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Abstract

Background: Evidence evaluating the prospective association between low- to moderate

inorganic arsenic (iAs) exposure and cardiovascular disease in the general US population is 

limited. We evaluated the association between urinary arsenic concentrations in National Health 

and Nutrition Examination Survey (NHANES) 2003-2014 and heart disease mortality linked from 

the National Death Index through 2015.

Methods: We modeled iAs exposure as urinary total arsenic and dimethylarsinate among 

participants with low seafood intake, based on low arsenobetaine levels (N=4,990). We estimated 

multivariable adjusted hazard ratios (HRs) for heart disease mortality per interquartile range (IQR) 

increase in urinary arsenic levels using survey-weighted, Cox proportional hazards models, and 

evaluated flexible dose-response analyses using restricted quadratic spline models. We updated 

a previously published relative risk of coronary heart disease mortality from a dose-response 

meta-analysis per a doubling of water iAs (e.g., from 10 to 20 μg/L) with our results from 

NHANES 2003-2014, assuming all iAs exposure came from drinking water.

Results: A total of 77 fatal heart disease events occurred (median follow-up time 75 months). 

The adjusted HRs (95% CI) of heart disease mortality for an increase in urinary total arsenic 

and DMA corresponding to the interquartile range were 1.20 (0.83, 1.74) and 1.18 (0.68, 2.05), 
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respectively. Restricted quadratic splines indicate a significant association between increasing 

urinary total arsenic and the HR of fatal heart disease for all participants at the lowest exposure 

levels <4.5 μg/L. The updated pooled relative risk of coronary heart disease mortality per doubling 

of water iAs (μg/L) was 1.16 (95% CI 1.07, 1.25).

Conclusions: Despite a small number of events, relatively short follow-up time, and high 

analytical limits of detection for urinary arsenic species, iAs exposure at low- to moderate- 

levels is consistent with increased heart disease mortality in NHANES 2003-2014 although the 

associations were only significant in flexible dose-response models.

INTRODUCTION

Inorganic arsenic (iAs) is an established carcinogen for cancers of the skin, lung, and 

bladder, a possible carcinogen for cancers of the kidney, liver, and prostate (International 

Agency for Research on Cancer 2004), and has been associated with adverse birth outcomes 

(Milton et al. 2017), renal disease (Moody et al. 2018), diabetes (Kuo et al. 2017; Kuo 

et al. 2015), respiratory disease (Sanchez et al. 2018), and cardiovascular disease (Moon 

et al. 2018a). For cardiovascular disease, most epidemiological evidence comes from 

populations exposed to high concentrations of iAs (>50 μg/L) through drinking water (Chen 

et al. 2011; Moon et al. 2012; Yuan et al. 2007). Evidence evaluating the prospective 

association between low- to moderate- levels of iAs exposure (<50 μg/L in drinking water) 

and clinical cardiovascular disease, especially in US populations, are limited; a recent dose

response meta-analysis of populations with low- to moderate- iAs exposure found a positive 

association with clinical cardiovascular disease, but was limited by the small number of 

studies (N=5) (Moon et al. 2018a; Navas-Acien et al. 2019).

Drinking water and diet are the main sources of iAs exposure for the general US population. 

Drinking water arsenic exposure is a major concern for both communities reliant on 

domestic well water and communities reliant on regulated public drinking water systems 

(especially Hispanic and tribal communities, incarcerated populations in the Southwest, and 

rural communities in the Southwest and Central Midwest) (Ayotte et al. 2017; Nigra et al. 

2020; Nigra and Navas-Acien 2020). Diet is the major source of iAs exposure when water 

arsenic concentrations are low (Kurzius-Spencer et al. 2014; Xue et al. 2010). Foods with 

high iAs levels include rice and rice products, cereals, other grains, vegetables, fruit and 

fruit juices, beers, and wines (Carignan et al. 2016; Davis et al. 2012; Navas-Acien et al. 

2011; Nigra et al. 2016; Punshon et al. 2017; Rey deCastro et al. 2014; United States Food 

and Drug Administration 2014). Seafoods contain high levels of largely non-toxic organic 

arsenicals such as arsenobetaine and arsenocholine (Cubadda et al. 2017; Navas-Acien et al. 

2011; Taylor et al. 2017; Taylor and Jackson 2016; Xue et al. 2010).

iAs exposure is typically modeled as the sum of inorganic (As+5, As+3) and methylated 

(MMA, DMA) arsenic species in urine. In general populations, however, evaluating 

exposure to iAs is complicated if seafood intake is common because recent seafood 

consumption contributes large concentrations of mostly non-toxic organic arsenicals 

(e.g. arsenobetaine, arsenocholine, arsenosugars, arsenolipids), some of which are further 

metabolized to DMA. Seafoods are also an important source of omega-3 polyunsaturated 
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fatty acids protective of cardiovascular health (Mozaffarian and Wu 2011; Siscovick et al. 

2017). Therefore, when estimating iAs exposure and internal dose, analyses of iAs exposure 

and cardiovascular disease in US populations must account for interindividual differences in 

iAs methylation capacity and remove the contribution of largely non-toxic organic arsenicals 

derived from seafood to eliminate large measurement error and confounding by recent 

seafood intake. Restriction to participants with undetectable arsenobetaine and regression 

recalibration of total arsenic and DMA concentrations for arsenobetaine are two common 

approaches for populations with frequent seafood intake (seafood consumption is the only 

source of arsenobetaine) (Jones et al. 2016).

The National Health and Nutrition Examination Survey (NHANES) is an on-going, 

nationally representative survey of the US population conducted by the National Center 

for Health Statistics (NCHS) which can address many limitations of the current literature 

evaluating iAs exposure and cardiovascular disease in the US population. NHANES 

participants are selected to be representative of multiple age and racial/ethnic groups 

and undergo a thorough examination including demographics and dietary questionnaires, 

physical examination, and laboratory testing of collected biospecimens, including the 

measurement of arsenic species in spot urine samples. Given the relevance of diet as an 

exposure source in the US population, urinary biomarkers of iAs exposure are preferred over 

water arsenic measures in epidemiologic analyses. The NCHS has also linked NHANES 

participants to death certificate records from the National Death Index (NDI) in publicly 

available datasets, enabling prospective analyses; NDI mortality data is available for 

NHANES 2003-2014 participants followed through December 2015.

Our objective was to evaluate the prospective association between baseline urinary iAs 

exposure, as reflected in urinary arsenic levels, and heart disease mortality through the 

end of 2015 for NHANES 2003-2014 participants. Analysis of urinary arsenic data from 

NHANES is limited by high limits of detection (LODs) for As+5, As+3, MMA, DMA, and 

arsenobetaine, which result in a large proportion of participants with concentrations below 

the LOD. Our primary biomarkers of iAs exposure are urinary total arsenic and DMA, 

restricted to participants with low/undetectable arsenobetaine (urinary arsenobetaine <1.2 

μg/L, the highest LOD across all survey cycles). We also updated a previously published 

dose-response meta-analysis of the association between chronic low- to moderate- arsenic 

exposure and coronary heart disease mortality with our findings from NHANES 2003-2014 

(Moon et al. 2018a).

METHODS

Study population and mortality follow-up

We evaluated participants 18 years and older with urinary arsenic data available from 

the six 2003-2014 cycles of NHANES and National Death Index (NDI) mortality follow

up data available through 2015. Participants from the 2003/2004 through the 2013/2014 

NHANES cycle were eligible for mortality follow-up through December 2015 via the 

NDI review of death certificate records. Participants with insufficient identifying data were 

deemed ineligible for mortality follow-up by the National Center for Health Statistics 

(N= 66) (Office of Analysis and Epidemiology National Center for Health Statistics 
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2019). Among the participants with sufficient identifying data, those not identified in the 

NDI at the time of outcome ascertainment (December 2015) were assumed alive. For 

participants from all cycles, the underlying cause of death (considering both International 

Classification of Disease 9 and 10 codes) was available for diseases of the heart [I00

I09 (acute rheumatic fever and chronic rheumatic heart disease), I11 (hypertensive heart 

disease), I13 (hypertensive heart and chronic kidney disease), and I20-I51 (including angina 

pectoris, myocardial infarction, and other coronary heart disease)], malignant neoplasms 

(C00-C97), and all other causes (residual). We evaluated heart disease mortality (diseases 

of the heart) for all NHANES 2003-2014 participants. Cardiovascular disease mortality 

(diseases of the heart or cerebrovascular diseases, I60-I69) was not evaluated because data 

for cerebrovascular diseases was only available for NHANES 2003-2006 participants and 

the number of events was too small.

Exclusion criteria

A total of 16,332 NHANES 2003-2014 participants had urinary arsenic measurements 

available. We excluded 279 participants who were pregnant, 237 missing body mass index, 

1,061 with unreliable past 24-hour dietary recall status (because we relied on self-reported 

seafood/fish intake in our main models; unreliable dietary intake was determined by the 

National Center for Health Statistics when participants did not complete at least four of 

the five interview-recall steps), 220 missing urinary creatinine, 190 missing educational 

variables, 4,115 who were ineligible for mortality follow-up through the NDI, 95 missing 

urinary arsenobetaine, and 63 missing urinary total arsenic. To reduce the contribution of 

seafood-derived arsenicals to total arsenic and DMA concentrations, we further excluded 

5,082 participants with arsenobetaine ≥1.2 μg/L (the highest arsenobetaine LOD across the 

2003-2014 survey cycles) for a final sample size of 4,990 participants. Arsenobetaine has 

a half-life of 1-2 days, and excluding participants with detectable arsenobetaine levels in 

urine is a robust method to identify participants with seafood intake in the last few days 

(Navas-Acien et al. 2011).

Urine arsenic measurements

Total arsenic and speciated arsenic were measured via inductively coupled plasma-mass 

spectrometry in spot urine samples collected during the examination in a one-third random 

subsample of participants ≥ 6 years of age; laboratory methods have been previously 

described in detail (National Center for Health Statistics 2014, 2016). Briefly, recorded 

inter-assay coefficients of variation varied from 0.5 to 10.5% for As+5; from 0.0 to 12.1% for 

As+3; from 0.4 to 8.6% for monomethylarsonate (MMA); 0.0 to 11.4% for dimethylarsinate 

(DMA); 0.0 to 17.8% for arsenobetaine; and 0.7 to 19.4% for total arsenic. The limit of 

detection (LOD) varied from 0.79 to 1.0 μg/L for As+5; from 0.12 to 1.2 μg/L for As+3; 

from 0.2 to 0.9 μg/L for MMA; from 1.70 to 1.91 μg/L for DMA; from 0.4 to 1.19 μg/L for 

arsenobetaine; and from 0.26 to 0.88 μg/L for total arsenic (Supplemental Table 1). Values 

measured below the LOD were replaced by NCHS with the survey-specific LOD divided by 

the square root of two.
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Estimation of inorganic arsenic exposure

Ideally, iAs internal dose is best estimated by summing urinary concentrations of As+5, 

As+3, MMA, and DMA to account for the substantial interindividual variability in the 

metabolism of inorganic arsenic species (As+5, As+3) to methylated metabolites (MMA, 

DMA). Because NHANES has relatively high limits of detection for some arsenic species 

and relatively low iAs exposures compared to some other epidemiological cohorts, the 

large majority of participants had undetectable concentrations of multiple arsenic species 

(especially As+5, As+3, and MMA, see Supplemental Table 1). Under these conditions, 

total arsenic and DMA (the main metabolite of iAs present in urine) are appropriate 

biomarkers of iAs internal dose when the contribution of organic arsenicals resulting from 

recent seafood intake which confound the estimation of iAs exposure are removed by 

either regression adjustment for arsenobetaine, regression recalibration for arsenobetaine, 

or restriction to participants with low arsenobetaine (Jones et al. 2016). For our primary 

analysis, we estimated iAs internal exposure as total arsenic and DMA as originally reported 

in NHANES, restricting to participants with low urinary arsenobetaine. To retain participants 

from all survey years while removing the contribution of seafood-derived arsenicals to total 

arsenic and DMA, we restricted our analysis to participants with arsenobetaine <1.2 μg/L 

(N = 4,990) and adjusted our models for self-reported past 24-hour intake of seafood/ fish, 

calculated from Food Commodity Index codes as previously reported (Nigra et al. 2016). 

Because the LOD for arsenobetaine was 1.19 and 1.16 μg/L in 2011/2012 and 2013/2014, 

respectively, this approach retains participants across all survey cycles (Supplemental Table 

1).

Cox proportional hazard modeling

Urinary arsenic distributions were skewed and log-transformed for analysis. We used 

survey-weighted Cox proportional hazards models to evaluate progressively adjusted hazard 

ratios (HRs) of heart disease mortality by increasing quartile of urinary total arsenic and 

DMA concentrations using the ‘survey’ package in R (Lumley 2014). We used age as 

the time metric, with participants entering as late entries corresponding to age at baseline 

(NHANES examination). Participants were censored if they experienced a death recorded 

in the NDI and were assumed alive if no NDI record was available by the end of 

follow-up (December 2015). We also modeled the association per urinary arsenic increase 

corresponding to the difference between the 75th and 25th percentile (interquartile range, 

IQR). Model 1 was adjusted for age (age from baseline modeled as time metric), sex 

(male/female), race/ethnicity (Mexican American/non-Hispanic white/non-Hispanic Black/

other, including multiple races), urinary creatinine (mg/dL, continuous, to account for 

urine dilution), and estimated glomerular filtration rate (eGFR) using the Chronic Kidney 

Disease Epidemiology Collaboration (CKD-Epi) formula because glomerular filtration rate 

influences arsenic excretion in urine (these are known confounders of the iAs-heart disease 

relationship) (Hsieh et al. 2019; Levey et al. 2009; Sweeney et al. 2010; Zheng et al. 2015). 

Model 2 (the main model of interest) was further adjusted for education (≤ 12 years / >12 

years), body mass index (kg/m2, continuous), total blood cholesterol (mg/dL, continuous), 

serum cotinine (ng/mL, continuous), and self-reported past 24-hour intake of seafood and 

fish (g/kg bodyweight, log transformed continuous) (these are also confounders of the 

iAs-heart disease relationship). Model 3 (the mediation model) was further adjusted for 
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hypertension (binary; defined as an average of three systolic blood pressure readings greater 

than or equal to 140 mmHg, an average of three diastolic blood pressure readings greater 

than or equal to 90 mmHg, self-reported use of hypertension medication, or self-reported 

physician diagnosis) and diabetes status (binary; defined as self-reported use of medication 

or self-reported physician diagnosis), because these may partially mediate the association 

between iAs exposure and fatal heart disease (Moon et al. 2013). We evaluated the 

proportional hazards assumption by visually assessing Schoenfeld residuals. As sensitivity 

analyses, we also adjusted Model 2 for urinary cadmium (μg/L, log transformed continuous) 

and blood lead (μg/dL, log transformed continuous) because these metals are also toxic 

to the cardiovascular system, and the NHANES survey cycle (categorical) to account for 

differences in urinary arsenic detection limits across cycles, with similar findings (data not 

shown). All covariates were measured once at baseline and treated as time fixed. To allow 

a more flexible dose-response analysis, we also modeled urinary total arsenic and DMA 

continuously using a restricted quadratic spline model with knots at the 10th, 50th, and 90th 

percentiles with the reference at the 10th percentile, with corresponding model adjustments 

for both Model 1 and Model 2 (main model of interest).

Sub-group analyses

In exploratory effect measure modification analyses, we evaluated whether the HRs 

for heart disease mortality per interquartile range increase in urinary total arsenic 

and DMA differed by the following subgroups: age (<70/≥ 70), sex (male/female), 

race/ethnicity (Mexican-American/non-Hispanic white/non-Hispanic Black/other, including 

multiple races), education (<12 yrs/≥12 yrs), self-reported smoking status (never/former/

current), and BMI (<25/25-29/ ≥30 kg/m2). “Current” smokers were defined as having 

smoked greater than 100 cigarettes in their lifetime and currently smoking, “former” 

smokers were defined as smoking greater than 100 cigarettes in their lifetime but not 

currently smoking, and “never” smokers were defined as smoking less than 100 cigarettes 

in their lifetime. Cox proportional hazards models included interaction terms between the 

subgroup indicator and an increase in urinary total arsenic and DMA corresponding to the 

difference in the 75th versus 25th percentile. Because there are racial/ethnic differences in 

the consumption of arsenic-containing foods (e.g. rice) which contribute to urinary DMA 

and total arsenic concentrations, and potential differences in susceptibility to cardiovascular 

disease by racial/ethnic group, we hypothesized a priori that race/ethnicity may be an 

important effect measure modifier (Awata et al. 2017; Jones et al. 2018). We restricted 

this subgroup analyses to Mexican-American, non-Hispanic white, and non-Hispanic Black 

participants because of the small number of events experienced by participants in the 

Other Hispanic group (N= 3) and Other race, including multi-racial group (N= 4). Flexible 

restricted quadratic splines were modeled for all participants and also separately for non

Hispanic white participants because this was the only racial/ethnic group with an adequate 

number of events (N= 50) to evaluate spline models. Because the overall and stratum

specific number of events for heart disease mortality was low (N= 77 events overall), these 

effect estimates are purely hypothesis generating and should be interpreted with caution.
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Sensitivity analyses

We conducted several sensitivity analyses to further assess potential confounding by seafood 

intake and potential selection bias introduced by arsenobetaine restriction critera. First, 

we further restricted our analysis to participants who reported less than 15 grams of 

seafood/fish intake in the 24-hours preceeding examination and spot urine collection (N= 

2,421 participants, N= 39 events) because we observed significant associations between 

self-reported seafood/fish intake and urine total arsenic and DMA above 16 grams of 

reported intake (Supplemental Table 2). Second, we repeated our main analyses restricting 

to participants with arsenobetaine <0.7 μg/L (N = 2,674) without further adjustment for 

self-reported intake of seafood/fish because at this cut-point reported seafood/fish intake 

was no longer associated with increasing quartiles of total arsenic and DMA (p>0.1) 

(Supplemental Table 2). This analysis excludes participants in survey cycles 2011/2012 and 

2013/2014 because the LOD for arsenobetaine was above 0.7 μg/L in both survey cycles. 

Finally, we also evaluated observed distributions of total arsenic and DMA as reported 

for all NHANES participants regardless of urine arsenobetaine concentrations (N= 10,072 

participants, N= 167 events), with regression recalibration for arsenobetaine as previously 

described (Jones et al. 2016). To evaluate the potential for selection bias resulting from 

restriction for urinary arsenobetaine concentrations, we assessed participant characteristics 

separately for participants with arsenobetaine <1.2 μg/L, participants with arsenobetaine 

<0.7 μg/L, and all NHANES participants without restriction for arsenobetaine by evaluating 

differences in participant characteristics across these various analytical study populations, 

including differences in mean age, serum cotinine, body mass index, total serum cholesterol, 

eGFR, self-reported seafood intake, urinary total arsenic, and urinary DMA, and differences 

in the weighted percentage of participants by sex, race/ethnicity, education, smoking status, 

hypertension status, and diabetes status.

Revised dose-response meta-analysis pooled relative risk for coronary heart disease 
mortality

Moon et al. previously reported a pooled relative risk (RR) for coronary heart disease 

mortality of 1.16 (95% CI 1.07, 1.26) per doubling of water arsenic (e.g., from 10 to 

20 μg/L) across six prospective epidemiologic studies from populations with a range of 

low, moderate, and high iAs exposures. We updated this pooled RR by including the 

results from our primary NHANES 2003-2014 analysis (HR of heart disease mortality 

across quartiles of urinary total arsenic, restricted to participants with urinary arsenobetaine 

<1.2 μg/L, with Model 2 adjustments), following previously described methods (Moon 

et al. 2018a). We assumed that most fatal heart disease events experienced by NHANES 

participants were coronary heart disease events. Briefly, we assigned the median arsenic 

concentration within each quartile to all participants within each quartile, and assumed 

all urinary arsenic came from drinking water. Pooled analyses from a two-stage random

effects meta-analysis considered both log-linear and flexible restricted cubic splines of log

transformed arsenic relative risk models, as previously described (Moon et al. 2018a). We 

report RRs of coronary heart disease mortality per doubling of water arsenic from 10 μg/L 

(reference) to 20 μg/L. We assessed the amount of statistical heterogeneity across studies 

using the I2 statistic, which describes the proportion of total variation due to between-study 

heterogeneity, and Cochran’s Q-statistic (Higgins et al. 2003; Jackson et al. 2012).
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RESULTS

For all 4,990 participants, the median (IQR) of total arsenic and DMA were 4.42 μg/L 

(2.52, 7.20) and 2.71 μg/L (1.35, 4.42), respectively. Participants were followed for 31,896 

person-years, and a total of 438 fatal events occurred; 77 of these were fatal heart disease 

events (Table 1). At baseline, participants who later experienced a fatal heart disease event 

were older, more likely male, less likely Mexican-American, more likely former smokers, 

more likely to have hypertension, more likely to have diabetes, and more likely to have 

lower eGFR (Table 1). Compared to participants who did not experience a fatal heart 

disease event, those who later experienced a fatal heart disease event had lower baseline 

urinary total arsenic (median 3.50 μg/L versus 4.01 μg/L) and DMA concentrations (median 

μg/L 2.39 versus 2.48 μg/L) in unadjusted analyses (Table 1). Compared to participants 

in the lowest quartile of urinary total arsenic, those in the highest quartile of urinary total 

arsenic were younger, more likely male, more likely Mexican-American, other Hispanic, and 

non-Hispanic Black, were less likely to have hypertension, had higher eGFR, and reported 

consuming more seafood/fish in the previous 24-hours (Table 1).

Hazard ratios of heart disease mortality

The median (range) of follow-up time was 6.3 (0.1, 13.1) years. In our main model adjusting 

for age, sex, race/ethnicity, urinary creatinine, and eGFR (Model 2), the HR (95% CI) of 

heart disease mortality comparing the highest to the lowest quartile of urinary total arsenic 

and urinary DMA were 1.21 (0.46, 3.14) and 1.09 (0.37, 3.25) respectively (Model 2, Table 

2). Further adjustment for diabetes and hypertension status (potential mediators) somewhat 

attenuated effect estimates for total arsenic (1.18, 95% CI 0.44, 3.14, although 95% CIs for 

Model 2 and Model 3 overlap) but not for DMA (1.09, 95% CI 0.35, 3.36) Model 3, Table 

2). Adjusted HRs of heart disease mortality for an increase in log urinary total arsenic and 

DMA corresponding to the IQR (1.05 μg/L and 1.19 μg/L, respectively) were 1.20 (0.83, 

1.74) and 1.18 (0.68, 2.05), respectively (Model 2, Table 2). Schoenfeld residuals indicated 

proportional hazards for all models evaluating urine total arsenic and DMA, except for the 

model assessing increasing quartiles of DMA for which proportionality may not hold. In 

flexible dose-response analyses, restricted quadratic spline models showed a positive and 

significant association between log-scale urinary total arsenic and heart disease mortality 

at the lowest ends of the distribution for both all participants and non-Hispanic white 

participants (Figure 1).

Sensitivity analyses considering alternate inorganic arsenic exposure metrics

To identify potential selection bias issues related to our sensitivity analyses which assessed 

alternative restriction criteria, Supplemental Table 3 presents participant characteristics for 

all NHANES participants, participants with arsenobetaine <1.2 μg/L, and participants with 

arsenobetaine <0.7 μg/L. Compared to all NHANES participants, those with arsenobetaine 

< 1.2 μg/L were slightly more likely Mexican-American (9.4% versus 8.4%) and slightly 

less likely non-Hispanic Black (9.1% versus 11.2%), reported lower seafood/fish intake 

(14.4 g/kg bodyweight versus 34.0 g/kg bodyweight), and had lower median urine total 

arsenic (4.00 μg/L versus 7.49 μg/L) and DMA (2.48 μg/L versus 3.11 μg/L). Similar patters 

were found among participants with arsenobetaine <0.7 μg/L. In sensitivity analyses further 
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restricting to participants with past 24-hour self-reported intake of seafood/fish <15 grams 

(N = 2,421 participants and N = 39 events), the HRs of heart disease mortality for an 

increase in urine total arsenic and DMA corresponding to the IQR were 1.20 (0.82, 1.77) 

and 1.18 (0.68, 2.07), respectively (Model 2, Supplemental Table 4). In sensitivity analyses 

restricting to participants with urinary arsenobetaine <0.7 μg/L (participants from 2003-2010 

survey cycles only, N = 2,674 participants and N= 55 events), the HRs of heart disease 

mortality for an increase in log urinary total arsenic and DMA corresponding to the IQR 

were 1.39 (0.92, 2.11) and 1.48 (0.82, 2.67), respectively (Model 2, Supplemental Table 

4). In analyses without restriction by arsenobetaine status that recalibrated urine arsenic 

concentrations for arsenobetaine via regression recalibration (N= 10,072 participants and N= 

167 events), HRs of heart disease mortality for an increase in log urinary total arsenic and 

DMA corresponding to the IQR were 1.00 (0.79, 1.28) and 1.00 (0.71, 1.39) respectively 

(Model 2, Supplemental Table 4).

Sub-group analyses

In exploratory sub-group analyses for the main model of interest (Model 2), adjusted HRs 

of heart disease mortality by an increase in log scale urinary total arsenic corresponding to 

the IQR were significantly different by racial/ethnic group (p=0.002, Supplemental Table 

5). Although sub-group specific effect estimates were unstable due to the small number 

of events in each stratum, the largest effect estimates were seen for Mexican-American 

participants (HR 5.09, 95% CI 2.00, 12.94), and non-Hispanic white participants (1.17, 

95% CI 0.76, 1.80). In contrast, the HR for non-Hispanic Black participants indicated a 

significant inverse association (0.42, 95% CI 0.23, 0.65). We also observed larger effect 

estimates for participants <70 years of age (1.58, 95% CI 0.72, 3.43) compared to those >= 

70 years (1.08, 95% CI 0.75, 1.56), for never smokers (1.57, 95% CI 0.89, 2.75) compared 

to current smokers (0.63, 95% CI 0.30, 1.35), and for participants with body mass index >= 

30 (1.77, 95% CI 0.90, 3.47) compared to participants with body mass index <25 (0.79, 95% 

CI 0.43, 1.45). None of these interactions were statistically significant and they are reported 

only for descriptive purposes.

Revised pooled relative risk of coronary heart disease mortality

In pooled log-linear dose-response association models evaluating the RR of coronary heart 

disease mortality, adding the results from NHANES 2003-2014 for heart disease (presented 

in Table 3) to six prior studies (Chen et al. 1996; Chen et al. 2011; D’Ippoliti et al. 2015; 

Farzan et al. 2015; Moon et al. 2013; Wade et al. 2009) resulted in a pooled RR of 1.88 

(95% CI 1.34, 2.62) at 200 μg/L, 1.62 (1.25, 2.10) at 100 μg/L, 1.40 (1.17, 1.68) at 50 μg/L, 

and 1.16 (1.07, 1.25) at 20 μg/L compared to 10 μg/L (reference) (Table 3). RR estimates 

were similar in revised models including NHANES 2003-2014 findings compared to the 

original meta-analysis, the I2 value decreased from 51 (95% CI 0, 83) to 45 (95% CI 0, 79), 

and the p-value for heterogeneity increased from 0.087 to 0.14. In non-linear restricted cubic 

spline models, including results from NHANES 2003-2014 resulted in a pooled RR of 1.96 

(1.25, 3.06) at 200 μg/L, 1.66 (1.23, 2.25) at 100 μg/L, 1.42 (1.18, 1.71) at 50 μg/L, and 1.16 

(1.07, 1.25) at 20 μg/L compared to 10 μg/L (reference).
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DISCUSSION

In this analysis of NHANES 2003-2014 participants with low/undetectable urinary 

arsenobetaine, urinary total arsenic concentrations, reflecting iAs exposure, were positively 

and significantly associated with heart disease mortality in adjusted restricted quadratic 

spline models at lower levels of iAs exposure. In dose-response analyses comparing 

participants in the fourth versus first quartile of iAs exposure, the HR of heart disease 

mortality ranged from 1.21 (0.46, 3.14) for total arsenic to 1.09 (0.37, 3.25) for DMA 

for all participants. These positive but non-significant associations were similar to analyses 

evaluating the association per IQR increase (1.20, 95% CI 0.83, 1.74 for total arsenic, and 

1.18, 95% CI 0.68, 2.05 for DMA), were adjusted for a number of known cardiovascular risk 

factors, and were attenuated for total arsenic with adjustment for likely mediators between 

iAs exposure and cardiovascular disease (diabetes and hypertension status), as expected.

Our findings also support potential effect measure modification of the association between 

iAs exposure and heart disease mortality by race/ethnicity. Flexible restricted quadratic 

spline models indicated a positive and significant association between an increase in urinary 

total arsenic corresponding to the IQR and fatal heart disease for non-Hispanic white 

participants, also at lower levels of iAs exposure. Although we were unable to assess 

flexible restricted quadratic spline models for Mexican-American and non-Hispanic Black 

participants because of the small number of events in these subgroups, stratified linear 

models evaluating the HR per increase in total arsenic corresponding to the IQR were 

markedly higher and significant for Mexican-American participants (5.09, 95% CI 2.00, 

12.94) and inverse and significant for non-Hispanic Black participants (0.42, 95% CI 0.23, 

0.65). While these findings could suggest potential effect measure modification across 

racial/ethnic groups, they need to be interpreted carefully due to limitations in sample 

size and should be further evaluated in cohorts with a larger number of events. Because 

dietary sources of arsenic exposure differ greatly by racial/ethnic subgroup, these results 

could reflect selection bias introduced by our arsenobetaine restriction criteria. Although 

participant characteristics were similar across arsenobetaine restriction criteria, restriction to 

participants with low seafood/fish intake may also introduce differential selection bias by 

race/ethnicity if the correlation between seafood/fish consumption and other foods beneficial 

to the cardiovascular system or other cardiovascular disease risk factors are also differential 

by racial/ethnic subgroup. In restricting to participants with low arsenobetaine, we may 

have also removed the cardioprotective impact of seafood/fish consumption. Unmeasured 

confounding by some other factor that might be relevant and differential by race/ethnicity 

could also explain the apparent effect measure modification.

Our primary sensitivity analyses excluded participants with urinary arsenobetaine < 0.7 

μg/L. Although this analysis was limited by fewer events (N= 55 events) and to NHANES 

2003-2010, effect estimates for this analytic sample were stronger than those reported 

in our main analysis, indicating that stronger restriction by arsenobetaine likely reduced 

bias from seafood-derived arsenicals while also reducing the precision of our effect 

estimates. Removing participants in the last two NHANES survey cycles (2011-2014) 

also removed participants with the shortest follow-up time who contributed person-time 

to the denominator but were probably less likely to contribute to fatal heart disease events. 
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Although self-reported 24-hour intake of seafood/fish remained associated with increasing 

quartiles of urinary total arsenic even after restriction to arsenobetaine concentrations <1.2 

μg/L, analyses further restricting to participants with reported seafood/fish intake <15 grams 

were similar to our main effect estimates, indicating that further adjustment for reported 

seafood intake was likely successful in eliminating confounding by seafood intake (Model 

2). Because we relied on arsenic measured in spot urine samples, which reflect exposure 

from the previous 1-4 days, it is possible that other seafood-derived arsenicals could 

be contributing to total arsenic concentrations even after restriction to participants with 

urinary arsenobetaine < 1.2 μg/L and adjustment for self-reported past 24-hour intake of 

seafood/fish, although this would likely result in an underestimation of the true effect. 

This may explain why restricted quadratic spline models indicated a significant association 

between urine total arsenic and heart disease mortality at lower levels of urine total 

arsenic concentrations only (<4.5 μg/L). It remains unclear why the association plateaus 

at higher exposure levels, although this phenomenon has been described for a number of 

environmental exposures and may be related to depletion of susceptible participants with 

higher exposures levels, measurement error, or other challenges in exposure ascertainment 

(Stayner et al. 2003; Steenland et al. 2015). Moreover, urinary arsenic is relatively stable 

within-persons over time in many populations and is a suitable proxy for chronic exposure 

in the absence of changes in drinking water sources or dietary patterns (Navas-Acien et 

al. 2009). In contrast, using regression calibration for arsenobetaine yielded null results, 

possibly indicating that the high limits of detection for arsenobetaine (especially in 

later survey years, which were not included in the original method development paper) 

resulted in residual confounding because the complete removal of seafood arsenicals to 

urine total arsenic and DMA concentrations was not possible. Restriction to participants 

with low arsenobetaine and further adjustment for reported seafood intake may be the 

strongest epidemiological tool to address such confounding and the high analytical LODs in 

NHANES urinary arsenic analyses, especially when arsenobetaine LODs are high.

Increased susceptibility to iAs related cardiovascular disease may also result from 

differences in iAs methylation capacity (AS3MT) (Balakrishnan et al. 2017; Lindberg 

et al. 2007; Pierce et al. 2013), underlying nutritional status (especially B-vitamins 

relevant for one-carbon metabolism) (Bozack et al. 2018; Spratlen et al. 2017), or other 

sociodemographic and social factors unequally distributed across racial/ethnic subgroups. 

The potentially higher risk for Mexican-American participants compared to non-Hispanic 

white and Black participants warrants follow-up, and needs to be confirmed in future 

studies with longer follow-up time and a higher number of participants and events. This is 

particularly important because the large majority of Mexican-Americans in the US lived in 

the Southwestern US during the study period (2003-2014), where concentrations of arsenic 

in drinking water (from both domestic wells and public water systems) are high relative to 

the rest of the United States (Ayotte et al. 2017; Gonzalez-Barrera and Lopez 2013; Nigra 

et al. 2020). Additional high-quality studies across diverse Hispanic/Latino communities 

are needed, especially because of the great diversity across Hispanic/Latino communities, 

and the observed lower cardiovascular disease risk among Hispanic groups despite a higher 

prevalence of certain cardiovascular disease risk factors (Balfour et al. 2016). Due to the 

small number of events and standardized reporting of race/ethnicity in NHANES from 
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2003-2014, we were unable to assess the association for participants in the Other Hispanic, 

non-Hispanic Asian, and Other race, including multi-racial groups.

Although the current analysis was limited by the small number of events, short follow-up 

time (median time from NHANES examination to end of NDI follow-up 75 months), and 

high analytical limits of detection for urinary arsenic species, our reported effect estimates 

are similar to those estimated in other prospective US cohorts for incident fatal and non-fatal 

cardiovascular disease with low- to moderate- levels of iAs exposure (Moon et al. 2013; 

Moon et al. 2018a). Across the studies included in the original meta-analysis by Moon et al., 

relative risk estimates for fatal coronary heart disease comparing arsenic exposure at 20 μg/L 

to 10 μg/L in drinking water ranged from 1.06 (0.99, 1.13) (Wade et al. 2009) to 1.27 (1.09, 

1.48) (D’Ippoliti et al. 2015), with a pooled relative risk across six studies of 1.16 (1.07, 

1.26). In two prospective US-based studies included in this meta-analysis, iAs exposure at 

low- to moderate- levels in drinking water was significantly associated with coronary heart 

disease (James et al. 2015; Moon et al. 2013). In a prospective analysis of a case-control 

study of adults from New Hampshire, the association between estimated water arsenic 

concentrations and fatal coronary heart disease was positive but non-significant (relative risk 

1.14, 95% CI 0.87, 1.50, N= 154 events) (Farzan et al. 2015). Similarly, our current study 

found a HR of fatal heart disease per increase in urinary total arsenic corresponding to the 

interquartile range of 1.20 (0.83, 1.74, N= 77 events) for all participants. Pooling our study 

results with those included in Moon et al.’s recent meta-analysis resulted in similar RR 

estimate per doubling of water arsenic from 10 to 20 μg/L (1.16, 95% CI 1.07, 1.25), with 

lower estimates of heterogeneity, providing further support for the association between low- 

to moderate- exposure to iAs and cardiovascular disease at exposure levels relevant for the 

general US population. In pooling our study results, we assumed that all iAs exposure came 

from drinking water (as in a previously published dose-response meta analysis), which is 

not true in the US population where diet is the major source for those with water arsenic 

concentrations below 10 μg/L (Moon et al. 2018a). The main rationale for doing this is to 

enable pooling across studies with different metrics of arsenic exposure. Water and dietary 

arsenic may have different associations with cardiovascular disease because of differences in 

absorption, metabolism, and the arsenic species present in water versus food. Because low- 

to moderate- iAs exposure is relevant for the entire US population (Nachman et al. 2017; 

Nigra et al. 2020), even modest effect estimates of the association between iAs exposure 

and cardiovascular disease indicate that elevated iAs exposure may result in high burden of 

cardiovascular disease for the US population.

Possible mechanisms by which iAs exposure impacts cardiovascular disease development 

include platelet aggregation (Lee et al. 2002), inflammation (Simeonova et al. 2003), 

oxidative stress (Kumagai and Pi 2004), endothelial dysfunction (Barchowsky et al. 1999), 

and atherosclerosis (Makhani et al. 2018; Negro Silva et al. 2017). Recent epidemiological 

studies in US populations also indicate that iAs exposure is associated with increased left 

ventricular wall thickness and hypertrophy (Pichler et al. 2019), prolonged QTc interval 

(Moon et al. 2018b), diabetes (Grau-Perez et al. 2017), and biomarkers of endothelial 

dysfunction (Farzan et al. 2017). The association between chronic, high iAs exposure (>50 

μg/L in drinking water) and clinical cardiovascular disease is well established (Chen et al. 

2011; Moon et al. 2012; Yuan et al. 2007). The current study adds to a growing body of 
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evidence evaluating the prospective association between low iAs exposure in US populations 

(<10 μg/L in drinking water) and clinical cardiovascular disease (Moon et al. 2018a; Navas

Acien et al. 2019).

Despite the significant challenges and limitations in estimating iAs exposure from NHANES 

participants, our study contributes important evidence of the adverse impact of chronic iAs 

exposure at low- to moderate levels relevant to the general US population. The updated 

pooled meta-analysis evaluating the RR of coronary heart disease per doubling of water 

arsenic should be an important consideration for the US Environmental Protection Agency’s 

(EPA) ongoing iAs risk assessment. Although public drinking water arsenic exposure has 

declined in some areas of the US over time in accordance with a EPA lowering the 

maximum contaminant level for arsenic in public water systems, many communities in the 

US remain exposed to arsenic concentrations greater than 5 and 10 μg/L (Nigra et al. 2020).

Our findings further support a potential association between low- to moderate- iAs exposure 

and cardiovascular disease in the general US population. Future studies should replicate 

this analysis when additional NDI follow-up data becomes publicly available for additional 

cycles of NHANES participants beyond 2013/2014, and should separately evaluate the 

association between low- to moderate- iAs exposure in high quality prospective cohorts 

of Mexican-American participants to assess potential increased susceptibility to iAs-related 

cardiovascular disease.
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Figure 1. Restricted quadratic spline models of hazard ratios (HRs) and 95% confidence 
intervals of heart disease mortality for a one-unit increase in urinary total arsenic and DMA 
concentrations (μg/L), restricted to all participants (Panel A; N=4,990, cases= 77) and non
Hispanic white participants (Panel B; N=2,441, cases = 50) with arsenobetaine <1.2 μg/L, 
NHANES 2003-2014.
Lines represent the hazard ratio (left y-axis) based on restricted quadratic spline models 

with knots at the 10th, 50th, and 90th percentiles of urinary arsenic concentrations (x-axis), 

with the reference set at the 10th percentile. Shaded rectangles represent the proportion 
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of the population (right y-axis) with urinary arsenic concentrations at a given point on 

the urinary arsenic distribution (x-axis). Solid lines (HRs) and blue areas surrounding 

the solid lines (95% confidence interval) correspond to Model 1, which is adjusted 

for age (age from baseline modeled as time metric), sex (male/female), race/ethnicity 

(Mexican American/Non-Hispanic White/Non-Hispanic Black/Other, including Multiple 

Races), estimated glomerular filtration rate (continuous, using CKD-Epi formula), and 

urinary creatinine (mg/dL, continuous, to account for urine dilution). Dashed lines (HRs) 

and light green areas surrounding the dashed lines (95% confidence interval) correspond 

to Model 2, which is further adjusted for education (≤ 12 years / >12 years), body mass 

index (continuous), total blood cholesterol (mg/dL, continuous), serum cotinine (ng/mL, 

continuous), and self-reported past 24-hour intake of seafood and fish (g/kg bodyweight). 

Dark green areas represent overlap in the 95% confidence intervals between Models 1 and 2.
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