While this study has limitations, including the presence of unmeasured confounding, 

the goal of this study was investigating the relationship between selenium and DNAm and 

providing an important starting point for future studies of adverse health outcomes. As such, it is 

important to replicate these findings in additional cohorts. 

 

Declines in blood lead and declines in blood pressure 

In Chapter 7, we performed one of the few longitudinal studies evaluating if declines in 

blood lead were associated with changes in systolic and diastolic blood pressure. Notably, we 
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found that declines in blood were associated with decreases in systolic blood pressure, with 

reductions in systolic blood pressure observed with lead declines greater than 0.1 µg/dL. This 

identifies the cardiovascular benefits of reducing blood lead levels, even at low lead levels and 

with small declines. This provides evidence for further reducing exposure across the United 

States and globally, as well as the need for clinical and public health interventions to prevent 

lead exposure and reduce exposure. However, this analysis was limited by the relatively small 

sample size of SHFS participants used in the analysis, and calls for larger efforts to study how 

declines in blood pressure influence cardiovascular health.   

 

Informing individual treatment 

While reducing metal concentrations in the air, soil, and water are the most primary 

prevention strategies to prevent human exposure, this dissertation underscores the need for 

further research on individual-level treatments to reduce the adverse effects of metals. Previous 

work from the Trial to Assess Chelation Therapy (TACT) highlighted that repeated infusions 

with disodium edeate resulted in improvements in cardiovascular outcomes among participants 

with a prior myocardial infarction and those that had diabetes. However, preliminary results from 

TACT2 did not report that chelation was associated with a statistically significant reduced risk of 

cardiovascular events or cardiovascular mortality. Despite mixed findings, this work provides a 

foundation for chelation to be incorporated as a therapeutic option for those with heart disease 

and to inform guidelines for treating patients. Our research highlights the intricacies of how 

metals influence health over time. This understanding, coupled with further treatment strategies, 

becomes more relevant given an aging population. Older age can reflect a lifetime of cumulative 

exposure, including living through periods where metals were more commonly used in 
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infrastructure and consumer products. Interdisciplinary efforts between environmental health 

scientists and gerontologists should be pursued to inform exposure assessment and treatment in 

aging populations.  

 

Metal mixtures 

While this dissertation has focused on lead, uranium, and selenium, future research needs 

to study the impacts of metal mixtures on cardiovascular health. Although not the primary focus 

of this dissertation, we have attempted to account for the effects of additional metals, including 

arsenic. However, this is separate from hypotheses and analyses to account for mixtures. Future 

work concerning both clinical and subclinical CVD could expand on the work of Pang et al 2016 

investigating metal mixtures across the SHS and the Multi -Ethnic Study of Atherosclerosis 

(MESA)69. This research could be useful for identifying common sources of exposure in a given 

population and the health impacts of exposure to multiple metals simultaneously. Ultimately, 

efforts on metal mixtures should be performed with the goal of reducing exposure in 

communities affected by these metals, as well as to inform treatment.  

 

Exposomic research 

Understanding the health effects of multiple metals is a natural transition to incorporating 

exposomic research into future metals and health research. Broadly, the exposome refers to the 

totality of one’s exposures across the lifespan and how these relate to health461. Exposomics 

relies on various methods of exposure assessment, including genomics, metabolomics, and 

transcriptomics, as well as reliance on biomarkers. If we consider the importance of multiple 

metals in influencing disease, it is vital to integrate analyzing metals as a complex mixture with 
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future exposomic work. Ideally, this dissertation measuring metals in both established and 

epigenetic biomarkers can be useful for future efforts in assessing exposures in drinking water 

and the environment. This includes our epigenetic work around lead and selenium. Capturing the 

long-term effects of a given exposure is difficult as a single measurement only reflects a 

snapshot of an exposure462. However, we can leverage epigenetics and DNAm, which reflect 

environmental exposures and are stable over time. This can be used for studies on how exposures 

early in life can influence disease later in the life course. We have shown that both lead and 

selenium are associated with distinct changes in DNAm. These epigenetic biomarkers of lead 

measured in bone and blood can capture CVD risk. For selenium, is it possible that epigenetic 

changes that results from exposure to selenium, at both low and high concentrations influence 

disease, and it is necessary to more fully investigate these outcomes over time.  

 

Public health implications 

These findings have broader public health implications for both the SHS and the general 

population. Prior work has established that American Indians experience chronic metal 

exposures, and an elevated prevalence CVD of and CVD risk factors. We report here that metals, 

such as lead, with well-established links to adverse health outcomes are still relevant for CVD 

risk, even at low levels. While blood lead has been declining in the general US population, lead 

still remains a CVD risk factor at these low levels, and there is need to further reduce lead 

exposure in communities across the US. Additionally, our results emphasize that declines in 

blood lead can provide short-term benefits for cardiovascular health. As such, it is vital for 

public health agencies to recognize that remediation of environmental lead and reductions in the 



211 

 

body burden of lead can translate into improved CVD health and provide additional societal 

benefits that follow from a healthy population.  

We identified that uranium is widespread in public drinking water systems, including in 

SHS communities. Predictions of urine uranium from water uranium concentrations provide 

important information for exposure assessment and environmental monitoring. Specifically, 

accurately estimating a biomarker reflecting internal dose from environmental monitoring data 

can provide a non-invasive method to estimate the internal dose of uranium. These estimations 

can be useful for not only the entire SHS cohort, but can be applied to the general population. 

Further, prediction methods for uranium may translate to other metals to estimate exposure. 

These prediction models also have implications for health risk assessment and public health 

interventions. Relationships between water and urine uranium can help inform drinking water 

standards that correspond to urine measures that have implications for health. In other words, 

combining predictive modeling with the health impacts of urine uranium can inform safe 

drinking water standards. This can also be used to identify populations at risk of adverse health 

outcomes based on an assessment of uranium in drinking water. These implications are further 

highlighted as we report a connection between urine uranium and subclinical measures of cardiac 

geometry and function.    

 

Integrating traditional biomarkers and epigenetic biomarkers into environmental health 

 This work emphasizes the benefits of utilizing both traditional biomarkers and epigenetic 

biomarkers of metals exposure to detect relationships with CVD outcomes. Importantly, 

epigenetic biomarkers allow us to assess exposures that may not otherwise be possible to capture 

in traditional biomarkers. They further provide a reflection of cumulative total exposure, as 
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opposed to a snapshot of exposure, due to the stability of epigenetic changes over time. 

However, combining these biomarkers can provide a more comprehensive assessment of metals 

exposure in a population. This includes identifying thresholds of exposure that result in 

epigenetic or biological changes that have relevance to disease. Epigenetic biomarkers may be 

able to reflect early responses to metal exposures, that when combined measurements in 

traditional biomarkers, can provide insight into clinical manifestations of CVD. This is further 

highlighted by incorporating echocardiographic measures of cardiac geometry and left 

ventricular function, which are useful for capturing risk, subclinical disease, and progression to 

clinical CVD outcomes. Further, this provides the opportunity to discover mechanisms behind 

disease onset, especially at low levels and across different stages of disease progression. In the 

future, it would be valuable to study metal concentrations in traditional biomarkers that 

correspond to epigenetic changes, and rely on epigenetic biomarkers as additional means to 

assess implications for health. This is particularly relevant for selenium, as we have established 

that selenium is associated with distinct changes in DNAm, but the connections to health 

outcomes remain unclear. Despite this, as evidence suggests that high levels of urine selenium 

are associated with increased risk of incident CVD, it is important to underscore the potential 

epigenetic mechanisms that play a role in CVD. Looking forward, it is possible that epigenetic 

biomarkers can even inform personalized clinical treatment to acute and chronic environmental 

metals exposure. However, it is important to acknowledge the challenges of integrating 

cumulative and cross-sectional biomarkers, as well as uncertainty in the timing of exposure, 

latency to disease, and mechanisms underscoring disease 

 

Future directions 
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 This work underscores the hazards posed by environmental metals for American Indian 

communities, and the need for additional funding and research that informs primary, secondary, 

and tertiary prevention. Broadly, it is important to assess the changing spatial distributions and 

concentrations of metals that populations are exposed to given future climate change scenarios. 

In a warming world with both changing patterns in environmental variables, like precipitation, as 

well as social variables, like human mobility, humans will be exposed to different concentrations 

of metals in drinking water and our environment. Additional investments in metal mining 

operations and transitions to electric vehicles and renewable energy sources supports the reality 

that populations will be further exposed to toxic metals. Therefore, it is vital to integrate a 

climate change perspective into future assessments of metal exposures to accurately understand 

and prevent adverse health outcomes. With overarching relevance to the United Nations 

Sustainable Development Goals and reducing the increasing burden of chronic diseases, we must 

acknowledge how a changing climate will ultimately alter our exposure to metals and realize this 

threat to reduce the global burden of CVD.  
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